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FOREWORD

To appreciate the impact of insect and mite pests on colion production one needs
to consider the coton plant itself and the environment and conditions under which
it is grown. For in-depth knowledge of the cotton plant—its botanical, physiologi-
cal, and reproductive, el chorsctenstics—the reader is referred to COTTOMN
PHYSIOLOGY, Number | in The Cotton Foundation Reference Book Serics.

Commercial production of cotton in the United States and most production anesas
of the World is as an annual crop with each season starting from planting the seed
and ending with harvest. This is true even theugh the cotton plant botanically is a
perennial.

In commercial production of cotton, the balance between vegetative and fruiting
development al most stages throughout the growing scason is critical wo successiul
production. Among the major calegories of stress factors that influence this balance
is insect and mile pesis,

There are hundreds of insect and mite species that are potential cotlon pests.
However, as recognized by professional cotton entomologists and producers, the
major eopmomic cotton insect and mite pests in the Unibed States are considered in
IwWenly one groups, some groups consisting of more than one species.

Thiz book on COTTON INSECTS AND MITES was conceived in 1985 as a
Jednt project of the annual Cotton Insect Besearch and Control Conference and The
Cotton Foundation. & proposed contents outling for the Book was submitted (0 a dis-
tinguished Advisory Committes (o help formulate its contents; the project was offi-
cially begun in 1987, Advisory Committee members, classified by their 1986
positions, were Perry L., Adkisson, Deputy Chancellor, Texas A&M University, Col-
lege Station, TX; T. Don Canerday, Chairman, Division of Economic Entomology,
University of Georgia, Athens, GA; Bobroy Fisher, Cotton Producer, Glen Allan,
M5 T, 1. Henneberry, Birector, Western Cotton Besearch Laboratory, U, 5, Depan-
ment of Agraculiure, Agriculiural Research Service, Phoenix, AZ; Lowise Henry, Co-
Owner, Henry Agr-Scientific, Bishop, GA; Hoarmry Lo McMenemy, Regional
Technical Manager, Agricubural Division, Mobay Chemical Corporation, Memphis,
TH; Leon Moore, Extension Entomologist, Cooperative Extension Service, Univer-
sity of Arizona, Tucson, AZ; H, T, Reynolds, University of Colifornia (Retired),
Riverside, CA; and Fonald H, Smith, Extension Entomologist, Cooperative Exten-
sion Service, Aubum University, Auburn University, AL.

In an eardy stage of it development, COTTOMN INSECTS AND MITES was
designated as Mumber 3 in the Coton Foundation Beference Book Senes. Mumber
I, COTTON PHYSIOLOGY, was already published (1936), and Mumber 2,
WEEDS OF COTTOMN (1992 was much further advanced in development at that
time. As il twrmed out, Homber 4. VEGETABLE OILS AND AGRICHEMICALS,
wis developed much faster and was published in 1994 abead of COTTOMN
INSECTS AND MITES. Factors contributing 1o this were the moch more extensive
and comprehensive treatment of the subject ond the involvement of & much larger

xxiid



numbser of suthoss with COTTON INSECTS AND MITES.

I hove had the pleasure of serving as executive editor and publishing coordinator
for all four of these cotton reference books, My work has been mainly with the edi-
tors and the printing companies, The editors, in working with the authors, have done
meiet of the work. In the case of COTTON INSECTS AND MITES, this has meant
working on thirty chapters involving eighly contributors,

Drs. Edgar G, King and Jacob B. Phillips were selected originally by their peers
to edit this book. Both have hod distinguished and froitful careers os cotton research
entomologists. Dr. Phillips was recipient of the prestigious Mobay Cotton Research
Recognition Award for 19940, This award program was administered by The Cotton
Foundation. In 1993 Dr. King was recognized with the Outstanding Scicntist of the
Year Award presented by the Agricultural Research Service of the U, 5. Department
of Agriculture. D, Phillips retired from the University of Arkansas before publica-
teoin off this book was completed. Dy, King still serves as a rescarcher and research
adminisirator with USDA’s Agricultural Research Seivice.

Me. Randy J. Coleman, a co-worker of Dr. King, became heavily involved in edit-
ing soon afier this book was started. He became a major contributer to its develop-
menl. The addition of Mr. Coleman as one of the editors is most deservingly in
recognition of his dedicated efforts and mamy contribwutions.

James M. Brovwn, PholD.

Manager, Production Technology (Retired)
Mational Cotten Council of America
Comnsiliant o

The Cotton Foundatios

1918 Morth Parkway

Memphis, Tennessee 38112
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PREFACE

The book COTTON INSECTS AND MITES: Characterization and Manapge-
ment iz ihe most comprehensive review and synthesis of knowledge and technology
on United Sitates cotton insects and mites available today, The book includes an
introductory Commemoriion” reviewing the ffty-year history of the Conon Inscet
Research and Control Conference followed by 30 chapters. Chapter 1, “Major
Developments in Management of Insect and Mite Pests in Cotlon,” summanizes key
evenls leading to the state-of-the-an for managing insect and mute pests in oolion.
The other 2% chapters are divided into seven sections [Section [ “Charactenization of
Insect and Mites™ (four chapters), Section 11 “Technological Components of Insect
and Mite Management” (seven chapters); Section [I1 “Suppression Components™
(five chapters), Section IV “Concepts of Population Management™ (two chapters),
Section V “Implementation of Insect and Mite Pest Managemem Progrims™ (foaer
chaptersy; Section V1 “Economics of Insect and Mite Pest Control” (three chapeers);
and Section VI “Perspectives” (four chaplers)],

The concept of publishing a book on “Cotlon Insects and Mites...” to commemao-
rate and complement the Cotton Insect Research and Control Conference was first
conceived in 1985, The intent was 1o wpdate and expamd the comrol, biological, and
survey information heretofore given in pre-198% Conference reponts, as well as to
synthesize information for cotton entemadogy in the United Stuntes, An expectition
was o publish a book on cotton insects and mites that would be useful o growers as
well as the scientific and technolegical community. Our hope is that this book will
serve as a springhoand for improved management of colton insects and mites,

Eighty of the United States lepding anthonties on “Cotton Insects and Mites™ con-
tribaited 1o the development of this book. It reflects pioneering research conducted
by hundreds of scientists, the rich history of the cotton industry, the efforts of exien-
sion personnel, cooromists, and consulianis to communicate and transfer the tech-
nodogees, and the indomitable spirit of colton growers, who cach year must produce
a profitable crop despite competition by insects and mites and other pesis for the
secd and fiber, This beok, reflecting the extraordinary complexity of the interactions
between the plant, insects and mites, and the cotton production and uiilization com-
munaty, iy was an interdisciplinary accomplishment involving the public and pri-
vabe sector, Consequently, i is not surprising that it cites 3200 references and is over
1000 pages in lengih.

These contributions summarize and synthesize knowlbedge by many of the United
States most recognized colon insect and mite swhonities, Aml, in some cases, they
are among their last major scientific contributions. One scientst, C. A, (Mr. Charlic)
Parencia, lead author of the “Commemorative” paper and chromicler of the Cotion
Insect Research and Control Conference for sixteen years and a participant for 35 of
s Slyear exisience passed away in 1987, One of the United States most emineni
authonties on the “Biology and Ecology of Important Insect and Mite Pests of Cot-
ton,” (Chapler 23, T. F. (Tom) Leigh, passed away in 1993, Chber chaplers wene
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coawthored by authorities who have since cetired, but many have continued their
work in other roles within the cotton industry. On the other hand, the search for new
information, new and improved technology, and the communication and transfer of
this information and technology is being continued by a new generstion of research
seientists, extension entomologists, and consuliams as exemplified in their contribu-
tions to this book.

The cotton field is home for hundreds of inscet and mite species, but only a rela-
tively few actually can be termed pests, i.e., competitors with people for seed and
fiber. Most of the organisms inhabiting these felds are, in fact, beneficial, either as
predutors or parasiles of polential pests or serving as food for the predatoss and par-
asites. Many microbials, including virwses, bactenia, fungi, macrosporidia, and nenia-
todes also function as beneficials snacking polential pesis. Mevertheless, acconding
to the 19946 Cotton Insect Research and Control Conference Procesdings, estimated
management costs and revense losses 1o insect sl mite pests in 1995 were 51,68
billion, despite the application of inseclicides and miticades.

As stated by Dr. J, K. Bradley in Chapter 1. “The entry of the boll weevil into the
United States [in 18392] iz probably the single most importan entomalogical evem
10 have occurred in cotton,” 1t was largely responsible for the shift of collon pro-
duction from the Southeast to the Southwest, Effonts to control this exatic pest that
amvived without a complement of co-evolved natural enemies has driven cotlon
insect and mile management practices for over 100 years. The pink bollworm is a
similar force in the Far West and plant bugs oflen serve oz key pests in the Mid-
South. These insects are often lobeled as key pests becawse they are not effectively
controlled by natural enemies and consequently each growing senson they are
among the first pests requinng insscticide opplication.

The evolution of plant inssct and mile manngement practices and the use of syn-
thetic chemical pesticides in cotton often has been in the foreltont of lechnological
developments in plant entomology in the United States. The development of shon-
season ootton varieties and stalk destruction was initiated to avoid late-season dam-
age by boll weevil and bollworm populations. The coiton industry began using
arzenicals to control the boll weevil in the 19205, and cotton was one of the first
coops where pesticides were applied aerially. Synthetic organic insecticides have
been wsed extensively since their discovery in the 1940s. However, resistance to
these chemicals guickly evolved with the cceurrence of organochloring resistance in
the boll weevil in 1955 and shortly thereafier in the bollwonm and tobacco budworm
to eeganochlorines and organophosphate compounds. The wrend of introduction of
new chemicals, development of resistant insect and mile populations, oulbreaks of
secomdary pesis (often a5 a consequence of the eliminstion of natural enemies), and
the research and development of new chemicals (o manage the ever evolving com-
plex of insect and mite pesis is a constant challenge o the grower, indusiry, and
researchers 1o evolve new and improved control technologies.

The Matbona] Cotlon Council of Americs recognized the fatility of this treadmill
of discovery, obsolescence, and increasing cost and complexity aml the key role of
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the baoll weevil as a pest in the Southeast, Mid-South, and Southwest in this evolu-
tionary sequence. They enlisted the suppod of the federal, state, and private sector
as carly as 1957 in their efforts o eradicate the boll weevil from ihe United States.
The successful elimination of the boll weevil as a pest of coiton in Virginia, the Car-
olinas, Georgia, north Florida, California and Arizona is a major entomological sug-
cess story, nvaling the successful eradication of the screwworm from Nonh
Amenica, Nevertheless, elimination of the boll weevil from the Mid-Souwh and
Southwest has been moee intractable and the search continees for new and improved
technelogies 1o aid effors in climinating the weevil as o pest in the rest of the United
States and northern Mexico, The evolution of these efforts is detailed in Chapter 19,

COTTON INSECTS AND MITES: Characterization and Management
cstablishes a foundation on the biology, ecology, and systematics of pests and their
natural enemies, discusses technological wools for managing pests and their natural
enemics, reviews field-by-field and population management tactics, and integrafes
this information into implementation programs for four broadly defined production
regions of the United States, Extension entomelogists collaboruted in awthoring the
chapter for their respective region. The economics of these pest suppression and
climination strafegics are discussed and placed in context with environmental issues
and the cotton production and utilization community, The interaction between the
grower, research, extension, and consultant communitics was of particular interest.

The 1989 Entomobogical Society of America “Common Mame of Insects and
Related Owganisms™ was the guide for species nomenclabure wsed in this book.
Accordingly, the scientific names Helicoverpe zea and Heliothis virescens refer to
the Bollwoerm and the tobacco budworm, respectively, thereby acknowledging that
these two pests differ considerably and are not collectively “heliothis™ or “boll-
worms,'" Another potential arca of confusion involved the common term “plant
bugs” 1o describe several genera of bugs in the family Miridac. The genus Lygus
contains several species, and one in particular, Lygis hesperus has no approved com-
meon name, however, it is referred to as the western lygus bog throughout the mone-
graph. RBecently, differences in enzyme patterns, biology, extended host range,
crossing experiments, and mating behavier observations within populations of the
sweelpotido whitelly, Bewrisia tabacl, have indicated that strains or biotypes exist for
this species. Perring ef al. (1993) suggested that the sweetpotato whitefly strain B is
truly a distinct species and named it the silverleaf whitefly, Bewisia argenrifolii.
Where appropriate, this terminology has been adopted in discussing this organism.

We express our appreciation o the many authors who contributed their time to
meake this book possible, to the Bayer Corporation, Agriculure Division for support
in publication of the book, and to The Cotion Foundation and the Mational Cotton
Council of America for their leadership and support ihroughout the development
angd completion of the book. Dy, James M. Brown, in his role as consultant 1o The
Coton Foundation, deserves a special thanks for facilitating completion of this
book and in maintaining the continuity of The Coton Foundation Reference Book
Series,
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COMMEMORATION

The menograph COTTON INSECTS AND MITES: Characterization and Man-
agement would mot be complete without a brel’ histomcal review of the Cotton Insect
Research and Control Conference, The Conferencs has been beld anmually since its be-
ginning in 1947, This menograph has besn writlen in commemoration of the conference.

Each year cotton research and extension entomologists from sixbecn colton growing
State Agricultural Expenment Stations, the United States Depantment of Agriculture,
the Mational Cotton Council of Amenca, Cotton Incorporated, consultant organiza-
tions, and the chemical imdustry meet to review rescarch and experiences of the cur-
rent year.  Apecial topics such as insecticide resistance are often treated o develop
auidelines for the upcoming year.,

The Conference was imitinted on Movember 17-19, 1947 and brought o fineition the
desire of the lote K. W, Hamesd (Chiel of Cotton Insect Research for the U, 5, Depart-
menl of Agriculture from 193] o 1953) to develop a conference for foslening cooper-
ation and undersianding among coften entomologists. The advent of the synthetic
organic insecticides, which were s0 much more effective than those previcusly avail-
able, gencrated a favorable climate for the conference; rapid evaluation of the new
mamerials was imperative.

Fifty-two conferees attended the first conference with the number escalating to well
over several hundred in subsequent years. The annual report of the conference came o
e known & (he ootton insect bible of the workd, apd it was distribated ihroaghout the
world wherever cotton was grown. 5o, R, W, Hamed may be considercd to be the
Father of the conference.

The Nzt five conferences did not include representatives from states where cotton
was imigsed, e Mew Mexico, Arizona amd Califormia, However, the head of the
Agrculiure Research Agency (ARA) Laboratory, U, 5. Depariment of Agriculiure,
Tuchon, Arizona 35 inon one of the conferences as an observer, Therealler, represen-
tatives from all cotton growing states and Poeno Rico (for some years) panicipated in
the conference,

The Agnculiral Research Service (ARS) and its predecessor, ARA, have, in the
past, bl magor responsbilicy for the manngensent and coordination of the conference,
E. W. Harmexd served as Chairman For the Nicst six conferences, K, P, Ewing for the next
Four, C. F. Rairvwater for the next eight, and C. B, Parencain, who participated in the first
thiarty-five conferences, for the next sxieen, With the later's retirement, 1, B Phillips
(University of Arkansas) amd M. E. Merkl (ARS) became Co-Chunmen for the 33h
and subsequent conferences with the fonmer responsible for the conference and e lot-
ter for revision, publication and distrbution of the repon. Phillips was replaced by G,
A, Herpog (University of Georgia) after the 42nd Conference, amd when Merkl retired
afier the Mth Conference, be was replaced by [, L. Bull (ARS) who lefl cotton insects
afier the 38th Conference. Bull was replaced by E. G, King (ARS) lor the 39th-2 3nd,
and [3. I, Handee (ARS) sucoesded King, As of the 46th Conference, Hermog and
Hardee are Co-Chairmen.,
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Initially, the Conference was conducted over a three-day peaod with detailed
reports being presemed by research and extension personnel from each of the states.
Bore recently, this tme has been reduced o two days with the First hall day being
occupied by symposia on selected opecs and the subssquent one and one-half days
devoted 1o contribined papers and a business meeting.

E. W, Hamed, the first Conference Chairman, colled time on no one, Consequeently,
discussions were ofien prodonged, Then, too, the early reports of the conferences were
writben and revised during the conferences, [n retrospect, valuable time was expanded
over the choice of a wond or the efficacy of a compound at a certain dose against an
insect. Regardless, Professor Hamed wanked a unsnimous decision,

The success of the conferences depended on the airing of all views. Under Profes-
sor Hamed's patient guidance, a diverse group of strong-willed, independent profes-
sionals joined together for the common good. It fook time and sometimes the issue,
unreselved, was tabled until the following year. Professional convictions and personal
feelings were kept apard and insulis were rure, although tempers often flared. Onee the
dust had seiled. conferees were friends and fellow professionals, noi adversanics. As
time progressed, timing of discussion was expedited.

I the carly years it was the policy of conferees 1o meet in closed sessions exclud-
ing members from the chemical mdustry because new materials were coming into the
picture rapidly and conferees felt that full and complete discussions of their efficacy
could be held in po other way. As it was, panticipants exceeded desirable numbers, and
addition of other personnel, especially those interested in promotion, could resuli in
chaos. A concession to alleviate the exclusion was made in that once the insecticide
efficacy section of the annual repont was approved, it would be mimeographed and dis-
iribubed o stendees of the subsequent Beliwide Cotion Production Conference. Dis-
iribution of this section took precedence over the regular program. It was anxigusly
awaited by Farmers and ginners as much as by representatives of chemical companies.
Members of industry thus did not have o wait until the report was published o receive
the information; this was an important consideration when one realized that the future
of a new inseciicide might be affecied by the conference report,

The first several conferences included detailed oral reporting of research resuliz and
experiences of conferees. In addition, copies of research resulis of a laborsory or
expeniences of extension personnel were brought o the conference for distabution,
Data often were confidential, which was another reason for closed sessions. Although
the chemical indusiry supported open sessions, it did not want data relating 1o centain
compounds 1o be released until it was ready 1o rebease their chemistry, The policy was
established that no compound was 1o be listed in the annual report until its chemisiry
wis removed from the confidential status. list,

Procedures For nevising the Conference Repont were changed in 1960 in preparation
for the 14th Annual Conference on Cotton Insect Research and Control resulting in
bess ime being needed o consider and adopt the report af the conference, Thus, one of
the half-day sessons was devoted o current topics of inderest presentecd by invited
speakers, This wsually was on the last one-half day of the conference. This session of
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the 18th conference (1965} was not billed a5 an open session bul word was passed that
the general public was welcome 1o aitend. This session has been open t general atten-
clamce since thal e,

Sowthern Experiment Station Directors appointed a representative 1o the conference
beginning with the 18th conference (1965). The representatives were Dr. E. V. Smith,
Director, Alabama Agriculiural Experiment Station for conferences 18 (1965) to 20
{1967}, D, John H. Owen, Director, Georgea Agrcuboral Expenment Station for con-
Terences 21 (1968) 1w 23 (19700; Dr. Walter K, Porter, Associale Director, Mississippi
Agriculiural and Forestry Experiment Station for conferences 24 (1971) to 38 {1985),
and Dy, Gerald J. Musick, Dean of Agnculure and Director, Arkansas Agricultural
Experiment Station for conferences 39 (1986) to date,

Beginning with the 14th conference (1965), one day was devoted to the discussion
of research resulis and expeniences, one-half day for the consideration and approval of
the conference report, and one-hall’ day for presentations on items of cument interest
{an open session beginning with the | 8th conference). The next change was made with
the 24th conference (1971) when o program commitice was appoinied. [n this confer-
ence, the oral reporting session was reduced from one to one-half day; one-half day
wiais devoled 10 concument sessims on current topics, one-fourth day to a summary of
previous day’s topics, one-fourth day to consideration and adoption of the conference
report, and ene-half day 1o open session on curment [opics.

Beginning with the 25th conference (1972), onc-half day was devoted o oml
reports, one-hall day 16 consideration and adoption of the report, one-half day to the
discussion of cormend topics in the open session, and one-hall day point session with
oiher research conferences. The latter continoed through the 33rd conference (19800)
when it was discontinued.

Beginning with the 27th confercnce (1974), the program commities sysiem was
reorganized. The commitiee consisted of two representatives from the stabe experiment
statipns, one from the siple extension services, and one from the U, 5. Departmend of
Agriculiure. The members serve iwo-year ierms on a rodating basis. The confercnoe
chairman contimeed 1o serve as chainman of the program commities.

Beginnimg with the 30th conference (1977}, the program commities was expanded io
inchude o representative from the chemical indusiry and from the consuliant organiza-
tions. They wene io present oral reponis for their groaps and were bo serve s their repre-
sentatives in the closed session for consideration and adopiion of the conference report.

I recent years the program has consisted of submitted papers amd the one-half day
invited paper session with one-half day devoted to the adopiion of the insect bess daia,
changes in contrel recommendations and the airing of mutual profdems. All sessions
of the conference ane How e,

The conference has done much toward keeping the various segments aware of the
progress that is being made in the cofton insect pesearch and control picture. The con-
ference has expanded from the original concept of improvements in chemical conirel
o encompass alternative methods of conirolling insects. Insect population manage-
meni continues o be praciiced bot with less eliance on insecticides,



As indicated in the preceding discussion, the first report was actually written and
unammously adopled by conferees during the conference. The draft was taken o
Washingten, 1. C., submitted for cursory editing 1o available editors and published
theough agency procedures of USDA'S Agriculiural Research Service. Similarly, in
the next few conferences, the report was started anew. Each topic was assigned o a
commattee of two o five members which completely revised or updated it from the
preceding report based on the added year of research and experience. Thereafter, until
the 14th conference (196 1), a commutize of two experiment siation emomologisis and
a representative of the Natsonal Cotton Council met with ARS amd other USDA ento-
mologisis in ke October or Movember in Beltsvalle 1o prepare a working dralt of the
report which was considered and sbopied 3t the ensuing conference. Beginning with
the fourth conference {19500, a copy of the report was maiked 1o remstrants of the
Annual Cotion Production Conference which later became the Anmual Cotton Produc-
tion-Mechanization Conference. The Insecticnde Sections of the reports of the 4h
(1950} through the 121h conferences (1953) were typed, mimeographed and disirib-
uted io the conferees of the Annual Cotton Production Conference.

The first report (1974) of 16 pages consisted of an introduction and sections on
insecticides, insects, bug cotching machines, applicofion equipment and conferees,
Subsequent reporis became longer as topics were added. In the inderest of space, only
ihe most significant additions are mentioned.

Resisiance of Insects to Insecticides was added to the 9th report (1935), following
a disastrous boll weevil cutbreak in ibe Lower Delia of Mississippi and both the Mis-
siszippi and Red River Delios of Louisiana.

The procedure for revising the report was changed for the fourteenth conference
(1951}, A series of questionnaires applicable 1o various sections of the report devel-
oped by a commitiee that met in Belisville, Maryland were mailed 1o prospective con-
ferees in September. The information in the returmed questionnaires was compiled in
the USDA, ARS Belisville office and was included in the ientative draft of the con-
Ference report maibed to the conferces before the conference, The conferees were asked
I sugpest changes and additions o the chalrmsan by mail. This procedure expedited
the consideration and adoplion of the report and made additional time available for
olber comlerenoe activilies.

The thiry-first repont of 75 pages added a seclion on conference highlights which
was an imporanl improvement in it and sulseguent repons,

The thiry-third report ( 1980) of 77 pages added a table on yield Josses oo the cotton
crop caused by various cotton insects and spider mites. This, oo, was a valuable addi-
ton 1o the report, Past experience showed that such losses developed by the UL S, Diepan.-
ment of Agriculture invite considerable criticism. Extimates under the awspaces of the
annual conference invite less criticism even though the same scientists are involved in
their development. From the beginning, the development of anmeal estimates on eotton
yiehd bomses has been linancially supponted in pant by The Coteon Fourslatson,

While the general chairman was responsable for revising, publishing, and distribw-
ing the report, it was standard procedure o have the revised report on camera copy
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dilivered by the end of January o the technical editor who in furn delivered it to the
CHhece of Communication in the Departmen of Agriculiure for publication with
expected delivery of the published report by the end of Febnoary. The report was hand
camied vo the technical editor and io ihe Office of Communication, 1. 5. Depannicnt
of Agriculiure in Washington, D C.

It might be added here that technical editors st headquarters provided cursory edii-
ing. Before mpe and mag card machines became available, the changes in the repori
were pieced in o that it had blank spaces which affected the continuity of the repoc.
Also, before sophisticated duplicating equipment became available, irouble was expe-
rienced in putting together and assembling the entative dralts of the repont.

In 1976, the conference chairman moved from headguarters i Belisville, Maryland
o am assignment in Stoneville, Missiasippd. Thus, the thirtigth report (1977 was edited
and publication amengements were made in the ARS Southem Begion Office, Mew
Orleans, Lowisiona, With the thirty-first report (1978) the technical editors made sug-
gestions on tightening the report and that and other editions were considerably
improved in appesrnce as well as content,

The last formal report was issued m 1984 as the 3Th Anseal Conference Bepon on
Cotton Insect Besearch and Coatrol, Since that tme the highlights of the annual con-
ference, changes in insect control recommendations, and insect loss dats hove been
published in the Cotton Insect Section of the Annual Proceedings of the Beltwide Cot-
ton Bescarch Conferences, The conferees planned to publish and update a report after
every five annual conferences have been held,

Az a result of the Annual Conferences on Cotton Insect Research and Control, there
is o other agriculiural aren with as muech compatibility among State, ARS, consuliant
and industry personnel in the research, extension and conrol efforts for insects than
those that attack cotton. Conferees can be justly proud of the accomplishments of (he
conference in its forty plus yeor history, Mo less should be expected from confersnces
of the Tuture.

. R. Parencia

Caollaborator

USDA. ARS

Stpneville, Mississippi

and

D [ Hardee

Laboratory Dhirector

Sputhem Insect Management
Laboratory

LSDA, ARS

Stpmeville, Mississippi
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Chapter |

MAJOR DEVELOPMENTS IN
MANAGEMENT OF INSECT AND MITE
PESTS IN COTTON

5. R. Bradley, Jr.
Merth Caroling State University
Baleagh, Morth Carolina

INTRODUCTION

The inbent of this chapier is (o set the stage for this monograph by providing a sum-
msary of key cvents leading to the state-of-the-an of insect and mite pests in cotion,
Selection of the events incleded hercin was very difficult becanse of the long and rich
association of arthropods and cotton culiure. Becanse cotton may be produced in the
United States only in wanmer regions and requires a long growing season o reach
physiological maturity, it is subject to the deprodations of many herbivorous {plamt
fecding ) arthropods. Exolic pesis such as the boll weevil, Anrhowionius graereis gren-
olix Boheman, and the pink bollworm, Pecrinoplara gessyrella (Saunders), pose par-
ticularly difficolt management problems as atempts 1o limit their population growth
often result in the development of secondary pest problems, In most regimes, ooton i
groavn im @ vartual monocultere involving extensive arcas that generally Favor pest
buildup and minimize the impact of natarally occurmng biological control agentz, The
potentiad For bosses o arthropod pesis is greater in cottonm than an any sther Nield crop
anil v other crop has been the target of more entomalogical anention, As a resull,
many of the oustanding emomological contnbutions have been made by scientist
studying arthropods associated with colton culiure,

INVASION OF THE UNITED STATES BY THE BOLL WEEVIL

Prios o 1892, when the boll weevil crossed the Bio Grande River near Brownsyille,
Texas, insect daomage 1o cotton was kargely hmied o lepidopierous pests, primanly the
bollworm, Helicoverpa zea (Boddied and the cotton leafworm, Alabamae argilliecea
Hiibner, The bolbworm had been recogmized as o pest of cotton sinee 1830 {Cuamntance
ansd Broes, 1905), but damaging popalations were sporadic i occumence and rarely
developed in the southeastern stales,

The eniry of the boll weevil ior the United States 15 probably the singhe mos!
imgpowtant enfomalogical event o have occurred in codton, In the United States, the boll
weevil found an optimal environment consisting of small cotion fickls surmounded by
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ample overwintering habitats that stretched [rom sowthern Texas to Virginia, By 1922,
thiz bl wveevil had mdded SO0U000 square: miles to its range, and eleven years later had
infested the entire Cotton Belt except for nonthwesten Texas (Pencoe and Phillips,
1987 The boll weevil is the magor factor responsible for the westoand shift in cotton
preduction in this country as well os the crop diversity that developed in the Southeast
early in the twenticth century. Also, the boll weevil is largely responsible for the early
development of the emtomological profession in the southem states.

CLASSIC EARLY STUDIES ON BOLLWORM BIOLOGY AND
MANAGEMENT

The classic investigation of the bollworm by Quaimiance and Brues (1%035) obwi-
oy deserves sitenibon as it is an ageless example of quality entomalogical science.
This odten cited publication may be considered as the mosy thorough single work on
the bollworm, and it has served s the foundstion for all subseguent studies on biology
and management of bollworms. These rescarchers observed tempaoral (of or relating to
e} and spatial (of or relaing 1o space) diswibution pattems of the bollwonm in
agroecosysiems across the Cotton Belt and developed an understamding of how host
complexes, host phenologics, farming practices, weather and biological agents
affected ballworm population dynamics, They were the first to conduct detailed stud-
ies of the predaceous (arthropods that prey on others) and parasitic arthropods associ-
ated with the bollwormdAobacco budworm and 1o recognize the imponant contribution
that biological control agems make wwand pest population regulation, Many of the
cultural management tactics they recommended, particularly early crop maturity, are
o5 relevant tday &5 they were al the beginning of das century,

CLASSIC EARLY STUDIES ON BOLL WEEVIL BIOLOGY
AND MANAGEMENT

The significance of the boll weevil s a cofton pest was recognized very soon afler
it entered ihe United States and research was inilinted toward the alleviation of the
problem (Townsend, 1895) The culmination of eardy mvestigations inlo boll weevil
biology and management was a mullicemponent suppression system based on culiurl
tactics thot farmers could employ 10 reduce the impact of the boll weevil on cotton pro-
duction (Cuaintance, 1905; Honter, 1912; Howard, 189%; Malley, 190]; Humter and
Hinds, 1905; Pierce, 1917} By the carly 19205, these scientisis had developed suffi-
cient information to form the neclens of a sound, muliifsceted pest management pro-
gram for the boll weevil based on the principles of applied ecolegy. The specific lachics
employed o promete crop eadiness, and thies escape from the highest number of ball
weevils in lake season, in concert with thorough posi-harvest crop residis destruction
siill serve as key components in modern day boll weevil management systems, Later
investigators (Isely ond Baerg, 1924; 1sely, 1934) sdded to the reperioire by sdvancing
ihe “trap crop” concepl for control of weevils dunng early season and by dermonst -
ing that controlled buming and clearing of favorable oversinlering habital were effec-
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tive in reducing boll weewil populations, The |atter is likely the major factor keading ko
a decline in boll weevil population levels i the Mississippi Delta since the 19505,

CALCIUM ARSENATE PERIOD

Among the most profound developments in the control of insect pesis of cotion was
the discovery that calcium arsenate duost was an effective control for the boll weevil
(Coad, 1918; Coad and Cassidy, 1920). These experimenis demonstrated thar ihe
application of calcium arsenate on 4- or 5-day intervals, from the point when 15-20
percent of the colton squares were damaged until boll matunity, would profect the cot-
tony crop From boll weevil depredation. The additional discovery that calcium arsenate
coull be rapidly applicd by airerafi. with mo loss in boll weevil controd elfectivencss
(Coad er ol 1924; Hinds, 1925), set the siage for a period in the history of insect con-
trol on cotbon that may best be characterized as excessive reliance upon we of insec-
ticides, Control of boll weevils with calcium arsenate made cotton production much
more profitable over most of the Cotion Belt.

As an omen of lulure events, the extensive use of calcium arsenate often had unde-
sirable side-eflects; destruction of natural enemies of such msect pests as the bollworm
amdl the cotton aphid, Aphis gossypii Glover, led to more frequent outhreaks of these
pests (Sherman, 1930 Ewing and Ivy, 1943}, Durng the period 1920 to 1945, a high
percentage of research on colion insects was devoted to the evaluation of calcium
arsenate For boll weevil control and varous adduives as o means of controlling infies-
tations of the cotton aphid and the bollwormobacco budworm (Mewsom, 1974),

COTTON INSECT SCOUTING AND THE THRESHOLD
CONCEPT

Wery soon afier demonstrtion of effectiveness of colcium arsenate, Isely and Boerg
(1924 reported that scouting and ireating a5 nesded provided the most economical
miethods of wtilizing the pew chemical control technology, The employment of James
R. HorsFall b scout cotton in Arkansas during 1926 was the genesis of systematic col-
ton insect scouting, Scouting became the key siep beltwide in cotton insect manoge-
ment {Lincoln ef of, 1975) Most of the ey thresholds were derived from a research
base supplemented by intuition; nevertheless, they were founded on the concept that
some level of insect damage was wolemble. Eaton’s (1931) carly work showing the
ability of the cotton plant 1o compensate for shedding of floral beds early in the froa-
ing cycle supporied the threshold concept, Successful boll weewil control through use
of calcium arsenale never reached its full potential because the copperative exiension
servioe wis nof prepared (o cary oob the needed educational program and sufTicicni
irained scouts were unavailable duning that cra (Lincoln er all, 19753, The advent of
the chlorinated hydrocarbon insecticides and devastating owtbreaks of the boll weevil
in 194% and 1950 brought about the gencral use of “scouting™ in cotton {Iscly, 1950
Lincoln, 19511 Adoption of scouting and the threshold concept acress the Cotvon Belt
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bed 1o widespread acceptance of integrated pest management (IPM) as 3 general peac-
tice in the 1970s,

THE PINK BOLLWORM AS A PEST OF COTTON IN THE
UNITED STATES

The pink bollworm was first Found i the United States in Texas in 1917, but rigud
quarantine and culiural control programs prevented the pest from cansing widespread
ccomomi problems wntil the carly 19308 (Newwom and Brazzel, 1968), Similarly, the
pink bollworm was discovered in Flonda in 1932, but an eradication program oon-
ducted durng 1932-35 elimimated the pest from the commercial collon producing
counties of northem Florida and sombem Geongens has not been a pest in the Southeast
since, Since that time, the pink bollwonm bos been known woexist in the easterm United
Sintes only on wild colttons 1 southern Florda (Noble, 19697,

In 1952, ihe pink bollworm caused senous losses 1o the colton crop in southem
Texas which resulted in a joind state and feder] reseanch effort designed to provide
means for immediate control of e pest. The program was highly successiol and by
the late 19950% the infestation had dechined and losses were minimal. The objective of
the program wos 1o reduce the overainienng population of pink bollworms (o such an
exicnt that domaging infestations did ot develop duning the subsoquent growing sea-
son. This was accomplished by early crop matunty, use of defolianis or deskecants for
rapid boll opening (o facilitate machine harvesting, early harvesting, carly crop resudue
destruction, winber and early-spring umigations in desert arcas and uniform planting of
cottion during a designated penod to allow moths o emerge amd die before cotton fnuat
was available for oviposition. Proper ginning technigues and sanitation ensured that oo
larvae overwintered in stored or waste cottonssed (Bottrell and Adkisson, 1977). The
pank bollworm provides a classic example of a major pest of coiton that may be suc-
cessfully masaged through a combination of culiural controls, sanitation amd quaran-
e iactics when employed over a wide area.

The pink bollworm has bocome a key pest in Anzona and southerm California sinoe
the mad- 19605 and its management in the inmigated regions of the West has boen msch
less successful than in Texas, The practices of long-season peoduction and stubbing
fratconing ) of coton resulbed in the development of a pink Ballworm pest problem of
mixjor proportions in the irigated West, The situaton was exacerbated by more fre-
quent outhreaks of secondary pests in response (0 increased insecticide used o control
pink bedlworm, During the Bate 1950k, the problem was ameliorated through the regu-
Istory prohibition of stubbing and the general application of more stringent pest man-
ARCMCnl praclices,
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INTRODUCTION OF THE SYNTHETIC ORGANIC
INSECTICIDES

Moo samgzle event in the history of cotton produection i the United Staes, other than
perhaps the spread off the boll weevil across the Cotton Belt, impacted the cotion
agroccosysem and colton production more dramatically than the introduction and wse
of the syntheti; orgamic msecticides, The general use of these insecticides shontly after
World War I quickly revohitiomzed prevailing attitudes and practices of growers and
cniomalogists toward coblon insect control. With the introduction of DDT followed by
benzenc hexachlonde, toxaphene, chlordane, aldrin, heptachbor, dieldrin, endrin and
others, cheap and highly cffective insecticides were available for the first time to com-
bat insect pesis of cotton. Technological advancements in formudations led o the
development of emulsifiable concentrates which were more convemient o use than
dust formulations. They were easicr o package, ransport, store, handle and apply.

Initial successes with these new chemicals were 50 speciacular that cotton produc-
tion systems were radically modified to take maximum advaniage of the new technol-
agy. Culiural practices were rapidly sdopeed o attain the goal of maximum vields. By
the early 1950, many of the growers in the South had adopted a “womb-1o-tomb™ o
“wash day” program of inseciticide application, Treatmems began wath seedling emer-
gence and terminated with crop maturity. Hence exiensive mestment of the crop with
insecticides provided an inexpensive, reliable and high-return foem of insurance.
Ecological pnnciples of regulating pest populations that had been elfective against boll
weevil and other pests were quickly forgoten or completely ignored for almest 1wo
decades by most growers and entomologists (Newsom, 1974,

Subssguenty, organophosplomus compounds such as pamthion, methyl parsthion,
azinphosmethy] (Guthiond), demeton (Syson®), EPN, and the carbomates such as
carbaryl {Sevin®) were developed and widely used, often in combination with
orpanochlonnes. The prevailing philosophy was towand further exploitotion of the
chemical control lechiology & new and more complex arthropod pest problems arose,

EMERGENCE OF NEW PEST PROBLEMS IN RESPONSE TO
INSECTICIDE USE

Sheerman § 19300 was perhaps the first 10 observe an outbrenk of a secondary pest in
response o nsecticikde use i cofton. He reported that bollworms were msch worse in
fields where calciom arsenote had been used for boll weevil control, bt he had no
explanation for the event. Later Ewing and Ivy (1943) confirrmed Sherman’s observa-
ko by shanwing that the use of insecticides could cause an increase in bollworm infies-
indions resulting from koss of natural enemy efficiency. The emergence of the colton
aphid as & cotton pest following use of calcium arsenate for Boll weevil control (Ceaines
ef ol., 1940 is another early product of the disrupion of naturally-eccuring biological
comired agents.

Chservations were reporied that the new organic insecticides were highly 1oxic o a
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wide vanéty of arthropods other than pest species. Soon alter, resurgence of pest pop-
ulatkons and the emergence of new peus were observed, [ was demonsirated as eary
as 1947 that the organochlorine insecticides were much more toxic tan calcium arse-
nate o the predaceous anhropod compleses in colton febds (Mewsom and Smath,
1949, These authors observed that predator popalation densities were reduced more
in cofton plots treated with organochlonnes than 1o plots trested with caleiim arsen-
e, Also, bollwonm/ tebacco bidwerm popalations were foumld 10 be inversely pro-
portional 1o predator populations,

Within & few years of the imroduction and wadespread use of the synthetic arganic
insecticides on coftan, the bollworm evolved from an occasionally cccumng pest o a
major pest occuming annually scross much of the Cotton Belt, During the same pernsd,
the iobacco budworm, Helfaiis virescens (F), arose from relative ohscunty to become
a major colton pest. Spider mites, previously unknown as pests of colton over most of
the Cotion Belt, also achieved widespread pest status. Oither arthropod pests have fol-
lowed this same pattern o5 a consequence of synthedic organic inseclicide usage.

DEVELOPMENT OF INSECT STRAINS RESISTANT TO
INSECTICIDES

The wse of insectickdal mixtwres temporanly solved problems resuliing from
changes in pest status of various arthropod species. For example, BHC-DDT-sul fur
mixiures gave cxcellent control of the insect pest complex of cotbon and satisfactory
suppression of spider mites for several years. The prevailing philosophy of insect con-
trol during this era was to add another inseciicide to the spray tank as new pest prob-
bemis developed.

A Tar more serous problem began to develop within five years afier chlorinated
hydrocarbon insecticides were adopied for general use on cotion; resistant popalations
of the cotion lealworm and the cotion aphid were reported (Newsom, 1970). The sig-
nificance of this phenomensn was e pealized until resistance o the chlorinated
hydrocarbon imsecticides in populations of boll weevil in Loutsiana was reponied in
1955 (Rowsse| apd Clower, 1957} In the case of ihe boll weevil, te major change was
increased wie of insecticide mixiures or wholesale switches from the organochlonnes
1o the organophosphates. To date, the boll weevil has not developed strains resistant to
the organophosphaies, and representatives of teat cleemical class are sill widely used
for weevil management.

Control difficulty with the bollwormdftolbaces bodworm comples was first encoun-
tered during the kate 19505 when field eficacy of DIIT decreased. Resistance o DDT
in strains of bollwormafiobacco budworms generally occurmed across the Cotion Belt
by 1970, and populations of these species were resistant to emdrin, carbaryl (Sevin)
ansd tonphene-DOT by 1980 (Sparks, 1981}, The switch from chborinated hydrocar-
bon insecticides to organophosphates, notably methyl pasathion, provided a shori-ierm
sodution, Methyl parathion resistance in ihe 1obacco budworm appeared in Texas in ihe
Inte 1960 (Whitten and Bull, 1970F and 10 most other regions of the United States
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Cotton Belt during the 19705 Although ceganophosplorous insecticide resistance in
the bollworm was reporied Tor several staes, the levels of resistance were much lower
than those in lobacco budwonm (Sparks, 1981),

Since the inroduction of the pyrethroids in 1978 as highly effective, economical
insecticides for bollwomiiobacco budworm comrol on colten, there has been great
concern that their overuse would resull in the developmemt of pyrethnoid resistant
sirains. This concern was particularly relevant becawse DOT and the pyrethroads have
demonsirsed degrees of cross-resistance (Sparks, 19810 Since the mechanism of
resisiance was known 1o be of the knockdown resistance or target insensitivity type,
bollworm or tobacco budwonm stmins possessing the resistance gene would be resis-
tant i all pyrethroids (Plapp of o, 1989). As predicied, resistant strains of the tobacco
budworm have developed in response to inensive selection pressure by pyrethroads
(Crowder er al., 1984; Manincz-Camillo and Reynolds, 1983; Lwitrell & al, 1987,
Sisetz, 1985). A coordinated effort of pyrethroid resistance management is camently
upderway in the United Sinies to stem pyrethroid resistance development in the
tobacoo budworm (Plapp of al.. 1990). This program has been embraced by most cot-
ton producers, consultants, extension workers and chemical industry representatives in
hopes of confinued successiul wse of the pyrethroids on cotion, as replacement insec-
ticiches are yel undeveloped.

The success of this resistance management sirsegy appears (hreatened by propo-
nents of full-season cobion insect control who advocate the “womb-to-tomb™ philoso-
phy of insect control with ligtle regasd io the economic threshobd concept and the
application of insecticides based upon need. Entormalogists have wamed that the short-
term benefits accrwed through full-season application of insecticides do not justify cre-
stion of the catastrophic problems that are known 1o be products of the overuse of
insecticides, But, hiztory seems 1o have a way of being repeated,

Resistant strains of many other arthropod pests (e.g, cofton aphid, beed armywonm) of
cotton have developed across the Cotion Bell in response 1o our insecticide use paltems,
bt these are too nameroas for discusion bere, A complele discussion of the insscticads
resisiance phenomenon is presented by the Mational Research Council (1986),

DEVELOPMENT OF SYNTHETIC DIETS FOR COTTON
INSECTS

Among the most signibicant research achievements on colten insects were the early
nuiriional studies which led 1o the development of synthetic dizts for boll weevil, pink
bollworm and the bollvormfiobacco budworm (Vamderzant and Reiser,  1950;
Yanderzamt amd Davich, 1958; Vanderzant erall., 1962 ). The contributions of B, T. Gasi
Laboratory (Mississippi State, Mississippi) toward mechanized rearing and mass pro-
duction of cotion insecis must also be noted (CGast, 1961 Many others contribated
toward the present technelogy for lnborstory rearing of large numbers of quality
inzects which, in most aspects, physiologically and behaviorally minic iheir ficld-
produced counterparis. Rapid sdvancements in the knowledge of insect diapause,
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pheromones, resistance, numiteen and many ofther cridical entomological arcas have
been achieved since the advent of artificial diets and ciher reaning technology.

REPRODUCTION-DIAPAUSE CONTROL OF BOLL WEEVIL.

As previously reported, entomologists carly in this century recognized that the boll
weevil was most vulnerable to management tactics applied during the overwintering
perigd; thus, cultural controls were cmploved against the late-season population.
However, the diapause phenomenon in the boll weevil was pol descrbed until 1959
{Brazzel and Newsom, 1959). Once the diapause phenomenon and its temporal (of or
relating 1o time) development was described, the concept of “reproduction-diapanse™
comtred of the boll weevil was sdvanced (Brazzel e af,, 1961; Liovd & of,, 1966). This
system is based on denying diapausing boll weevil populations acoess 1o the amount
of Food required o accumulaie sufficient Fat o successfully overwinger, A combination
of insecticide applications, chemical defoliation, rapid harvest and stalk destruction is
employed to achieve the objective of killing outright or starving weevils that would
otherwise constitate the overwintering popalation. Where the “reproduction-diapause™
comred system has been enacted over a wide area, boll weevil populatbons in the sub-
sequent vear often have not reached economically damaging bevels (Rummell and
Frishie, 1978), Much of the suceess of the Southeast Boll Weevil Emdication Program
must be attributed to the proper application of this echaology as it i3 the “backbone™
of the program (Brazzel, 1989,

THE DISCOVERY, DEVELOPMENT AND UTILIZATION OF
PHEROMONES

Soon alter Karlson and Luscher {1959 coined the temm “pheromons” 1o designme
chemical substances secreded by an animal to influence the behovior of other animals,
loboratory and febd 1ests confirmed pheromone communication in the boll weevil
{Bradley ef of,, 1967, Cross and Mitchell, 1966; Cross ef al., 196%; Keller ef ol., 1964},
The design and construction of an olfactometer (Hardes ef al., 1967) that permined
rapish, accurate assessment of air-bome odors was o significant development that fed to
the iscdation, identification and synthesiz of the boll weevil pheromone {Tumlinson ¢
afl., 15645,

Pheeromonss were demonstrated in the tobacoo budworm and bollworm in the carly
1960 (Gentry ef al., 1964; Berger ef al., 1965), but their identification was not acoom-
plished wntil ten years later (Roclofs ef afl., 1974; Tumlinson ef ol., 1975). At about the
same lime, the sex pheromone of the pink bollworm was idendified (Hummel ef al..
1973; Bied ef al., 1974),

Orver the past two decades, very significont advancements in pheromone technodogy
have oocumed. Synthetie pheromones and dispensing systems are now commercially
available for the mojor inseot pests, Pheromones are key compenents of management
and eradication programs for they are the only practical tools available for effectively
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detecting low-level pest populations. The evaluation of control sirsegies and studies
of populsiion dynamics and dispersal are among the research areas significantly
enhanced through pheromone lechnology. Furthermone, the use of pheromone systems
b cisrupt sexual communication amd (o annihilae males appears 1o be o promising
management actic for the pink bollworm (Henneberry and Beasley, 1984), Similar
concepts may eventually be emploved as components in management or eradication
programs for the boll weevil and the bollwormftobacco budworm.

THE EVOLUTION OF THE INTEGRATED PEST
MANAGEMENT CONCEPT

The conflict betwesn California entomologisis—one group advocating insect con-
trod with chemecals and o competing group that wanted to wilize biological conirols o
regulate inssct pest populations—spawned the first use (Stem ef al., 1959) of the term
“imtegrated pest control,” The concept emphasized the integration of the iactics of bio-
logical condred and chemical control toward the alleviation of insect pest problems.
This approach received impetus from the phenomena of pest resistance o insecticides,
post resurgence, secondary pest cuthreaks and widespread environmental ailments that
had become frequent problems associated with the increased dependency on organic
insecticides for insect pest control. While there was general agreement among ento-
modogists that this single-method approsch to effective insect control was neither pos-
sible mor desirable, many felt thai the integrated control concept needed o be expanded
it embrace all possible controd (actics. A much broader concepd, “pesi management”™,
rapidly evelved in which all available techniques ane evaluaied and may be consoli-
dated inie unified programs designed to manage pest populations so thal coonomic
diamage s avoided and adverse side effecis on the environment are mindmized
{Mational Academy of Sciences, 1969). The contemporary integrated pest manage-
ment concept (IPM) became a political and intellectual entity during e 1970s ihrough
a major research program known as "The Huffaker Project™ (Perkins, 1982). This
Matipnal Science Foundation Environmenial Protection Agency supporied project
assumed a lead role in providing the mechanisms for mulbiidisciplinary plant profection
as a component of crop prodoction,

Oiher programs initiated in the 19705 that significanty advanced the TPM concepd
were: (a) pilot projects for implementing extension pest management programs in all
cotign-producing states; (b} pilol pest management research projects within the
USDA's Agriculiural Fesearch Service, (¢} the project of the Consortiuen For
Integrated Pest Managenent (CIPM); and {d) curriculum development for iraining and
certification of crop production specialists by the land-grant universities, These actions
were paralleled with an intensification of iMegrated pest management research within
siade agriculiural experiment stations and federal agencies financed by both state and
Fedieral sources.

The IPM concept requires an indepth knowledge of the agroecosystem to be suc-
cessfully implemented. The analysis of all factors and processes in the crop's produc.
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o and protection, and the effects of abiotic factors on these development processes
a5 well as their interactions is far 100 complex for inlntive solutions. It was soon real-
ized that a new technology was needed that could utilize the power of computers and
syitems analysis i a manver similar 1 that pioneered by the Gelds of engineenng,
industry and commerce. Computer technelogy has been developed and 15 pow utilized
in all phases of IPM, envirsnmental monionng. biological monitoring and the infor-
malion delivery systems, Crop production models are being perfected that will guide
farmers and consubiants wward optimal decision making for increased profitability.
Promising developments in the areas of expert systems and artificial intelligence pro-
vide even greater hope for the fulure,

The culmination of the IPM concept and its promotion has been the development of
coplogically sound pest management sysiems that are both effective and economical,
Multiiactical managemend progums have evolved o replace the programs of the
19505 and 1960s that almost solely relied on chemicals for insect conirol. These mose
sophisticated, modern-day systems arc made possible because of a much expanded
knowledge of the agroecosystem. computer technology and a great increase in traised
personnel from the public as well as private seciors.

According to Adkisson (1986, IPM has had two major impaects: one on science and
the odher on agriculiural prodoction. Scientifically, IPM rescarch has expanded our
knowledge of basic ccological and physiclogical principles goveming insect popula-
tion dynamics, insect behavier and crop-pest interactions, It has also proneered the use
of systems scienee in agriculiure. Furihermore, TPM has reshaped crop protection
philosophies and has provided the mechanism for long-term, more sustainable agr-
culiural productiviny.

There are numerous oulsianding examples that coubd be used here 10 document the
imnpact of the IPM concept on colten production in the United Staes, bt none mone
impressive than the “shori-season™ coblon production systems that were developed in
Texas in the 1970 (Parker of of,, 1980; Namken ¢r of,, 1983), Entomologiats, agrono-
prists, economists and other cotton speciabist: sruciured Iow-input production sysiems
which minimized insect damage potential and the problems previously associnted with
odal relionce on chemicals for insect control, The shor-season concepl resulied in
insreased profiability of coton production in all regions of Texas where it could be
procticed and impacied cotton production systems across the Cotton Belt, Other
notable cotton [PM progrms inclwde the “Community-Wide Bollworm Maonsgemendt
Progrom” implemented in Arkansos (Phillips ef of., 1980; Frishic of ol 1933) and the
“Dptimom Pest Managenment Trinl” conducted in Mississippi (Hamer er al., 1983),
These IPM programs and the concepls vpon which they are based will be discussed in
meore detail in other chaplers of this monograph.

INTRODUCTION OF THE PYRETHROID INSECTICIDES

The pyrethrowds were introdeced a5 a new class of insecticides in the United Siates
codton market in 1978, They offered greal promise for insect pest comino] becanse they
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were highly effective, particularly against bollwormfobacco budworm, and they did
i peose the environmental problems sssociated with other crganic insecticide classes,
Problems of persistent residues and biological magnification in fieod chains (typical of
meany organochlorines) and scube toxicity and adverse effects on crop physiology (typ-
ical of certain organophosphates} were not asseciated with the pyrethroids. For the first
time, highly effective insect control could be achieved on coiton without obvious
adverse environmental effecis.

The pyrethroids gave a decade of unparalleled cotton insect control and provided a
“fail-safe" mechanism that allowed for the unprecedented application of the economic
threshold concept. Therefore, they were far superior o other insecticide classes for
IPM peograms. Throughout most of the Cotton Belt, management programs based
upon pyrethrodd use ensured minimum losses to insect pests and moximum crop pro-
duction potential. Overall cotton production, on a per-acre bass, for the first ten years
fodlowing introduction of the pyrethrodds, was the highest in history,

The many positive attributes of the pyrethroids have led 1o greater dependence on
this class of chemicals, not only For conirel of insects on cofton, but on many other
crop hosts of cotton pests, Furthermore, the simplicity of insect management afforded
by the pyrethroads has led 10 a ground-swell of support for retem 10 the philosopy of
full-season insecticide controd that prevailed dunng the 1950s and 19605, This short-
sighted approsch threatens the long term existence of the pyrethroids as effective tools
for cotton insect management, Strins of the whacco budwonm that are resistant o the
pyrethroids have evolved in many United States cotton production regions in response
to the intensive selection pressure of curment management programs, The returmn (o sca-
sible approaches to insect control, including resistance management sirategics for the
pyrethroids, is an absolute necessily becouse of a mpidly declining insecticide arsenal,

BOLL WEEVIL ERADICATION

Elimination of the boll weevil from the United Siates Cotbon Belt became the goal
of entomalogists and the cotbon industry very scon after the pest emered Texas in the
lage 1800s. Early attempts of eradication failed becanse the necessary technology was
unavailable; thus the concepl of boll weevil eradication lay dormant for 50 years.

The successiul cradication of the screwworm, Coclilfowivia heminoveray
(Coquerel) from the sowheastern Unived States, amd resistance to the chlorinated
hydrocarbons in Mid-South bell weevil strains provided impetus for revival of the goal
of boll weevil eradication. The indroduction and passage of a resoluiion ol the 1958
annual meeting of the Mational Cotton Coancil, which declared the boll weevil as the
number one enemvy of cotion production, signaled a renewed effon o eradicate the boll
weevil from the United States (Perkins, 1982). This resoluiion resulicd in monies o
construct the Boll Weevil Rescarch Laboratory (Mississippi State, Mississippi), This
Laboratory developed and refined the technologies, which justified pilot eradication
teats leading to operational cradication programs.
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THE PILOT BOLL WEEVIL ERADICATION EXPERIMENT (PRWEE)

The thres-year Pilot Boll Weevil Ersbication Expenment (PBWEE) (1971-1973)
wits designed o determing the techaical and opeérational feasibility for eliminating a
beoll weevil population from & delineated area by wse of available population suppres-
sion techniques (Parencia, 1978), The PEWEE was jointly conducted by federal and
stafe personnel in sowthern Mississippi. Resulis of the PBWEE were inconclusive as
boll weevils were found in pheromone traps within the core area during program eval-
wation amd there wos no way (o scerlmin their ongin (Perkins, 1982; Pencoc and
Phillips, 1987} The general conclusion was that the basic technology mecessary o
achieve cradication required improvements in several areas and that further demon-
sirations must be conducted in o region with greaber isolation.

THE BOLL WEEVIL ERADICATION TRIAL (BWET)

The Boll Weevil Emdication Trial {BWET) was conducted in nontheasiern Monh
Carolina and adjacent Virginia from 1978 to 1980 1o demonsirate conclusively thai
eradication of the holl weevil was technically possible. The site chosen provided the
desived degree of molation from other cotbon producing regions. The BWET was a
makch more successful program as results indicated that it was highly probable (0,983
lewvel of prohability ) that the native boll weevil population was eradicated from the cone
evaluation area (Knipling, 1983; McKibben and Cross, 1984). Though cotton in Noah
and Souih Caroling is now weevil free, it is continually mondtored in such a way o
reaindain this stafus. The expanded program in Georgia, South Alabama, and Florida is
in the final stages of climinating the boll weevil as an economic pest. Suppression
comparable to that oblained in the original Moh Carolina/South Carolina program
appears altainable.

BELTWIDE ERADICATION PROGRAM

The successful resulis from the Boll Weevil Eranclication Trial (BWET) provided the
incentive o extend the eradication program from Morth Caroling westwand across the
Southeast, The program has passed through the Carolinas and is in the latter stages of
completion in Georgia, Florida and Sowh Alabama, The boll weevil is no longer an
economg pest in the Carolinas, Georgia, Florida and Southeast Alabama, While total
eliminaten (eradication) of the species appears improbable, the BWET resulis and
subsequent benelis o the cotton industry in the arca confirm that woial population
management over a large geographic region may be the oplimum management strat-
egy 1o employ againsd the boll weevil in the Southeast (Corlson and Suguivma, 1983),

A boll weevil ermdication program was indtiated in the western United States con-
currently with the expansion of the southeasterm program (Brazzel, 1989}, Boll weevil
populations have been dramatically reduced i the West (Anzona and Californea), and
it is no longer viewesd as an economic pest,

A thorough discusion of the above eradication programs including the specilic
technodogy wtilized i each is presented in Chapler 19 of this book,
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SUMMARY

Because of the Embtations imposed on cofton production by anhropods, entomaolo-
gists over the past cenfury have diligently sought methods to limit growth of arthroposd
populations or 10 eradicate them, Many lechrological advancemenis have been made
toward understanding insect behavior and physiology and the interactions of insects
with their hoests and other anhropods, Much progress has been achicved toward
describing insect populmtion dynimics and the many factors affecting insect numbers,
Management tactics and systems have been developed and effectively utilized as well
as exploited. The challenge of beltwide boll weevil eradication remains, However,
continued success of southesstern ond southwestemn eradication programs justifies the
belicf that the boll weevil eventually can be climinated as an economic pest in the
United States,

Cotton insect management will remain an exciting and dynamic endeavor charae-
terized by the resolution of one problem and the genesis of anoteer, ad infininm,
Presently, the silverleal whitefly, Bemisia avgennifelii Bellows and Perring, and its bio-
iypes pose a perplexing problem of mammaoth propoctions, pamicularly i the desen
valleys of the Southwest, What will be the next challenge for cotton entomalogists?
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INTRODUCTION

Bore than 100 species of insects and spider mites ane pests of cotton in the United
Sates, Fortunately less than two doeen species ane cofmmon on a yearly basis and will
cause major crop losses o extensive acreage if nod controlled. The remaining species
can caumse severs econamic loss, but wsually only in limited geographic areas during
pocastonal years or wien a panticalar bencficial anhropod complex has been disrupied.

Thas chaper provides a briel description of the developmental stages of major pests,
enabling their ientification. and provides general information on development of the
life stages of particular speches or for species groups, Damage sympions, geographic
dhistribution, hosts, pest phenology and ecoological comditions that favor or limit pest
outbreaks also ang discussed. For a complete s of the pest species anacking cotion in
the United States see Anonymous ( 1984a), More detailed information on the major and
minor pests ot mentioned is ussally available through the codperative exiension ser-
vices and the state universities in the colton producing states,

SQUARE AND BOLL FEEDING INSECTS

BOLL WEEVIL
Boll weevil, Antfhormenmis gravdis grandts Bohemasn
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Identification and Development of the Singes—Three forms of Anthoroms
grandis gromdis—the Mexican boll weevil, the thurbena weevil and the southeastern
boll weevik—oocur in the United States with only the southeastern boll weevil being
found in all couon growing arcas excepl the California San Joaquin Valley.
Anatomically, they are very similar and can ivtermate, bt gepetic differcnces exist
between these strains (Bartle of of,, 1983) and their identity can be differentiated. The
adult boll weevil (Plate 2-1°) is a snoul weevil that is somewhat variable in size and
color, ranging from 108 to 1/3 inch (3.2-8 mm) bong, and from reddish brown to dark
gray. Overall weevil size is due largely to the nutritional conditien of the host squeares
or bopdls. Color changes from reddish to dark brown or gray with aging. Weevils with
black imegument may oceur, but this color sirain is not common under feld conditions
(Bartlen, 1967, McGovern er al., 1974).

The immeanre stages of the boll weevil are always found within coton squarnes and
baolls which ihey hollow oud as they feed. Eggs, which may be found by dissccting
squares in which boll weevils have recently oviposited (laid eggs), are slightly ellipti-
cal in shape, opagque and abowt 125th inch (1 mm) long. Shortly before hatching, the
brown head capsule of the larva may be seen thoough the ege wall. Towal develop-
mvenial e of te boll weevil from egg to aduli ranges from 11 i 67 days, depending
on temperature, At a typical summenime temperature of 36F (30C), development
takes between 14 and 22 days (Hunter and Pierce, 1912; Isely, 1932; Fye er al., 1968,
Bacheler er al.,, 1975; Cole and Adkisson, 19811, The larvae are white, legless grubs,
while the pupae are similar to the adult since the external features of smout, legs and
wings are visible through the pupal cuticula (Hunter amd Hinds, 1903; Parrott & al,,
1970 Bosch, 1973),

Host Plants—In the United Seates, the souwtheastern boll weevil is primarily
restricted o codton for feeding and oviposition (egg laving), while the thurbera weevil
s primanly restricted w0 a wild cotton, Gosogpinan tharbert Tod,, in parts of Arzona
(Cross et al., 1975 Burke & al,, 1986), Also, in Arzona the boll weevil may feed and
survive on globe mallow, Sphaeraleea spp., but canmet reproduce (Palumbeo, 19553, The
boll weevil onginated in Meso-America (Le. Central Amenca and Sowhern Mexico)
therefons, many mative host plants have been reported From Central and South Amerca
bt most da pot eccur 1o the United States (Burke of of., 1956), The mumber of seasonal
generations mnges from two do eight, depending on length of the growing season
(Fenton and Dunnam, 1929, Hopkins e af., 1999 Steding and Adkisson, 19715 how-
ever, the generations overdap and the average is choser 10 three per year in most areas,

Damage Symptoms—When boll weevils enter cotton, either from overwintenng
sites of through migration, the number necessary 10 canse economis damage depemls
on factors such as physiological condition of the cotton plant, phepological stage of
plant development amd wenther patterns, Fecundity (egg laving ahility) is higher in
first brood females than in later females primanly due o plant matrity and the

YAl oobor plivies cam be foend in the Appendix of thas chapter.
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decreasing nunvber of squares available for oviposition by the Later broods (Fenton and
Dunnam, 1929; Fye and Bonham, 1970). Rates of population increase per gencration
have been estimated by several researchers, and range from |- 10 9.6-Told, depemding
o environmental conditions (Knipling, 1960, Walker and Hanna, 1963; Llovd & ol
1964). Mumbers of adults necessary 10 cause eoonomic bosses are quite low, Lloyd and
Merkl (1966) Found that overwintered weevil populations of 14, 25, 50 and 100 wee-
vils per acre damaged 0, 28, 46, 66 and 83 percent of the available squares, respec-
tvely, while secoml-generation weevils damaged from 84 1o 96 percent of the squarnes,
In onother study, Roach eral, (1971 ) isdicated that more than 50 percent of all squares
were punclured when the F, popalation exceeded 1000 per acre and B0 percem were
punctured when the population exceeded 2000 per acre. Boll weevils both fead on and
oviposit in cofton frut, therefore their damage 15 easily discemed. Both sexes chew
small boles into the fruit and vellowish frass (2ol insect excrement) 15 usually pre-
sent around the feeding aren. The female oviposits (lays egps) within the holes, then
seals them with Frass solidhifed with Mok from her excretory tract (Plale 2-2)
(Cushman, 1911}, Mo squares with oviposition punctures will Mare open and abscise
from the plant within eight days, whereas older bolls may remain on the plant and
result in damaged Jocks where the eggs were aviposited and the lurvae developad,

Phenolegy® and Population Dyviaimics—RBoll weevils overaamer a5 diapaasing
adubis in woods litter and similar cover adgcent (o the previous season’s collon liekls
{Bragzzel and Mewsom, 1959 Hinds amd Yothers, 1908 Hunter and Hinds, 1905),
Diapawse in boll weevils is an indieced dormancy. Dinpause is the resull of a complex
interaction of pholopeniod, lempermure, physiclogical condition of the colton plant,
bow might iemperofures in the sdult stage and boll feeding in the larval stage (Llovd ef
al., 1967; Earde and Newsom, 1964; Carter and Phillips, 1973; Cobb and Bass, 1965).
Mortality of dinpasing boll weevils dunng the winder is generally high. particularky
in the more northem colton growang regions, and is primarily dependent o the condi-
tign of weevils and the seventy of winler weather conditions {Bondy and Rainwater,
19:42; Fenton and Dunname. 192%; Bummel and Corroll, 1983; Steding, 197 1; Toft e
al., 1971).

Spring emergence of bodl weevils [rom overwintering quariers appears (o be depen-
dent on an accumulation of hours sbove a lemperatere threshold of 52F (HLB3C), and
possibly the time they enlered overwintening quarters in the fall (Jones and Sierling.
1979: Rummel and Camroll, 1983; Mitchell er af., 19730 In most aneas of the Cotbon
Belt, spring emergence ocours from Apnl through June, alihough diapausing weevils
have been found in woods trash in all months of the year except July and Auguost
( Breckham, 1963).

The life span of emerging overwintered weevils is dependent on the availability of
coiton for feod in the spring. Fenton and Dunpam (1929 indicated ihe average
longevily of weevils emerging prior fo codton emergence was 3.65 days {range | to

Fhenology in a branch of scinde that deals wigh the relationship of clindde ad periodic biological ple-
momena o hehandor of insecis
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52), and 8.13 days (range | to 40§ on cofton prior o fruiting. On fruiting cofbon,
lomgevity was 1939 (range 2 io 6%) for males and 1605 days (range 2 to 48) lor
fermales. This contrasts with the 70 to B0-day average indicated by Hanter and Hinds
{ 195}, baut agrees with data given by Fye e al. {1959), Mating occurs prior o enber-
ing diapause and femabes deposit fertile eggs in the spring without remating {Fenton
and Dunnam, 192%; Walker and Pickens, 1962). However, overall reproductive polen-
il of females increases significantly with spring remating (Taft e ol 1963; Roach,
1979}, The oviposition behavior of the boll weevil las been investigated by several
workers and, in general, the females prefer lall-grown cotion squares, but will lay
multiple eggs in most sizes of squares and bolls when fiekl popalations are high
{Hunter and Hinds, 1905; Cushman, 1911; Jenkins er of., 1975; Lloyd er al,, 1961).

Mertality of developing immature weevils in squares can be quite high due to pre-
dation, parasifism and high tempersures, but more than 30 percent will usually
cmerge as sdults (Fenton and Dunnam, 1929, Smith, 1936; Bacheler ¢r af,, 1975,
Chesnt and Cross, 1971), These pewly emerged weevils will mate and begin
ovipositing after five w eight days, unless they are subjected to cool temperatures or
diapavse-inducing conditions (Fenton and Duinnam, 1929, Roach, 1979, Cole and
Adkisson, 1981).

Interfield movement and kong moge migration can occor in any summer brood of
weevils (lsely, 1926; Roach er @, 1971; Roach and Ray, 1972). Most mass move-
meents of weevils apparently eccur when fields become heavily infesied and few ovipo-
sition sites remain (Fenen and Dunnam, 1929; Fye and Bonham, 149700 The direction
of movement seems o be rndom and possibly wind-asded. Migraling individuals ane
kmown o move up 0 45 miles (Davich ef af., 1970; Beckham and Morgam, 156600,

Adiver feeding on cotton, male boll weevils produce o chemical pheromeone thal atiracts
both mabe and female weevils to the food sowrce (Brodley ef of, %68 Hordee o o,
19690 Thus, it serves as both an aggregation and sex pheromone in this species, and is
extremely imponant in the ability of migrating weevils 1o find and infiest coton fields.

BOLLWORMS AND TOBACCD BUDAVYORMS
Baollwarm, Helfcoverpa zea (Boddie)
Tobacco baudworm, Heliohis virescens (Fabricius)

Identification and Development of the Stages—Ezggs are laid singly, gencrally on
new terminal growth, Mewly-laid eggs are peardy-white, becoming darker with age,
Prios to hatching, a brownish ring characterizes the upper portion of ihe cgg (Plate 2-
31 There are consistent differences between the eggs of the two species that can be
seen with a stereoscopic microscope (Meunzig, 1964 Wemer o o, 1979, Tobecco
budworm eggs have fewer ridges From botlom o top and the fdges erminate before
they reach the tiny micropyle (minwte opening in insect egg through which sperm
enter) al the middbe of the top. At least pan of the ndges reach e micropyle on egas
of the bellworm. There are uswally 10-12 of these ridges on obacoo budworm eggs
andd 1215 on eggs of the bollworm,
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Young caterpillars (larvae) are yellowish or reddish, with large black bomps (uber-
cles) on the body (Plate 2-4). Mature stages reach a length of 1-1 102 inch (36-38 mm)
and vary in color from pale green to dark brown, often with a pattern of paler mark-
ings on the back and sometimes with a pronounced dark band on the sides, The dark
bumps of the first instar are less conspicuous on later stages and the integurment of the
body comtains many tiny spines, which are visible with a hand lens, especially on dark
parts of the skin.

Third-instar or later caterpillars of the two species can be distinguished from each
other with a hand lens, At ihis stage they are 38 inch (9 mm) bong or greater, Tobacco
busdworm caterpillars have oy spines, like those on the skin, extending onto the
slightly enlarged dorsal bumps on the first, second, and cighth segments behind the
truse Jegs. Bollworm caterpillars lack spines on these bumps. Apother positive charac-
ter is the presence of a tooth-like structure on the inner face of the mandible of the
tobaceo budworm that is absem from the bollwornm,

Adult maths, which may be found resting on leaves in the field, are very different
in the two species. Tobacoos budwomm madhs have three obligue dark bands on the front
wings and are useally olive-green (Flate 2-5). Bollworm moths (Floe 2-6) are almost
unifoemly pale buff, with some small dark Necks on the front wings with a slightly
paler crescent in the middle of the wing (Wemner ef al., 197%)

Damage Symploms—Damage to cotton by larvac of the bollworm and wobacco
budworm cannot be disfinguished. Upon hatching, the young larvae tunncl through
voung terminal leal buds and tiny squares. The young squanss turm brown amd nay be
miataken for plant bug injury. Larvae then move (o larger squearcs, cuting a hale inthe
sihe of the square and feeding on the Moral stnoctures. Such squares. will tum yellow,
flare amnd drop from the plant (Brazzel er af., 1953),

Larger larvae demonsirale a preference for squares, but will feed on bolls of all
sizes, making an imegular-shaped entrance lole, In many instances the enting contents
of the boll are consumed, Usaally, a semi-sofid, moist (rass sccumulstes outside ihe
emrance hode, Where fruit 15 in short supply wath ogh population densities, lirvae can
be found feeding on older cotion leaves,

Distribution—The twobacco budworm is found throughow most of the Wesiem
Hemisphere, The species 15 apparently nwst abundant in the wopies and extends
through the West Indies and South America os far south os Arpenting (Meunzig, 1969,
Meunzig {1969} reports that the range of the com earworm {same o5 bollwarm) is sym-
patric (occupying same geographic mnge) with that of the tobacco budworm.

The bollworms can cawse dumage 10 cofton in any area of the Cotton Belt. However,
the tobacoo budwonm is not o pest of cotton in the Son Joasguin Valley and only as lake
as 1972 became & serious pest of cotton in the lower desert arcas of the Sowthwest
{Watsom, 174

Alternate Hosts and Outhreak Contributions—Bollwormsfobacco budwooms
are general feeders, having a wide varety of cultivated and wild host plants (Snow and
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Brazzel, 1965), Tietz (1972) listed 31 host plans for the twobacco budworm and 106
hosts for the bollwonm, Com appears 1o be the prefermed host of the bollworm and
tobacon and cofton are major hosts of ohacco budworm (Linceln, 19720,

The host ranges for both species dictate the relative impoance of host-plant com-
plexes in the widely-seporated geogruphic regions and diverse agroecosystems. Barber
(1937} and Meunzig { 1963) cite hosts of bollwormMobacco budworm in the Sowtheast,
while Foach (1975} stated that bollwormbcebacco budworm popalations in South
Carolina, especially those in early spring and fall, depend on only a few major plant
species. Harding (1976) indicates that in the Lower Rio Grande Valley both species
build wp o damaging numbers on cullivated wsts and use wild hosts to maintain the
species when cultivated plants are not available,

Seasonal activity of bollwormdtobacco badworms extends over a longer period than
does the growing season of any single species of host plant. A survey conducted by
Fathrwan and Watson (1985) indicated ithat abundance of bollwormiobascco budworms
o desent annuals in the Sowihwest is difficull 10 measure since hoses ane widely scai-
tered and attractive to ovipositing medhs for relatively shom periods of time.
Populations on wild hosts alsp appear o be extremely variable from year 1o vear.
Ormamentals and culiivated crops are more predictable foosd sources than desert annu-
abs, whose abundance is dependent upon adequate winter rainfall. Neventheless, sev-
eral wikd desent plants appear to be impotant early-season heats and obviously help
brighge the gap until cotton and other summer hoses are available,

Phenology and Population Dynamics—ntany rescarchers have conducted life his-
tory studies on both the bollworm and tobaceo budworm, In general, developmental
time 15 apuite similan, Dudng summer conditions, the egg hatches i three 1o four days,
Both species pass through Gve or six larval instars 0 as linde as 12 days, and drop 1o
the soil where the pupal stage lasts 2w 10 doys in a cell one to two inches (3.5-5 cm)
below the soil surface, A complete life cycle may take as bitle as 25 days in midsum-
meer and there may be six o eight genertions in o season {(Wemner of of,, 1979},

Todlefson and Watson (1981 ) detenmined developmental times and damage 1o cot-
tom during June, July and August near Phoenix, Amzona. In June, larvae that feed pri-
marily on squares have significantly bonger developmental times than July and Augus
larvae that feed mostly on bolls, The average duration of prepupal and pupal stages in
the soil ks simibar for all infestation periods, Constant emperire gudies showed thio
greatest fecundity oocurred at T7F (25C) and that bongevity of both sexes declined as
temperatures were increased, A moth vsually expends most of s eproductive capac-
ity within the first 7-10 doys of its life.

Zurvival in much of the Cotton Belt is dependent upon individoals entenng diapause
im thee Tl Ini Awizona, Potter and Watsomn { 1980) Found the tobacoo budworm o exhibin
a weak dinpanse that occurmed duning the last two weeks of October. Developmend cin
b continuous in Anzona, southern California, and some southern areas of colton pro-
duction in Texas, Lovistong {Brazzel of af., 1953; Graham ef of., 1972) and Flonda,
Early-season legomes, e.g.. crimson clover in the South (Rosch, 1973%) and alfalfa in
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the West (Rathman and Waton, 1985), are believed to be important hosts which sup-
port the first penembion each year,

The ecological conditions favoring population increase of these pests are complex,
thercfose it is difficult to predict the exact circumstances ihal creaic an oathreak.
Mumber of host planis and host sequence, os well as temperature and humidity, ane
important in permiiting the full biotic potential of any bollwormfiobaces budworm
population. However, these insects are vulnerable o effective biological control by
parasites and predators and many bollworm and obacco budworm outbreaks are
iecticide-induced. Therefore, careful management of the total pest complex in col-
ton 15 of wimost imponiance o prevent destruction of the natural enemies ot a critical
time in che bollwormbiobaceo budworm:colion developmental cycles,

PINK BOLLWORM
Pink bollworm, Pectinophorn gossypiella (Saunders)

Identification and Development of the Stages—The pink bollworm (PBW) is a
small mottled, grayvish-brown moth (Plate 2-7) belonging 1o the family Gelechiidae. It
is slender and about 38 inch (9.5 mm} in length, The forewings are dark brown with
imegular black areas; the hind wings are silvery-gray, The oval, white eggs, Inid in
“clusters,” are about 125 inch (0.5 pund by 1550 inch (0.3 mon) in size, The first three
larval instars are creamy white with dark brown heads and thoracic shields, At times
the third larval instar will show transverse pinkish lines, changing into dark-pink bands
in the fourth instar (Plase 2-8). Pupae are about 25 inch (3 mum) in length by 332 inch
(2.5 mm) wide and exhibit a typical mahogany brown cobor (Wemer ef af,, 1979,

Damage Symptoms—FPrior to the availability of bells, pink bollwonm infestations
can be detected by the presence of “rosetied blooms,” blossoms on which the petaks
are welbbed wgether, Later, the first-instar larva may indicate its presence in bolls by
conspicuous mines along the inmer carpel wall, a result of not burrewing directly inte
the inner pan of the boll, Other visible signs of damage inchede the small, round holes
through which the larvae exit the bolls, and discolored ling and seed, where larvae have
fedd. Botted bolls may also indicate te presence of the pink bollwormis. The exit hole
allows the entrarce of boll rotting fangi (Watsen, 19771

Geographical Distribution—The pink bollworm was first reported from India in
1842, From there it has spread to all major cotton-producing countries of the world.
Fink bollworm was frst found in the United Sates near Hearme, Texas, in 1917, From
there it spread both castward and westward, Eastward spread of the pink bollwonm
apparently 15 limited by greater gainfall. Tt first was found in castem Arizona in 1926
An ermdication elfort i the Salt River Valley of Arizona in the late 1950 virtually
climinated the pink bollworm from central Arizona where it had become established.
However, in the early 1960s it again became citablished in Central Arizona, a “coin-
cidence™ with the growing of stub cotton and increased cotten production in Mexico
to the South, By kate 1965, i had completed s spread across Arzona and into the
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Imperial Valley of California (Moble, 1969). The pink bollworm is not widely estab-
lished cast of Texas and Oklahoma or in the San Joaquin Valley of Califomia, Adulis
arg apparcntly camied into the San Joaquin Valley by winds from southern Califomia,
Small numbers of larvee are cocasionally fourd in that Valley (Anoaymvous, 19346),

Aliernate Hosis and Oulbreak Contribathons—Although plants of worldwide
distribution representing 7 familics, 24 gevera and 70 species have been recorded as
altemate hists, cotton is the preferred host of the pink bollworm., Most of the hosts
belong 1o the Malvaceas family, of which, the genus Hilisens ranks high in the insect’s
preference, The six cultivated plants which serve as alierate hosts are ok, Hibiscis
escafenins Loy kenaf, Filvsens canmebinns L moselle, Hibisows sabdaviffo L.
mskmallow, Filisors abelmoschues L.; castorbean, Bicimes commmnis L.; and jute,
Corchors elitering L, (Noble 1969), None of thess is considered (o be important (o
the: population dynamics of this pest in the and Southwest, The severity of infestations
b5 ilmest entively associated with the way the cotton prosduction system is managed. A
bong-growing senson and short bost-free penod is conducive to pink bollworm out-
breaks (Watson er af., 1978),

Phenodogy and Population Dynamics—A generalized life cycle of the pink boll-
worm for a temperature of BoF (30C) 15 as follows: cgg, 4-5 days; larval stage, 15-20
days; pupal stage, 7-9 days; and, the preoviposition period, 2 days. The wotal life cvele
is 28-36 days. In and, semi-tropical areas such as Arizona where the cofton-growing
season may last 9-10 months, there may be six 1o eight gencrations per year (Slosser
amd Watson, 1972a)k In more temperate regions having shoner growing seasons, four
o six generations are more likely,

Short-cycle generations will conticnse wndil daylength falls to 13 hours, after which
increasingly higher proportions of the popalation enter diapawse, The long-cycle or
diapansing larvac overwinter in cotton seed, lind, susface trash or in (ree cocoons in he
soil (Watson e al., 19761

Temperature, moistwre and photoperiod are imporiant factors affecting the pink
bollworm. Termination of dispause primarily is a function of emperature amd nssis-
ture. Temperatures in excess of 39F (1 50) are necessary for initiating papation of over-
wintering larvae. Contact moisture or high relative humidiny enhances survival and
pupation, especially at higher iemperamres, A lemperamure of about T2F (X2C) and
COMac! msiune appear (o be most optimum for survaval and the highest mate of pupa-
ton {Watson er af., 19730 Durng the growing season moth activity 15 adversely
affected by wnusually high remperaires, and longevity and oviposition are redisced
when temperatures excecd 95F o IHF (35 w0 40C), Winter monality of diapaasing
larvae generally is high and areas with cobd, wet conditions are most detamental 1o
diapausing larvae (Slosser and Watson, 1972h).

Several specics of parasiee amd predaceons isects and predacecus mites have been
reported 1o atack the pink bollworm. Spiders have also been observed feeding on
adules, None of these, however, have been shown 1o effectively reduce field popula-
o,
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PLANT BUGS

Wesern Ivgus bug. Lygus hesperns Knight

Tarnished plamt bug, Lygus Mneolaris (Palisol de Beauvois)
Clowded plant bug, Newmcodpies mrbilis (Sav)

Codton flealopper, Prewdatormescelis seriatrs {Reuler)

In addition io these four species, the pale kegume bug, Lyvgies elisus (Van Dusee),
Lygus desersinns Knight, ragweed plant bug, Cllaomlefus assecianes {Uhler), rapad
plant bug, Adelphocoris vapidis (Say) and several other Miridae are reporied as ooca-
shonal pests,

Species Attacking Colton and Distribulion—The tamished plant bug is common
throughout the eastermn and southwesten colton growing arcas. Lyvpaes desertings (no
common name) is a pest of cofton i Anzona, A western lygus bug, Lyvgns hesperns, is
the most commaon species. throughout Califomia and Arzona. The pale kegume bog
also invades cotton fields in the San Joaquin Valley; however, infestations do not mwor-
mally persist. The cotien fleahopper oceurs throughoul much of the cotton producing
arcas of ihe United States. Each species appears o occopy a particular clinnode and haost
range. There is litile evidence that expansion of their geographic ranges may oocur.

Identification and Development of the Stages—Adult Iyvgus bupgs are 532 0 316
inch (4.5 w0 5.5 mm) long, pale green, siraw vellow or reddish browm in color and with
a conspicuous riangle in the center of the back (Plate 2-%), This triangle s yellow or
pale green on the western lygus bugs amd yellow-brown on the tamished plant bug.
Lygus species have bong sleader and wsually reddish-brown antennae. The first and sec-
onel instar nymphs are pale green and may be mistaken for aphids, bat differ in moving
abowt mone rapldly and having reddish tips on iheir antennae. Clder mymphs have five
characteristic black spots on their backs (Flate 2- 10)—two spots on the first segment of
the thorax just behind the head, two more on the next segment, and one spot in the cen-
ter of the abdomen. Obder nymphs of the western lygus bug and the trnished plant bug
may be pale 10 medium brown in color (Anonymous, 1984k; Kelton, 1975).

Cotton feahoppers (Flate 2-11) are uniformly pale green in color with tiny black
specks all over the body {Ancayvmous, 1984b), They are abowt ane hall the size of
Iygus bugs, They do not have the reddish antennae typecal of lygus bugs and the
nymphs do not have the pattern of dots found on lygus bugs, Other species of fea-
hoppers sometimes found in cotton Relds have black markings on their bodies and are
similar 1o the cotton Neabopper in size and shape,

The chouded plant bug appears somewhat larger than lvgus bugs, at 9782 inch (6.5
7 mm} beng and 332 inch (2,526 mm) wide, Adults are yellowish tan to brown and
the begs are tan with brownish markings. The boly, begs and antennae have many black
ang pale hairs,

All species of minds insert their eges o the plant tissue, The elliptical egg cap is
uswally Aush with the plant surface and 15 visible wwder magnification. Eggs may be
deposited in beal petioles, slems or fruiing structures of the plants.



kL LEIGH. ROACH AND WATSON

Egg development of plant bugs requires about 5 to 7 days during the hot summer
period bt longer duning cooler wenther, Development of the immature stages is most
rapid in hot weather, requining as lintle as 9 days For cotton fleahoppers and 1 days for
pther species, Average tolal developmental time is about Il to 14 days in summer and
21 or more days during cooler periods, Adult bugs have a preoviposition period of 4
1o 7 days before epp depositeon begims. Mumbers of cggs prodeced are highly vaniable
amd influenced by hosts. [ndividwal plant bugs may produce between 30 and 70 eges
(Lintle and BAanim, 1942; Leigh, 1963).

Damage Symploms—FPlant bugs feed on developing squares, growing points and
young bolls, particularly in the ierminal portions of the planis (Srong. 1968, Wilson
ef el 1984, Leigh er al., 1988), Smaller developing squares fed upon by plant bugs
will abscise and dry (Plate 2-12), and are commenly seen in sampling for pests with
the sweepnet or drop choth. Bracts of larger squares sy Mare and will be shed from
the plant. Squares that remain on the plant may have darkened anther filamens where
the anther sacs have been destroved. The petals and stigmatic areas of the blooms may
e distorted, Bolls on which plant bugs have fed develop dadkened arcas where bugs
have defecated. Internally, the boll wall will develop callous fissue 1o which ihe lint
may cling when the bolls open. Developing sceds on which plant bugs have fed will
be shriveled, lint will nodt develop normally and may et in damaged locks,

Where plant damage by Lygus spp. and other plant bugs is Emited 1o square loss,
plants may grow tall and whip like with few or no bolls (commonly referred to in the
past as “crazy” coton). This condition is most common where some of the earliest
squares are lost, stimulmting the plant (o greater vegetative growth followed by con-
tinued loss of squares o further [yvgus bug feeding, In response 10 destnaction of grow-
ing poinds, sguares amd fouit, cotton plants will develop many new growing points ot
mainstem and branch oodes, ke on a many branched appearance and produce addi-
tional squares, Mainstem apes destrsction usually resulis in o condelabra appeanng
plant, Modes of plants infested with plant bugs become swollen or enlarged and intem-
oibes may be shonened, Where plant bugs have been controlled, bolls may be set at
later developed fruiting positions higher on the plont, providing o dispersed appeanng
bl set with many Mank froiing positions (Haney er all, 1977).

Alternate Hosts and Outhreak Contributions—Most plant bug species that
artack cotton have a wiske ronge of native and crop bosts in a2 number of plant genera.
The Ivgus bugs e major pests of alfalfa, canmot, beet, bean, crocifers and other crops,
particularty when grown for seed, They may be found on many plant species in native
situations ( Young, 1986; Fleisher e ol 1987; Fye, 1980; Womack and Schuster, 1987 )
and on weeds in cultivated crops, A host list for the western Iyvgus bug, Lygus hespe-
rirs has been developed by Scodt (1977) while Anderson and Schuster (1983} and
Fleischer and Gaylor (1987) provide host lists of the tamished plant bug in the
Southwest and Southeast cotton production regions. Fleischer and Gaylor (1987) pro-
vide indications of seasonal abundance of the tmished plant bog on the native plant
hosts (Figure 1) imorelation (0 outbreaks on cotton. Host plants appear (o be particolady
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Figure |, Seasonal abundance of adult mished plant bugs, Lygus lineslaris (Palisot
de Beauvois) on hosts in the Coastal Plain Region of Alsbama, providing an indi-
cation of hist contribution to owibreaks of this pest on pearby cotton. {Sounoe:
Fleischer and Ciaylor, 1987.)
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anractive when in the flowening stage and plants in the Compositae may be prefered,
Erigerowr qonunies Pers, (annual Neabanc) is a common host of tamished plant bugs,
Fromy which they may move 1o cptton, In the Wesa, alfalfa (Svern er el 196 7), safflower
(Mueller and Stern, 1974) and weeds (redroot pigweed, Amaramths retroffems L.,
lambsguarter, Clhesropreciinon el L. and several species of cruciferac) (Fye, 1980} in
uncultivated arcas and within several other crops (Leigh, vapublished data) are the
principal sources of the western Iygus bug. The cotton Neahopper has more than 40
reported crop, weed and native hosts, however, Crevon eapitanas Michx, (woolly cro-
oy as the mvost impertant host of this pest (Reinhard, 1928), The clouded plant bug
has meore than 50 crop and wild plant bosts, Crop hosts include cotton, soyvbean and
alfalfa. The most important wild native hosts appear 10 be button bush and back wil-
low (Lipsey, 19700

Plant bugs may migrate o colton from their crop, native, and weed hosts at any
time; however, major migrations wually occur when the spring and summer hosts
mabure, ane harvested (Stern er of,, 1964, 1967), or are destroyed (Fleischer and
Gaylor, 1987). For example, massave numbers of Lygus hesperus may appear in adja-
cent cotton when nearby alfalls is harvested, as illustrted in Figure 2. Siem o of,
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Figure 2. Western Iygus bug, Lvgus hesperns Knaght, infestation level in comon adja-
cent o an alfalfa febd, indicating the contribution of the alfslfa crop (in relaion o
cutting) b infestations in cotton, {Developad from datn of Stem o al, 1964.)
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{1967} recommend management strategies for harvest of alfalfa (o aitract Iygus bugs
Trom cotton and 0 reduce the thread of their movermnent from alfalfa o cofton. Fleischer
and Gaylor (1987) provide suggesiions for management of native and weed hosts o
reduce the threat of these pests to nearby crops.

Phenology and Population Dynamics—The western lygus bugs overwinier as
adulis in a sexual diapause or arrested reproductive stage in suitable crop host areas
{Leigh, 1966). Diapause is induced by reduced day lengih bui is also ended in
California when days become less than nine bours long (Beards and Sirong, [966)
Adules become reproductive in December and on wanm days will deposit eggs in avail-
able hosts from January through March. An average of 200 eggs may be deposiied by
an individual female over a M-day period (Leigh, 1963). Five o seven continuous
generations will develop on perenndal crops such as alfalfa. One or two generations
will develop on winter and spring annual hosts before movement to cotton. Three gen-
erations commonly ocour on cotton. Except where large numbers of this pest migrate
from crop or natural hosts, there is usually a gradual increase in bug numbers on cot-
tom as the season progresses, without discrete generations being observed.

Tamnished plant bug phenology is very similar to that of the western species, with
overwintering adults moving from groundcover o blooming plants in the spring
(Croshy and Leonard, 1914) Initial infestations commonly relate to mauration of
nearby weed hostz or their destruction by cubtivation, In the southeastern United
Stotes, there may be at least three generations of tamished plant bug on cotton.

The cotton fleahopper overwinters as diapausing eggs on Crofow spp. plants (woolly
crodon, Texas crodon, tropic crofon, etc,), and hatching occurs in March and April
(Sterling and Hartstack, 1979), There may be five to nine generations per year
(Hartstock and Sterling, 1986) with successive generations developing on available
hosts { Admaned er af., 1976,

As indicoted in the preceding section, the magnitude of plant bug owbreaks is usy-
ally related to abundance of crop, native aned weed hosts in the proximity of coibon
ficlds, Mild winter weather, timely minfall and cropping conditions that favor devel-
opment of these altemate bosts may result in the development of high population num-
bers that migrate 1o coton, Conditions that interfere with effective weed conrol in
crops and timely rainfall may also result in populations of plant bugs that will move o
codton as the crops and weeds mature or are harvested, In contmst, severe winger
weather, drouth and conditions that Fimit host growth and sbundance will reduce the
probability of outbreaks {Anonymous, 1984b; Fleischer and Gaylor, 1987, Fleischer ef
etl.. 1988}

The magnitude of owbresks on notive of cultivated crop hosts is limited by a com-
plex of predators and pomsites proveded they are not destroved by insecticudes, The
most significant natural cnemics are bigeyed, Geocoris spp.. and damsel, Mabis spp..
bugs. Wasp parasites of Iygus bugs may also be locally abundont duning some years
{Clancy, 19%68; Anonymous, [984b:; Grahom er af., 1986; Loan amd Shaw, 1927, Dean
eral., 198T).
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Plont bugs may occur in high numbers during the ecady fruiting stage of crop devel-
opment, This is paticulady likely in areas where there s an abundance of suitable
hosts im Favorable growing condiiion {i.e. in bloom). Frequent rminfall during winler,
spring and carly summer can favor bulldup of most plant bug species, Later, as these
hosts mature or dry as durng a penod of drovght, plant bugs move o cotion fields
{especially if imignted) which may be the most aitractive plants in on area,

Cotton plants ore most velnerable (o plont bug atack in the pre-square and eady-
square formation period when the growing podats end all small squares moy be
destroyed (Ewing, 1929; Wene and Shests, 1%64b; Haney e al., 1977) As planis
develop an abundance of squares they will iolerate low amounts of plant bog damage
iLeigh er af., 1988) ahhough fruitset may be delayed somewhat. Severe infestations af
any time during the fruiting peniod may remove sll squares,

STINKRUGS

Cireen stink bug, Acrosternum Rilare (Say)
Conchuwela, Clilorochroa lgara Say

Say stink bug, Chilorochioa sayi Stal

Southemn green stink bug, Mezara viridwla (L)
Rrown stink bug, Ensclisms servues (Say)
Enzelitsius congpersus {Uhler)

Cmespotted stink bug, Ewselistis varfolarius (Palisot de Beauvois)
Dusky stink bug, Ensclisins tristigunes (Say)
Eugchisnus fogriciiveniris Sl

Redshouldered stink bug, Thvemia aecerna MeAise

Mumerous species of stink bugs, family Pentatomidae, have been found on cotton
in the Unived States but many are predacious and only a few case damage,

Identification and Development of the Stages—Adult stink bugs are usually oval
or elliptical and somewhat fattened in shape (Mate 2-13). The antennae are five-seg-
mented. The head appears tapered and it is much narrower than the maximum widib
of the pronotum (st body segment behind the bead), The body lengih of species in
this famaly ranges from 5032 w 1316 inch (4 o 20 mm, but mest species present in
field crops rmnge from 14w 152 ch (6 00 12 nam), Colors are usually shades of brown
or green but some species such as the hardequin bug, Mergantia histdomica (Hahn),
and several predaciows species are brightly madkesd with red, omnge, blue or black,
Eggs of stink bugs ore roughly bamel shaped (Plate 2-14) and are deposived in tight
clusters, usually in multiples of seven, The eggs are usually white, light gray, green or
creams, rming darker as the aymphs mature inside the egg choron (shelly, After hatch-
ing the first instar nymphs are gregariows, remain near the oviposition site and do not
fecd. There are five nymphal instors and the average length of time per imstar 15 4.5,
6, B0 5.0 and 12,0 days for the frst theough Gfth instars, respectively, NMymphes
resemble adubs with developing wing pads becoming visible in the founth instar and
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approximae acdult size being reached in the fifth instar (Esselbaugh. 1946; Decoursey
and Esselbaugh, 1962, Slater and Baranowski, 1978, McPherson, 1982; Brewer aml
Jones, 1985).

Southern green and green stink bugs are bright gréen insects mnging in length from
172 o 578 anch (14 1w 17 mmd and 172 o ¥4 inch (13 w0 19 mm), respectively.
However, the green stink bug can be easily identified by the presence of a forward pro-
jecting spine on the second abdominal stemite (between the lost pair of legs) and the
long, mpenng scem-glind channels, The southern green stink bug has no spine and the
scent-gland chanmels aire tear shaped, Chlovochros spp, are bright green, elongate-oval
spockes with numerous white spols scaltered over the dorsal sufface. They are larger
spocies (over 716 inch (11 mm) i length) and are mostly found in the western amd
somthwestern stptes. The vanous species of Eisclvisies are brown dorsally, greenish-
vellow ventrally, and are similar in shope and size at 338 to W6 inch (10-15 mm) in
kengih. Species scparstion is often difficolt without detailed descriptions or use of
dimorphic keys. Species in the genus Thyanie are gencrally pale green and are smaller
than Mezara, Acrosternum, and Chlerachiroa (less than 4716 inch (11 mm}) in length).
They also lack a spine om the second abdominal segmen. Due to seasonal color vari-
aticn (inividuals may be brown or white spotied due 1o photopenodic infloences) and
close similarity among specics, confusion exists in the old literature conceming which
species of Thyarta was observed or identified as ocowming in a particalar arca. Several
specics of Podizns, which are predacious on other insects, alse can be found in cotton
aml may be confused with the brown stink bugs, Erscliisties spp. Cobortion of Podlisus
spp. is very similar to Exsclistis spp. bul generally Podlisus spp. are slightly smaller,
have sharper latcral pronotal angles (upper surface of first scgment belvind the head),
andl have a thick rostmam or feeding twhe that is not held against the anderside of the
hiead in a groove (Momll, 1910; McePherson, 1982; Cassidy and Barber, 1939; Furih,
1974).

Damage Symproms—>5Stink bugs Feed by inseming their slender mouthpans ingo
plant tissues or seeds and extracting enzymatically liquified matenal. Intial signs of
leeding damage are often invisible to the naked eye ban later, black spotling may
appear on the surface of the plant. Secondary bacterial infection may cause browning.
[ cxrven bolls, cell proliferation resulting in callous growth or a wanty appearance on
the inside of the carpel wall may be present. Blackencd and shriveled seed also may
occur and, when bolls open, one or more locks may be hardlocked or destroyed.
Extensive feeding by adult and inumature stink bugs on small cotton bolls causes shed-
ding, However, older bolls are less often atacked and damage may be insignificant or
limated 1o ooe or tao becks (Moerll, 19900 Wene and Sheets, 19%4a: Linle amd Martin,
1942; Jones, 1918),

Alternate Hosts—Mosi species of stink bugs alfeciing cotton have a wide range of
hosts and cotion is atiacked primarily when preferred hosts are senescent or umavail-
able, In carly season, green stink bugs feed on developing terminals and fruits of a
wide range of plants bechiding black cherry, elderbenry, dogwond, wheal, cowpea and
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coffee senna, Cossio occidensalis L. They usually produce one generation prior to
entering fruiting cotton, Brown stink bugs feed on crscifers, alfalfa, clover, vanous
weeds (such as white top fleabane and commeon mulleind, peas, sorghum and berry
plants as well ps most vegelables, They may be presem in cotton thronghout most of
the seasen, but do litke damage wntil the cotton i= froiling (Schoene amd Underhill,
1933; Jones and Sullivan, 1982; Morill, 19105 Jones, 1918; Undedll, 1934; Rolston
and Kendrick, 1961; Woodside, 1947},

Phenolopy and Population Dynamics—All species of stink bugs affecting cotton
can produce one or two geperations per season on colton, depending upon Latitude,
available feeding site and temperature. In the more sowthemn areas of the United Siates,
s along the Gull Coast and seuthern Texas, four generations may ocour on 4 sueces-
shon of host planis, In more nonthern areas one o one and one half gencrations may
oeeur. Diapausing adults overwinter; few if any nymphs survive the winter. Spring
emergence from overwintering sites occurs March through May, depending on lati-
nede, Some adulis may be active periodically during the winter in southem Texas and
otlser subtropical areas but reproductive activity begins with increasing spring temper-
wiures, Generation development takes from 38 to 60 days, depending on specics and
temperatuse. Mommally, oaly the second generation is a problem on cotton throughout
most of the Cotton Bel. In the Wesl, the consperse and western brown stink bugs may
move 1o cotlon in massive numbers from matarng seed alfalfa and grain sorghum,
respectively, Since cotton Fruit set from June through August constitstes most of the
Tint thas wall be harvesied, this is the period when cotion i most vulnerable to stink
bug damage, The proximity 1o good overwintering sites and an abundance of wild host
plants for the emerging overwintered adulis comribate significantly 1o the chances for
stink bug problems in cotton (Livde and Martin, 1942; Jones and Sullivan, 1982;
Momill, 1910; Jones, 1918; Woodside, 19400,

ARMYWORMS
Beet mrmyworm, Spoasprera exigua (Hiilboer)
Fall armyworm, Spedoprern frgipeada (1, B Smath)

The beet armywonm is an occasional pest of cotlon and may become severe umler
certain environmental conchitions, pamiculady in the San Joaguin Valley of Califormia
and the gulf coast states (Alabamn, Lowisina, Mississipp and Texas) (Essig, 1926),
The fall armyworm occwrs oy the wropical amd subtropacal Amenicas and 15 an occa-
sional pest of cotton in the southeasiem United States (Sparks, 1979, Fall aomyworm
i5 most common where grasses and com are grown (Foelsom, 1932),

Identification and Development of the Stapes—The moth of the beet ammywom
is motthed gray with light markings and a wing expanse of 1 to 1 122 inches (2.54-351
cm) (Todd and Peole, 19800, They deposit masses of eggs on the upper surface of
leaves (Plate 2-15) that are beneath the uppermost canopy of leaves., These egg mnsses,
which are revealed by pushing aside the upper leaves, are coverad with the gray-white
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by scales of the moths, The iy, newly hached larvae have black head capsules and
they feed greganously (Plate 2-16), Later instars are wsually pale olive green in color
with a dark stnpe down the back and pale sinpes on the sides (Plate 2-17) and usually
have a block spot on the sides of the second body segment (over the second thoracic
legh They may grow o | o | U2 inches (2.54 - 381 cm) in length when fully devel-
oped. There is considerable color vanation with some maturing larvae being nearly
black-green whale others may be pale green.

The fall armyworm adult is similar in appearance to the beet armyworm (Todd and
Poole, 1980}, but slightly larger 1 14 to 1 inches (3 18-3.81 e in lengih, It produces
cgg masses similar in appesrance and location on planis (o the beet armyworme The
large larvae have a prominent white inverted ™Y on ihe bead capsule, three fine yel-
lowish stripes down the back, with a dark hand on cither side, below which there i< an
ill-defined lighter colored band. They also have prominent twbercles (pimple-like
simuciures) on the back in a pattern similar to thai of the bollwaorm (Liide and Martin,
10a2,

Damage Symptoms—Early instar larvac of both species skeletonize leaves adja-
cenl ioand on which cgg masses are laid, Fourth and Dith instar larvae may feexl in
and destroy the werminals of small coton plants, Clder larvag of infestations that
develop in July will feed on bracts, large squares and young bolls and, in heavy infes-
tations, can remove all fruiting forms in that stage of development, Square loss in early
season can be replaced by new squares, but a major redection in yield may occur since
squares produced from ate July on may not produce bolls that can mature before har-
viest (Eveleens ef al., 1973),

Fecding by carly-stage Fall armyworm lorvae usually i resricied e grasses in
weady Delds, Migration 1o cotton usually is by the lagger larvie which can cut off
branches and defoliate plants.

Alternate Hosts—The beet armyworm attacks o number of plants in several plantg
families. Lambsguarter, Chenopodinm spp., appears o be a preferred lae spring and
summer weed host in California, and larvae con be collected from alfalfa and sugar-
beet throughout the year,

The fall sreywaorm has a wide range of hosis including Coastal bermusdagrass, com,
other zroins and grasses, bt they will feed on peanut ond cotton in the absence of these
preferred hosts (Sparks, 1979; Pitre o af.. 1983),

Phenology and Populadion Dynamics—The beel armyworm overwinters in mst
southen Cotton Belt states and the San Joagquin Valley in the larval stage on actively
growing hosts such as alfalfs and sugarbeet, bul larval growih is decreased by cool
temperatures, Moth Pights occur in May, mid- to late-Jane, mid- o [ate-July, and late-
Aungust through Seplember.

The fall armyworm overwinters only in Florida, southem Texas and the tropical
Amenicas (Sparks, 1979, Successive broods of moths migmie northward amd com
invade the entire Cotton Belt east of the Bocky Mountains. This habit of migration
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enables them to escape high levels of parasitism and predation diring severe outhreak
years (Litle and Martin, 1942, Pair #f al., 1986)

Outbreaks of the beel armyworm may occur i the spring of the vear and appear o
relate bo an abundance of suitable hosts and a prey:predator imbalinee, Seedling stage
ouibreaks on cotlon con occur when infested weed hosts are present in the cotton feld
and weed removal by cultivation beaves only cotton on which 1o feed. Oulbreaks on
fruiting stage cotbon ocour when beet armyworms baibd to high numbers on nearby
alfalfa, sugarbeet or other crop hosts and the moths move (o coflon o oviposil. These
coops usually have insecticides applied that destroy natural enemies, particulardy
predatoss such as the minote pirate bug, bgeyed bugs and damsel bugs (Eveleens ef
al,, 1973) and the pamasite Hyposofer exiginre (Vier) (van den Bosch and Hagen,
1966). Jaly and later ouibreaks on cotlen are common during years of drooght and also
can be traced bo applicaiion of imsecticides that have destroyed the natural enemies of
this pesi.

Cleali:: conditions that provide an abundance of host grasses appear 0 favor the
fall armyworm. Cuthreaks also appear o be Favored by their ability to migrate shead
of iheir satural enemies. Outbeeaks of fall armyworm ihat affect cotlon are more likely
1o pccur during labe summer. However they can occur at any time of ihe year particu-
larly when cotion ficbds coniain grassy weads.

LEAF FEEDING INSECTS AND MITES

SPIDER MITES

Carmine spider mite, Terranvelues clnalyrrtines (Boisduval)
Desert spider mite, Terranyehus desevtorun Banks
Fourspoited spider mile, Tetranyelues canadensis MceGregor
Pacific spider mite, Tetrmnvohns paciffens MeCregor
Schoene sphler mite, Tevranvohus schoeret MeGregor
Strawherry spider mite, Terranyelurs ikestant Ugarow and Mikelski
Tumid spider mite, Tetremrvehing tunidics Banks

Twospolted spider mile, Terranvelues priicae Koch
Tetvanyelurs ldend Zakes

Trﬂ:rm_vr.fmr.r_ru.:ri:: Hl:ﬁrtgm'

Ten species of spider miles are reported to attack cofton in the United Siates
(Anonymous, 1984k} At beast 23 additional species attack cotton worldwide (Leigh,
1985).

The twospotted spicer mite s reconded from cotten theoughout the United Stales
and much of the temperate asd sublropical world and the stmwhberry spider mite from
that region of the porthem hemisphere. Similarly, the carmine spider mite occurs in
st dropdcal and subtropecal colton producing areas, Other spuler mite species are
e restricted in distribution, perhaps as a result of host and climatic factors. While
there may be potential for more widespread disinbuation of some spider mite species
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theough Future commerce, the majority of them may already occupy situations o
which they are hest adapied.

[dentification and Development of the Stages—The spider miies that attack col-
Lom are microscopic in size and ovate in shape (Plate 2- 18), They may be observed with
a 10X magnifying glass or hand lens. The mature fermales anz less than 364 inch (0.13
mm) long. Aduli male spider mites are smaller than the females, and have a tapered
abdormen, Mature aduli females usually are pale greenish with some vamiation in color
and i distribution of the dark spois within their abdomen, Diapausing or recently
molted spider mites may lack these dark spots and be ivory or pale orange 1o red in
color,

The carmine and tweapotied spider mites, which are most commonly cited as pests
o cotfon in the United States, are identical in their mosphology, However, the carmine
spider mite is light carmine in color and has been separmted from the twospotted spi-
der mite by differences in host plant preference, biology and color, as well ps through
cross mating studies (Jepson ef o, 1975), The body of adult females of the desent spi-
der mite is reddish in color, Adult females of the pwospotted, strawbenry and other spi-
der mite species uwsually tend o be greeaish in color with dark ienor abdominal spots
that have pypical dizerbution in some species; however, distribution of the spots is van-
able ancl ot a relinbbe idenifesion factor.

Immnture stages of the several spider mite species appear similar to the adulis,
although the young carmine and desent sphder mites lack the distinctive coloring of the
adults, Newly hatched mife larvae possess only six legs while later stages have eight
legs.

Epider mite eggs are found on leaf sudfaces or on webbing within colonies, They are
spherical and translucent when first laid and become opague, ivory or faintly brown-
ish before hatching,

Detailed identification of the several spider mite species is provided by Baker amd
Pritchard (1953) and by Jeppson ef of, (1975), Positive identification usually reguires
males of the specics mounted on a microscope shide and under high magnification.
They are identificd by the shape of the male aedengus or copulatory organ, Field iden-
tfication of some specics, based on plant injury, 15 possible by workers who are very
expenenced,

Spider mites develop through an egg and three mmaiure singes before becoming
adults (Jepson er ol 19753, At higher favorable empertures, the egg stoge may
requine as little s two days, and each immotare siage o lictle more han one 1o wo
days. Between each stage there is o quicscent or immobile phase of a few bours, A
compleie generation may require only 8 o 12 days. At coober temperstures this may
be exiended to neary one month (Figure 31

Damape Symploms—~Spider mies can colomze all foliar and froiing portions of
the cotton plant. They most commonly are located in colonics on the under surface of
cotyledons and leaves. There may be significant species differences in appearonce of
these colonics, ranging from compact colonics near the base of the leaf o in Jeal folds
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Mite Stage Development vs Temperature
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Figure 3. Developmental tme in days for growth stages of twespotted spider mites,
Tetranyohus prticae Koch, in response o three empersture regimens, (Developed
from Carey and Bradley, 1962}

o wide dispersion over both beaf sudfaces (Jepson er af,, 1975, Leigh and Burton,
19760, The strawberry spider mite appears (o be unique in cansing abscision of infested
leaves (Leigh and Bunon, 1976), square and boll shed and death of severely infesied
plants. There are repons of similar defoliation by the carmine and 1wospotted spider
mtes in some regrons of the word, Areas may develop in cotton ficlds where there are
Few or no keoves present and very few bolls, The other spider mile species cause vari-
ous degrees of keaf-scaming and kaves exposed 1o the sun may um red (Semith, 1942).
As o result there will be large areas of reddened leaves (Plae 2-19), Appareatly, dam-
aged tissue is nol as photosynthetically active as undamagesd keaves, and there is gen-
cral debilitation of infested plants, shedding of squares and small bolls and incomplete
fiber and seed development.

Alternate Hosts—The several spider mite specics that attack cotton have a wide
range of hosts in numercus plant familics, with some specics recorded as having
between 100 and 150 bosts. Leigh (1985) provides a generalized host and distribution
summary for the species that attack cotton throughout the world, There are major dif-
ferences in host preference among spider mite species. In addition 1o cotion, common
crop hosts are alfalfa, bean, carrot, com, cucurbitaceous plants, eggplant, peant, saf-
fower, soybean, many compositae and landscape plants. In the natural environment,
there are many broadieafed weed plant hosts incleding nightshades, mallows, mom-
ingglorics, daisies, ete, (Jepson ef al,, 1975),

Phenology and Population Dynamics—In warmer climmes scveral spider mate
species continue (0 reproduce throughout the winter if there are suitable hosts, b
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mest species will enter diapause if there 15 an shsence of growing plamsts, In colder cli-
mates adult mites séek sheler and enter diapause, wsually in cracks of bark on peren-
nial hosts, in the crowns of other plants (Jepson ef ol., 1975) and in the seil near the
base of hosts. Diapausing forms may appear in most populations under adverse con-
difions such as declimng host quality. High nombers of spider mites may develop on
spring and carly summer hosts and result in continuous reproduction through spring
and sumimer with no distinct genemtions.

Spider mite numbers may be greatly reduced by winter conditions. They increase
rapidly on spring and carly summer hosts, pariicularly where they are able 1o escape
their nafural enemies or in crops where natural enemies have been suppressed by pes-
ticide applications. Spider mites may appear in cotion lichl when plants first emerge
from the ground or al any fime during the growing season, Infestations may develop
slowly during cool spring weather and then seemingly explode with onset of hot sum-
eer weather, Infestation buildup is stroagly enhanced by hat dry weather and condi-
tions that suppress the presence and numbers of several predators (Figure 4),

& CHECK
== PROPARGITE
& CYPERMETHRIN

SPIDER MITES PER LEAF

-10 0 10 20 30 40 50

DAYS AFTER TREATMENT

Figure 4. Pacific mate, Terranyelus pacificus MoGregon, population response to mit-
ural conditions (absence of insecticide use), mentment with a selective acaricide or
treatrent with a broad spectnim insecticule, Califorman San Joaquin Valley.
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I undizturbed situations, Le. where broad spectrum insecticides are nof used, grad-
ual maturation of the plants during August and bulldup of predator numbers will cause
a general decline in spider mite numbers,

Spider mites are generally favored by hot dey conditions (Cannerday and Arand,
1964}, A number of species demonstrate their greatest potential For increase at eme-
peratures near B6-90F (30-320), The carming and dezert spider mites can ool survive
temperatures of or pear S0F (10C), Longevity and reproduction in most species
declines greatly above 100F (38C), Moderate humidities appear 1o be most favorable
1 mosd spider mite species although there are wide differences in humadity tolernce
(Andres, 1957; Mickel, 1960), Extreme bow humidities may result in reduced repro-
duction (Jepson ef of., 1973)

High relative humidiny interferes with molting of the developing stages and several
species will enter o gquiescent stage of extremely high homidity, In arens where humid-
ity is commonly high, viral and fungal diseases may decimate spider mite infestations
(Mumea, 1955; Camer and Canperday, 1968, 1970; Jepson o ol., 1975), The favora-
bility of melting conditions and absence of conditions Favoring disease organisms may
aceount for the perennial severity of spider mites in and climates. Spider mites may be
abundant in the soil i and climates and on aliemate hosts when cofion seedlings
emerge from the ground. Frequent spring winds may blow spider mites indo cotton
ficlds at any time. Eorly infestations on cotyledons and first leaves may be evident bt
can be masked by the flush of vegetative growth that ocours with the onset of hot
weather. Mites will move inte the wpper folinge under increasing population pressure
and as vegetative growth s showed by nutrient requirements of developing bolls
(Leigh, 1984),

FOLIAGE FEEDIMG CATERPILLARS
Alfalfa looper, Aregraphbo colifornica | Speyer),

Cabbage booper, Trichaplusia ni (Hiibner)
Coiton leaPoorm, Alebaonr argilfoces (Hilbner)

Species Altacking Colton and Distribation—The larvae of more than a dozen
species of moths feed on leaves of cotton plants and may canse severe defoliation, The
beet armyworm, southern armyworm and cotton leafperformor are discossed else-
where in this chapter. The alfalfa looper is not a significant pest and is mentioned only
because the moths and larvae are very similar in appeasance 10 he cabbage booper and
are aften confused with it

The cabbage looper is native to Morth Amerca and occurs ihroaghout the United
States and in Canada and Mexico. The alfalfa leoper occurs throughout the western
Unated Stapes, bt is reported on cobbon only in California. The cotion leafworm is
native 1o the tropical Americas and frequently invades gulf coast cotton Fields.
Owcasionally the coton leafworm will invade cotton in the low desent regions of
Califormia amd Arizona
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Identilfcation amd Development Stages—NMoths of the cabbage looper are gray-
ish-boowa in calos, aboul an inch loing with a wingspread of neary 14 inches {38 mm).
The moithed brownish from wing las a distincive small silvery spol near the middle
resembling the “figure 8 or a “question mark”, The alfalla looper is slightly larger
than the cabbage looper, They ane very similar i color and appeasance but ihe silvery
spot of the alfalfa booper is more in the shape of a “gamma’™ (% ) mark. The colton beal-
worm moths {Plate 2-30) are odive-tan color with three wavy transverss bars on the
forewings: they are 1 14 inches (32 mm) from winglip lo winglip.

The larvae of these three “worm”™ pests can be distinguished from other “worms™ by
their looping action as they crawl (Anonymous, 1984b), Larvae of both the alfolfa and
cabbage loopers are very similar in appearince—Ilong, slender, and green with faimi
whitish longitudinal lines, with true legs on the first three segments and prolegs on the
fifth and sixth abdominal segments (Plate 2-21). The cabbage looper has nipple like
vestigial prolegs on the third amd fourth abdominal segmenis; they ane lacking on the
alfalfa looper (Odumura, 1961 ) The cotion leafworm, which is a semilooper (Plaie 2-
22}, s very distinctive from the other two loopers in being yellowish green to dork
green in color with three narrow white siripes down the back amd a while line along
each side (Linle and Mantin, 1942). Distinctive spods on the dorsum are paired white
rings surrotinding a dark spine on each segment. Fully grown larvae of each species
are about 1 12 inches (38 mm) long.

The pale yellowish, ribbed eggs of the alfalfa and cabbage {Plaie 2-23) loopers are
hemispherical, while the eggs of the colion leafworm are ribbed and somewhat flat-
tened, The eggs of all three species wsually are ladd singly on the lower surface of fully
developed leaves,

Damage sympltoms—Newly hatched larvae feed on the lower leal surface, pro-
ducing semi-tramsparent wandows, Larger worms consume the iterveinal tissue, beavs
ing cnly the veinal skeletons of leaves. Older beaves are usually consumed fist, bl the
plams may be completely defohaeed,

Alternate Hosts—Larvae of alfalfa and cabbage boopers e very peneral feeders
with & wide range of crop and weed hosts (Essig, 1926), The cabbage looper penerally
demonstrates preference lor crciferows plants, The cotton leafworm is capable of
reproducing only on cotton, slthough lervae may cocasionally fesd on other hosts (Line
ondd Murtin, 19492} Adults of the tree species will feed on nectar of many plants.

Phenology and Population Dynamics—The alfalla looper overwingers in the
pupal and adult stages (Essig. 1926), There are two generations per yoar, occurming in
kabe May to carly June and in July, This insect wsually is comrolled on s many hosts
by parsites and predators although considerable leaf-rageing may occur on cotton
during the early squaring stage. Economic infestations of alfalfa looper have not been
encountered although it is sometimes the target of pesticide use.

The cabbage looper is not knowm 1o overwinter in the California San Joaguin Valley
where it ocours annually as a pest. [ may reinvade that valley each seasom, It usnally
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15 under excellent conirol by naborally occuring parasites and predators, There are
wspally three generatbons per vear oocurring in July through September, Potentially
severe infestations are often controlled by a naturally eccuming polybedrosis virus,
This dizease is common in late-seazon populaions, Ouibrenks of cabbage looper ane
most likely o occur where vegetable hosts are grown and where the biological control
agents on cotlon or other hosis have been destroved through use of insecticicdes, The
colton lealfworm 15 a ropical insect that does nol overwinter in the United Seates and
must reinvade this country each year, Duning outbreak vears it uspally first appears
alomg the gulf coast in Texas, Lowisiana and Alabama, Cofton lealworm outbreaks usu-
ally ocour Following o rain in vears of above avernge summer rainfall. This suggesis
that the moths are camied into the United States on tropical storm fronts, There can be
three generations in the United States, There are many natural enemies of the colion
Teafworm in its native habitat, and both generalist parasites or predators and some spe-
cialist mutural enemies may increse in numbers (o decimate the third genemtion. Birds
can be effective predators of this pest.

COTTON LEAFPERFORATOR
Cotion keafperforatorn, Buccrdatrix tirberielle Busck

The cotton keafperforator occurs in the southem United States, in Tropical Central
Amerca and in Avwstralin (Schmaterer, 19771 In the United Stoates it is o pest only in
Arizona and southem California (Anonymous, 198400,

Identification amd Developmeni ol the Stages—The cotbon leafperforntor is a
small, elongate, whitish moth (Plaie 2-24). The wings are narrow, lanceolabe, and the
margins are fringed with very long lairs. The antennae are long and the head is con-
cealed by a il of short white hairs on the upper surface. Wing span is only abour 174
o 13 inch (6.3-8.4 mm) (Metcalf er al, 19%62) Female moths lay minute, bullet-
shaped cggs, upright, nsually on the bower leal surface. The caterpillar cuts directly
through the czg base and into the inner pan of the beal where it starts ils mine (Wermer
et al., 1979, Development continues as a leafl miner {Plate 2-23) for the first threc
instars ol which time the fourth insiar moves o the leal surface. The fownh and fifib
instars (Plate 2-26} are surface feeders, inerrupted only by a resting stage (referred
as the horseshoe stage) between instars. During this resting period, it is protected by a
loosely-spun web surrounding the U- or horseshoe-shaped larva, After completing the
fifth instar it spins a slender, ribbed, whitish cocoon in which it pupates on the leaves,
sems or sometimes on the soil (Watson and Johnson, 1972).

Damage Symploms—Al first, damage appears only as small mises in the leaves,
increasing in size with cach subsequent instar. After the founh instar emerges io the
surface of the leafl, the larva cats only fo the opposite epikdermis. Feeding oocurs on
both upper amd lower surfaces. During daylight bours the larvae generally feed on the
lower surface of the beal, When disturbed, both fourth and fifih instars wriggle vigor-
ously, usually dropping from the leaf on a silken theead and returning when the dis-



BICHLOGY AND ECOLOGY OF IMPORTANT INSECT AND MITE PESTS 41

wrbance is over (Watson and Johason, 1972), Severcly damaged leaves take on a
scorched oppearnnce due 1o the windows of necrolic lissee,

Alternate Hosts and Outbreak Contributions —This insect is nsiive on wild coi-
ton, Gossyspitmr Hrrberi Tod., bul thoives on planted cotion, usually first abiacking
feeld edges. Overwintenng and subsequent build-up is favored in areas where cotbon is
grown as a perennial (stubbed or rmioon) plani. Populations are gemerally bow and held
in check by a complex of tiny parasites and predators. Ouwibreaks usually follow appli-
cafions of insecticides for control of other pesi species (Werner ey al., 1979

Phenolegy and Population Dynamics—The aduli overwinters on abandoned cot-
ton. A long, host-free overwindering period is very detrimental o survival, Seasonal
development begins as soon as cotion is available, A detailed study on the biokogy of
this pest indicates that a complele life cycle may fake as linke as 16 days under sum-
mmser conditions 1o as much as 40 days under conditions similar o those in carly or late
season {Watson and Johnson, 1972). For example, in a constant 68F {19,8C) environ-
mient, the egg hatches in slighily over three days, followed by a three-day mining
period, The exposed fourth and fifth instars require ooly approximately one and 2.5
days, respectively. Following a pupal period of 4.5 days and a pre-oviposition period
of almsost two days, the cycle beging ancw (Watson and Johnson, 1972), Thus, many
generations are possible cach season, depending upon the length of the growing sea-
son and management practices.

The cotton lealperforator is a secondary pest; outhreaks ane usually human-induced.
Because it overwinters on wild or abandoned cotton, survival is direcily related to the
abundance of overwintering sites and the length of the host-free period, Therefore, a
shorter growing season is detrimental o this pest. Additionally, any practice which
reduces the use of inseclicides lessens the chance of o perforator outhreak since it s
wsually held under excellent biological control unbess s naural enemies are
destroved, This pest 15 resistant (o most of the currently registered insecticides and has
the capacity 1o quickly develop resistance o others, therefone; it s extremely impor-
gk (o manage cotton leafperforator through biological and culwral control measores,

LEAFHOPPERS
Potate leafhopper, Enproasca fobae (Harmis)
Southern garden lealhopper, Ermpogsen solpra Delong

Species Allacking Colton—Both the poito kealhopper and southern gonden
leafhopper oocur theoughout the Cotton Belt, They are pests of cotton primarily in the
West, The scuthern garden leathopper 15 most common in the desert valleys, It
migrabes Io cotton when fields of 15 main host, sugarbeet, are dried down for harvest,
Potate leafhopper damage 10 colton occurs in areas of Texas and on the east side of the
San Joaquin Yalley, In California # migraies to codton, citres and other crops from
California buckeye (Aesondus coliformica (Spoch), ils winter and spring host (Smith,
1942; Aponymous, 1984b),
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Identification and Development of the Stages - The adubis are about 158 inch (3
mm} long, by 14 as broad, of a general greenish color and somewhat wedge-shaped
(Flase 2-27). They are broadest @ the bexd end, which s rounded in outline, and
tapered evenly to the tips of the wings, There are several Fant while spots on the head
and thorax, Ooe of te characiensiic marks of the potato leafhopper is o row of six
white spots along the anterior margin of the prothorax, The hind legs are long, enabling
the insect 1o jump considerable distances (Metcalf ef ol 1962),

Beginning from 3 o 10 dayvs after mating, the small, whitish, elongate cggs, about
1/24 inch long, are inserted inte the main veins of petioles on the underside of the
leaves, An average of two o three eggs are Tnid daily, and the females live for about &
menth, The eggs hatch in abowt 10 days and nymphal development is completed in
abouwt 14 days. The nymphs resemble the sdults but lack wings and are pale green
{Metcalf ef al., 19620

Damiage Symploms—~Adults and nymphs of both species feed by sucking sap from
vieins on the underside of mature leaves, mostly in the bower half of the plant. Affected
leaves may become distorted and leathery and may develog yvellow or red blotches
{Flate 2-Z8), a condition know as hopperbam. The most reliable symptom of leaflsop-
per injury is thert the: veins are swollen and lompy (A nomymous, P98 Oiber leaflsop-
pers on codton feed between leaf veins. They may cause a light-codored stippling of
leaves, but they do not canse swollen veins and their injury does not result in yield koss,

Alternate Hosts snd Outhreak Contributions —Adulis overwinter o nalive
plants and in plant debris. Each spring they migrate inlo various cultivated crops,
including cotton {Wemer o all. 1979} As mentioned earlier, i the West sugarbest is
the main host of the southem garden leafhopper, and Califormia buckeve, Aescidfus cal-
Hfoemiea (Spach), provides the spring source of the potato keafhopper ihal moves inio
colton. cits and other coops (Anorymous, 19E4b).

I the eastem half of the United States, the polaio keafhopper is the most injurious pest
of poiatoes (Metcalf er al., 1962), It also Fesds on other plants such i egeplant, chiharb,
dahlias and horsebean, producing hopperburm as well, On bean and apple, suning,
dwarfing., crinkling and tight curling of leaves are charctenaie symploms, Alfalfa
leaves become yellowed and clover beaves reddensd when aitacked, The southem gar
den leallvpper is common on potate, colvon, letuce and beans, Both species have o wide
Ivist pange, feeding on more than 100 cultivated and wild plans (Metcalfl ef of., 1962,

Phenalogy and Population Dynamics—These two kealhoppers ocour throughout
the year in the southemmost parts of the Cotton Belt, With their extensive host range,
they may move from one crop that is deving o another more sucoulent bost and con-
nnge reproducing in the seasonal sequence, MNaural enemies usally keep leafhoppers
fromm butkling up large populations on cotton, However, when large numbers migrate
ter cotbon froem other losts, severe injury may cause plants to shed squares and small
bolls, Generally, large populations develop after insecticide has been applied for con-
trol af other cotton pests,
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APHIDS

Cotion aphid (also called melon aphid), Apdiis gossvpii Glover
Cowpea aphid, Aphis craccivera Eoch

Cireen peach aphid, Myzus persicae (Sulzer)

Potato aphid, Mecrosiphion enphorbice (Thomas)

Species Attacking Cotton and Distribution—These aphids are nearly workdwide
in disiribution and are pesis of seedling stage cotton throughout the Cotton Belt. The

cotion aphid may persist throughout the scason and is a particular threat o the crop
when coiton bolls open (Anonymous, 198R4b).

Identiftcation and Development of the Stapes—.Aduli and immaiure stages of the
aphid species are similar in shape, bt differ in size, color, and in relative size of the
comecles, cauda and last antennal segment. The cotton aphid (Plate 2-29), which is the
Hsl COmImon pest species on colton, is smallest at 364- 116 inch (1, 1-1.7 mm) long.
Most commeonly i is yellow or greenish-yellow in colos, but may be brownish o
almost dull greenish-black. The cowpea aphid is 2/32-5564 inch (16-1.9 mm} long and
shiny back. The green peach aphid is 1/16-5/64 in (1.8-2.1 mm} loag, and green, pink
ar yellow in color. Comicles {prominent tubules on top of the insect terminal end) of
the cotton aphid are shortest and scarcely extend to or beyond the edge of the body,
while on the cowpea and green peach aphids they are long and af least one half of their
kength extends beyvond their body, The last antennal segrment and the canda (the tail)
are shortest on the cotton aphid, and propodienately longer on the cowpea and green
peach aphids, While winged Forms occur, they wspally are not common and their wing
pattems are similkar For the three species described, Cobor of the immature stages may
be bess intense than that of the adules, bug i wsually quite siomdlar,

Invading winged and wingless adult aphids give birth 1o between two and three liv-
ing mymphs cach day. These nymphs appear very much like the adulis, Mymphs can
complete their development 1o the adult stage and begin reproduction in as little as four
1o 5ix days and will produce abowt 50 offspring during their lifetime, Winged forms are
produced when hosts become unfavorable,

Damage Symptoms—Aphids commeonly infest the lower surfaces of developing
terminal leaves of the mainstem and branches, causing them 10 become crinkled and
1o cup downward, When infestalions are heavy, they also may colonize the tender stem
nissue and the beacts of squanes, Infestations are recognized best by the appearmnee of
developing leaves and the shiny honeydew that they excrete onto the leaves below the
infestation. In lawe season, when bolls begin to open, aphids cxcrete honeydew omo the
fiker (Plate 2-30). This honeydew may stick to picker spindles, ginning equipment amd
spinning cquipment ab the mills, making harvest and processing of the fibers difficull
or impossible. This greatly jeopardizes sale of the crop. Sooty molds may grow on the
honeydew, causing discoloration of the fiber amd reduced grade.

Infestations of aphids on seedling and small cotton plants may penmanently stant the
growth and cause death of plans (Smith, 1942}, The most significant reductions in
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yield occur when young plants are inbested, bt vield redwctions con result from later
infestations (Smith, 1942; Isely, 1946)

Allernate Hosis—The cotton aphid has a wide range of hosis (Paddock, 191%). It i
miosi comumonly reported as a pest of cotion, hibiscus, melon, ok and squash and s
also reported from citrus. While all of these hosis may develop lange nombers of aphids,
there is a degree of inder-host incompatibility (lsely, 19448; Swifi. 1958). There 5 po
clear venification of alicnate host source confribution o culbreaks in cotion although
this pest overwinters on citrus and a number of weed or wild non-colton bosis,

Phenology and Population Dynamics—While winter eggs of ihe cotion aphid
have been recorded in arcas of its more northern disiibution, it is capable of year-
roand reproduction on suilable hosts (Paddock, 1919) including dock, Ruwrex spp., amd
other winter weeds (Swift, 1938). Tis rapid rate of development, high reproductive rate
and bow reproductive femperature threshold make infestation development highly
vidatile, While infestations of aphids may occur throughout the season, the three dome-
inant aphid pests are most abusdant in early spring and outbreaks of the cotion aphid
Trequently occur in late summer and fall.

Periodic outhreaks of aphids occur @ periods of several years. At the present ime,
entomologists have not been able to develop a clear couse-and-effect relationship for
these outbreaks, However, they occur over wide geographic aneas on many crops and
involve several aphid species.

Spring outhreaks of aphids, particularly the coton aphid, appear to be a result of the
capacity for this insect group to reproduce at temperatune thresholds that are lower than
the reproductive thresholds of their natural enemies (Isely, 1946), Thése and later sea-
som infestations are usually contralled by parasitic wasps and predators, During some
vears infestations will develop duning Seplember and October, Thes apparently 15 due
1o low popalation bevels of several of their natural enemies which may result from the
use of insecticides againsg other pests or the detnmental impact of a hyperpamsite on
numbers of the mapor aphid parasite, Lvsiphfebns festoceipes Cresson. Fall outbreaks
may also be due to onset of copler weather

Reproduction by the cotton aphid in the Cotton Belt is continwous throughout the
veur and thers ore no distinclive generstions on codton, The potential For invasion of
and devebopment on cofton appears o be regulated lorgely by emperature, since repro-
ductive potential 15 grentest of about 68F (20C) and is reduced by hot summer weather,
The thrept of infesation development is then conditioned by numbers of natural ene-
mies that may be present,

WHITEFLIES

Swectpotato whitelly, Bemisia fobaci {Gennadius)

Silverleal whitefly, Beaisia argemifolii Perring and Bellows
Bandedwinged whitefly, Tralenrodes alurilonea (Haldeman)
Gircenhouse whitefly, Trimlenrodes vaporarionme (Westwoosd)
Alevrodes spiraecides (Qusintance)
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Species Attacking Cotton and Distribution—The swecipoisio whitefly occurs
worldwide. It was descnbed from tobscco in Greece in 1889 {(Mound and Halsey,
1978). Russell (1937) reported it as a seriows pest of cullivated crops in Central
America, South Americo, the West Indies, Africa and Asia. In the United States, sweet-
potate whitefly became a serious pest of colion in the bow desen areas of Arizona and
California where it cycled from cotion to fall and winter vegetables and back 1o melons
and cotion again in spring and summer. In 1990 a more vinukent whitefly, now referred
1o as the silverleal whitefly (Plate 2-31) (Perming er ol,, 1993}, appeared in the low desery
regions of Anzona and California (Brown er al,, 19915 Costa and Brown, 1991} and
appears to have displaced the sweetpotato whitefly. This mew species (which is mor-
phodegically indistinguishable from the swecipolato whilelly but genetically distinctive
andd with different biological characterisiics), devasiated several crops in the low desert
and Lower Rio Grande Valley of Texas during 1991-92 and spresd into the San Joaquin
Walley of California.

The bandedwinged whitefly (Plate 2-32) occurs across the Cotton Belt of the United
States and ks most frequently reported a5 a pest of cotton in Louisiana and locally in
the San Jonguin Valley of Califomia. The greeshouse whitefly is a frequent pest and
Aleynodes spivoeoides 15 a localized pest of cotton in the San Joagquin Valley of
California,

Identification and Development Stages—The sweetpolato and silverleal whitg-
Mlies are tny, 1716 inch (16 mm), white, pwthlike insects, The nymphs ane entirely dif-
Ferent from the adults, They are tny and scale-like, Nat and fringed with white waxy
filaments, Gill (undated) has provided o key and color guide 1o identification of the
pupal stage of these whitefly, The first stage 1s known as the crawler and moves abou
until settling down to feed, The immature stages are opague with pale yvellow spots
within their body, They develop red eve spots in the pupal sage, They have pisrcing-
sucking mowth pants, are confined 1o the underside of leaves, and secrete sticky hon-
evdew (Plate 2-31), Whitelly eggs have a short subterminal stalk which the female
inserts inte the leaf tsspe of the bost plant, wsually on the lower surface of o leafl
(Mound and Halsey, 1978), Under high populations, hundreds of eggs can be found
per squar: cendimeter of leaf surface, Eggs ore opaque when deposited and tom black
within three days.

Adulis begin Feeding soon afier emergence and mate within one 0 two days,
Feproduction is amhenstokows, ie,, unmated females prodoce make progeny, Under
rypical sumimer-time conditvons the pre-oviposition penod is one o wo doys, Eges ane
laid singly on bath the underside ond top of the leaf, but usually on the underside
unbess populations are extremely high, Developmenta] rates vary. depending upon
temperatore {Buller and Henncberry, 1986) and host plant (Cowdriet ef al., 1985),
Cameel (1978) reported the incubation period on cofton to be 2005 and 5.2 days ot 60
and 104F (15 and 40C), respectively. Development from egg (o adult a1 B0F (26.7C)
ranged from 16 dovs on sweelpoialo 0 the maximom time of 38 days on cammols
(Coudriet ef of., 1985). Butler and Henneberry {1986) reponted that adult longevity was
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highly vanable, depending upon lemperature, mnging from 2 w0 34 days in the male
and B 1o 60 days in the female.

Damage Symphoms-—Damage sympioms on cotton ane two-fold. First, honeydew
secretions by both the immoture and adult stages cause a glossy, shiny appearance oo

the comaminated foliage. Folinge and lint in open bolls become sticky 1o the wouch,
Later, a blackening of foliage and lint may ocour due 0 the growth of a sooty-mokl
fungus on the honeydew. The sweetpotato and silverleal whiteflies are also vectors of
a vinus-like discase of cotton called cotion leafcrumple, This causes distoned amnd
stunted growth of the terminal areas of the plant and, if infection ocours eady i the
Tife of the: plant, will cause severe yvield losses, The distortion of the rerminal folinge is
in the form of severely crumpled and discolored leaves (Allen e al., 19600, In sddi-
ton o removing plant ounents, whitelies produce numerous chlorotic spots on
infested leaves, by the action of the saliva of feeding adubis as well as by the removal
of cell contents by the immaure stages. Under heavy Feeding, the chlorotic areas coa-
lesce and cause an imegular yellowing of the leaf tissue which extends from the veins
e the outer edge of the keaf. The sibvereal whitefly is capable of killing cotton and
oiher crop plants,

The honeydew excreted by all immature stoges covers the leaves and may affect the
mctabolic processes. It can comaminate the seed cotton in open bolls {Plage 2-20) and
create problems in harvesting, ginning and spinning {Gameel, 1977).

Abtermate Hosts—CGreenhouse, sweetpotabo and silverleaf whiteflies have a wide
range of crop, native plant and weed hosts in numerons plant familics. While the host
lists for the bandedwinged whitefly and Alevroddes spirmeodades are much sleorter than
For the other species. host types ane still mimerous and vaed,

Butler and Henncberry (1986) reponied sweerpstato whitefly adulis overwintering
in the Phoenix, Arzona area on chesseweed, Malva parviffora L., and prickly letuce,
Lactucer serriola L., during Jansary and Febwuary 1982, Natweck and Zalom (1984
stated that although the sweeipotato whitefly has been reported in the desert southwest
since the Tote 19205, 0 Grst became & sigmficant pest in both sombern Califormia and
Anzona during 1981, when it inflicted serous damage o colton, melon, squash, let-
e and sugarbects, The patential for swesipodato whatefly 10 overaimter on 17 culli-
vated crops grown 10 the southem Califomin desent valleys was repovted by Coundrct
el al, (1985 In addition o the crops given above, these included: carmots, broccodi,
tomato, flax, guar, pepper, guayule, bean, alfulfa, cggplant, cucumber and sweetlpolato,
Coudried of ol. (1986) reported % weed hosts on which sweetpotato whitelly devebop-
ment could be completed. These were: wald sunflower, Fefionifes ammnes L.
mesquite, Prosepis spp. malva, Mofve parviffors L. horseweed, Conyan canedensiz
(L) Crong.); feld bindweed, Comaladus arvensis (L., Wrights' ground cherry,
Physalis acniifolio (Miers) Sandwith.: common sowthistle, Sonchs oleracens (L.
spring sowthistle, Smrchrs asper (L. Hill; and wikd betiuce, Lociuea serniali L,
Blound and Halsey { 1978) reported 315 plam species as hosts of sweetpotato whitefly,

These reports indicale the extensive host mange of the swectpotate and silverleal
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whitelly end thus the difficulty in achieving control culiurally by breaking the cycle
through host-free pedods. 1t is fomunate that many of these hosts are relatively scarce
and wntreated and this, help mainain the reservoir of parasiles which can be 30 effec-
tive i the control of the whitefly,

Phenology and Population Dynamics—Whiteflies are tropical and sublropical
insects that must reproduce twoughout the vear, Their numbers drop to very low lev-
cls during winder when hosts may be scarce and weather is adverse, The sweelpodato
whitefly is rpped throughout the vear in the Impenal Valley of Colifomia and the
Yuma arca of Anzons (Watson e/ al,, 1992, Infestations on cotton develop showly dur-
ing spring although whitellies may be found on cofton by Apal. Highest densities are
pitained durning August through October. This coincides with cotton boll opening.
Bandedwinged whitefly is often detecied by mid-July in Lovisiana and reaches masi-
mum infestolion levels when colton bolls are opeming in lute-August  throagh
September. In western Anzona the bandedwinged whitefly predominated during the
cardier part of the season, with nearly total displacement by the sweetpotato whatefly
by lade-June to cady-July (Watson ef ol 1992), While this species may be trapped
throughout the yvear in the California San Joaquin Valley, it is vsually detected locally
in cotton ficlds during mid- and late-semmer, The greenhowse whitefly is also tapped
throughout the year in the San Joaquin Valley where population numbers incrense
rapidly with onset of hod summer weather, Like the other species, infestation levels
wsually become highest during August through Ociober.

The extensive host range, effect of both temperature and plont host on develop-
menial rate, biclogical control agenis and grower management praciices, particularly
chemical conirol, coniribule to the complex ecology of the sweetpotato whitefly.
Unider certain conditions in Arizona and Califomin cofton fields, Butler ef al. (1985)
Found ihat populations doubled every six to ten days. These factors should similardy
affect the oiher species.

Whitefly populations ane characterized by rapid increase and intercrop movement i
madticrop agriculural systems (Horowitz ef al., 1982}, This occurs in spile of high nat-
ural mortality during the crawler stage and first karval instar. The distribution of while-
fly within the plant canopy on the underside of leaves, as well as ther high
reproxluctive potential, contrbuie o the difficuliy in controlling the insect with con-
ventional spray application methods (Butler and Henneberry, 1986). Fullerion (1982)
found nymphal reductions of 83,1, 33.2 and 205 percent respectively. from tenminal,
migl-plant and botom leaves, 24 hours after frcatment.

The role of naiural encmies in regolating sweetpotaio whitefly populations is
unkmown, However, owthreaks appesr (0 intensify with the use of synthetic organic
insecticides, suggesting that natoral enemics play a significand role in population reg-
ulation (Anenymows, 1981). Gering {1967) reported that whileflies in southem
California seldom reached economic levels except when insecticide applicafions were
appleed to cotton. He suggesied that natural regulating factors were imporiant in main-
tining bow population levels.
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In regions of the San Josquin Valley dunng many years, the parasitic wasp,
Eremmocerous haldesnaei Howard and a complex of predacious insects appear to pro-
vide effective control of the greenhouss and bandedwinged whitefly.

THRIPS

Flower thrips, Fraukliniella trivici (Fitch)
Western Mower thrips, Frokiintella accidenializ (Pergande)
Franblinselle exigia Hood

Frankiinielle gozsypiana Hood

Tobacco thrips, Frankiinfella fisca (Hinds)
Cwmion thrips, Thrips rabaci Lindeman
Soybean thaps, Sercorhrips varialilis (Beach)
Bean thrips, Caliothrips fascions (Pergande)
Calipthrips phiaseoli {Hood)

Kurtomathrips srereilli Moulion

Species Attacking Cotton and Distribution (Anoaymaoas, 1984a)—The flower,
western flower and onion theips occur throughout the Cotton Belt as well as elsewhere
in the United states, The enion thnps apparently occurs workdwide wherever ontons
are grown. The westem flower thaps is reported in greenhowses in Ewrope and on owl-
door plants in many other countries. Locally, either of these two species may predom-
inate in a particular vear, although the western Flower thrips appears (o be the most
general pest. Other species appear to be localized in their distmbution. The bean thnips
is reported o occur in the western and southeastemn United States as well as im Mexico
ard South America.

Idestification and Developmend of the Stages—Adult females of the flower,
western flower (Plate 2-33) and onion thrips are predominamly straw colored alihough
intermediate o dark brown colbor foems cocur (Metcal £ er af,, 1962, Bryan and Smith,
956, The samc color forms may ocour in the otler species. Adult femabes are about
B2 imch {1.5-2 mm) bong, and have four wings that Fold over iheir backs and are
fringed with long hairs. Males are wingless and very rare, Furst instar ayrphs wsaally
are pabe b ivory amd second instar nymphs golden vellow in color and resemble the
adubis in shape. Eggs, which usually are deposited within the leal tisswe, are reniform
and usunlly can be located by staining the plant tissue and examining it with the aid of
stromg magnification (Bryam and Smith, 1956).

Adduln bean thrps are about 122500 inch (5 eom) long, slender amd black with white
bonds across the wings which fold on the dorsum of the abdomen. The first instar
nymgphs are slender, pale to dark ornge in color, sl resemble the adulis in shape,
Ohder mymphs have deep pink 1o orange spots on the abdomen (Smath, 1942).

Thirips develop through the egg. two nymphal siages and the propugsl and papal
stage before becoming adults, The egg stage lasts from three 10 four days during hot
summer weather to two weeks or move in colder winter and spring weaher, First and
second instar nymphs complets their development in 2 w 10 and 3.5 o 12 days,
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respectively, depending on temperature. Fully developed aymphs drop to the sail 1o
pupate. The pupal siage may be as short as four days. Total development tme i as hi-
te as two weeks. Adult females live about a month and deposat 40 1o 50 eggs during
their lifetime, While males are rare, their development 15 very similar 1o that of females
and they are smaller (Bryan and Smith, 1956).

Damape Symploms—The fower thaps, wesern flower thrps and onion thrips are
mest frespuendly repoted as pests of seedling colton, particulardy where cotton is grown
af higher elevations and cool temperstures persist. The western fAower theips is
reporied to be a mid-season pest of cotton in Arkansas, Lovisiana, Georgia and
Mississippi. The bean thrps is an infrequent mid-season pest in the San Joaquin Valley
of California.

Thrips feed on the surface of the plant tissue, They picree the epidermal cells with
necdle-like stylets and suck the plant lguids. Their very small size permits them o
crawl into the folded terminal lenves. Wiih the exceplion of ihe bean thrips, most
species demonsirate 4 preference for feeding within the folded developing leaves in ihe
plant growing points, in Folds of leaves or at the base of leal veins and in spider mile
colonies. Spotted silvering on the lower surfaces of cotyledons and leaves i a typical
result of their feeding. Dunng severe outbreaks thrips feeding in the growing points
will cause severe deformation and stunting of ihe developing leaves. The growing
point may be completely destroved in some instances. Death of plants 5 uncemmon
but can oocur with continued severe attack. When plant terminals are destroyed, new
buds must be initiated and bloom may be delayed for about two wecks (Smith,
1942, Theips will continue i feed on cotton planis throughout the growing season.
Immature stages are commonly found on lower beal surfaces, particularly within spi-
der mite colonies, while adults are found within blooms feeding on pollen.

With the onset of st weather, cotton plants injured during the seedling stage o=
grow thrips injury and develop normal leaves, Severely injured plants that lome api-
cil ferminals develop vegetative branches from mainstem nodes and  become
candelabra shaped with three 1o five terminals (Race, 1965),

The bean thrips typically aiacks more mature leaves of cotton plants, feeding on the
bower beaf surfoces where they cause the typical spotted silvenng, Their excrement
spots will also be very evident in feeding areas, These leaves will abtain a copperish
color, tam brown and fall from the plants, Squares and small bolls will also abscise,
The tendency for leal abscission suggests injection of a plant toxin during their feed-
ing process (Smith, 1942},

Allernate Hosts—Flower, westem flower and onkon thrips have many hosts in the
areas where they occur, These include grasses, cereal grains, alfalfa and other legumi-
nous crops, numerows broad keafed plants i several plant families and 2 npumber of
Field and vegetable crops, Large populations often develop on these hosts, particularly
on alfalfa, and migrate inte colton during the early seedling stage of crop development
(Baibey, 1938; Mewsom ef al, 1953; Boace, 1965), In the Mid-South, lorge numbers of
the western fower thrps apparently develop on grain crops and migrde o cotton dur-
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ing the early flowenng stage, where they feed on the blooms.

Phenolegy and Fopulation Dynamics—In colder regions of the Cotton Belt adub
thrips overainber in fine-texiured plant htter (Race, 1%65) while, in the wammer aneas
such as Lowisiana and Califomia, they may reproduce on suiiable hosts throughout the
year (3mith, 1%2; Newsom ef al., 1953} Large numbers develop on uncaltivaied
imsts a5 well as on winter and spring grown cereal grains, alfalfa or clover crops,
Circalest numbers may ocour on eolion in late spring and carly sumuner as the native
vegelalbon matures and dries. However, they may be abundant in blossoms throaghout
the spring ad sumever. While the most evident damage 1o cotton occurs in the secdling
stage, greatest numbers of thrips are present when the plams are in bloom. However,
blooming plants can usually olerate these numbers without obwious damage. In por-
tions of Arkansas, Mississippi and Louisiana, the western flower thrips may reach
grestest numbers on colton in early July when maturation of grain crops
ccours, Weather conditions that provide an sbundance of natural anmual vegetation dur-
ing late winter and spring and extensive plantings of cereal grains can lead 1o high pop-
wlatigns of thrips, Contimeed rainfall during ihe collon growing season and sprinkler
irrigation may seal the seil where the thrps pupale and can prevent their emergence as
miludes, Cool weather that slows plam growth during the seedling stage enhances the
severity of thrips injury. However, cotton plants usually outgrow thrips damage when
they are about 32 days old (Race, 1965).

SUMMARY

The miost frequently encountered insect and spider mite pests of cotton ang
reviewed, While the several specics in each group are cited, only the mow common
pest species and their damage are desenbed, Geographic distnbunon, phenology, pop-
ulstion dynamics, populition regulstion by natur] enemies amd host contnbations (o
ouibreaks are reviewead, References cated in the text will provide details of the cited
information and will serve as a guide o extensive litersure on the the vanous opcs,
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Chapter 2

APPENDIX

IDENTIFICATION AND DAMAGE GUIDE TO PEST
INSECTS AND MITES

The information s codor plates that follow are intended (o ad readers 0 identifi-
cation of insect injury ebserved in cotton fiekls and i identification of insects and spi-
der mites they see and examine, Color plates of the most commaon pests are inchided.
The user of this identification gukde is also referred to Chapter 3 for descriptions of the
bencficial natural enemics of cotton pests.

More than 100 insect and spider mile species may be found in cotton ficlds. While
a few of these speckes appear in damaging mumbers anmsally, many are rare in their
oocumence and others are predators or parasites of the pests.

Effective control. environmental concerns associated with insecticide wse, dismp-
tion of aatural biolegical control systems and costs of insecticides and their applica-
tion dictate that the cotbon grower or his crop advisors carefully ascemain which pesiis)
mwist e controlled. Few insecticides are effective against a wide range of these posts
and use of the wrong material may result in control failure in addition o cuthbreaks of
other pesis against which they are not effective. Managemem of insect and mite pesis
depends very much on their proper identification, an understanding of their interrela-
tionships, and knowledge of the theeat they pose 1o the crop.

Particular pests will aseally dominate in the (ype of management strategy schecied
for o particular region of the Cotton Belt, Need for control of thrips, boll weevils and
Iygus bugs Mrequently will dominate pest managerment decisions in states east of Texas
and Oklahoma. In Texas and Oklahoma, fleahoppers, boll weevils and thrips may be
the miost freguent pests. In the far west, lygus bugs, pink bollworms and whitellies are
often the earhiest sensonal targes. Aphids amd the threat of stcky cotton have become
increasingly significant across the Cotton Bel,

Bodh a cotion insectimite pest species (types) khentification gaide and an insectimite
damage sympboms guide are mecluded i thas chapter appembix. Pest types are grouped
aocording o physical chamctenstics thal are most apparent, Damage sympioms are
grouped by stage of growth snd development of the cotton plant,



INSECT AND MITE DAMAGE IN COTTON

seedoorm maggo
WErEW OIS

(Major Pests in Bold Type)
Many insects are referenced to the color plates that follow.
DAMAGE SYMETOMS
PLANTED SEEDS
Seeds caten. Stand poor.
SEEDLINGS
Stems cul off just above or just below ground level.

gouged at or above ground level.

Stems, Cotyledons, Leaves  dried and shriveled
Cotyledons, Leaves covered with honeydew.
silvery, without honeydew.

ragged, eaten.

CUlWOrms

darkling beetles
foebd crickets

false chinch bugs

nod incl.

ned imel.

nof incl.

not incl.

not incl.

ni incl.
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ESTABLISHED PLANTS

with rows of decp gouges.

bored into or cut off near terminal.
covered with honeydew, deformed.
noi deformed.

discolored above, wsually webbed beneath.
not webbed, veing distorted
with twisting mines and windows or holes
and no holes.
skeletonized, with twisting mines.
by small caterpillars
feeding in a group.

ragged, eaten;  calerpillars present.

cicada egg punctures (rare). not incl.

beet armyworm nof incl.
aphid nod incl.
whitefly nod incl.
gpider mites Plate 2-19
potato leafhopper Plate 2-28
cotton leafperforator Plate 2-25
leafminer not incl.
cotion leafperforator Plate 2-25
beet armyworm Plate 2-146
fall armyworm

yellowstriped armynwonm

saltmarsh catenpiltar

cotton leafaonm

beet armyworm mot incl.
cabbage looper Flase 2=21
soybean looper

yellowstripsd armyworm

saltmarsh caterpillar

cotton leafworm Plase 2-22
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Leaves

INSECT AND MITE DAMAGE IN COTTON (Continued)

DAMAGE SYMPTOMS
raggped, saten; insects present (nod caserpillars)

rodbed and webbed, terminal leaves eaten,
older beaves rolled and webbed.,

small hobe eten in side, may be plugged with
excrement, flared, dropped.

punciured, Mared, dropped. shiny spots of
excrement. Also, very small squares dried
plant terminal,

without excrement spots,
exten into, dropped,

cucumber beatles
field crickets
grisshoppers

ammivonms leafroller
celery leaftier
bl woeevil

lygus bugs
Meahoppers
superh plant bug
clowded plant bug

stink bugs

beet armyworm
bollworm

tobacco budworm

fall armyworm
yellowstriped armywonm
colton square borer

boll weevil

ned inel.

ot incl.
ol incl.

Plate 2-2

" Plate 2-12

not inel.

nod incl.
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with bracts chewed, and webbed.
with roseted petals,

with hole eaten out of base,

disfigured, warty,

with slightly depressed reddish brown spots,
shiny excrement spods, small bolls drop,

withowt excrement spots, may crack and show
internal rot.

with hole in side, eaten oul, small bolls may drop.

ommivorsus leafroller
pink bollworm

beet armyworm
bollworm

tobacco budworm

fall armyworm
yellowstriped armyworm
colion squane borer

lygus bug
superb plant bug
clouded plant bug

lygus bug
clouded plant bug

superb plant bug

stink bug

beet armyworm
bdiworm

tobacco budworm

fall armyworm
vellowsiriped armyworm

et v,
ot il

nol incl.

not incl.

ot il

et imcl.

ot incl.
Plate 2=4
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INSECT AND MITE DAMAGE IN COTTON (Continued)

DAMAGE SYMPTOMS PEST PLATE
bored ab tip, chewed, cotton leafperforator ned ingl.
omnivarous leafroller

with holes through wet lint
and walls separating bocs.

pink larvae in seeds pink bollworm Plate 2-8
of large bolls.
white tarvae In holes ball weevidl et inel,
in lintL.
open and normal but aphids Flate 2-30)
honeydew and mold on lint whitefly Plate 2-30
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FIELD GUIDE TO COMMON INSECT AND MITE PESTS OF COTTON

INSECT EGGS
Laid in

Erowips or
clasters,

Lard singly.

{Major Pests in Bold Type)
DESCRIPTION

Pale green, usweally on upper leaf surface
bencath top canopy. Covered with velvety
mikh scabes.

Pale blwegreen, flat, overlapping on upper
leaf surfaces.

Pearl-like, spherical, not covered. Usually
on upper leaf surface near top of plant.

White to gray. like closely stacked bamels,
in clusters of 7, 14 or 238,

White, with brownish band in wppsr third seon
after deposition, On terminals & squares. As
tall as wide at base.

YWhate, without brownizh band, shorter than wide
at base. Laid on under 2ide of leaves below
termunal,

Blug-green 1o diny white, Dish shaped.
Circular, flarened, ribbed. On lower leal
surface middle third of plant.

FEST

beet armyworm
fall aroyworm
yellowstriped armywonm

omniverous leafroller
leaf tGers
saltmarsh caterpil lar

stink buogs

bodlworm
iobacco budworm

cabbage looper
alfalfa looper

cotton leafworm

ELATE

Plate 2-15

not incl.

not imcl.

Plate 2-14

Plate 2-3

Plate 2-23
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FIELD GUIDE TO COMMON INSECT AND MITE PESTS OF COTTON (Continued)

DESCRIPTION BEST
Laid singly Gireenish to red, oval, laid at bases of bolls pink bolbworm
and on inside of bracts.
CATERPILLARS
(Larvae of moths and butterflies. Have false legs on abdomen in addition to the three pairs of lkegs on the thorax.)
Exposed on Body almost concealed by long yellow to black saltmarsh caterpallar
folinge hair: To 1 1/4 inches.
Body naked  Only two pairs of false legs, cabbage looper
behind middle of abdomen. alfalfa looper

Pale green, walk as “loopers™.
Length to 1 174 inch.

3 pairs of hind legs, yellowish codton leabaonm
green with namow white strips,

distinctive spods on dorsum.

Semiloopers. Length to 1 1/2 inch.

Skin smooth.  Dull green with black spots  codton lealperforatar

und white bumps. Length
o 38 inch; slender.

FLATE

nol imecl.

Plage 2-21

Plate 2-21

Plate 2-26
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Omn or in boll
{somedimes
blossom or
Squane)

Greenish with dusky stripe beet armyworm
down side, tiny black spol

above middle trus leg, Length

i 1 inch.

Black with yellow and yellowstriped armyworm
and brown stripes,
Length to 1 14 inch.

Erown with darker fall anmyworm
bumps on back, pale

inveried “Y" on head,

Length to 1 1/4 inch,

Mo wisible entrance hole in boll, bot sometimes pink bollworm
frass-free exit hole. Tiny white to 12-inch pink

caterpillar in lint or seed, often mines or warts

in inner carpel walls & holes in lock separators.

Slight feeding at tip of boll. Dull green cotion leafperforator (rare)
caterpillar with black spots & white bumps,
3% inch.
Haole in Skin of body with tiny spines. bollworm
side of Creenish o rose brown with  tobacco budworm
boll irregular black stripes. Length
b 1 1A inch.

Plate 2-17

e incl,

et incl,

Plate 2-8

nol incl.

Plate 2-4
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FIELD GUIDE TO COMMON INSECT AND MITE PESTS OF COTTON (Continued)

DESCRIFTION BEST
Skin Smooth, greendsh with dusky beet armyworm
without stripe diown side and tiny spot
Epines. above middle troe keg. Length

to 1 mch,

Smooth, black with
yellow and brown
stripes. Length to

I 1/4 inch

Brown with darker
bumps on back. pale
inverted Y™ on head.
Length to 1 14 inch.

Welvety green, with
dense comt of shon,
erect hairs, Head

small, Length to 38 inch,

Within webbed or rolled leaves or bracts, Qlive green, with whife
spois or spines on each segment. Crawl] forward or backward rapidly,

Length io K inch,

yellowstriped ammyworm

cofton squane borer (rare)

cnmivorous beafroller
beaftiers

ELATE

Plate 2-17

ni inel,

not incl.

ot incl,

mol il

g
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‘Within keaf mines. Tiny, to 116 inch, white.

Im soil near severed seedlings. Motitled gray to brown, greasy,
shiny. Curl up when disturbed. Length to 1 inch.

OTHER LARVAE
With
dhistinet
heaad

Maggpots
ihead end

tapering)

COCOONS AND PUPAE

Loose or
flimsy white

In wet lint in boll. C-shaped, cream with tan
head, legless. Length to 378 inch.

White to cream, kength to 342 inch. In soil,

in séed, or on underground parts of damaged
seedlings.

Tiny, white, with black mouth hooks at front
end, In leaf mines, Length to 175 inch,

34 inch long, enveloping a green caterpillar or
brown pupae.

Erown to near black pupae to near 1316 inch.
In fold of leaf.

Lf4 inch long, enveloping o U-shaped larea.
Horseshos stage of..

cotton leafperforator

cuiworms

bodl weevil

seedeom maggot

leaf miner

cabbage looper

colon lealwosm

cotton leafperforator

Plate 2-25

not il

moi incl.

nod inl,

o inel.

nol incl.
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FIELD GUIDE TO COMMON INSECT AND MITE PESTS OF COTTON (Continued)

DESCRIPTION

Found in beaf trash or near base of plant,
pink larvae or broown velvety pupae o 275

inch long.
Tight tapered 144 imch long with fine ridges. Cocoon of...
while coonon
TRUE BUGS

Mouth parts a sucking beak.

Triangular shaped, wings membranous, held roof like over abdomen. 178
inch bong.

Wings held flat on back, leathery at base, membranoos beyond middle,
wings and the triangular scutellum forming an *X" on the back.

14 inch [ong Shield 1/4 to 172 inch long, green to brow.

or bomger, shaped Some species with pointed shoulders,
Orwal in 1/4 inch, grecnish with yellow heart-
outline shaped mark on scutellum, wings often

reddish 0 brown near middle.

BEST
pink bollworm

cotton leafperforator

leafhoppers

stink bug

lygus bug

ELATE

o incl.

e imcl.

Plate 2-13

Plate 2-9

&
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1/ inch long
or less

Wing covers with
dark markings

X8 inch, mostly black, margined with

orange or red.

932 inch long, yellowish tan to brown,

Pale green with black specks on body.

Black with base of leathery part of front wing
brownish. Lasi two antennal segments white.

Black with white marking on leathery part of
front wings. Antennoe entirely black.

Aggregaie in lorge numbers. Feesd early moming,
late evening. Hide beneath clods of dirt in
daytime.

14 inch, soft bodied: green to yellowish; wing
covers with black spois or sinpes.

316 inch. Tan with yellow stripe down each
wing cover. Hind legs thickened for jumping.

supert plant bug

clouded plant bug

cotion fleahopper

western plant bug

whitemarked fleahopper

false chinch bug

cucumber beetles

flea bestle

nod incll.

not gl

Flate 2-11

not gl

not el

mot il

il e,

et il
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FIELD GUIDE TO COMMON INSECT AND MITE PESTS OF COTTON (Continued)

Wing covers
one-colored

MOTHS

DESCRIPTION

Front of head drawn out into a curved snowt.
144 inch, ten to brown, Femur of front leg
with large double toeoth,

14 inch. Dull brown to black. In s0dl near
seedlings with gouged stems.

3716 inch. black, slender, tapered. Wing
covers very shom. In blessoms,

{Omly distinctive species that ane likely to be seen in cotton fields are incheded.)

3/4 inch long
or longer

I 1/4 inch long. Wings white with black spois,
muiibe hind wings rich yellow. Top of abdemen
ormnge & black,

34 inch long, variegated black & brown, front
wing with & silver *Y" or gamma mark in middle.
Thorax with ruft of long scales,

3 inch long. Greenish tan, front wings with

3 chiagonal darker bands, hind wings paber with
outer third all black.

EEST

boll weeyil

darkling beetle

fruit bud beetle

saltmarsh caterpillar

ELATE

Plate 2-1

noi imcl.

o imscl.

nad incl.

Plate 2-5

£
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34 inch long. Front wings rich tan with some
browner pattern, hind wings paler with owter
third black but enclosing pale spots.

M4 inch long, Dlive-tan color with three
wavy lransverse bars on front wings,

Less than 144 inch long, Very slender, all white.
172 inch long

& inch long. Dark, riangular, with long snout.

Moatled grayish-brown moth.

Shender, variously yellowish to
buff of reddizh, with spoul

OTHER INSECTS WITH OBVIOUS WINGS
Front and hind Large, over 1 inch long, brown o black.

wings unequal. Hind legs thickened for jumping. Anicnnag
very long & slender.

cotton leafworm

cotton lealperfarator

omaivorows leafroller

pink bollworm
webworms

field cricket

Plate 2-6

Plate 2-20

Flate 2-24

Plate 2-7

it Enecl,

ot incl.
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FIELD GUIDE TO COMMON INSECT AND MITE PESTS OF COTTON (Continued)

Only front wings
present

RESCRIPTION

Small. 1/8-1/4 inch, green 1o brown. Hind
legs used in jumping.

Small, to 18 inch, green to black, in
colony with wingless individuals. Abdomen
with 2 tubes (comicle) at back.

Tiny mothlike, 1716 inch. Wings and body

covered with white powder. Clowd of adults
will fly. Adulr...

i1/16 inch long. Body black with yellow
markings, Adult.,.

APPARENTLY WINGLESS INSECTS AND MITES

Lf8 v 1M inch
long

Length o 178 inch, yellow to green o
black. Abdomen with 2 tubes. Live in
colonies, Produce honeydew,

Length to 316 inch. Red antennae, green

with black spot on abdomen, 4 black spots

on older nymphs, varying o brownish, Active.
Mymphs...

PEST
leathopper

aphids

lygus bug

PLATE

Plate 2-Z7

Plate 2-Z9

Phate 2-31

Plate 2-32

nd inel.

Plate 2-20

Plate 2-10
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Tiny 1116
inch smaller

Length to 144 inch, some kanger, nearly circular,
Cireen 10 brown with scent gland at middle of
abdormen, Nymph...

Flat, almost transparent, not obviously motile,
usually with fringe of white waxy filaments,
Produce honeydew. Mymphs...

Globular, in webbing on under side of leaves.
Body not segmented. with four pairs of legs.

Slender, wapered an both ends, Active. Opague
o tan o dark.

stink bug

spider mibes

larval thrips

vod imcll

Plaic 2-31
Plaic 2-32

Plaie 2-18

Plaie 2-33
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o’

Plate 2-1., Adubt boll weevil, Anthanomus grandis grandis Boleman, (Adull
commonly found beneath the bracts of squares or feeding in Nowers dur-
ing the day.)

Flate 2-2. Cotton square with a boll weevil, Anthororues gromdis grandis
Boheman, egg punciure, (After ovipositing, adult weevil scals the feed-
ing punciure with a frass plug.)



T LENH, ROACH AMD WATSON

Plate 2-3. Bollworm, Helicoverpa zea {Boddie), ege on cotton leaf. (Egg
dievelops a reddish browmn ning a day after it is laid.)

Plate 2-4. Larviae of bollworm fedicoverpa org (Boddse), (Linder :||'|:|_!:n|I|

calion. lrvia has Lny Spanes on kst parts ol 1hi I'hul:.' anl praminEn
tubercles.)
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Plate 2-5. A mating pair of tobacco budworm, Heliothis wirescens (1),
dgcdults. (INuastrates the three oblique dark bands on the forewings and
typical olivegreen color.)

Flate 2-5 ."..‘l:ll:|||J__l pinar of |1i||lq.' badT colored ballworm, ."|'|_-.||’1'|.-'.|-.l:|'h-1 T
[ Bosheie, moths,
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Flate 2-7. Moth of the pink bollworm, Pectinophora gossypiella (Saunders),

Plage: 2-8. Mature lirva of the pink bollworm, Pectinophora possypiella
(Saunders), and associated cotton boll damage. (The first three [arval

slages are white, with a dark head capsule; the fourth stage shows pink
coloring. )
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Plare 2-9, Aduli westem Iygus |'||:||5:. Lygns hesperns Bnght, (Hustrates the
promanent ]n.'.ilrt-xh:l“-c[ seutellum, which 15 c\-::-||1||1|'||r|_1_,' :,.'-q:lln:_lw mn this
species.)

Plate 2- 10, Mymphal western lygos bugs, Lygus hegperus Enight,
(Mymphs are commonly green, with red aniennal tips, Older nymphs
have five black dois on the back and may be brownish in color)
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Plate 2-11, Mymphal and adult cotton feahoppers, Preudatonnascelis
serienes (Reuter). (Light green in colos, specklexd with small brown spots
anl numeraus short spives, and have bostle-like antennae that are pol
rekhish as min |]|'E:LI!E haigs. )

Plate 2-12. Shriveled dried squares injured by western Ly pus bugs,
Lypus hesperns Knight. (Often found in the plant terminals, o in
the sweep nel when sampling for this pest)
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Plate 2-13, Adult Say stink bug, Clhlonechrog sayi Sidl

Plate 2-14. Epg minss of the consperse stink bug, Eeschistiis conspersis
{Uhler).
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Plate 2-15. Egg mass of the beet armyworm, Spodopiera exigi (Hishbner)
(Egps wsually laid on the wpper leal surface beneath the uppermost plan
canopy and covered with white har-hke scales from the female nh’s
bady.)

Plate 2- 16, Young beet armywaorm, Spodoprera exignun (Hibaer), larvae
{Usually feed in a group mear where ihe eges were lakd, skeleionizing

thi beaf often AN sifk over the r'..-..-:lm;.: Al §
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Plate 2-17. Beet armyworm, Spodoprera exigra (Hibrer) (Usually have a
hlack spot on the side of the body above the secomd true beg. Color may
vary from green to very dark green or black with lighter stripes on the
sides of the body.)

Plape 2= 18, Female siraswberry speder mate, feframyvehues Rovesfans Llganoy

and Mikolske: immaiune stage and an egp. (e Lergee dark b ui:.' Sprols are
1}-|1|-:_::|] ol several '-;:-'ilh.'r mige SPECIS, :|III|-:J-1|1:I:| the slull carmyine,
Tetrmrvohus etmraberfmes {Bodsduval), amd desen r:|1|n:|rr e,
Tetrmrvohus deserfomm Banks, are caormine and red 1o color, g=t i
1:1.'1,:I:,.'.]
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Plate 2-19. Spider mite damage symptoms. (Reddening of
the leaves in small to larpe areas of febds and defoliation,)
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aced (Hibner).
ree bars on the
lorewangs. )

Plate 2-21. Larva of the cabhage looper, TRchoplusre nf (Hikbner).

{Alflla looper is similar in appearance.)
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Plate 2=-22, Cotton bealworm, Alabamin .-|.l:|.l'|'.'|':.'e'|"r| [ QB ),
(Mlustrtes distinctive shine 1i1|:.;:q. om the cdorsin, )

AT, -|'|'!1'I:+#

Plate 2-23. Egg of the cabbage looper, Trichompfusta ni (Hivboer). (Ulsaally

lnsd on the more mature eaves and 15 more Tlatensd than bodlworm

ERES.)
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Plate 2-24. Adult cotton leafperborator, Bwccilatrix thurberiella Busck.

Plate 2-25. Cotion leafperforator, Birccnlainix tinrberielln Busck, damage
sympioms (mines) made by young larvae.
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Plate 2-26. Fifth-instar cotton leafperforator, Buccnlainis thurberiella
H . larva. (Fourth- and fifth-instar larvae skeletonize lea

Plate 2-27. Potalo keathopper, Empoasca fabae (Harris), feeding on o leaf
viein. (Fesding by this cies and the seathem garden leathopper,
Empoasca solana Delong, causes veins o become swollen and rough.)
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Plate 2-28. Polato keafhopper, Espoasca fabae (Hams), damage symploms,

(Conton leaf illusimating cupped crumpling and discoloration, )

wiangless types, )
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Plate 2-30, Honeydew contaminated lint. (Honeydew excreted by aphids
aml whiteflics supports growth of sooty mald.)

Plate 2-31, Silverlcal whitefly, Besista argennifodii Perming and Bellows,
[This species cannot be distinguished from the greenhouse whitefly,
Trinlenrodes vaporarionun (Westwood), or the iris whitefly, Aleyrodes

spirpeoides (Quainiance) excepd in the pupal siage.]
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Plate 2-32. Bandedwing whitefly, Trialenrodes alntilonea (Haldeman).
{Illustrates dark bands on the wings of adults. lmmature stages of this
pest are also cvident. )

Plate 2-33, Adult of the western flovwer thaps, Fraenklimiela oocidensalis
{Pergande).
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INTRODUCTION

The imporiant influences of nofural enemies on cotton pests have been recognized
for a long tme (Quaintance and Brues, 1905; Whitcomb, 1971). However, their mle
in suppression of pest populations was not clearly recognized until, with widespread
use of broad-spactrum insecticides, pest resurpence and secondary pest oulbrenks were
observed (Newsom and Braeesl, 1965).

Constdersble research has been conducted 1o determine what species of natural ene-
mibes are important and how these can be used more effectively in collon insect post
mannsgement. Although both vertebrate and invertebrate natural enemics prey on or
parasitize the large number of anthropod pests of cotton, the emphasis here will be on
predacesus and parasitic arthropods because they probably cause the most pest mor-
tulity (Stering of al., 1989), Some phytophagous (feed on plants) pests also prey on
other pests of colton, These include the colton Aeahopper, Preudatomoscelis serlais
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(Reuter) (MeDaniel and Sierling, 1982) (Plate 3-17) and the tarnished plant bug, Lyges
lineclaris (Palisod de Beauvois) (Cleveland, 1987). The biology and ecology of these
pre discussed in Chapler 2 (this book) by Leigh er al,

An estimated 300 1o 600 species af anthropod natuml nemies ane found in cofton
fields (Whitcomb and Bell, 1964; van den Bosch and Hagen, 19663, OF those, 15 or 20
are key specics in the suppression of bollworm, Helicoverpo zea (Boddie), and tobacoo
budworm, Heliothis virescens (B}, in cotton (Ridgway and Lingren, 1972), and rela-
tively few species would be added to this number if the entire pest complex of cotton
were considered. The cmyphasis in this chapter will be on the biology and ecology of a
few selected natural encmies, which are representative of the key species involved in
different areas of the Cotton Belt. The species selected are: () Geoconis punciipes
{Say) and the western bigeyed bug, Geocoris pallens (Stil); (b) the anthocorids, insid-
jous flower bug, Grius fnsidiosus (Say) and minute pirate bug, Orius tristicelor
(White); {c) the chrysopids, common green lacewing, Chrysoperln carnea Stephens
and Chrysoperia ngfilabis (Burmeistery;, (d) fire ants; (e) several species of spiders; (F)
Microplitls eroceipes (Cresson); {g) Candiochiles wmigriceps (Vienick); (h)
Trichogramea spp; amd (1) tachinids, "Archwas marmoraues (Townsend) and
Eucelaroria bryani Sabrosky. Other species of predaceous and parasitic arthropods of
colton such as various species of coccinellids (lady beetles), other species of beetles,
predacecus thrips and mites, vafous species of assassin bugs (family Reduviidac),
damse] bugs (family Mabidae), and predacecus stink bogs (family Pendatomidas), as
well as a nomber of other parasitic wasps in the families Ichneumonidac amd
Braconidae are also important depending on the peograghical location and the specific
phytophagous pest. Specific information on many of these specics can be obtained
from publications such as those by Cuadntance and Brues (1903), Whitcomb and Bell
(1964}, van den Bosch and Hagen (1966), and Bohmialk et al, (1983), Although it is
beyond the scope of this chapter to discuss the bicdogy and ecology of all these other
beneficial anhropods, it should suffice to indicate that these oo are imponant amnd
should not be ignoeed when considering the ntural enemy complex associmed with
o,

Three approaches are available for the wilization of matemal cnemies in pest man-
agement: impodatien of exotic natural enemies and augmentation snd conservation of
existing natural enemy populstions, Our emphasis is on augmentation and conserva-
tion and the development of progoums to sctively manage the naturd epemy complex
(Price, 1981; Nordlund er al., 1986, Vinson, 1988) simalar to those developed for the
pests. A primary aspect, discussed in Chapeer 7 (this book) by Sterling er al., 15 an
improved understanding of the relationship betwesn the densities of natuml enemies
and pests for the development of deciston criteria. The other aspecls emphasized here
relate to envirenmental manipalstions which maintain or increase the densities of the
natural enemy complex or their suppressive effects on pest populations, This may
involve provision of varous environmental requisites, wse of semiochemicals [chemi-

"AH colir plates can be found in the Appesdix of (his chapler,
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cals involwed in the iveraction between organisms (Law and Regnier, 19711], and
midification of production or cropping practices,

Because of changes in approaches to cotion insect management brought about by
the boll weevil eradication programs, the development of pyrethrobd resistance in the
tobacoo budworm, increased pest status of the swectpolato whitefly, Bemisia fubaci
(Gennadiys) and the colion aphid, Aphis gossypli Glover, or changes needed as o resuly
of recent sustainpble agriculture initiatives, it is likely that renewed emphasis will be
given o maximum utilization of te entire natural enemy complex (bodh predators and
parasifes) of all colion pests, The primary emphasis in this chapber is on the factors that
influcnce the abundance, phenology and efficacy of ihe selected species of naturnl
enemics of colion pesis,

PREDATORS AND PARASITES AS NATURAL ENEMIES

Arthropod natural enemies in colion fields are classified cither as predators or par-
asites (van den Bosch end Hagen, 1966), Recognition of the distinction between the
two groups is wselol in understinding their Biology, ecology and efficacy (Doutt,
196,

A predator charscteristically seizes or pierces its prey and cither devours it or sucks
it dry of its body fuwids. An individual predator consumes a number of prey in com-
pleting its development. Both the adull and immature stages often feed on the same
kind of prey. Generally, predators associated with cotion have a broad prey range.
Predators cither have chewing or piercing-sucking mouthparts and those with
picrcing-sucking moathparts often inject powerful toxing and digestive enzymes that
quickly immohilize the prey.

Parasites on the other hamd, anc insects Llutd:wlnpwuhmurup-nnuumhhualmﬂ
therefore are parasitic only in the immature stages. However, more than one parasite
may develop in or on a single host. Adult parasites are geperally free-living and feed
on nectar, heneydew and sometimes host fluids, There are parasites that develop in all
host life stages including the egg, larval or nymphal, pupal and adubt. However, cach
species of parasite atacks only one life stage. Sometimes, parasite development
extends over more than one life stage, such as cgg-larval, larval-pupal, and mymphal-
aduly, but here again, one stage is attacked and development extends over (wo stages.
The tendency is for the host range (o be more limited than that of predators,

FACTORS INFLUENCING NATURAL ENEMY ABUNDANCE,
PHENOLOGY AND EFFICACY

Aoreview of the numerous factors influencing natural enemy abundance, phenology
and efficacy is necessary for recognition of the opponunities for their maximum wii-
lization, Some of these considerations relaie 10 the inrnsic charctenistics of each
species and the interactions with the agroecosystem, These factors include: (a) habitat
suitability; () availability of subtable prey or hosts; () insecticadal applications;
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{d) geographical location; and (¢} cotion varictics. The effects of some of these factors
on entomaophagous {feed on insects) arthropods have been discosscd by Ables e al,
(1983} and Goodenough e al. (1986). The system has mumerous interactions and,
because of the complexity, we have pot been able o develop production sysiems that
maximize the benefits from natoral enemics. Il is because of this complexity that
recent research related 1o the development of decision-making technology, which
incorporates the effects of natural enemies, has been on modeling (Sterling er al.,
1993, Wagner ¢f al., Chapler 6, this book; Steding ¢f al,, Chapier 7, this book),
Computer models are needed that integrate the biolegy, ecology, and behavior of naf-
wral enemics with the objective of using this infonmation to analyze and forecast the
impact of the key natural enemies on the dynamics and economics of key pesis,

HABITAT SUITABILITY

Because colton is grown a8 an annual crop, it is available s o habital for predators
and parasites only during the growing season, Tn o gingle crop conventional production
systen, the noncrop period consists essentially of bare felds with minimal resources for
supporting insect life, As the cotton plant grews and matunes, changes occur that affect
the availability of resources which are necessary For arhropod servival and reproduc-
tion. Such changes include alierations in the nutritional walue of the codton plant
{Yokoyoma, 1978) and shifts in the makeup or abundance of host or prey popultions
{Gonzalez and Wilson, 1982}, Due to the ephemerl (ransient) nature of the cotton
ecosystem and the changes it undergoes during the growing scason, colonization by
arthropod predators and parmsites is required. Sources of cobonizer insects from the cul-
tivated and uncultivated areas sround cotton fields are of critical importance.

Fuchs and Harding (1976} determined that noncoltivated habitats supported more
predators than did cultivated habitags in the Lower Rio Grande Valley of Texas. They
found the greatest numbers of predators in mixed grass habitats. Occumence of vast cot-
ton monoculiures in some arcas redwees the availability of colonizers, Intuitively, the
number and kind of predators and parasites available to colonize eotion fickls are deter-
mined by the surrounding aren and its suitability for the development of nataral enenmy
populations. The effectiveness of predators and parasites is dependent on their abilicy to
move rapidly from the surrounding habitats into cotton fickds. The timing of such move-
ment is critical and thus the phenology (science concemsd with the relationship of cli-
mate fo biokogical phenomena) of the sumwoundings is important, Volatile chemicals
{synomones) emanating from cotton plants are also impotant in the respense of natural
encmics o the cotton habitat (Vinson, 1988; Ridgway ef al., Chapier 11, this book)

Recognition of the importance of areas surrounding cotton fields as rescrvoirs of
nafural enemics (Fuchs and Harding, 1970 Gaylor and Cilliand, 197 Pire of af.,
1978: Roach, 19800 has led to stodies of the movement of natural cncimies indo cotion,
Lopez and Tectes (1976) documented the movement of predators from songhum inte
cotton, In sddition, means have been sought to expleit similar situations by strip crop-
ping (Laster and Purr, 1972; Robinson er al., 19724, b; Schuster, 1980; Del.oach and
Peters, 1972; Pair of o, 1982)
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Ehler and Miller (1978} concluded that key natural enemy species have adapied to
habitats of low durational stability represented by the annual crop cotton habital. These
species then have become a key in the suppression of arthropod pest populations,

A mid-season decline of predators associated with colton has been reporied in &if-
ferent areas of the Cotton Belt (Dinkins f al., 19704, b, Schusier and Boling, 1974;
Smith and Siadelbacher, 1978), Alihough various reasons have been cited as the canse,
it is in part a function of plant maturity (Dean and Steding, 1992), As the boll load
increases, predator numbers decrease, The boll load measure reflects the completion
of the period of blooming and a change in ihe availability of suitable food for both the
pests and natural enemics,

AVAILARBILITY OF SUITABLE PREY OR HOSTS

Anther factor that infleences predators and parasites is the availability of suitable
prey of hosts, including the species, stage and number available during Jdifferent per-
oils of the cotton growing season, A key charsctenistic of predators and parasites rela-
tive fo this factor is the host range, A nabural enemy with a broad host range would
have a greater chance of effective colonization. However, from a grower viewpoint, a
broad prey or host range may be detrimental becanse it reduces the regulatory cffects
on specific pest species, Differences in the host or prey runge of predators and para-
sites would cenninly have an influence on the population dynamics of the two types of
nabural enemies, Thies, preference and specificity of the natural enemies are important
considerations, Ables e ol (1978) demonstrated this effect for several predator species
with different densitics of the cotton aphid and tobaceo budworm epgs as prey.

Chemicals [kairomones—substance(s) produced or acoquived by an organism thaid,
when it contscts an individual of another species in the natural context, evokes in the
recciver a behavioral or physiclogical reaction that is adaptively favorable to the
recciver bt not (o the emitter (Brown e al., 1970)] associabed with specific pest
species also influcnce the host or prey finding and selection behavior of natural ene-
mics (Vinson, 1988). See Chapter 11, this book, for a discossion of behavior-mediat-
ing chemicals,

A primary concem relative to natural coemy abundance and efficacy ane the fong-
fional and pumerical esponscs (Selomon, 19499 of the predators or parasites o host
or prey density, The functional response refers to changes in the number of prey con-
sumed or hosts parasitized per unit time in relation o the change in prey density. The
numerical msponse refers fo the increase in numbers of predators or parasites in
responss o increases in prey or host density, From the standpoint of the shont term
effects of natral enemies on pest densitics, the functional response is imporiant.
However, in relation to colonization of the colion habitat, the numerical responss is
impaortant.

The suitability of the bost or prey for development of the predator or parasite is also
important. A high level of suitability shoubd result in higher rates of developeent, sur-
vival and fecumdity which all contribute to an increase in the pumber of natural ene-
mes in response W an increase in prey o host density,
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Some patwral epemies feed on plant juices, neciar or pollen. This feeding is impor-
tant bo the survival of the species during periods when prey or host abundance is lim-
iteed, It may abso be important in earlier colonization and persistent occumence in the
catton habitat,

INSECTICIDAL APPLICATIONS

Omne of the most important factors influencing natural enemy presence and abun-
dance in cotton is application of insccticides; a major arca of the conservation
approach to bislogical control. The adverse effects of insecticides on beneficial arthro-
pouds are alfected by the rate, time, frequency and method of application (Ables ef al.,
1983), Other factors are: (2) the acuie toxicity and persistence of the insecticides used
(Plapp and Vinson, 1977; Plapp and Bull, 1980; Chang and Plapp, 1983; Bull e al.,
1989 Pree ¢ al., 1989); (1) size of the arca treated; and (c) the diversity of the agroe-
cosystem (Bradley et all, 1987). These adverse effects on natural enemics in cotton and
subsequent effects on pest populations by the direct application of insccticides to the
field have been amply reviewed especially in relation to the bollwormftobaceo bud-
worm (Bradley er al, 1987). Insecticide use in surrounding areas also influences pop-
wlations in cofton fields becauss of drift and the effects on potential colondzers.
Repetitive use of insecticides both in cotton and the surrounding areas may be an
important factor in determining natural abundance of predators and parasites, Shifts in
the patiern of use of insecticides also may have an impact on the specics composition
of the natural enemy complex,

A major concern, as we allempt (o manage resistance of the tobacco budworm 1o the
pryretheoids, is the effect of resistance management strategies on natural enemics. Use
of different classes of insecticides or mixiures during different pedods in the growing
season would likely have a major impact on the compesition and abundance of the nat-
wral enemy complex. In addition, the need 1o treat eggs and very small lasvae to obtain
satisfactory controd of resistant insects (because of the gremer susceptibility of the
carly instar larvae) limits the potential for masimum wilization of predators and para-
sites,

GEOGRAPHICAL LOCATION

Considernble varability has been identified in the natural enemy complexes of dif-
ferent arens of the Coton Belt (Ables of al., 1983), These differences reflect vanabil-
ity i climate and local coltueal practices which inchade tillage systems, chemical weed
control, imigation, planting dates and densities, cultivars (vanetics) used, row spacing,
crop rodation, fertilization, planting design and management of non-crop plans, The
interaction of these factors provide a choracteristic patural enemy complex o each
location. Char understanding of the reasons for the differences will improve our ability
to wlilize predators and pamsites in pest management programs.

Mude of overwintening and the suitability of habitats available for overwintering ane
related to geographical locasion and cultural practices but have not received sufficient
attention by rescarchers. In most areas of the Cotton Belt, harsh winter conditions and
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searcity of suilable prey or hosts are major factors in reducing the numbers of natural
enemies available for colonization in the spring, It is especially important to ander-
stand the overwintering dynamics of pest and natural enemy populations to be able to
produce multi-year models as an exiension o curment seasonal models such as TEX-
CIM for Windows (Sterling ef al,, 1993), Alihough forecasting models are currently
available for some key pests of cofton, they arg in a more elementury stale for natural
enemics, Undil these maodels become availuble, counts of matural enemies in cotton
fickls can be cntered into models o forecast their short-term impact using the TEX-

CIM approach.

COTTON VARIETIES

Populations of natural enemies also are affected by cotion varictics (Ables et al.,
1983; Treacy er al., 1985), especially varieties with host plant resistance characters.
These varicties may limit the number of prey or hosis available as well as the habitat
quality afforded by the plant. Shepard ef al. {(1972) reported that hirsute (hairy) geno-
types gencrally supported fewer natural encmies than did early maturing glabrous
(smooth) genotypes. Musseit ef al. (1979 reported that, when compared to a standard
conmercial variety, predator populations were reduced by up to 68 percent in cotton
lines bred for bollwormftobacco budworm resistance. Mumerous studics comparing
the effect of the nectariless and the nectaried characters on the natural encmy complex
have generally concluded that the nectaribess character is detrimental to the abundance
or effectiveness of the natural encmy complex (Schuster er al,, 1976; Calderon, 1977;
Henneberry ef al,, 1977, Lingren and Lukefahs, 1977, Mussett er al,, 1979; Agnew of
al, 1982; Deline and Leigh, 1984, Thead & al,, 1985; Treacy ef of,, 1987a),

One important component of future pest management programs may lie in habitat
manipulation both inside and outside the cuoltivated feld (Whitcomb, 1974),
Whitcomb stased that population manipulation systems should be based on o tharough
understanding of the agroecosystem, The predators and parasites that play a role in
checking the abundance of pests, their life stories, and foctors affecting their popu-
Intions must be known, He funher stafed that the source of beneficial insects and the
case of population Muctuntions is almost a separate discipling of science in itself,

PREDATORS

The most immediate opporiunities for substantial vse of entomophages are related
to increased use of predators for management of bollwormfobaces budwonm (Ables
el al., 1983). More recent research has identified other predators that ame impodant in
the suppression of boll wesvil and cotton feabopper populations that should be con-
sidered. Several important species of insect and spider predators have been selected for
discussion here. These include two species exch of bigeyed bugs, chrysopuds and
anthocorid bugs. Fire ants are discussed as a group with primary emphasis on the red
impoetcd fire ant, Salenopsis imicia Buren. The other predators discussed are sprders;
these are also discussed as a group.
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Bigeyed Bugs—The subfamily Geocorinae of the fumily Lygaeidae, is of inerest
becanse unlike most members of this family which are seed feeders, all known species
are predaceous (Readio and Sweet, 1982), The species are not obligatory predators in
that they feed on seeds (Sweet, 19600, plant juices (Ridgway and Jones, 1968; Stoner,
1971 and cotton extrafloral nectar (Yokoyama, 1978).

These predators are commonly called bigeyed bugs because of the large conspicu-
s eyes on their distinctively brosd heads (Plage 3-2). The compound eyes protrude
laterally beyond the propotum (the shickd-like strochare on top of the first thoracic seg-
ment just behind the insect’s head). Although several Geocovis species ane associated
with cotton, GFeocoris punciipes and the western bigeyed bug, Geacoris pallens, uppar-
ently are the most important specics.

Creacors pamciipes is widely distributed throughout much of the southern two-
thirds of the United States amd its mnge extends southward into Colombia, South
Amenca (Readio and Swest, 1982} The western bigeyed bug has been collected from
mwdat of the western states and its range exténds castward to Indiana, Winois, Missour
and Arkansas (Headio and Sweet, 1982). Numerous studies on the occumence of the
two species in the Cotton Belt indicate that Creocorts punchipes is less abundant than
the western bigeyed bug in Califormia (van den Bosch and Hapgen, 19%%46), bai it
becomes predominant in eastern areas of the Cotton Belt (Butler 19%66a; Boach, 1980,
Parencia ef al, 1980; Schuster and Boling, 1974; Pitre et al,, 1978; Dinkins & al.,
1970, b; Roach, 1980 Crocker and Whitcomb, 1980,

Developmsent in both species is hemimetabolous (incomplele metamorphosiz) in
that they go through the egg, nymphal, and adult stages (Champlain and Sholdt 1966,
“Tarnaki and Wecks, 1972). There are five nymphal instars, Davis (1981) described the
egps as ovoid with one end tapering more than the other. Chorionic processes located
ot the blunt end of the egg form a ring of five o seven hooked, peg-like structures
below which conspicuous red eve spots appear about five days befose eclosion. The
kength and width of eggs average 0,038 inch (0.97 millimeter) by 0,015 inch (0.37 mil-
limeter) and 0,035 inch (088 millimetery by O.005 inch (.37 mallimeter) for Geocoris
parctipes and western bigeved bug, respectively, The nymphs are pale gray (o green-
ish gray in color with the abdomen either mottled or streaked with red (Plate 3-3),
Second through fifth instars of Geecoris punctipes have the head with o dak sulcus
froove) extending from the tvhus {a centmal prominence on the upper side of the head)
onto the vertex of the head and the abdomen with broken red streaks runming livterally
aoross segments while western bigeyed bugs have the head with o fsint sulcus extend-
ing from the tylus onto the verex and the abdomen with red mottling interspersed over
the entire surface. The females of western bigeyed bugs and Geocoris practipes avers
age about 16th inch (4.07 millimeters) and 3/16chs inch (4,45 millimeters) in length,
respectively, while the mabes avernge aboul 532nds inch (3,64 millimesers) and about
1Atk inch (4.07 millimeters), respectively, In Geocoris mctipes wduliz, the head is
smooth, shiny; the sulcus extends from tylus omto the vertex; the boccules (ndge
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beneath the head oo either side of the proboscis or mouth of some insects) docs naod
meet directly behind the labium (Jower lip) bai forms a narow v-ridge which runs io
the posterior margin of the head. Western bigeyed bug adulis have a granulose head,
sulcus pot extending beyond the tylus; the bucculae mesiing directly behind the
labium; scofellum (the area of the wing-bearing plaie of the top of the second or third
thoracic segments that is posterior 10 the V-shaped notal rdge) distinctly longer than
wide; head with various light markings, pariiculady a yellow comma-shaped area on
the outer Isferal edge of each ocellus (single simple eve), black pronodal calluses
{thickened or cuticular swellings on the body of an insect) geperally have a light oval
spot in the center of each callus; posterior half of pronotum is geperally white; scutel-
lum evenly convex with a smooth ddge down entire madliine of scutellum; corium (the
midlle part of the basally thickened front wings of insects) of wing yelbowish-white
and punctuation on wing distinet,

There have been numerous studies on the effect of emperature and diet on the devel-
opment of Geocoris punctipes and western bigeved bug (Champlain and Sholdt, 1966,
19674, b; Butler, 1966h; Dunbar and Bacon, 19724, b; Tamaki and Weeks, 1972
Crocker ef al., 1975; Davis, 1981; Coben and Deboli, 1983). Rate of development is
influenced primarily by temperature and food quality, Although feeding on seeds, plant
Juices and nectar does occur, prey are necessary for bath species to complete their life
cyeles and to reproduce, Green beans have been used as o source of moistune in most
studices, bul Cohen and Deboly (1983) showed that waler was just as good for rearing,
Considernble varation in the mte of development has been observed, probably dus to
differences in the food and rearing conditions, Dunbar and Bacon (1972a) and Davis
{1931} evaluated rates of development of eggs and nymphs for both Geovoris punciipes
and western bigeyed bug wsing similar temperature regimes and the same kind of food
{Table 1) The data for selected temperatures demonstrate the number of days required
and the better adaptation of the westem bigeyed bug to higher temperatures, This may
comribute to s predominanee in the hotter southwestemn arcas of the Cotion Belt,

Mating may occur on the day of adult emergence and the preowviposition {pre-
egelaying) period at T9F (26.1C) for both specics is about five days, The adults are nel-
atively long-lived (two or three months), at beast in the Iaboratory. Total fecundity per
female at the optinuam temperatare was 2 mean of 300 eges at ®0F (3220 and 416 at
B4O9F (204C) for the wesiemn bigeved bug and Geocoris pimetipes, respectively
{Davis, 1981). During periods of peak oviposition, females oviposited between five
and ten eggs per day.

Both Geocorts punclipes and westem bigeyed bug overwinter as adults on winter
crops (Whitcomb and Bell, 1964); they may take cover in ground trash during cooler
perieds (Tamaki and Weeks, 1972). Adult movement into cotion appears to be relaied
i the fruiting cycle (Dean and Sterling, 1992). Sindics indicate that the scasonal
occumrence of Geocorls prrctipes and western bigeyed bug is related to blooming of
cotion, A late scason decline in the nombers of Geocords spp. has been observed in
most areas of the Cotton Belt (Fuchs and Harding, 1976; Pitre er al., 1978; Roach,
158k, Smith and Stadelbacher, 1978; Dinkins & all, 19704, b), which has boen atirib-



W LOPEE, STERLING, DEAN AND NORDLUND

Table 1. Effects of selected temperatures on development of Geacoris punciipes and
weestern bigeyed bugs, Geoearts pallens as reported lrom two seprate studies,

Average number of days (percent survival) to complete stage

Studly no, one' Study no. twe’
Life Temperature  Deocorts Gegcoris  Deocoris Gheocoris
Stage FiC) PEEHpeEs palleris Pnciipes pallens
Egg T5(239) 187(85T) 163(81.3) 144(812) 12.3(803)

80(26.7) 105(83.2) EB9(95%  RT(TeT)  7.1(86.6)
95 (3500  64(4T) 490935  5T(65T) 4.1 (B3.0)
9 (37.8) 6S5(1L0)  42(8B5T) 0o 0.0

Mymph TS239 414(7T14) 4900100 373 (71.2) 42:2(353)
B0 (26.7)  27.6(568) 273(286) 253(63.6) 24.1(50.4)
95 (35.00 1664851  13.6(50.5) 1700890 12.1 (60.0)
¥ (37.8) 0.000.0) 123 (24.5) 00 0.0

"Dt fromm Davis, L. D, b 1981
"Diata fromm Deantar, D M. aed O G, Bacon. 1971,

uted o lake senson insecticide applications (Dinking ¢f of., 1970b) and & nalural decling
in fambers late in the season (Smith and Stadelbacher, 1978). Yokovama (1978} sug-
gested that the decreasing avaslability of extrafloral nectar i5 an inpodant factor in this
decline, The distribution of the different stages of Geocords on the cotion plant during
the season has also been attributed to the effect of extrafloral nectaries, Eggs have been
found on the underside of cotton keaves close to extrafloral nectaries. The nymphs and
achubis have also been observed 1o be more common on the lower parts of plants where
they are apparenily associated with the extrafloral nectaries (Cosper ef al., 1983), The
higher mumbers of (feacoris spp. observed on nectaned as compared to nectanless cot-
ton genotypes (Schuster ef al., 1976; Henneberry ef al., 1977) supports the conclusion
that extrafloral nectar is imporiant in the development of Geocords spp. populations in
colton. Gonzalez et al. (1977) also suggested that the buikd-up of prey, cspecially
minor pesis of cotten, which is influenced by the fraiting cyele, may also condribute to
the seasonal pattern of (leocoris abundance.

Cheovoris punclipes and western bigeyved bug have piercing-sucking mouthpants;
they attack by wailing or ranning up (o the prey, extending the beak and quickly inseri-
ing the stylets (Crocker and Whitcomb, 1980). Both species have a relatively broad
prey range (Stoner, 1970 Tamaki and Weeks, [1972; Crocker and Whitcomb, 1980).
Iniportant prey relative to oofton are spider mites, cotton [leahoppers, whiteflies,
aphids, plant bugs, thrips and lepidoptercus egps and larvae, Among the lepidopierous
eggs and larvae are the bollworm and tobacco budworm (Lingren er al, 1968; Lopez
ef al, 1976; McDaniel and Sterling, 1982; Bell and Whitcomb, 1964; van den Bosch
el al,, 1969, pink bollworm, Pectinophora gossypriella (Saunders), (Orphanides ef al,,
1971; Hennebesry and Clayton, 1985), cabbage looper, Trichophsia s (Hiibmer),
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{Ehler e al., 1973), and collon leabworm, Alsbama argillecea (Hitboer), (Gravenn and
Sterling, 19873). Field and aboratory studies have shown Geocoris spp. to be pantico-
larly effective predators of lepidopierous eggs and carly instar larvae (Eveleens ef al,,
1973; Bell and Whitcomb, 1944; Ehler ef al_, 1973; Lopez ef al_, 1976; Lawrence and
Waizon, 1979; Chiravathanapong and Pitre, 19800, Ceocorts punciipes also is a key
predator of the cotton fleahopper (Breene of all, 1989b),

An aggregalion response by Geocors punetipes adulis to selecied dosages of aque-
ous homogenates of terminal instar bollworm and fall armyworm, Spodoprera
frugiperda (1. E. Smith), larvae applied to whorl stage com has been observed appar-
ently in response (o chemical stimuli (kairomones) (Gross e al, 1985),

Chrysopids—Chrysopids are impoiant predators and two species, Chrysoperla
camen (common green lacewing) and Chrysoperla rfilabris, ame frequently associ-
abed with cotton, Green Iacewing larvae are commonly colled aphidlions, They prey
on a wide variely of small sofi-bodied insects and mites (Ridgway and Kinzer, 1974),
Of particular imporance relative to colton, 15 their ability to prey on aphids, thrips,
whiteflies, mites and eggs and small larvae of séveral species of lepidoplerous pests,

The two species differ significantly in their geographical distribution, Where they
oceur together, their relative and seasonal abundance often differ (Tauber and Taober,
19833, The common green lacewang is widely distributed within Nonh America and
hos been collected in Alaskn, every Canadion provines, every siale in the contiguous
United States and as far south ws the Federal District in Mexico, The distribution of
Chrysoperla ryfilabris is more restricted and is limited o castern and midwestern parts
of North America, extending from eastemn Cansda through Florida and nomtheastern
Mexico (Tauber and Tanber, 1983} [z range overlaps with that of common green
kacewing from eastem Canada (o northenstemn Mexico, but in the sputheastern United
Siates and Mexico, Clirysaperia nyfilabriz is penerally more common. This difference
in distribution is attributed to the differential response of the two species to humidity
(Tauber and Tauber, 1983), Under high humidity conditions common in the southeast-
ern United States, the developmental polential of Chryeoperia ngllabris is slightly
higher than the common green lacewing., Low humidity substantially reduces the
developmental and reproductive potentials of Chrgsoperla agilabriz, but has po neg-
ative cffects on common green lacewing. Thus, the common lacewing is favored in the
bess huamid southwestem parts of the United States.

These generalizations on the distribution of the two species are borme out by
rescarch conducted in different parts of the Cotton Belt. In Califomia, the common
groen lacewing is mentioned as the primary species occuming on colton (van den
Bosch and Hagen, 1966, Ehler er al, 1973; Goneabez e al., 1977, Wilson and
Cutierrez, 19800, In the central and southeastem parts of the Cotton Beli, both species
occur together, but there are seasonal differcnces. During the eady season, common
green lacewing has been found o predominate, but during mid- o late-season,
Chrysoperla ryfilebels was the most abundant (Burke and Martin,d 1956, Bell and
Whitcomb, 1964; Dinkins, 1970a, b; Agnew et al,, 1981), In these areas, it appears that
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Chivsaperla rgfilabris B more impontant relative o the impact on bollworm/lobacco
budworm and ofhber pests in colion.

The adults are sbout 12w Ndths inch (12,3 1 19,1 millimeters) long s are vel-
lowish-green with golden eyes amd large, delicate, netied wings (Plate 3-4),
Chrysoperln sdults are identified by coitera provided by Bickley and MacLeod {1956)
and photos and keys of Agnew of al. (1981}, According 1o Bram and Bickley (1963),
both species have the antennae, except for the sscond segment, entirey pale of with the
basal fourth pale, apical third may be brownish, bat pot dark beown and the antenmae
are unmarked {no black or brown ring on the second segment). Adults with the above
characieristics and with all veins entirely pale, or sl most with only an eccastonal durk
crossvein, and with a definite narmow black or dadk-red band from eye 1o mouth over
ihe genne; varying amounts of red sufTuston adjacent 1o the black band; and hind wing
bluntly rounded at apex are commen green lacewings (Plate 3-5). Adulis of
Chrysoperla ngfilabriz hive the gradates and some other veins marked with black or
brown; pronotum, thorax and abdomen withoul crange spots; and a red siripe on genae
from eye o mouth. According to Agnew ef al. (1981), sepamation of Chrvsoperks -
labris is by: {a) gradate veine dark colored, (b) pronotum and abdomen without dark
crange markings, and () genae with red markings nmning from eve to mouth. The
common green loncewiang has all veins pale with only an oceasional dark crossvean and
the genae with a straight dark line, often suffused with red, ranning from eye to mouth.

The stage most likely to be found in cofton ficlds is the larval stage. [In both species,
there are three larval instars. The barvee are naked (not trash camiers), campodeiform
{body elongate and somewhat flattened, thoracic legs well developed, and the larvae
are usually active), the abdomen is not homped and with long and slender jaws
{Tauber, 1974), The most striking specialization of the larvae is the prolongation of the
maxillae and the mandibles to form sickle shaped sucking tubes that are efficiently
wied in catching and feeding on prey (Smith, 1922). Tauber (1974) provided charac-
ierisiics by which different instars of the two species can be separated. Relatively dis-
et differences are evident belween the larvae of the two species especially in the
later instars (Plates 3-6 and 3-T).

Development in the common green lacewing and Chrysoperln ngfilabris is
bolometabolous (complete metamorphosis) invelving four distinct developmental
slages: egg, larva, pupa and acdult. Both species lay eggs singly. The eggs are attached
at the exireme posterior end to a hyaline, hardened gelatingas sialk that is from about
146t to 173rd inch (4 to 8 mm) long (Seith, 1922) (Plate 3-8). The egg is chongate-ellip-
tical in shape and green (o yellowish in color. As the embryo develops, the egg becomes
gray with darker areas. The larvae, which are extremely cannibalistic, undergo three
medts, the last molf taking place inside the cocoon constructed by the third-instar larva,
The cocoon is pure white in color amd is spherical or slighily elongated in shape (Plate
393, The cocoons are found in arcas of the plant where plant parts form an iregular
cavily and inside the bracts (between the bracis of squares or bolls) of cotton fruit, The
pupae are exarsie with freely movable legs and emerge from the cocoon by biting a
rounsd lid in the cocoon. The malt to the adult ocours afler emergence,
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Development of common green lacewing and Chrvzoperda imifilabris under differ-
el reanng conditions and dilferent larval food are summanzed in Table 2. OF magor
concem relative to the direct effects of common green lacewing and Chrvsoperda nifi-
fabris on colton pests is the kength of the larval stage which is predatory and the abil-
ity to develop on a wide range of prey.

Table 2. Developmenial time of the stages of common green lacewing, Cluvioperla
carmee, and Chiryzoperla rifilabriz affected by temperature and food source,

Awerage developenenial time (D)

Tempemtie F Focdl Egg Larva Pupa Soure!
i SOAICE reference
Clrrsoperln carmead
T4 72
{24 £ 4) i3 183 G Toachi (196%)
Avg. min, of TSFwo.  aphids 459 137 8.1 Huske & Manig
Ang, max. of 83F (1955)
make  Eenmile
3 (15) Anpommois grain mots cpgs 131 Re ¥ | Hutler & Flschic
(190
= 1] al 13% 133 138
TT(25h 4.1 106 #H KE
6 (3 £ N | Tl aG  6Y
0 (32TH a5 a1l &2
S0 (35) G 3% 6Z
mtxdd ElmnrmAnhacng bealwomm i Hend { 197K
152 1.5) cpps
Elimormfiohacon badvwomm 14
larvac
cullon apbch g8
carming spider mics G
Angourmois grais moh cggs B2 Tauber & Tauber
72222 SRRH'Y Angoumois graim modh eggs 255 {1983}
T2 S5 RH) 59
T2{XL2{TSRH) 52
Chirviopents nifilnbrs
Avp. min. of TSF - aphids i7 104 6.5 Barke & Mariin
i avg. max. of B5F {1955)
72 (X233 {35%RH) Angoumois gramm moth eggs M4 Tauber & Tauber
1 1983)
T2 S5 EH) M
T2 XL TARREH) .t B
Bl & Lt Angoumais praim moth cgps 2146 Eliarmi o @l
(X1 3) {198y
(e RH)
B0 (H6 5 (ATERH)  cabbape booper epps 53 15:17.75 Hu ev al. { 19706

TLE(XLE) cowvpea aphid 213 Hydom 41971}
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Table 2. Continued

Average developmental tims (Dwys)

Temperature F o Egg Larva Pupa Sommed
Tk Some refeterne
green peach aphid X
citras whise Ny et
green lynx spider s
gresier Wan modh 4.1
rexd flour heetle ni
vinegar fly ol
265 bl ] ) Hysdiwes { 1971 p
prdmin iubersoms 1%.4
BH refers o relacive humidey.

For the commeon green lewing, Burke and Martin {1956) reported a preovipostion
peried of 13 days with an oviposition period of 2006 days and a fecundity of 32 eggs
per female, According o Hydorn (1971}, this was the first record of moderately high
Fecundity and bong longevity of captive adulis. The adulis were fed a mixture of honey,
waber and an artificial nutrient powder, Other rescarch (Tauber and Tauber, 1983} con-
ducted an T1.8F (22,10 and relative humidities of 35, 55 and 75 percent showed a pre-
oviposition period ronging from 5.3 to 7.4 days, a total fecundity, over a 30-day period,
of 273 o 328 cggs per female, and a mean number of cges per female over a 3-day
peried of 27 o 33 eggs. The adult food was a L1:1] mixtore of Wheast®, profein
hydroly=ate of yeast, sugar and water. Elkarmi ef al. (1987) reported a fecundity of 13,3
cggs per female per day over a 3-day period for the common green lacewing at B06F
(27C) and 7% percent relative humidity. For Clorysopesda snfiladivds, Burke and Martin
(1956} reported that mating cccumed within the first two days of adult activity, a pre-
oviposition period of 8.2 days, an oviposition period of 1.3 days and a wial fecundity
of 31.2 cggs per female. At T2F (22.2C) and at 35, 35, and 75 percent relative humid-
ity, Tauber and Tauber (1983) reported that the preoviposition period for Chevsoperds
rfilebeds ranged from 5.8 1o 12.4 days, todal fecundity over a Mi-chay period ranged
from &7 1o 280 ¢ggs per female and & mean oviposition rate per female over a 3-day
pericd ranging from 8.8 to 28.3 eggs. Elkarmi ef al. (1987} reported an optinmum fecun-
diey at BL6F (27C) and T percend relative humidity of 25.2 cggs per female per day
over 3 Mi-day period and a three-day preoviposition period for Cheveoperla refilfabris,
Hydom (1971) found that average longevity for Chovoperla mufilobeis was over 30
days on a number of larval diets, but longevity was reduced when larvae were rearecd
on vinegar flies, Drozophile melanogasrer Meigen, and red flower beetles, Trrboliunr
castaneunt {Herbst), and the average number of eggs per female ranged from 39 o 208
with an average number of eggs per female per day of L6109,

Overwintering is another important aspect of the development of the common green
lacewing and Chryvzoperla rmfifabris relative to biology and ecology, Bath species
overwinter in diapause (Mew, 1975) which is induced by the short photoperiods occur-
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ring &t the end of summer, Both sexes of common green lacewing undergo a change
in codor when in adult diapause and become brownish-yellow with rusty red spots on
the dorsum {upper side), Although the mode of overwintenng of Chrvsopenle mff-
labris has not been studied as extensively as that of the common green lacewing,
Putmean { 1937) reported that Cheysoperln ngilalnis overwinters in diapase in the pre-
pupal stage in the cocoon; bowever, Burke and Martin { 1956) reported that this species
overwinters a5 an sdult in Central Texas,

The adults of the common green licewing and Cluvsopents ngilalyis are not preda-
tory and they primarily feed on honeydew, pollen and sweet plant exudates. The com-
mon green lacewing has been studied more extensively. The adult response of the
comman grecn lacewing toward honeydew has led to nesearch on the use of anificial
honeydew to attract adults o ficld crops and to increase oviposition (Hagen er ol
1971; Hagen and Hale, 1974). Arificial honeydew, containing enzymatic probein
hydrolysates of Brewer's yeast or Wheast®, (Hagen and Tassan, 1970%, has an atirac-
tive ingredient, which is a breakdewn product of the amine acid iryptophan (Hagen e
al,, 1976 van Emden and Hagen, 1976). The affinity of the common green lpcewing
for cotion was demonsirated in the response during early season of adulis fo iraps
baited with caryophyliene, a sesquiterpene hydrocarbon that is a major component of
the aroma of a cotion feebd (Fling e af., 1979,

Jones ef al, (1977} reported that from 9 am. to & pom, the adult common green
lacewings are inactive and found primarily in shady arcas on the undersides of leaves,
This makes them difficuli to see during the day. Feeding ocours mostly between 6 o
10 pom, and between 2 o 9 am., peaking between T and 8 a.m. Mating occurs pri-
marily between 7 pm. 10 2 am. with a peak between B o 10 pom, Males mate when
three 1o four days old and remate readily afier a two- to four-day resting period. Most
femabes mate at four days of age and few remate during a 30-day period, Oviposition
usually occurs between 8 pom. 1o | a.m. with a major peak between 9 1o 10 pom.

Adult dispersal behavior is important relative 1o the colonization of cotion by the
common green lacewing, Duelli (19803, b) reported that sdult emergence ocours al
night with a prominem peak during the first our of the scotophase (dark phase), Take-
off is elicited by a decrease in light intensity and occurs shortly after sunset. These
adoptive dispersal Mights during the first two o teee nights of adule life ane siraigh
downwind for an avernge distance of 26 miles (40 kilometers) per night and at an aver-
age height of 197 w 394 feet (6 o 12 meters), Dunng these fMights, there 15 0o
response 10 honeydew, thus the Mlights are refermed 1o as obligmory migration flights,
After two to three days, honeydew provides a strong landing stimudus and the Mights
which are now at & height lower than 9.8 feet (3 meters), are appetitive, Honeydew is
located by upwind Might that rarely excesds 3.3 feet (1 meter) above crop level,

Understanding the predatory capabilities of the lorval stage is important in assess-
ing the impact of common green bicewing and Cleysopents mififabris as predmors in
cotton. The primary rescarch emphasis has been on the common green lacewing and
the interaction with lepidopierous colton pests. The loarvae are efficient predotors of
cggs and corly instars of the bollworm amd 1obacco bedworm (Fletcher amd “Thomas,
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1943; Lingren ef al.. 1968; van den Bosch e ol 19%69; Lopez ef afl, 1976). McDaniel
and Sterling {1982) and McDianiel er al.. (1981) verified predation of radisactive
tobacoo budworm eges and larvae by Cluysoperta spp. larvae in cotton ficlds. Larvae
of ihe common green lacewing are also important predstors of eges and young Larvas
of pink bollworm (Orphanides ef al., 1971; Hennebenry and Clayton, 1985), cabbage
booper (Ehler e ol, 1973), and beet armyworm, Spodoprera exigua (Hiobner),
(Eveleens g al., 1973}, Builer and Henncherry (1988) determined that larvae con-
surned all siages of the sweetpotato whitefly in the laboratory.

Boyd (1970 reporied the following predatory capabilities of common green
lscewing on cotton: {a) prey preference in descending order was Ist instar
bollwomutobacon budworm larvae > cotton aphids = bollwormiobacco budworm eggs
= curmine spider mites, Terrevelus cinmabarous (Botsduval); (b)) all larval instars
preved on bollwormfobaccn budworm eggs, bul were able w capture or kill only small
b0 medium sized bollwormfobaceo budworm Barvag; () barvae spent about 50 percent
of their time in search of peey; and (d} karvae were foursd primanly on the top hall of
codton plants (77 percent) and inssde the bracts of Hl'.lﬂ.l.'ﬁ (41 percent), Sturk and
Whitford (1987} reported & menn search rate of 2,60 x 1073 acres (108 x 10°% hectare)
per predator per day or 0,36 oaw-feet (11 row-méter) per predator per day for thand
instar common green lacewing larvae feeding on differemt densities of whacco bud-
worm eggs on caged cotton, The importance of prey preference of the kavae was estab-
lished by Ables e al, (1978) who reported that larvae preyed on significantly fewer
bollwerm/obacco budworm eges when cotton aphids wers present as altermate prey,

There is evidence that o kniromsene]s) associnted with bollworm oviposition affects
the prey-finding behavior or scceptance of eggs by common green kcewing lurvae and
moth scales also have karomonal properties (Lewis eral, 1977; Mordlund ef of., 1977),

Effecis of insectickdes and host plant resistance characters on commdan green
lacewing and Chrvsoperla nfilabeis are important. Populations of common green
lzcewing showing tolerance o pyrethroids appear 1o be fairly common (Flapp ansd
Bull, 1978; Shour and Crowder, 1980; Ishaava and Casida, 1981; Grafion-Cardwell
amd How, 1985; Prec ef al., 1989) and resistance to some types of onganophosplomes
arnd carbamate insccticides has been reported {Lingren and Ridgway, 1967; Plapp ans
Buoll, 1978; Grafton-Cardwell and Hoy, 1985, 1986; Pree er al, 1%%0. Two host plam
resisiance characters in cotton affect Clirvsoperta spp. Treacy ef all (1987a) showed
that Feweer bollwonm eggs were destroyed by Chrveoperla ngflabeis larvee on a pilose
{500 hairy) cotton than on a hirsue (coarse hairy) codton and cgg predation was greater
on smoothleal cotton than on hirsute cotton, Cotton leal tichomes (epadermal hairy
simciuges) inhibdted movement of the Chrvsoperlo mfifabris larvae on the leal sur-
faces, and reduced predasiion by Chrveoperls rufilaleds. The effect of ihe nchomes
was reduced For thind instar larvae, Elsey (1974) showed thai the first and secomsd
inatars of commeon green lacewing are able w search mach faster on cotton than on
iohacco because of the decreased density of glandular trichomes in collon, The nec-
tartless characier significantly reduced densities of common green lacewing more so
than Chvsoperla rufifabefs (Schuster e al,, 19760, Bowd { 1970) suggested that during
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periods of low prey availability on cotton, larvae of common green lacewing coubd
supplement their diet with cotten plant nectar. Calderon {197T) found that common
green lacewing larvae and adulis preferred o feed on aphids and aphid honeydew,
rather than on cotton nectar; however, female longevity and Fecundity (egg-laying or
reproductive abiliny) were both reduced on nectanless cotton,

Anthocorid Bugs—Two anthoconds are important predators of colton pests; the
insidious Nower bug, Drins fesicdiosns and the minuge pirate bug, Ddfies fisiicolor. The
insidious Mower bug is more common in the eastern United States while minuie piraie
bug is primanly a westem species; however, their distnbutions do overlap (Heming,
1966), Studies conducted in colton throwghout the Colton Belt indicate the predomi-
namce of minute prmte bug in the southwest and of insidious Dower bog in the Sowth
and Southeast. The insidious flower bug has been reported to be a commen predator in
coiton fickds in: South Carolina (Foach, 1980; Roach and Hopkins, 1981); Mississippi
{Smith er @, 1976ab; Smith and Siadebacher, 1978; Pitre er al., 1978; Schoster er al.,
1976; Dinkins of @, 19700, by Parencia & al., 1980 Schaster, 1980); Lowisiana (Waive
ad Clower, 1976k seuiheasten Missoun (DeLoach and Peders, 1972); Arkansas
{Whitcomb and Baell, 1964; Bell and Whitcomb, |964); and Texas (Quasintance and
Brucs, 1905; Ewing and Ivy. 1943; Fletcher and Thomas, 19435 Ridgway and Lingren,
1972; Shepard and Sierling, 1972b; Schuster and Boling, 1974; Lingren and Ridgway,
1H57: McDraniel & @l 1981 MeDaniel and Seering, 1982). In contrast, minuie pirabe
bug has been reporicd o be the most commen Orins species in: California (van den
Bosch and Hagen, 1964; Ehber ef al., 1973; Eveleens er al, 1973; Gonzalez of al, 1977,
Stoliz amd Siern, 1978; Yokovama, 1978; Byerly of al., 1978; Wilson and Guiierrez,
V9RO, Arzona (Wene and Sheeis, 1962, Butler, 1966a); wesiern connties of Arkansas
(Whitcomb and Bell, 164}, the western part of the Lower Rio Crande Valley (Schuster
and Boling, 1974); and West Texas {Bohmfalk o o, 1983).

Thee amhocorids differ from the other members of the Onder Heteropiera (ine bags)
in that they have a definile embolivm (a namow siip of the corium) of the forewing
(Deite ef al., 1976). Both the insidious Nower bug and minute pirate bug are black and
white and measure less dian LBt inch in leagth (1.6 10 2.2 millimeters) (van den
Bosch and Hagen, 1966; Isenhour and Yeargan, 1981} (Plage 3-10). Both sexes are
similar in appearance, but the males are slightly smaller. Both species are somewhat
flattened, and ovoid (egg-shaped) and they have a prominent beak for piercing soft
bodied prey and sucking body fuids, The claves and corium are morphodogical stosc-
fures Important in separating the two species, According to Kelion (19630, the anten-
noe, legs ond the hemelytra of both species are panly black, The clavus is the oblong
or iriangular anal portion of the fronl wing and the conum i the eloagate, usually
thickened, basal portion of the front wing. The claves i mostly pale as 15 the corium
in insidicus flower bugs while in minuge pirate bugs, the claves is mostdy black, When
the clavi {plural For claves) of insidious Mower bug are dark, males can be separated
from minute pirate bugs by the strsctune of the left claspers (nwshified structures that
assist the males in matingh. The femabes have the lateral margins of the pronodom
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much more rounded with the calluses st and poody delimited (Hemring, 19466). The
conspicwously bicolored hemelyim with dark clavi wall uswally separate the minute
pirate bug from the insidious flower bug. In the minute pirate bog females, the Lateral
margins of the pronotum are much straighter and the calluses are much more clearly
delimited and elevabed than in the insidious flower bug (Herming, 19%646).

Development in both species is hemimetabolous involving three stages: egg, five
mymphal instars and adult. The inconspicuous eges are oviposiled in soft plant tissue
at an angle almost perpendicular io the swrface, leaving the concave egg caps showing
above the surface (van den Bosch and Hagen, 19%4; lsenbour and Yeargan, 1981),
Mymphs are similar in body shape o the adulis (Plate 3-11), Nymphs of insidious
flower bugs are vellowish in the first, second, and third stage aml have a disting
orange dorsal scent gland on the third, fourth, and fifth abdominal segments; the fourth
and fifth stage nymphs are tan to dark brown (Isenhour and Yeargan, 1981), Newly
emerged nymphs of the minute parate bug are shiny and almost colorless, but becpme
grecnish yellow afier a few hours; somelimes in the founh amd mainly the Afih
nymphal stage, the dorsal abdominal segments become dark brown (Askan and Stem,
1972).

Developmental time of the insidious flower bug and the mimne parte bug is iflu-
enced by type of Food and rearing conditions (Isenbour and Yeargan, 1981; Kiman amxl
Yeargan, 1985; Askan and Siern, 1972; Salas- Aguilar and Ehler, 1977) (Table 3), The

Table 3. Time of development for the insidiows flower bug and minate pimte bug as
affected by temperture,

Average number of days requined
for completion of the indicated stage
Species Temperature Egz Mymph
F{C)

Tisicionis Mloswer bug!' 680 (30) B8 4.8
752 () 51 4.9
2.4 (28 19 8.7
BOG (1) 15 5.6

Minute pirate bug’ TOO (201} 264
779 (25.5) 3-5 4.4
D2.0(33.3) g4
680 (20} .0 17.1
05 18 4.7
B6.0 (300 LR 1.8
D5.0(35) 25 2.9

Frown Bsenbour s Veapas (19810 fod e of wohage bacheomm (leozen for afe hous prior 1o leeding)
arl water,

Froam Askasi and Ssern (19720 fedl Pacifee sphler mites, Trmmapobeer pociffens MeCieegorn, and lisa beans
Abua frem Butler | 1066bi: fed proen Beans or abfalls leaves and alfsb(n keaves infestod wath (wesponied spa-
der miles, Terruvchy ariives Koch
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developmenial penod at T5.2F (24C) from oviposition o adult eclosion for the insid-
iouis Flowver bug fed frozen tobacco budworm eggs and waler was 20 days and as shor
as |2 days at B4.4 (28C) and 89.6 (32C) (Isenhour and Yeargan, 1981). Using a simi-
lar temperature [T7F (25C) or 77.9 (25.5C)] but with different food (Pacific spider
mites, Tesranyehus pacificus MeGregor or twospotted spider mites, Terramvehns
rrttcae Koch), Askan and Stem (1972) and Butler {1 %60} reponied that development
Froem the egg o the aduli took about 18.5 days for the minwie pirate bug, The insidious
flower bug requires slightly longer to complete development than the minute pirse
bug (Isenbour and Yeargan, 1981). Kiman and Yeargan (1985) evalumed the effect of
several dicts made up singly or of different combinations of frozen tobacco budworm
eggs, maple pollen, green beans, adult sovbean thrips, Serfcothrips vardalbilis (Beach),
of pwospoited spider mites with free water on insichiows flower bug and founc that cliets
that included tobacoo budworm eggs alone or in combination were optimum for sur-
vival, developmental tme, longevity and fecundity, Also, survival to the adult stage
wis possible with all the dicis except green beans and water alone, The ability of the
insidious flower bug w complete development on different types of prey (moth eggs,
mites and thrps) and on pollen alose is important, Evalustions with the minute pirate
bug indicate that it 15 able o complete development on green beans alone and on polkn
and woter {Salas-Aguilar and Ehler, 19773, It is very significant that both species can
complete development on a died of pellen and wster alone,

The preoviposition period For adult females is two o five days for both species,
Laboratory studies indicate an adult longevity of abowt ope month, Average fecundity
for females fod optimem diets is abowt 100 eggs per female, Barber (1936) reported
that female insidious fower bog feeding on bollworm eggs oviposited an average of
114 eggs cach while Kiman and Yeorgan (1985) found that females reared on diets
compining tobacco budworms eggs oviposited 102 1o 106 cggs per female. For the
minue pirate bug, Askari and Stems (1972) found on average fecundity of 129 cges
per female on a dict of Pacific spider mites and lima beans. However, Salas-Aguilar
amd Ehler { 1977) reponed an averape fecundity of 59.6 ceps per female amd a todal
longevity of 154 days on a diet of beans, pollen, thrips and free water.

[glinsky and Rainwater (1950) sugpesied that the insidious flower bug is more likely
o pverwinter &5 a mature, mated female, Whitcomb and Bell | 1964) reponed that this
species overwiniers in the adult stage in planis such as wheat, alfalfa, grasses, mullein
amnd henbit and become active on worm days, Kingsley and Harmingion (1982 verified
that insidipus flower bog adulis undergo a faculiastive reproduciive diaponse which is
apparendly terminated by favorable conditions during the spring, but that does nod
require an inderval of cold exposure for diapavse development. They alsoe reported that
the females mated before overavinering.

Major concems relative to the imporance of Orivs spp. (Mower bugs) as predators
in collon are liming of colonizaiion, spurces of colonizers during the season, ability 1o
become established and reproduce in cotten and predatory efficacy. Flower bugs arc
early season oodonizers of cotton and apparenily are anracted by thrips amd spider
mites which develop during the carly season {van den Bosch and Hagen, 1966
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Bohmfalk e af., 1983; Smith and Stadelbacher, 1978). The sources for these early col-
onizers are likely winder crops and weeds. & major source of colonizer ey spp.,
specifically the insidicus Mower bug may be ficld com. The insidious fower bug has
an affinity for silking com and is able io reproduce very effectively in this crop while
feeding on pollen and noctuid eggs (Quainiance and Bruwes, [905; Barber, 1936).
Movement of the insidious flower bug from com 1o colton ocours during mid-season
after the com s maiure, and when bollwoerms also move from com o colton. High
mostalily a5 a consequence of insecticide applications may reduce the potential value
of this predator at this time because i appears 10 be very susceptible o commonly used
insecticides, The minute pirate bug and insidious fower bug apparently have the great-
est impact in early 1o mid-season (Wene and Sheets, 1962, Smith and Stadelbacher,
1978,

Both species are important predators of thaps, mites, aphids, whiteflics and espe-
ciolly of eggs and small larvae of noctuids and other moth species in cotton [Ewing
and vy, 1943; Flescher and Thomas, 1943; Ighisky and Rainwater, [950; Whitcomb
ond Bell, 1964, Bell and Wihitcomb, 19%4; van den Bosch and Hagen, 1966;
Whitcomb, 1967; Ehler er of, 1973; Ridgway and Lingren, 1972; McDaniel o al..
1981 McDaniel amd Stecling, 19582, Fletcher aml Thomas (1943) identified insidsous
flower bugs as having preyed on the greatest percentage of bollworm eggs and larvae
on eotton, MeDaniel o of, (1981 ) and McDanigl and Sieding {1982} detected mdioag-
tive insidious Bower bug nymiphs and adulis that had fed on radioactive eggs and first
and second instars of bollwormfobacee budworm placed in cotton, Adults of insidi-
ous [lower bug consumed o mean of 0.7 and 4.4 eggs and licst instar bollwormes per
predator per doy, respectively, in laboratory studies (Lingren of of, 1968} In
California, the mimste pirate bug is an important part of the natural enemy complex
influencing bellworm, cabbage looper, and beet ammyworm abundance in cotton (Ehler
el al., 197%; Eveleens of al., 1973; van den Bosch and Hagen, 1966}, As predators of
the pink bollworm, the minuie pimte bug prefemred first instars over eggs {(Hennehemy
amd Clayion, 1985; Orphanides e al, 19711

Factors that may impact on the ability of flower bugs o colonize colton imeolve the
interaction between the cotton plant, prey available on the plant and the predator iself.
Significant reductions in the numbers of insidiows flower bug were found in necian-
leas and pilose cotton compared to more typecal colton varicties (Schoster ef al., 1976;
Shepard er al, 1972). Higher numbers of flower bugs were closely associated with
higher numbers of mites and thnps (Yokovoma, 1978, Swihz amd Stem, 1973;
Conzalez amd Wilsen, 1982) on cotion plants in the S3an Joaquin Valley. The highest
proportion of minute pirate bug nymphs was found on fruit during peak squaring.
Audulis were found higher on the plant than the nymphs, and there was a predominance
of this species close 1o the plant terminal {Wilson and Gutierrez, 1980,

Ants—Alihough many predabors feed on bollworms, whacoe budworms and cotton
fleahoppers, ants, specifically fire ants, Solenopsis spp., are the only ant predators in
cotion fiekds that play a significant role in the suppression of these key pests incloded
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in the TEXCIM meodel {Hartstack and Sterling, 198%; Haristock ef of., 1990). Fire ants
are also imporiand predators of the colton leafworm (Gravena and Sterding, 19831
Oiher predator proups such as green cewings may be imporiant predators of both
bollwormiiobacco budworm andfor cotton fleahoppers but nod boll weevils, For the
characteristics necded for dentification of the species of Salemopars, soe Hung er ol
(1977,

The red imporied fire ant, Solenopsis bvicra, appears io be the most important
species of fire ants in colion agroccosystems of the United Siates because of iis distri-
bution, abundance and predatory aggressiveness. It is currenily disiributed over the
southeasiern United States from Morth Coroling o central Texas (Vinson amd
Sorensen, 1986) which constitutes a large poction of the Coiton Belt, Iis geographical
distribution is thought to be limited primarily by physical factors (Lofgren e al,,
1975), To the nogh it is limited by the zero degree Falrenheit sotherm (Pimm and
Bartell, 1980) and o the west by dry, desen condittons (Techinkel, 1982), Red
imponed fire ants can become very abundant under certain conditions, approaching
2500 small colonies per hectare (Lofgren of af,, 1975),

The black imported fire ant, Sefenapsis rchteni Forel, is currently found oaly in
northeast Mississippi and northwest Alabama, but may ultimately spread into nonhern
Arkansas, Georgia and sowhern Teanessee (Vinson and Sorendon, 19860, Linke is
known of its predatory impact on the pests of colton,

The tropical firg an, Solenopsis geminata (F), occupies a geographical distrbution
in the United Seates ranging from Texas o South Caroling along coastal regions, It is
probably the most common fire ant species in the Bio Grande Valley of South Texas
and o Mexico, D biology is similar to the red impored fire ant (Vinson and
Greenbery, 1986),

The last fire ant 1o be considered here is the southem fire ant, Solferapsis xdoni
MeCook, which can be found inkusd from Califomin 1o North Carolina {Vinson and
Greenberg, 1986), Where the mound of the other species tends o be elevated, the
southem fire ant mouwnd is (at,

Individuals of these four species of ands are considersd 10 hove an equal impact as
predators of plant-Teeding insects in cotion fields o simplify assessmendt, Thus, a trop-
ical fire ant worker is considered 10 be equal to o red imported fire ant worker as a
predator of cotton Nenhoppers, bollwormsfiobacco budworms or boll weevils,
However, as a specics, the red imported fire ant likely has a much greater impact on
plant feeding insects in cotton than the other thres species, Also, in areas occupied by
the red imported fire ont, the sther species have lagely been displaced (Hung er ol
1977

The Solenopsis species are lumped into o group referred o as “fire ants” duning the
remainder of this paper. However, there is a pavcity of information of the predatory
impact of the species other than the red imported fire ant, [@ safely can be assumed thag
there are some differences in the biologies and predatory impacts of the species; how-
ever, uniil the importance of these differences are clear, an assumption of similanty 15
made, Even within a specics, there may be differences between colonics. Some of the
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red imported fire ant colonies have multiple queens and some have single queens, The
worker ants from a single queen colony forage out amld back o the sune mound.
Worker ants from mubtple quesn colonies may forage out of one mound inloe a secomd
mound which functions as a “supercolony’ | Bhakar, 1988), A major difference is that
single queen colonies vary in density from 15 10 30 mounds per scre convpared ta 1340
to 500 mounds per scre with moliiple queen colonies. This difference in behavior by
ants from different colonies ubimately may prove o have an imporiant imgact on the
effecacy of ants as predibors,

The biology and ecology of red imported fire anis has been reviewed by Lofgren e
al. (1975), Lofgren { 1986), and Vinson and Greenberg (1986 One of the main ways
that fire anis disperse is through mating flights. Since these anis select locations for
mound building that will be exposed to sunlight { Bhatkar, 1989}, such as crop land and
pasiures, they quickly colonize and occupy recenily planied cotion ficlds. Colonization
of a cotion field takes place through the foraging of workers from colonies outside the
cotton field and from new queens after & mating Might. Mated queens may fly up to 12
mibes (Banks er al., 1973) or more than 20 miles MWajcik, 1983) and thus, can easily
colonize large cotton fields rmpadly. However, new queens produce only mini {very
amall) workers (Fincher and Lund, 1967} which are unlikely to have a major impact
as predators of cotten pesis. More than a month may be required befose a newly colo-
nized queen will begin o produce the mipor workers necded for predation of pests,
The worker ants ihat colonize coiton fields from established colonies ouside the cot-
1om field consist of minor and major workers that readily attack and kill cobion flea-
hosppers, bollwonmfiobacco budworm and boll weevils {Hanstack and Sterling, 1989),
Colonization of cofton fields by old colonies is iriggeved by several facioss including
the anrzction of worker ants to aphid honeydew (Mielsson e al,, 1971), and conon
plamt pectar (Agnew e al., 1982). However, its primary diet and attractant consists of
insects and olher small invertebrates {Wilson and Oliver, 1969),

Though fire ants are polyphagous (feed on many kimds of food) predators, they do
mol pauperize the entire predator and parssile anhropod popalations of cotion felds
(Sterling o ol 1979), OF course, antz can kil individuals of many species of natural
enemies such as the parasites Cardiochiles nigriceps (Lopez, 1982) apd Bracow melli-
tor Say (Stwrm, 1989, Swem and Sterling, 1990, and predacecus ground beetles
(Brown and Goyer, 1982}, Though these stalements may seem contradictory (Lofgren,
1986), there is o distinet difference between “pawperizing o fmna (animal life indabie-
ing u specific environment )™ and killing some individuals of a species, To pauperize a
luns, certaim species are either eliminated or drammecally educed 10 abundance due
b0 some factor, To be able o clam that ants have o magor impact on a species of par-
psite or predator, detsiled life wbles of the parasite or predator that clearly show the
impact of ants are necessary, There should be clear evidence of indispensable monal-
ity (Southwoosd, 1978) due 1o the ants on the parasites, similar to ths shown for ants
on boll weevils by Swrm ef of,, {1989, Another source of convineing evidence af the
impact of o patural enemy is produced by models sech as TEXCIM (hat can predict
the dynamics of pests based on counts of natural encmies (Sieding e af., 1993),
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Cotton Fleghoppers. Breene of af. (1990), in laboratory studies demonstrated the
imporiance of the red imported fire ant as a predmor of the cotton Neahopper. The pre-
dation rabe was described as a function of both ant and cotten (leahopper abundance.
Al the highest ant density, 100 percent of the fleaheppers were killed in 24 howrs, Field
evidence of predation on fleashoppers by these ams is provided by Breene e af. (1988,
1989} who found radiclabeled ants after field releases of radiolabebed fleahoppers.
This predation takes place primarily at night so tat it is infrequently observed during
the day under field conditions.

BollwomyTobacco Budwormn. Radislabeled bollwonmyiobaccs budworm eggs and
larvae were rebeased in East Texas and the imported fire ant was shown to be a key
predator of eggs (McDaniel and Sterling, 1979, 1982) and larvae (MeDaniel er af.,
1981} {Plate 3-12). The rate of egg predation by ants is partially a function of temper-
siure (Agnew and Sterling, 1982).

Boll Weevils. Fire ants are the only key predators of immsture boll weevils
(Sterling, 1978: Sterling & al, 1984). These ants primarily attack immature boll wee-
vils while they are feeding inside squares (fower buds) (Swrm and Sterding, 1936).
They also aitack immatures and soft adulis in pupal cells when a boll splits at matura-
thon (Agnew and Sterling, 1981). The hard exoskeleton of the adult boall weevil pro-
vides an excellent defense against ant predstion so te impact of ants on adull weevils
is minimal, The linitations of predation by fire amts is that they gencrally do not enter
green sgquares on the plant por do they enter grsen bolls before twy split in search of
boll weevils. However, afler the square has dropped 1o the soil surface and has begun
1o decompose, anls readily chew a hole, enter and kil the weevil inside (Swrm, 1959,
Sturm anc Sterling, 1986, Starm er af,, 1959, 19940,

In Texas, the mle of predation on colons of boll weevils rnges from 0 percent in
western Texas where lire ants ane absent to 100 percent in Delds of eastern Texas where
anis are sbundant (Fillman and Steding, 1983, Starm and Sterling, 19900 Sniem o af.,
19689 The red imposted Dire ant 15 a magor boll weevil monality agent m East Texas
and has s greatest impact during Aogust (Staom and Stecling, 195960; Sturm ef af.,
19K These ants are ned equally abundant from field to fekl, thus canm automali=
cally be depended on for weevil control, However, in fields where they are abunckam,
colion can be grown withowt nsecticidal control of boll weevils, especially if delayed
planting and early stalk desmuction practices are employed (Sturm e af, 15981
During an eleven vear perod, hgher avernge vields were oblmined in unsprayed phots
containing onts than in plots where insecticibes were used to control cotlon pests
(Sterling ef af., 19841, Ant predation was o key mortality fector of the boll weevil in
eastemn coastal regions of Texas (Fllman and Steding, 1983; Stomm er al., 19900, A
density of 0.4 ants per plant was sufficient to control boll weevils 90 percent of the
timee (Filkman amd Steclimg, 19853 The removal of ants from colton febds resulied in
the mesurgence of boll weevils compared (o bBelds where ants were wndisiurbed
(Sterling, 1984; Sterling or ol 19849).

Fire ants are one of the ten groups of predators used by TEXCIM (Sterling ef af,,
1¥3) bo predict the phenology and abundance of pests in cotbon. This model uses Rekd
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counts of these ten groups of predators to forecast the shundance amd ccommics of
bollworma, tobaceo budworms, cotton fleahoppers, and boll weevils amd their malii-
pest economics. The TEXCIM model (Sierling er al., 1993) can be used 1o forecast the
cconomic benefits of ant predation and the desiccation of boll weevil larvaee in
abacised (Fallen) squares as well as the cost of boll weevil injury. This model is based
o o detailed undersianding of the biology and ccology of the ball weevl, Hs interac-
tron with the cotton plant, and is interaction with other berbivorous (plant-eating)
species and natural enemics.

Although fire ants sting humans, damage some crops, and short oul electrical sys-
tems (Lofgren e al., 1975; Lofgren, 1986, Vinson and Sorensen, 1986), they also are
important natural enemics of some very mmportanl pests such as boll weevils, boll-
worms, Wobecco budworms, Meahoppers, ticks, and sugarcane borers (Sterling o ol
1979, Thas, it 15 nad accurate to label fire ants as aither pests or beneficial insects with-
oul qualification because uwnder some conditions they case more harm than good
while in others, such a2 in cotton Hields, they may make a profitable contribution. Fire
ants con be “bepelicial or harmiful 1o the same plant or animal species depending on
the time of vear andior developmental stage of the species, environmental conditions,
or the siatus of the ant colony itsell™ (Lofgren, 1986},

SPIDERS

The ecological rode of spiders in the suppression of collon pests has been the sub-
ject of debale in the face of a large shorage of data. The theory of spaders as biclogi-
cal control agents has been deall wath by Riechert and Lockley (1984) who have
expressed concern thaot biological contrel efforts have been more concemed with
“putiing out fires” rather than preventing them. They conchude that no single spider
species can hold a prey in check and that even an assemblage of spider species can
lave Liitle more than a “boffenng effect”. The arpument prevails thal spiders are gen-
eralisi predsiors and do nod form a tight linkage {i.e., prey specificity} in a densaty-
dependent fashion with any particular prey species. Data by Mentwig (1986) however,
contradect ihis notion since he fownd severnl species that were prey specialisis. Most
spiders have only about one perersiion per year, and have no way of increasing their
mumbers in response o prey density by local reprodection (Tomball, 1973) However,
spiders may respond to increased prey density by shrinking their searching termitonies,
by recruitrsent and by colonization (Goodenough er o, FO2G). Thos, it generally has
been comcluded that spiders can maintain prey at low densities but they are largely
incapable of redwcing the abundance of cuibreaks. We think that this conclusion tends
b overgeneralize and that, until the e role of mose spider species is known, it is pre-
malure b come o conclusions sbout spiders as a group. There is evidence that some
spiclers when operating in conjunction with other mortality factors, can not ealy main-
tain Jow prey populaons but can also suppress them below economically damaging
lewvels, Spiders have plaved a role in the redoction of crop damage in apple orchards
(Mansour ef ol 19801, in sorghum (Homer, 1972; Muniappan and Chada, 1970a), and
in pice (Kiritand ef of,, 19725 Kintan: and Fakiva, 1975)
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The evidence that spiders play a role in the dynamics of pest species in the collon
eoosystem 15 sull patchy and far feom complete. There 15 an abundance of studies in
other agroecosystems as reviewsd by Nyfleler (1982 and Myffeler and Benz {19875
A considernble body of wodk dealing with the geptification or feeding ecology of spi-
der inhobitants of cotton lekds s avalable (Dean and Steding 1987; Lockley and
Young, 1987; Nylfeler ot al,, 1986, 19874, b, ¢, 1988, 1989, Whitcomb and Bell, 1964;
Young and Lockley, 1985, 1986}, Whitcomb and Bell (1964) identified 160 species of
spiders in Arkansas cotton fields whike Deon ef al., (1982} identified 97 species in East
Texas and Leigh and Hunter (1969) found 34 species in California and Skinner (1974)
observed 154 species in Alobama and Mississippd cofton fields. Young and Edwards
{1990} listed 308 species found on cofton in the Undted States. Many species found in
codton fields are only temporary residents. However, other species frequently are foand
in fairdy large numbers and over broad peographical areas. Dean and Sierling (1987)
ohserved that crab spiders, Misimnenops spp., simiped bynx spiders, hovopes salifcs
Heniz, and long-jawed orb weavers, Tetragnaiha laborioss Heniz were amang the
muost abundant taxa of spiders in cofton theoughowt Texas. [n gencral, about half of the
predacecus arthropeds in cofton are spiders (Fochs and Harding. 1976}, Because of the
number of species of spiders considered imponan in cotton, it is only possible here to
present a general review of the group and to cite sources whene more specific infor-
mation can be obtained. Roth ( 19%93) provides keys and taxonomic differences for the
identificatbon of spider species found in the United Siates. Breene of af. {1993) discwss
the biglogy, predation ecology, and significance of the 146 spider species collected
from codton in Texas and inclode a key and illusirations of the spiders,

The smdies that have been conducied are important to our understanding of spider
dynamics and feeding habits, but provide limited evidence of spider impact on key
pests of cotton, Dean and Steding {1987} reporied that overall, spiders may have a pos-
itive or negative effect depending on wheiher they are feeding primanily on pesis or
other predators,

. Twenty-iwo spider species are known 10 prey on the colion
feahopper {Dean ef al., 1987). Though some insect predators prey on fleahoppers, spi-
ders apparently play a dominant role in suppression of the coton fleahopper {Broene
et al., 1989b). However, some of these species are of much greater imponance than
others, The sudies of Dean er o, {1987), Breene and Sterling (1988) and Breene & al,
(1988, 19859, b, 19940} indicate the st important spider predators of the cotion Aea-
hopper in Texns (Table 4),

The striped Iynx spider generally constitules the most important predator of the col-
ton Meahopper (Plate 3-13), In East Texas, the striped byng spider comprased 23 per-
cent of all spidérs collected in cotton (Dean of of., 1982 and wos abundant throughow
Texas (Depn and Steding, 19870 I also dominates in sovbean and collon ecosysiems
in Mississippi (Pitre ef ol 1978), The soped lynx spider has a somewhat Bmared prey
ronge and apparently shows some preference for members of the Heteroptern and
Homepiern becanse 71 percent of its prey ems belong o these orders (Lockley amd
Young, 1987), This spider 15 an active leaper and can be mecognized by cight eyes in
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Table 4. Spider predators of the cotton fleahopper in Texas,'
Index of efficacy for Deahoppers

Cirotps (Family) and Specics MNymphs Acules
i i ik 0.9 0.9
Metaphidippus golathea
Hewizia palurarim
Phidipgus anday (black and white jumping spider)
Lynx spiders (Oxyopidac) 0.7 0.7

Oyyopes salticis (sriped lynx spider)
Peucetia viridans (green lynx spider)
Cheiracanthimm inclisim (winter spider)

Crab spiders (Thomisidae) 0.5 0.4
Misimmenops celer (celer crab spider)
Web spinning spiders 0.4 0.3

A rEmRIOR e RN
Tetragnatha laboriosa (long-jawed orb weaver)

From Breeens of al. {1989%) and Hartstack of al. {1990k A value of 10 would have the highes efficency
rating against the colton Ncahopper whike a value of 0 would indicale no efficacy. The index values relate

o the consumpion rates of cotton fleabopper by these spider groups.

the form of a hexagon on the carapace (the top pant of the head and thorax), karge
spines on the legs, and a black stripe on each of the chelicerse (first pair of appendages
of the head that ase used as jaws; they terminate with fangs that are used 10 help cach
prey) and with four longitudinal gray bands on the carapace, The female avernges
1Meh inch (5.9 millimeters) in length and the male, abouwt 1£5th inch (4.7 millimeers),
There are one o two generations per vear, Other features of 1ts biology are available
Fromm Whitcomb and Eason (1967, It is founsd in many habitas (inclusding crops), but
primarily in grassy ancas; it 15 founsd throughout the Cotton Belt (Young and Lockley,
19850, Overwintering oocurs in the second o seventh instar bt asults con be founsd
year-round in warmer arcas, Dispersal, which s mostly accomplished by earier
instars, 15 achieved by ballooning, o methosd spiders use w0 “fy”™ through the air on o
strand of silk from their spinnerets (located o the end of their abdomen).

The green byns spider, Perceria vicddons (Hentz), which 15 found throwghout the
Cotton Belt, 15 one of the kirgest spiders in cotion felds and consumes large numbers
of cotton feahoppers (Nyffeler e af., 1987a), Females average about 58ths inch (16,2
millimeters) in length and the mabes, about 172 inch (11.9 millimeters), The eyes and
legs are similar 1o that for the strped lyox spider but the green lynx is green in color
ond is larger. There is one generation per year. Details of its life history are available
from Whitcomb e al, {19660, It is usoally the larger instars (hat move inte cotfon in
Junee aned July,

The winter spider, Chefracanthiin frchiesn (Hente), is not & orue lyng spider but is
placed in this group becauses it has a similar efficiency mting (o the bynx spiders (Plate
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314} li has enc (possibly two) generation(s) per year and overwinbers a5 a labe instsr
or aduli. Distinguishing characters include two rows of eves, a lanceolate mark on the
abdommen, and is cream colored to light brown {occasionally pale yellow to pale grecn).
The female is about Wi2nds inch (7.2 millimeiers) long and the male is 15064ths inch
(5.8 millimeters). It is noctumnal (active ai night) and hides during the day in tube webs
in the tips of rolled leaves or bracts of cotton fruit. 1t is widely disiributed and feeds on
a wide range of prey. Peck and Whitcomb (1970} studied the biology.

Crab spiders are ambush predators that sit and wait in the terminals of cotton planis
{PMlates 3-15 and 3-16), They are the most abundant taxa of spiders in ihe wesiern pan
of Texas (Dean and Stecling, 1987), Muniappan and Chada (1970b) reported on the
biokogy of Misimnenops celer (Hentz). They can be recognized by their crab-like first
1w pairs of legs, which are the longest. The females are abowt 1 1/6dths o 1 TV6dtha
inch (4.4 w 6.7 millimeters) in length and the males are about 1/16th 10 3/32nds inch
(1.5 to 4.0 millimeters). There are one to two generations per year. They are found in
many types of habitats and have a varisble diet.

Jumping spaders (family Salticidee) prefer to attack prey with high activity levels
and crawling velocities (Freed, 1984) (Plate 3-17). However, jumping spiders will also
prey on sessile prey (prey that do not move about) such as bollworm eggs (McDaniel
and Steding. 1979, 1982), They have three rows of eyes with the eyes in front the
largest. They have a compact rectangular body with stout begs, The size of the aduli
ranges from about 1/8th to 19/32nds inch (3 to 15 millimeters) in length depending on
the specics. The color vames greatly from light o imidescent 1o black with combina-
tions of colors. There generally 15 one generatbon per vear and they overwinter as lale
incstars and adults. They are found in many habitals and are widespread across cotton
ErowWing areas.

Web spinners (familics Arneidae and Tetragnathidae) vary greatly in color, size |
5f6dths 10 ] and 1710t inches (2 to 28 millimeters) in length], and shape but all make
some type of web (orb, tangled, or in-between) 1o caplure varous types of prey, More
than two-thirds of all orb weavers in cotton in Texas consist of five species: sar-bel-
lied orb weaver, Acanthepeira stellote (Walckenaer); Neoscona  arabesco
(Walckenacr), Gea hepragon (Hentz); long-jawed orb weaver, Terragnathe laboriose
Hentz; and, feather-legged spider, Dloborus glowrosus (Walckenoer), More than 99
percent of their prey consists of insects, (mostly aphids) and less than 1 percent being
spiders {Myffeler er al., 1989),

Bollwormy'Tobaseo Budworm. Spiders feed readily on bollwormAobaccs budworm
eggs, larvae, and adults (McDaniel er al., 1981; McDaniel and Sterling, 1982;
Whitcomb, 197 ). Their imgact on thess species is bess certain than their impact on the
cobion feahopper and it depends on the abundance and efficacy of the vamous spider
species (Hanstack and Sterling, 1989). Although most of the evidence of spider pre-
dation is on bollwormbobacco budworm larvae, the green lynx spider has also been
observed seizing bollworm and cotton leafworm moths (Whitcomb and Bell, 1964},

Eoll Weevils. The impact of spiders on the boll weevil is limited 0 the repons of
Whitcomb and Bell { 1964) that the black and white jumping spider, Plidipprs anday
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{Hentz), has been observed feeding on an adull boll weevil in the field. They also
observed spiders of the family Lycosidoe including the woll spiders Gladicose grlesa
Walckenacr, Hogne prisctidate (Hemtz) and Veracosa avara (Keyserling) feeding on
Bl weevil adults in the laboratory. However, there are other species capable of fecd-
ing o this pest. Black widow spiders, Larrodecus mactans (Fabricius), feed readily
on the legs of beetles. These spiders have very small mouthparts so that they are only
abde 1o suck the bady Nuids of large prey through their legs. Also. the green lynx spi-
dir las been observed o feed on an adull boll weevil in the field (Breene & al., 1993).
However, there is cumently no evidence that any spider species can kill immature boll
weevils within the fiuat.

Chbwer Cotton Insects. Radislabeled pink bollworm moths were Killed by the fol-
bowing three spaders: woll spider, Pardesa nnlviine (Hemz), juoping spider, Plevippies
pevkaedli { Audoing, and Black and white jumpang spider according 1o Clask and Glick
(1961). Thus, it is very likely that spiders also feed on sther adubis of cotton pests such
s collon lealworms, Nine spider speches were ohserved o feed on pank bollworm lar-
visz in southern Californka (Orphanides e o, 1971). Eggs of the cotton leafworm are
fed upon by green lynx spiders, winter spiders, gray dotied spiders, il {=Aysha)
gracilis (Hentz) and the orh weaver spider, Neascomna arabesca and first instar larvae
were fed on by crab spiders, long-jawed orb weavers, gray dotted spiders, green lynx
spiders, winter spiders, and the jumpang spader, Newrzio patimennn (Hentz) and an
ergonid (Gravena and Sterling, 1983). The cotton leafperforator, Bucculatrix
ihurberiella Busck, 15 atacked frequently by spiders of the genera Theridiow and
Theridula of the Famlly Thenduidase which are commonly called comb-footed speders,
in cofton fields in nohem Peru (Herrer and Alvarez, 1979), Spaders were able to sup-
press larval infestations of Egyvptinn cotton leafworm, Spedeprera linoraliz
{Boisduvaly, in lsreel (Mansour, 1987),

Myffeler (1982} has suggesied that because speders el other prediocs that they do
as mech harm as good in cotton fiekls, 11 this = 0 valid critieism of spiders, then it also
applies to many of the insect predators. Predaceons insects and spiders are generally
pelyphagous, In one sense, having o wide prey range is beneficial in that these preda-
tors can switch o elher prey when a prefemed prey becomes rare 5o that i 15 ol nec-
essary for them to leave the cotton Gield to prevem starvation (Murdoch, 1969],

ECONOMIC IMPACT OF PREDATORS

Using the TEXCIM maodel it is possible to relrospectively estimate the valee of preda-
tors of cotton fMeahoppers. bodl weevils, or bollworms and tobaceo budworms, An exam-
ple (Table 5) shows values of Reahopper predstors for five years in umreated cotlon
Ficlds in East Texas, As a group, web spinning spiders had the greatest average economic
impact [$1.78 per acre (54.40 per hectare)] over the growing season. Lynx spiders [$1.47
{53.63)) were nexi, followed by red imported fire ants [51.06 (52,62 )|, predaceous bugs
[S0.40 {5.99)]. crab spiders [S0.38 (5.94)] and jumping spiders [S0034 ($0.84)].

Care musi be exercised i interpreting these values. A farmer using no insechicades
would make an average profit of 5544 (31344 per hectare) more per acre with preda-
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iors than without them. Thas does not mean thal wang predators 15 always more prof-
itable than wsing insecticides for feahopper control. It means that the valoe of preda-
tors mast be taken into account when deciding whether to use insecticides if all cosis
amnd benefits are taken inlo consideration in making management decisions.

Toable 5, Walee (3) of predatars of the cotion Neshopper for the indicated years.!

Predators 1976 1979 1980 1981 1989  Avcrage
Firc ants 109 037 014 358 03 106
Lynx spiders D85 048 011 539 054 147
Jumping spiders D48 013 018 051 038 0
Crab spiders 066 008 011 03 0TI 038
Web spinning spiders LIZ 147 022 521 050 178
Predaceous bugs 048 008 010 047 087 040
Todal 468 261 086 1550 353 544

From Seerling et al. {19920

PARASITES

Although a number of parasite species associated with the cotton insect pest com-
plex have been identified, the emphasis in our discussion is on important pasasite
species of bollwormiobacco budworm. These pests are attacked by numerous species
of wasp and fly parasites (Table &), The most important wasp parasiles, in terms of
pumber of hosts parasitized, appear 1o be Micropdit's croceipes, Cordiochiles nigriceps
and Trdchogramme spp, Some of the more impoiant fly parasites ane Arclytas oo
morrius and Encelatorda brvand, These parasites will be discussed in the following
pages.

WASPS

Microplitis  croceipes—Une of the most imporant wasp  parasites  of
bollwomilobscco budworm lurvae is Micropitis crooeipes, an endoparsitic (devel-
ops inside the host) braconid, This parsite is found from New Jersey o Georgia and
west o Mew Mexico, Arizona, Utah and Oregon (Muoesebeck ef ol 1951; Marsh,
19T8Y, This parasite 15 commeon i Mississippn throwghout the colfon growing senson
(Lewis and Brazzel, 1968) and is reported 1o be active over o longer period of time than
any ofher parasite sitocking Melicoverpatleliothis (Stadelbacher er ol 1934}
Apparently Micropdins croceipes does not oocur in California (van den Bosch amd
Hagen, 1966). Microplitis cooceipes atiacks the bollworm, tohacco budworm and
Helipihiz subffern (Guenee), and is amoeng the most common and important pamsites
of bollwormtobacco budworm larvae in the United States (Coointance amd Broes,
1905; Lewis and Brazzel, 1966, 1968; Snow er al. 1966; Bourell e al. 1968
Meunzig, |W8; Lewis and Snow, 1971 Young and Price, 1975; Smith e al., 1976b;
Marsh, 1978; Dank=s er al., 197%9; Eger of al., 1982; Powell and Elzen, 198450, It often
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Tabde & List of representative parasites atiacking bollwormytobacco budworm in the

United Siates.

Ciroup Farmnily

Species

Wasps'
Braconicke

Eulophidae

Ichreumonidaes

Scelionidae

Trichogrammatidac

Tachinida:

Bracon planmotas (Cashran)
Cardiachiles nigriceps (Vienck)
Chalounss frsudaris (Cresson)
Cotesio marginiventris (Cresson)
Mereones anregrapha Muesebeck
Meteors laplvgmae Vienck
Microplifis croceipes (Cresson)
Microplitis felrine Muesebeck
Ragas perplesns Gahan

Euplecirus plandipenoe Howard

Campoletis favicirci | Ashmead)
Campolertis sovevensis (Cameron )
Crypines albitarsis (Cresson)
Hypaseter amndipes (Cresson)
Nerelin sayi (Cushman)

Neselia spinipes (Cushman
FPristowreris spinaior (Fabricus)

Telewonrnes hetiofitells Ashmead

TricTegramia spp.

Arclrvres manmoratns {Townsend)
Ceroeelta il (Curran)

Encelatoria armigera (Coquiller)
Encelatoria brvmn Sabrosky
Enphorocera claripeanis (Macquart
Enplrocera Torrdensds Townsemd
Enpharocera irelimomimides Townsemd
Craanrer Spp.

Crywinnercferetepris filvicamdea (Wallon)
Fhypfemiropdaage ypdantrine (Townsend)
Lespesia aletioe (Riley)

Lespesior archippivara (Riley)
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Tahle &. Conlinuwed
Grroup Family Species

Lespesia frenclit (Williston)
Metaplagia ecchdennalis Coguillen
MNemorille pyeste (Walker)

Palexorise faver (Curran

Viorda enerdfrons ( Townsend)
Withennia quodripustidata (Fabricius)
Winthemia rufoypicta (Bigot)

Dt from KromBein e al (1070
s Toom Arnaud | 1068}

parasitizes more than 30 percent of the individuals that survive to reach the larval stage
in field populations (Mucller and Phillips, 1983; Stadelbacher ev al., 1984; King o al.,
19850, Mucller (1983 reported that, although Micropdits croceipes fermales did not dis-
tinguish between bollworms, and wobacco budworms, parasite survival was higher in
bollworms than in tohacco badwonms,

Adult Microplifts crocefpes are large dark brown to Black wasps, with yellow 1o red-
dish abdomen (darker posterior]y) and legs (Plate 3-18). The wings are rather dark.
The female has a short ovipositer and antennae that are shorer [abowt 532nds inch (4
millimeters)] than those of the male [ abpar 156400 inch (& millimeress])),

Microplins eroceipes has three larval instars (Lewis, 1900a), The egg hatches from
36 o 48 hours after oviposition. The first instar larval stage lasts for approximately
four days, the second instar for abowt three days, and the third ingar for about one day,
The pupal stage inside the cocoon lasts for approximately six days, or the insect may
remain in diapause, in the prepupal stage insbde the cocoon for a vamable period of
time, Under feld conditions, the cocoons are found underground in a tunnel excavated
by the parasitized host lurva, Prepupae are induced into dinpause by bow temperaiunes
(Powell and Elzen, 1989, Diapause inducement at 59, 68 and 86F (15, 20, and 30C)
wis 100, 60 and zero percent, respectively, Short daylengths causs a higher rate of dia-
pause induction with appropriate temperatures, It took an avernge of % to 11 days for
fully developed parsite larvae 1o emerge from the host, depending on the develop-
mental stoge of the host at oviposition (Lewis, 19706,

Although oll bellworm and obaces budworm (host) lorval stages ane subject o
aieack, Microplifts croceipes females preferentially attack third instar bollworm and
tobacoo budworm larvae (Lewis, 19706; Hopper and King, 1984), First and second
instar birvae are 5o small that they are difficult 1o find while Fourth and fifth instors pee
s barge that they can dismember the parasites with their mandibles (Herman and
Bomison, 19500, Late fifth instar lorvae (prepupae) ane unswitoble as hosts and pro-
duce no parasites if they are accepted for oviposition (Lewis, 19700, After parasitiza-
tiom, st larvae continue normal development to the fourth or fifth instar before the
parasite larvee emerge. Hopper and King (1%84) determined that bollwormdiobacen
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buwdworm larvae parasitized as secomd, thard, and fourth instars moved bess and dam-
aged fewer squares, blooms, and bolls than unparasitized larvae.

Microplifis croceipes is very hosl specific. Bollwormfiobacco budworm larvae,
however. aliack numerous plant species. Thus, the role of plants in the host selection
behavior of this parnsite 15 very imponiand. Microplifts croceipes has been reported oo
attack bollwormdobaceo budworm in many culiivated crops, incloding alfalfa, beans,
cofton, tobacco, tomabo, com and sorghum (Botirell er of, 1968; Butler, 1958
Burleigh, 1975, Lewis and Brazzel, 19068; MNeunzig, 1969, Shepard and Stering,
1972a; Smith e af, 1976b; Young and Price, 1975 Powell amd King, [984)
Parasitization in comn and sorghum is extremely low (Lewis and Brazzel, 1968
Meunzig, 1969, Smith ef aol., 1976b). Stadelbacher er al. (1984) repont that Micnoplinis
crpceipes parasitized bollwormftobacoo budworm larvae on more species of planis, in
Mississippi, than any other parasibe.

Mueller (1983} siudied the survival of Micropdins crocefpes in nine host insectfplant
combinations and found that survivorship was higher in host larvae that were reangd
on cotton than in hosts reared on either bean or tomato, Thus, the plant on which a
larva feeds also can be an imponiant factor in determining the probability of sucoess-
ful parasitism by this specics. The availability of nectar on the coon plant has been
determined to affect the longevity and Fecundity of the adult parnsite (Calderon, 1977},
Mean adult bongevity was one day less and fecundity was reduced by 49 percent on
peciariless cotton compared 1o nectaried collon.

Contact with the frass (excrement plus chewed upfreguigitated plant material) of
bollworm barvae results in an intense response by Microplitis croceipes Temales
involving a thorough antennal examination of the surounding substrme (Lewis and
Jones, 1971}, The owost active compopent from bollwonm lorval frass is 13-methyl-
hentriscontane, although the Females also responded o several related chemicals
tones er al,, 19713, The material on which te lrva fesids has been shown to affect the
response of Microplinis croceipes Females o host frass, Frass from bollworm larvae fed
on pink-gyed purple hull cowpea cotyledons was significantly more stimulatory than
wirs frass from larvae reared on a modilied pinto bean dict (Souls er ol 1979, Plants
also influence the degree of stimaulation of extracts of larval frass (Table 7).

Recent studies have clearly shown that keaming or conditioning is an important
component of the foraging behavior of Microplitis croceipes and other parasites (Drost
ef al., 1986, 1987), For exomple, exposure of Microplitis croceipes females o boll-
worm larval fross immediately before release of the parasites, resulied in increased
rales of parnsitization in the greenhouse (27,6 percent for stimulated femabes versus 0.0
percent For unstimulated females) (Gross ef of., 1975} The increase in parasitization
due o prerelease exposure 1o frass was coused by release of an intensive searching
behavior ond subsequent reduction of the fendency o disperse upon rebease. [noa ficld
shudy, 16 stimulated femabes remuined to search potted crowder pea plants with only
one dispersing, whike 21 unstimulated females dispersed, leaving only one te scarch,

Microplitis croceipes are relaiively woferant of many of the insecticides used in cot-
ton (King er af., 1985c; Powell er al., 1984; Bull ef af., 1987; Elzen i al.. 1987, Bull
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Table 7, Avernge scored host selection response of Microplitis croceipes females to
extracts of frass from larvae Fed on different plants or comonseed meal laboratory
et

Food source Average host selection response’
Soybean 1.6m
Colton 1.0b
Coltonsesd meal* 3¢
Com (i
'Means followed by different leters are significanily differem (P08 as desermined by Dascas’s mulis-
pMle-range fest.
"Dea from Mordbmd and Sauls (1521
"Barion {1970,

‘Bespormes, wene soored on @ thoee point scale. When a parsite made s eviensive exnminateon of § treated
spod with ber aniensae, exhibiled considerable exciiement, aml ooembosally probed wish by oviposice
{ipeesitive response ) om the firs pass, & woore of 3 was given. 11 & posstlve resposse was elicned on the sec-
ol pass, a woore of T was given, oo, When a parsite did nol respond alfter thnee dineot passes over the

trealed spot, a score of O was given (Lewis and Jomes, 19711, Bach replication coesissed of the meas soome
ol 1) parazites for each of e oo msserislc

ef al, {1989 reviewed studies of the toxicity of insecticides to adults of this parasite
and they identified the following general response pattemn: (a) organophosphorus
insecticides—highly susceptible 10 phosphorothionate-type chemicals, relatively 1ol-
erant of phosphates; (b) orgonochlonnes—highly susceptible to ¢vclodienes, relatively
tolerant of toxaphene, highly tolernt of DIYT; (¢} carbamates—olerant of oxime-type
compounds; (d) pyrethroids—highly tolerant. Elzen er el {1989 found that the carba-
mate methomyl (Lannaee®, Mudnin®) coused mortality significantly higher than a
mixiure of fenvalerate (Pydrin®) and chlosdimeform (Galecron®, Fundak®) or the
carbamate thindicarh {Larvin®). The relatively high bevel of ioberance to certain insec-
ticides which are highly effective agninsi the twobacon budworm may be exploited in a
management program that emphasizes conservation of natural enemies,

Cordiochiles migriceps—Ancther widely disiributed bracomicd, Covelfocliles nigei-
ceps, 19 found from Washingion D C., sowh 1o Florida and wesi o Kansas, Texas and
Mexico (Krombein er al., 1979 It is one of the more important parasices of wobacco
hadworm larvae (Chamberlin and Tentet, 1926; Grayson, 1944, Lewis and Brazeel,
1968: Meunzig, 1967 Johnson and Manley, 1983 Roach, 1975 Snow er al.. 196465,
Smith et af., 1976b). This specics can succesafully parasitize only tobacco budwonm
ardd Helioniis selyflexer (Lewis er ol 1967) and thus i5 even more host specific than
Mie rii s croceipes,

Al Condioehiles nigriceps are robust insects aboul 31 21hs inch (7 millimebers)
long with antennae that are approximately 15/641hs inch (6 millimeters) long (Plate 3-
19, The adult insect is black with a red abdomen, most of the hind and lower mid-legs
are also red. The antennae are black and the wings are very dark. The ovipositor is
showt and black and often concealed (Danks er ol 1979), Condiochiles migriceps is eas-
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ily recognized in the field, once the ohserver is familiar with this insect. The egg and
three larval instars are described by Lewis and Vinson (1968),

Cardiochiles nighiceps ovérwintérs in the soil a5 a prepupa in a cocoon (Danks e
al., 197% Lopez, 1983, Overwintéring adulis emerge in May in Morth and South
Coroling, Aprl and Jupe in Mississipps, April in Flonda, and early June in ceniral
Texns (Chamberin and Tehnet, 1926; Lewis and Brazzel, 1968; Boach, 1975%: Danks
ef al., 1979; Lopez, 1982}, There is the potential for overwinlering emergence o occur
throughout the summer in Central Texas (Lopez, 1982).

Female Candiochiles nigriceps atiacked and parasitized all five tobacco budworm
larval instars in the Beld (Lewis and Brazeel, 1966). However, late second and carly
ihird instar hosts are prefemed {Vinson, 19720

The rates of parasite development in the various host insiars are the same. Sall
haost larvae (first and second instars) comtinee to grow o the founh or fifth insiar afier
parasitization while those already in the fourth or fifih insiar when parasitized grow
very litihe (Lewis and Brazzel, 1%66). The time from oviposition o emergence of a
fully developed parasite larva ranged from 11 io 17 days an 80F (36.7C) with most of
them completing their development in 13 o 15 days (Lewis and Braeeel, 1966),
Developmental times of the egg to larval and prepupal-pupal stages of Cardiochiles
migriceps ai different constant iemperatures are given in Table 8, These results are sim-
ilar 1o those reporied by Chamberlin and Tenhet {19260, The bongevity of adules is tem-
perature dependent {Table 9} and with aduliz remaining active For approximately two
weeks (Vinson er al., 1973,

Tabde &. Average duration in days of egg-larval and prepupal-pupal stages of the par-
site, Cenlfochiles nigriceps, at different constant empertures,’

Average number of days
Temperatuire Egg-larval stage Prepupal-pupal stage
FiC)

G626 {17.00° 45.1 —_
G6R.0 (2000 184 -
TLI(22.5) 9.2 23.0
7025 14.8 19.3
B2.0(27.8) .9 14.8
B6.0 (30,00 0.7 12.8
90.5 (32.5) 8.3 12.2
95.0(35.0) 5.6 14.8

"Thaka Frods Buller o &l {1993)
‘Al chitan] bempoFunes. bolime TIF (250, the amects staved in diagauie.
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Table 2, Mean longevity in days of males amd females of the pamsite, Cordiochiles
migriceps, ot different constant emperslures,

Averape number of days

Temperiure Males Females
FiC)
G (200 25.6 216
T3 (X2.5) k] IR
TTi{250 197 202
£2 (27.8) 16.3 166
%6 (30.0) 10.7 94
Qi (32.5) 15.0 1249
95 (35.0) 8.0 64

Datn from Butler et al. (1953

Cardiochiles migriceps females will attack both bollworm and wbacco budworm
larvae, but no progeny develop in bollworm (Lewis and Braczel, 1966). Heliothis suls-
fexia is also a sutable host while Heliothis philoophaga Grote and Robinson is unsuil-
able (Lewis af al,, 1967; Lewis and Vinson, 1971). Cardiochiles nigriceps eggs or first
instar larvase are encapsulated by hemocytes (blood cells in the bady cavity of insects)
in bollworm larvoe (Lewis and Vinson, 1968; Yinson, 1968a), Poison gland material
and calyx Muid act synergistically to regulate growth of parasatized 1obacco budworm
barvae (Guillot and Vinson, 19720,

The host selection behavior of Candiochifes nigriceps females involves responses 1o
a mumber of semiochemicsls, The females are known to be altnwcted o a number of
plants in the field incloding tobacco (Vinson, 19758 devil’s claw [unicom plamt,
Probosidea lowisionica (Mill) Thellung], and pigeon pea, Cagiones cajiar L. (personal
observation), ot least of cerain stages in the plams’ phenology. Females of
Cardiochiles migriceps locate hosts that are hidden from view by responding 1o a
kairomone in the salivary secretion of (obaceo badworm larvae which is perceived an
comact with the salivary secretion (Yinson and Lewis, 1965; Vinson, 1968b) This
kairomone (chemical that clicits & response [rom the receiving insect) consists of thres
long-chain hydrocarbons (| 1-methyl-hentrizcontane. 16-methyl-dotnacontane and | 2-
methyl-hentriscontane) (Vinson et @b, 19753). A trail of this materal 15 followed by a
female parasite, provided that she is in the proper physiological state. Mo response 13
elicited by Fecal material or extracts of cuticle, while hemolymph (blood-like circula-
tory Muid in insects) elicits a negative “flight” response (Vinson and Lewis, 1965),

The response of Cardiochiles wigriceps females to the presence of tobacco bud-
worm larval mandibular gland {gland that is on. near or associated with the insect’s
meoaith) kairomone was studied in detail by Strand and YVinsen (1952) The female
walks in a relatively straight path prior to contacting a kairomone patch {area on & sur-
fwce with a concemration of kairomone ssunces). Upon contacting the paich, however,
the female stops walking, antennales the patch surface (e, searches the palch swrfnce
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with s antennac), and then enters the patch, In the patch, the parmsie™s movemsnt is
acoelerated and there is a much higher rse of wming than is exhibited paor g éntering
the paich, When the parasite encounters an edge, o usually will mum sharply back ingo
the patch, Thus, the patch is thoroughly searched For any larvae that might be present,

Coandiochiles nigriceps females also are able 0 discriminate agains previcusly
searched substrates on which first instar larvae had been feeding and against lurvae that
hod previously been parasitized (Vinson, 1972), First instars are small and the female
often mokes numerous ovipositor thrusis belore sucoessfully ovipositing in the host
The ovipositor thrusting may result in deposition of an epideictic pheromons on the
substrate allowing discrimination against the patch. The Dufour’s gland (a gland asso-
cisted with the sting or oviposition) has been identified as the source of a hydrocarbon
that medistes host discrimination by Cordiechiles nigriceps (Vinson and Guillod, 1972,
Cuallot er al,, 1974,

Trichogramma spp.—The minute wasps of the genus Trckegrarma have a word-
wide distribution and inchede over % nominal forms (Hung ef af., 1985) (Plate 3-200
These wasps ane parasitic on the epgs of other insects, primarily Lepudopicera, and they
are the most extensively used parmsite or predador for penodac release programs i the
world, with commercial wilization in ten countries (Ridgway and Mosrison, 1985). On
a worldwide basis, the three most commonly used species of Trichegranmne ang
Trichogranmma dendrodimi Matsomuomm in China (Li, 1983), Thichogramme evamescens
Westwoeed (Sens. Lal) in Evrope (Hassan, 1982 Vocgele, 1981: Yoromin and
Grinberg, 1981 and Trichogramma previostn Riley in the United Siates (Ridgway &
al.. 1981

The biosystematics of these minute wasps are not fully known, at beast in pan
because of their small size. Trichogrowwme evanescens for example was recemly
divided into two species: Teichogranmne evemrescens and Terclogrammng mandis
Pintureau and Voegele (Pintureau and Vocgele, 19800 Thorpe (1984) found 14
biparental and ome uniparemal species of Trichograrna in a 4,842 square feet (450
squane mekers) phot of weedy vegetaiion, Some of the more recent laxomemic ineat-
ments of the genus are Magarkatti and Magaraja (1971, 1977 and Pinto and Oaman
{1985).

Trichogramme exignms Finto and Planer and Trichograoumna pretfosimn were the
o most common native species in Pomland, Arkansas; Climton, Morth Carolina
(Hung et aol. 1985) and in Central Texas (Lopez ef aof., 1982). Trichogrowmng exigurnm
has a vellow head marked with ransverse lines above the amennal sockets, The tho-
rax and prongtum have brown spots on cach side, The brown colomtion is mone exten-
sive in the male, The exact range of Trichogromma exigrunn is unknown, but it is
found in Alabama, Arkansas, Missoun, Texas and probably as far south as Peru (Pio
ef al., 1978; Lopez et al,, 1982, Hung et af. 1985). Trichogrmmna pretiosivn hos o yel-
Tow head and thorax, The thorax is suffused with brown Tserally (.2, a brown cobor
ing with streaking on the sides of the thorax), The legs are light yellow, madked with
dark brown on the dorsum (the back or top side) of the femora (thard leg segmem
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lecated between the trochanter and the tibia) and tarsi (ihe part of the leg beyond ithe
tibia, consisting of one or more segmenis). The abdomen is yellow beown, darkes
mecdially at the posterion. This species is found throughout southemn Canada and ihe
United Simics, except the most southemn and southwestern arcas, and south o
Colonybia, South Amerca (Pinto of af., 1978 Krombein @ al., 1979 Boath of these
species are found in campesiral (Helds or open country) habitats,

The first appearance of Trichoegramma prettosun in the spring comesponds appros-
imately with the first general oocumence of bollworm eggs on corn (Quaintance and
Brues, 1903). [n a siudy conducted in Central Texas, Lopez o al. (1982} found
Tetchogranma parasitizing com earworm or bollworm eggs in com from the middle
of May uniil the com matred, The species invalved were Frichopramma exigrmn
(596 percent), Trichogeamnna prerioten (2009 percent), Trichogreawmng mafibyi
Magaraja and Nagarkaiti (6.1 percent) and Trichogramana mfoutron Biley (3.4 percent),
In codion, Trrchograunmg pretiosn was the most common species (78,3 percent) and
it was active through the middle of Seplember. In regrowth grain sorghum in
September and Ociober, Trichogramma exiguurn was again dominand (71,7 percent),
The study shows that Trichegramng exigiunm and Trichogramma pretionum are sctive
throughout the growing season. The generation time For Trichogranmme pretiosunr 15
eleven days in May, decreasing to eight days in July and August and lengthening o
gleven days by the beginning of October (Quaitance and Broes, 1905}, Lepidopterous
cpps parnsitized by Trichograonna wrn dusky black in color o few days afler being
parasitized and observation of an accummulation of Back eggs on colton plants in the
field incdicaes o high kevel of parsitization by thess parsites,

There is considerable dilference i the bongevity estimates For Trichogrmmma in the
Titerature Quaintance and Brues {1905) found that Trchograrmmra pretiosron adults live
al most four days witn an average life span of one and a half doys, Orphanides and
Goneabez (1971 found that mean ongevity vaned from 16,8 days to 2006 days with
varying host densities at T7F (25C), 80 percent relative humidity and o 13 hour pho-
tophase. MNordlund et al, (1976) found that the avernge adult bongevity of
Trichogromma prefionen Females réeared on bollwormftobaceo budworm eggs m
THAEF (2607 and 70 percent relative humidinty smd provided honey water, was 1006 days
for females that were nol in contact with moth scale extract and 12.2 days for females
in contact with this materal, Some of the femabes lived as long as 24 days. Keller and
Lewis (1985) found that the longevity of Trichogramne prefiosionr, which had been
reared on Sitotroga cerealella (Dlivier) eges, conditioned for release (Bouse and
Momison 1985) and held at ambient conditions in the field. vaned between 005 amd 3.8
days,

Trichograwune prefiomme and Trichogramma exigurom overwinber in the immatune
stages inside the host egg. Adults emerge during warm winter periods and are active
at relatively bow temperstares. Apparently, diapause is not involved and the decrease
in developmental mte is primanily doe o the lower winter iemperares (Lopez and
Morrison, 19380; Keller, 1986). Keller { 1986) reported that prolonged adult longevity
aof Trichogrannme exiginmt dee o low temperatares during the winier alse contributes
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1o the overwintering of that species. Mild fall eopermtures may have a considerable
impact on overwinlening populations because parasitization of host eggs oocurs rela-
tevely late in the fall when host eggs are scarce.

Trichogramma prefiosion was the only parasite reared from bollworm eggs col-
lected from sweet corm in southern Califosnia during a three vear study (1963 o 1965)
(Oatman, 1966), An average of 2.1 Trhichegraummn emerged per bollworm egp.
Parasitization rates ranged from O w 1 percent, Parasiization was generally higher
on sweet com matunng during the middle of the season { August) than on plantings that
matured earlier or later, Trichogranmma prefiosum ¢an be used to control cabbage
looper, and tobacoo hornworm, Manduca sexts (L., m Califomin tomatees {Omman
and Platner. 1971).

Semiochemicals play important oles in the host selection behavior of
Trichogramma, Trichogromma evanescens  responds (o kairomaones kel by adult
medhs (Laing, 1937}, Chemicals in bellworm moth scales can be used to increase the
raic of parasitization by Trichogroomng evasescens (Jones el al., 1973; Lewis ef af.,
1975). Bollworm moth scoles siimulaie an inbensive host location behavior in
Trichogranmn pretiosnm and trepfment patiern is imporant (Lewis ef al, 1979,
Becvers et al., 1981,

Semiochemicals from plants are also important. Alten of o, {1981 ) foand that water
cxbracts of Anarantfues spp. (pigweeds) and com significantly increased parasitization
of bodlworm by paturally-ocowming Trichopramma spp. and released Trichogramwma
prefosnn in soybean helds. Trichograumn spp. parasitized bollworm eggs at signifi-
canily higher rates on tomato than on com (Mordlund et al., 1984). Tomaio contains a
synomone(s) [a subsiance produced or acquired by an organism that when it contacts
an individual of another specikes in the natural context, evokes in the receiver a behay-
ioral or physiological reaction that is adaptively favorable to both emiatier and receiver
(Mosdlund and Lewis, 1976} that stimulates bost habitat location behavior in
Trichogramona pretioswrs (Mordlund et al, 1983a, b). Compounds in the sex
pheromone used by bollworm females also stimulate bost seleciion behavior by
Trichogramung pretioenn (Lews etal,. 1982), Onee a host egg is located, chemicals in
the acoessory gland secretaion, used by the female moths 1o allzch eggs 1o the sub-
strade, are imporiant in bost recognition (Mordlund et al., 1987).

Host plant resisiznce chasacters influence Trichogramma peetfosun parasitism of
bedlworm eggs on cotien (Treacy et all, 19R5, 1987 a, b), Fewer eggs were parasitized
on pilose cotion phenotypes compared 0 smoothleal and hirsute cottons due 1o inhi-
bition of movement of Trichogramme prefionm females over leal surfaces by the
higher density of cotton leaf irichomes (hairs). The nectariless charcter reduces para.
sitism of bollwormiobaceo budworm eggs when compared 1o neclaned cotton by both
Trichogromma pretfosur and paturally ocewurmng Trichogranmm spp.,

Adult Trichegranmne are generally highly susceptible 1o broad-spectrum insecti-
cides (Jacobs @ al,, 1984; Bull and Coleman, 1985), Thus, their wse in inlegraed pest
management and periodic release programs will hikely be limited 1o sysems where
insecticides are nod used or are wsed only spaningly,



BIOLOGY AND ECOLOGY OF IMPORTANT PREDATORS AND PARASITES 125

There has been considerable research effort expended w bring about practical use of
Trichogramma in periodic release programs. To date the results have been mixed
(Ridgway and Morrison, 1985 In the Uniied States, emphasis has been directed
toward wse of Trichegeanme peetfosun o control bollwormbobacco budworm on cot-
ton, a very complicated system, Ridgway and Momison (1983) wdentified scveral
resenrch argas that, if addressed, could likely remove techmical bamiers to the practical
use of Trichogromma;

sSelection of the most effective species or strain;

sReduction of boss of elficiency resulting from dispersal;

sImprovement of production and release efficiency;

sIncreased knowledge of the relationships between the numbers of

Trichogroomne and pests and changes in yield:

slmproved prediction and survey method for pests and natwrally occurring

predutors and parnsites; and,

+Design and implementation of insect management systems that will

climinate or substandially reduce insecticide interference.

FLIES

Archiyiaz marmoratns—aArchyvies monmerans is a large [about 12 inch long (12 w
13 milimeters)] iachinid parasite which is found throughout the sowihern United States
1o Perw and in the West Indies (Sabrosky, 1955; Saboosky and Amaod, 1965; Ashley,
1979) (Plates 3-21 and 3-22). It is a larviparows {(deposiis live maggots rather than eggs)
larval-pupal parasite can attack a number of lepidopterous hosts (Table 1. This
species is generally more abundant late in the season, though it was collected every
month of the year, except Febrnuary, near Brownsville, Texas (Vickery, 1929). Archytas
marmoraius is a major parasite of bollwormftebacco budworm and has been reared

Table 100 Hosts of the paragite, Arcldas marnoraii,

Host Sourcefreference
Black cutworm Thempson (1951)
Hyblaea preva Cramer Thompson (1951)
Meets veperada F Thompaon (1951)
Mecis lavipes Scaramazza (1946)
Leneaurter Latrersende Vickery (1926)
Fall armywaorm Wickery (1926)
Spendopvere lurifersera Painon | 1958)
ATy worm Vickery (1926)
Bollworm Hughes (1975)
Tobacco budworm Hughes (1975)
Helioghila spp, Wickery (1915)

Laplygura spp. James (1955)
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From bollwormtobaces budwomn larvae collected from alfall, com, cotton, sugarcanc
and tobacco (Quaintance and Brues, 1905, Vickery, 1926; Bibby, 1942, Botirell amd
Amaold, 1968; Bottrell et al., 1968; Neunzig, 1969, Miller, 1971; Shepard and Stering.
197 2a). Shepard and Sterling (1972a) found that 43 percent of the parasites recoversd
from bollwormitobacco budworm spp. larvae collected from cotton growing near
Angleton, Texas were Archyvias marmoratis, It was the only parmasite found mtacking
bollworm larvae in whoe and early fassel-singe com growing near Tilton, Georgia
(Gross et al., 1976

Archytas mavmoraims females larviposit their bluish green maggots on foliage rather
than directly on the host larvae (Hughes, 1975), Larviposition is stimulated by a
kairomone from the host, Nettles and Burks (1975) found that a protein, with a made-
cular weight of 30,000 £ 5,000, present in tobacco budworm larval frass, hemolymph
and whele body extract, stimulates larviposition. The maggots then attach themselves
2 horsts that craw] by amd enter the host integument; they kill the host afier it pupates
{Hughes, 1975).

During larviposition, the free-living first instar maggots are anchored individually
1 the substrate by the chorion, which is compressed and cup-like, enveloping the cau-
dal {rear) end of the maggot, The maggots lay horzonially on the substrate uniil ihey
are disturbed and then assume a verical position, and wave about in a circular motion,
Hughes (19753} found that maggots, larviposited on young corm plants in rearing rooms
(16 hours photophase, 55 percent relative humiidity) lived for 5 1w 6 days a 80.6F
(27C) and 13 to 14 days at 69.8F (21C). The maggots attach to st larvae and nor-
mally penetrate the host’s integument within 12 howrs. While the host's integument is
being cast off during molts, the maggots leave the old integument, move o the new
integument, and penetrate. This press continues until pupation, which occurs in an
underground wnmel excavalged by the host larva, During pupation the maggols move
from the old inegument over the surface of the pupae and enter under the posterion
wing pad margins. After penctration, the parasite begins development, goes through
theee larval instars and then pupates within the host's remains, Generally, only one
pupariwm is formed per host. Developmental times at 30U, are 22 10 46 hours for first
instar, 2 10 4 days for second instar amd third instar lasts for 3 w0 4 days. At 69.8F, the
e between host pupation and parasite pupation s 8 w 10 days (Hughes 1975}
Becayse the pest is killed in the pupal stage, parasitized larvae couse as much damage
on cotton as unparasitized larvae, Thus, this parasite might be useful in a long-term
population reduction program, but not for direct therapeutic confrol.

Hughes (1975} reared Archytas sxnmaonaties from fourth to sisth instar bollworm
andd third to sixth instar obacco budworm lorvae collected from tobaceo near Clayton,
MNorth Caroling, He found thay maggots would readily attach 10 second 1o fifth instar
hemsts,

Archytas manmoratus are relatively long-lived insects with females living longer
than males, Hughes (1973 reports that at 69.8F, females lived an average of 72,8 days
while at B0.6F, they lived an average of 51.2 doys; mabes lived 190 and 9.8 days at
these respective lemperaiunes, Adults emerge during warm periods in the winter and it
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appenrs that these adulis are able 1o survive the winter (Lopez, unpublished datay, Mo
dispause apparently is involved in the overwimering of this parasite at least when par-
asitizing bollwormiiobaceo budworm in the fall for overwintening. The females exhib-
ited w prelarviposittonal perod of 1406 and 10,9 days ad a laraposiion penod of 36,7
and 38,0 days at 69.8F and B0.6F, respectively, Fecundity was also influenced by 1em-
perture, with a mesn of 1845 and 2828 maggois produced per female at 69,8F and
BOGF, respectively, Gross and Jolmson (19850 report on procedures for brge scale
rearing of Archyias imarmorains,

Ewcelatoria  bryawi=—One of the most common  tachinid  parasites  of
bollwormftobaccs budworm larvae s Encelmforia van, (Jockson er al, 196595
Bryan ef al, 1970; Werner and Butler, 1979 It anges from Mississippi, north o
Missouri, west through Kansas (o Areona and south through Mexico to Micaraguea
and El Salvador (Sabrosky, 19815 It also has been introduced into India and
Trinidad for contred of Helicoverpaffeliothis (Sabrosky, 19518 This tachinid 15 a
small [ 2nds to 5716ths inch long (4 to & millimeters)), active, gravish-Mack fly
with a reddish tinge at the tip of itz abdomen (Plite 3-23). This parasite also can
attack cabbage looper larvae; however, for all practical purposes it is limited o ball-
wormftohacco budworm larvae. It kas a moch maore nammow host range than does the
closely related species, Ewcelmforie amigera (Coguillett), found in Califormia
(Bryam ¢ al, 1970). Ewcelatoria sp. (probably Evcelatoria bryani) was the maost
common tachinid parasite of bollwormftobacco budworm trapped by Wemer and
Butler ( 1979) in cotton near Ploenix, Arizona [t was most commen in late June and
early Tuly,

Most published studies on the hislogy of Ercelansria brven have used fourth and
fifth instar bollwormdtobacco budwonmn larvas, However, Ercelamtoria el cam sue-
cesalully parasitize second through Gfth instar and prepupal bollworm larvae in the
laboratory (Mantin et al., 1989). These findings mean that this parasite may be a more
prising bisdogical conrel agent than was previously though because it can attack a
brossler range of larval stages.

Ewcelavorta brvard has theee larval instars: the first insiar stage lasts for abow 28
howrs; the second for about 32 hours; and the ihrid for about 36 howrs at 84.2F {29C)
(Ziser and Menles, 1978) The larvae then emerge from the host, form puparia (hard-
ened cases in which the pupa is formed) and pupate. Emergence from the host in the
field occurs from the fully developed best larva that has dropped from the plant and
excavited o unnel underground in preparation for pupation. Emergence from the host
andd formation of a puparium occurs: (a) when all available food is consumed, (b) when
the maggot has reached maxiom size; or (c) if the humidity of the maggot's envi-
ronment decreases (Kiser and Metiles, 1978} As withy insects in general, lemperature
has @ magor infleence on e tme required For development and on the longevity of
this parasite {Tables 11 and 120, Eveelaronta brvanf is simalar 1o Archylas marmoraius
in that the adults emerge duning warm periods in the winter and the adults ane appar-
ently able 1o survive the winter {Lopez, unpublished data).
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Table 11, Average length of developmental stages in days of the parasite, Encelatoria
Beyveni', 10 tobacco budworm al dilferent lemperatunes®,

Rearing
Termperure
Averape number of days Averige tdal number of days 1o
FiC) Larval Pupal complile development

59 (15 14.2 324 4.6

68 (20) 67 14.9 2.6

TTi25) 4.7 89 116

86 (300 3.8 7.3 11.1

*Encefarorio sp. from Bryan of sl {1970 was later identified as Evcelarnia bryamd by Sabeocky (1981).
Tt Erom Bryan et al. (19700

Table 12. Average longevity in days of males and fernales of the parasite, Encelaton
Fryerid, under different constant iemperatire regimes.’

Average longevity in days

Temperature
F{C} Male Female
6F (2000) 525 613
1725000 .0 44,1
B (A0U0) 211 3.0
o0 (32,2} 14.8 129
05 (35.40) 11,1 7.5

Thata Froem Bryan of al, (1972,

The prelarviposition perod of Ercelatoria bryani females ranges from five 1o nine
days and the lrvipesition penod mnges from one 1o 29 days, depending on lempera-
twre, Larvipasition by Encelaloria bryani peaks during the first 10 days of the female’s
larviposition penod, when the insects wene held at B6F {30C). Eucelatoria bryani par-
asitized more larvae, in the laboratory ot 77 to 86F (25 to 30C) than at lower (68F) or
higher (90F) iemperatures (Bryvan et al., 1972}

The host selection behavior of Eucelatoria brvand females involves responses o a
number of semiochemicals, They are atiractedio a variety of plants by volatile semio-
chemicals, Mettbes { 19805 found okra leaves to be mone attractive than colton leaves,
Martin et al. {1990 found that several other planisfplant parts, including com silks,
pigeon pea flowers, tobaceo Alowers, tomato beaves and sorghum panicles are atirse-
tive to femabes, while devil™s claw {unicom plant) leaves and cotton leaves are not. A
kairomone from the cuticles of tobacoo budworm larvae, which is extraciable in chilo-
roform: methanod (1:1), induces larviposition belavior in Evcelararia bevad females
{Burks and Meitles, 1978). The hosis’s dict affects the attracivencss of the host in an
olfactometer (Mettles, 19800 The flies do not respond 1o cither southem army worm,
Spodopierns eridanie (Cramer), or salimarsh caterpillar, Estigrene acrea (Drory),
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Mettles (1982) reposted that Mies aggregated on Mlterpager that had been treated with
variows materials from tobacco budwomms, including fresh frass, hemolymph, vomi,
and a hexare extract of frass.

Ercelatoria bryani females stand on the host lanva to larviposit, and in a single very
rapad motion, wse an abdominal barb to rp the bou's integument and the oviscapt to
inject maggots indo the host, Jackson of al, (1969 reported finding as many as 20 mag-
gols in a single host immediately after parasitization.

SUMMARY

By improving our understanding of the biology, ecology, and impact of predators
and parasifes, it has been possible to develop models capable of forecasting the eco-
nomic impact of pests and their natural énemies. Though there has been considerable
progress, there is a great need for éxpanding and validating models under practical
field conditions. This showld kead to systems in which it 15 possible to accurately esti-
mate the o costs and benefiis of all pest management actions.

Claims of the imporance of various groups or species of natural enemies in check-
ing the abundance of plant-eating anthropods of cotton are generally lacking conclu-
sive evidence. For example, there is a shorage of life table information that identifies
all mortality throughout the tofal generation of the host and which sdentifies the pre-
cise cause of mortality of each individual. Thus, it is virually impessible 0 make
claims of importance based on evidence of imeplaceable mortality, Undil life tables are
completed for each key arthropod pest of cotton, we will continue to be forced 1o make
assumplions based on fragmented studies in the literature, Complete life tables, simi-
lar o ihose of Stuem & al. {1989 for boll weevils, are needed from unireated collon
fiebds in several locations in the Cotton Beli over several years. Without this informa-
tion, it will be impossible to develop highly accurate models using the fotal complex
of predators, parasiies and pathogens designed o forecast inscct/mite pest economics
and 10 unclersiand the complex linkages between ihe plant, insectfmite pests, and thear
nitura] ensmies. In this chapier, we present evidenoe and summanze the imponiance
of the species of those natural enemies which presently are considered to be signifi-
canl; however, fumre siudies as well as cleanges in the agroecosysicm brought abowt
by man, by selection or that result from changes in the law will undoubiedly modify
our chojoes,

This review of how different Factors influence the biology, ecology and efficacy of
selected patural enemies of arthroped pests of cotion identifies Factors thal may be
manipulated 10 maintain of increase the densities of the natural enemy complex or their
suppressive effects on pest populations in cotten ields, These manipulations involve
the prision of environmental requisites, use of semiochemicals and modification of
prosuction or cropping praciices. In the shont term, the most immediate opportunities
for maximum utilizaion of the natural enemy complex are probably in the modifica-
tion of production or cropping practices, In the longer lorm, we must conline o
explore the potential of manipulations which require the provision of environmental
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requisites and the use of semiochemicals. Pressure from society will continue o
increase for a more biogational approach to pest management in cotton. A major basis
for the approach will likely be the cultural and biclogical conirol of colton pesis.
Maxirmuem utilization of natural enenics will play a major role in cotton pest manage-
mend programs that are compatible with sustainable agriculiure ideals.

Chapter 3

APPENDIX

The color plates that follow in this appendix are photographs of some of the preda-
tors and parasites that are discussed in this chopler, Some of these photographs depict
a predator feeding on a colton insect or mite pest: other pholographs depict a parasile
in the act of parsitizing o colton insect pest,



Flate 3-1. Cotton Reahopper, Pseudaremoscelis seriatis,
nymph feeding on an egg of the bollworm, Helicoverpa zea.

Plate 3-2. Adult Geocors (bigeyed bug) feeding on an adult
of the coiton fleahopper.
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Plate 3-4, Adult of Chrysopenta mifilabris,
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Phate 3-5, Namow back or dark-red band from eye to mouth over the
e (lateral pant of the head) on the adult of Chrysoperla cames,

Flate 3-6. Larva of common green lacewing, Cheysoperta carmea,
feeding on a bollworm cge.
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Plate 3-8. Eggs of Chrveoperda on a colbon beaf. Eggy of comimon green

Lacew Tk, Ly n'.l;n'.ll'.'r cerrrea amd -I".I'rr_-.w--.-,-:-r'l'."ﬂ .lﬂ_.'i'."m'.lfl.'. [ W3 COATLSOn
nivme) are oviposiied singly and not in gronps as shown,
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Plate 3-9. Cocoon of common grean lcewing, Chrysoperla camtes on a
cotton leaf.

Plade 3-10. Adult of minude pirate bug, Orins insifcolor, feeding on a boll-
wormm larva.
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Plate 3- 12, Red imported fire ant, Solenopeis invicte, feeding on a boll-
WOTTT BEE.
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afk T " " Lok

Plate 3-13. Striped lynx spider, Oxyopes salifcns, feeding on a cotton Mea-
hopper,

Plate 3-14. Winter spider, Chedracamnifiionn inclivsum, feeding on a bollworm
larva,
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Plaie 3-15. Ridge-faced crab spider, Misumenoides formosipes
(Walkckenaer), feeding on a colton Heahopper.

Plate 3- 16, Celer crab spider, Mizwnenops celer, feeding on a cotton flea-
hopper.
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i Feil 4 T

Plate 3-17. Black and white jumping spider, Phidippis aides, feeding on an
adult boll weevil.

cowrtesy of the TISDA, ARS Information Office, Belisville, M)
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Plate 3-19, Cardiochiles migriceps feeding at a nectary on & colton beaf,
(Photo courtesy of 3. B, Vinson, Department of Enormalogy, Texas
A&M University, College Station, TX.)

Plate 3-20. Trichogromimna pretioswm parasitizing a bollworm egg. (Photo
by Jack Eelly Clark, courtesy of the University of Califomin Siatewide
[P} Project, Davis, CA)
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Plates 3-21 and 3-22. Adult of the pamsite Archytas mamorneius. (Photos
courtesy of Hamy K. CGeoss and James B Carpenter, USLIA, ARS, Insed
Baokogy and Population Manngement Labosatory, Tifton, G )
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Plate 3-23. Eucelarorma brvani parasitizing a bollwarm larva, (Photo
courtesy of William C. Mebes, I, USDA, ARS, Subtropical
fl.gﬁnl'll_unl] FesEnrch I.:|l'r|.|r:|1|:u.j.-. Weslaco, TX.)
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INTRODUCTION

Agrocoosystems of annual crops such as cotion provide a iransient reproductive
habdtat for many economically damaging insects and other pests, The cotton icld is a
dynarnic habital (Cross, 1983) and derives most of iz arthropod populations from sur-
rounding natural or cultivated planis. The robe of both managed and unmanaged hosts
in producing pest and bepeficial species of arthropods invading cotton felds has long
been acknowledged and will be addressed in discussions of specific insects in this
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chapier. Mobility is a major factor in the population dynamics of organisms using cof-
ton a3 a temporary reproductive habitat. Although the role of long distance movement
on population dynamics in agriculiural systems is not as clearly defined, or as well
upderstond as the localized movement between and within felds, increasing circum-
stantial evidence indicates thal many colion pesis, especially Lepidopiera, are capable
of long distance movemend.

Ridgeay [(1986) suggested that the chodce of conirod strafegies for insects shoukd be
based on specilfic criterdn, including the target insect's dispersal characieristics,
Ridgway further stated that undersianding the quanfitative populstion ecology of the
bollworm, Helicoverpa zea (Boddie) and the tobacoo budworm, Helionhis viresoens (E)
(approprinte for some ofher insects as well} is crtical for guiding future research in con-
trol tactics, Understanding migratory and dispersal capabilities of highly mobile insscts
is pivedal in determining the possible success or failure of many control strategies,

BOLLWORM/TOBACCO BUDWORM

The HelicoverpaHeliothis genera have s worldwide distribution and their pest sta-
fus is attributed, in par, to their mobility (Farow and Daly, 19870, Due to this mobil-
ity as well as a highly polyphagous {ability to feed on many kinds of food [plants])
behavior, Helicoverpafieliomhis are well adapted to cxploitation of unstable habitats
such as annual crops. These behavioral traits facilitate the rapid deployment of popu-
laticns between ficlds as well as between crops and naturally occurring host plants,

The classification of movements observed in Hellcoverpa@leliohis adult populntions
has been difficalt (Fitt, 19890, and varbous terminologies to describe their mobality
sbound, Farow and Daly (1987) defined HelicoverpaMeliothis movement as short-
range <6 mile (<1 kilometer), long-range 0.6 to 6 miles (1 1o 10 kilometers) and migra-
tocy 6 oo 300 miles (10 w0 300 kilometers). However, they recognized that distinctions
between these calegorics were rather ill-defined, and that the scale of movement
depended on atmosphernic conditions, distribution of suitable habitats and moth behavior.

SHORT-RANGE MOVEMENT

Short-range movement of Helteoverpa@ieliothis as defined by Farrow and Daly
(1987 Includes much of the movement involved in individual survival (feeding aml
seeking daytime refuge), and attraction 1o host plant concentrations for oviposition and
mate-seeking, Within a localized adult population where suitable host plants abound,
this gype of movernent begins near sundown and may continue at various levels of
intensity throughout the night, Short-range movement usually oocurs within or imme-
ciagely above the crop canopy with the insects odented up- or cross-wind, Orientation
during shorf-range movement is probably due o responses o chemical stimuli
{Lingren and Wolf, 1982) produced by the plant or by sexually receptive females
{pheromonal stimuali), Various behaviors associated with this type of movement were
descnbed by Roulston e al, (1975) Raulston e ol (1976); Lingren ef al, (1977
Lingren ef af. (1979 and Lingren and Wolf (1982).
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Agriculurally imponiat hosis such as collon may provide an ideal (although tem-
porary) habitat for colonizing adulis by providing them both shelier, food and attrae-
tive reproductive sites (for mading and oviposition), However, movement belween
fields and crops eccurs resulting in a constant redistribution of the adults (Haggis,
1982; Joyee, 1982; Stinner f al., 1982)

LONG-EANGE MOVEMENT

Long-range movement by Helicoverpa/Heliothiz as defined by Farmow and Daly
{1987} resulting in a displacement of a few kilometers, in many instances can still be
considered appetitive or trivial since it may involve the seeking of mates, feeding
sources and refuge. However, long-range movement which can occur within a few
mimees may also involve the searching for more attractive bost sifes. Orientation and
displacenient associated with this movement is usually downwind and occurs within
the first few tens of meters above the crop canopy. Observations using high intensity
light beams and night vision goggles indicate that such movement begins at dusk and
that the acduliz azcend 1o at least a height of -bwt 100 yards (92 meters), which was
the range limit of equipment used,

Long-range movement of com earworm (same as bollworm) may also result in the
redistribution of adulis beiween habitats within an area. As the more piractive hosts
{such as comn) mature, adulis begin to colonize crops such as tomaioes, colion and zoy-
bean which are considered to be less aftractive hosts (Quaintance and Broes, 1905;
Garman and Jewelt, 1914; Pepper, 1943; Stinner of ol,, 1982; Raulston of al,, 1985a;
Eaulston er af., 1986b), Soow ef al, (1969) reported ihat radiolabled bollworms, which
developed in a centrally bocated com field on the island of 5t Croix, dispersed and
concentrided around arcas with aliractive host plans,

Haggis (19823} analyzed the distnibution of Helicoverpa armigera (Hiibner) epgs
over a 3200 square mile (8300 sguare kilometers) area of the Sudan Geim and found
that within each two to three doy observation pericd, two or mone significantly differ-
ent levels of infestation occurred, sach covening areas up 10 several thousand square
mikes with continuously changing boundanes, Haggis suggested that the major canse
for the fuctuating population boundaries was a constant redistribution of adults with
changing synopic (over o broad area) and mesoscale (localized) weather patterns.

MIGRATORY MOVEMENT

Migratory movement exceeding 60 mibes {100 kilometers), provides another mech-
anism for HelicoverpaMeliothiz to exploit ephemeral (temporary or short- term) habi-
tats. This type of movement, in many instances, appears 0 be facultative in nature
{Hackelt and Gatchouse, 1982) and may occur in response to o decaying habitnt.
Migratory movemendt typically begins at dusk (Lingren and Wolf, 1982; Drake, 1984,
1985; Wolf er al., 1986) with the adults rapidly ascending to an altitude of up to 1000
yards (904 meters). Radar observations (Drake, 1985; Wolf, 1986) indicate that
migrants frequently form layers near or just above the maximum wind velocity asso-
ciated with nocturnal low-level jets (airstreams). Wind velocity in these airstreams fire-
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quunl;l}r excesd 30-36 mibes per hour (S0-60 kilometers per bour) and ¢on transpon
migrating moths over 180 miles (300 kilometers) during o five-hour Might, Drake and
Farrow {1988} presented an excellent review on the aimospheric strectures that pro-
vide transpont mechanisms facilitating migratory movement,

Evidence that Helfcoverpafleliothis undengo migratory movement includes the fact
that they snnuwally invade arcas beyond their overwintering mnge. Also, they have been
detected in arcas where they do nol breed and marked individuals have been captoped
meany miles (kilometers) from their release sites. The overwintering range of the bollworm
has been reported 0 extend nodhward to about 40 degrees north latitude (Snow and
Copeland, 1971}, However, Hardwick (1965) reported that in some years the bollwonm is
found up to 50 degrees north latitude, Hardwick (1965) also indicuted that the overwin-
pering range of Melicoverpa ammigena is roughly bordered by 40 degrees north and south
latitucles; however, this species has been repored s far north as Marva, Estonia, ot sbout
59 degrees ponth. French and Hurst (19%9) docomented the amval of Helicoverpa
armigena in the British Iles at about 51 degrees north latitede in July 1968, Through cor-
relation with metecrological events, they were able o backirack the insects to their prob-
able origin in nohwestemn Spain or north Africa, a distance of 480 to 960 mikes (300 to
1600 kilometers). Callahan of al. {1972} captured bollwonm moths in Llight irags moumnbed
on top of a 318 yard (290 meter) television tower located near Pelham, Georgia. They con-
cluded that these moths were in migratory flight. Sparks ef all. (1975} captured bollworm
mciths in lghi tmps located on unmenned oil rigs in the Gulf of Mexico 96 miles (160
kilormeters) south of Jeaneretie, Louisiana and determined thet thess insecls were trans-
ported to sea by frontal movements, Haile et af. (1975) reported movement of released
tobacen hudworm and bollwonn maths from St Croix o the islands of St Thomas and
Weiques, & distance of 36.6 and 43,2 miles (61 and 67 kilometers) respectively. Beleased
laboratory reared bolbworm meths near Tifton, Georgia dispersed ap to 15 miles (25 kilo-
meters) in cne night and up to 43.2 miles (72 kilometers) in one 1o four nights (Sparks,
19723, In a similar stsdy near Brownsville, Texas, Hendricks er al. (1973) recaptured
tobacco dworm moths up to 67,2 miles (112 kilometers) downwind from the site of
their release. Raulston er al. (1982) captured feral (wild) tobacco budwonm moths in the
Lower Rio Grande Yalley and released them near San Fernando Tamanlipas, Mexioo,
Subsequently, some of thess moths were recaptured in the Lower Rio Grande Valley, after
they had fown o distance of 96 miles (160 kilometers) from San Pernando.

Asmchrony (lack of symchrony) between emergence of moths from kecal popula-
tions and the occurrence of initial trap captures also has provided evidence of migra-
tory movement (Stadlebacher and Plaimmer, 1972; Baulston, 1979 Harstack e al,,
1982). Furthermore Hendrix er al, (1987) collected bollworm moths in Arkansas with
pollens that the moths carried at least 450 miles (750 kilometers),

IMPLICATIONS OF HELICOVERPA/HELIOTHIS MOBILITY

Since the advent of efficient pesticides, control sirategies for Helficoverpa? Hlelionhiz
have relied on field-by-feld defensive memsures o suppress lorval populations,
However, the indiscrinmnate pse of pesticides, which were often applied on an ermpir-
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ically scheduled basis, is no longer an environmentally or economically viable pest
management option, The constant redistribution of adull populations through shoe-
oned long-range nocturnal movements requires that susceptibde crops such as colton be
constantly monitored For the presence of egpdarval popilations o properly time con-
irol measunes, if needed. Furthermore, the imfluence of movement in developing
HelicoverpaHeliothis control stmtegies that o ned rely completely upon pesticides,
must be sddressed (Fin, 1989). The high mobility chamcleristics of Helfcoverpa’
Helioihis may oftcn negate the possibility of adequately predicting egg and larval pop-
ulations based on the immedinte past history of individoal felds since sdults may be
derived from adjcent crops and wikd host plants as well as from other regions. The
profdems that arise as a result of adull movement is compounded in arcas with diverse
cropping systems where a succession of cropped host plamts are available 1o the inseot.

The mobility of Nelicoverpa/Heliothis adults provides both opportunities amd con-
straints for developing population suppression echnology. Moth mohility allows the
fermale to disperse her eggs over relatively large arcas on a varmety of hosis. This
requires the use of lasge volumes of pesticides (with an array of pegative side effects)
over large ancas 1o facilitate larval control in susceplible crops, Moth mobality also is
a magor constraint for developing, or even adequately rescarching suppression fech-
nalogy using pheromones as maling suppressants, Movement of previously mated
females into pheromone-treated areas can effectively mask any treatment effects
unless plods ane large enough to redoce the possibility of immagration, The ability of
Fleticoverpaddielionkis moths 1o mpidly disperse (Haggs, 1982) may also reduce the
effects of natural enemuies in controdling Melicoverpafieliothis populations, I inade-
quate populatons of natura] enemies are present or 1 their dispersal is nol an the same
rabe as the pest into colonization areas, comtnal will be inlegquate, For example maove-
me of beneficial msscts can be affected by the occumence of alremnte food sources
within a field or aren. Thus, if a lage biomass of relatively sessile (immobile) prey,
such as aphids, were available within o field from which moths were dispersing, a con-
current dispersal of beneficial insects may pol occur,

Techniques for suppressing moth populations that reduce the impact or take advan-
tage of their mobility have been deployed or suggested. In Arkansas, the estoblishment
of management communitics resulted in a redwced number of pesticide applications
being applied for control of the bollworm (Phillips, 1978). The use of management
communitics enables synchronous pesticide applications over a large enough area M+
sqquare mibes (804 square kilometers) oo negate the effects of shon-distance movemsent
by moths. Another technigue that may ke advaniage of moth oeobility is the manip-
ulation of the adult population through the use of rap crops (see Fitt 1989, for review)
thel provide attractive feeding or reproductive sites. Lingren et al. (1982), Lingren and
Wl { 1982) and Lingren er af. (1988}, suggested that a shorough understanding of the
noctuwrnal (nighttimee) behavior of moths will facilitate the development of efficiem
actult comtrol technology.

The agncultural community must address the entire ecosystem within any given
region o adequately determine the how, when, and where of pest population deriva-
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tion. Then based on this knowledge, arcawide suppression technologies as proposed
by Knipling (1979 and Johnson ef ol (1936) may be applied with success,

PINK BOLLWORM

The pink bollworm, Pecrinophora gossypiela (Sounders) 15 recognized as one of
the most imponiant economic pests of cotton throughout the world, [t was described in
1843 from specimens damaging cofton in Indin (Moble, 1969). From India the pink
bollworm apparently reached Egypd in infiested cottonsced shipped in 1906 or 1907,
and subsequently reached the westen hemisphere in infested cottenseed shipped from
Egypt 1o Mexico between 1911 aned 1913 (White, 1960}, The insect was first detected
in the United States in cottonseed shipped in 1916 from Mexico to Texas oil mills.
[mitial United States infestation was apparently eradicated in Texas wsing cotbon-free
zones and extensive cultural measures. Subseguent infestations in Louisiana, Arizona,
Geeorgia and Florida were also eliminated (infestation still exists in wild cotion in
Southem Flonda) {Anonymous, 1977),

Reinfestation of the Lower Rio Grande Walley of Texas by the pink bollworm in
1934 was suspected o have occurmed from moth migration from Mexico. By ihe mid-
1950, all the cotton growing arcas in Texas, Mew Mexico and Oklkaboma, as well as
large arcas of Arizona, Arkansas, and Lowvisana were infested, By 19635, the pink boll-
wormm had infested all of the cotton-growing areas in Arizona and for the first time had
been reported in southern California. Thus, by 1967, most cotton west of Louksiana
and Arkansas except in California’s San Joagquin Valley was infested (Spears, 1968).

The role of moth flight in the spread and establishment of pink bollworm infesta-
tions became of interest after unexplained reinfestations occurmed in cotton in the Big
Bend area of Texas, These reinfestations followed two vears of cotton-free mone
restrictions as well as other eradication measures tha had been sucoessiul in other
areas (Coad, 1929, McDonald amd Loftin,d 1935), Infestations alse were detectsd in
other valleys along the Fio Grande and Pecos Rivers in Texas and New Mexico, and
in z=madl solated coton felds kecated 24 1048 miles (40 10 30 kilometers) from known
infestations, Chilendord (1926) demonstrated that cotton fields isolsted from infested
cotton by 1 eo 39 miles (1.6 1065 kilometers) became heavily infested with pink boll-
worm by lnte-July w0 mid-October in Mexico, suggesting late-seasen moth flight from
infested to uninfested cotton. Similady, Fenton (1929), McDonald and Loftin | 1935),
and Ferton and Owen (1953) reported that cotton plots isolated by 3.6 to 72 mikes (6
1o 1 20 kibometers) from infested cotton in Texas unexpectedly became infested. OF the
90 plots mvestigated over a six-year study period, 18 became infested from late-
September to Movember, Generally, rapid increases in field infestations occumed
shortly after the number of pink bollwerm moths captured in sticky traps increased.
These authors observed that the spread amd inensity of pink bollworm infestations in
the southwestemn part of the United States were highly oormelated with southerly winds
from the heavily infested Laguna district of Mexion, 192 miles (320 kilometers) away.

Using an airplane equipped with sampling neis. a nomber of stsdics of pink boll-
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worm moth dispersal were made in Mexico 1n 1928, Pink bollworm maths were col-
lected at altitudes of up to 984 vords (900 meters) (Glick, 1939), Similar flights over
the Rio Grande Valley resulted in the collection of pink bollworm moths at abtinudes
ranging from 32 to 328 vards (30 to 300 meters) (Glick, 1957 Glick {19%67) concluded
thai pink bollworm infestations in the United States were spread by moth migrations
froem Texas and Mexico.

Esiaishment of the pink bollworm in central Anzona alter 1958, and the detection
of infesiations in southern California in FR65, increased concern abowi funher spread
inter the San Joaguin Valley of California. Shamma er al, {1971} demonsirated pink boll-
worm meh catches in hexalure-baited traps placed in Fallow and sorghum felds in the
Imperial Yalley ai distances ranging from 10 (o 164 yards (10 m to 150 meters) from
cotton ficlds. The dispersal potential of pink bollworm under and desert conditions
wis demonsirated by Bariola er af. (1973) who capured modhs in four acres (1.6
hectores) of isolated cotion in the Mojave Desert 33 miles (55 kilometers) from the
nearest infested codbon, Male moths were caughl in hexalure-baited traps the last of
May, and 6 days before first cotion flowers openad, The first larva was found in a
flower on June 2, indicating the infestation resulted from oviposition by moths (immi-
grating at beast 33 males [35 kilometers]) which had overwintered as lurvae, Kaag e af,
(1977} also reported early season movement of pink bollworm in southern California,
Manley (1936} identified both eady- and Ise-season dispersal of pink bollworm males
in Arizona using gossyplure-baited traps placed in desert habitats from 0,96 o 7.2
miles {1.6 1o 12 kilometers) from cotton, The author suggested that crop phenology
resulted in the observed dispersal pabiems.

Stern (1979), reported pink bollworm male moth catches in gossyplure-baited
traps in the desert between the Imperial, Coachella and Pale Verde Valleys of
California from late-June through mid-MNovember, These valleys are approximately
4% 1 T2 miles (80 to 120 Kilometers) apart. One arca with a large number of cap-
red mvoths was approximately 192 miles (32 kilometersh from the nearcst codton,
Ciraham (1978) reported that pink bollworm moths migrated approximately 24 miles
(A0 kilometers) from infested cotbon in the same area. Sterm (1979) also collected a
high number of pink bollworm moths during mid-september in the Riverside-
Magave Desert area over 6 miles (160 kilometers) north of Palo Verde, Coachella
and Impenal Valleys, The largest number of moths were caught following south-
westerly wind and rain storms. Beasley e al. (198F) placed gossyplure-baited traps
about every 3.6 miles (6 kilometers) berween the Palo Yerde and Imperial Valleys.
Traps on each end of the trapline were about three miles (five kilometers) from cot-
ton. Pink bollworm moth catches showed a small peak in late April and early May,
declined afier o small peak in June through July, and increased dramatically in laie
August. Moth trap catches in the desen comresponded to fluciuating population
trends in commercial cofton fiebds, High moth catches in the desert carly and late in
the season suggested migrating individuals from the emerging overwintering popu-
Lation and o dispersal late in the season, Pink bollworm moth emengence in cages and
mabe moth catches in gossyplure-baited traps have been shown positively rebated o
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temperature and varability of wind direction and negatively related o wind speed
(Beasley ef al., 1985; Adams er al., 198T).

Mative pink bollworm moths have been caught in pheromone-baited fraps in the
uninfesied San Joagquin Valley of California each year since 1968 (USDA, Animal and
Plant Healih Inspection Service, unpublished reponis). Moths that were caught in these
traps were strongly suspected 1o be migrants from southern desent valley cotion grow-
ing arcas, as much as 384 miles (540 kilometers) away, Wolf and Kauper (Unpublished
datn, Wayne W, Wolf, United States Department of Agriculiere, Agncultural Research
Service, Georgin Coastal Plains Experiment Station, Tifton, Georgia; Erwin K.
Kauper, Mewo Montoning Service, Covina, Califormia) conducted trapectory analysis
from southern California from wind data o determine the occumence of weather sys-
tems that could tromspont pink bollworm moths from the southem Coachella and
Imperial valleys o the central California San Joaquin Valley, Their data show that
favorable windflows were present when low pressure arcas oceurmed off the southem
Californin coast for approximately two days, Weather systems favorable for moth dis-
persal occurred ten times dering o selected 13-month sampling peried. This provided
25 days for potential migration,

An aggressive program involving cultwral control and sberile moth releases appears
to have been successful in preventing the establishment of the pink bollworm in the
San Joaquin Valley. Noble (1936) showed that, afier cxposune for one o seven days o
simulated comditions for El Paso, (altitade of 2932 feet [900 meters] and average tem-
perature of B0F [13.53C]), pink bollworm moths resumed oviposition of fertile cggs,
Allso, studics have shown that the pink bollworm can overwinier in California®s San
Joaquin Valley (Personal Communication, A. C. Banlen, Wesiern Coton Rescarch
Laboratory, USDA, ARS, Phoenix, Arizona; B. T. Saten, Methods Development
Laboratory, USDA, APHIS, Phoenix, Arizona) and the Antelope Valley of California,
where an average air temperature of 20F (-7.2C) occurred, and the ground was fre-
quently frozen during December and January 10 a depth of three 1o four inches (7 10
10 centimeers) (Stem |99,

Although much of the evidence for migrating pink bollworm: maoths s indirect, and
based on infestations or rap catches at distances from known sources of infestations,
more definitive information o suppon moth dispersal a5 a source of spread and estab-
lishment of the insect has been documented. Flint er al. (1975b) released P32 radiola-
beled pink bollworm moths in a cotton Geld and determined tha they dispersed an
average of about 65 vards (60 meters) from the release point within 11 to 12 hours,
Under ethered, fightmall conditions, pink bollworm moths flew the equivalent of 13,2
miles (22 kilometers) dunng o 24-hour period at an average speed of about 0,36 mibes
per howr (006 kilometers per hour) (Flint ef o, 1975a). The majority of the live male
miths that were coptured i codbon, alfalfa, sugarbest and desent habitots, and marked
with fluorescent dyes. wer recuptured within the hahitat in which they were released
(Flint and Merkle, 1981 ) These authors also reported that from 18 to 21 percent of the
mioths that were onginally captured in desert, alfalfa amd swgarbeet habitats were
recapiured in cotton after they were marked and released; only 4.7 percent of the moths
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that were released in cotton were recapiured in oiher habitais. These data sugges)
greater movement (o cotton than from cotton during April and May.

The sttractiveness of cotton over non-host habitats was further substantiated by Flin)
el el (1987} They found that pink bollworm moth catches in gossyplure-baited traps
were equally distributed in cotion, com, alfalfa, wheat, pea and grape habitsts wil
approximately one week prior o cotton flower bud formation, Following Nower bud
formation the number of moths caught in coen Relds increased dramatically, but pol
i non-host crop lelds, Butber er gl (1983, found that both male and femade pink boll-
worm musths maoved into and ol of coton fekds throughou the season, Catches of vir-
gin and mated females suggest that bth young as well as older females were
dispersing. The mating status of dispersing pink badlworm populsions is of critical
importanee in popilaion dynamecs of the species. Although Kase and Shorey {1973)
found male pink bollworm moths in felkd crops. adjacent (o colton, o mating pairs
wene observed. However, indirecl evidence oblained by placing mating stations in
dlesernt habitss indicage that pink bollwom moths mate &= well onder those conditions
a5 in cofton habilals (Flint and Merkle, 19811

Wan Steenwyk ef o, (1978), showed thot pink bollworm moths marked with rubid-
ium were highly mobile within o 0-acre cotton field from July to October. Rubidium-
miarked moths left the felds pnmanly in September and Cotober and were captured as
far as one mile from the fcld. Bubidium-marked moths from overwintering larvae
departed from the cotton field from May through June, This comoborates the indirect
evidence that pink bollworm migrate following emergence from the overwintering
population {Bariola & al., 1973 Beasley er af, 1985), as well as late in the season
(Ohlendoef, 1926; McDonabd and Loftin, 1935; Beasbey e af., 1985).

Bartlen {1985) rebeased |aboratory-reansd. dominant, dark body color pink baoll-
o ithis (sooly strain in cotton. Beleased male moths were recaplured within 24
hours in gossyphire-baited iraps placed one mile from the release point, A small mum-
ber of the maoths were recovered wp 10 23 days after their release, In olher sindics
(Bartlen and Lingren, [984), most recoveries of released, sooty male moths socumed
in goasyplure-baited traps placed downwind from the release point, suggesting the
influence of wind on moth dispersal.

Short-rnge mwverment of pink bollworm mothe within a colton crop that 15 associ-
aled with mating and reproduction has nol been studied extensively in spite of s
irmpomtance i pank bollworm population dynamics, Lingren of aof, (1978), using might
vision goggles, observed pink bollworm males moving crosswind Froem 30 minaies wo
one hour before mating was observed, When males inercepted pheromone plumes
from fures, they oriented upwind wowanld the source, In mwst cases, the pheromone
plume did nad extend over 16 vards (15 meters) from a lere, indicating that the cross-
wind flight is a searching mechanism 10 increase a mabe’s probability of intercepting a
pheromone emitting female moth, The aumthors also observed females moving from
plant 1o plant while ouching extended phemone glads to leal surfaces, Presumably
this “pheromone marking”™ akds the male in locating the receplive female, Lingren
{ 1983} observed newly eclosed (emerged) pink bollworm moths taking shont Mights of
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about one yard {one meter), Dunng a second penad of Might sctivity from three to six
hours afier eclosion {emergence), maths flew from one to two yvands {(one to lwo
meeters) with about 10 percent Mying beyond viewing range. About 11 hours after eclo-
sipn mast moths flew out of viewing range.

Short-and long-range fight activities played a major role in the spread and estab-
Lishrent of pink bollworm infestations in the United States and Mexico, and probably
in oiher areas of the world as well. Shod-range and interfield movements appear to
pecur o random except for directed orientation toward sex pheromone sources. Long-
range movement appears o be primarily influenced by wind speed and direction. Most
of the evidence for pink bollworm dispersal has been obtained indirectly, Some fac-
tors, such as cotton crop phenology, temperature, wind speed and direction and shaort-
range sttraction 10 the sex pheromone, gossyplure, appear (o infloence pink bollworm
moth movement, However, the effect of these factors on dispersal have not been quan-
tified. Also, cstimates have not been made on what percemage of the population dis-
perss duning penads of Might activity, The imponance of documenting the role of
dispersal in the populstion dynamics of the species, amd its implications for the devel-
opment of pew contred technology justify extensive, m-depth research,

BOLL WEEVIL

ORIGIN AND DISTRIBUTION

The boll weevil, Anthonomus grmnais gromdis {Boheman), onginsted i Meso-
America (southermn Mexico and Central Amenica) on plants of the malvaceous genus
Hwnpen (Burke e al., 1986). The boll weevil had probably achieved ils present dis-
iribution in western Mexico and southem Arizona, as well as in northeastemn Mexico,
before the beginning of primitive cotton cultivation. Circumstantial evidence for
migration of the boll weevil in the United States was obtaired by documeming the
extension of its range each year after the initial infestation in Texas in 1892, From 1594
ter 1922, the boll weevil extended its range from 39 to 154 miles (65 o 238 kilome-
ters) annually, (Humer and Hisds, 1905, Honter and Coad, 1923}, and crossed non-cot-
ton habitat extending for more than 39 miles (63 kilometers) to infiest cotton.

FLIGHT ALTITUDE AND DISTANCE

Several rechnigques, including senal petting, Might screens, pheromone traps and 150-
lated cotton plots, have been emploved to document the aliitude o which and distance
the bodl weevil may move, An abrplane equippesd with an insect collection device was
wsed by Glick (19390, Glick (1957) and Glick and Moble ( 1961 ) 1o collect the ball wee-
wil ot various abioedes over Texas and Lowsiann. Boll weevils were collected during
the day fying ot altitwdes from 6 1o 667 yards (3.5 to 610 meters) from Augus o
Movember. Only one weevil was collected Mying st night.

Gaines (1959) captared boll weevils on 0098 X 16 yards (009 X 1.5 meters) sticky
coaled Might screens from 098 to 18 yards (09 1o 1T meders) above the pround with
about onc-fowrth of the specimens collected from the lowest sereens. There was & sig-
nificant cosrelation between the number of weevils collected and the altitude of the
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sereens, Owver 30 percent of weevils that were capiured on Mlight screens while Aying
from hibernation sites in South Carolina during April to July were captured al altibades
of less than theee vards (2.8 meters); only nine percent were caught above 13 vards
(124 meters) (Talt and Jemigan, 1964). Weevils flying from a cotton field from
August through December were caught al a greater height, with about 39 percent being
cought above 13 vards {124 meters),

Rummel ef of, (1977) used pheromone traps placed at heights of 0 to 9 vards (0 to
8.3 meters) and caplured over 9 percent of the overwintered weevils Aying below five
yards (4.6 meters). However, duning the labe-summer and fall dispersal period, the
number of boll weevils caplured at the nine yards (8.3 meters) level increased from
eight- to ten-fold. Rummel ef al. {1977} also capbured weevils at an altinsde up o 133
yards (122 meters) with aircrafi-towed nets during the fall of 1973,

The distance that the boll weevil may fly has been empirically determined by: (a)
it flight fo isolated plods or pheromone traps, (b) s movement from overwintering
habitat to colion, and (c} the capiure of marked adulis. Beckman and Morgan (1960)

weevils moved into a cotton plet on 51 Simon Island, Soath Carolina, that
was about 24 miles (41 kilometers) from the closest coton, BRummel and Adkisson
(190} Fournd that most cotton fields infested by the boll weevil were adjacent to favor-
able overwintering habitat. This indicated that they were pol moving greal distances
fromm overwintering habiiats o the Delds, Fye and Parencia (1972) found that infested
cotton fields located more than abowt four miles (8 kilometers) from infested
Thurberia plants in Arizona usually did pol become reinfested in successive years,
Ficlds adjacent wo mnfested Thurberma plants were infested every year, In Mexico dur-
ing October of 1968, Davich o o, (1970}, using sticky-coated wing traps baited with
meales, coptured weevils up o 43 miles (73 kilometers) from the pearest cotton. There
was no indication that prevailing winds, topographical features or storms influenced
movemend and subsequent capture of boll weevils, Foach and Ray {1972) found in
South Caroling that boll weevils from the F, and succeeding generations mowve meone
than 19 miles (32 kilometers) in numbers large enough o damage codton. Picben and
Urban { 1977} coptured numercus boll weevils in traps within 3.3 miles (5.6 kilome-
ters ) of cultivated cotton on the mainland; relatively few weevils were canght on Padre
Island {Texas), aboul 288 miles (4.8 kilometers) from culiivated cotion; and no wee-
vils were trapped on oil platforms in the Gulf of Mexico, more than seven miles (12
kilometers) from cultivated cotten. The lack of favorable transport sysiems toward the
ocean probably limited fMlight in that direction,

Alhough Johason et af, (1976) capiured two marked boll weevils 43 miles (72 kile-
eeeters) from the point of rebease in Mississippi, 83 percent of the marked boll weevils
were caplured within 14 miles (24 kilometers) of the release point. The direction of dis-
persal was evenly disinbuied from the release poind. Dickerson and Legget (Unpub-
lished data, W, A, Dickerson, North Carolina Depantment of Agriculture, Raleigh, MNosth
Caroling) coptured a marked boll weevil in a cotton feld Dovac sample in Morth Carolina
that was 63 miles (1035 kilometers) from its South Corolina release point,
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SEASOMAL MOVEMENT

A knowledge of ihe seasonal pattern of movement of boll weevils is irmpostant for tiim-
ing culural and chemical contrel strategies. Vaniability in the scasonal pattem of weevil
mvement in the coiton growing areas could be dee o genetic differences in populations,
climatic vapations, cultivars of cotlon, plant phenology, or cullaral practices,

Early-senson and Within Fleld — Many studies have documented the tenmporal
pattern of boll weevil emengence from overwintering habitals (Fenton and Dunnam,
1929; Gaines, 1935; Davis o al., 1967, Davis e af,, 1976 Ridgeway o of,, 1971,
Roach e al., 1971} Generally, overwinening emergence occurs between April and
June. Boll weevil movement, as well as the stimuli which islice movement, varies
with seasenal changes in the collon plant, with the age structure of the populstion of
boll weevils and with the populations physiological condition,

White and Fummel {(1978) found that very few overwintered weevils entered
presquarning cotton in Texas but immigrstion increased with matwrity aml number of
squares, Pheromone traps consistently indicated peak flight activity of overwintered
holl weevils oocuming during May or cady June, Ridgeway et al. {1971, using male-
haited sticky wing traps, observed o cessation of movement in mid-June that 15 accom-
panicd by the accumulation of boll weevils in cotbon elds. They speculated that the
presence of cotton or the age of collon may not be the principal factor goveming its
seasonal movemend. Further, Rummel and Bottrell { 19763 found a similarity in weevil
response o isolated plots of cotton and pheromone-baited trags away from cotton
They concluded that the presence of pheromone-producing male weevils in cotbon was
nod 2 major cansal factor in the decline of weevil response to waps. However,
McKibben er al. (1977} determined that volatile compounds from the cotton plant
aliracted both overwintered and late-season migrating boll weevils in Mississippi.
They conchuded that plan altractants are nod as imponant as the male pheromone in
incucing the boll weevil 1o fly,

Within Field — Following iheir entry into attractive cotton lelds, much of the
movement by boll weevils i associated with mating, and fimbBing sustable feeding and
oviposition sites, Cross and Migchell (19660 observed in the field that male boll wee-
vils slid not respend to females over a distance of greater than | to 2 inches (2510 5
centimeters), However, females often sought males m a distance of more than 9,8
vards (9 meters) especially when the males were upwinl. Hardes o al, (19699 found
that females responded 10 makes from a distance of 90 yards (32 meters) in a collon
field. Boll weevil oviposition occurs primanly dunng the day from 050010 1 500 hours
(Howe, 196k McGovern ef af, (1987) fouwnd that females moved more when seanch-
ing for pristine squares in heavily infested fields. Females normally reject squanes with
an egg punctune and continue searching for uninfiested ones, Other behaviors associ-
ated with in-field movement of boll weevils as effected by abiotic faclors. such as em-
perature, rain and wind and biotic factors such as colion cultivars were reported by
Gilliland and MceCoy (1969). Jones and Sterling {1978), Mitchell and Mistric (1965)
and Mitchell e af. { 1972).
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Mid-io Late-Senson Dispersal — Fenton and Dunnam {1928}, Taft and Jernigan
{1964) and Hopkins of af, (1971} observed a general msd-season dispersal of boll wee-
wils, even in slightly infested helds from mod-June through August. Several factors
appeared i have influenced their dispersal behavior. Fye and Bonham {1970)
observed that a lack of avipositien siles inggered dispersal when populations increased
o & level where there was less than one unpunctured sguare per pair of weevils. Guerra
(1986) released marked boll weewils in Texas that had been reared from squares or
bolls. He indicated that square-reared weevils were physiologically oriented iowand
feeding and oviposition rather than flight from cotton. In contrast, boll-reared weevils
cxhibited a tendency to disperse when they were released either in or owl of cotton
ficlds, Mitchell and Mistric (1963) observed that squares and bolls in newly infesied
fickds receive an unusually large number of egg punciures, indicaling an immigration
of reproductive females. Cross (1976) found that the capture of dispersing weevils in
traps outside of cotion began the Mirst week of August in south Missizsipp,

ENTRY INTO OVERWINTERING HABITAT

Wade and Rummel (1978} examined leal litter in the rolling plains of Texas from
August 1975 o March 1977 and found that most overwinlenng weevils move inio
hibernation sites in October and Movember, Apparently, oaly a small percentage of a
diapausing population enters an overwintering habitat duning Iate Avgust and early
Seplember, Howewer, Gaines (1935) found weevils in Spanish moss a5 early as
Seplember | in Mississipps, Most studies have indicated that weevils fly o relatively
short distance (o enter o hibemation habitar, Up 10 90 percent of the hibemating wee-
vils are Jocated within 35 yards (50 meters) of cotton fickd edges (Bondy and
Rainwater, 1942; Beckham, 1957; Fye of all, 1959,

Diapausing boll weevils that enter leaf litter may ned remain in one spot throughsut
the winter, Some move in response o changing stimali such as tempersture and mois-
twre. Hopking e al. { 1972) observed that boll weevil movement in overwintering habi-
tal increases as litter moistare rises, Mitchell (197 1) found that dispausing boll weevils
marked with P32 and placed in leaf litter in Mississippi did not move more than 24
inches (61 cemimeters) from thear original release point during January and Febneary.
In March and April, nine weevils moved more than 5.6 yvards (3.2 meters) and one
mabe moved 15 yards (14 meters). Some weevils moved quite extensively witheut
moving very Far from their pelease point.

WHITEFLY

Species of whiteflies infesting cotton in the United States include the ins whitefly,
Aleyrodes spiraecides (Quaintance); bandedwinged whitelly, Trialewmodes abutifonea
(Hakderman), greenhouse whitefly, T vaporadonme (Westwood) (Byme and von
Breteel, 1987; T, F Leigh and J, B, Graves, Personal commanication, Department of
Entomedogy, Lowisiana State University, Baton Rouge, Lowisiona); and the sweet-
potato whitelly, Bemisia fabaci (Gennadius), Whiteflies are generlly charactenized as



156 RAULSTON, HENNEBERRY, LEGGETT, BYRNE, GRAFTON-CARDWELL, LENGH

occasional or sporadic pests of cofton in the United States, but the sweetpotato white-
My has become a pest of increasing imporiance since 1981 (Duffus and Flock, 1982,
Johnson er al., 1982). Because sweetpotato whitelly damages cotton both direcily and
indirectly, steps pow are commaonly taken w0 reduce s populations, When dense pop-
wlations occur sweelpotato whitefly may extract enough plant matenial o reduce
vields, Also, the honeydew From large populations of this pest may interfere with pho-
tosynthesis and serve as a medium for a lint-stnining sooty fungi. Finally, sweetpotato
whitefly serves as o veotor for cotton keaf crumple vinus (Brown and Melson, 19845

The sweetpolate whitelly was first described in 1889 on tobacco in Greece.
Chithreaks were reported on cotton in India in the 1930s (Husain and Trehan, 1933),
The sweeipmato whitefly subsequently spread throughowt the Mear and Far East and
Central and South Amenca (Horowiatz, 19%86), In each country where this whitefly has
appeared, its presence indtially is of litke consequence but, after one or two years, pop-
ulations become epidemic. Although reasons for sudden outbreaks remain unclear,
they probably are related 1o a rapid increase in pesticide resistance, the impact of pes-
ticides on natural enemics and changes in agropomomic practices, such as the exten-
sion of cropping seasons (Gameel, 1969, Dittrich e ol., 1986; Yon Acx er ol 1983,
Meyendick er al., 1'986),

Whiteflics have a unique life cycle. Despite the fact that they experience incomplete
metamorphosis, the immatures are called larvae becase they develop an apparant
“pupal” case, Eggs, commonly Eaid on the undersicde of leaves, hatch ingo first instar lar-
vae which are mobile, These “crawlers™ seldom move more than a fow inches and soon
seftle o feed, almost always on the beal whens the egg was laxl, The subsequent second.,
thired and fourth instars are sessile (mmobile), Adults emerge from “papal™ cases and,
alter o brief teneral period (ime of hardening of the exoskeleton), are copable of fAight.
Movement of any spatial conssquense 15 limited o the adult stage.

Becawse whiteflies are tropical insects (Mound and Halsey, 19758), they obviously
mowed by some meins to the temperte areas which they now inhabit. We have no evi-
dence, however, that whiteflies rootinely engage in the long- range migration common
o other homaopéercus insects (Taylor, 19835,

Whiteflies may migmate shorter distances of ap 0 3 males (5 kilometers) (Coudriet er
al., 1986 Cohen e al, 19860 and dense populations are rowtinely seen over fallow
ground (Gerling amd Horowite, 1984, Byme er al., 1986). I the Southwest ootton pro-
duction system serves as an example, shon-range movemen! is apparenily all that white-
Mies require for survival and reproduction once they become established inan anca,

In the Southwest, whiteflics overwinter in populations as actively developing indi-
viduals rather than as populations of individuals in reproductive diapause, Condriet er
erl, (1985} found active individuals throughout the winter months in the Impenal Valley
of California, and D M. Byme (unpublished data) made similar observations in
Arizona, These insects are commonly Tound on Mahva porviffore L. and annuad
sowthistle, Sonchns elerocens L, from October until March, and on common sun-
Nowes, Helfaothne gmmrus L, and feld bindweed, Convelwilis orvensis L., in the
spring. Semilarly, Gameel (1969 reported 1hat large populations of whitelles over-
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winder on wesds along river banks in Sudan. In Isreal, Gerling (1984) found sweet-
polalo whiteflics, using 1% plant species as winter hosts, as follows: Abutilon granddi-
Jodivan, Lantana eqmre, Chirviamtheaun fdicnnd; e mallow, Malva parviffora L.,
Crebera spp.; Folanunr vilosiun, Withauia seunnifera; Celtis australis; Loniora efrusce,
Verbena spp.; Cireis siliguestrau;, field bndweeds: Plionbagoe esropaen; Alcea setose,
Tropaeodn majies; Colendula spp.; and annual sowthistle, Just as in the United States,
plants of some species (for example, Lanfante comara, Abwiilon grandifolivm and
Chrysanternrm indicrom) have abundant Folisge and harbor sweetpotato whitefly
throwghout the vear; others (like anmual sowthistle, Tropeealim mafus and Celfus ans-
trerliz) serve only as scasonal hosis.

In the Southwest, whiteflies infest o pumber of both crop and weedy plant species.
Coudriet (1985) believes lettuce 15 one of the more favorable hosis since it is planted
as early as Auguost and harvested through March. Moreover, the development time For
the sweetpotato whitefly on lettuce was the second shortest (19,4 days) of the 17 crop
species lested. He siated that in the field, the sweetpotato whitefly completes ope gen-
cration and siarts apother between late October and carly January, Spring crops such
a walermelon and cantalowpe are planted for June harvesting while alfalfa is grown
vear round, Cotton, the peincipal host for whiteflies, is planted in late March and
picked ot year's end. Bionomics of the sweetpolato whitefly, are similar in the MNear
East (Geding, 1984) and India (Husain o of,, 1936), where populations overwinier on
a varety of cultivated and wild plant species before moving to spring hosts such as
potato and cultivited sunflower, In every situstion where whiteflies are a serious prob-
lem, wild and cultivated hosts grow in close prosimity and whiteflies have Linle diffi-
culty finding new habitals when existing habitats become kess prefemed,

The sequence of events in the Southwest, which mirmors that in other pants of the
wirld, follows a routine patiern: existence st a low level on wild or cultivaled hos
from Janwary through May (Coudrict, 1985); migration to carly spring vegetables,
such as cantploupe, where they remain through mid-summer (Byme, unpublished
data); and movement o ootton in July and Avgust where populations begin o build
exponcntially. Cotton, by far, produces the greatest mumbser of whibeflics, considering
the acres grown and the large amount of biomass it provides for oviposition and fieed-
ing sites. Funthermore, cofton is present at a time of year when environmental condi-
tions favor population increase, In the fall, whiteflies move 1o newly emerged
viegelables, such as lettuce where they remain until populations decline in Movember.
Abundant suitable hosts are never lacking, but cotton contributes so prominently 1o the
proliferation of whiteflics in the Southwest that this insect is now identified by many
as a prncipal cotton pest,

Observations show that whiteflies accomplish their shom-range aeral movements
sirmdlar (o aphids and other small insects (Haine, 1955), In examining the relationships
among body mass, wingbeat frequency and wing loading in insects, Byme o of,
{1988 showed that larger, strong-flying insects seemingly use sirmegies, such as com-
pensating for high wing loading with higher wingbeat frequencies similar to other fy-
ing animals. Accordingly, wingbest fregquencics and wing loading comelation
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cocflicients are highly significant for all groups of insects weighing more than 0.03
grams. [n small imsects (mass < 003 grams) no such relationship was found between
wing loading and beating frequency. This suggesis that these species are inerenily
weaker fiers. Several whitefly species examined had mass ranging from 3.3 o 8.0 X
T grams, a wingbeat frequency ranging from 165.6 60 224.7 heriz (Hz) (cycles per
second) and a wing load from 2,02 to 523 X 103 grams per square cenlimeier. These
data indicate whiteflies are poor fliers and that Might is accomplished through mecha-
nisens such as clap-and-fling wing movement which produce a high drag coellicient,

Weak-flying whiteflies are adrift in abundance during certain perigds of ihe day,
Sixty percent of adult whiteflics capiured in Tsreal was over Tallow ground (Gerling,
1984), indicating that flying whiteflies are widespread when populations are high,
Byme ef al, (1986) recorded similar results in Arizona, Daytime movement is perodic,
resembling aphid activity (Johnson ef ol., 1957). When Byme and von Bretzel {1987)
examined the Might activiy of sweetpotato and bandedwinged whiteflies in a cotton-
growing region of Adzona, they found o definble dyythmicity, Aenal populations con-
sistently exhibited peaks, with the majority (> 60 percenth of flight activity 1aking
place within approximately the same four-hour period each day. The distinct perodic-
iy of Might might be explamed by the fact that adull emengence (> 90 percent) ocgurs
within the first hour after photophase with o teneral perod (lime of exoskeleton hard-
ening) of slightly more than Four hours a1 BOF (27C),

Whiteflics appear o have evolved behavioral and physiclogical processes, such as
time of emergence and first Might, to minimize morality dunng migration. An optimal
timee of emergence exposes the insects o lemperniures which speed certain physiologi-
cal processes and minimazes the teperl penod, when whitcflies ore particelurdy valner-
abbe because they are unable to fy. In spothwestemn United Sistes. an optimal eclosion
allows the adualis o avoid being airbomme during the hours of the greatest heat. Dawn
cmergence appears 10 afford whiteflies spme of the best aspects of both strategies.

A great deal of movement, termed tnivial fight by Southwood | P962), @kes place
within the crop boundary layer. Presumably, insects in trivial flight primanly are search-
ing for feeding and oviposition sites. However, whiteflies are inclined not 1o leave the
plams on which they originate, especially il conditions are favorable for their survval,
The extent 1o which whiteflies My within a comon field was examined by Gerding and
Horowitz (1984) using flat white sticky traps. They found then waps placed at canopy
height caught 17 times more whiteflies on the upper trap surface than on the lower sur-
faxce, Fumher, by comparing whitefly caplure on traps placed on the ground amd st canopy
height and by isolating plants near traps using cardboard partitions, they founcd that all
captured whitellies did not originate upon the plants immedintely above the raps.

Gerling and Horowitz (1984) surmised that whitellies leave cotton foliage due 10
upe-comelated dispersive behavior or in search of betier feading or oviposition {egg
laving) sites. Apparently, dispersing whitelTies are atrscted o codors of shor wave-
length (Mound, 1962 Combe, 1982) which results in ascending fMlight behavior,
However, whiteflies in search of better feeding and oviposition sites apparently [y
bencath the cotton canopy, as shown in the patition experniment of Geding and
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Horowatz {1984), Whiteflies flving above two yards {lwo meters) apparcnily do not
recognize host plants before beginning their descent; hence, airbome individuals may
land on bare soil. IF they happen to reach a plant canopy, they disperse among the
plants and search for suilable feeding and oviposition sites (Prokopy and Owen, 1982),
IF the whiteflics descend to bare ground. they may fly about locking for a proper sub-
sirate upon which to land. Apparendly, they recognize suitable hosts by color because
they tend to sccumulaie on yellow traps.

Most whitefly movement studies have been conducted wilhin arcas where popula-
tions inhabited agriculiural communities, within which the insects moved freely from
plant o plank, crop to crop or weed (0 crop. Whiteflics also are capable of bong-range
movement under faverable conditions, but repors of such movement are rare, Onee
exiablished in an area, whitefly movement appears 1o be primarily associated with
feeding, reproduction and the search for attractive host plants,

SPIDER MITE

Spider mites disperse serially and by crawling on the plant (Kennedy and Smitley,
1985}, Intra-plant movement occurs as pre-reproductive femakes move 1o uninfested
areas of the plant (Hussey and Parr, 1963, Mischell, 1973} Inter-plant dispersion
oocurs in response o envirenmental and biological cuss, such s desiceation of, or
damage o, host plants (McEnroe and Dronka, 19710, overcrowding (Boyle, 1957,
Hussey and Parr, 1963; Smitley and Kennedy, 1935), increasing predatory activity
{Bemstein, 1984}, and repellent effects of pesticides (Gerson and Aronowitz, 1981;
Iftner and Hall, 1983%; Penmaon ond Chapman, 1983; Franklin and Knowles, 1984;
McKee er al., 19%87) Dispersal behavier of the twospotied spider mite, Terranvelnes
artiee Koch, involves movement up the plant and, if wind is present, oriemation away
from light and mising of the forelegs {Suski and Maegele, ['966; McEwros and Dronda,
1971; Boykin and Campbell, 1984; Smitley and Eennedy, 1985). Becawse of their
buoyancy, spider mites can be carmed to great heights (Coad, 193 1) amd for long dis-
tances (Johnson, 1969), Thes, there is great potential for spider mite movermen from
rapidly increasing populations in ooe crop 1o another. Such movement has a strong
impact on spider mite management (Brandenburg and Kennedy, 1952 Kennedy and
Margolies, 1985; Margolics and Kennedy, 1985; Miller er ol., [985).

[ the San Joaquin Valley of Califemia, three species of spider mites are key pesis
of cotton: strawberry spider mite, Tevvanyehus turkestani Ugarov and Mikolsks;
twospotted spider mite; and the Pacific spider mite, Terranyehirs pocifions MoGregor
(Leigh, 1963, Leigh and Bumon, 1976; Leigh, 1985 Conon is plowed under cach
Fall in California and few, il any, weeds remain on which the spider mites can over-
winter, Yel, spider mites frequently appear on cotion within one week of its emer-
gence (Aprl-May) and in o relatively rendom distibution, Colonizing spider miges
during the early pant of the growing season may be emerging from the soil or mov-
ing from nearby weeds, However, it 15 more likely they are amiving serially from
neighboring crops.
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All three spider mite species may be found in an individual cotton Beld, Surveys of
the San Joaquin Valley indicated sirawberry spader mate 15 the dominant species in the
early season, with the twospotied spider mite dominant 1n the mid-season, while the
Pacific spider mite 15 present in 42 to 50 percent of the fields sampled (Grafton-
Cordwell ef al., 1987 However, when the cotton field 15 located next to almond
orchards, the Pacific spider mite is present in 35 percent of the fields (E. E. Grafton-
Cardwell., unpublished data). Thas, perenmial plants such as almond sct as signifscant
owerwintering hosis for spider mates in the San Joaquin Yalley, Where cotion is located
dowmwind (or south) of almond, significantly more Pacific spider mites are found in
the moeth lsalf than in the sowth half of the ficld throughouw the season (E. B Grafion-
Cardwell, unpublished data). Almond appears to serve both as an early season and a
continuous host for supplying Pacific spider mites for infiesting cotion. Whatever the
source, the earliest spider mite colonizers rapidly disiribute themselves within and
between cotton plants (Carey, 1982; Carey, 1983; Wilson ¢t af., 1983),

Durng most of the growing season, colion acls as a recipient of, and nol a source
for spider mite dispersion. This is because the biological and environmental cues
which stimubate large-scale dispersion are nol present until the end of the colton grow-
g sepson, Since collon continugusly produces new foliage and i usually well imi-
gited, the problems of desiccation and crowding of the speder mites, characteristics
that stinalate dispersal from other crops, do ol occur as frequently in coton, Further,
the use of o pon-repellent such as the acarcide dicofol {Kelthane®) in cotion does not
stimulate the mites o move, The spider mite populations that develop on cotton also
tend 80 inhabit the middle region of the plant through most of the season and the mites
are nod exposed o wind velocities that would pid in their dispersal (Corey, 1982),

In contrast 10 cotton, slmond trees frequently expercnce water stress and only pro-
duce one sel of folinge per season. Since the food sowrce is limated sl the almyonsd
trees desiceate as a result of waler stress, high density spider mite populations shift o
a daspersal medie. The cccasiona] ocoumence of dense populations of predatory mites
may also canse spider mite dispersal from almond. In addition, the acarnicides nsed 1o
conrgd spider mites in almond—propargite (Comite®, Omive®), cyhexatin and hexa-
kis (Vendex®, Torque®) as well as several pesticides used for insects (some
pyrethroids and carbamates) are highly repelient to spider mites and stimulate aerial
dispersal (Ifmer and Hall, 1983, Fisher and Wrensch, 1986; Peoman ef al., 1986).
Thus, almond can be a significant source of sudden, large-scale, acrially dispersing
Pacific spider mites and predatory mites throughowt the cotton growing season (E. E.
Cirafton-Cardwell, unpublished data, Hoy, 1982; Hoy ef al., 1985). These peaks of dis-
persion may negatively affect chemical control of spider mites in cotton by increasing
the spider mite density above the economic injury level of abowl seven mites per leal.
However acaricicdes are usually sufficiently efficacious o reduce spider mites in opf-
ton below the economic threshold.

Many horticulural and field crops, such as melons, beans and com suppont high
densities of spider mites as they are dried out for harvest (July and August). Alibough
chemical controd of spider mites frequently is nol required in these crops, deying stim-
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ulates spider mite dispersion into neighbonng cotton (E. E, Grafton-Cardwell, unpub-
lished data) and cavses a second cycle of mite problems in the cotton that may need
additional chemical reatments, Spider mates have their greatest impact on colton in
early- 1o mid- season (Furr and Plrimmer, 1968), and the late-scason dispersion is con-
sidered less important. Season influx also is kess imporiant.

Defoliation of the cofton af the end of the growing season, and hence ihe loss of the
spider mite food, probably stimulates the mites 1o disperse and craw] under cover veg-
ctation and the bark of perennials such os almond io overwinger, This may explain why
almond may occasionally host an eardy-season population of dicofiol {Kelthane®)
resisiant spider mites even though dicofol is not used in almoad.

PLANT BUG

Several species of plant bugs in the family Miridae that atiack colton appear to be
highly mobile with infestations appearing and disappearing within two or three days.
Plant bugs wsually are scen in the lerminals of plants as well ax actively flyving near
sunrise and sunsel suggesting a crepuscular (faint light, 1.e. davbreak and ewilight)
Might activity, With the aid of a black light, western Iygus bug, Lygiws hesperus
(Knight}, can be observed resting and feeding in the terminals of plants at night, When
dizturbed in the day, adulis readily My but usually 10 o pear plant,

Infestations of coton by plant bugs are commonly associated with nearby notive
weed and crop hosts (Smith, 19420, Among the crop bosts of the western lygus bug are
alfalla (Sterm ef of., 1964} (whether grown for hay or for seed), safflower, (Mueller and
Stern, 1974) and beet grown For seed, Weed species in crops, and many native plants
such as anmeal feabane, Engeron aunnns (Pers. ), (Fleischer eral., 1987) also serve as
hosts. for westem bygus bug. In amd areas westerm lygus bug may be a more consistent
pest near npanan outflows from mountains. Severity of infestation, ofien cxpressed as
crop damage, is reported 10 be greatest in parts of a feld thai lic adgacent e an alicr-
nate host. Schowalier & Stein (P9ET), Siem e al, (1964, 1967) and Sevacherian and
Sverm (1975) reponied that local movement of westerm bygus bag involves field-o-field
movement. Soride (19068) repored a similar relationship between Lygns vosseler
Poppham and its native and crop hosts in Uganda. Fleischer er al. (1987) stated that
movemenl of the tarmished plant bog, Lvews meadars (Palisol de Beawvois) from its
wieed hosis o cotton is largely a diffusion process similar v the flight behavior
recorded for the cotion fleahopper, Prandaanoscelis zerfoms (Rewter) by W L.
Sterling (Personal communication, W, L. Sterling, Department of Entomology, Texas
Aded University, College Station, Texas), We are not aware of any long-range move-
ment studies with plant bugs. However, infestations of the western Iygus bug com-
monly develop in felds in desert arcas isolated by several mibes from known sources
of infestation (T, F. Leigh, personal observation),

Principal natural enemies of mind plant bugs are several generalist predators includ-
ing several spiders (Araneida) (Whitcomb er of., 1963, Dean er of,, 1987), Geocoris
s, Mabis spp, and Orins spp., bugs and mymand and euphorid parasites (Clancey,
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1968}, Species of these natural enemics are found in native vegetation, weed and crop
planis used as hosis by Iygus bugs (Fleischer and Gaylor, 1987). Movement of plam
bug predators and parasites such as Amaplies evijennerus (Crosby & Leonard) and
Lefophron weiformis (Gahan) (Graham ef al.. 1986) appear not 1o be highly migratory
since they are localized in the areas with high densities of plant bug hos plams,

SUMMARY

A review of the literature pentaining 1o the shor- and long-range moverment of
insects and mites altacking colton is preseated. The impact of local dispersion between
ficlds, crops and native vegetation is discussed relstive to the development of insect
suppression techniques. The impact of long range migration by insecls between
regions acting as source areas and recipient areas is also presenied. The discussions
point oul the need for a thorough understanding of the movement capabalities of col-
ton pesis for developing technodogies that require the use of bess pesticides and that
may be applied on an arcawide basis.
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INTRODUCTION

Cotton is host to o muolbitude of insect and mite pests, most of which are known o
be infected by one or mone endomopathogens. These inclode vinses, bacteria, fungi,
protozoa and entomophagous nematodes. Knowledge of pathogens on these pests is
considerable but is far from complete. Mew host-pathogen relationships, even new
groups of pathogens, are still being discovered. The purpose of this chapler is 1o sum-
miarize knowledge of the entomopathogens encountered in pest populations in the col-
i field. Their biclogy, sympiomatology, pathology and epidemiology will be
discussed as appropriate for each pathogen and host species relationship. This chapeer
is peganized according 1o pathogen groups rather than pest species in onder 1w prevent
redundancy. Each pathogen group shares cenain features which do nod differ greatly
Trom host 0o host. Therefore, the gencral biology of each group will be presemed and
followed, where appropriate, by special considerations related 1o specific hosts,

In reviewing the literature on pathogens of ooiton pesis, it s immediaely apparent
that, while most cotton pest species have been idemified as host for vadous
pathogens, relatively livde of the research effon on these host- pathogen relationships
has been condicted in the cotton system, A greal deal of present knowdedge of these
pathogen-host relationships comes from research effonts on crops such as com, soy-
beans, sorghum, vegetables and others. The demand for high levels of control of key
colton pests such as the boll weevil and the bollwormfiobacen budworm have resulted
in heavy reliance on chemical insecticides in e past. Becaise of this dependency
there has been relatively litle effort made 10 survey for the pathogens of arthropod
pests of cotton or 10 learn of their actual o potential roles in this agroecosystem. There
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are nodoble exceptions, such as work on the boll weevil, Anthononmus grandis grawdis
Boheman, by B, E. McLaughlin, much of which is cited later in thas chapter.

As g side-effect of the recent boll weevil erndication program in the soulheastem
United States, several pesis such as the beet armyworm, Spodoprers exigua (Hibner),
and souithemn green stink bug. Mezora viridule (L), among others, are becoming
increasingly important in cofton, Several pathogens of the beel armyworm have been
npied by the awihors in cotton in Alasbama and South Carolina during the 1988 ficld
season (unpublished data). It is likely that reponts will be fortbcoming en pathogens of
atinkbugs and similar “new” pests as they demand more attention by Beld entomolo-
gists working with this crop.

Thee reader should keep in mind that ihis chapter contains information on relation-
ships that result principally from naturally cccuming pathogens. Alhough information
on the biplogy of several pathogens commonly used as microbial insecticides will be
presented, this chapier will pot review applicd microbial control knowledge, This sub-
ject is coversd more thoroughly in Chaper 15,

VIRAL PATHOGENS

Viruses are, in themselves, incomplete forms of life, They contain DINA or RNA tha
has sullicient genetic coding information o cause specific host cells 1o produce spe-
cific produces that the cell would not normally produce, thereby cousing imfection,
These products include viral proteins, specilic enrymes, pew viral npucleic acul, etc,
The virus is able 1o direct the infected cell w produce these products at the expense of
energy and materinl nommally channeled toward growth and meuntenance of the cell
itself, The end resull is often desiruction of the cell, 15 sufficien cells are involved, host
growth and development may be reduced or abrormal, with death being o fregquent
resplt, There are many different Families of vineses that infect insects, Only five—
Baculoviridae, Beovindae, Indoviridee, Ascovindoe, and Polyvdnavirdse—uwill be
discussed s those best known from insects affecting codton,

BACULOVIRUSES

Baculbovinses are very numerous wathin the Phylum Arthropoda, but the majoniy ane
known From insects, Several inscol onders contain known hosts, but they are recorded
principally from the Lepsdoptera (Bilimornia, 1986). There are no known countenpars
of this group of vineses within the plant kingdom or within the Phylom Vertebroaa. The
Intermational Commaties on Vims Momenclaiure places these vimses in the family
Baculoviridae {Manhews, 192 ) Only one genws, Becovines, has been described, b
there are three subgroups—2A, B, and C. The latter are based on the presence or absence
of a proteinaceous eoclusion boedy which surrounds the infections virons and, if pre-
sent, on the movphology of the ooclusion body. In subgroup A, commonly refemed o
as the nuclear polyhedrosis vinses, many virons ane oochuded in s polyledial shaped
ooclusion body (Figures 1, 2)p which forms in the host cell nuclens. In Subgroup B, a
single wirion is cccluded in a small, capsule-shaped occlusion body (Figure 3)
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Subgroup C virions are naked and do not produce any type of protective occlusion body,
There are currently po known Subgroup C vinoses from cotion pests.

Figure 1. Polvhedmal occlusion bodies of Bocwlovines Subgroup A from infected boll-
worm larvae. (SEM, T480X.)

Muclear Polyhedrosis Virus (Becalorirns Subgroup A) — The nuclear polyhe-
drgsis vinuses are currently known From over 300 different hests, mostly Lepidopiera,
bt also fvom Coleopeera, Diptera, Hymenoptera and several cther orders, Within the
Lepidopiera, an beast 34 families contain known hosts of the muclear polybedrosic
vimses (Mardignoni and Twai 1986), Cotion pesis from which nuclear polybedrosic
viruses have been isolaied include ihe iobacco budworm, Heltonlits vireseens (F), the
bollwoam, Helicoverpn fea (Boddie)d, the beet amywosm., the Fall anmyworm,
Spodoprera frugiperda (), E. Smith), the cabbage looper, Trichopdisia nf (Hiboer), the
coton bealworm, Alebonge argilfoces (Hibaer), the pink bollworm, Pecrinoplfora
gevgsvprelfo (Saunders), most of the cutworma and numerous other Lepidopeera which
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Figure 2. Cross-section of Beculovirus helfochis Subgroup A polyhedral occlusion
boddies showing embedded virions in mnsverse and longinsdinal sections. (TEM,
23,000}

oceasionally aitack cotton, such as the Buropean com borer Pyeenawa einbifalis
{Hilbner), the saltmarsh caterpillar, Exigmene acrea (Drury), the yellowsiriped army-
wiorm. Spodogera arithogalli (Guende) and others. Outside the United States, many
other specics could be added to this list

The virions of baculoviruses, regardless of subgroup, are morphologically similar.
The basic virnus particle is rod-shaped and consists of a dark, electron-dense core which
contains the double siranded DNA-protein complex, This is sumounded by several
layers. From inside out the order is: the capsid, an intermediate layer and three outer
layers collectively making up the viron envelope (Figure 3) (Federici, 1986). The
nucleoprotein core plus capsid are colleciively wrmed the nucleocapsid, Nuclear paly-
hedresis vinus vidons are occluded or embedded in pelyhedral shaped oocheion bud-
ies (Figure 1), Oceluded virens may be singly-embedded with only one nucleccapsid
per envelope (Figure 23, or multiply-embedded, with two or more nucleocapsids per
envelope (Figure 4). The occlusion bodies are large, predominamly from 3 to & hun-
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Figure 3, Cros-section of typical capsule-shaped
feendfovinus Subgroup B occhusion bodies show-
ing the singly-embedded vidon consisting of a
dense nucleo-protein core and surmounding men-
brane lavers, (TEM, 85.000X.)

dred-thowsandths of an inch (0.8 w0 2.0 nanometers) in diameter, abthough a ol siee
range of 2 o 80 hundred-thousandths of an inch (0.5 to 15 nanometers) is generally
reported (Federici, 19860 Their size allows them o be readily seen with the Light
microscope. The occlusion bosdies of lepidopteran noclear polyhedrosis vinses ane
polyhedral in shape, being cither (eimbedral, cuboidal or dodecabedral (Bergokd,
19633, Viewed in profile in the light microscope, they may appear triangular, square or
roughly circular, respectively. Each isolate produces a characieristic polyhedon type
that is presumably genetically controlled. Each of the large occlusion bodies or poly-
hedra may contain from a few o several hundred occluded virions, Finally, a thin poly-
hedral membrane supreunds the entire polyhedron (Federics, 1986}, The magonty of
the complete polyhednon consists of proteins. However, the vinon envelbopes condan
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Figure 4. l:mu—mnlm of typical pnl}lhuh froi Bercalovivms Sub:gmup A showing
miltiple-embedded nucleocapsids. (TEM, &6, 300X}

some lipkd and the owter polyhedm] membrane is composed principally of carbohy-
drages {Bilimonia, 1986; Federici, 1986).

All components of the complete polyhedron are funciional and play impoiant roles
in the life of the virus, The process of infection and replication has been described well
by Granados and Williams {1986). Infection is normally initisted when a susceptible
insect—For example, a larval bollworm—ingests polyhedra. When the polyhedra
reach the midgud. they are rapidly dissolved by the alkaline pH conditions encouniened
in ihe gut fluids, and the virons are liberated. Those which come in contact with the
gut wall are taken into the cells through a process resembling phagecyiosis. The enve-
bopee is lost in the process, and only the nucleocapsid enbers the cell. This may enter the
gut cell nuclews where the DNA is released and is able o replicate itself and produce
ey ucleocapsids,

Many of these newly produced nucleccapsids, as well as some of the original
invaders, will eventually pass to the body cavity side of the gui cell. Via a process ihat
is essentially the reveise of that by which they emered the gut wall cell, they will exit
it the Juien of the body, picking up a new coal or envelope of cell wall material in
ihe process. Onee in the body cavity, ihe circulating hemolymph or blood cavies the
particles uniil they come in contact with suscepiible cells, There they attach and again
enter the cells by losing their temporary envelope. They finally reach the cell nucleus
where the DNA is liberated and begins replicating {Granados and Willinms, 1986).
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Virions produced in these tissees are pormally occhuded imo poelyhedra which fonm
within the nucleus s the virons are being produced. Oceluded vinens will nol become
metive again unless ingested and released in a new bost, Uliimately, an infected meclens
becomes so filled with polyhedsa that i becomes distended and ruplures, rebeasing
polyhedra inte the insect’s body cavity, Since tens of thousands of cells we infecied,
death wsually oocurs just before the time of multiple cell Iysis (disintegration). Tissues
most commonly infected include the far body, rachea, inegument and cerain hemo-
cyles. Other tissues may be mvolved, depending on the particular host-vins system
(Smith, 1976; Granados and Williams, 1936).

The above process is the most commonly encountered. 1§ con have cerfain varna-
tions. For example, the enfire replication and polyhedron development process can be
confined to the midgut cells with o penetration ivto ihe hemocoel and wo infection of
intcgumeent or internal fisswes. This condibion is seen in sawfly larvae (Ovder
Hymenppiera) (Bird and Whalen, 1953; Smith, 1976) but is nod known in any cotion
pests. Vinons can infect by being injected into the hemocoe] through the integument.
This occurs through feeding punciures of predators or sfings of parasitic wasps that
have become contaminated during similar activities on infected individuals
(Andreadis, 1987). In these cases, involvement of the polyhedron in the infection
process is bypassed.

Following ingesiion of a lethal dosage of polvhedra, an infected larva will behave
nomsally for several days or longer. Smaller larvae show symptoms much mone
capidly than larger larvac. Time of development of discase and thus time o onset of
symploms is posiively correlated with increasing femperabure (Hall, 19%63) and
dosage. Initial sympioms include reduction in movement followed or accompanied by
a boas of Feeding activity. Shonly before death, ihe body lightens in color as billions of
polyhedra foro in the tssues (Figure 5). Many species of virnus-infiected caterpillars
will move upward on the host plants. Just prior to death they attach 1o the plant by iheic
terminal prolegs, They may then die laying on the leal surface or may hang head down,
atached only by the prolegs (Figure 6. Just prior to death and progressing rapidly fol-
lowing death, the integument (exoskeleton) becomes extremely fragile as the heavily
infected cells begin to byse (disiniegrate). A progressive darkening alse ocours during
this same perod wniil the larva becomes dark chocolate-brown 1o black (Figure 7). A
this point, gently shaking or lightly touching the cadaver results in mpturing the
integument and spilling the liquified body contents onto the leaf surface, Frequently,
the cosaver dies in place, ruptures, and leaves a large black residuoe on the leal surface
which remains wntil washed off by rains,

The mechear polyhedoosis viruses of colton pests occur naturally, Infection, espe-
clally the ocourrence of epizoatics oF increases in numbers of infected nsects above a
normal level, are dependent on a number of factors, These factors include presence
and susceptibility of host, environmental suitability, ond presence of the viable patho-
gen (Weiser, 1987), In addition, mechamsms of tansmission are nesded o facilie
infection leading 1o the development of epizootics [Andreadis, 1987}, Nuclear poly-
hedrosis vinases of Lepidoptera are relatively host specific and prncipally infect the
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Figure 5, Bocilovirns-infected (light) and wnin-
fected (dark) larvae of the bollworm on sovbean
leaves,

barval stages of their hosis. In colton, mechanisms are needed 1o facilitale virs sur-
vival between host generations within ond between seasons. For o given field, this
could mean several years if the host insect does not reinfest the crop each yeor or if the
field is matated inbo & crop thal 15 nod abscked by o parcular pest.

Muclear polyhedrosis vinuses con survive for long periods in the soil, Mew hosts can
be infecied by consuming the virus paricles from previously disintegrated hosis
throwgh soil particles splashed on plants duning rains or as wind-blown dust deposited
on the plant (Thompson and Steinhaus, 1950) Some female moths, sublethally
infected as lorvae, cam cormy virus which contuminates the surface of their cggs as they
are lwid. Lurvae hatching from these egps may bacome infected when they eat the cgg
chorion. Once a small number of individuals in a population is infected, transmission
is facilitated by the mereased inoculum released by the disintegroding infected indi-
viduals. Predators and parsiles add fo the transmission level (Thompson and
Bteinhous, 193, Andresdis, 19571 Weakened, infected individuaks are even cannibal-
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Figure 6. Bollwerm larva showing typical hanging
posture soon after death from Beeidovims feliio-
iz infection.

ized by their healthy cohons, which in tum are infected. An individual infected larva
can produce sufficient vinos to kill thousands of insects of its own kind. In an epizooiic
(epidemic) involving 100000 larvae per acre or more, the amoant of inocubum in a oo-
ton field assures that most larvae will come in contact with the vins.

Environmental factors often reduce incculum levels. Rain redisiribates polyhedra
on plant surfaces and spreads them more wndfonmly, bt heavy rain-fall will wash them
to the soil. Virus is rapidly insctivated by exposure to cenain uliraviolet wavelengths
of sunlight. Non-susceptible insects can eat virus on plants and remove it as inoculum
for susceptible insects. Thus while virus buibds up in the Geld during an epizootic, it is
constantly being bost as well,

Several baculovinuses are frequently encountered in cotton felds, In the Southeast,
the cabbage looper suffers routinely from epizootics of a nuclear polyhedrosis vins,
Most growers are familiar with this virus-host relationship and have keamed o take
advantage of the natural mortality provided by this vine. Most other hosts do pot show
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Figure 7. Bollworm larva several hours afier deah
cawsed by Bacelovirus belioohis infection. Moge
darkened color and swollen oty due v Bguifica-
tion of internal tssues and weakening of imegu-
e,

the extreme incidence of natural infection noted in the cabbage kooper, An exception
is the beet armyworm, This pest reached outbreak proportions in many counties of
Alabama ad Sowh Carolina in 1988, Epizostics of nuclear polyhedrosis vines devel-
oped in most infested Gelds dunng e July and eady August (Camer, unpublished
data; Soath er ol 1989),

Fruit Feeding insects, while susceptible, rarely suffer from epizootics, The bollworm
and 1obaceo budworm populations are both susceptible 0 a common nuclear polyhe-
drosis virus, bul epizootics arg rurely reported, despite the Fact thal epizostics of the
vimes occur in nesirby peanul, soybenn and com fields, This simabon appenrs o be
relased in part b the cryplic (concealed) feeding habits of the insect larvae on cotbon
and in part to o vines ingctivating factor or fctors in the cotton plant, Further research
is needed 1o clanfy this intemelationship os it hos important implications not only for
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the natural socumence of this virus but also for its use a5 an applied microbiol insecti-
cide (see Chapter 15} Most of the muiclear polyhedrosis vineses known from cotbon
pest insects oocur infrequently mthér than causing dramatic epizoodics. In these cases,
they are of more inerest For their potential development as microbial insecticides than
for their natwml impact on pest populatons.

Granulosis Viruses (Bacafovivas Subgroup B) — Discussion of the granulosis
vinuses parallels that of the nuclear polyhedrosis vinases with only a few exceplions,
Morphologically. these vinuses consist of o singly-enveloped virion which is identical
in structure fo that of the nuclear polyhedrosis vinuses, This virion is eccluded in an
individual, capsule-shaped occlusion body (Figure 3) which is relatively smmall, 0016 w0
0.3 by 0.30 to 050 micrometers in dimensions (Federsct, [986). Thus ihey ane the
size of very small bactenia and. while visible with the light microscope, are more dif-
ficult io diagnose than the larger nuclear polyhedrosis vinises,

Cranulesis infections are mol a5 numerous as the noclear polybedrosis vinses;
approximately 100 have been reporicd (Granados and Williams, 1986), They ane
known only from Lepidoptera. OF the major cotton pests in the United States, they
have been recorded only from the bollworm, cabbage looper, beet armyworm, Fall
armyworm and several species of cotworms (Martignoni and Twai, 1986),

Ciranubesis vinus pathology, symptomaiology and epizeotiology are very similar io
those of the nuclear polyhedresis vinuses, Growth rate of infected larvae is slowed
resuliing in a prolonged developmental time, which differs from ouclear polyhedrosis
vinus. Cenain granubesis vinases infect the integument while others do nod. Host larvae
infiected by ihe latter have an integumend that remains tough and leathery after death,
Thase granulosis viruses that do infect the iMegument produce a very fragile cadaver
as was described for nuclear polyhedresis vins infection (Smuh, 1976),

CYTOPLASMIC POLYHEDROSIS VIRUSES

Broadly grouped in the family Beoviridae, the cytoplamic polyhedrosis vinuses
have affinaties with certain plant and vertebrate viruses, They are known from over 150
different insect hosts, including Diptera and Lepidoptera, bt the majority are known
From infections of larval Lepidopiera (Matthews 1982, Cotton pests with recorded
cyvtoplasmic polyhedrosiz vins infections are the cabbage looper, fall armyworm, beet
army wormm, tobaeceo budworm, bollworm, pink bollworm, many of the cutworme and
other armyworms (Martignoni and Twai, 1986), Thus, they are nearly a5 pumerous
armong collon pests as are the nuclear polyhedrosis viruses, On the other hand these
reconded infections were usually from insects collected on plants other than cotton,

The cytoplasmic polvhedrosis viruses have been known for many years becouse
they, like the nuclear polyhedrosis vinises, prodice large, light microscopically visible
occlusion bodies, They differ markedly in viron morphelogy, however, Cytoplasmic
polyhedrosis vines vinons are small, subspherical icosahedrn. Their dinmeters mnge
Fromm 50 to 65 nanometers and can only be viewed with the electron microscope, The
virions consist of o sphencal nuchkeoprotein core sumeunded by an outer shell
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(Matthews, 1982}, These virions are occluded within proieinaceous polyhedra as are
the haculovinses (Figure 8). The polyhedra can also vary in shape, ranging from teira-
hedrons to icesahedrons {Amnga, 1971 A morphelogical study of seven different cyto-
plasmic polybedrosis viruses by Cunningham and Longworth { 1968) provided a range
of mean polvhedron diameters of 1,13 to 2.49 nanomeicrs.

Following ingestion by suscephible host insects, the polyhedral occlusion bodies are
rapadly dissolved in the guts of their hosts. The released virions atiach to the midgu
wall and enter the cell eytoplasm. Onee in the midgut cytoplasm, replication of the
nucbeic acid and synthesis of all viron and polyhedral components begin, Infection is
confined o the cells of the midgot (Watanabe, 1971}, Mature polvhedrn are relensed
iy the gut as infected cells die and may be excreted in large numbers in the fras or
fecal material {Aruga, 1971; Boucis and Nordim, 1978). Ulnmaely, severe infection
respls in boes of the midgut™s ability to abaorh food and Tunction properdy resulting in
the host's death.

¥

Figure &. Thin zection of midgut tissoe from boll-
worm showing a cytoplasmic polyhedrosis vins
polyhedron with many cmbedded icosahedral
shaped virions.
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Larvae infected with cytoplasmic polyhedrosis vins show few abpommeal sympiomes
For several days afier ingestion of the virus. Close examination reveals a reduction in
general activity including a bess of appetite after iwo to four days. Larvae may regur-
gitnse or pass abnormally wet fecal material as the infection advances, Frass also lighi-
ens in color due 1o presence of large numbers of occlusion bodies [Boucias and
Mordin, 1978 In some host species, a white or light patchiness may appear lale in
infection, Dhssection of tee larva at an advanced siage of infection reveals a very lighi-
codored yellow 1o opague midgut instead of the normal semi-transparent lissue, This is
cased by the presence of large numbers of polybedra packing the cytoplasm of ithe
midgut cells (Smath, 1976}, At death, the krva dodkens, wming brown to blackish,
Unlike the nuclear pedyhedvosis infection, it maimtains a very lough integument which
does not uptere when wuched, Larvag infected Tae in their development ofien sur-
vive, pupate and emerge as adults,

Blost virus is transmitied when healthy larvae eot folinge that has been contuminated
by fecal moterial or regurgitate of infected larvae, The vines con also be mransmitbed
from infected females 1o their offspring a5 a contaminant on the ¢gg surface which is
ingested by newly-hatched Larvae, Sublethally infected female larvoe that pupate and
sucoessfully emenge as moths can canry virus through metamorphoss, The vins then
comaminates cggs a5 they are laid, In the tobacco budworm this masde of iansmission
occumed even after diapause wos complete (Sikorowski ef af,, 1973),

IRIDOVIRUSES

Indoviruses are lorge, icosabhedml, DMNA viuses belonging to the amily
Irdovindae. Those selped from insects are grouped into two genera based on ther
sizes and serological relationships, The smaller iridescent virvses (abowt 130 panome-
ters) have been placed in the genus fridoviees ond include isolates from Dipdem
(Tipulidae), Cobeoptera and Lepidoptern. Larger iridescent viruses (abowt 180
papometers) have been isolabed from mosquitoes and other Diptern. They are plaged
in the genus Cliforiridovings (Hall, 1985),

Tiee name Iridoviridae is based on the chamcreristic iridescent green, blue or purple
seen in heavily infected hoses, which is cansed by the presence of high concenbrmtions
of the vims packed in crystallive amoys (Figure 95 The indovinses replicate in the
cytoplasm of cells ina wide range of tissues, but heaviest concentrations are usually
foand in the fat body., There are two reports of these virses infecting
HelicoverpaHeltoiz. Cavey of af, {1978) isclated a smnll iridescent virus (akow 130
nanomeebers) from Helfeoverper aonigera (Hilbner) in Africa, and Stadlebacher e al,
(1978 recovered a similar vims from bollworm larvae collected from clover and vetch
in Mississippi. Infected bollworm larvae tomed an indescent lavender-blue, blue, or
blwe-green, The virus from the bollworm ranged in size from 131 10 160 nanometers
with an average diameter of 145 nanometers, Therefore, both the Afnica and United
States solates probably belong o the genus ferdevimes,
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arranged in the crystalling armay pattem typical of
Iridovirus infection. (TEM, 7.4000.)

ASCOVIRUSES

Ascoviruses are a recently discovered group of viruses which have been isolated
from several species of nocwid larvae. They are non-occluded, enveloped, DMNA
viruses that measure 150 by 400 nanometers. Federici (1983) proposed the name
Ascovins 1o describe the many vins-containing vesicles found in the hemolymph of
infected larvae (Figures 10 and [1). The virus was first repored from bollworm!
tobacco budworm luvae in Mississippi (Adams o ol., 1979) and South Carolina
(Corner and Hwdson, BE1), Similar viruses have been reported from the cabbage
looper (Fedenc, 1983) and the fall armyworm (Hamm of ol., 1986). Symploms in
nfected larvae imchide sluggishness, reduced feeding and stumed growth. Larvae may
remain alive For several weeks after infection, As the disense progresses the
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Figure 10, Hemolymph from o bollworm lerva with
Ascovims infection, Mole the loge number of
vesicles that are gramular in appenrance due 1o the
presence of clumps of virus particles. {Momarski
interference contrast, TN}

hee maclly mph. turmns milkey amd becomes filled with vioos-containing vesicles. The vesci-
cles are formed by a unigue developmental sequenee in which the host cell cleaves into
a cluster of vesicles as vimis Fformation progresses. The host cell then uptures, releas-
ing the vesicles into the bleod or hemolymph.

The virien is allantoid in shape and consists of a DNASprotein core of similar shape
surrpunded comsecutively by an inner membrane and an outer envelope (Figose 11
The external surface of the inner membeane and the ouber envelope have a neticulase
appearance in negatively stained preparations. Replication is initisted in the nucleus,
but virbon assembly does not occur until after disroption of the neclear envelope.
Subsequently, host cells ase cleaved inte vesicles in which replication amd assembly
appear o continue. Ascovimses vary in their tissue specificity. The izolate from boll-
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Figure 11, Thin section of a single vesicle from
hemolymph of Ascovins-infected  bollworm
Tarva, Mote clumps of dadk-stoined vinons, (TEM,
23.000X.)

worm/iobacco budworm and the cabbage looper replicates primarily in epibermal and
fint boddy cells. It has also been observed in tracheal matrix and midgut epithelium, The
esolate from Spodopiera spp. is resiricted primanly w the Fan body,

In some cotton Belds in South Carolina, infectizan levels in bollwormy 1obacco bud-
worm populations have reached 20 1o M) percent, but usually bevels are much lower.
Field collections have shown that infection levels are usually higher in Gekls where
parasitoid populaions are high, leading one to believe that virus eransmission is medi-
el by parasites, Hamm e o, {1985} demonstrated that the braconid parasite, Cetester
rrereginiventets (Cressond, coubd iransmit the vins between larvae of the fall amy-
worm, In South Caroding, the parasite, Microplivs dermoliter (Wilkinson ), was used
successlully o iransmit the vines between bollworm luvae (Comer, unpublished data),
In the laboratory it is difficult to transmit the vinas 1o larvae by feeding, However,



BIOLHGEY, ECOLOGY AND EFIDEMIOLOGY OF MICROBLAL OREANIMS e

picrcing the cuticle of larvae with a contarninated pin usually resulis in 100 percent
infection, presenting more evidence thal parasites may play an tmportant robe i the
transmission of this vinus in the feld, In both cases of parasie wansmission the virus
killed not enly the host larva, bt also the developing parasite, pulting in gquéstion the
benciicial nature of this virs,

POLYDNAVIRUSES

Polydnavinus is the name vsed by researchers 1o refer (o a unique group of nopoe-
clded virnises found in the ovanes of pamsilic wasps. The name was derved from the
characteriziic multi-segmented DMNA of vanable mobecular weight Foand in all of these
viruses, Morphologically. these vinoses can be divided into two main groaps. Those
found in braconid wasps such as Covdiochiles nigriceps (Viereck) consist of a shon
rodd-shaped nucleocapsid surrounded by a double envelope. They are very similar o
some of the nonoccluded baculovimeses and were onginally classified by sone
researchers a5 a subgroup of the Baculovindase (Stolitz and Vinson, 1979, Vimuses
found inthe oviducis of ichreumonid wasps such as Canppoleiis sonorensiz [ Camercn)
are spindle shaped and do noi resemble any known groop of vinses, Stoliz er al.
(1984) proposed that these ichneumonid virses be placed in & new family, the
Polvdnaviridase. Mosi researchers agree ihad eventually both the braconid and schmeu-
mikid virsses will be gronped together in a scparabe family because of similar char-
acieristics of the DMNA genome.

These parasite viruses replicate in the nuclei of calyx cells and high concenirations
of ihe vims sccumuolaie in the lumen, forming what s referred to as the calyx fusd
(Figure 12} This Muid is injected info the hemolymph of the host af the fime of ovipo-
suliom, The major function of these injecied viruses is o interfere wiih the immune sys-
temn of the host and prevent encapsulation of the parasite ege (Edson e all, 1981}
Some viruses also prevend developrent of ihe host by affeciing hosmone levels, and
thus make the host mone suitable for development of the parasite (Dover & al, 1988)
Eaxch parasite species possesses a vinas which is unique for that species, and the vins
15 present in all female individuals of that species.

Bany of the vinuses described to daie have been from parasites which affect colton
insect pests. These include the braconids: Cardfochiles migriceps Wiereck, Microplinis
croceipes (Cresson) and Cevesin marginivenrris; and the ichneumonid, Compolenls
somorensis (Stoliz and Vinson, 1979 It is likely thai most, if not all, of ihe braconid
and ichneumonid parasites found in cofton peasess a calyx vinus charactenistic for their
armily,

FUNGAL PATHOGENS

The fungal pathogens of insects are unigue in that they ase able io invade their bosis
by penetration through the integument, Every major pest of cotton in the Ulnited States
is infected by at least one known fungal pathogen; most are infected by several. Insects
which fead by piercing and sucking, e.g. aphads, whiteflies, thraps, spider mites and
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Figure 12, Thin section from the calyx region of an oviduct from the pamsite
Ceriperletis sonorensis showing Polydnavins vinons in the calyx fluid (Cap which
is adjocent o the choron (Chi of an egg. Vinus replication is taking place in the
calyx cell (Ced. (TEM. 10.5000.)

stinkbugs rarely are reported w have pathogenic infections of bactena, vineses, of pro-
togon since mgestion of inoculum would be rre, Fuagal infections are econded in
cach of these groups, and dense populations fregquenly support sinking epizomics
(epidemics), Factors favonng epizostics of enomopathogenic Fungi ore both bioti:
and abictic, Fungi are dependent on host density and on specific climatic factors such
o wingd, homidity, temperaure, hght and others to initinte and maintain infection in o
host insect, Epizootics are dependent on these some Factors plus variows host popula-
tion parameters such os density, age strociure, distribution within fields and seasona
peowrrencs or distribution, Initistion and maintenance of epizootics are thus dependent
on many specific conditions,

The canopy of the cotton plant provides an ideal situation for the development of
fungi, cspecially in fields where the canopy is closed between rows, Late scason pop-
wlations of insects and mites are vsually infected by one or more species of fungal
pathogens. Because of the dependence of fungal pathogens on favorble moisture con-
ditions, incidence of these pathogens in pest populations may viry considerably from
one season o the next. Most of the studics dealing with Fungal pathogens of cotton
insects are concemned with natuml occumence and epizootiology of these pathogens,
There has been very little work on development of these pathogens as microbial insec-
ticides,
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Fungal pathogens reported from cotion insecis and mites fall into two main groups:
those belonging to the order Entomophihorales and those which are members of the
imperfect fungi.

ENTOMOPHTHORALES

The order Entomophihorales is made up of a large group of highly specialized fungi
in the class Evgomycetes which are mainly parasitic on insecis and arachoids (mites
and spiders), The classification of this group has been the subject of considerable con-
troversy in ecent years, Early reponts placed most species in a single genus, Ento-
moplthore, However, as pew species were added o the group and the number of
species i the genus exceeded 100, attempts were made o develop a mone manageabls
system of classification, Several revisions of the group have been published inclwling
these by Botko (1964), Remaudiere and Keller (19800, and Humber (1989), For this
chapter we will wse Humber's clasafication which divides the order into six families
and 21 genera, Representatives of this group which are found in codton inchude the
genern Eowie, Pandora, and Ewomophaga in the family Entomophthorsceas and
Neozveites in the family Meozygitcene,

The vegeiative phase of the Entomophthomles fungi occurs within the body of the
live host, wsually in the form of hyphal bodies, These increase rapidly by fission or
budding. completely filling the hemocoel and killing the host. Shortly afier the death
of the host, conidiophores grow out from the hyphal bodies and emerge theough the
less resistant portions of the cuticle, In some cases the conidiophores will form a me
which completely covers the body of the host (Figure 13), Conddia are formed singly
on the tips of the conidiophores and are forcibly gjected from the host cadaver, “The
spores have a sticky coating and will adhere to any substrote wilh which they come i
contact, The aurcole or opaque circle of ejected conidia usually seen around a host
cadaver is a diagnostic characieristic for this group of fungi.

The conidia are the primary infective units which spread the fungus through o pop-
ulagipn. In some species the primary conidia serve this purpose. In other species spe-
cialized secondary conidia are formed at the tips of slender vemical stalks. Hosis
become infiecied by walking over the leaf surface and boushing against these spores,
Conidia can be spherical, pear-shaped, or slender, depending on the species and can
vary in length from 1000 30 micrometers (Figure 14a, b, ¢).

Most species of Entomophthworales also form thick-walled resting spores (Figure 13)
which aidd in the survival of the fungus during harsh conditions and when hosts ane not
present, These spores are formed inside the hoss, often in individuals other than those on
which conicia are formed. Hosts containing resting spores usually will display symptoms
completely different from those infected with the conidial stage of the fungus,

Carner ef al. (1975) reported a species of Entomophthorales with pear-shaped coni-
dia (Figure 14b) infecting larvac of the bollworm in soybeans in South Carolina
Hamm (1980) found a similar species infecting bollwormfobacco budworm larvae in
sorghum and identificd it a8 Entonreplithora anbicae, Both reponts describe what is
now known as Exntormophaga anficae (Reichardt) Humber (Humber, [989% This same
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Ermin sp. The cadaver is covered with a dense
st of hyphae and sporulating conidiphores,

fungus has been observed infecting ballworm!' tobacco budworm Larvoe in late-season
cotion in South Corolina. The fungus wsoally infects late instar larvoe and produces
large pear-shaped comdin which coptmin 10 o0 12 mucken (Figure 14b), Bollworm!
iobacco budworm larvae in these same populations were also infecied by a different
species of Entomophihorales, which infected smaller larvae {(mamly Zncd and 3rd
instars) and differed from Exomoplogs eilicae in that 1t prodeced on extensive
mycelial mai over the extenior of the larval cadaver. Consdia were also smaller, more
fusiform (spindle-shaped) than pyriform (pear-shaped), and comimined only one
mclews per spore (Figure [4a). This second fungus is probably a species of Ermiae,
The predominan species of beoper on cofton is the cobbage looper. However, pop-
ulations of the soybean beoper, Prewdoplisia declders (Walker), sometimes build up
in lasie-season cofton. Both species can be infected by Poodorg geonnee (Weiser)
Humber, a fungus which plays a significant role in reducing looper populations im soy-
beans (Harper and Carmer, 1973). In cobion this fungus is usvally found in labe season
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Figure 14, Conidin from the different genera of Entomophthorales, A, Erynia sp. from
bollworm (300X, B, Emomophage aalices from boallworen {LO00X), C, Pandara
goanmar roam sovbean looper (1,1 00X),

populanons which are predominantly soybean looper. Loopers infected with Pandorg
gararaere display different sympioms depending on the type of spore produced. Larvae
infected with the conidial stage are completely coverad with a mat of tan-colored coni-
drophores (Figure 16), After conidia (Figure 14C) are produced, larvae tum brown and
become shriveled. Larvae infected with the resting spore stage of the same furgus arne
black and swollen and have no external growth (Figure 17). Unidentified species of
Erveia and Evrowrogiaga have also been seen anfeching loopers in collon (Camer,
unpublishedh. These fungl produce symptoms simalar o those described in boll-
wormobacco bidworm larvae.

The best armyworm has been a serous pest of coltan i recent years, Although the
nuclear polyhedrosis vinus has usually been reported as the predomanant pathogen of
this specics, o species of Ervwin has albso camsed high mostality in populations of this
pestin South Coroline. This Ervwia spp. appears simabar to the one which infects boll
wormstobacco budworm lorvas, The yellow=sinped ammyworm s also a bost for s
fungus. Bodh the yellowstriped and beet srmywonms have been Ffound infected with
P gerrnae (Cormer, unpublished),

The cotton aphid, Aphis gosavpil Glover, hos become increasingly important as a
pest of cotton in the southeastern United States during the past decade, The fungus
MNeopyeites fresemii (Mowakowski) Batko is o common mortality agent of this pest in
many stabes in most years. Doamalic epizsotics or outbreaks of the fungus are fre-
quently observed, with high percentages of population reductions. The authors have
noded these in Alabama and South Cancling and reports from other states have been
common {Steinkrous, 1991
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]

Figure 15. Resting spores of Meogvpites Torddana
from the twospotied spider mate. (13700 )

The predominant monality factor in populations of the iwospotied spider mite,
Tetrmivehues aervicoe (Koch), is the fungal pathogen, Neosveires Tortdmaa (Weaser)
Femaodiere and Keller (Figure 18). Epizootics of this fungus asually ocour when mine
populations reach high levels and can completely decimate populatiens within a period
of one o pwo wecks (Camer and Canerday, 19700 Mites infected with e conidial
stage of Meogvpires flordama become mammitied and merm a light @an color immedi-
aely after death. Under high humidity conditions conidiophores and conidia will
develop over the entire extermal surface. Primary conidia are spherical with a promi-
nent papillar base and condain four nuclei. The infective stage of this fungus appears
o be a specialized secondary spore which is produced ai the tip of a slender vertical
stalk which grows owt from the primary comidium (Figure 19), Mites infected with the
resting spore stage of this fungus are Mack with oo extersal growih (Camer, 1976).

Populations of the western flower thrips, FranklinfeNa oecidentalis (Pergande), are
sommetimes infected with the fungal pathogen, Neosvgives ponvizporg (MacLeod and
Earl) Bemaudiere and Keller, a specics oniginally descrbed from the onion thrips,
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Figure 16, Soyhean booper larva hanging from a soy-
bean beal carly in the moming following death the
previcus evening from Porderg gamnne infec-
tion in which conidia were formed. The body is
coversd with a layer of tan-colored conidio-
phores,

Tu'nfrr.: fobrer | Lincleman ) (Camer, ull|!l'tl1!l|ih]'ll:il:l. This FIIII_I:'.H:"C has a lafe 1.'}'1.'||: VETY S
lar bt deserbed ﬁ1|'J"i'ﬂ.l;l.'gr'.lf.'.'ﬂmﬁl':rfm in h]!lil]-l‘.'r IR =8

Members of e |":|H|.u|'|11-|:|||1|||.u'.J|L". e nl'n::,:i.ﬂﬁ:rﬂ.l |mlh|.‘|gr.'|15-. with a ||'|g|l l'll:g,l'td‘.' of
irljilpt,illiw b e r:pul;ie.'. whach I|H:}' infect, Tl:u,:}' are Hn’ql-e,:r.r]l}' ahserved caming tpci-
zoolies when host [hcnl'qllill:hmn e ||'||::||. Lk rrwt I'uu.l.:_:i they ane |:||:'J'r|:|"uh=r!|l on Favor-
ahle evaronmental condihions for ther ih!'rc|-:|-|n:|nu||l!. bail pol 10 the exteml hal
impu[li,-ﬂ ﬁ,l.ru:: are, These [I,.ll:'lt!i: e rl:ml}' tied 1 the Life -:,:ﬁ:ll,: :Bllnl”h:h:l.\lml'fhll-ul‘“m
af therr hostz and can mapMain infection 10 a |:~:|-|r|||:|[i-::u| with the normal pEriu:‘h: o
high }Hunidil:}' thit cccur al myj'l F=or I:IZI"i:ﬂI!., e mle I'llngu\., Nﬂ.l;}'.ur'rq'r_fi'mﬁkr.lm
kills 1= host n the lage aftermoon andd cwl.:,' evenng when conditions are favorable for
S rm;u]l,lq:l 11, f_:1,1r||i|:|||1|'|h:|n.' |'||'|'u,l|,:-|.'[il;,r|1 h:f;i.rn. irll:lll-:'ch:llui].' amwl 1% r:unl:lﬂulr:\d
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Figure 17, Sovhbean booper lirva langing from a col-
tom kel fodlowing death from Pandonn gammrae
infection in which resting spoves weene formed
intermally.

within several hours. As soon as primary conidia are cjected and land on the leal sur-
face, they germinate 1o form slender upright stalks on which secondary conidia are
formeed. All of this development tokes place during the night while the humidity is
high. The secondary sporcs ane mone resistant than the primary conidia and are able 1o
survive the warm dry conditions that normally occur duning the daylight hours, Speder
miles are inactive st night and begin 1o move around on the leaves as iemperatures nise
during the moming. As they move arcund on the leaf surface they brush against the
secomdary spores and the spores become attached 1o the cuticle. Germination of these
infective secondary conidia does not cccur until conditions become favorable again the
Following evening. Spore germination and penctration of the cwticle requires humidi-
ties close to 100 percent, bat onee the fungus is inside the mite it does not require high
havmidiny For its developmen wtil it Kills the mite several days later.
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Figure 18, Twospotted spider mite infected with
Meozygites floridana showing the formation of primary
conidia, (SEM, 140X.)

NOMURAEA RILEYT

MNeomwraea (Spicaria) ritevi (Forlow) Samson is5 a member of the class
Hyphomyeetes. As such i produces conidin bad has no known sexoal method of repro-
duction. There is only one other species in the genus, Nompraea anricods (Yasuda)
Samson, which is distinctively differemt based on conidial color. It is not known o
infiect amy cotbon pesis,

Movnrreea milevi is commonly encountered as a pathogen in many specics of kepi-
dopterous [arvae in cotton fields {Ignoffo. 19810 It frequently infects tobacoo bued-
worms, bollworms, cabbage keopers and the ammyworms associated with cotbon. On
olher crops—omm, sorghum, sovbean, and crucifers—it is found on sdditional species
of Lepidoptera. Nompreea rifevi hos been reported from most agriculieral areas
arpund the world, ranging from wopical o temperate climates (legnoffo, 19815 Mosit
records appear o be associated with larval noctuids, bt the species is reconded from
a spider (Samson. 1974) and from several Coleopiera (Ignoffo, 1981), so ihe potential
host range may be larpe,

Mownreaea rileyi is very similar in morphobegy 1o Peicillivm (Samson, 19810 I
produces oval conidia which are green in colos. These are prodweed in chains on short-
necked phialids which are in tum prodoced in dense whorls along the filameent-like
consdiophores (Figure 20,
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Figure 1%, Capilliconidia of Neoovgites floridana, Mote the
development of the copillary stalk from the primary
conidinm on the substrate with the subsequently formed
capilliconidivm and adhesive tip. (SEM, 7303.)

Insect larvae infected with Mesnraen sflend exhibie symproms typical For many
Deuteromycete infections. Litle extemal differences are noted between infected and
heabthy individuals for several days following infection, Larvae then become less
active, Meonate cabbage looper larvae are killed in six 1o seven days, depending on
tlemperature (CGetzin, 1961 ), Following death, larvae may hang from the plant strec-
tares on which they are siting with their prodegs attached to the plant surface, On cot-
tom, infected bollworm or lobacco budworm larvae are sometimes seen hanging head
down from thear feeding hales a0 the bolls. On Jeaves and stems, the larvae often
asseme a curved posture, arching upwared and forward from thear anached probegs with
the forward portion of the body held ngdly above the subsirae, 1T the comeat envi-
ronmemal conditions are present, the fungal mycelium or hyphal bodies which have
proliferated and filfed the hemocoel of the cadaver will begin to proshice conidio-
phores, These grow through the by wall in large numbers amld wltimaely cover the
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Figure 200 SEM of NMomprrea miferi reproductive
structures showang chains of spores  prodscesd
from dense whords of comidiogenous cells,
1300 )

enfire cadaver as & dense, bright white boome It is this stage that is most frequently
nodiced by growers. I environmental conditions continee o be favorable, this stage is
followed by the prodection of hundreds of thousands of green conidia which couse the
cadaver to wm from bright white to a light green celor (Figere 213, Towching or shak-
ing sucly cadavers results in dislodging conidin as a green dust,

Infection of a larva by Mownpraes rfevi beginsg when conidia which have cither
adhered 1o the intcgument or have been ingested, germinate ond produce genm iubes
which peneiraie through the integument or gut wall by both mechanical and chemical
mechanisms, Cnoe penctraiion oocurs. the genm wbe begins 1o produce cells bencath
the imegument by growth amd division st the peneiration sive. Growth continues as
cells break away and grow in the hemolymph as ghon, stecky hyphal bodies, often
cilled basiospores. These proliferate by budding, eventually cavsing death of the hosi,
They comtinwe to grow antil they fill the host abdomen. A this siage, they produce
elongate conidiophores apd conidia as discossed under symplomatology.
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Figure 21, Typical Mornrmea rilevi-infected lepi-
dopterouns larva i complete spomalation stige
Larvae pre light green in color al this singe.

Meminrraer rﬁ.l'r_ﬁ 1% I!'_|.'|:|ir.':|||_',' abmcland wsder conduions of .||F|I I||||r|.|n|]il}' and |1i_|:ﬂ|
bzt -;L:n'ql].'. In most cobon _|‘.:|'||:lwi||F areas ol the Umited Stmes such condinions are nol
contimuonasly presenl, Infectson 1% f1'¢L||,||,:|1r|:,- poted in andiadual larvae in bow inc-
dience |:|.|||'i|13 much of the ErOWing season, st e rl,mt_'ll-i 1% |:-|,:|r|:||5|||:,' ]1|l,:1.';l'||:nl in
highest incidence in host populations during late summer, This 15 probably dug
development of microclmates within the closed crop canopy conducive o fungal
infection and spread, as well as 1o higher host populations increasing the probobaliny of
infection, Production of conidiophores and conidia from dead codavers 15 dependem
on moisture conditions, especially on high homidity, Once produced, comdin ane eos-
ily disbodged from the cadavers by wind or odher plossieal distorbance amd conlagt new
hosts by air movement or by gravity, 1F conditions for comdiophore and conidan pro-
ductiom are wl approprabe, the fungus con remain dommant mside the intect dead larv
for extended periods of time, The fangus overainters inside the ost or a5 free conidia
(Sprenke] and Brooks, 1977; lgnoffo, 194] ),
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BEAUVERIA BASSIANA

Bemrveria bassiona (Balsamo) Vuillemin 15 a deweromycete whose life cycle, epi-
zootiology and ecology 15 very aimilar 1o that of Nerweeea rilevi. However, this fun-
gus has a much wider host rnge than Nownrraea rilexi, I has been isolated from many
differcnt orders of insects, I (oo, has been isolated from all major temperate and trop-
ical regions of the world,

Morphobogically, Beaurverio bastimog differs from NMowmeaea ailewd inthe sinctung
of its conidiophores (Samson, 1981 ). Conidin are produced abong zig-zoag shaped coni-
diophores ratler than in chains (Figure 22) This configursteon is very distinciive and
characteristic of the genus, bt requires high magnificotion and careful specimen
preparation e be able o discemn. The conidiophones resemble those of Nompnrea
rilevi in that the conidia-bearing cells are prodoced in whorls along the conidiophores,
Beanverin dazsicma is also distinctive in its production of snowy white conidia which
are generally produced in a laver thai closely covers the cadaver. In some insects, the

Figore 22. SEM of Beamverta bassioe reproductive

structures showing spores produced in a zig-zag
partern from single consdiogenous cells. (65,5000
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conidia are produced in clumps over the body surface, creating a moee granular
appearing surface.

Beanveria bassioua has been found in nearly every major order of insects including
Coleoptera, Lepidoptera, Orthopiera, Hemipiera, Homoptera, Diplera, Hymepopen
and many sihers, Cotlon pesis known 1o have been infecied include adubt boll weevils
(McLaughling 1962; Smith, 1991}, the tamished plant bug, Lygns Freolars (Palis de
Beanvoiz) (Unpublished data, M. J. Gaylos, Enomology Department, Awbum
University, Aubum, Alabama), the western plant bug, Lyvgies hesperaes (Knight) (Dunn
ond Mechaliz, 1963), and several armyyworms, Spodepiena spp. (Gardner and Fuxa,
1980; Kenneth and Obmert, 19730 All of thess reconds were encountered under labo-
ratory conditions, Maturally infected insects are rarely Tound in the feld, Wright and
Chandles {19915 recently psolated a strmin of Beawverio bossione from boll weevil in
the Fio Gramde Valley of Texos, In addition to the weevil, Wright {1992} has success-
fully infected the sweeipotaie whitelly, Bemesio fobaci (Gennodius) and the cotion
fleshopper. Preudotomoscelis seriafis under both laboratory and feld conditions. The
strain 15 currendly being developed as o potential mecrobial insccticide for wse agains
these and odher pests in cotton {see Chapier 150

Infection. growth, development and spomlution of Beamveris bassimng is easentially
s described for Mosmeraea rilevi. Bympboms are also similar with the excepiion of the
color of conidia produced by each. The pure white colos of Mominreea silevd in the
conidiophore bloom stage is similar o the color of both the conidiophore and conidial
stages of infection by Beauveria bassiora. The two can be separated by holding ihem
under humid conditions for conidia production or by microscopic examination of the
conidiophores,

The principles relafing to transmission, dispersion, and survival For Mesunraea ralevi
are alun :‘|.|'||:|I|.:::1H¢ o Beerirverier hassinune,

BACTERIAL PATHOGENS

Bactenal infections in natural populations of cotton pests are nod well documented,
Tsodations of pumerous non-pabogenic bactenia from boll weevils amd apmyworms
(MecLaughling 1962 McLoughlin & of,, 1966} and of Becillus cercus Fronkland and
Frankland from cotton lealworms (Agudelo and Falcon, 1977} in Colombia have been
reported, Bacteria such as Ferrarin morcescens Bizio and others are frequently prob-
lems in laboratory rearing of insects but are nod considered 1o be imponan pathogens
in field populations (Bucher, 1963), A possble exception is the repont by MoLoughlin
and Keller (1964), They repoted weevil larvae shipped from Mexico being heavily
infected by this orgamsm, While pathogenic bacterin probably contribute to low lev-
els of disease in many codton insect pest populations, they are generally unnoticed in
roudines scoating of fields,

Bacillies turringiensis, the emomopathegenic bacteriom vsed in commerce under
vanous mde names, 15 present in most soils, bl again, is nod known to comse any
apprecipble natwral mortality in populations of insect pests on cotton. This bacterium
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is of potential value as a microbial insecticide and is discussed from that standpoind in
Chapter 15.

Bacterial infections have very typical symptoms in lepidopterous larvae. Infection
requires that ihe bacterial cells reach the hemoeoel of the insect, cither by pencirating
the gut wall or through wounds. Once in the bemelymply, baciena grow rapidly by cell
divizsion, wiilizing the hemolymph as a particularly cich growith medivm, The time
sedquence of progress of infection may vary with bacierium, host, inoculum level, tem-
perature and other Factoss, but the infiected insect will generally show reduced pctiviny
within twe b three days, Death of the insect occurs soon after reduced activity & evi-
aent, Just prive o death, general body color may begin o darken. After death, cadav-
ers become dark brown 1o Back in codor, The integument of caterpillars often remains
relatively tough and leathery, resisting rupture when handled, Sucking insects usually
darken and retain thelr body shape, but body contents are initially watery, Microscopic
examination of tssue smears of these insects will vsually reveal heavy concentmtions
of bactenial cells.

Diagnosis of bacterial infections s often difficult. Insects dying from physical
wounding by predators, physiological causes and pesticide poisoning often show typ-
ical bacterial sympioms, Furher, they may contain lange numbers of saprophytic bac-
teria which have grown opportunistically in the dead codavers, Diagnosis of bacteria
as cause of death requires demonstration of pathogenicity using Koch's postulates, a
time consuming and expensive process, Determination of the species of bacteria asso-
ciated with a cadaver may reveal those that are known pathogens, but specific isolates
of swch species may or may nof exhibit the charactenstic of pathogenicity, Thus, one
st e extremely careful in diagnosing bacteria as the cause of death in dead, ficld-
collected larvae.

PROTOZOAN PATHOGENS

Protozoa are single celled animals which have a wide variely of ecological roles,
ranging from primary producers o consumers, A large number of species are also par-
asitic of pathogenic in insects and are, in fact, quite widespread throughow the Class
Insecta, Major protozoan groups which contain insect pathogens inchude the amocha,
ciliates, Magellaes, sporocoa and micrespora, All members of the latter two groups
are obligate pathogens and are highly adapted to this mode of existence. While a con-
suberable volume of literature is available on protoeoan infections in species of insects
that anack cotton, most of the literature again has deab with these pest species as they
affect other crops, particulorly sovbean amd com. With the exception of the boll wee-
vil, almost ng information is available on the interrelationships between prolozos, pest
insects and cofton, One reason for this paucity of information undoubtedly is related
1o profozoan mode of action and the direct natune of damage that many pests cause in
cofton, Many prfozoan infections are not lethal, bw canse debilitating effects
(Brooks, 1988) which may include reductions in feeding, movement and fecundity.
Such characteristics would reduce, but not prevent, damage to cotion by bollworms,



1% HARFER AND CARMER

iobocco budworms, amyworms, weevils and other insect hosts that feed directly on
the flowers and froits. Thus, heavily infected popolations might show reduced damage
within generations, bui that level of domage could be ecconomically imporiand. The
same insect specics attocking com or soybean at similar population levels may be sai-
isfactorily regulabed because their economic thresholds are higher.

Oaly ihree groups of profozos will be discussed: the Subphylum Mastigoplora; the
Class Sporozoca; and the Class Microsporea. The Mastigophora are ihe Magellated
profozea, and only a small portion of the members of the phylum are insect parasibes,
All members of the latter two subphyla are parasitic (Broeks, 1988), and bath comain
members that are obligate insect pathogens. Both the Sporeeea (Class Sporozoea) and
Coidospora (Class Microsporea) characieristically produce spores which provide a
mechanism for survival outside of ihe hosi insect and which provide mechanizms for
infiection when ingested by their hosts. Ooe major difference beiween the two subphyla
is the presence of one or more polar filaments in the cnidosporan spore and the alwence
of this stnecture in sporozcan spores {Brooks, [974). These are important features in
the infection process, as will be discussed.

FLAGELLATE INFECTIONMS

Members of the subphylum Mastigophora characteristically move by means of a fla-
gellum or Aagella. Normally, fagellates do not cause high mortality in thear hosts, bt
can cawse symploms that include diarrhea and vomiting. They are typically found within
the: Iurren of te alimentary tact or in organs emplying o . Flagellebosis is frequently
seen inhemiplerans, including the green stink bug and certain of the staining bugs of the
fumily Pymochondae, The species Lepromoras serpens Gibbs was descrabed from the
souithem green stinkbug, and Leprowronns provhocords Zotta was onginally solated from
o stainer bug, Pyrvhoconts aprenis (L.} in France {Lipa, 1963), In nenber case was the
work dong on these insects as pesis of cotton, but the sowhem green stinkbug can be o
serbous cofton pest and related siainer bugs, such as Dysdercns suielis (Hemich-
Schalfer) (the cotion stainer), are very likely candidate hosts for Lepronmanas prordocoris
or related Magellases,

Tronsmission of orgenisms occurs through eating infective stages of the protozoa
which have been excreted or regurgitated onto or into host subsirates, Lepomomas ser-
pens s known o be passed in this way 10 plant sap where it can grow and be picked
wp later by subsequently Feeding insects (Gibbs, 19570, The organisms normally stach
t0 the gut or other organ walls and grow and reproduce to lorge numbers af these sites,
Darrheen is the principal symptom in these cases, In some hosts, the Oagellate is able
0 enter the hemocoel and couse more senous damage, evidenced in Pyrohocosis
apierns a5 lowered activity, highter codor and thicker, whitish hermolymph (Lipa, 1963}

SPOROZOAN INFECTIONS

MeLavghlin (1965 ab; 1967, 1971) conducted extensive work on the relationship
between the sporozoan Martesia grordis MoLaughlin and the boll weevil, This
pathogen infects kirvae following ingestion of spores, These release numerous smaller
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infections sporogoates which are able 1 pass through the intestinal wall and reach the
Fat body inside the body cavity. There, they multiply rapsdly ihrough several develop-
mental stages watil they wltimately Form avore spores (Figure 233 Mortality may begin
as early a5 seven days but McLaughlin found peak mostality 1o occur ot 14 days posi-
inoculation. Adubis were also susceptible, and infection reduced both egg production
and adult longevity in laborsory studies {McLaughlin, 1965b),

e

Figure 23, Gametocyies of ihe spororoan Matfexio graweis, each containing [wo
oocysls, from boll weevil fal fissee. (Plase contrast microsoopy) (Courtesy of
R, MeGanghlin.)

This pathogen was found oginally in laboratory cultures of weevils in Mississippi,
but McLaughlin (1965a) speculated that it may have entered the colonics from mater-
ial that was Geld collected in Tamaulipas, Mexico. He and his colleagues comducted
extensive field tests with this pathogen {see Chaper 153

CNIDOSPORAN INFECTIONS

A second protogoan group, the microsporidia, are found in a lage number of insect
species that antack cotton, but lirtle work has been done on them as they influence this
crop. The pathogens are members of the genus Nosemo and are found in most lepi-
dopterous pests of colton, the green stinkbug (Personal communication, J, Maddox,
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Wlineds Mational History Survey, Chompaign, Minois), the boll weevil (Mclaughlin,
1965 and probably many others, These pathogens, depending on dosage and on the spe-
cific host-pathogen involved, may be bethal or debilitating i their aciion on their hosts.

Thie microsporidia, like the sporozooans, hove o comiplex life cycle composed of many
swecessive and morpholegically distinet stnges (Brooks. 1974 ). The extrabost stage is a
somewhat resistant spore (Figure 245 which can exist outside of the host for some

Figure 24, Mature spores of o microsporidian typical of those seen in the
hemolymph of infected larvae. (Phose contrast microscopy, 2000,
(Courtesy of W. M. Brooks.)

periosd of time, It nnest be ingested 1o matiate an infection, The spore contains o long hol-
low fube, the polar filament, which lies aghtly coiled within the spore (Figare 25), This
filzment is forcefully released from the spore once inside the insect’s gut, [ serves as o
sont of living hypodermic needle to aid in infecting the host, A small piece of tissee, the
nucleated sporoplasm, is sjected through this wbe. IF the polar filament is orented in
the gut in such o way that its eversion. or forceable release, resulis in penetration of the
gut wall, the sporoplnsm will be placed inside the hemocoe] or fat body and wall begin
doveloping. Inside the cytoplosm of susceplible tissues, the pathogen multiplies through
a series of stages involving nuclear divisions, nuclear and cytoplasmic division, forma-
tiom of several morphologically distinct stages and ultimagely spore formation,
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Figure 25, Thin section of a microsporidian cleardy
showing the coibed polar Glament (PD and s
basal ottachment point (Bah (TEM, 20,000}
(Courtesy of C. B. Moore.)

Tisswes infected vary with host and microsporidian species. involved, bat meost fine-
qucatly infecticn involves the fat body (Figure 26) with subsequent infection of silk
glands, epidermis, gui epithelivm, Malpighion twbules, neree fissue and henocytes
{ Brooks, 1974} The infectious process, from spore ingestion to spore production may
require from few to many days, depending on temperaiure, dosage, and ofler factors,

Infection by microsponidia may be either chronic or acote, depending on the bost,
pathogen, dosage, environment and other factors. Freguently, monality does not resuli
from infection, but fecding and reproductive capacity are redwced. Thus, infecied pop-
ubations tend (o conse minch bess damage than would be cansed by equal numbers of
hizalthy individoals,
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Figure 26, Comparison of fat body tssee from healthy (deft) and Mefrimongaha-infected
(right} bodlworm larvae, Mote milky cloud around infected tissue caused by released
spores, (Abowt 53X, ) (Courtesy of W, M. Brooks.)

Cotton pests known 10 suffer from microsporidiosis and the pathogens involved
include; Helionhis and Helicoverpa spp. by Nosema heliothidis Eramer (Figure 27)
ond Virirfmorpha recardy {Kamer) (Figure 240, the southern green stinkbug by an
umidescribed microspordian {(Unpablished data, J, Maddos, Wanois National History
Burvey, Champaign, Dlineis), the boll weevil by Mozerua gosi (McLaughling
(McLavghlin, 1969 and the cabbage looper by Mosema trichapdvsia Tanabe and
Tamashiro (Tanabe and Tamashivo, 19670, This list 15 nol exhapstive or complete, A
complete list woukd be complicated by the question of cross-infecuvaty (Brooks, 1988)
since all of the above pathogens have besn shown 1o be highly cross-anfectious o other
species, Por example, Nosersa gosti was infections to many Lepidopiera including the
imporiant cotton pests—ihe wbacco budworm, pink bollworm, bollworm and cabbage
looper (lgnoffo and Garcia, 1965),

While litthe work has been done on these pathogens i relation 1o cotton, they ane
very likely present and possibly ot times prevalent in field populations, IF cotton pro-
duction should become less dependent on chemical pesticide inputs in the future, these
pathogens will likely receive much more alieniion,
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Figure 27, Spores of Nosema heliothidis in midgat tissue of bollworm (wet moant,
phase contrast microscopy. about TR0 (Courtesy of W, M. Brooks.)

NEMATODES

Aowide variety of nematodes have been reported as oblignie or Facoltative endopar-
azites of many insect species. Pamsitism by nematodes may result in sterility, reduced
fecundity, delayed development, aberrant behavior o host denth, These effects may
play a significant role in regulating insect populations {Kaya, 1987). Although numer-
ous reponts of nematods parasitism in insect popalotions have been pablished. only 2
few of these are from insects found in cotion. Those reported from cotton insects fall
into three familics: Memmithidae; Steinemematidae; and Heterothabditidae, Members
of the Mermithidae can easily be distinguished from the other two families by the size
and numbers of neniatodes found in each insect host, IF a host contains only one or two
wormis that measure one inch or longer, the nematode is probably o memmithid. Hosts
parasitized by steinemematids and heterorhabditids will usually contain several thow-
samdd o more juvenile nematodes (002 o 0.5 millimeter) and some larger adult nema-
todes (1 1o 5 millimeter) (Nickle, 1974).

MERMITHIDS
The mermithids constituie a large group of obligate parasites of invertebrates. They
are cormmon in both teorestrial and aquatec cnvironments amd are generally host spe-
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cific for 2 small group of msects, Mermithids are neardy always lethal 10 their host and
most are considered 1o have potential as lological control agents (Peterson, 1982),

Mermathids are relatively long nematodes, with some sdulis reaching a lengih of 11
inches (30 centimeters) in insect hosts. They are usually light colored, appearing as
whitish worms when observed emerging from their hosts.  Most mermithids have a
direct type of life cvele. The shori-lived, non- feeding infective-stage juvenile cmerges
from an cgg and searches for a host. Using its stylet, it bores ihrough the insect’s body
wall and enters the hemocoe]l where it develops. After a developmeni period of five
days to several months, depending on the species, the full-grown parasite emerges,
medis bo the aduli stage in the environment, mates and deposits eggs (Poinar, 1983).

Although there are hundreds of reporis of mermithid parasitism, very few are from
cofion insects and most of these are from host plants other than cotion.  Siadlebacher
et al. (1978} reported parasitism levels of 3% 1o 47 percent by Hexaureris spp. in boll-
worm larvae collecied from clover and vetch in Mississippd. Mickle (19T8) reporied
parasitism of the fall armyworm by Hevamemiis spp. in Micaragua. This same nema-
ol infecied the beet armyworm, under |aboratory conditions, Putiler er af, {1973)
reporied a 64 percent level of parasitism by Hevamemiis arvalis in the black cutworm,
Agrotis ipsilest (Hufnagel}, from com.

STEINERNEMATIDAE AND HETERORHABDITIDAE

Members of these two families are entomogenous nematodes which have been
recovered from many areas throughout the wodd, They are selective for insects and a
few other anhropaods, but do not acdversely affect mammals or plants, Because they kill
their hosts rapicdly (24 10 48 hours) and have o wide host range there has been o great
deal of interest in their use as blological control agents (Womlnng and Kaya, [988)
Because of similarities in their life cycles, the two Families will be discussed wopether.

Like most members of the order Rhabdinda, the steinemematicls and the het-
erorhabditids are bactenal feeders, but they differ from other rhabditids by having o
mstpalistic asocimion with specific bactera in the genus Xenorfobaes, Two species
of these bacteria are recognised, Xenorhabads nevratophilies (Poinoar and Thomas) is a
non-pigmented associate of seinemematids, and Nenorlabdus fuminescens Poinar
andd Thomas is o red-pigmented, bioluminescent symbiont of heterothabditids, Thess
bacteria do nod have an environmentally resistant stage and have never been isolated
except from their nematosde vectors or their veclors' insect hosts (Woodnidge and
Kaya, 1988,

Like mest pematodes, members of these two fomilies have a simple life cycle that
inchedes the ege, [owr juvenile stoges amd the adult. The infeciive singe 15 0 special
third stage juvenile or daver lonm which is ensheathed within o separse, but still
intack, cuticle from the previous juvenile stage (Figure 28) and is pamsculor]y resistoni
o eavirenmemal conditions. These infective juveniles contain live cells of the mune-
alistic bacteriom in their intestines and function as vectors of the bacterium, The infec-
tive nematodes bocote a host and enter throwgh natwral body openings—mouth, anus
or spiracles. They then pencimle throogh the midgut wall of trechese nio the hemo-
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Figure 28, Infectpoms thind slage _||.|'.-'v::|:|i]|,r o dper blarva of Sieinermenn EHTRICaSaE
(Family Steinernematidae), Mote the wrinkled outer sheath evident near the kower
posterior end of the body, (SEM, 360X.)

cocl, The infective jovenibes of the heterorhabdinids differ from the steinemematids by
having a tooth. They ane able not only to enter through natural openings, but also may
divectly penctrate through soft arens of the cuticle of a host. Once in the lemocoel, the
pemsabodes release the bacteriom which rapadly multiplics amd kills the host within 48
heous. The irvmaiure nematodes feed on the baceria and develop o adalis which mate
and produce progeny, The nematodes will pass theough two or three generations. within
the host. When conditions are suitable, the infective juveniles will exii the cadaver 1o
seek pew lepats, The entire cycle requires |0 o 14 days (Woodridgze and Eava, 1988).

Although members of these pwo families are known (o be widespresd and are com-
meenly iselated from soils, there are very few reports of their natural eocurence in oot-
o bndects, Poiar (19T5), in his onginal descripiion of the family Heterochabdiidae,
reparted (hat the original collection of the type species, Heteroolaading bacreriophions
Poinar, was from a pupa of Helicoverpa pancigera from Australia. Kahn et al, (1976}
deseribed another specics of nematode in ihe same genus, Herermraboinis Felfoeldis
Kahn, Brooks, and Hirschmann from prepupal and pupal specimens of the bollworm
fromm Month Camolina, Poinar 19900 pow conssders both of these w be the same
species, Heterorhalelinis beereriophiorn, Becemtly, Cabanillas o al, (1994) described a
new species of deinermematid nemavode, Srelnermenn riobrenas, which was originally
found infecting bollworm and Fall arnyworm in com fields in the Lower Rio Gransde
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Walley near Wesloco, TX (Raulston e al., 1992) This species is of interest because i
appenrs 10 be sdapled 10 a semi-and énvironment and can survive af higher soil
teniperalures than can other species in this genus (Cabanillas ef al. 1994, Mo reporis
have been made on its noburn] occurence in colton, but it may have promise for devel-
opment as o controd agent for these and other colton pesis because of s adapiation o
hot, semi-arid environments. Akhurst and Brooks {1984) conducted a survey For siein-
emematid and heterorhabditid nematodes in Morih Carolina. They collected over 500
soil samples from cropland, pasture, and forest habitats at 53 sites. Mematodes were
isolated from 25 of the sites and were more common in cropland and pastures than in
fomesi soils. Heteroshabditeds were more sbundant (84 percent of isolates) than stein-
emcmatids. [t is probable that nemastodes of boih familics are present in cofton fields
amd cause morality in those insecis which spend part of their 1ife cyele in the soil.

SUMMARY

It is evident from the information presended in this chapier that the large number of
pest insecis amd mibes associated with cotten has an even larger number of microbaal
and nematode pathogens associated with them. Most of these do not occur predicialsly
at sufficienily high incidence levels to produce noticeable natural reductions of thear
host populations. Motable exceplions do ocour, such as the epizootics of nuclear poly-
hedrosis vires in cabbage looper populations and of the fungus Neosygives fresend in
cotion aphid populations. Some, such as the NPY of ihe beet armyworm or the fungus
Neazvgites floridana on iwespotied spider mites may oocur in high incidence in some
fields in some years, but not consistently. Most, however, occar eailier in such low
lewels that they are rarely noticed, or they are overlooked because iheir sympioms do
e allow for ready diagnosis or recognition.

Individually and collectively ihese pathogens are very important in collon pest man-
agement, and have far greater polendial than has been realized fo ihus date, As natural
mowtality factors, some contribuie significantly io suppression of their host popultions,
Others, as has been pointed out throughout this chapter, are cumrently of vahue or have
podential Tuiure value for development as microbial control agents, Az the boll weevil
eradicalion program expands across the colton belt of the United Suales, less pesticide
wie on cofbon will result in opportunities for managing other pests in different ways
tham at present. Reliance on naturally occuring or artificially manipulsted pathogens
has considerable promise for current and Tulure insect and mie management pro-
prams,

There is a definite information gap on pathogen-host relationships in cotton, As
stated previously, most information on pathogens from cofton pests has been colbected
Fromm other crop syatems, Unnl this knowledge gap s Alled, we will be unable 1o fully
appreciate ond take advantage of the robes that these organisms are playing or con play
in cobton insect amd mile pest management,
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INTRODUCTION

Entomologists have long recognized the challenge to acquire relevant information
and effectively wse it for problem solving; however, the complexities of entomologi-
cal problems have frustrsted these effons. Insect problems in agriculiure rarely are doe
o the occurrence of single species. a fact that is paniculady true in coton. Instead,
they involve communitics of plants and animals. Understanding multiple species amnd
their interactions are difficult usdertakings, parily becawse the methods of smudy have
nid been well defimned. The same difficulty holds iree in applying useful information io
problem solving. Motwithstanding, events of the last forty vears have provided new
opportunities to gather and apply information.

During ihe period between 1920 and 1930, the boll weevil, Artemonns grandis
grovdls Boleryan, greatly curtailed cotton production in the Southeast, forcing it o the
weevil-free areas of the West (Frisbie er al., 1989), The siluation changed after World
War IT, and the rapid development of agriculiural chemicals and on-farm mechaniza-
o dramadically aliered cotion prodection amd pest management throughout the
Cowon Belr, Initially, chemicals were relatively cheap and, as they increased in num-
ber and efficacy, farm production and profis rose. Mechanization, improved varieties
and high inpus of pesticides, fenilizers and water brought on a “green revolution™ in
all of agriculire. At the same time, these changes instilutionalized a near ingle-tactic
approach o pest management. Inevilably, the heavy dependence on chemicals
changed the way of doing business in erop production, agriculiural research, extension
andl the chermical industry. Allernative management approaches, and the acceplance of
somme pest bosses common before the war, were forgodien in a new gencration.
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The benehis of a single-tactie management system were soon being weighed against
developing problems. These problems intensified over the vears and included the
destrucibon of nontargeted species (including benefcinl arhropods, fish, birds and
mamimals) and the buildop of secondory pest populations. Pesticide resistance resulied
in control failares, greater chemical wsage. and increasing costs of comtrol.
Environmenial contamination, such as that found in groundwater, uliimately led to pukb-
lic healih concems and pesticide regisiration cancellations. These serious consequences
sparked a sivong and lasting debate within the political, scientific, agriculivral and lay
communitics that challenged farm managemend practices amd its heavy reliance on
chemicals. Increasingly, the unilateral approach fo pest management came under aitack
because of the associzied social, economic and envieonmental cosis involved, To those
who made their living from agriculiure, the nnseitling question arose—what o do nexi?

Managers of food and fiber resources often deal with insect pesis in one of two
ways: through direct control at times of erisis (e.g., during insect outbreaks) or through
direct control when no control is peeded {e.g., when insect populaions are below
thresholds or at endermic levels). In the first case, managers are willing w accepl the
risk of insect attack, a situation sometimes found in forestry becanse of the relatively
bow crop value, In the second case, managers are unwilling or unable 1o sccept risk,
They usually deal with crops of high value such as those found in production agricul-
ture, Cotton 15 an excellent example.

Unforunately, both management sirsegies are inapproprate, and economics ang
only partly to blame, Management problenss ofien result from a lack of knowledge or
an inability 1o access and elfectively use existing knowledge, Thus, having informa-
tion available in o general sense and not being able 1o access or wse it eflfectively is o
dilemma which affects all levels of crop production, This dibemmea has hindered the
application of imegrated pest management (IPM) as i1 was onginally conceived,
Unlike single-tactic approaches, IPM requires o great deal of integrated information on
the dynamic status of crops, insects, pest impact, control tctics and costbenelis o
determine the pppropriste management aliematives, The inability (o imdegrate, interpret
and ransmit meaning ful information quickly to those wha can use it has hod no ade-
guate selution unnl recently,

Just ps synthetic chemicals transformed sgro-management after World War 10,
another tmnsfomuuion in crop ond pest management begon in the kate 1%5960s, By this
time the political and sociol climate fovored 8 major increase in research funding
direcied woward developing new approaches 1o agroecosystem management. [n 19972,
the Mational Science Foundatton, Environmenal Prodection Agency (EPA), and the
United States Department of Agricalture (USEA) sponsored & massive commilment o
inbegrated pest manngemend on six major cropping systems in the United Stabes:
alfalla, apple, citrus, colbon, soybeans, and pine forests, Cotten was studied under ihe
“Huffaker Project™ (1972-1978), along with alfalis, apple. cirus and soybeans. This
progect was replaced by the Consortivm for Integrated Pest Management (CIFM) peoe-
ject which excluded citrus and was funded by the EPA from 1979-1981 and ithe
USDACSRS (Cooperstive Sinte Research Service) from 198 1- 19485 (Frisbic. 1985).
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These multihsciplinary research projects involved about 230 scientists from numer-
OUs universities, stabe experiment stations and federal laboratories across the cownry,
Their primary goal was to develop socially and ecplogically sound management sys-
tems that optimized the coats and benefits of crop peoduction and protection. Such
management systems would require a great deal of information on the vanous impor-
tant companents of the agroecosysiem—on the dynamic status of the crop, pesis and
beneficials: on the environment; and, on the costs and benefits of making allernative
management decisions, In adedinion, the information on the varnous syslén components
had 10 be formudated i such a manner as 1o explain component intersctions, Sysbems
science and mathematical mwodeling were proposed 10 unify and descrbe the comiplex
dynamic components and their interactions, Advancements i compater techaology
made this approach Feasible,

SYSTEMS ANALYSIS AND POPULATION MODELING

Computers were emerging 45 a revidulionary new technology during the 1950s,
with applications first in research and later in business, Like the rest of the research
community, agriculiural scientists quickly identified applications for this powerdul
tool. One prominent use was in arcas of popalation scobogy and modeling, Gelds heav-
ily dependent on numerical analysis. By the corly 1960s, a systems approach was gain-
ing acceptance as the means for understanding, describing and studying crop
ecosystems (e.g., see Wall, 1961, 1966; Clark of al., 1967; Getz and Gutierrez, 1982)
Watt { 1966) defined a biological system as a group of interncting and inderdependent
components forming a wnified whole. Components under study could be the cell,
organism, population or community. IPM investigators endorsed the population bevel
of organization because the combined effects of individual pests on a crop could best
be explained using ihis level of complexity.

The processes of describing, explaining and controlling system behavior over time
are colleciively called systems analysis (Curry and Feldman, 1987} Getx amd
Crtserrez (1982) defived systems analysis somewhat differenily, although appropn-
ately for tis discussion, as the application of quantitaiive and qualitative techmigues
that enhance ithe understanding of interactions among conponents of a crop-pest sys-
tem and their relationships to the environment and managemeni practices.

MATHEMATICAL FOUNDATIONS OF POPULATION MODELING

Reviews describing the mathematical foundations of population modeling in natural
and agroscosystems are provided by Geiz and Gutierrez (1982) and Curry aned
Feldman (1987}, Eady investigators imierested in modeling inferactive populations
proposed a system of dilferential equations (Lotka, 1925; Yoltemra, 1926; Nicholson
ond Bailey, 1935), These models were not adequate to describe system components
ond teeir interactions because they ignored the age siracture of popalations and con-
siglered all individuals to be equal. Leslie {1945} developed a convenient mathemati-
cal form to deseribe the various age classes of a population using matrix algebra, bat
this discrete time appraach modeled the mean value of populstion growih; e.g., indi-
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viduals of a cobon (those borm o the same lime) have identical rates of development.
Using u svstem of partial differential equations, von Foerster {195%) proposed a con-
ftinwows e mode] with age-dependent population growth.

Gutierrez of af, (1980, 1985) provided o historical review of specific modeling
efforts in cotton. Early work concentrsted on understanding plam physiology, espe-
cially as it relates 10 respirtion and photosymihesis. This work led 1o the development
of the cotton model, SIMCOT 1 — primarily a USDA, Agricultural Research Service
(ARS) effont that provided mechanistic detail of the growth amd development of a sin-
gle (averape) plant (Baker eral., 1972; Jones er ol 1974 McKinion er el 1974 This
madel predicted discrete mumbers of squares and bolls (froit) produsced by a plant.
Fruit production of a population of plants was estimated simply as the number of frai
per plant times the number of plants in the population. Becanse insecits nomally show
oviposition and feeding preference 1o fruil of certain age classes, [PM investigators
reguired that the number of fruit per area vary comineously among plants in the pop-
ulation. SIMOOT 11 ignored the continuons age strocture in the coton crop and thus
wis mol endorsed, although some of the physiological parameters were used in the
ensuing IPM models. For this reason, and because of the high degree of interaction
amwing [PM research groops, later cotton models were very similar in strocture and
generally were based on a sysiem of von Foerster-lype equations,

These erop models basically described a population of plants of dilferent ages, each
plant comprised of sub-populations of rools, stems, beaves and fruitof differimng ages.
Cohons of leaves produce photosynthate at age-cdependent rates which is allocated 10
respiration, reproduction, vegetative growth and reserves, Monaliy of plant organs
occurs as a function of age and exirinsic factors, such as insect herbivores (plant-feed-
ing insects), The underlying pattemns of plant growth and develspment are determined
by weather, nutrition and water. Arthropod pests affect the plant by atacking the car-
bohydrate supply side (eg., defoliators and most diseases), the demamd sade {e.g.,
squares or bolls) or both sides of the pholosynthetic productionfallocation process,

Three major cottonfinsect modeling groups were established during the IPM pro-
jects ol the 19705 and 19805, These imendisciplinary research teams were located ol
the University of California, Mississippi State Umiversity, and Texas A&
University. Some were made up of both state and federal (ARS) personnel, Each
developed its own cotlon maodel, which ane rémarkably simailar in generl strocture.
They concentraied on particular pest species, developing population meodels thal were
integrated with the cotton models, Anather group at Monh Careling State University
also made early contributions 1o the insect modeling effort. An independent ARS effont
developed SIMOOT I1 and laer GOSSYM, but thas effon was pil involved with insect
mexleling until recently,

COTTON INSECT MODELS

This section summanzes the prominent population models that describe cotion
insect pests found in the United Siates. [t also lists some process-level models not
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incorporated in the population maodels. Model deseripiions ane o] complels in listing
oF detail. Mo atemipl is made w evaluate model performance (the degree to which they
represent the “real world”)., The section is orgamized alphabetically by insect name,
followed chronolegacally by model citation.,

BEET ARMYWORM, Spodoptera exigura (Hilbner)

The beet armyworm was introduced inte Mosth Amenca dunng the nincteenth cembury
andd presently i found throughout the western and southern regions of the Undted Staies
{Hogg and Gutierrez, 1980}, The species feeds on multiple hosts (polyphagows) and has
multiple penérations eoch year (multivoliineg), It overwiniers as adulis and is only able o
survive in areas where the winters are mibd (apparcntly it does nod diapause). The excel-
lent magratory ability of the insecl permils expansion indo favorable arcas. Females
oviposil eggs in clusters that are covered with scales. Young larvae feed gregariously
neqr the epp chester and grcdually disperse as they grow. Pupation occurs in the soil.

The insect is o secondary pest of cotton. Besides being a defoliator, it attacks plan
termianals and squares. There is one population model of beet armyworm, developed
by Hogg and Gutiemes (1980} at the University of Califomia.

Hoge and Gulierrez {19807 — This model siresses beet armyworm flight phenol-
ogy (the timing and patterns of Might activity) under Califomia conditions. i contains
descriplions of barths and deaths through time and thus can be classificd as a popula-
tion model. Important processes described in the model inclode immature develop-
ment and monality, oviposition, adult longevity and femabe flight activity. The model
wses 4 Leslic matrix struchore.

Owiposition of the beet armyworm does not commence wniil the thind day of adubi
life. An exponential funclion is used (o describe the cumulative percent oviposition rel-
ative to sdult age (measored in degree days above S0F [ 1OC]L Total fecundiiy varies
with temperature, female size and the host on which ithe insect was reared; however,
for madeling purposes an average value of 900 egps per female is used.

A lincar, degree-day (DY) meodel is used to describe the relationship between devel-
opment rabes and termperature. The model @5 parametenzed with daia from constam
lemperaiure experiments, with larvae reared on anificial diet. Developenent times of
larvae and pupac are combined because the precise liming of pupation could not be
determined once larvae entered the soil (to pupaie), The lower threshold of develop-
reend is estimated by regression methods st 54F (12.20),

Apge-dependent survivorship of eggs and Barvae s modeled with an exponential
function, using a constant age-specific moality rate. Survivoeship of adult females i=
both age- and remperature-dependent.

Hogg and Gutierrez (1980) sundied the possible effects of three variables (wind,
meonlight and night temperature) on female Might activity, High winds dampenesd
meadh catches in iraps, but it occurs infrequently durdng the summer and thus was ool
included in the model. Moonlight was nof correlated with trap catch, The infleence of
night temperatures (in degree-days) on trap captures (percent of maximuem catch) i
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described by an exponential equation. The lower and upper threshold values for Migh
are set at 600 1F (15.6C) and 90F (32.2C), respectively.

Thee meosdell is initialized with light trap data in the earlly season and predicts the sub.
sequent pattern of moth capiures through time. Predictions compared favorably w ligh
trap catches for the San Joaquin and Sacramento Walleys. The model performed poorly
for the cooler Salinas Valley. The investigators noted that differences in model perfor-
mance by location are due to a lack of understanding and description of one of maore
of the variables influencing Might, population growih or development,

Process Models Mot Associated With The Popalation Model — Gutierres ¢ e,
(1975) modeled the combined effects of defoliation by beet armyworm and the cab-
bage looper, Trchcoplisia if (Hibner), on coton growth and viebl Like beet army-
worm, the cabbage looper s a secondary noctuid pest of cotton that may reach
owlbreak propontions following pesticide use. In this model, females show oviposi-
tional preference to leaves of an intermediate age class (between 340 and 1500 degree-
days Fahrenheit). Larvae attack and consume these leaves first, and when they are all
consumed, larvae move W bath vounger and older leaves, Larvae consume keaves at
an age- and tme-dependent rate, The amount of keal dry mater required by the larval
popilation is a product of the number of larvae in different age cohons and the daily
rade of consumption by larvae in each cohor, The rite of consumplion vanes expo-
nentially with larval age. The aumber of larvae in the population i based on Field
counts, and this value i used a5 a madel input, The computer résulls indicated that
maderate defoliation causes only slight vield reductions, The investigators concluded
that either the model i incormect, grossly insensiive, or that larval feeding has o phys-
iodogical effect not accounted For in the model,

BOLL WEEVIL, Aithonaumns grapdis grandis Bolwman

The bedl weevil is native 10 Central Amenca whene it s bost specific to planis of the
tribe Gossypieas of the family Maolvacese, which includes several species of cotion,
This insect forms a unigque relationship with its host (Gutierrez of al, 197%). In the
United Siaes, il s an obligate monophagows species (feeding resinicted to one kind of
plant) dependent on commeércial cofton for its survival. Recently, the eradication pro-
grom has elimimated the boll weewl as o pest from Virginia, the Carolinas, (Georgia,
Flomda, Arzonn and Califomio,

The boll weeval his a mulivveltine {(completes more than one generation cach year)
life-cycle, Newly emerged adulits prefer feeding on pollen of open flowers, After a day
ar s, 1is elongated rosirem enables the aduli o penctrate the Aower bod {square) and
feed on immnture snthers before bud opening. Females search cotton plants., showing
avipositional (egg loying) preference (o flower buds messuring abowt OC1EE to 0.354
inches (3 to 9 millimeter) diameter (Lincoln erall, 19630 Pristine squares normally are
selecied for oviposition, but when they are scarce, oviposition may oocur in squares
contpining an egg or in cobion bolls (Walker of @, 1977, McKibben & al. 1982
McGovern ef al. 1987 The inscci has three larval instars that feed crypiically
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[unseen) in squares or bolls, In response o a developing weevil (secomd and thind
inatars), fruit generally are shed From the plant after about five 1o nine days (Coakley
el al,, 1969; King and Lane, 1969), The loss of fruit from the plant resulis in signifi-
cand changes in the microhabital of the developing weevils, This can lead to high mor-
taliry. The weevil has few natural enemies; however, the parasile Bracon mellitor Say
pitacks thard instar larvae and can canse from 5 1o 50 percent motality to firsd gener-
sdbon larvae (Botirell, 1976), Fire ants also suppress weevil populsbons 1a certain areis
(Sterling. 197%).

Currently there are five population mbdels of the boll weevil, They were developed
by the USDAARS in Anzona (Fve and Bonham, 1972), Medh Coroling State
University (Jones ef al., 19775, the University of California (Wang ef ol., 1977 and
Cutierrez of al, 1991a) and Texas A&M University (Curry ef al., 1980),

Fye and Bonham (1972) — Using insectary data on aduli longevity and fecundity
{ege-laying capacity) (Fye, 1969), Fye and Bonham {1972) described the cumulative
percent oviposition of females emerging from overwintering sibes and those of later
generations a5 funciions of adult age, Daily oviposition of the population is mathe-
matically described using these estimates, together with the mean lifetime fecundity
per female and the number of femabes emerging each day.

A linear regression model is used wath a mate summation approach o determine
development times as a function of temperature. Model coeffickents are obtained from
daia on colony weevils reared on ardificial diet from eggs to adull emergence ([Fye of
erl., 1969 Inpul temperatures driving the model vary according to the location of the
infesied squanes. For example, several equations describe the témperatune in squares
o the plant or in squares on the ground as funciions of air iemperabure {for upland or
exira long-staple cofton). The proportion of infested squares aborting through time is
determined from a cumuolative function. Separate temperature equations are wsed for
weevils in bolls because these weevils normally cannod emerge until the boll matures
amd opens (a unique feature of Anzona weevil populations). For this reason, a lem-
perature-dependent boll maturation rowtine is provided.

Fye and Bonham (1972) described temperature-dependent moiality of immatune
weevils in squares on the plant (before abscission) and immatures in squares on ihe
ground {after abscission), Moling that 35 percent of the punciured squares on plants Fail
ter abort, they postulated that eggs are killed by temperatures above 100F (37.8C). For
weevils in squares on the ground, percent moniality is described as a function of the
time spent above 1M0AF, ihe leihal temperatuce (Fye and Bonham, 1970}, Descriptive
equations estimate adult longevity of weevils emerging from overwiniering sites and
those of later generations [data from Fye { 1969)]. Estimates of daily mortality are used
with daily emergence o calculate the aumber of weevils in the population.

Jones ef ol (1977) — This comprehensive behavioral and mechanistic model cal-
culates the number of squares and bolls damaged by adult weevils on a given day.
Beproducing females are treated separately from non-reproducing females and males
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{Jones ef al, 1'975a.b). Factors considered in the model are froit avadlabiling: the num-
ber. mge and sex stmcture of the weevil popalation; snd the searching, feeding and
cwvippsition behaviors of the weevil,

Feeding and oviposition only occur during daylight howrs (Cushman, 1900},
Average hourly feeding rates vary with female ape and depend on the nwan number of
eggs oviposited per bour, the amount of food ingested per oviposition event, the oal
ingestion per hour and the mean ingestion per feeding event. Oviposition depends on
the availability of egos in the ovidoet, prefercntial site selection of fruit and the svail-
abiluy of sites in the feld [determined by their cotton model, COTCROP (Jones of al.,
19500]. Indivicual females make one puncoore per fruit and do ool discriminate against
previously punctured sites (e.g., selection of a site is not alfecied by the number of
punctures alreacy present a1 the site). Afler oviposition, females move to another site
before feading or ovipesiting again, Weevils may feed withoul ovipositing, depending
on their energy balance. Searching for an oviposition site commences oaly when a
mature egg 15 available in the oviduct. Egg production rates differ from oviposition
rabes, The mme 1o complete an ovipasition évent is constant, but searching lime vares
wilh fruit densily and searching rate.

Females preferemtially seleet food and oviposition sites in this order: (o) squares
older than 10 days, (b) squares 5 1o 10 days old and bolls bess than 7 days, (c) bolls 7
o 19 days old, and (d) plant terminals and leaves, Innally, females accept only class
() sites, but if these sites are nod encountered after o certain lime of searching, other
sites of lower mnking are accepted, Searching occurs randomly and assumes that Frua
are upiformly distributed in the field. The data used 1o develop these submodels are
denved from numerois sources—Hunter and Pierce (19125, Michell (1967), Liovd o
ol {1961 ), Mitchell and Cross (19691, and Muchell o al. (1973),

The submaodels do not aceount for kpown environmental influences (such as eme-
perature and food type) on any of the processes (such as egp production mkes, ovipo-
sition, feeding and searching rates), Many parameter values are undefined due o the
Lack of expenmental dote, Because the data to parametenize and validate the models
are difficult to obdain, the individoal process maodels are langely unvalidated,

Jones ef ol (1977} used the exponential equation of Moore {1972} 1o predict the
meean development limes of eggs, larvae ond pupae o5 a function of empemiure, The
inverse of predicted time is wsed o caboulate the mean developmental rake because
time cannot be accumulated under varable iemperatures, The model does not describe
decreasing rdes above the oplimum (the empemture st which development s the
fasiest), bot mther i approaches an asympiole al high tempemtures. The inveshgabors
miy have selected this midel because the dsta on which it s based (Bocheler and
Bradley, 1975; Bacheler #f al., 1975) do not extend beyvond the optimuom for most life
stages. The lower threshold of development is 57.9F (144C) (Hunter and Pierce,
1912). To secount for vanability in development times among indivedueals of the same
age group, development fimes vary beiween 4 2 standard deviations of the mean, A
cumulative normal distnbution s then used o predict the probability that an inseci
completes development (of a given stage) in any time period.
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Tempersure-dependent monality of boll weevil larvae and pupss is described using
a relationship based on the hours spent above or below an oplimum emperatune,
Maodel constants are denved using the expenmenial data of Bacheler ¢t of. (1975)
Draily predation and parasitism are held constant for each stage and are estimated from
the data of Hunter and Pierce (1912} Insecticides kill only adulis o1 a constant rte and
only on the day of application, The influence of tempersture on adull longevity is
treated the same as other life-stage transitions |model coefficients are determinesd using
data of Lsely (1932}

Wang ef al. (1977) — These investigators emphasized the role of nutrition on wee-
wil reproduction, describing the oviposition period and the rate of egg production as
functicns of the nutritional history of the female [data froms [sely (1928) and Coshmean
(1901)). The metritional status of o weevil depends on the number of squares, small
bolls and large bolls available to its parent at the time of oviposition, and the prefer-
ence the ovipositing female has for these sites. Females are fecund betwesn the ages
of 265 and 1000 degree-days {mensured in degrees Celsius), bat the sctual oviposition
period varies with nutritional history, For example, the ovipositional period of square-
rearcd females is 1.5 times longer than that of females reared on small bolls, The cgg
production rate also changes as a function of the inscct’s mutritional history. Overall,
females produce an average of 200 eggs in their lifetime, but square-reared females
produce four times as many eggs as females reared on small bolls, Oviposition ceases
when only large bolls are availahle.

A linear, degree-day approach is used o estimate development times under fluctu-
ating temperatores. Data for square-reared weevils (Bacheler e al, 1973) and dict-
reared weevils (Roach, 1973) are wsed o calealate the mean number of degree-days
(265} from egg 1o adult emergence. The lower threshold of development is 53.6F
(12C) (Fye e ol 1969, Transition timnes of individual life stages are not considered,
now are the development times of individuals in the popalation.

Wang er al. (1977) proposed a discrete model 1o describe weevil mortality. Using
data of Cusheman (1901) and Sterling and Adkizson (19700, the probability of death is
037 (37 immatures expecied o die per 100) for all immatures combined, (.43 (43
adults expected to die per 1000 for adults berween the ages of 265 and T20 degree-
days, and 0,2 between TH) and 1110 degree-days. These probabilities are modified by
the insect’s nutational history, For example, adults reared on squares live 13 tmes
loager than those reared on bolls (Isely, 1928)

Wang ef al. (1977) defined the maximum rate of boll weevil immigration per acne
as 0,704 (704 boll weevils per 1000 expected 1o enter an acre of cotton). Immigration
{entering a feld) occurs only in adults of a specific age. Emigration (leaving a field)
varies with the supply/demand ratio of oviposition sies in the Dehd,

Curry of al, (1980) — Curry of af. (1980} modeled the cotton cropball weevil sys-
tem using a von Foerster {1959) framework modified by a system of partial differen-
tial equations whach were olved by ermtive numencal methods (Feldman and Curry,
1983). A distinguishing charactenistic of this model i the incorporation of stechasne
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elements of repeaduction, development and mortality. The avsel uses Tour-day tme
steps for cohon aggregation. Hourly temperatunes ane usesd w drive the individual Life-
process models (e.g., development, reproduction, emergence),

The percentages of weevils emerging from overwintering sites (Hincs er ol 190%)
and weevils colonizing coon (Walker and Niles, 1971 ) are desenbed with linear func-
s of cumulative DD above 43F (6.1C) alter March 1. Mo reproduction accurs inthe
field until the colton conlains squanes that are o least one-third grown, Normally, only
one egg 15 allocated per fruil.

Owiposition is estimaled using an age-dependent reproductive profile and tempers-
twre-dependent mies, For example, each adult cobort that completes developmient over
a four-day penod is given a reproductive profile that is developed using the lechniques
of Curry ef al. (1978a) and data of Isely (1932) and Cole (1970}, This profile is inke-
gruted between the starting and ending development dates of each cohort and vields
the fraction of tolal reproductive potentiol for each time penod. This fraction is multi-
plicd by the temperafure-dependent lifetime fecundity associated with the period.
Values are summed across oll cohorts 10 vield an egg-laving potential of the popula-
tion given unlimited oviposition sifes.

Thie number of eges actually oviposited depends on the number of acceptable fruit
per acre and a female’s searching coefficient {a masdel constant). This approach
approximates some of the complex behavior described in the model of Jones er al.
(19750, which wos nod used becanse the influences of covironmental vanahles on
relevant processes were not defined {(Cate ef al., 1979) and some of the basic para-
meeters were nol measured (Curry er el PRB0). Ovipositing femabes show preference
for froit of different sizes. Given stable preference probabilities for each size class,
the availabality of fruit in the field (deiermined by their cotton model ) determines the
resuliimg distribotion of deposited cpgs. Size classes are declared as: (a) small
squares less than 0.27% inches (T mm) in diameter, (b) one-third grown amnd large
squares grealer than 02276 inches, (c) small bolls less than 00945 inches (24 mm},
and {d) large bolls greater than 0.945 inches. Relative preferences for these size
classes are (1L.354, L85, (469 and 0.534, respectively. This work iz bazed on the
mode] of Cate er al. (1979), which was validated using several seis of field daia
including that of Jones ef al. (1975b)

Curry et all (19800 predicied development times of weevil cohoris wsing the
approaches of Sharpe and DeMichele (1977) and Sharpe and Hu {1980} 10 describe
development rates as a function of lemperaiure and nuirition (e.g., squares wx bolls),
and Sharpe ef al. (1977} o describe the vanation in development fimes among indi-
viduals in the population. The nutritional component of the model describes the dif-
ferences in nitrogen contend between squares and bolls This difference affects both
mean development times and the variation in development times among individuals
Teeding on the two food seurces. The approach is supported by dada From Tsely (1932),
Cole (1970, and Bacheler e ol (1975), Two developmental stages are modeled
because of their differing microhabitals — egg through pupa in the Tnnt (oamature
stages combined) and the free-living adult stage,
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Several montality Factors are represented inthe model. They are (a) nonspecific den-
sity-dependent (e.g., parasitism and predation), (b) nonspecific density-independent
|&.g., egg viability and a cell proliferation response of the infested square {Hinds,
1906, () the effecis of destecation and emperature on immature weevils, and (d) the
effects of insechicide applications on adulbis, Because lile information is available on
the nonspecific densry-isdependent factors, their effect B assumed constant with
respect 10 immature age, The impact of parasites on third instar larvoe is described
using a general approach, For example, pércént parasitism 15 a function of larval den-
sity per pcre, the maximum percent modality attnbuted 10 the parasite when host den-
sity is nod limiting, and the number of larvae of which one-half the maxinmum monality
i achieved.

A detailed biophysical model of square drving and associated immature weevil mor-
tality is included in Conry ef al. (1980}, This model considers the physical changes
ocourring in infested fruit after abscission, While on the plant, the microhabitat within
thee fruit is assumed vniform. Frut begin to dry with abscission, amd the drying process
is modeled as a funciion of frait size, cofton varety and the condition of the micro-
habitai { DeMichele ef al. 1976). Cuamy ef all (1982} extended the bud-drying mode] to
aocount for the interactions among relative humidity and temperatore on immatune
miortality. This model describes the time required for an infested fruit of a given sise
tor dry o a critical mass. The critical mass is defined as the minimum food needad for
successful larval developmend. A larva must pupate before the quantity of food is
reduced 1o the cnitical mass. To accomplish these tasks, development times, bud
alcission tinses, air and s0il temperabares at different locations are defermined by the
model. For example, termperatare of infested fruit varies with fruit locoiion (e.g.. hang-
ing on the plant after abscision or Fallen o the ground) and the Fraction of total daily
solar mdiation received ai these locations (e.g., full sonlight, partial shade or full
shace). Frwit iha fall o the ground sre distributed between and beneath plants. Other
clefails of (e crop environment ane provided.

A general framework for modeling temperaiure-dependent stochastic longevity of
adul insects is given by Cuery e al, {19781). Due to inadequate data for the boll wee-
vil, thiz approach could mot be used. Rather, longevily is estimated a5 4.4 percent sur-
vival per four-day period, based on siedics of Sterding and Adkisson (1970).
Inesecticides, when apphed, kill 95 percent of the aduli population.

To represent the onset of diapause, the number of nonereproductive sdulis in the
population i based on crop phenology using a time-delay relationship between the
proportion of sgquares and bolls attacked. For example, a comulative normal distribo-
tion describes the proportion of noa-reproductive adults in the population as a function
of the proporion of eggs oviposated in bolls (relative 1o squares) two wecks earlier
[data From Steding and Adkisson (19T8)].

Gutierrez of al. (1991a) — These investigntors modeled the population dymamics
of the boll weevil in Brazil on two bong-season colion vaneties, The weevil was furst
reported in that country in 1981, They incorporated stochastic development of imma-
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fures and adult longeviry into the model of Wang & al, (1977). This was accomplished
by using distrabuted maturation times (o simalate populations of the weevils, collon
(Gutiermez of al,, 1984; 1991hb), and their interactions, Details of this approach are
described under the pink bollworm madel of Stone and Gutierrez {1986a).

Weevils may Feed multple tmes on squares and bolls, but generally they deposit
only one egg per square in contrast 1o mubiple éggs per boll, Because multiple sttacks
may oceur on a singhe fruil, the functional response model of Fraser and Gilben (1976)
is used bo describe the number of fruit atacked due o feeding and oviposition, [n this
submodel, attack rates vary with {a) fruit availability comected for weevil preference,
(b} the maximum demand for feeding and evipositbon sites required by the population,
ic) time measured in degree-doy Celsius, and (d) a weevil searching parameter (hat
depends on plant size. Weevils emerging from bolls are assumed 1o be in diapause and
therefore do not become reproductive, Oviposition begins when females are 285
degree-days old and end at different ages depending on the availability of squanes.
Insecticides are assumed to kil adults b a rate of 90 percent on the day of application,
decaying io zero percent 3.5 days lajer.

Some interesting aspecis of weevil biology are reported from Brazl that differ
from those in the United States. For exaomple, in Brozil the weevil shows only a
slight prefercnce for squares over bolls {expressed in the mode] as 1.1 v (L9, respec-
tively). Fruit age {e.g., squares vs bolls) apparcoily has little effect on weevil devel-
opment imes in Brazil and therefore is nod considered in the model. The time from
weevil atack to square shed is greater in Brazil., and large squares and bolls do not
ahacise at all. These events may be due to ihe humid Braxilian conditions. They
served as reasons for not modeling larval moriality due to the square drying [as
found im the model of Corry e ol (19807].

Process Models Mol Associated With The Population Models — Several process
mvincdels have been developed that are noi associated with the population models dis-
cussed above, Barficld er of (1977) produced a stochastic iemperature-dependeni
el of development for the boll weevil parasite, Bracon rrellifor. McKibben & al.
(1982} developed a model of weevil oviposition behavior. This latter model indicates
that females discriminate against squares containing an egg by rejecting as many o5
five punctured squares while scarching for one that is pristine.

Uzing the boll weevil as an example, Feldman and Curry (1984) modeled tempera-
ure-dependent modalily of insecis using separate rate and distribution functions. Due
tor the lack of data on the precise timing of weevil death, a uniform distribution is used
to apportion moriality throughout the Tife of the immature weevil, This approach albers
the predicted panern of survivorship when compared 1o monality taking place only
during the emergence portion of the development period.

Stone of ol (1990) developed a degree-day model of spring emergence and over-
winter survival of the boll weevil. Spring emergence vartes as a function of the num-
ber of degree-days above 43F (6.1C) accumulated from January | and rwo indices of
winter severity, These indices are used o predict overwimer survival.
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Culim er el (1990} aned MeKibben ef af. (1991) developed models of boll weewil
dispersal.

BOLLWORM, Helicoverpa zea (Boddie) AND TOBACCD BUDWORM, Helis-
iz vireseens (F.)

These two nociuid species (members of the Noctuidae family) number among the
most senous pests of agriculiural crops in the Cotion Belr. They attack colton, com,
twmaboes, sovbeans, grain sorghom, alfalfa and other crops (Sterding. 1979, The
worldwide imponance of the HellcoverpaHelionhis comples in agroecosysiems was
reviewed by Fur {1989,

Muore than a century ago, Boddie (18500 wrote that the bollworm, better known as
the comn earworm (hus the specics name, zea), is a versatile pest which “is an anom-
aly in the patural history of insects.” The anomaly refiers to i destruction of cotlon, a
plant which iz atacked only secondagily (that is, only when it becomes “necessary™).
Bollwonns overwinter 2 10 6 inches {5 1o 15 cm) below the soil surface as pupae and
emenge in the carly spring as adulis, Newly emerged moths disperse, mate and oviposit
o diverse wild plants and may complete several generations before attacking colton
early in the summer. A female con oviposit from 25000 1500 eggs during a lifespan of
310 12 doys. The eggs are deposited on any part of the cotion plant, but tensd 1o be
placed individually in the upper third of the canopy on the upper leall surfaces or in the
terminal. Eggs hatch in thrée to five days, with the karvae feeding progressively on
barger-sized squares and bolls for the next 12 10 15 days, molting through five 1o six
insiars before pupating, Moths enwerge approsimately two weeks alfter pupation.

The tobacco budwonm was st reported os a pest on colton in the United States in
1934, but it probably was overlooked before this mme because of its closs résemblance
b the bollworm {Folsom, 19346), Like the bollworm, budworms are polyphagous (feed
on many plants) (Meunzig, 19699, The two species have similar life cycles; however,
the scasenal abundance i often dissimilar (Broeae] and Mewton, 1963 Snow, [964;
Spow and Brarzel, 1965). Traditionally, budworms are more resistant 1o pesicices
than bollworms and thues are more difficult 10 control.

The bollworm/tobacce buedwonm were among the eariest colion insects 1o be mod-
cled. Three rescarch groups developed population models: (a) a joint USDA, ARS and
Texas A&M University cffort (Hartstock and Hollingsworh, 1974; Hartstack ef al.,
1976a; Harisiack and Witz, 1983), (b} those oi Morth Carolina State Universily
{Stinner & al., 1974a, 1977a,b), and (c) at Mississippi State University (Brown ef al.,
[983). Their work reflects the distinct geographical and biotic differences found in
each region (Fidl, 1989

Hartstack and Hollingsworth (1974), Hartstack & al. (1976a), Hartstack and
Wiz (1983) — One of the earlicst models describing cotton insects s MOTHZY.,
According o Hartsinck and Hollingswaorth (1974}, ihis model was developed to help
decide when o mondtor the bollworm and budwernm and when to apply chemical and
biodogical control agents. The madel is comprehensive, encompassing more than 16
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subroutines including simple crop models for cotton, com and sorghom (Harsiack and
Witz, 1981a). The eadiest version, MOTHZV-1, was expanded into MOTHZV-2,
which represented a detuiled and ambitions approgch to modeling an sgroecosysiem
(Fitt, 19890, A lnter version, MOTHZV-3, enhanced the cotton model and added a lar-
val damage subrowtine. A life-tuble approach is the bookkeesping system used by il
mioddel o account for changes in insect numbers and transitions between life-siages,
For cach day of the simulation, the model describes changes in the aumbers of eggs,
larvae, pupac, non-oviposiing sdults and ovipositing sdults.

In the carly part of the season, MOTHEY i initialized with the sumber of neoths
caught in pheromone traps or with ficld counts of eggs. When used & pan of the man-
agement model, TEXCIM (see below), ficld counts of larvae can be used to san the
miodel. Once initialized, the model simulates the population abundance of several gen-
crations theoughout the season using long-term lemperature averages 1o dove the
miodel. It simalates bollworm and buedworm popalations isdividually or cambined, For
the most part, however, the biological processes of the two species are not modeled
independently.

Specific subroutines sccomimodate the use of pheromoane rap caplures as inilializ-
ing values. For example, descriptive equations of wap efficiency convert trap caplures
ity moths per acre. Anoihes subrouting describes the influence of crop phenology
{stages of plant growth and reproduction} on movement of moths between crops, For
example, the predicted mumbers of moths migrating out of com or sorghum are stored
for later use. Other factors inclisde the infuence of moosnlight on oviposational behay-
ior and the impact of clowd cover on decreasing moonlight (Hanstack o all, 1978a;
Hartsiack and Wiz, 1981b).

Average temperature during the three hours afler sunset i used 1o detenmine the
probabiliy of oviposition on a given night. For example, if this iemperature Falls
between 72 and 77.9F (22.2 10 25.5C), the probabality that a female wall oviposiit is 1.0
{00 ; of the temperature falls below 55F (12.80C) or above 951 (35C), the probabil-
ity 15 near zern, A second influence of lemperatune on oviposition applees o method of
curve fiting, kiown as piecewise lingar regréssion, 10 descnbe the effects of aduli
loagevity (in days) on proporional daly epg producteon ® vamous constant lemper-
tures, Two additional vanables influence oviposition. One defermines (he albrmctive-
ness of ovipositing females to other crops relative 1o cotton. For example, comn during
silking 15 atractive o the bollworm but nod the budworm. The other factor sccounts
for the proporional reduction in oviposition duning perods of full moon. To oblain the
total number of egps lad per day per moth, the product of these four factors s
weighted by the maximum daly egg production (set at 300 for the ballworm and 400
fior thie budwarm).

Tempersure also infleences development times {in Celsius degree-days) and thus
generation time from adult to adull. The lower and upper thresholds of development
for eggs and larvae are 54.7F (12.6C) and 91.9F (33.3C), respectively. Eggs require
40.5 degreg-days o complete development. An adjustment Tactor determines differ-
ences in ¢gg development for the two species, Small larvae (first to third instar) require
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81.7 degree-days, large larvoe (fourth and fifth instor) require 12006 degree-days, A
nutritional Factor adjusts for differences in the bollworm development Feeding on on-
ton, corn oF sorghum. The entire life cycle is completed in 484.9 degree-days. A nor-
mal distribuwtion is used to desenbe developmental vanability among individuals in
ench life stape,

Parasitism, particularly by the cgg parasite, Thichogramumng spp., 5 an imposian
capse of epg mortality snd is considered in the model wsing four options. In the s
oiplion, the number of parsites must be provided for each day of the simulation. Tao
determing the percent parnsitism o eges, these valoes are wsed in an empincal maode]
developed by Knipling and MeGuire (1968). With the second option, daily percemt
parasitism must be supplicd. Oplion three uses estimates of maximum percentage in
coim for the bollworm, which is adjusted by the model as this crop matures, In the
Fourth opiion, the parasitism rate is o function of the number and age of adult
Trichogravivia spp. and of lemperaiure. It also uses the numbers of egg predators in
the Knipling and McGuire model. IF ovicides are used, mortaliny rales are inpuat as con-
stanis under this oplion. A background rate of 4.5 percent per day accouns for unes-
plained morality 10 eggs.

Larval momality due o predators is based on the exponential function of Knipling amd
MeGuire (1968). A stonilar mode] (Knipling, 1971} is uwsed 1o descrilbe parasidism of
small larvae, For the bollworm in com, te pumber of surviving lanvee s modified by
cannibalism. A residual, daily mostality rate is given as four percent. Separate inpuis fos
larval moctality resulting from insecticides are provided. As noted above, sdubl morality
i tempersure depemdent, bl an sddiional daily rate of 15 percent is also imposed.

The eonon model SIMPLECOT [derived fvom a model by Wilson er ol {1972))
simubates the typical fnuiting pattern of the plant, It describes the number of new Fruit
per plam per degree-day, the probability of fruit survival per degree.day, and the yiekd
per acre. Soal type, fentility and moisture are asumed to be non-limiting. Cohons rep-
resenting the different ages of fruit ane not stochastically distribusted, Shon, medinm or
bong-season vareties are modeled by adjusting the parameters controlling fruiting mte.
Ohiher adjusiments control different growing envirsnments. A Feedback mechanism
permits regrowth af cotton {i.¢., compensation) following simulated insect losses,

The damage subroutine of MOTHEY determines changes in vield caused by boll-
wormflobacco bdworm larvae, The numbers of small and large larvae are weighted
inoemalized) by thear physiodogical age divided by 8.5, This caleulation provides the
“equivalent number of 8.5 dav-old larvae™ within the two cohort groups (e.g, small and
barge larvae), This weighting facior is based on data from Townsend (1973), who
showed that 8,5 day-odd larvae damage one fruit per day, The probabilary that an equiv-
alent Jorva will find o square or boll is deserbed by an exponential function of Frui
density, This probability is adjusted by larval preference, For example, small larvas
witack only squares, but lange larvae attack both squares and bolls (with a preference
For squares) depending on the proporion of bolls in the froil population, The adjusted
probabilitees are used 10 parameéterze an exponentiol function that calculates damaged
squares and bolls per acre,
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Other pupers discussing improvements to and applications of MOTHZY inchude
Horistack and Witz (1981b), Stecling e ol (198%9) and Witz e al. (1981).

Stinner f af. (19744, 1977a,b) — The modeling work in Morth Coaroling was con-
dwcted concument to that of MOTHZW. Each rescarch group provided unigque conmtrabi-
tigns that complemented the other. Distingnishing features of the Moith Caroling model.
HELSIM (HELiothis SIMulation), include intraspecific competition among sl
wormiobacos budworm larvae and the infloence of patchy, small fields of mixed crop
diversity on iseet dynamics. The nwodel has ar beast bwo versions: HELSIM- 1 includes
both the bollwoim and the budworm; HELSIM-2 focuses on the impact of muluple
cropping systems on population dymamics of the bollworm. HELSIM-2 makes use of
contest-iype intraspecific competition, amd the role it plays in allering the tming of pop-
ulbations beyond that peedicted by physiological tme alone. HELSIM developers rec-
ogiized that food availability seis the upper mits o insect population growth, Thas
the model describes the number, type and qualiy of feeding sies available per hectare,
as wiell as the spatial abundance of te principle hosis, The impact of these resources on
population growth is modified by weather and natural enemies. The model uses differ-
ence equations o move individuals from one stage to the pext (e.g., from one karval
stage 1o the next, day by day), as opposed 1o the life-table approach of MOTHEV,

A prominent subrmddel of HELSIM involves the avipositional response of the boll-
worm 1o various host plants in Norh Carolina (Johnson e al., 1975). Four agronomic
crops—colton, oo, soyvbean and wbacco—are included, A spatial grd of crop vpes
and associated crop-growth habits (up 1o 14 combinations) are used 1o samulate the
movement of moths between crops (Harstack of al,, 1976a), Ovipositional preference
Tor these hosts ansd their spatial and emporal abundance de.g. 0 relation 1o space and
me) provides the basis for partitioniog eggs among the differént crops, HELSIM
assumes @ 121 sex mtio, Temperature determines the length of the pre-ovipesitional
perioel, fecundiny and the emporal oviposition pattem, The data of Tsely (1935) ane
wsed in desenbing these relationships,

Two algorithms descnbe development as a empernture-dependent, stochastic
process, The first applies the development rates of the fasiest, the medion and the show-
esl individuals in the population held i different constant 1empermtures, & noa-linear
function is fitled to the development mde vs lemperature dain sets for the three growps
of insects, Daily field emperntures are used 1o drive the thee mle equations indepen-
dently, and the predicted mies ane summed o onity {10} 0 determine developmend
timees. Thus, a rede-summation approsch is used to predict the development times of
three different portions of the population. A cumulative distibsdion is then fidled io the
three predicted developmend times plotied agoanst their respective proportion of the
population. Data of Isely (1935) are used o parametenize the larval development sob-
el Cher dota on locall insect strains and conditions are used for its validation.

HELSIM provides greafer detoil on larval cannibalism than does MOTHZEY, In fact.
cannibalism is the dominam monality factor when larvae are found on com. The can-
nibalism subrowiine calculafes the spatial distributeon of larvae among cars of com.
This subroutinee deteomines the probabality that a larva will come into contact with
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another at the same site. Cannibalism ocewrs when more than one larva is Tound @ a
given site. When high population densities are present, connibalism alters survival and
the timing of generation peaks. Generation times can be reduced up 1o 18 percent by
this factor because older larvae can eliminate barge proportions of small larvae that
hatch from cggs oviposiled loger,

The abundance of natural enemies vories according 1o host-plant type and its phe-
nological state. This effect tends to dampen density-dependent numerical responses
and alters the lunctional response of patwral enemy populations. Becaose
bollwormitobacco budwonm moth popalations disperse, there is 8 temporary release of
insect populations from natural control. While these and other influences are recog-
pized in HELSIM, they are simply lomped into & valoe that describes daily morality
o function of crop type, maturity smnd dme.

The work in Morth Caroling motiveted several innovations that nod only imiproved
HELSIM bat also had broader applications to other insects. The first of these innova-
thons involves the wse of non-lincar functions to describe termperature-dependent
development rates (Stinmer er al., 1974b). Later improvements incorporated develop-
mental variabiliy among individeals in the popualation {Sinmer er al., 1975). These
algorithms may have been the first applications of a non-linear, stochastic approach 1o
modeling insect development in population models. Another innovation is the descrip-
tive model that predicts the spring emergence of bollworm populations in Nonth
Caroling (Logan ef al, 1979} The emergence model includes the effects of soil type
as well as the ileractions berween sodl type, temperaiure and soil moisture in influ-
encing the poat-diapause development and survival of overwintering pupse. This work
influenced the development of an expert system for building pest siovulation maodels
{Logan, 1988},

Brovn e al. (1983) — An initial bollvormfobaces budworm model called HEL-
SYS (Hamis et al,, 1976) was developed by the Mississippl group: however, changes
in personnel led o the abandonment of this maodel. Later work produced an aliemative
madel, CIM-HEL (Cotton and Insect Management-Heliothis), which built wpon
MOTHZY and 10 a lesser extent HELSIM. CIM-HEL emphasizes bollwormfobacco
budworm feeding on cotton, with larval preferences for fraiting forms derived from
studies by Wilson and Gutierrez (19800 and Nicholson (1975). The denailed approach
tor barval Feeding, along with the use of the boll weevil maled of Jopes of al. (1975a b,
1977) and the cotton model, COTCROP (Tones e al, 19800, led 1o the developavent
of the managemend maodel, CIM (see below),

Unlike MOTHZV which separtes the bwo species only when necessary (Hartstack
et al. 1976a), CIM-HEL maodels each species incividually. According to the
Mississippi group, separation of the two species is justified because of their significant
differences in development, Fecundity and resistance to insecticides. CIM-HEL uses
discrete lime-steps in degree-days; however, the outpat of the model i= given in calen-
dar {Julian} days. Bookkeeping on the number of individuals per Life sage anc the tim-
ing of life stage transitions 15 performed using a Leshe matng approach.
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CIM-HEL is iniialized using the numbers of insects in each life stage, or ahema-
ively, the numbers of adulis entering the field in the spring (Murphey, 1980), The
molel applies the fecundity subrowtine of MOTHZY withow its moon-phase effect
(Murphey, 1980). Development is temperalure-dependent using the linear, degree-
day approach (measured on a Celsius seale). Developmental variability among indi-
viduals 1% also simulued, Egps require 30 degree-days o hatch, Data on larval
development are obtained from Hogg and Calderon (198013, with the bollworm
requiring slightly longer 1o develop than the budworm (210 v 300 depree-days,
respectively). Femnle pupae of both species develop fasier than males: lwever,
because only femabes influence populatien growth (Hoge aml Gutlerres, [9580), their
rodes plone mre used in the meolel, Pupae of both species develop in aboul 233
degree-days.

Egg and lorval mortality resubl from predators, other nofurol conses and insecticide
applications. The predutonparssite populsion 15 mol modebed explicitly bot, on occa-
sion, very simple population models for predmors! parasites are used (Brown e al,,
1Ta). The numbers for predotorsiparasites are supplied from held samples as an
exogenons vangble (Brown & al, 197%; MeClendon amd Brown, 19E21), Therefore,
cgg amd larval mortality are proporfions] o the numbers of predstors/parasites sup-
plicd. CIM-HEL models the recovery of predatodparasite populations following an
insecticide application. This task is done uwsing a step function that has an 80 percem
decrease in their numbers on the day of application. A linear function is used 1o
describe their recovery rafe over a 14-day period.

Larval meortality due to insecticides is based upon a able of sopplicd valoes that
dleseribe daily montality for each larval stage (first o sixth instary. The values differ for
each species. Larval monality from insecticides on the day of application decreases
Froim atsoul 95 percem for first instar (o bess than six percent for sixth instar, Daily mor-
talitees by instar are reduced on the seoond and thind days post-application o simalae
resicual insecticicde moniality. Additional daily mortalities ae three percemt for eggs
anl pupae and 15 percent for adulis. Data from Hogg amd Noedheim (1983) are nsed
to parameterize larval survival rates in CIM-HEL.

Empirical relationships sre used 1o describe and couple the feeding behavior of boll-
wormfiobacco budworm with the Cotton Crop Model, COTCROP (Brown er af.,
1979h). This crop model was derived from SIMCOT 11 specifically for interfacing
with insect models. Unlike SIMPLECOT used in MOTHZY, COTCROP is a detailed
process-oriented, physiological plant model, Growth rates of plant organs depend on
temperature, age and the avalability of carbobydrate and nitrogen reserves, This mesxl-
eling copability permits the comparison of crop practices such as irmgation and feril-
TEalion W insect management lactics, Conforming 1o other TPM modeling groups,
Mississippd researchers beld o the view that “one must vary the number of (it ... per
are i o continuous mannes” 0 osder g model msect feeding on cotton {Brown f al.,
19831 Thus, COTCROP simulates the growth of plants i one square meter areas,
rather than the average plant, The number of ot eaten per day per larva 15 a livear
function of lerval age, Larval fruit preference s influenced by bsh fruae and larval age.
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The estimate of feeding damage is stored inoon sreay =0 that the cotton miedel can
appropriately schedule the abscission date of damaged froi.

Process Maodels Mot Associated With The Popuolalion Models — HELD3G
(HELiodhis DaMaGe) (Thomas, 1989%.b) is a bollwormiobacco budworm damage
meele] coupled to the cotton madel, GOSSY R (Baker e of., 1983), This mesdlel also
uses ihe damage function from MOTHZY (Hanstack and Wi, 1983, and the tarval
fruit-preference equations of Wilson and Gutierrez {1980). Using inputs from either
scouling reports of MOTHZY (as pan of TEXCIM), HELDMG simulates the within-
plant distribution of larval damage. The model apponions the propected nunber of
damaged fruit on the plant in order o sdjost e T disiabwiion of GOSSY M. Thus,
a platform is provided that can b= used o sy the effects of larval damage on cotlon
groavth amd vickd, Explicit management options foe bollwormytobacco budwerm con-
trol are pol specifed; ratler, the wser Tas oo decide 1f the Torecast of bollwomiobacco
bisdworm damage is severe enough 1o ke achon,

Other models include: (a) a regression equation describing the population baildup of
ballworms {Butber e o, 1974}, (b} a sex pleromons emisson maodel (Hatstack ef afl,
1976b), {c) genetic suppression madels of the obacco budworm (Makela and Huetiel,
1979, Levins of o, 1981 Roush and Schoesder, 1985), {d) a disiribation puodel of boll-
wonmn developrent times (Sharpe o af, 1981 (@) a damage reduction medel of ball-
wormfAobacon budworm on cotton (Young aml Wilson, 1984 and {6 an emergence
mrkbz] for overwimening bollwormtobacon bislwoom {(MeCamn of of,, 19859),

COTTON FLEAHOPPER, Prewdatonroscelis seriatis (Reuter)

The fleahopper 15 a key pest of cotton in Texas and adpaning stales. The mesct is
polyphagous (feeds on mulaple plants) and multiveltine (mone than one genermtion per
yearh, with five 1o eight generstions per year, It overwinters as diapansing eggs, which
often are found i the fall on stems of the wikd host, wooly credon, Croves capifatng
Michx. Eggs begin to hatch on warm spring days and continee do so for up o two
months, Rainfall triggers egg hatch. Typically. the first two generations ane foumd on
wild heosts, with adulis of the second generation moving (o colton afier the prefemed
hosts senesce,

Proper management of this insect is important for several reasons. Whale on colton,
it fewds on pinhead squares cousing thaem to abort, Poeorly-timed msscticide opplica-
tions against the insect can release other pests from natural control, resulting i addi-
tional losses in prodection and increases in control costs. The feahopper is an
important predator of bollwormdtobacco budworm cggs, and 15 o food sowrce for
pelyphagous predators, pomicalardy spaders (Hanstack and Sterling, 1986), These los)
1w charactensiics make modeling this msect unique in comparison 10 other cotton
insects. One population madel developed ot Texas A&M University exists for the
specics (Hartsiack and Steding, 1986).

Haristack and Sterling {1986) — The Texas cotton Meahopper mode] predicts Mea-
hopper abundance throwgh time and cotton fruit losses cansed by the insect. These
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forecasts are designed to help producers make munagement decisions on fleahiopper
contrel. The model can stand alone or be wsed as part of the comprehensive manage-
mem masdezl, TEXCIM (see below). The Neahopper model s coupled o the cotion
madel. SIMPLECOT, which assigns frait to cohorts socording to their physiological
age. Temperature and rainfall are the principle variables affecting fleahopper diapause,
spring emergence, development and oviposition.

The model sinulates the number of eggs entering diapause in the fall as a function
of calendar date. The probability of diapeuse is described by a lincar function, with no
epgs enenng diapause before September | and all eggs entering after October 11,
Temperature and rainfall are uwsed o estimate the Gming of spring emergence. The
emergence pattern of nymphs provides one approach for initializing the Neahopper
populsion maodel. The number of nymphs observed in a feld provide an altemative
ppproach, Using these inputs, the model predicts changes in population density
through time for the F, and subsequent generations.

A degree-day approach is used to predict development times of eggs and nymphs as
o function of temperature, The lower treshold of development 12 55.2F (14.60) and
the upper threshold & 92F (33,3C) (Sterling and Hartstack, 1979 This approach s
indegrabed with the disribution method of Sharpe er all (1977) 10 determine develop-
miental vanabality among mdividuals in the populsion, The model uses “physiolagi-
cal days™ as the basic tume wep, which are defined & 1the degree-days (Celsius) per
calendar day divided by 13,3 degree-days, The development imes of eggs and nymphs
ore 9 and 7.2 physicdogical days, respectively.,

Femabes oviposit a maximum of 20 eggs per day, depending on temperature
female age. Eggs are oviposited between 62.6F (17C) and 95F (35C). Females are
reproductive dunng the ages of L6 and 13.5 physiological days, IF femabe age s
beiween 3.5 to 609, the probability of oviposition ks 1.0 { 10%). For ages <35 or
=609, the probability of oviposilion is delenmined by two lincar funclions, one for
each interval. The sex mbio of adulis s set ot 0.5,

To indicate potential insect problems, feahopper shundance through ime is com-
parcd 0 the fruiting curves provided by SIMPLECOT. The damage mte of bath
nymphs and sdulis ks 0.5 squares per day for squares younger than five days. Older
squares are not damaged. An exponential fonciion is used o estimate the number of
damaged squares. per day as a funciion of insect nombers and the density of suscepli-
ble fruit. This damage function is similar to that used by MOTHZY 1o describe boll-
wormstohacoo budworm damage (Hartstack amd Widz, 1983}

The number of fleahopper nymphs dying each day is temperaiure- and age-depen-
dent. Mortality increases when iemperatures are above B4.9F (29.4C) or below T5F
(2390 (Gaylor and Sterling. 19750 Aduli moenality increases with temperafure and
physiological age. Adulis live 376 degree-days {or about 28 physiological days).

Monality by inseciicides is determined by a iable of values. These moriality values
range from 5 1o 20 percent for eggs, 90 0 99 percent for nymghs, and 70 to 99 percent
for adulis. A residual effeciivencss of each insecticide, typically bess than 4.3 days, is
also provided. The iype of insecticide, the number of applications and the day of appli-
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cotbons are specified before the population maedel i mn. The monaliy e due to the
various insecticides ore estimates amd cauion i recommendad in their use, The nymph
and adult insecticide mortality rates are madified by the aging process,

Fleahopper mortality 15 also dependent upon field counts of the numbers and ivpes
of feahopper predators, The efficiency of each predator group is weighted, with spi-
ders given the most weight. IF Gebd samples ore not available, default predator kev-
cls and ivpes con be selected, along with defoult estimates of the timing of natural
cnemy abundance. The predation rte 15 hased upon the predaior model of Knipling
and MeGuire (1968), The maximum daily predation rate of eggs and nymphs is five
percenl.

PINE BOLLWORM, Pechinophora gossypiella (Saunders)

The pink bellworm is nod native to Morth Amenca bot was introdoced into Mexico
in 1911 and spread bo the United States in 1906, Presently. it is found in cobbon grow-
ing arcas west of the Mississippi River, where it is o pest in Arizona and Califernia.
The insect is confined 1o malvaceous plants; coiton and okra are ihe only two culii-
visied crops in the United States atiacked. Aduolts are small moths (Microlepidopicra)
that are active in the predawn hours. Females release pherpmones to attract males.
Bolls are the preferred oviposition (egg-laying} site, but prior to bloom, eges may be
found on all plant parts. Development gecurs within a single fruil. Generally only
one larva survives per square, but several can survive in a single boll. Feeding in
squares is directed o the anthers, whercas in bolls prefercnce is shown to lind and
seeds, Pupation occurs in the soil or in lint, and pupal mortality can be high from
extremes in sodl temperature or moisture. The insect overwinders as a mature larva
in the soil or in dried bolls.

Population models have been developed by Larson and Huber {1975), Guiicroez ef
al, (1977a), Stone and Cudierrez (1986a), and Huichizon {Unpublished manuscript,
W, I, Huichizon, Depariment of Entomelogy, University of Minnesota, St Paul,
MM}, Larson and Huber (1975) adapled the western lygus bug, Lyvegns lesperics
Enight, model of Watson (1973) 1o pink bollworm, This model docs pod explain the
mechanisms behind process-level evems, but is purely descriplive.

Guilerrez of al, (1977a) — Gutierrez o ol (1977a) developed a deiailed model
using o von Foerster (19539) approach (0 represent the population of pink bollwornm,
The mwoxdel caloulates the age sircture of the population in degree-days Celsins and
applies o complex net monaliy fonction that depends on age, lime, density, lempera-
ture aned the pet immigration-emiagrateon rte of adulis ino the population, AL any point
in time, the population consists of adults emerging from diapause, eggs, larvae, pupae
ond adulis emerging from squares or bolls,

The el descabes comulative percent emergence of adults from diapase using
CGomperte equations Nicted 1o the Held data of Rice and Reynokds (1971), Ovipositeon
rdes vary with female age, with more eggs deposited eadier in the adubi ife than later.
Maoximom fecundity {egg-loving capababiny) iz 240 bui the actual value per female
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dipends on the nutritional history of the insect. For example, the fecundity of females
emerging from diapanse is scaled by 0.66. Scaling factors of 08 and 1.0 ane given 1o
females that fed on squares and bolls as larvae, respectively,

Accumulaed degree-days above S0F (10C) (Butler and Hamilton, 1976) ane used
to calculate the development times under Muctuating temperatures, The Held data of
McLaughlin (1974) proveded estimates of the range of development for eoch Life stage:
egps from O to B3 degree-days (in Celsus), larvae from B3 to 233 depgree-days, pupac
233 1o 450 degree-days, pre-reproductive adulis 450 10 478 degree-dayvs, and adulis
478 to TM degree-days, respectively, This was verified in the loboratory on artificial
dict. Fruit age, determined by their colton model (Gutiermez ef al., 1975, Wang ef al.,
1977}, influences food scleciion as well as development rabes of newly emerged lar-
vae. For example, larvae show livle preference for very young squanes, bolls or flow-
ers. A square supports only one lorva, while a boll supports wp to 15, Developmend
rates vary with age of the fruiting struciure using scalars that adjust degree-days accu-
makation {Lukefahr, 154625,

Temperniore and photopenod influence dispavse initiation of pink bollworm
(Alberios, 1974). These factors are used 1o caloulsie the percentoge of first instar lar-
vae thal go inbo diapause. Individuals that po inte diapause are trested as emigrants in
the population since they do not develop beyond the prepupal siage.

Moriality factors sre desenbed for vanous life stnges. Predators nedece cggs and
newly hatched lorvae by five percent on bolls and 15 percent on folinge. Only 82 and
92 percent of newly emerged larvae locate squares or bolls, respectively, on which bo
feed. Onoe the fruit is attacked, pink bollwoom larvae sre inumune o predator abtack.
Aufulis dic in an age-dependent maner.

Diata from Brazee] and Gaines | 1956 are used to describe pink bollworm damage
io coiton. Percemage loss of lint, seeds, and reduced quality are described as expo-
nential funciions of the number of larvae per boll {details of these submodels are not
provided by the awhors).

Stone and Guliervez (1%86a) — These investigators modified the pink bollworm
madel of Guiberrez e ol (197Ta) o two significam ways. First, they incorporated
developmental variability among individuals into the model (siochasiic development)
for both cofton and pink bollworm, For example, frui of a given colwet ages accord-
ing to a Gamma probability density Tunclion describing the mean amd variance of
development times. This function is also used o describe ihe probability of pink boll-
worm completing development, applying ihe constant temperature data of Huichison
of al, {1986) to parameterize the model fior cach larval stage, The maodel also enhances
the autritional influence of the bost on larval development. Instead of incorporating
nulrition % a cormection factor for the aging process (Gutierrez o al, 1977a), Stone
and Gutberrez | |%86a) expanded the concept of physiological time to include the nutri-
tional influences of the host on pink bollworm development, The nutritional value of
the fruin {represented as a scaling multiplier for developmental rate of the infesting
karva) varies as a continuous Function of frull age (measured in degree-days), Thus, the
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aging rate of & larva ot any particular time not only depends on temperature but also
o the maritional valee of (he frui

Hutchison (Unpublished manuscript, Y. . Hutchison, Department of Entes-
mology, University of Minnesota, Si. Panl, MN) — Huwchison used the degree-day
approach 10 describe the mean development time of pink Bollworm life-siages and the
distnbution approach of Logan (1958) to desenibe the variation in individuoal develop-
menl lnees, The data of Hutchison e al. (1986) are wed 10 pasameterize the models
(with bower and upger threshold values of 51.6 and ®USF [10.9 and 32.5C], The data
of MeLaughlin (1974) are used 1o valudate the models. A bogistic equation descnbes
cumulative oviposition as a function of physiotogical age (in degree-days), The max-
imum fecundity of females. varies with nuirition according to the formula used by
Gatierrez of o, (1977a), Unbke other pink bollworm maodels, this model descnbes the
protatalitees of a tme delay in oviposition sunbutable 1w subletial dosages of three
insecticides (using data of Hutchison er af,, 1985).

Process Models Mol Associnted With The Population Models — Butler and
Harmilten {19763 usesd the funcoon of Stmner of of, (19740) 10 kel pink bollworm
larval gnd pupal development as a function of temperture, Butler and Watson (19580)
developed o model that estimates daily survival of adulis o a function of lemperatre,
Cutiermez of af. (1981 ) improved the dinpause imducteon and sprng emergence models
proposed in their earier work (Guliemes of af, 197 Ta), Their analysis showed tiat the
environment experienced by mdividuals @ the time of deapause mduction and spring
emergence influcnces the combined patten of sdult emergence in the spring.

TARNISHED PLANT BUG, Lygus lineolaris (Palisol de Beauvais), AND WEST-
ERN PLANT BUG, Lygus fresperns (Knight)

Plant bugs are pelyphagous (feed on many plant species), muliivoltine insects fownd
on awide vanety of agronomic crops amd weed species. The mmished plant bug, Lyvgies
lineclaris, is widely distributed throughout Morth Amenica, occuming on cotten from
the Carolinas to Texas. Lyvgis esperies (western plant bug) is found in the West, pn-
mearily in Arizona and California. Cotton is not a prefemed host of either species, bl
adulis migrate into this crop after the primary hosts have matured. died owt, or are har-
vested. In the East, Lygus spp. typically develop large populations on early-season
annuals; in the West, alfalfa and safflower are rescrve crops. Young squares that are
attacked will abort, but loss of older fruil is uncommaon. The pest sias of these species
ix debated. Some shudies show that common densities ohserved in cotton do not reduce
vields or quality (Falcon er al. 1971; Guticrmez er al, 1975, However, large migrai-
ing populations can cause severe damage (Guticnmez o all, 197 Tbl

A population model of the tamished plant bug in cotten and a wild host was devel-
oped by Fleischer and Gaylor ( 19838). Waison (1973) and Guticrrez ef o, (19790) mod-
cled the western plant bag in cotton (the Watson model was nod available for review).
Cutierrez el ol (197Th) developed a population model for ihe western lygus bug in
alfalfa.
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Flebcher and Gaylor (19%88) — These investigators studied nymphal development
and survival, and adult longevity and fecundity of the tamished plant bug on several
hosts including cotton, A Leslie matax approach is used wo model the insect on colton
anel the wikl host annual feabane, Evigeror aurives (L), This model describes a popu-
lation of individuals of differing age classes; each age class has a reproductive rale and
a probability of surviving o the nest class. The dynamics of the model are determined
iteratively (repetitively ) according o a malnx equation, wherehy the age distnbuation of
individuals at any time 15 a function of tme, varying barth rates and death rates, The
model is parametenzed using hfe-table data collecied in the laboratory a 79.7F (26.5C),
This simple model indicates greater population growth of the tarmished plant bug on
annual Meabane than on cotton, The madel 5 nol integrated with a model of the host

Gutierrez of al. (197%) — These mesearchers simplified the westem plant bug
medel of Guiierrez ef al. (197Th), which applied a matnx approach similar 1o that of
Fleischer and Gaylor {1988}, The madel does not consider reproduction, development
or giher life processes explicitly, or the mechansms that mfluence these progesses,
Rather, it uses two empircal functions o descnbe field observations. For example,
they found that the number of western plant bug adults in standard sweepnet samiples
increases exponentially with the number of colton squarces in the fcld. To adjust for
sweepnel inaccuracies, the predicied number of adulis given by this function is malti-
plicd by 3,65 {aficr Byerdy of al., 1978). Using the froiting subroatines of their cofton
mndel (Guiicrrez of af., 1975; Wang et o, 1977}, the number of adulis through fime
i cstimated as a function of avalable squares. The number of nymphs in the popals-
tipn is a function of the number of adulis, given a 200 presumed degree-days
Fahrenheit time delay for cgg development. Development time of egges is cstimated as
200 degree-days above 53.5F (11.9C), and the time for mymphs is 400 degree-days.
The pet immigration rale inlo cotion is a constant, set at (.01,

Insecticides presumabdy kill all plant bugs at the time of application. Aficr applica-
thon, i lakes 200 degree-days for adulis io reinfest the field. Between 200-800 degree-
clays, tlee rate of increase for adulis is 14 times noemal doe o a suppressed nabural
encmy complex. Mymphs also benefit from the decline in nabural encmies after a spray,
increasing 2,27 times the norm.

Plant bugs injure small squares, with adult females causing about iwice as much
damage as males, The average rate is 0028 squares per degree-day for females vs
(0134 For males (Gutierrez er al., 197Th). According to ihe investigators, ihe injury
resulting From nymiphs occurs at a rate of 10142 squares per degree-day. These resulis
comradict the beliel that oymphs cause twice the damage as adulis.

Process Models Mol Associated With The Population Models — Fleischer and
Ciaylor {1 988) used lincar models o describe development rates as a function of tem-
persture for the tamished plant bug aymphs reared on ning hosis, including codton. Mo
significant differences in the slopes or intercepts of these equations are found. This
suggests that a single model fited 1o the pooled data may represent development ade-
quately on all hosis,
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Butler and Wardecker (1971) modeled the westemn Ivgus bug development rales as
a function of tempernure using a linear model, Strong (1971} simulated the mating
behavior of the insect on alfalfs. Mangel ef ol (1985) applicd analytical methods to
cxamine changes in the numbers of squares and westem Iygus bug in the ficld through
time. Although there wias an mverse comelalion betwesn squares and wesiem lygus
bug numbers during ceriain weeks of squanng, no evidence is presendcd supporiing
their assumpiion that the relationship was doe io the insect.

SPIDER MITES, Tefrauyclns spp.

Three mite species abtack cotton in the United Stabes, In the West, where mites rank
among the most important arhropod pests, the strawberry spider mite, Terraurveling
ferkesrnd Ugarov & Mikolski, eccors chicfly in the carly scason; ibe twospoited spi-
der mite, Tercanyelues wrticae Koch, occurs in the mid-season; and, the Pacific spider
mite, Terranyvehus pereiffcus MeGregor, dominates during the laie scason. Inmost areas
putside the West, oulbreaks of the iwospodted spider mite occur chiefly during dry
summers. Miles damage the plant through leaf feeding and by injecting phytotoxins
which affect stomatal conduciance, beaf resistance, ranspiration and net photosynthe-
sis (varcano, 1980).

We are not aware of any population models for spider mifes in cotion. Wilson er al.
{1985} developed a spider mite Forecasting model that determines sampling times and
cofton damage potentials. This model is integrated into a mle-based expert system,
CALEX, for making pest management decisions in California (see below),

MODEL APPLICATIONS

Population meadels have been wsed for understanding amd describing the
colfonfinsect system and, 1o o limited degnee, for managing it We discuss general
applications followed by specific instances and case studies,

GENERAL APPLICATIONS

Imitial steps in the modeling process are 10 define the boundaries of the system unmber
study and identify the components and their interactions that are essential to 85 oper-
ation. In this way, 8 mental or concepiunl picture is formed of how the system works,
or how we believe it works, Thess steps provide organization, sirectore and direction
o rescarch. They helpto: () identify important topics for study, [b) pssemble known
information on each topic, {c) determine where the information fits in the scheme of
things, and {d) determine what should be done next. Therefore, the modeling process
focuses research on relevant questions about the nature and behavior of the system,
This value does ot change once the made] is formuolated. 1t then becomes o poweriul
ol For directing research through sensitivity analysis, which belps identily the com-
penents (parameters) that must be measured with greatest precision.

Miodels can be used o test scientific hypotheses, an application with relevance 1o
management as well. For example, many of the simulition models developed from the
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IPM projects provide a method for devising and evaluating effective management
strategies or for evaluating the polemtial pest status of a species (examples are provided
below), The tasks of devising and evaluating new strategies are wsell only if the
strubegies can be implemented, and models provide a method Tor accomplishing this
tosk o well, As we will examine bater in this chapter, computer-based sysems provide
an excellent way to implement comprehensive cropfpest managemen strategics, Mew
sirafegies can be very comples, and even expents have difficulty evaluating the agroe-
cosystem as o whole, All management options may ool be known, and the changing
nabure of events in the Held are nol always sirightforward or intuitive. Computer-
based sysiems have the power 1o infegrate, analyee, interpret, hypothesize and deliver
complex information on the imporiant components of the agroecosysiem. These com-
ponenis include crop dynamics, pest population dynamics, ireatment iactics, impacis
aml costhenefit analyses,

Models can promote the effective use of agniculiural chemicals through proper tim-
ing of applications and by recommending the most efficient products (or combination
of producis) and dosage rates. This use of models should reduce pesi resistance prob-
lems and extend product durabality and efficacy. Concurrently, aliermative methods of
compel with bess coonomic and environmental impact should become viable options
that can be used with greater confidence (less risk). Models may be used o develop
and test potential new agricubiural products, such as some of the genetically-alicred
new cpfton vanelies (e.g., those containing a Baefllns thurfnglensis protein effective
against lepidopterous pests). They can provide a concise summary of the proposed
mepcle-of-action of a tactic or sirategy, and then be wed 10 evaluabe the tactic before
costly feld evaluations are initiated,

SPECIFIC APPLICATIONS

Some of the comprehensive simulation models described in this chapler have been
well tesied and provide good descriplions of the biological sysiems they represen. For
these reasons, they have been used 1w evaluate management strategies consistent with
IPM objectives — to improve crop production and reduce pedt damage by augment-
prg natural enemy populations, using host-plant resistance and culteral modifications,
and by evaluaing a species’ pest satus or dynamic spray thresholds, Oiher modeis
acldress what Mewsom {1980) called “The next rung wp the ladder™, which involves the
management of multiple pest specics that occur simulinneowsly, While these “mega-
moels” represent progress, much work remains, As noted by Gutberrez amd Wilson
(1989), the development of management models in cotton 15 a recent event; one that
could only take place after the maodels accurately represent severnl seis of indepembent
field data. This validation process is nol easy, for oflen Ime-<consuming expenments
revenl gaps in our understonding of biological relationships,

CIM (Cotton and Insect Management) — Mississippl scientists developed the
cotton crop model, COTCROP (Jones ef all, 1980), idegrating it with simplified ver-
sions of the bollwormdtobaceo budworm and boll weevil models (Brown er al,, 1983;
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Jones e of,, 1977), yielding a comprebensive ool for managing insects primarily
through insecticides (Brovwn er all, 1983} CIM simulates the daily changes in the crop
and insects from crop emergence 1o harvest. Initial insect densities of both pests amd
predators are supplied by the vser, Outher model inputs include soil charactenistics, date
of crop emergence and harvest, plant population density, nitrogen and insecticide
applications and daily weather data, Model ouputs include daily records on the crop,
insect densities by life dage, and a summary repon provided an the end of the simu-
lated growing season. This report includes the yield estimate, the number and cost of
insecticide applications and the net dollar return (Brown and MeClendon, 1982;
Brown ef al., 1983), By varying the historical weather data, soil types and insect den-
sifies, different insect managenent stridegees con be evaluated,

CIM was developed specifically for devising. evaluating and improving insect man-
agement siraiegics in Mississippt (McClendon and Brown, 1983; Murphey, 19800, For
example, using simulation and feld resulis, researchers developed o dynamic thresh-
old sirabegy for managing small bollwonmfiobacco bedworm larvae, This concept was
iested against the recommended threshold of the time (1979, The dynamic (hreshold
varied with the changing status of the crop. The results indicated that the dypamic
threshold could reduce the number of insccticide applications without 5 loss in yiekl,
thereby increasing profits. In general, insecticides were applied earlier using this
threshold, and late-season applications were avoided For fruit that would pot mature.

Besbbes its use in developing management sirategies, CIM has a specialized appli-
cation as a teaching aid in the model COTGAME (Picters ef ol., 1981}, Presenily, CIM
15 ol widely used in production systems due to the lack of a user-friendly inferface,
documentition and training of potential users,

Curry of al, (1980) — The Texas cottonboll weevil model of Curry ef ol {1980} is
comprehensive amld well-tesied and provides good biological descripiions of the system.
It was used o evaluate pest management sirategies consistent with TPM objectives. For
exmmphe, the model was used o mvestigate a variable ireaiment-level iheeshold for the
boll weevil similar to the dynamic theeshold described above, The variable ireatment-
level threshold gives priosty to carly-season it and decreases protecibon for late fro
(Curry and Cate, 1984). This approsch adjusts reatment levels according o the follow-
ing schedube: one percent damaged bads until first bloom, 25 percent anil first 12-day-
old bolls and 73 percent for the remmnder of the season. Simulation analysis indicarsd
that the variable tremment-level threshold improved comtrod with fewer treaiments,
increased cotton yields and reduced the possibality of secondary pest outbreaks when
compared to the stancand 10 percent punctured-square threshold or the approach pro-
posed by Walker and Nikes (1971), The lnst approach calls for three applications at four-
day intervals staing with the occurmence of one-third grown squares,

Curry and Cate (1984) also used the model 1o evaluate the impact of natural ene-
mics compared o insecticide control, bath alone and in combanation with a 20 percent
decrease in weevil development rmes resulting from hypothetically abiered host resis-
tance. In the former cose, natural enemies provide less control than insecticades; in the
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latter, the combined effects produced excellem contrnl witloul the use of inecticiles,
Additional model analyses examined combinations of other possible benelits resulting
From aliered host resistance, e.g., decreases in reproductive rales and incréases i mor-
tality raes of the weevil.

In an optimization study using the model, an economic analysis was conducted of
multiple insecticide applications directed at the weevil in the absence of
bodlwormAobaccn budworm (Talpaz & o, 1978), The analysis used o cumulaive
Weibull function to determine kill rates s a function of insecticide amounts, The
results indicated that insecticide applications showld be timed 10 coincide with critical
windows during the development of the crop, Dosage rles, however, ane sensilive 1o
price changes in insecticide and cotton,

DEMHELIC {DEcision Moded forr HELiothis In Cotton) — This model collates
information from diverse sources {Brown of al., 1983; Gutierrez ef al, 1975; Honstack
ef al., 19T6a, 1982 Horstack and Witz, 1983; Room, 1979 Stinner ef af., 1974a; and
Wang ef al., 1977) into a decision tool for bollworm! tobacco budworm management
(Hopper and Stark, 1987} It emphasizes the use of natural enemies as opposed o
insectickdes which disrupt nobural enemy populations. A secondary objective is to min-
imize other negative influences of insecticide use, such as pollution, pest resurgence
and secondary pest outhreaks. It does not employ populaiion models per ge.

A distinguishing feature of DEMHELIC is the use of small spatial {of or relating o
space ) and short temporal (of or relating to time) honizons. For example, ibe authoes
maintain that the spatial vanation in bellwormfiobacce budworm populations is oo
great to permil accurafe predictions within fields. This view is in contrast o tha
adopicd by TEXCIM. Model comections are made weckly or iwice weekly using
sopuling data from the fiekd. These brief horizons ane also wsed because the effects of
curvent management practices on bollwormdiobacco budworm populations and natucal
encmics are not well undersiood. For these reasons, DEMHELIC malkes extensive use
of sampling data on predatorfparasite density, bollwormfAobacco budworm density and
feeding damage, cofion growth paticrns and weather. The program provides ranked
management oplions o the user.

Gutlervez ef al. (1970h) — Using optimization procedures with simulation resulis,
ihese investigators analyzed ihe impact of westem lygus bug on Acala coiton yields in
Califomia, both with and without the use of pesticides, Their results indicated that 1he
insect is not a pest of cotion under most circumstances; rather, i ofien enhances yields,
Yield enhancements occur because only very young squares are shed after injury from
lygus, and this boss canses minimal impairment of the plant's ability o compensate,
Peaticide applications against the insect reduced yields rather than increasing them.
Reduced vields in combination with the cost of treatment lowered profits compared 1o
simulation resulis with no treatment. The use of pesticides against lygus may also
couse a resurgence of secondary pest species aller the destruction of beneficials, In
some cases, significant injury and economic losses can occur when large numbers of
the western Iygus bug migrate into cotton from cut hay,
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Gutierres of al, (1991a) — Using simulation analysis, Gutierrez of o, { 199 a) exam-
ineed thee impasct of the Bell weevil on long-season Brazilian cottons compared 1oa short-
sepson Texas vanety, The analysis indicated that Brazilian cottons do sl compensite
a5 well for frui losses due 1o nitrogen siress o the weevil, Insiend, they allocate mone
phatosymthate 1o vegetative growth rather than new it production, The Texos variety,
bred to avorl weevil domage, produces preater yields than the Brazilian colton because
of its prester fruating mte (which allows For the replocement of some shed squares),
Iorwer boss rate per froat {Froit are smaller in size) and fster maturation times. The inves-
tigators concluded that coltons beed for maximum compensation for the boll weevil
shoubd resquine bess insecticide for weevil control snd returm greater profits.

Stone and Gutierrez (1986b) — These investigoiors developed a managemens
o] For the pind bolbworm by integrating pesticide and pheromone (gossyplare) rou-
tines into their cottonfpink bollworm madel (Stone and Gutierrez, 1986Ga). The pesti-
cide submade] assumes a maximum kil (e all adults and eggs on the foliage) at the
time of the application; thereafier, the death mie decreases exponentially with time,
The pheromone submode] reduces mating by applying gossyplure from discrete poin
sources (emitting devices). The number of active sources in the field depends on the
nunsher applicd per acre (a model input), the boss rate of sources that drop off plants (a
function of degree-days since application), amd the number of applicd sources that
adhere 1o the foliage (a scalar computed from the cotten model outpui). The rebease
rate of pleromone per unit anca is described as an exponential decay curve. IT the con-
centration of pheromone is above a minimum threshold, o mating ooours; if it s
below the threshold, the effectivencss of the pheromone in reducing mating is a ratio
of the actual concemration 1o the lower threshold.

Using thee model, Store e al. {1986 analyzed the coomomics of pleromone use for pink
bl lworm cowtnod, comparsd 10 and i conjunction with insecticides. This analysis indi-
catedl that early-season use of pheromones in combastion with msecticides applied st low
thresholds is the most profitable, especially at low pink balbwoom population densities. The
moxded has been used in the Palo Verde Valley of Califormia (Gutkernez ad Wilson, 19890

TEXCIM (TEXas Cotton Insect Model) — TEXCIM (Sterling e al., 1992) iz a
comprehensive collection of coton insect and crop simulation models joined 1o an
economic assessment package (also sce Chapter 7, this book). A primary function of
thas integrated program is 1o provide crop masagers with soaund economic advice for
making pest control decisions, This task 15 accomplished by comparing the costs and
benefits of contrelling multiple pest species over the duration of a growing season on
o frebd-by-freld basiz, The program has undergone five revisions, each adding greater
functionality through mew or aliered components, improved robustness through
broader validation, and ease-of-use through editors, chans, and a windowing environ-
ment Originally designed Tor use m Texas (available theough the Texas Agncultural
Extension Service), cooperators are now locsted in different codton growing stes and
in severnl foreign countries, The present rebease (version 5.0) conlains msect simula-
tion models for the coton Meabopper (Hamstack and Sterling, 1986), bollworm
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(Hartstack ef o, 1978a), boll weevil (Curry o al., 1980) and pink bollworm (Gulkenez
et al., 1977), I uses the plamt model, SIMPLECOT {Wilson ¢ af., 1972),

The manner ond extent to which TEXCIM has adapred and applied extant simula-
ton models 5 unique in cotton, The imegration of indivedual simulation models,
developed by numerous résearchers during the 19705 and 19805, 15 nod a trivial task.
As summarized in this chapler, these mosdels are often large ond detaled, For this rea-
son, such a consolidation will likely not be duplicated. Raher, TEXCIM may wlti-
mately find additional vales a5 part of other computer-based monagement sysiems
presently under development. One such cooperative effort involves amother Texas
rescarch group, in which TEXCIM 1= being linked to 5 newer model, Integrated Crop
Ecosystem Management Model, [CEMM (Benedict ef al., 1991; Landivar ef al.,
1991 . ICEMM contains the crop sunulation model, TEXCOT, whach is a modifica-
tiom of GOSEYM (Baker er al., 1983). Unlike SIMFLECOT, TEXCOT is a physio-
logically-based mode] that sccounts for photosynthetic production and allocation. This
foundation provides greater realism to the cotbon model and allows linkage to models
of oiher herbivore pesis such as sucking insects. For example, simulation models for
the cotton aphid (Xie and Sterling. 19870 and sweetpotato whitefly (von Arx er ol
VORI ) mow peside inothe integrated systeme Also, the original bollworm model in TEX-
CIM has been modified o form a new tobacco bodworm made]. TEXCIMACEMM
provides expanded advice on economically optimal crop management with regard bo
insecticides, ferilizers, imigation, and plant growth regulators. li sccomplishes this
task by estimating the costs of these agronomic inpuis. as well as the costs of consul-
tants, insurance, interesl, pest resurgence, pesi resistance, on-farm healih and environ-
myenial effects. These cosis ane compared to potenial benefits derived from the use of
the inputs), and if benefiis exceed cosis, the program recommends application.

BREASONS FOR LACK OF FARM USE OF POPULATION MODELS

Aovasd amount of knowledge on agriculoeral systems came ool of the resecarch efforts
of the 19705 and eady 19805, and much of this knowledge is summanized in the cot-
ton cropipest models, Despite the emphasis on implementing alternative management
practices, most IPM models have not been used beyond their oniginal research roles.
With few exceptions, this research effort has served agro-management only indirecily.
The application of populaion models w problem solving o ihe Farm level was not
fully realized for several reasons. We discuss below reasons specific to cotton, Coulson
ef of, {1990x) defined the problems associsted with the development and operation of
compuater-based systems in forest pest management, which are similar o those
encountered in agricultural systems,

Pyrethrowks were introduced commercially into cotton in 1978, As this group of new
compoundds became mwore available and cost-effective over the next several vears, the
liberal use of insecticides was reinstated as the pamary means of pest control, This
result diminished the urgency to develop and apply altermative management stralegies
during the early 1980=, It was apparent that as long as insecticides remained practical,
efforts o integrale pest management models into agriculture would be difficult,
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By [985, the “Huffaker and CIPM” projects that supporied the research and
development of the IPM models ended. Interdisciplinary teams conducting the
research had recruited and retmined excellent people during the tenure of these pro-
jects. However, without national backing. the administrative and financial support
necded to preserve project continuity was lost. Many projecis could nob maintain
adequate funding. resuliing i their partial or enfire disbandment. Accomulaisd
kmowledge, expertise and the momentum o accomplish the overall objectives were
bosi. The funding of pest managemeni research returned o business as usual —
encouraging discrete research projects with explicit shori-term objectives leading to
as. many publications as possible. Given these constrains, it was very difficult to
emaintain interdisciplinary rescarch teams working on system models. As Coulson er
al. (1990a) stated it, ... the multidisciplinary format and centralized management
approach for IPM rescarch in forestry (and agriculiure) have been virlually

Mot only did the simulation models go unfinished, bui more impociantly, so did the
process of developing management interfaces for them, Adapting rescarch models for
farm use was a new and undefined fask. Early attempis began in the mid-1980s but
these were largely unsuccessful. Initial userfsystem interfaces were inflexible, They
didd mot consider the manager”™s point of view or his way of doing business, hence they
were not well accepled. The systems did not solve problems or make decisions per se:
rather, they presented reponts which had to be interpreted by the user,

Computer hardware was not ready for on-farm application of models, Most models
were developed on mainframe or mini computers located at universitics. These com-
puters wene the only machines that had the power 1o run the large models of the day.
When attempts were made o distribute the models on these computers, acoess was dif-
ficult, costly and inconvenient for distand wsers, When personal computers (PC)
became available in the early 1980s, they initially had lmited power and prohibative
costs For individheal farm use, Some awsdels were witten in computer languages that
were incompaible with PC wse (such oz APL), and these had 10 be translated into
FORTRAN ns PCs become the machines of choice,

There was no organized methad for delivering computer technology o user groups
in agriculnere wnil the lage 19805, Intially, interpreting model outpat was difficull and
wsually required research specialisis, For the most pant, researchers did not have the
inclination o work with lay persons, amd cooperafive extension services were nol
capable of delivering this techpology because of the lack of computer hardware and
trained personmel. Solutions for delivenng. supporting and maintaining computerize
decizion mds ame still evolving, [t s now clear, however, that resalulion of these issees
willl require o partnership between the developers and practiftoners, with an inferme-
diary providing the link between research and application (Coulson «f al, 1990a), The
intermediary could be an extension specialist, consultant or a technodogy  tronsfer
group similar to the one cstablished for the GOSSY M COMAXMWHIMS system (sec
below k. Ultamately. the resolution of these issoes will determine the wility of pest man-
agement models on the farm.,
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There were problems with the simulation models themselves, perhaps best sumimna-
rized by Cutierrer and Wilson (1989, They siated thar “populations of organisimg
ongw when bivth and immigration rates are greater than death and cmigration rates,
wige versa, The major problem in popalation eooloey and [PM las been o define the
reasons why these rates change over time and the consequences of that change on the
population dynamics of pesis, hoat plants and natural enemies, The complexity of even
the simplest system has long stymied the development of “realistic populatbon models’
for any species in nature,”

The problem is not one of estimating the timing of insect life-history events, The
models accomplish this task rather well, Rather, it is one of describing realistic age-
specific birth, death and pel immigration-emigration rates, It 15 extremely difficult wo
estimate changing abundance of populations through time and space. Take mornality
for example, there are numenous biotic and abiotie Factors that lead 10 the demase of
pests; but methods For studyving and quantifying their single and combined effects are
i well defined. Mor do we have the ability 1o accurately predict futune weather vari-
ables such s lemperature that drive the models, These problems persist taday,

INTEGRATED SYSTEMS

Stone {1989 argued that clagsical simulation moedels are inadequate as the vnifying
principle in IPM because they are not able o madel the management process and inte-
grake the diverse kinds of knowledge gained from the IPM progects. He believes “ihe
process of IPM is monagement,” and therefore, modeling the management process
should be a mapor objective of [PM rescarch. Stone (1989) called for the development
of knowledge-based systems as the unifying paradigm (exemplary model) of IPM.
These compuber programs ane designed o mimic human reasoning. the basis of dec-
sipnmaking, and can faciliipte the iegration of dissimilar ypes of information.
Expen systems (ES ) ane the besi-known examples of knowledge-based systems.

In general, expert systems hive several sitibuwics not provided by simulation mod-
cls alone. These atinbutes include case of incorporating management recommenda-
tipns, developmental flexibility ond a “wser-fricndly”™ interfoce for mathematical
midels. An expert-in-a-box” approach is taken, capiuring the knowledge of an expert
(or expenis) in the problem domain. A typical expert sysiem consisis of working mem-
ory, 8 knowledge base and an inference engine. Working memory holds the informa-
tion specific for individual problems as they anse; this information is asually elicited
from the user. The knowledge base is where the expertise resides, generally in the form
of facts, mles (productions) andfor “frames" (Minsky, 1975). Facis are assertions aboa
the state of the problem domain such as “the temperature is above 90F or “there is an
aviernge of four weevils per pheromone trap.” Facts provide the basic ability 1o repre-
sent simiple, declarative knowledge.

Rules are made up of an antecedent (the i part) and a consequent (the “then™
pari). The knowledge they encode is heurisiic in nature: “1F condition A exisis, THEMN
action B should be carmied out™. The “action B can represent addition (or “assenion™)



MODELING AND COMPUTEREEED DECISION AIDS 7

of an inferred value to the knowledge base, performance of a procedure or mathemal-
ical fupction or advice to the user regarding the results of an evaloation.

Frames are efficient stinciures for storing related knowledge. Each frame consisis
o oz ior pivire “slots”, which contain the slot name and one or mione values. For exam-
ple, the frame “coiton plant™ might have the slois “plant height”, “number of leaves”
ad “nurdser of nodes™ with (heir associated valoes. Most frame consinects allow a
variety of items such as procedurcs (called methods or demons) or groups of related
rules, to be put in slots, Frames allow dsa and asocistied methods 1o be stored
together, It is thought that human beings store knowledge in conceptually similar struc-
tuires, colbed “schemas™ (Sullings eral, 1987). Composite frame-and-rule-based expen
systems provide powerful representational and reasoning mechanisms.

Pest management has proven 1o be a particularly fertile area for the application of
expert systems technology, Subject areas range [rom rangeland grasshopper control
(Kemp ef al, 1988) 10 grape pest management (Saunders of o, 1987) and pesticide
risk analysis (Messing ef al., 19890, Al present, there are four expert systems for man-
aging cotton pests in the United S1ates, The systems are DOTFLEX (Stone ot al,, 1987,
Stope and Toman, 1989), CALEXCowon (Plant ef of, 1987 Plant, 198%a),
GOSSYMCOMAXWHIMS (MeKinion and Odson, 1992: Olson and Wagner, 1992},
and CIC-EM {Bowden ef al., 1949(0),

COTFLEX, CALEX/Cotton and GOSS Y MAOOMAXMWHIMS are simular in scope.
with pest management being o component of the larger farmelevel system, They ane
designed 0 accommodate both simulation models and rule-bases o knowledge
sources. CIC-EM, on the other hand., is a stand-alone expert system that models col-
ton pest management in Mississippt, I8 is oot coupled to simulation or other manage-
meent models. The details of this expert system are summanized [irst.

CIC-EM {Cotion Insect Consultant for Experd Managemeni) — CIC-EM
{Bowden e al, 1Y) is a classic mile-based cxpert system that deals with the man-
agement of cotton arthropod pests in Mississippi. Thirtcen pests are included: thnps,
cubwormis, plant bugs, boll weevils, bollwormshobacco budworms, aphids, spider
mibtes, wesiern flower thrips, Franbliviells occidentalis (Pergonde), handedwinged
whiteflies, THalewrodes alntilonea (Haldeman), cabbage loopers, Trichoplnsio wi
(Hitbner), beet armyworms, vellowsiniped ammyworms, Spodopiera omithogalli
(Cuende) and fall sryworms, Spodoprera frugiperda (LE. Smih). The knowledge
coniained in the program was acquired primarily from a cotion enfomologist at
Mississippi State University. As the result of interviews with the expen. vanous sce-
narigs for pest problems were assembled, as were management recommendations for
solving these problems. Because of the many possible problem scenarios, a program
wias wrilten o cxamine the soenarios and construct a set of rules for cach. This pro-
gram, called the Knowledge Acquisition Program, constructs and displays the scenar-
ios, and allows the expert 0 enter his recommendation. Using a patterm-maiching
algorithm that scans the scenarios for regulanitics, Knowledge Acguisition Program
constmcts miles thai are then used in the knowledge base. Over 5,300 problem scenar-
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i0% were evaluated o vield T50 muiles, The rules are panitioned o 13 sections along
inxonomic lines.

CIC-EM evaluates a problem via question-and-answer interaction with the user, Ten
i 14 questions are asked before generating o recommendation, A consultation begins
with a request for the planting date and current date, The program then moves o the
crop-stage identification module, where the user sebects one of eight possible stages of
crop phenology. After determining the crop stage, CIM-EM requests the name(s) of the
pesi(s) 1o be controlled. There are help sessions and pictures o aid in pest identifica-
tion. Finally, the program invokes the mile-base partitsonds) thot pertains o the chosen
pest{s). Using these rules, conclusions are reached which consist of recommendations
and a list of pesticide application rates,

COTFLEX (COTton Farm-Level EXpert) — COTFLEX contains “advisors” in
three areas of cotion production (Sione and Toman, 1989 The Farm Maonagement
Advisor and Farm Policy Advisor are small nole-bases that call and analyze the resulis
of simulation models. The Pest Management Advisor is @ more complex mle base,
reflecting the nabure of the pest management problem. This problem has iwo impor-
tanl fealures, First, pest management decisions have a strong temporal component that
requires understanding of past and expected irends in crop and pest staius. Seoond,
because the agroecosystem is complex, it is impossible o eoumerate all possible prob-
lerm satustions.

Ty sibedress the temporal issue, COTFLEX stores fiebd histories in frames. (In purely
rude-based systems, the storage of related facts is inefficient for more than nominally
complex shuations,} From this standpoint, COTFLEX is a hybod nule-and-frame-
based system, Prames are used to store complex data and knowledge, and rules ane
used fo perform reasoning tacks based on this information, Probably because rule-and-
frame-based development environments (so-called shells) were not available at the
time of iniia] COTFLEX development, Stone and Toman { 1989) modified an existing
rule-based system (CLIPS, developed al MASA) 10 sccommexlae frames, There ane
now many commercial shells w facilitne the development of these systems [e.g., ART-
[M (loference Corp,, Los Angeles, California) and Nexpent Object (Neoron Data, Palo
Aleo, Califomning].

Model-based repsoning techniques are used in COTFLEX 1o deal with the inability
1o specify o priori all possible problem siuaons, When the system does not know the
answer 10 a problem (L., when the problem is inadequately specified), it can examine
o so-galled “desp model” of the problem domain, This model can provide mechanis-
tic detail about the operation of the system that is nod ensily embodied by “if-then
rules™, One form of model-boased reasoning is the use of COTTAM (Jackson and Arkin
1982}, a cotton simulation model, COTTAM provides COTFLEX with estimates of
cotion phenelogy. A second vanety of model-based reasoning 15 provided in rudimen-
tary form via o rule base that embodies cousal relationships within the agroecosystem,

CALEX (CALifornia EXpert) — This program exists in two versions: CALEXS
Peaches (Plant er al., 1989) and CALEX/Cotton (Plant er of., 1987; Plant, 198%h),
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More so than COTFLEX, CALEX is an “agrculiuml expen system shell”, with inder-
emce engine, wser interfece, nile-langunge and related system componenis specialized for
ihe developrment of management aids for agroecosysiems. Thus, ihe knowledge in each
version is specialized for a specific crop. Within cach version, tasks are divided like those
in COTFLEX — each has different knowledge modules and sssociated models. We con-
centrate on CALENCotton, specifically the arthropod-pest component (Plant and
Wilson, 1986). The system confains modules For spider mites and plant bugs.

There have been major revisions in the way CALEX makes recommendations for
these pwo pests, These revisions illustrate the rapid changes taking place in computer-
ieed decision aids in agriculture. The original methodobogies are discussed in Plant
( 198%a) and the mnovations in Mant { 19R9%).

In the onginal version of CALEX, knowledge is stored entirely as rubes (Plam,
198%), For example, the spider mile module contains about 30 rules on in-season
scouting and treatment (Plant and Wilson, 1986}, The program uses a regression
scheme devised by Wilson er o, (1985) who found that the number of infested leaves
increases asymptedically over time to 100 percent, The rele base attempts 1o fil a none
linear regression curve Lo data provided by the wser. CALEX recommends in-freld
scouting o few days before the date of the predicied economac threshold (50 percent
infested leaves), IF insufficient data are available 1o it the curve, simple heuristics
(rules-of-thumb) are used o recommend scouting and reatment,

Plant bugs are handled with o smaller rule base that divides the season imo two
parts, early and mid-go-late (Plant and Wilson, 1986), Early-season tremtment is rec-
ommended if the projected damage is severe enough that the crop might o have time
to compensate, Mid-io-lse season rules follow the University of California IPM man-
wal for cotton {Anony mous, 1984},

Recognizing the uncertainty involved in agriculiursl decision making, CALEX
applics cemainty factors as antecedents 10 mles, The conclusions drawn from these
rules are displaved as categories, based on the value of the derived certainty factor (<
e.2.. masd likely bo oocur (o = L0, very likely (1.0 = ¢ 2 L75), reasonably likely (0,75
= ¢ 2 L5000 and possible (050 > ¢ 2 0.25), Conclusions with ¢ < 0,25 are not disployed,
This approach provides the wser with knowledge of all reasonable conclusions,

CALEX views agniculivral mamagement as the planning and scheduling of im-season
tasks, called “actions” (Flant, 198%a). For instence, a scouting tip o the ficld is sched-
uled when spider mites become a potentiol problem. Scouting for mites consisis of walk-
ing throwgh the Tield and counting the numbser of infested leaves in @ somple (Wilson e
erl., 19850, Obviowsly, fckd conditions can inflecnce the ability w0 accomplish this task.
Thias, other management actkons direcied at the field may come inte condlict. For exam-
ple, a field may be difficult or impossible bo work in during or shorly after an imigation
eveml. Imgation conflicts with scouting, and so dees the application of pesticides and fer-
tilizer, D thee first version of CALEX, this problem is handled by o simple prionitization
scheme with higher prioty actions scheduled first. Tovigation has the highest prionity, and
s the program schedules this activiey frst IF the best day for scheduling a lewer prioc-
ity acteom (such as scouting) eccurs when the field is wet, the action is rescheduled.
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Abthowgh the onginal CALEX ofien worked well, o had three deficiencies (Plant,
1989, First, rule bases arg inherently unstructured; there are oo explicit links between
related iteme, This makes for needlessly mefficient storage and access of information
that can nafurally be arranged in related groups, Also, it s difficull 10 incorporate pro-
cedural knowledge in a mlbe base, Second, there are more complex inleractions
between actions than just time conflicts, and a simple prientization scheme is inade-
quate for handling them. For example, spider mites may favor lush vegelation, prompt-
ing a recommendation 0 redoce bmigation in the face of high sub-threshold miie
infestations. Finally, management recommendations are synthetic — they require inte-
gration of resulls from multiple lines of reasoning into a coberent owipoi. The produc-
tipn-mele model does not efficiently deal with this type of problem.

Tix address these issues, basic design changes were implemented in CALEX (Plani,
1989%). Frames are now uscd to facilitate the storage of relaied knowledge in one place
in the system. Frames aleo allow for efficient stornge of, and aceess to, procedural
knowledge in the form of methods. These procedures are stored in slois and can b
socessed and activabed as readilly as any other picce of knowledge. For cxamgple, o mibe
activity frame contains data-sct shods, influcnce-list slots (containing a list of all factors
that influcnee an sctivity ), and methods such as “shove threshold” and “scowting date”™.

Farm management involves multiple objectives that are ofien carmied oul by differ-
el individuals. To deal with these problems, CALEX uses ideas from ihe ariificial
intelligence ficld of multi-agent planning {Konolige and Nilsson, 1980k The activities
are treated as semisuionomons entiises; all communication between them s accom:-
plished through a cendral strocture known as a blackboard. A eritic module examines
the Mackboard and cach activity to determine if there are conflicis between them
before a schedule is finalized. To implement this struciure, an objeci-oriented design
was adopted. In object-oriented programming, program modules are selfl contained,
awonomous and communicate with cach other via messages. Each program unil does
not need o know anything alsout the inner workings of the others,

GOSSYMICOMANXWHIMS — GOSSYMCOMAX (ICO0on MAsagement
eXpert) represents the longest continuous research effon directed st building and
applying a cotton sirmulalion model. Experimental work began in 1964 and continues
today with a collaborative insect modeling effort (Williams er of,, 1990). The cotton
models developed during the TPM projects have their Bological orgin in SIMCOT 10,
a forerunner to GOSSYM. GOSSYM was the first cotton madel 10 run with the assis-
pnce of an expent system, COMAX (Lemmon, 1986). While the IPM models have ned
been widely uwsed by individual fanmers, GOSSYMCOMAX 5 on many farms
belpwibe, The successes of this system prompled the Tormation of a specific group 1o
abdress jasues of lechoology transfer, The GOSSYMICOMAX Information Unit
(GCILRY, Tunded by Federal Extension Service, rains sysiem users, promobes the trans-
fer of the maodel from the research group 10 extension service personmel, consulipnts,
and producers, and conveys user sentiments back 1o the research group for further
research and development,
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rWHIMS (rule-based Holistic Insect Management System) is the pest managemend
component of GOSSYMCOMAXMWHIMS (Obon amd Wagnes, 19923, It wkes
advantage of recent advances in software development technology, especially in the
area of object-onented programming (OOP), The idea of object-onented programming
i5 not new in agrculore, COTFLEX (Stone and Toman, 1989) has object-onented ele-
mens, as does CALEX (Plant, 1989%). Sequeirn of of, (1991) developed an obpect-ori-
ented coton model, and ancther 15 under development under the suspices of the coliton
production modeling project (Sequeira and Oson, 1993}, The sdvantages of objeci-
onented parsdigm fall into two categonies: funclional and epistemological (Olson ef
al, 19900). The functionsl Feanires are well documented (Thomas, 1989 and facili-
tate the maintenance and modification of complex compater systems. They are not dis-
cussed in detail here,

Epistemological (or representational} advantages stem from two facts (Dlson ef al.,
19%0a). First, in a pure object-onented paradigm system, the fundamental unit is the
object. Dbjects consist of procedures and data. As such, the object is similar to a frame
— the procedural ond declumtive code (Le., the related data) are stored togeiher as
objects and pocessed through a commnon interface. There is one critical difference, an
oulside procedure can directly access and modify the data in a frame. This is not the
case with an object where only an object’s methods can access andfor modify its data.
Object onentation s intutively pleasing because it is similar to the way we view the
world — s a collection of objects, net as a collecthion of functions as in conventiomnal
programming technigues.

Another advantage of object-onented parsdigm, particularly with respect to maodel-
ing biotic systems, is ihat systems of objects can be defined hierarchically, Obpects
lower in the hicrarchy are specializations of those at higher levels, and they “inherii™
mctlveds and sometimes data frem objects above. This strecture is important, becawse
the organization of natural systems can be viewed hierarchically. The modular natone
of methods, coupled with the hierarchical structure, allows deiail to be represented and
manipulated at maliiple kevels in the organization of the agrocoeaystem,

rbWHIMS was developed to fake full advantage of the feaiures of object-oriented
programming. [i contains three principal components; WhimsModel, WhimsManager
and a Graphical User Intedface. WhimsModel contains a static, qualitative model of
the cotion/pest ecosystem (rbWHIMS does mot mede] coosystem dynamics explicitly,
alihough simulation components are under development). Objecis present in
Whirnshodel represent major components of this ecosystem. There are population
objects that embaodly all of the pest species handled by tbWHIMS. Fiehl, crop amd man-
agement-unit objecis model these aspects of the system.

As the name implics, WhimsManager manages the operations of rbWHIME, It con-
wods the interactions belween the system and the user {through the Graphical User
Inderface), the accessing and operation of the nbe bases and the consolidation of infor-
mation and issuing of reports, Like CIC-EM, COTFLEX and CALEX, the mechanism
by which rbWHIMS evaluates data and renders decisions is by the “if-then” decision
rle. Unlike these systems, however, chWHIMSE is nod a production-ribe sysiem.
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In the production system mode], the knowledge base is composed of o fact compo-
nent {ihe fact base) and 8 rule component {the mule base). The fact base holds infor-
mation abowl the specific problem being addressed, and the mle base contains the
decision mbes elicited from an expert. The inference engine searches the mube-base uniil
a mule s fpund that matches the fact base (Waterman, 1986). When a mle is execated,
one of iwo things happen: either a recommendation is given ig the user (and the
process stops), of the mule changes the information in the fact base. IF the latter occurs,
the inference engine searches the knowledge base again, finding the state of the fact
Tase 1o b different, Therefore, a different rule will maich e known Ffacts and will, in
. be Nred, In other words, the state of the Fscl base determines the order in which
the program executes. This characteristics gives the production system much of its
power and fexibility. However, the cost in terms of program size and exceution speed
con be significant, An inference engine is a necessary component of the application,
and repetitive searches of the knowledge base are lime-consuming,

D 1o the nature of colton pest managemend, the developers of rhWHIMS decided
that o production system approach was not needed. All the information required to
miike @ recommensdation 15 known in advance, as 15 the order in which the information
i5 used (1,e,, the order in which the rules wall firg), Thus, an inferénce engine, per ze,
ks nod @ part of thWHIMS, Instead, the data peeded 10 render a decision are collecied
by an object contained in WhinshManager, After manipulation, the data are passed to
the mule base contained in WhimsModel, which i= segmented indo ree-like objects
called BubeTrees, Each pest species has a set of Bule Trees, The cotton crop is divided
inter eight distinet, phenological plang growth stages (Williams ef of,, 1991); and each
Fule Tree is valid for ome or more of these stoges, RuleTrees write their recommencli-
tioms 1o 0 Blackboand,

The third major component of rbWHIMSE, the Graphical User Interfoce, provides a
mouse-driven, windowing interface for the system. It is implemented in Microsofi
Windows 3.1 (Microsoft Corporation, Redmond, Washington), The Graphical User
Interface provides dato-entry capability, menus for controlling the operation of
b WHIMS and o report-generator. The user enders leld scouling informstion through
on-screen forms displayed by the imerface. These data ame then vsed w wpdate the stabe
of WhimsMedel, When the user requests a recommendation, a repont is wrnitten thad
summarnizes the scouting daim and the recommendations provided by the system.

reWHIME is written in C++, an object-onenied vanant of the C programming lan-
guage. [t curmently provides management advice for the Midsouth on cutwornms, ball
wieevils, bollwormsbudworms, bandedwing whiteflics, carly- and lote-senson plant
bugs, carly- and kabe-scason thnps, spider mites, aphids, and the ammyworm complex
fall, beet and yellowsiriped aomyworms. 1i under- went fucld evaluation in 1991 and
1992, and a formal pilod test began in 1993,

The WHIMS project also has a companion sampling rescarch cifon designed 1o pro-
vide precise ficld estimates, at the least cost, for use in the model. This research is
adapting inpovative technigques for use in agriculivre. For example, 8 method of scouot-
ing pest populations is under development using Bayesian statistical methods (Willers
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ef al., 1990), Also, an expert system component will apply Bayesian probabilities o
evaluaie the precision of the scouting data used in the model. This information will
increase the confidence (cedainty) of decisions provided by the model,

COTFLEX, CALEX and GOSSYMACOMAXAWHIMS illustrate & growing irend in
the development of agricultural expert systems. Because of the complex nature of
agroecosysiem management, a simple rule-based format has proven inadequate.
Svsiem developers are twming to advanced techniques from ardificial intelligence and
olher branches of computer science o aid in managing large, complex bodies of
knowledge. This trend is discussed below.

THE FUTURE OF MODELING COTTON PEST
MANAGEMENT

The future of modeling in cotion pest management appears bright, although the
]z of boday and tomormow are extended in definition beyond ihe pure simulations
of o decade ago, The on-farm successes of GOSSYMCOMAN (McKinion ef al.,
19D indicate that if systems are easy o use and provide a valuable service, their
peceptance will be fonthcoming, The organizational and synthetic abilities of comput-
ers enable large amounts of knowledge to be placed at the disposal of farm managers.
Enowledge-based systems, with their ability fo integrate and interpret diverse infor-
mation. provide the basis for delivering powerful farm-management applications.

Jomes {1989 surveyed agriculiural expent systems fo assess the overall viability of
this technology in agriculiure, He divided the existing applications into live varieties:
heuristic expen systems, real-time expert systems, model-based expert systems, expern
databases, and problem-specilic shells, Heuristic (nule-based) expert systems are those
that, in Jones' wonds “come close o the oniginal concept of an expent system based on
the ‘seat-of-the-pams” knowledge of a wied amd true expert.”” Alihough Jones (1980}
predates Bowden o af, {19900, CIC-EM is cleady of this type. The second variety,
real-time expert systems, wie expent knowledge (o monilor sensor data and to control
instrumentation, Model-based expent systems hink expen systems (o simulation mod-
els to facilitate the use of the maxlel. COTFLEX (Stone and Toman, 1989) and
GOSSYMCOMAXWHIMS (McKinion snd Olson, 1992) represemt this 1ype. The
fourth variety, the cxpent databases, link expent systems with databases to assist in the
retricval and organization of certain classes of nformation. Finally, problem-specific
shells provide a framework within which 10 develop agriculiural expent systems,
CALEX (Plant, 198%0) falls under this calegory.,

Jones (1989} identified hewristic (rule-of-thumb) expert sysems as the least effec-
tive of ihe five categories for addressing agriculiural management. He artnbutes this o
the type of problem domain chosen in agriculiure, When the problem 15 suliently
narrow and well defined, the pure heonistic approach tends to be successful, When the
domain is ill-defined and broad, the classic expert system is less viable, This atribute
of nle-based sysiems is well known, Waterman { 19860 defined a vinble expen system
domain as one that is namow and well-defined, The problem domain of CIC-EM
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(Bowden of al., 1990) appears 10 be broad; there are about 730 rules for thirteen pest
species. However, becouse the mile-base is partitioned, CIC-EM 15 more akin io thir-
teen small systems that fit the classic, narmow-domain mold, Similady, rbWHIMS
((Mson and Wagner, 1992) partitions the knowledge base (into Rule Trees) along
species lines and crop stage.

Many of the tasks within agroecosysiem munagement are too complex for the clas-
sical heuristic approach (Olson et all, 1%%900b). Agro-management requires infegration
and wee of advice from multiple, sometimes conflicting, experts. Further, the manager
sl symilesize knowledge from diverse fields. As Plant {1%8%) pointed out, agro-
eeosystem managemend is synthetic, and rule-bases are simply inefficient ai repre-
senting such problems.

In the face of the intricate nature of agroccosystem management, builders of inte-
grated decision-suppont systems in agriculiure are taking advaniage of developing
technologies from arcas of computer science, particularly artificial intelligence. As we
have seen, recent systems reflect this rend in areas of object-orienied programming,
causal modeling, mulii-agent planning and uncertainty in decision making. In all like-
Tl theese premds will contine. For example, the area of causal {or qualitative ) mod-
eling (Weld and de Kleer, 19909, bricfly mentioned under COTFLEX, continues 1o be
developed in natural resource management (Schmolbdi, 1991}, Much of what we know
about any biotic system is non-quantitative. It consists of relationships like "organism
A increases as organism B decreases” or “temperaiure effectively limits the growth of
organism T, Allhough these relationships are easily capiured as mathematical fume-
ions, the data o parametenze these lunclions are ofien not available or, if available,
are only valid for the locations and conditions under which they were collected. (haon
ef al, (1990a) maintain that qualitative relationships are often sufficient for modeling
purposes, especially if the aim is not to predict actual gystem quantities.

Uncertainty is another area being explored in decision-support systems, Olson e al.
(1990b) summarize the issves in natural and agriculieral management, where uncer-
gy results from inexact measurement of system quantities or limited knowledge of
system mechanisms and behavior, The Bavesion techniques under development in
GOSSYMOUOMANMWHIMS address the former issue, where techniques assess the
relinbility of scouting mformation wsed in the mwslel and belp determine the confi-
dence of decisions made by the mode], As we have seen, CALEN/ Cofton uses a cer-
taindy-foctor scheme (o assess the second (ype of uncentainty — that pssociated with
limited knowledge, Elsewhere, Schmolds (1991) applies fuzzy-logic technigques
(Fadeh, 1965) (o simulate red pine growih, Using these technigues, o cousal model 15
developed that incorporates uncerainty in the knowledge of red pine growth and phys-
iology. Olson ef al. {1990k propose ancther combined qualitative modelingfuncer-
Eainty technique for use in pest moanagement sysiems, the Bavesion beliel network
{Pearl, 1983}

Epatial reasoning is ansther area of mpid development in decision suppont systems,
Entomelogists have long recognized that pest problems wsually exhibit bindscape-
scale dynamics, In cotton, the only arthropod pest that is host specific in the United
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Stokes i the boll weevil. For many pests, colbon 15 an aliernabe or secondary host.
These pesis devebop on other crops and wild hosts scotiered throughout the landscape.
Often they move sequentally among crops; some cven migraie long distances.
Therefore, ihe spatial and tempoml scale of multiple cropping sysicms are important
from a pest management perspective. Geographic information systems are an impaor-
tant ool for quantifying, modeling and mandpulating this tvpe of information.

A geographic information system is basically a daiabase for storing spatially-regis-
tered information (Sar and Estes, 1990). This information is classified by type, and
stored in thematic layers. For example, a common layer containg elevation data;
another layer might contain sodls information, and a third might hold vegeiative data,
The infermation in each layer is spatially registered — that s, each bit of information
ahout the layver's theme is cormelated with an arca thai i3 located in some coonlinaie
system. Each layer can be overlayed on other layers in any combination. Thus, infer-
ences abowl the correlations between different valses of ecach theme can be made,
Gepgraphic information systems usually contain sophisticated mapping features so
that correlations can be visualized. They also offer, o a greater or lesser degree, soft-
ware packages thai allow analysis of spatial characteristics and the rectification of dig-
ital images with known coordinates.

Gieographic information systems are presenily being used in natural resource man-
agement, and in the past few years development has begun in support of pest man-
agement. Integrated compuier systems that contain geographic components include
HOPPER (Kemp e of., 1988; Berry er ol 1991 ) and the Jack Pine Budworm Decision
Suppont System (Loh & ol 1991}, In HOPPER, a geographic information system
helps predict the level of rangeland grasshopper infestations in conjupction with a
management rule base and simulation models, The sysiem for jack pine budworm uses
a geographic information system, simalsion models and a knowledge-based sysgem o
handbe separate tasks, These components are linked by a databasefinterface that pro-
vides a common language and “lock-and-feel™ for all components. In cotion, 2 stand-
alone geographic information system descrbes boll weevil populations in Mississippi
{Smith er af,, 1993},

While the computer sofiware developments mentioned above are moving agricul-
fural models forward, they have been mads possible by equally impressive progress in
computer hardware, The rmte of advancement has been astonishing, with no changs in
sight. Presently, PCs operate ot about 100 MHz clock speeds and cost as lithe as
52,500, Whereas it was once thought that computer speed and cost might limit model
size and application, these concems are no longer issues of importance.

Perhaps wo other rescorch program betler documents the matwmation of pest man-
apement masdels than the Southem Pine Beetle propect o4 Texas A&M University, This
cffort spans more than two decades and illustrates the contimeous changes in computer
hardware and softwore thot have driven model development and application.
Experimental work on beetle population dynamics began in the carly 1970s as part of
the 1PM project. By 1980, this research led 1o the development of the simulation
maodel, TAMBEETLE (Coulson ef al.. 198%a). The first applicd product, the Sonthem
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Pine Beetle Decision Support System, SPBDSS (Rykiel of al., 1984), followed in
19384, This interactive progrom was designed 1o help forest managers solve unstnsc-
furcd pest problems by integrafing mumerous madels and data-bases within a single
framewaorl. It did not salve problems direcily, mther only supplied managers wath sup-
plemental information for decision making. The system lacked heunistic knowledge
from experts, and this shomooming (among others) kead to the development of the
[ntegrated Souwthern Pine Beelle Expert System, ISPBEX (Flamm ef al., 1991 ). I5P-
BEX presently contains simulation models and a treatment advisor. The advisor con-
lmins @ rule base and two daia bases that archive information from a national forest on
bectle infestations and the red-cockaded woodpecker (an emdangered species that
influgnces beetle management). During its development, inferest in becile population
dynamics shifted from single (within-spot) to multiple (among-spot} infesiations. This
inferest bed 1o the development of an intelligent geographic information system by the
late 1980% (Coulson er @, 199001 In this system, mles are used to satomate decisions
based on the spatial relationships identified by the geographic component. As the inte-
grated system enlarged, however, problems arese in connecting and mainiaining the
disparate components. Recognizing this, Coulson ef of, (1989 introduced ithe
Konowlkedge System Environment, a framework that provides a protocol for connect-
ing and interpreting diverse sources of information. Such a protocol makes it possible
1o add new components 1o extant sysiems,

Although we canpol predict the exact naure of agriculural models of the future,
history provides important insights into their development and use. For all practical
purposes, models wall not be limated by computer hardware and software. In fact, the
rapid rechnical changes in these areas are driving model development. If for no other
reason than this, medels will continge o increase in size and complexity, integrating
new components that increase their function amd ease-of-use, Today, and in the fuure,
the Factor limiting model development and use is reliable information on the dynamic
biological and physical components of the agroecosystem, Reliable information i cen-
tral 1o our ability 1o descrbe system behavior amd draw sound conclusions (advice )
from the models, In this sense, we have nob progressed very far from the 19705,
Support of basic experimental research is essential if computenized decision aids ane
going o incregse in function and value,

CONCLUSIONS

Sound decisionmaking in agriculiure is difficult becanse of the complex and
dynamic nature of the biotic, edaphic, climatic, cconomic, social and political systems
involved. Decisions are often based on infermation that is incomplete, ingccurale, out-
dated or simply not available, When reliable information is avaikable, it often describes
distinet features of the production system, independent of other related foctors, In for-
mubating decisions, it is wp o the farm manager to put this information inie context
with associated facts, Becavse of man's limited knowledge and experience with all
aspects of the cropping system and difficulty in combining and evaluating the impact
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of muluple, interacting varables on different aspects of the system, decisions are often
deficient or even ill-advised, By nature, man prefers limited information on which o
derive simple solutions; after all, the easy approach to problem solving is convenient,
more-or-less efforless and often saves money in the shor-tlerm. Unfortunately, simple
sodutions rarely resolve comples problemes adegquately.

We demonstrate other sttitudes that frustrate efforts 10 solve complex problems. For
exomple, pending problems ame frequently dealt with in a restraived manncr, and we
avoid taking action o the very last. In this sense, we are crisis-oriented. In agricubiure,
whal constitubes a crisis with regard o pest management has been aliered over the lasi
40 years and can be described by the general cliche, “the only good bug is a dead bug,”
This conviction is particularly apparent in high-value crops because of the potential
losses that can result from arthropod pests. The situation demonstrates an imeresting
paradox. Whereas we usually are slow to address problems, this often is not the case
in agriculture, Many times managers “shoot first and ask questions later™ (e.g., reson
1o direct contrel when no control is needed). Just as our perception of amd response o
pemding problems are leamed, 50 oo can our aniudes and behaviors be modified,

Clearly, individuals {and corporations) must solve problems in a cost-effective
manmer if they are to prosper in a competitive workd marketplace, Unforiumately, expe-
rience teaches us that the quick-and-easy approach to problem solving does not always
produce sound and Fasting results, especially when all aspecis of the production sys-
tem are concemed. Consider the environment for example, What constitutes responsi-
ble problem solving from an economic amd environmental standpoint is oot always
clear, Business considerations invelving these iwo issues often come into conflict, with
the latter losing out 10 the former, We are aware of this conflict more 1oday than ever,
with numerous actual or potential environmental problems in the news — indusirial
by-products degrisling the abr amd water, ghobal warming altering the climate and veg-
elative patterns, ackl min spoiling the lakes and forests, a diminishing ozone layer
threatening public health, hazoardous waste dumgps linering the landscape, and o loss of
ool degrading Fertile farm lands, The fact is, there has been widespread abuose of
the environmwent, and we con no longer be complocent of is quality. Who is responsi-
ble for s safeguand? The problem is one of scale — numencal, emporal and spatial,
Individual formers must sciress immediale problems (within o growing scason) on o
pirticular febd(s), Within this comext and to that farmer, most sobutions have signifi-
ciend economic impact bl invial envivonmental impace. Unforiunately, most arthropod
pest problems are regional i nature, and the management practices direcled agninst
them are usually identical. Over the years, the combined actions of all individuals in a
region do hove impact, amd tee probdems ansing from our ubsguitons and heavy ase of
agnesbiural chemicals constibute an excellent case i poind (refer o the Introduction
section of this Chapter).

The former trechitionally anderstands man's relationship (o, and dependence on, the
environment. His choice of professions symbolizes this fact, which toeday is imonic
because agriculture has become so synthetic. Man's desire o separte himself firom
and controd natare, &s opposed to megrating and working with it, is pervasive in mosd-
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e society. Partly s a result, agriculture has changed from o way of life {a practiced
philesophy) to a way of living (an enterprise).

I his classic monograph, [Insects and Climate, Uvarowv (193 1) presents lasting insight
into the nature of pest problems in agriculture. He states, “entomadogists of the present
day are mo bonger satisficd with merely recording the oatbreaks of insect pests and with
devising means for their control. They realize more and more that their chiel aim amsd
highest ambikon muwst be 1o foreses and io prevent outbeeaks. In order ...t do this, all
comditions sccompanying amd cansing outhseaks must be thoroughly investigated and
elucidmed; in odher words, the epidemicdogy of insect pesis must be the central probs-
lem of ... research, which should be carvied owt from the ecological poim of view, The
ecodogical conceplion of ecommmic entomology consists in the recognition of the inju-
rioais insect as an integral pant, and even as a product, of is environment.”

One of the primary goals of emomologists 15 w prodict pes outbreaks far enough in
advance 1o gvert disaster through proper management of pest and host (crop) populs-
fions, Surveys, or scoiting, have waditonally been combined with intuiive reasoning
o perfomm these tasks, bue § is clear from the above passages that we have long
ddreamed of doing better, We have new opportumities 1o achicve this goal; however, 1o
take achvamage of them, some changes are required. The changes will not only alier our
way of dodng business, bt our way of thinking about crop and pest management. For
example, producers (amd consurmers) must be willing 1o acoept some kosses from agn-
cubural pests if they are 1o manage populations effectively and respoasibly, It is prefer-
able o accept smnll losses from several pest species than significant losses from single
spocics. This strtegy does nol necessanly imply greater nsk.

It is unreasonable 1o expect producers o onilatemndly alier their way of doang busi-
mess withoul others doing the same. 1t is the responsibility of the entire agricultarl
commamity (o provide viable, altzmative management options that will ensure & com-
petitive advantage to ULS, farmers, Computer masdels of crop production and manage-
ment will assist in this task by providing better use of information on all sspects of the
cropping system. By their very natere, these madels will be comples and will reguire
sustained, interdisciplinary effonts in their development and testing. For these reasons,
modeling endeavors should not be viewed simply as research “projects™, with defin-
tive beginnings and endings. We have made this mistake before. Rather, they should
be wiewed as an opproach fo planning, conducting and transfeming research knowl-
edge. Such endeavors will provide 8 comprehensive and dynamic set of stoegies for
optimizing the costs amd benefits of crop production and protection. Commitment o
this approech should be widespread and lasting.
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SUMMARY

This chagier charts the history of cotton pest modeling, describing the evens anc
models leading up o the present. Examples of futuee systems, as we see them, are also
proposed. The application of systems analysis 1o the study of agroecosystems, and the
development of mathematical models o describe the population bislogies of interact-
ing plants and animals in these systems, has an interesting past. Cotton modeling has
its origins in the 19605 and continues today with the development and application of
computerized decision aids for farm management.

There have been many contributors o this Nedgling science from across the Cotlon
Bel, Eady rescarchers, such as the interdisciplinary teams of the “Huffaker™ and
“CIPM" Projects, used population mdels as a unifying principal of [PM, These sim-
ulation models were applied primarily as research tools, often for devising and evalu-
ating new pest management srategies, In recent years, with the advent of economical
and Fast personal computers running sdvanced software systems, new applications
have extended this rechnology o fam wse, Sinulation models are now being used in
conpunction with expent systems of varying degrees of complexity, These integrated
systems are designed o assist farm producers and advisory specialists in making eco-
logically sound decisions that optimdze the costs and benefits of cotton production and
Profeciion.

Arthropod pests will continue 1o compete with man for food and fiber resources, and
maltipde oods will be nesded 1o meet this challenge, Compasers are one of these wols,
and will serve an important and ever expanding role in crop management of the future,
As with any new technology, however, there has been reluctance by some o embrace
the modeling approach, to alter old ways of thinking ond doing business. To date, their
cawlion may be justified; the development and application of complex modeling sys-
tems have nod been trouble-free, Meveriheless, the technoloegy will prevail becanse
uschul innovations always do. The sirong advocates of this approach have recognized
ils actual and potential value to research, edocation and management. Their tenacity
and wision represent a challenge to all those i agricultvre — o cooperate in building
viable management systems that will enable US. fanmers to maintain & competitive
advaniage yel be conservators of the envircnment.
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INTRODUCTION

Simple economic thresholds (Pedigo of af., 1986; Poston of ol., 1983) focus pri-
marily on the numbers of pests or their injury sufficient o coese economis Joss o
some commodity. These simple economic thresholds wsually constitute two=dinsen-
siomal verhal or graphical models consisting of pest numbers (or inpury ) amd viekds
{or profits). Notable attempts have been mode to mbl variables to the basie maosbel
i Benedict ef al., 1989; Brown ef al., 197%: Gutierrez and Wang, 1934; Hemdley,
1972; Omsind, 1987; Pedigo e af., 1986; Ring ef al., 1989, 1993; Southwood and
Norton, 1973; Sterling. 1979; Sieding, 1984; Stering ef all., 1992 Siem ef of., 1959;
Stern, 1973 Wilson, 1985). The trend is 1o inclode more and more vanables in the
calculation of cconomic threshaolds with the goal of developing comprehensive eco-
nivmie thresholds (Pedigo ef afl, 160, that may oltimately scoount for all vanables
influcncing costs, benefits amd profits of a crop management tachic.

Many factors play a role in deiermining comprehensive economic threshaolds.
Pedigo er af. (1986) modified the equation of Southwood amd Morton (19731) to
include market value of the crop, management costs, injury per insect density, host
damage per unit of injury and proportionate reduction of the insect population,
Omnstad (1987 ) suggesis the need for muoltiple and maltidimensional coonomic injery
levels for each of several control tactics if they are available. Stern (1973) showed
that economic threshalds need to be qualified in terms of local climatic conditions,
tirme of year, stage of plant development, crop involved and its purpose, plant van-
ely, cropping practices, ihe desire of people, and coonomic variables. Unfortunately,
these authors did not have a multitrophic, multpest, multifactor, dynamic computer
mochel an their disposal with which o inegrate these multiple factors, 5o in practice,
moal economic thresholds developed for use in pest management programs have
been simiple economic thresholds, The models of Mordh e al. (1988, Pedigo f al.
{1986) and Onstad (1987, provided important mew concepls for understanding the
economnic criteria of Steen (19730 They emplasize the imporiance of the mualtidi-
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mensional needs of decision systems, however, they Tocus on dynamic pest jnjury
threshobds. In contrast, contral costs ar bepefits of contral mre the focus of TEXCIM
for Windows, Thus, TEXCIM overcomes a major limitation (Pedigo ef al., 1986) of
simple economie jnjury kevels that cannot integrate multiphe critena of pesis and
EnViroamenis.

When expanding the simple economic threshold from one Focused nammowly on
pests 1o all factors affecting the profilability of crop management, a flaw in the con-
cepiual basis of the simple economic threshold becomes apparent. The simple eco-
nomic ihreshold attempis to filter the flow of information through pest nombers (o
pest injury) to reach a management decision (Figure 1). Because of the profit motive

Comprehensive Economic Thresholds

Inputs Filter Output
Pests
Contrals
Plants Sirmphe sconoamia m—-—-j

threshald
Soills Grop Monegement
Daclaion

Waket - Comprehansive !
Fartilizers ecomamic threshald
Plant grawih

megulators
Weatlar
Costs

Figure 1. Filtering information inputs through a simple and comprehensive economic
ihreshald 1o make dynamic crop management decisions.

of cotton crop production systems, economics provides a foundation through which
all other components of the system can be filiered, Management decisions arg fun-
damentally cconomic, so it mokes lile sense to force the Mow of information
through a feedback loop containing pests or injury o reach o management decision,
Because of iis focus on pests. the simple cconomic threshaold has nod been useful for
making other crop management decisions such as imigation, ferilization or apphica-
tien of plant growth regulmors,

Building on the multidimensional foundation, we suggest an coomomically amd
ceologically based, dynamic, economic threshold as a further improvement of come
prehensive economic threshelds for use in making tactical cotton crop management
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decisvions, We deling e economic threshold in economic terms rather than o odm-
bers uf]’-‘ﬂﬁlh or :h-.ur -ruury ]Jm.mmmmhuﬂuﬁlmh:ﬂhnmﬁmw

. This :l:l‘umn:m is consistent
wilh that of the Natiomgal Aﬂ.ﬂdﬂny l:lf Bciences {IE'EI'EI]- Tor & critical pest densty at

which “... the loss caused by a pest equals in valee the cost of available control mea-
sures,” -::w:pl that the focus of this definiigon is still on the pest. “The cost of the
control measure balanced against the incressed valee of crop that can be recovered
or protected” is the ideal way 1o determine when to apply a pesticide (Stem, 1973).
Using multidimensional models such as TEXCIMS0 (Stering ef al., 1992), TEX-
CIM for Windows (Sterling ef al., 1993), TEXCOT (Unpublished daia, J. A.
Londivar, Texas A&M University, Corpus Chnsti, Texas) or ICEMM {Landivar er
al.. 1991}, it is possible (o simulate the effects of many variahles simulianconsly,
rather than focusing on o single pest density or its injury. If we assume that costs and
ihe economic thresholds are fixed, then the comprehensive economic threshold is
reached if future benefits increase to equal the economic threshold (Figure 2. In
other words, profits minus losses equal zero. If benefits increase 50 that they exceed
the costs, treatment is justified. If costs exceed benefits, treatment is not justified.

$14 "
$12 | COMPREHENSIVE ECONOMIC THRESHOLD (CET) I
$10
$8 3
“| =l e
$2
$0

Figure 2. The comprehensive economic threzhobl has been reached when future ben-
efits of @ crop management tactic equal the cost of applying the 1actic.

Meither couts, benefits, nor comprehensive economic thresholds are fixed, they are
all dynamic, They change constantly as pests, economics, plant growth, comrol actics
and westher change (Figure 3), Costs, benefits, and the economic threshokl may not
increase or decrease sinmlianesusly, Any one or fwo may increase while the others
decrease, Models, such as TEXCIM, estimate these vanables by making forecasts of
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insect and plant dynamics and translating numbers inio economics. Benefils that excesd
the comprehensive economis threshold constitule the profit of control (Figuere 4).

$14
$12 53
$10
$8
$6
$4
$2 v
$0

Figare 1. Costs, benefits and comprehbensive economic threshelds (CET ) ane ot fixed,
they may increase of decrease independently.

$10
$8
$6

$4

$0 sl

Figure 4. When benelits exceed costs, the difference is expecied proft,

Compuwier models can ow integrate many different Gactors simaltaneously, Crop
vield depends net only on pest numbers but also on any other factor that affects plant
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or pest growth and development. For example, a drovght-siressed cotton crop might
nod profil from pest control. However, two inches of slow rain on droughi-siressed
colion changes the economics of pest control. Any [actor, such as rain, nilrogen
application, pesis, predators and parasites iogether with any combination of soil
iypes, crop varieties, expecied price of cotton and expected yield, will change the
economics of pest control. and other crop management decisions. Thuos, o focus on
one factor only, such as the density of pests or their injury, cannot provide reliable
forecasts of the bencfiis of pest conirol. We believe that a focus on coonomics anc
pests simultaneously constifutes the best foundation for the synthesis of a medified,
comprehensive, economic threshold based on economics,

In this chapter, we investigated the effect of multiple variables and their interac-
fions on the economics of managing colion insect pesis. We also expand the com-
prehensive economie threshold e include olher crop management decisions such as
irrigatbon, fertilization, application of plant growth regulators and pest control,

We focus on a revised defimition of economic threshold because the TEXCTM
fumily of models help define a modified concept of the economic threshold that ix
dynamic and based on economics. Ooly by having dynamic models of the pesis,
their natural and introduced enemies, and the plant, is it possible 1o sccurately esii-
mate comprehensive economic thresholds for any particular time and place.

MANAGEMENT DECISIONS

The function of the comprehensive economic threshold is 1o assist in making all
crop management decisions, Alhough most of the following discussion wses pest
examples, the process should be applicable to most crop management decisions, 17
benefits exceed costs, the commect decision is (o reat. The magniude of the dilfer-
ence between costs and benefits is nod cotically impopiamt in making pest manage-
ment decisions as long as the major costs and benefits of control are included in the
calculations, Il benefits are less than costs, the comrect decision 15 ol (0 e,
Another function of the economic threshold is o determine the magnitude of profits
or hosses, as depicted in Figares 4 and 5.

When costs are sublracted from bepefits, the difference is profits, The profit
potential of pest control may be analyzed by comparing costs and benefits of a real-
meent {Sterling e ol 1992). For example, if the cost of control is 5400 and the ben-
cfit is 37.00, then profit is $3.00 (37.00 - $4.00 = 533.00), This calculation appears
simple. However, these costs and benclits are composed of many sub-cosis angd sub-
benefits {Figure 6). Control costs are o exclusively the costs of an insecticide and
its application. Contrel costs include invesiment in consulting, insurance premiums,
interest charges, costs of pest resistance that develops from the vse of insecticides,
resurgence of pests after insecticides Kill nawral encmies, health cosis, and environ-
mental cosis, All costs and benefits estimated by this model are intermal (single fam)
only and do not inclade external cosis 1o others.
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Figure 5. When costs exoeed benefits of control, the difference is expected coonomic
losses and indicate o treatment ermor,
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Figure 6. Albecation of costs and benefits for crop management.

COSTS

The costs of materials (uspally insecticides) are often variable throughout o grow-
ing scason. IF an outbreak of pesis expands the demand for o particulor insecticide,
the cost of this inseclicide may increase if a shortage resulis, Thus, msecticides are
not a fixed cost of cotton production. I pest control tactics other than synthetic
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insecticides are used, such as predsior or parasite releases, their costs muost also be
considened.

Application cosis may vary throughout the season and beiween years
Applications by ground rig may be cheaper than by air. Ultra-low-volume applica-
tipns may be cheaper than high-volume rates. Thus, application costs are not usually
el

Another major cost is consulting. The farmer may hire a crop consuliant 0 assist
in making crop management decisions such as these related 1o imigation, fermiliza-
tion, plant growth regulators, or insect, disease, and weed condrol. To run TEXCIM,
a consultant needs to sample pests, predators, parasites, plant fruiting rate and other
items, The ICEMM model requires samples of soil hydrology, soil nitrogen, soil
type. organic matter, fruit for plant maps and various culiural inpats, in additton to
those parameters required by TEXCIM, Weaher conditions should also be moni-
tored, Relinble sampling should lead 1o more profitable management decizions or the
investment in sampling information is nod prodent,

If an insurance policy has been purchased 1o cover polential Itigation from the
movement of an insecticide 1o a neighbor’s property, then this cost must also be
added 10 the ¢ost of contral, Because an insurance policy may also cover other farm-
related msks of Ltgation, only the fraction of the policy costs that applies w pest
control should be consadered.

The cost of interest depends on whether the mooey used for pest control 5 bor-
rowed from a financial institution or supplied by the grower, Investments in pest
control muest al least make o retum equal 1o the interest that coukd be generated by
other investments such s bank savings sccounts, siocks, bonds, ¢te, The interest that
could be generated with other investments constitmes a cost of control, If one bor-
rows money from a bank for pest control, the interest paid must be added o the cost
of control,

Resurgence costs constitute the difference in profit or less when natural enemies
are present, compared with the loss of natural enemies after insecticide controd, If an
application of an inscclicide tnggers an outbreak of a targel or non-target pest tha
would mot have happencd without an insecticide, the difference in cost is, in part, due
b0 FESUTEENCe.

If & higher dose of an insecticide is needed in the seccond application than in the
first application, the difference in cost may. in part, be attribwted (o the cost of resis-
tance, O, il the same dosage of an insecticide is wsed with o second application bt
increased losses result, some of these bosses may be pitnbutable 10 resistance, 1
mvne frequen applications are peeded to control a pest, the difference in the cost of
insecticides or loss in yield constitwies part of the cost of resistance.

If the farmer, his family or farm workers are exposed o agriculiural chemicals,
there may be a short- or long-term health cost 1o the farmer, his famaly or employ-
ces, Diven the health-relabed cosis of insect control are delayed so they do not appear
for years afier chemicals are applied. This is especially true of chemicals linked to
cancer, or that dismpt the endocrine and immune systems, or lewer resistance (o dis-
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ense (Misch, 1993), Becouse of delayved effecis, it will be difficull 1o know the
annual health costs of chemical control, Therefore, these costs cannol be known, but
con be estimated,

Using the TEXCIM for Windows mudel, a self-imposed (by the farmer) environ-
mentil cost is designed to address the value of nod using toxic insecticides, IF the pest
manager has limited concern for the environment, this cost con be set 10 rero.
Oiherwise, the farmer can choose $0.25 per acre or some other amount. This self
imposed cost can be interpreted as a valoe 1o the Fanm of not applying toxic chemi-
cals. Those who eschew the use of toxic chemicals could claim that it would be
worth $0.25 per acre not to use loxic chemicals,

All these costs are variable throughowt the growing season. Some, such as health
costs and insurance, can be assumed to be constant. In many cases, some costs will
not be present. For example, if no insecticides are used, many costs are eliminated.

It is critically important to understand that these cosis will change between fields,
farms and years. Consequently, io obiain ihe most sccurste estimate of costs, each
management unit (freld or farm where conditions are similar but different from other
locations) will necd 1o be considered separately.

BENEFITS

The expecied crop s can be viewed as an expected bepefii acorving to the
farmer if the loss is prevented with pest control. Throughout the remainder of this
paper, we use the teom "benefit” rather than “cost™ or "loss.™ Al first this teominol-
ogy may cause confusion because pesis usually do not cause benefits. Benefits are
obtained ooly if pesis are controlled; if pesis are nol controlled then these benefits
tramslate o costs or lnsses. We choose to use the term “benefis” o be consisient
with conventional usage of cost/benelits among economisis. Also, there is a prece-
cdence for this chotee established by Siemn, 1973; Headley, 1972; and Gutierrez and
Wang, 1984,

Economic benefits of control include those oblained from controlling all injurious
insects simulianesusly, TEXCIM currenily estimates the additive benefits of collon
Neahopper, bollworm, boll weevil and pink bollworm control, I an insecticide is
applied that kills some of these pesis amd nol others, then benelits will accre only
from those killed, An insecticide that is effective against one of these insects will not
result in o benefit from controd of all insects, TEXCIM for Windows partitions ben-
efits accruing 1o each pest controfled,

The ability 1w forecast the ecopomic benefits of pest control 15 one of the most
powerful featwres of this model (Figure 7), By comparing the losses in a treated col-
ton field compared to an untrested one, the benelits of controlling all pests can be
estimated, Forecasts are accomplished by using a multitude of Factors that affect the
reproduction, growth and death of each ansect and cotton fruiting structures, The
time regquired for an insect (o complete development, or a fruit 1o mature, depends
largely on temperature, Drganismes generally grow faster and reproduce more mpidly
in hot than cold conditions, They lay more eggs when their food quality 15 high, and
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Figure 7. Forecasted benefits calculated as the difference between losses in an
unireated check and a treated plot,

more die when their natural enemies are abundan, Temperature, rin, food quality and
natural enemies are only a few of the many varables that operate within the model 10
make Forecasts, It i virually impossible for the human mind o simublanesusly take
all these Factors inte consideration in making management decisions, Compulers ane
undguely qualified o make these anulisnecus calculatons and forecasts,

MARGINAL COSTS, BENEFITS AND PROFITS

All the cosis, benefits and profits mentioned aré “marginal” in the sénse that they
are the consequences of making o hefure reatment and do nod represent the comula-
tive consequences of muliiple treatments in the past, For example, if two ireatments
have been made and we wish o estimate the economic consequences of an adedi-
tipnal treatment. this third reatmend s the “marginal” ireatment. “Marginal™ 15 a
term with a long history of use in economics, which we hove adopied to help explain
the application of cconomics to pest management decisions,

ECONOMIC THRESHOLDS AND CURRENT
MANAGEMENT

The economic threshoeld has been the comerstone of integrabed pest management
(Mational Academy of Sciences, 1969 Unfortunately, relishles cconomic thresholds
still exist more in theory than in practice. Some criticisms of economic thresholds
ane that they seldom: (a) consider the simultancons interactions of multiple pests. (k)
integrate the impact of muliiple natural enemics of the pesis, (c) are dynamic con-
ceming plam development, or (d) change with expected lint prices. Consequently,
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econemic thresholds in curment use and those that have been proposed should be
used with cawtion. On the other hand, the use of cconomic thresholds in pest man-
agement programs have shown potential in spite of their weaknesses, Six on-farm
cotton [PM trials using economic thresholds reduced insect control costs, increased
yield in 50 pereent of the cases and reduced cosis in 66 percent of the cases in Texas
(Lacewell and Masud, 1985). The same trend exists in other agriculural systems
(Frishie and Adkisson, 1985). Thus, the economic thresholds used in these trials
were an improvement over the exclusive reliance on calendar day insecticidal con-
trol and have functioned as useful “rules of thumb.” However, as with any working
hypothesis, these economic thresholds are subject to replicement when new and
improved methods become available,

MEED FOR DYMNAMIC CRITERIA

Simple economic thresholds have ofien been expressed as a constant throughowt
the growing season of for extended perods during the growing season. Because of
the dynamic nature of the crop and insect numbers, dynamic economic thresholds
have been recommended. Brown o ol (197%) developed dvnamic économic
thresholds for bollwomm, Cuery and Feldman (1987) for boll weevil, and Gutierrez
ef al. {1979 for western Iygus bug, Lygus hesperns Knight, These authors concluded
that there is a need 1o reploce static management criteria with dynamic ones but
models capable of dynamically calculiting these cnitenia have nol generally been
available or sufficiently user-friendly for use by crop managers or researchers. These
authors apparcnily accepd the notion that a dynomie economie threshold can be
based on insect numbers or injury, We believe that replacing the economic threshold
based on pest numbers or injury with comprehensive economic thresholds provides
an analytical method for avoiding the limitations of the simple economic thresholds
amd will uliimately resuli in improved pesi management decisions.

MULTIDIMEMSIONAL ANALYSIS

Several models have been used to evaluate the impact of multidimensions on the
economics of cotton production (Mordh ef af, 1988). Various control tactics such as
pesticide timing, host plant resistance and natural predation and parasitism were anas-
lyzed by Curry ef al. {1980} using an earlier version of the boll weevil model now
incorporated into TEXCTM for Windows. They observed that relaiively small redue-
tions in the growth rates of boll weevil populations may provide cconomic control
of this pest. Brown ef al. (19790} also evaluated the interactions of the cotion crop
and insect pesis. Guiierrez ef al. (1975) investigated the inferactions of plant age and
Beet armyeworn, Spedoplers evigua (Hilbaer), injury and observed that the greatest
injury primarily occurred during the early squaring period. Similar multiple-compo-
nent studies lave been conducted by Stinmer e ol { 1974a) and Wilson er al. {19825
Thus, there iz a growing body of literature dealing with the importance of muli-
component mesdels for improving the science of pest management.
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MODEL VALIDATIONS

The TEXCIM mode] was first released for popular use by ihe Texas Agriculiural
Experiment Siation and was made available through the Texas Agriculiural
Extension Service in 1988 with version 2.3 (Hanistack and Sterling, 1988b), It was
folbowed by version 3.0 {Hanstack and Sterling, 1989, version 4.0 (Hamstack er af,,
19904, version 4.1 (Hartstack er al., 1991}, version 5.0 (Sterling er af,, 1992) and
TEXCIM for Windows (Sterling ef al., 1993). These versions constinte mullipest,
mvuliitrophic, mullicomponent computer models. They increase in complesity untl
the latest versions use ficld counts of cotton flealwpper, Prendatomroscelis seriatns
iReuter), bollworm, Helicoverpa zea (Boddie), wobacco budworm, Heliothis
wirescens (B, boll weevil, Anthoromus grandis grawdis Boheman, pink bollworm,
Pectinaphara gossyplella (Saunders), 10 groups of predaogs, 10 groups of parsites,
insecticides, cotton fruit, and local weather to forecast the expected bepefits of con-
trod, The wser’s guides are accompanied by protocol for testing the masdel {Sterling
ef al,, 19890, 19906}, Other specific methods used in the following simubations are
provided as pant of the resulis reported in this paper. An unpublished version cur-
rently under development includes ICEMM (Unpublished data, J. A, Loandivar,
Texos ALM University, Corpus Chiasti, Texos), In addition 1o the insects included
in TEXCIM, ICEMM includes separate models for the robacco budworm, the cotton
aphid (Aphis gossypii Glover) and the sweetpotato whitelly (Bewresio toboci
Crenmadias),

One important fepture of models such as TEXCIM and ICEMM is that they pro-
vide a testable and falsifinble hypothesis, Often, models and their code remain in the
tight control of their developers so that testing by other parties is very difficult.
Versions of TEXCIM and its components have been tested in 26 separate experi-
menis condocted by many different groups of scientists (Sterling e al., 19930, This
validation process has consisted of repealed development, iesiing. revision and
rebesting as an iberative process that 15 the essence of the scientific method. These
validations lend credence o the value of using the TEXCIM model for the simula-
tions presented in this paper, in commercial pest management, snd a5 a basis for
imiproving fubure models of this kind.

METHODS FOR ESTABLISHING COMPREHENSIVE
ECONOMIC THRESHOLDS

Ficld experiments can be condwcted that will explain the simultaneous effect of
several pesis {Mational Acaderny of Sciences, 1960). But, when all the permnutations
and combinations of pesis (insects, weeds, discases and nematodes), pest age, plant
stage, fruit age, plant cultivar and weather are considered, it becomes virtually
impossible to conduct such a feld test that will incorporate all these components
with cach one varying in replicated, multifactorial experiments. The standard
method used o determine simple economic thresholds is o use replicated field or
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caged plots so that a single variable, such as pest density, changes in cach reatmen
wihile all other variables are held constant. Yields ai the end of ihe vear are then used
as an index of the impact of different variables such as pest densities. “Becanse cosis
involved with developing economic threshalds can be substantial, a resuliant effec
is that experiments often bave cither insufficient replication or insufficient damage
levels for deriving sccurate cconomic thresholds. An alternative o conducting
detpibed ield threshold trials is o use a crop-pest simulation model with simpler
ficld trials™ (Wilson, 19835).

Furthermore, ficld plot experiments to determine multiple pest effects are very
complex, The permatations and combinations of varables in such studies make p
unlikely that mrore than about three or Ffour tresiments can be changed in any single
experiment, For example, the combinations of just three treatments with four repli-
coations each requires 24 plots and four treatments would require 96 plots, Coupled
with the general inability 1o climinate all variables but ong i ikl plots, an accwrane
determination of the effect of each vanable 15 unlikely, Also, because of multiple
pest interactions the effect of several pests is nol simply sdditive, The benefits of
insecticidal control targeted against a specific pest can seldom be attributed 1o the
conirel of that pest alone when several pests are present simultaneously, Thus, there
is a need for multiple-pest decision criteria that are sensitive 19 plant growth stage
and future insect and plant fruiting dynamics, Computer models can hondle all thess
variables and make sense of multiple interactions of herbivores and fruit dypamics,
These models can then be tested under commercial and expenmental comiitions and
various components improved as evidence shows the need for such improvement
(Breene ef al., 1989; Legaspi ef al., 198%; Steding er al., 1980h).

The problems of using field experimemns to establish decision criteria are clear
from work on Helicoverpa'Heliothis spp. conducted around the world, Differcmt
authors have found different criteria suitable for their conditions {Adkisson er ol
1964; van den Bosch er all, 1971; Wilson er al., 1982). This evidence supports our
hypothesis that benefit'cost ratios will ot and cannot be precisely the some in dif-
ferent times amd places. The mosi imporan observations from the simulations ran
in this pager is that no single facior such as pest density, ling valoe or time con be
used alone 10 forecast benefits of control. All these factors must be considered simul-
taneously,

REDEFINING THE ECONOMIC THRESHOLD

“Economic thresholds can vary with stage of crop development, are modified by
wiether damage has occurred carlier in the seasen, vary depending upon the relative
abundance of predators, and are affected by scason length, They are dynamically
associated with the market value of the crop and with management costs™ {Wilson,
19850, The definitions of an economic threshold thal focus pramarnily on pest density
{Headley, 1972; Seern, 1973; Sterm eraf., 1959} or pest injury (Onstad, 1987, Pedigo
ef wl,, 1986) are approaching obsolescence and a new definition is in order. This is
especially true if Pearson (1958) is correct when he asserts that neither pest numbers
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or their injury are valid indications of yield or guality of lini. A new definition muas
integrate not only pest numbers or their injury but their coongmic impact in associ-
ation with other key factors ihai affect the economics of pest managemeni decikions,
Although all Factors affecting the economics of decisions are nol currenly available
in any model, sulficient faciors are present in the TEXCIM model (Sterling or ol
1993} to augment the new economic threshold concept,

Ancther major problem with economic thresholds cumently in use is that multiple
key variables have nod been integrated into their caloulations, Thus, the preliminary
economic thresholds thar were developed and wsed in pest management programs
were simplistic and could nod always be accurate in all places. Alhough it was obyi-
ous long age that the economic threshold would be a function of local climate, time
of year, stage of plant development, plant vanety, cropping practices and economic
variables, the methods and tols for calculating or forecasting such a level were not
available (Smuth, 1971), A comprehensive economic threshold concept has been
slowly evolving so that factors such as control costs, crop phenology and multiple
species are now sometimes considered in making management decisions.
Southwood and Morton {1973} determined that economic damage was a function of
yield, price per unit of yield, level of pest injury and control actions. These sdditions
were only a beginning compared with the complexity needed 1o moke consistenily
accurate pest management decisions.

TEXCIM provides information useful in making manasgement decisions concem-
ing the need for insect control. Field tests of an earlier version, TEXCIM30, showed
that correct decisions were made greater than 95 percent of the time {Legaspi er afl.,
1989} compared 1o simple economic thresholds, Whether the crror s on the side of
taking action when none is needed (oreatment emror) or taking no action when a need
exists (mo-treatment errors), dynamic models such as TEXCIM for Windows should
prove useiul.

Some of the first order components of the TEXCIM30 model are presented in
mnemenic form (see Sterling e ol., 198% for more details) where £ is a function:
MGRC = management decisions
MGDRC = HBC.CET)

1.0 BC = benefits of pest control (forecasted cost of pest injury)
BC = fCWYAILCS)
i. CVA = value of crop (see Sterling er ol 198% for multiple
subcompenents)
1.2 I = injury by insects
11T = FHIL B WL
1.21 HII = Neahopper injured frui
HII = THMU HAG, CAG HFE.HSFEHPF)
1.211 HNU = numbers of fleahopper (includes 37
sub-components)
1.212 HAG = fleahopper age
1.213 CAG = crop age
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1.214 HFF = fruit age preference of the fleahopper
1.215 HSF = number of susceptible fruit
1.216 HPF = probability of Meahopper finding & fruit
1.22 BU = bollworm-tobacco budworm injured Fruit {See
Sterling ef @, 1989 for muliiple sub-compomenis)
1.23 W = boll weevil injury (See Sterling of al, 198%a for
muliiple sub-componenis)
1.24 P} = pink bollworm injury (sub-components aboui
same as for flealopper).
1.3 CH = cosis of pests surviving control
200 CET = comprehensive economic threshold
CET = RINCOIRS IRE INPOJISCO,HECO APCO)
2.1 IMOO = insecticide cost
22  IRS = resurgence of insecis
23 IRE = increased insccticide resistance
T4 INPO = envieonmental pollution with insecticides
25  15CO = insurance cost
16 HECO = healih cost
27 APCO = application cosis
APCD = [{(LACD,.EQCO)
271 LACO = cost of labor
2,72 B0 = cost of equipment

Most of the components of the TEXCIM for Windows model can be found in a
synthesis of TEXCIMAD (Seding of of,, 1989a), This synthesiz provides an abbre-
vinted verbal descoption of the varous components that play a role in forecasting
benefits of pest control and references documenting mathematics and funclions,

TEXCIM SIMULATIONS

The methods used here are a form of sensitivity analysis where o parameter or
state voriable is changed over o reasonable range 1o simulate expected benefus of
controlling a particular pest or group of pests, A complete set of data on insect pests,
predotors, fruit, and weather 15 available from experiments conducted at Snook,
Texas during 1989, These data, or parts of the set, were used for many of these =en-
sitivity onalyses. To determing the benefits of pest control, simulations were mn
using the TEXCIMSD model (Steding ef al., 1992,

The following simulations aré pof designed to provide fixed benefits of value m
any particalar time or place, but (0 demonstrate the varobility of control bepefits
that are conditional wpon multiple factors, In order 1o determine these benefis for
any paricular lime and place, it i5 pecessary (o enber current information on insect
pests, predators, fruit counts and weather into the TEXCIMSO or TEXCIM For
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Windows model and man it An example of a complete data set used in these simu-
lations is provided as example files provided with a copy of TEXCIM for Windows,

JUSTIFYING A CONTINUUM

The Texas Agriculiural Extension Service collon insect contrel guide [Knutson of
al., 1993) provides simple economic thresholds of the cotton feahopper that vary
from 10 to 15 Aeahoppers per 100 plant termninals during the first three weeks of
squaring. At the appearance of first bloom the threshold increases to nfinity and the
crop supposedly can tolerate any dumber of Meaboppers, There are two elements of
these thresholds of interest: (a) they are dynamic in the sense that they change at
least ence during the growing season and (b) o range of thresholds (10000 15 percent)
is provided as an option for the pest manager, Testing with the TEXCIMAO maodel
(Hartstack ef af., 1990} indicated that neither the 10 percent or 15 percent threshold
was likely to be accurate for all colion production systems. For example, the eco-
nomic threshold is unlikely o change from 15 percent to 100 percent in one day
(date of first Bloom). This change is more likely a continuum of the type shown in
Figure 8. Bepefits change continuously over time, nol in fwo discrete steps, Under
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Figure 8. Benefits of cotton Nealopper contral as a function of te time of attack: dur-
ing the growing seasom,

the scenario used in this example, the time of fleahopper attack was simulated on
May 12 when a wtal of 15 fleaboppers per 100 planis were entered o mimic the
lower economic threshold. The time of injury was then changed with all 15 fea-
hoppers emered on May 13, then on May 19 and 0 on until at last 15 fleahoppers
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were entered only on Jupe 30. The some number of fleaboppers were entered u
weekly intervals from the time of first square uniil after first bloom. The benefis of
controlling these fleahoppers wene highest at the time of first square and declined
undil abowt the time of first bloom. Thus, the decline in benefits of feahopper con-
irol fiorms a condinonm of costs from a high of over 5300 per acre 1o 30U on Jupe
23, The magnitwde of benefits will vary in other coiton fields in other vears, b
changes should ferm a continuum similar to Figure 8, In other words, the benefis of
controlling 15 Neahoppers per 100 plants changes cominuonsly as a function of the
time of atiack on ihe cotbon plant.

FACTORS DETERMINING THRESHOLD VALUES

Time of Insect Pest Attack — Onsead (1957), Ring er af, (1993) and Wilson
L1985 emphasized the importance of including tme in relaton w nombers of pests
changing over tme, TEXCIMS0 was used to 1281 the hypothesis that time is imypor-
rant &= it relates o other factors. Field counts of bollworm eggs and small rvae
Formed a pulse (3 single peak) that fasted about ane month duning 1989 at Snook,
Texas, This pulse, represented by peak abundance of 1.4 eggs and 0.3 larvie per 3.1
feet (1 meter of row) was entered into TEXCIMS0 and run at 2-week intervals star-
ingy af the fme of first square 1o simualate the change of control benedits a5 a funchion
of e of oitack, Dote on other pests aml msecticides were not included with this
run of the madel, All vanables were held constant excepl time of attack. The price
of lint was set ol 30,62 per pound amd the target vield an 1.2 bales per acre (dryland ).

Under the above scennrio, the benefits of controlling a single pulse of bollwonms
changed dramatically from 320000 per acre (o about 54.00 per acre. af different
developmental stages of the cotton crop (Figure ).

$20.00
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Banafits of Control
E

12- - - Z3- 7-duld 21- LB 18-
May Wy i Hin Jul Aing iy

Time of Attack

Figure % Forecasting the benefits of bollworm contral when the time of amack vanes
during the growing season,
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In general, developmental stage of the plant is an imporant Factor in détenmining
the benefits of bollworm contral, [t is ¢lear from this simulation, that basing a deci-
sion on the presence of ony pest would be inaccurde of the sime cnlenon were
entered at different stages of plant growth, Under other scenanos, including other
insecis or insecticide use, the paiiern of bepefits alinbutable o bollworm control
would be different. However, based on this simulafvon it is reasonably cenmin that
benefits of bolloorm contrel will be, in part, a changing function of the time of boll-
wiorm attack. Only a dynamic crop-insect-predaior model could begin to indegraie
changes over time in such a dymamic fashion to forecasi benefits of control.

Geographical Variation: Bollwerm — Historical weather data from Lubbock,
College Siation and Weslaco, Texas wene entered with the same bollworm pulse
(sarme as the “time” simulation used above) to simulate the impact of weather at
three bocations on benefits of bollworm control. The same numbers of bollworm
were entered For cach geographical area and other factors were held constant. This
sumulation forecasis the benelits of bollworm controd at three locations that exhibdn
different weather patterns. In general, location and its associated weather did not
have a major impact in that benefits of bollwoem control varied little among areas.
I other words, TEXCIMS0 was ot very sensitive 1o weather differences at ihe three
geographical locations under the conditions of this simulation. The greatest differ-
ence wis only 31,65 between Weslaco and Lubbock with essentially no difference
between Weslaco and College Station (Figure 10). In any given year, the economics
of pest control between geographical areas is likely 1o be sufficienily different so
that forecasts in one area are ualikely 1o be accurate in another, even with the sane
number of pests, This conclusion speaks 1o the imporiance of making independent
pest management decisions for each Deld or management unit,

Geographical Variation: Boll Weevil — Susdies designed to identify factors
cousing mortality of boll weevil in Texas produced a clear pattern of the impact of
meatality resulting from heat and drying (Stering ef al,, 19900, Sterm ef of,, 1990,
Stwrm and Steding, 1990), Avernge drying-coused mortalily incrensed westward
from the castcoastal region fo the midwestern region, Dryving-induced mortaliy
averaged 9 percent in the castcoastal region, 30 percent in the nonhcentral region
and 57 percent in the midwestern region of Texas, Benelis o the Farmer from boll
weevil mertality from drving con be caloulated wsing the TEXCIM model, The
greatest benefits of death covsed by drying should occur in western regions of Texas,
Bepefits of boll weevil control at Snook, Texas were compared to benefits ot Pecos,
Texas. Snock chamcteristically enjoys high minfall whereas Pecos is substantially
drver and hotter during the growing season, Therefore, if 15 induibive Lo expect more
boll weevil mortality coused by drving al Pecos than at Snook, Histoncal weather
data were entered for cach location, no predators were entered, and |5 percent wee-
vil injured squarcs were entered three weeks after the first square, The benefits of
boll weevil contrel was $70.37 more at Snook than in Pecos (Figure 11} This may
be interpreted as a 370,37 potential benefit that farmers ot Pecos enjoy becouse of
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Figure 10. Simulated benefits of controlling identical numbers of bollworms at first
bloom @ three kocations in Texas,

heat and drying if insecticides are not used. OFf course this benelit may be offset by
other costs of cotton grown in a dry climate.

Lint Value — The quality of lint affects is value and anything thal affects the
value of lim will change the economic threshold. If control measures are not under-
taken at the appropriate time, there may be increased costs for washing, brushing,
tripaming, sorfing or grading the crop at harvest, The value of fruil is a function pri-
marily of time of the growing season and age of fruit {Hartstack and Siedling, 1988a;
Stewant, 1987, Siewart and Sterling, 1987). As fruit mature they become more valu-
able because they are less likely fo shed due 1o minor stresses. Thus, an open boll is
more valuable than a square, bloom or green boll.

Field data for bollworm, predators and weather for Snook, Texas were again
emtered into TEXCIMSD, Lint valwe alone was changed with each run, The benefits
of bollworm contrel is a linear fusction of lind value (Figure 12), 1T lint was valued
ol $0.50 per pound, the pulse (peak) of bollworms realized a control benefit of only
bt 317,00 per acre, When the value of lint increased to 51,00 per pound, the ben-
efus of bollworm controd increased o about 333,00 per acre, Thus, decision criteria
are dependent on Lint value,

Planting Dabe — Stmulations of te benefits of bollworm control were based on
changes in planting dae ot S-day imervals siarting April B and ending June 3, All
other Factors including bollworm numbers and harvest date were held constant and
based on fiebd count data for the Snook, Texas unireated Neld doring 1989, Numbers



TOWARD COMPREHENSIVE ECONOMIC THRESHOLDS FOR CROP MANAGENMENT 269

H300.00

£260.00

HE20.00

8 180,00

$140.00 |

Benefits of Control

100,00

Pacon Snook
Location in Texas

Figure | 1. Geographical variation in benefits of boll weevil momality caused by dry-
ing i Texas,

#3500
#3100
SZT.00
200

#1900

Benefitz of Control

#1600

#0.50 40,50 #0.70 $0.80 $0.50 #1.00
Lint Value/Pound

Figure 12, Benefits of controlling constamt numbers of bollworms as a function of Lint
vilwe.
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of naturally cccurring predators were included. Benefits of bollworm control were
partly a function of planting date. Benefits varied little uatil May 20 then they
declined rapidly (Figure 13). Data presented here should not be used to justily
changes in planting date in any panicular area since planting date will have a differ-
et impact on yield and crop value, in parnt as o function of anca or geographical loca-
tion, TEXCIM must be run using currént data From each geographical location to
provide reliable forecasts,

Benefits of Control

- 18- 2 . B 13 - 2T A
Apr  Apr  Apr  Apr  May  May Mey May  Jun
Manting Date

Figure 13, Benefits of controlling constant aumbers of bollworms as a function of
changes in planting date.

Harvesi Date — Bencfis of controlling the bollworm iz a function of harves)
date, With the particular scenario of Snook, Texas daa, benefits of control were a
function af harvest date (Figure 143, A later harvest date allows bollworm numbers
to continue developing late in the growing season, cansing greater boll injury.

Row Width — TEXCIM contains a boll weevil muodel (Curry er of., 1982: Curry
and Feldman, 1987, Schoolfield, 1983) that simulates monality of immature boll
weevil ns o Tunction of remperature and humidity, One of the features of this model
is the abaliny o change row width o determane its relationship with weevil mortal-
ity coused by drying. The wider the rows, the more sunlight pepetrates 1o the soil
surface and the hoter the surface becomes. Weevils on ot soals die From heat sod
drying. The TEXCIMS0 model was wsed o simulate the impact of 10- o 50-anch
row widths, changed at 10 inch increments and holding all other [elors constant,
Temperatures entered were from historical average temperatures from Pecos, Texas,
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Figure 14. Bencfits of controlling constant numbsers of bellworms as a function of har-
vest date.

This location was chosen becouse some of the highest emperatures and lowest
humisdities in Texas oocur at Pecos,

As row width changed from 10 to 30 inches, the bepefis of boll weevil control
decreased from 535,30 1w 527,78 per acre (Figure 153), Thus, the polential benefit of
increasing row widith may be as much as 5742 per scre if boll weevil are abundant
ad in hot-dry climates. In areas where boll weevil are o problem in Central and
West Texas, there may be some value in making a change in row width 1o ke
sidvantage of boll weevil morality caused by drying.

Row Orieniation — Row orientation may s mes be imporiant in relation o boll
weevil morality covsed by drying. Drying is more important as a morality agent of
boll weevil in hotter, drier ports of Texas (Stwrm and Stecling. 1990; Swrem & al.,
19H0), 0 Pecos, Texas was chosen. Historical wenther data from Pecos was entered
but all rainfall was removed 0 insure maximem drying morality. A shorl-senson
{160-duy) colton varely, no insecticides, amnd 15 percent damaged squares wene
entered two weeks after the appearance of the first square. Two row anentations,
north-souwth (0 degrees) and east-west (%) degrees), were entered,

Benefits of boll weevil control were 5109 more per acre when rows were planted
in an east-west direction than in a north-south direction. Thus, in deyland colton pro-
duction areas of West Texas, orenting the row direction so that sunlight falls on the
=il surface between the rows enhances weevil mortality. This row direction resulis
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Figure 15, Bencfits of boll weevil contrel as a function of row width.

in greater exposure of immature boll weevil in squares on the soil surface to the dry-
ing of solar radiation than if rows mn noth-soath, As emperture (Sterling ef al.,
1990l and solar radiation increase, boll weeyvil mortality also increases. However,
TEXCIMSD was nod very sensitive fo row omentation as indicated by the low heme-
fit of only 51.09 per scre.

Target Yield — Cotton fleahopper mumbsers were held constant (Smsolk. Texas
1989 data) and target yield was changed with each mun of TEXCIMS0. The tarpe
vield in TEXCIMS0 functions 1o set limits on potential cotton yvields per scre. With
all other fectors held constant, the benefits of controlling fleahopper increased from
abspat 517.00 per acre at a target yield of 0.5 bales per acre 1o aboot 54 1.00 per acre
when the warget yvield was increased to 1.5 bales per acre (Figure 16). If we expect a
vield of 1.5 bales per acre, there is very little room for plant compensation of flea-
hopper injury. With lower expected yvield, compensation is more likely. Apparcnily,
plant compensation for fleahopper injury cxplains the difference in benefits,

Flant Variety — Different cotion vanctics can be chosen in TEXCIMSO by
changing the growih rate of the plant, Short-season varietics (<140 days) grow
rapidly compared to very long-season varicties (=200 days). The user can change
these values to calibrate the cotton maxdel in TEXCIMS0 to his own crop, The ben-
efits of controlling Neahoppers is dependent on the variety of cotton grown {Figure
17} Under the conditions at Snock, Texas during 1989, long-season, slower fruiting
varseties resulted in less benefit of controlling a constant number of fleahoppers than
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Figure 16, Benefits of controlling constant numbers of ooiton flcalopper as a function
of target yield.
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Figure 17. Benefits of controlling constant numbsers of cotton fleahopper as a function
of variety depembent on fruiting rate,
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shori-season, rapidly fruiting vanicties. One reason for this difference is that long-
season varketies gencrally have a greater ability to compensaie for squares injured by
Neahoppers than short-scason varetics,

Plant Densily — Plant density will alse influence the amount of shade affecting
immature boll weevil survival on the soil surface. To simulate the change in plam
density, TEXCIMSD was run using Pecos, Texas historical weather data and 15 per-
cent weevil injured squares entered three weeks afier first square. Medivm numbers
of predators were entercd together with average planting and harvest dates for Pecos,
Flant densities were changed from 10 o 90 thousand planis per acre in TEXCIMS0
while boll weevil numbers were held constant, This change increamed benefus of
boll weevil control by 31297 per acre {Figure 18).

BAG,0
#1200
528,00

O

Benefits of Control

10,000 20,000 540,600 70,000 20,006
Plant Density/Acre

Figure 18, Benelits of controlling constant pumbers of boll weevil as a function of
plant density af Pecos, Texns,

Predator Mumbers — The number of predators capable of checking the abun-
dance of a pest and preventing economic loss has been called the inaction level for
predotors (Sterling, 1984 ). Inaction levels incoment use in Texas include the density
of predadors able (o prevent economic losses on boll weevil and bollworm-iobacco
budworm (Knwison ef af.. 1993), Models that consider the impact of predators
include the vorious versions of TEXCIM. and another by Guticrrez and
Baoomgaertner (1984, The economic impact of native predators on cobton fleahop-
pers was estimated by Sterding er all. (1992),
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By changing both the numbers of bollworm eggs and predator numbers. ihe ben-
efits of bollworm conirol can be caleulated, As predotor nombers increase, the ben-
efits of namwral control also increase (Figure 19). However, predators alone do ol
determine the benefits of bollwerm contrel. This benefit of control is, in part, a Tfune-
tion of bollworm cgg density and all other factors wsed by TEXCIMS0 for fonecas-
ing benehits, Thus, an inaction level based on predator pumbers alone is no more
valid for Torecasting benefits of control than pest numbers alone. Predators are sim-
ply one more component necessary for accurate forecasts.

Benefits of Cantrol

Figure 19, Benefils of controdling changing bollworm egg numbers as a function of
predator dendary.

Pest Abundance — The abundance of an insect {or its injury} are imperfect pre-
dictors of vield loss (Pearson, 1958), However, insect numbers and injury are impor-
tand componenis of a model designed 1o forecast beneiits of control,

Using weather and predaver data from Snook, Texas, Neabopper numbers were var-
ied from one to eleven in incremems of two, These Deahoppers were enlered at the
timne of first square only, Under the conditions at Snook, the benefits of fleashopper con-
irod increased dramatically from shoot 510.00 per acre with one flenhopper per 3.3 fee
o about 575,00 with 11 fleahoppers per 3.3 feet (Figure 2000 Under the conditions of
this simulation, TEXCIM30 was very sensitive to fleahopper abundance.

Multiple Pesis — Using single specics cconomic threshelds in cotton ficlds con-
taining multiple pests resulis in a theoretical siteation where a single froit may be
desiroyed by several species concurrently. This is a case of contemporaneous {ooour-
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Figure 20, Bencfits of cotton Meahopper control a5 a function of cleanging fleahopper
densities.

ring af the same time) fruit monality (Mogris, 1965, Rovama, 1981} where there is
o tendency (o overestimate concurnrent injury caused by cach pest (p, 491, National
Academy of Sciences, 1969),

Using Snook, Texas data, when bollworm are fun by themselves, the seasonal
benefits of control were 520,72, When they were un simultaneously with fleahop-
per and boll weeval, the benefits of contralling the bollworm was $9.47, Ths sug-
gests that simple economic thresholds based on single pests may end 1w
overcstimate economic loss by that pest, The benefits of controlling o single pest is
plso o fonction of the damage caused by other pests, Part of the explanation For this
phenomenon is that froi feeding insects compete with each other so that when sev-
el are present, each one injures less freil resulting 1n a bower benefit of comrol,

bost of the simple economic thresholds are based on research or praciical expe-
rience designed to assess the effect of a single pest on vield, Methods o assess the
impact of each of several pests simultaneously have not been available for use by
Farmers in cotton crop production, TEXCIM 30 and TEXCIM for Windows currently
provide essentinlly the only practical method for partitioning the economic benefils
of controlling cach pest in 2 multipest siluafion,

Insecticide Resistance or Inseclicide EMicacy — Using TEXCIMS0, cyperme-
thrin {Ammo®, Cymbush®) insecticide was entered in o single application on June
3, 1989 on naturally occurring bollworms in the Snook, Texas, untreated codton



TOWARD COMPREHENSIVE ECOROMIC THRESHOLDS FOR CROP MANAGEMENT 277

field. The efficacy of cypermethrin was changed in 5 percent increments starting at
B0 percent and ending at 100 percent, For simplicity, the assumption was masde that
cypermethrin was equally effective on eggs, small larvae and large larvae, The ben-
efits of controdling bollworm as resistance o cypermethrin increases was simulated
by reducing s efficacy. The elfficacy of cypermethrin against predaors was held
constant at 95 percent,

A reduction in efficiency from 100 percent to B0 percent resulted in an increpsed
benelit of bollworm control of 315,18 per acre (Figure 21}, Thus, benelits of boll-
worm contred from a single application of cypermethein had a dramatic effect under
conditions ot Snook, Texas when the level of efficacy changed. The benefits of boll-
wopm contrel dechined rapidly as a function of increased insecticide efficocy, These
results are counterintuitive and no ready explanation for them is available,
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Figure 21. Changes in the benefits of bollworm control as a fanction of changes in the
efficacy of cypermethrin.

Timing of Insecticide Applications — The use of models 1o evaluate different
insecticidal application regimes has been conducted on an carier version of the boll
weevil component of the TEXCIM3 model (Talpaz ef al., 1978 The timing of
insecticides 1o coincide with susceptible stages of pests is critical in pest manage-
ment programs. As the efficiency of an insecticide changes when applied at differ-
ent times, the benefits of control must also change, When a single application of
cypermethnin was made at different times starting on June 19 and ending on July i4,
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the benefis of bollworm control changed (Figure 22). Bollworm egg and larval
numbers peaked on July 7 at Snook, Texas.

IF the effickency of an insecticide was reduced through impeoper timing, the ben-
ehits of control increased, Conversely, if efficiency increased, the economic benefils
decrensed,

1.7

Tome of Insecticils Application

Figure 22, Benefis of bollworm control o a function of the time of cypermetbrin
application,

Plant Stress — Graham o ol (1972) recommended changing the economic
threshnld based on variations in plont suscepibility to insect injury. Other factors
affecting plant siress such as weeds, diseases, nematodes, water and nitrogen will
interact with all other factors that affect economic decisions. Multiple component,
pest management models of the fuwore will require atiention 1o other factors
improve the accuracy of forecasts. TEXCIM for Windows does not currently include
weed, disease or nematode components that impose a stress on the plant. However,
the ICEMM model (Landivar er o, 1991 can evaluate stresses doe o nitrogen,
water and plant growth regulators simulianeously with pest injury.

Sampling Method — The sampling method used 0 provide information on pest
numbers, fruit numbers, predators and weather can have an impact on the accurcy
of economic forecasts, In general, Nield counts of bollworm larvag result in less fore-
casting error than counts of eggs (Figure 23). Coums of bollworm (BB moths or
boll weevil (WY) adulis monitored in pheromone traps result in higher forecasting
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B-day Forecasted Error

A5 o Fid Bl Tip BE Egp W Tap W Fid FH Fld

Insect and Sampling Method

Figure 23, Forecasting errors based on initializing TEXCIMS0 with counts of pests
based on differem sampling 1echmigques. Abbreviatwns are BB = bollwonm/
budworm, FLD = field, TRF = trap, WY = bodlweevil and FH = fleahopper.

cmors than ficld cowms of ot injury amd immatures (Steding & o unpublished).
Thus, a very accurate mode]l may produce forecasts with considerable emor if based
o data obtained from unreliable snmples.

Relation Between Sampling Method, Forecasis and the Economic Thresholds
— The decision (o contrel pests is a function of the sampling methed and tme. For
examiple, the purpese of sampling boll weevil in pheromone traps is 10 forecast the con-
sequences of immediate boll weevil contrel o prevent economic injury one or (wo
meths intg the futore, The idea is to control overwintered boll weevils in the spring
before they have a chance o reproduce. Thus, the growth rate of boll weevil popula-
tions is reduced so that, after one or tvo generations, insulficien nimbers of boll wee-
wils are present to regquire contrel during mid-season. Thas, economic thresholds based
on trap catches function as a forecasting model. For all models, lorecasting enor
increases with distance into the future, However, when comssdening the alternatives of
using the boll weevil trapping index or the TEXCIMS0 mode] to forecast current ben-
efits of controd, the limitations of the wap index as a forecasting model become obvious,
Since the rap index does mot consider weevil mortality, weather and plant growth, ete,
it caneol possibly provide consistently accurate forecasts amd thus shoubd be used with
considerable caution, With cominuous resting and revisaon, the TEXCIMS0 approach
should ublimately lead 10 much improved forecasts and management decisions,
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In taking field counts of Meahoppers during the growing scason, the goal may be
o make a control decision based on a forecast in the next 5 or 10 days. However,
when sampling bollwonm with pheromone iraps, the goal may be 1o make a decision
based on a longer forecast of 10-15 days, depending on how long it takes the moths
1o codonize the field and lay eggs that produce large larvae, Thus, a crop manager
woukd not make a decision to treal today based on pheromone trap catches of maths
taken today, However, he could plan to take actions in about 10 days based on fore-
casts of 10 1o 15 days. The decision to control boll weevil depends on the manage-
ment srategy, I the sirategy is 1o control overwinterad boll weevil 1o prevent them
from increasing to numbers that would cause injury in the third or fourth generation,
then long-term Forecasts of moch more than 25 days may be necessary, However, if
a forccast of the first generation is adequate, then a forecast of 25 davs may be sul-
ficicnt. The main poant is that at tmes, moderately long-term forecasts may be desir-
able, but the sccuracy of forecasts declines over time (Sterling ef of., unpublished
data). The most accurale decisions are obtained with field samples of nsecis or
injury maiher than trap catches,

EXTERNALITIES AND THEIR COSTS

When insecticides are used in a cotton Held, the farmer does pol pay all the cosis
of application. Pesticides often enter the ground or surface water where they may
affect the health of others who may drink the water, These are the so-called “side
effects” of insecticide wse. DT apparently moves in wind and water currends over
miuch of the surface of the world causing harm to many biological organisms., TEX-
CIMS50 currently makes no attempd o include external costs as part of the cosis of
pest control. Currendly, farmers are paving some of the costs of these extemalities
with higher thxes o support agencies such as the Environmenial Prodection Agency
amd through higher insurance premivms to cover potential litigation resolting from
the use of chemical control. We assume that farmers pay only & small fraction of the
true exiernal costs. Estimates of external costs of applying a single insecticude range
from 5091 to 34.67 per acre (Higley and Wintersteen, 1992 These cosis include
cosis o surface water, ground waber, squaiic environment. birds, mammals, benefi-
cial insects, human scute toxicity and human chronie toxicity. These costs can be
expecied to vary from field to field depending on many facters. It will be very dif-
ficuli to accurately calculate these costs for each cotion field. However if such an
estimate is available it can be incheded in the total costs of control. Also, all of these
costs are not external. A fraction of these costs are bome by the farmer. Becanse the
farmer, his family or his employees either live or work in close proximity to the
application site, they are most likely to receive major exposure to insecticides. Thus,
the farmer is paying for some of this exposure in higher medical bills or in the
reduced efficacy of natural enemics, whether he knows il or not. It is probably not
valid to assume that the farmer pays no part of these costs,
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SIMPLICITY

One of the major advaniages of the simple economic threshold is its simplicity
(Pedigo e al., 198060 However, there are other critena such as reliability, valoe and
objectivity that may be of considerable imporance. Granted, many pest managers may
refuse o use a sysiem because of its complexity, but pest managers may also lose con-
fidence in systems with high Failure rates over the long ferm. Failure of pest manage-
ment systems may frequently be due fo a shortage of reliable information, However,
syslems which are accurate and provide a satisfactory refum on the invesiment in labor
will be used if they are consistently reliable, Farmers make money by cither increas-
ing yiekds more than costs or reducing costs and holding vields at near the same level,
Thus, knowing when to treal and when ool o real can both return @ profis, IF this prolin
15 sulficient it will cover the cost of acquinng knowledge and models such as TEX-
CIMS0 wall prove 1o be a good investmend, Since farmers tend 1o be averse 10 risk
(Morganrd, 1976}, objective, accurste systems will soon gain the confidence of fam-
ers if the known nsks are lower than subjectively perceived nisks and if consistent prof-
its result From wsing the models, A distinguishing feature of these models is that they
introdiece greater objectivity into the decision-making process,

LIMITATIONS OF TEXCIM

The plant model contained in TEXCIMS0 and TEXCIM for Windows is a simple
Fruit dynamics model that is pot based on plant physsology, [t is designed o produce
fruit as o fonction primarly of wemperaters, Each fruit is assigned an economic value
that changes as the froit grows and matures or i injured and bost from the crop,
Intcgrating insccts inte this system that function as stend reducers, leaf-mass con-
sumers, assimilate sappers o wrgor reducers would be difficult using this fruit model,
TEXCIM fior Windows has been integroted with (TEXOODT) (Unpublished data, 1, A,
Landivar, Texas A&M University, Corpus Christi, Texns) a version of the GOSSYM
physiologically based plant model (Baker e ol 1983) 0 form the ICEMM model
(Landivar er @l., 1991}, This model fcilitntes the linkage of these pests to corbon,
nitrogen and water contends {pools) i the pland

SUMMARY

Pest numbers or pest injury alone cannot provide consistently accomle forecasts of
costs, benefils and profits of pest control. Thus, the simple ecoromic threshold that
depends on pest nombers or pest injury alone cannad be consistently reliskde in mak-
ing pest managemen decisions. Using the TEXCIM for Windows and related models,
pest managemend decisions are based on a profil analysis of potential management (ac-
tics. If fovecasted benefiis of control equal the costs of control, then the cconomic
threshold has been reached. Anyihing that changes plant growth rates, yicld potentinl,
or economics of crop production will change the economic threshold. Because plam
growth rates, yield potential and economics of crop production are different in every
cotton feld, management decisions based on a single criterion, such as pest density
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cannot provide accurate decision cntenia in all cotion fields. As nsed in TEXCIM, the
comprehensive economic threshold does not depend on pest numbers or their injury
abone, it is a function of all costs, benefits and profits of control. Evidence is provided
of the need for many factors — lime of atiack, geographical location, lint value, plani-
ing date, harvest date, row width, rew orientation, targel yield, pland varicty, plant den-
sity, predator numbers, pest numbers, muliiple pests, resisiance, fiming, siress and
sampling — in determining forecasted benefils of pest control, Mo single factor such
a5 pest numbers, ling value and predator numbers can provide accurale eriteria for mak-
ing management decisions, The TEXCTM model provides an example of an analvtical
Lo pseful in forecasting the profitability as secded for scleniific pest management amd
for partitioning the economic benefiis of controlling each pest when muleiple pests are
simubansously atacking the crop.

Although forecasting the profiability of insect control separately For each cotton
fiekd may result in more reliable decisions than extrapolations from a single ne for a
community, in practice the forecasts for o single varety planted simultaneously on a
Farm or Fraction of a community may sometimes be proctical, Emors in long-tenm fore-
casts ore greater than in short-tenm forecasts so economics should be most relinble with
short-lerm forecasts, Ulimately, the use of this information will be based on i1s value
to the farmer or his crop manager, The crop manager will ultimately make manage-
ment decisions bosed on relurns exceeding the investment in pest control,
Improvements in the scouracy of economic threshobds should result in sufficient ben-
efit 1o the farmer to more than justily the cost of data acquisition (sampling) necded 1o
run the model. This information may serve 1o reduce the cost of other technologies,
such as insechcides, o provide an aecepiable retum on the mvestment in smpling 0
obtain the nformation. Accurately determining oosts, bencfils and profits of control
may play a key role in reducing the nsks of moking unprofitnble repiment decisions
or unprofilable decisions nod 1o e,
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INTRODUCTION

The history of insect control on cotion since World War 11 can be divided into three
periods based on the types of inssctickdes used o control the major coiton insect pests
such as the wobacco budworm., Heliothis virescems (E ) the bollwonm, Heliceversr zen
(Boddic) and the boll weevil Amiosromns gramdis grondis Boleman, The first period
was the DDT and crgancchlomne peniod, lasting from ther introduction just after Waorld
War 11t the mid- 1960s when widespread resistance and environmentol concems began
i outwveigh benefits derived from their continued use (Sparks, 1981; also see Chapler
13). The second period was that of the organophosphores insecticides as exemplified by
methyl parmthion which came into prominent use as the atility of DDT and other
organochlorines declined during ihe mid-1960s. Alihough sill widely used for control of
Soumee Collon insect pests, the organophosphons inseclicide period of predominance
declined during the late 19705 when the iobaccs budworm developed resistance to many
of the organophosphons insecticides then in use (Sparks, 1981; Sparks & al., 19938} and
the third period, that of the pyrethroid insecticides, began. Currenily, pyrethroids ane the
predominant insecticides wsed for the control of the primary cotlon insect pests such as
ihe bl lwormvtobaces badworm, However, becamse pyrethioil resistance is now presenl
in many pans of the Unied Staves (Maninez-Carllo and Reynolds, 1983 Nicholson
amdd Milber, 1985; Miller, 1987, Campanhola and Plapp, 1987, Leonard e ol 1987,
1988a: Lugtrell &t ol 1987 Graves ef al, 1988: Sparks & @l 199%a: also see this vol-
ume), we may be entering a new period of colton insect control.

Interest in insechcide-related research on cotton insects, as measurcd by the per-
centage of publications devoted o the sulbject in the Journal of Economic Entomology,
has fluctuated over te last 40 yvears (Figure 1) In part, these Moctuations mmay nesalt
from problems with insecticide resistance, environmental concenns and the periodic
intrecluction of new clemistry. For example, e peaks that occur in te mid- 1950s cor-
respond with the development of insecticide resistance in the boll weevil, while those
in the mid- 1970 occur ot the time of organophosphorus insecticide resistance appear-
ing in the tobaceo budworm amd the introduciion of pyrethroid insecticides (Sparks,
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Figure 1. Percentage of antickes on the interaction of colton insects with insecticides
(foxicity, metabolism, field efficacy, ety puldished cach year in the Journal of
Foonomic Entomaology.

1981}, The recent peak For [987-1990 may also reflect the increasing concem over
pyrethrosd resistance in collon insects (Sparks of of., 1993a),

Cotton insect conired has undergone an evolution from a stictly chemical- based
syslem, o o system of insect pest management, and 10 what 1s now being tenmed resis-
tnce management. The appeorance of resistance management (Mational Rescarch
Council, 1986) as o concepl, reflects the realization thal the arsenal of insecticidal
compourds for use on oofton or any other crop. is very definitely limited, especially
given the incréasing concern for the environment, human and animal safety, and the
increasing cost of insecticide discovery and development {Georghion, 1986;
Hammock and Soderlund, 1986), Therefore, cumently registered and available com-
pounds shoold be treated os valusble, potentially non-renewable resources, that we can
ill afford ko lose or waste.

Central g0 implementing any resistance management program. as well s ihe sue-
cessful and safe vse of cument and future insecticides, is the need to understand the
modes of action and mechonisms of defoxification and activateon of the insecticide
invalved. Whole books have been devoted to the subject of insecticide and miticide
toxicology (0¥ Brien, 1967; Brooks, 1974; Ewo, 1974 Kuhr and Dorough, 1976
Wilkinson, 1976a; Coats, 1%82; Corbett & al.. 1984; Matsumuora, [985; Hotson and
Robers, 1985 Kerkot and Gilbert, 1985; Wnght and Retnakaran, 1987, Crombie,
1990; Duwce, 1992 Duke ef o, 1993). This chapicr is not intended fo provide an
exhavsiive review of insecticide toxicology. rather the intent is to provide an overview
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of insecticide chemistry, mode of action and metabolism within the fromework of the
cotton pest complex. Given the scope of this book in general and this chapier in par-
ticular, many of the lesser insecticide groups will ned be considered ond the reader is
dirccied to more comprehensive texts for information on these subjects (Corbeit e ol
1984: Marsumura, 1985; Kerkuot and Gilbert, 1'985).

CLASSIFICATION AND MODE OF ACTION

The first critical problem in discussing the foxicology of such a diverse group of
compounds is o provide a framework for the reader. Several classification approaches
are possible including those based on chemisiry, mode of action, origin and method of
discovery. The review provided berein will be based on a combination of chemistry and
modde of action. A classification based sirictly on chemisiry can be misleading or allow
imporiant connections o be lost. For example, in spite of what appears o be radically
cifferent chermistry, DOT and ihe pyrethroids have the same site of action amd the same
primary resistance mechanism (knock-down resistance). In fact, in many respects, DDT
can be considered the first pyrethrodd. Likewise, generally accepted chemical groupings
such as the chlorinated hydrocarbon insecticides, which usually consist of DIDT and s
analogs, the eyclodienes and lindane, are usually ireaied as a group, and yel they ane
vastly different in terms of chemistry, mode of action and resistance.

Although not generally viewed as such, almost all modem insecticides can poten-
tadly be viewed as has having one of two broad modes of action, The first is o mimic
or enhance the pction of an endogenous (inside the organksm) nolecule such as a peu-
rotransmitter, while the second i o block or antagonize the action of an endogenous
medeculbe (Tabde 1), For example, the opganophosphones insecticides can be thought of
a5 functioning by inhibiting acetylcholinesierase which allows ncreased Bevels of
ocetybcholine 1o stimulate the postsyoaptic scetylcholing receptors, Thus, in one sense,
the organophosphates can be viewed as having the same effect o mimicking the action
of scetyleholine, Similar exomples can potentiolly be made for the carbamates, cyelo-
dienes and pyrethrodds (Table 1),

Obwviously, this view point has its limitations, Like any classification system, thene
are difficulties with insecticides that have paclear modes of action, those that ot a5 gen-
cral metabolic poisons or that act on 8 vanely of systems, This poim of view als can
become overly simplistic when there is o change in the function or large Mucteations in
the titer (chemical balance) of the torget compound during the course of the insect’s
development. While neurotronsmitters such as acetylcholine and gammm-ominobutync
acid perform the same funclion throoghow the life of the insect, hormones such os juve-
nile hormeone, and perhaps some of the newrchormones, regulsle o variely of functions
depending on the paricolar life stage invelved, However, keeping this limitateon in
mind, this approach will hopefully result in & better grasp of the ultimate site of action
ai the biochemical level,

A majority of the insecticides in wse today, inchading the pyrethrosds, the cyclodienes,
the onganophosphates, carbamates, avermectins, fommamadines and nicotinoids, act vin the



Table 1. Mode of action of insecticides and scaricides

Uliimate target
Insecticide Target Mode of Mimic Antagonist! Endogenous  Sysiem
site action compound
DDT & Pyrethroids ~ Ma+ Gate Open Na+ gate . ACHh Mervous
Micotine ACh Receplor Block ACh
receplor » ACh Mervous
MNitromethylenes ACH Feceplor Block Ach L ACh Mervous
receplor
Cyclodienes & GABA Cl- channel Blxck GABA. » ACh Mervous
Phenylpyrazoles Stimulate
AChH release
Orgunophosphates AChE Inhibit AChE » ACh Mervous
Carbamates AChE Inhibat AChE ¥ ACh Mervous
Formamidines Oclopaming Mimic Octopamine " Ceipaming Mervous
'I'El:'.‘nl!'l!ﬂl'
Avermecting GABA Cl- channel Increase GABA " GABA Mervous
hinding
Eotenone Eleciron transport Block malare " ATP Encrgy
oxidation
Dinitrophenols Mitochondrial Uncouple ATP . ATP Energy
& Pymoles uncoupler binding production
site
Sulfur containing Mitochondiral Inhibition of . ATP Encrgy
miticides ATPase oxidative
phosphorylation

SHHVIE



Table |. Contimued

Benzoylphenyl urens  Chitin symthesis

Diiacylhydrazide Ecdysone Recepior

Juvenoids JH receptors
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imsect nervous sysiem (Matsamura, 1985; Table 1) This iz becanss the neraous system of
insects, as well as that of manumals, is regulatory in funclion. Mimwle changes or dispup-
tipns are greatly and rapidly amplified, guickly leading to a breakdown in tee system. The
nervous system will mest likely remain a primary target for new insecticides, as demeon-
strated by the avermeciing. However, other regulsiory syslems in insects such as the
endocrine sysiem may also prove to be good target sites for insectickde action (Sparks,
19940, especially at the neurcendocring (hormonal systern affecting the function of the
nervous system) level {0'Shea, 1985, 1986, Holman e of,, 1900 Masler of al., 1993),

INSECTICIDE MODE OF ACTION

Adthough cotton insect control traditionally has sccounted for a lorge proportion of
the insecticides used in the United States, colton insect pests such as the tobacco bud-
worm have not typically been used in stedies involving mede of action or structure-
activity relationships, In most istances our knowledge conceming insecticide mode
of action and sruciure-pctivity relationships comes from studies on insects such as the
house fly, Likewise, except in selected areas, our knowledge of the basic biochemistry
of cotton insect pests is relatively limited, The following overview of insecticide mode
of action will be limited 1o the more imporian insecticide classes, and where possible,
include information derived from studies using cotton insect pests,

DDT AND THE FYRETHROIDS

Although generally viewed as belonging to different insecticide classes, DDT amd
the pyrethroids share the same mode of action and resisiance mechanisms. While DT
and the pyrethroids appear o be quite different chemically (Figure 2. the continual
evolution of pyrethrodd and DDT chemisiry has led to compounds that are DT
pyrethroid intermediates (Holan er o, 1985). Thus chemically, DDT ard the pyre-
threids may merely represent opposite ends of a spectrum of compounds that all have
the same site of action.

Although DT, the namural pyrethrins and pyrethroids have been the subject of more
than 40 years of research, their exact mode of action and arget site requirements sall
present many unanswered questions, This is in spite of the vital role in agriculiare that
DT used o play and that the pyretheoids have largely taken over.

DDT and the pyrethroids act within the central pervous system © disrupt axonal
transmission of perve impulses in insects and mammals (Lued, 1985, Matsumura,
FOR5; Soderlund and Bloomguist, 1989) and, a5 an ultimate consequence, disrupt the
transmassion of information through the axon ultimately disrupting the release of
acelylcheline (Table 1), Ina nerve axon the passing of a nerve impulse temporarily dis-
rupts the sodium gradient normally present. Thas change in the sodium gradient results
from the rapid opening of the sodium gates leading 1o a rapid depolarization of the
perve, Although DOT and the pyrethroids are known 1o alfect a variety of systems
(Milker and Adams, 1982 Osbome, 1985, Ruigt, 19853, it mow appears that the central

factor in their action is the disruption of nervoas tansmission in the central nervous
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Figure 2. Structures of DOT, a DOT anabog {Abuw-ELl-Haj of al,
1979, a DOT-pyrethrodd imermediate {Holan ef @, 1985) and
ithe pyretheoid fenvalerate.

system (Marahashi, 1987, Soderdund and Bloemquist, 1989), This disruption appears
1o b the direct consequence of DOT and the pyrethrodds binding to voliage gated
sodium channels, thereby preventing them from closing properly and keading to a con-
tinuous depolarization of the nerve (Matsumura, 1985, Ruigt, 1985, Suderfund and
Bloomguist, 1989),

Although possessing the same target site, the actiens and symptems of DDT and the
pyretheeicds have often been divided into two groups: Type Land Type 1 There are sev-
eral distinctions between these two groups including the gencration of repetitive dis-
charges and characienstic whole body tremors by the DT and the Type | pyrethroids
versus a lack of these features by the Type [T pyrethroids (Gammon er al., 1981,
Matsumurs, 1985 Sodedund and Bloomguist, 1989), Type | pyretheoids oypically
wottld include the natural pyretheins, DOT, amd the non-alpha-cyane pyrethroids, phe-
motfirin and permethnn (Pounce®, Ambush®), while the Type 1T pyrethooids usually
include afpha-cyano pyrethroids such as cypermethan (Ammo®, Cymbush®), fen-
vikerale (Pydon®) and delamethrin (Decis),

Effecis of Temperature — Alhough generally viewed as increasing in toxicity
wilh decreasing temperature (negative tempersure coelficient), recem siudies suggest
o much more complex relationship, Belanve 1o the tobacoo budworm, DDT and the
Type 1 pyrethroids, permethrin and phenothrin, all possessed large negative tempera-
ture cosfficients, while the Type 11 pyrethroics, fenvalente, cvpermsethning, debamethrin
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and tealomethrin (Scoud), all possess slightly pegative or pasilive lemperatune coefTi-
cients [Sparks of al,, 1983), Based on the resulis of several siidies (Sparks ef al., 1982,
1983; Schadt and Eobertson, 1986; Toh and Sparks, 1988, 1990 the response of
pyrethroid toxiciny o emperature is affecied, in part, by the insect species being lested,
the pyrethrosd being evaluated, the method of apphication and the empemtures used in
the evaluation, Thus, caution should be exercised in relating the effects of lempermbune
on pyrethrosd toxiciy in the laboratory directly o o feld situation,

DDT — DDT was a major component in the control of bollwormtobaces budworm
andd the boll weevil during the 19505 and info the carly 1960s, Compared o many car-
bamaute and organophosphorus insecticuies, DT possesses good activily agninst cof-
fon insect pests such as the tobacco budworm (Toble 2} Smdies of DDT and s
struciural reguirements for activity suggest that the DDT mobecule must fit onio a
recepior sibe for which there exist sinct size regquiremenis (Coats, 1982; Fuloio and
Eeadiisuke, 1992). While DDT possesses good activity, there exist olher struciural
vanations that also display high biological activity {(Coats, 1982: Fuluwio and Eeadii-
suke, 1992} For larvae of the tobacco budworm, the toxicity of many of the pyre-
throdds is orders of magnitude higher than DT,

Pyrethrodds — As with DOT and its analogs, there also appears to be mather sirict
struciural requirements for gond biological activity in the pyreihroids (Ellioti, 1985,
1¥H); Yoshioka, 1992} Due to the complex chemical naiure of the pyrethrosds, the
strwciural reguirements for activity are  difficult 10 define. Most commercial
pyrethroids are made up of an aleohol and an acid wswally joined by an esier linkage
(Figure 3). In the acid, a cyclopropane ring possessing gem dimethyl groups and an
unsaturated sidechain (typically 2,2-dihalovinyl), are generally necessary for high
activity {Buochel, 1983} Newer pyrethrobds such as fenvalerate (Pydrio®) and Auvali-
nate (Mavik®) maintain a configuration in the acid similar to ihe gem dimethyls on
the cyclopropane rng by substituting an alpf-{ -methylethy lbenzeneacetic ackl
{Figure 3} In the aloohol a planar ring structure such as benzene or furan with an
unsaturated sidechain or benzene ring seems to be necessary, Confinwed research on
pyrethroid chemistry has resulted in the development of a number of non-ester linked
pyrethroids (Udagawa er ol 1985, Bushell, 1990; Sicbunh ev al, 1990; Yoshioka,
1992 that may evenually find application w cplton insect control,

Much of the effor that has gone into detailing the requirements for pyretheoid activ-
iy have also dealt with improving environmental stability, since easly pyrethroids such
s albethrin, were broken down Far 100 rapedly in an agriculaml setting o be of use,
Permethrin (Pounce®, Ambush®}) wos the ficst pyretheoid 10 truly be successful in an
agrcultural setting and was quickly followed by a host of other compounds (Ellot,
1977, 1985, 1990), Relanve to permcthrn, the first pyrethrosd avaalable for wide-
spresd wse in cotbon, ather widely used pyrethroids are from 2 0 neady 30 imes more
toxic fo the tobacco budworm in topical biopssays (Toble 21, More importantly, most
pyrethrosds are much kess toxic o mammals than are many of the organophosphorus
insecticides, such as methyl parathion, that they replaced (Table 2
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Toble 2: Toxscity of selecied cotton insecticubes and acancides,

Toxicity (LD, or 1O

Tobacen Ballwam Bl Tavaspaoied Rat

bclworm weeyll spisder mile ol
Compoamd imgig) {mglg) {mgiwoevil) (ppm} imgkg)
DOT & PYRETHROIDS
ooT 30151080 30-82 — — 87
Biphenthrin 1.32 L | — &1 55
Cypermethrin 241-1.61 |9 0.2 145 247
CylMuthrin 1K1 — - ca A0
famedda-Cyhalothrin (0929 L1 - = 56
Dieltamethain uik-0. 107 0071 003 247 128
Esfenvaberate 1 s - - = 75
Fenpropathrin 051 —_ 036 241 49
Fenvalerate 0. 396-1 8% 2abed OIL-0.477 142 51
Flucythrinaie 0254 — — 2y 67
Fluvalenate |59 — = 121 i, P
Permethrin 1.33.2.70 140 (53 39 S R
Phenothnn 251 0T 1.53 - = | 0, ]
Trakmmethrin ksl = -_ — 1070
ORGANOPHOSPORUS INSECTICIDES
Acephale A41.0-Td 3 — =500 — R
Azinphuosmetby 133 14.6¢ o2 240 5
Chlorpyrifos T35 == - 3353 135
EPM 370 567 (200 — 14
Malathion 22300 1500 066-1.24 3542 ERS
Methamadaphos &5.7- 15000 1500 I28.6 -— I3
Methy| Parathion £.33-20.0 5.67-20.0 70061 B2 9
Manocrogoghas a7 ALY 042134  — 21
Profenalios 10118 07 053 2 0}
Salprofos HO-I56 1.3 .27 - 17
CARBAMATES
Aldicash 5T0 - 0.x 21 I
Carbaryl 1833 193.3 17489 — M7
Carbofuran — — 0ams7 - ]
Iethamyl o, 13- 30 7.00 — L] 7
Thicdicarh pa L LR — — — I &
FORMAMIDINES
Amitraz — — — ¥ GO0

Chiordimefonm =<4k — — Ll b 1T
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Table 2: Continued.
Tasbeiry (LD or LT
Tobaceo Bolbworm Ball Twospanied Rar
budworm weevil spider mite ol

Compound {mgfgh {mfah (mpiweevil)  {ppma) imgikgl
ACARICIDNES
Cyhexatin . —_ — O 180
Dcodol — = - 5 575
Fropargite — - - M3 1450
Tetradifon — - — 127 =5 M
CYCLODIENES
Enidasilfas 753 156.7 - - 1%
Endrin 46,7 231 e p.! b i
AVERMECTINS
Abamectin .16 745 |26 iS4 [h=11.3
ME-244 L — - - =
SPINOSYMNS
Spimosym A .28 — = - ATR 3-S50
PYREOLES
AC 303630 — — = 1.6 fli2
CHLORONICOTINYLS
Imadacloprid 350 — - = 450
FHENYLFYRAZOLES
Fipromi - — — — 111
SYMERGISTS
Piperonyl

buiboiide >80 -— — — G150
IGR'S
Fenoxycarh L] - — — 16 B0
Fhley' EULLIE -— —_ £ —
[HH' ' -— —_ e -

Tobacco budworm—Topical toxicity te third instar barvae: data adapied from
Graves & al, 1M Adkisson and Nemce, 1967; Wolfenbarger and Guerra, 1972;
Whitten and Bull, 1974; Harding ef &f., 1977 Nosky ef ol 1980; Wolfenbarger and
Harding, 1980; Polazzo, 1978; Sparks ef al., 1983; Rose and Sparks, 1984; CQuistad
el al., 1985 Anderson e al, 1986; Bull, 1986; Leonard of of., 1988a,b; Lagadic and
Bernard, 1993; Sparks ef al, 1995; K. Leonard and ). B. Graves Deparimend of
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Tahle 2: Continued.

Enipmology, Louisiana State University, Baion Rouge; and D. Wolfenbarger,
LISDa, ARS, Weslaco, TX {onpablished data),

Bollworm—Topical toxicity 1o third instar larvae: data adapaed from Graves of al.
1963, 1964; Adkisson and Nemee, 197, Wolfenbarger and Guerra, 1972; Duvis of
al., 1977; Polazzo, 1978; Bull, 1986; and Leonard er af., 1988,

Boll wesvil—Topical wxicity to adults: data adapied from Hopkins ef af., 1975;
Davis er al, 1977, Harding er all, 1977; Sparks of af.. 1983; Rose and Sparks, 1984;
Wolfenbarger of af., 19835,

Twospotted spider mite— Shide dip biosssay; data adapted from Chang and
Enowles, 1977; Dennchy and Granett, 1984, Dennehy ef ol 1987; Knowles and El-
Sayed, 1985; Hoy and Conley, 1987,

Fat oral dats for technical material adapled from Buchel, 1983; Larson et al.,
1985; Thompson, 1985; Anonymous, 1988; Addor of ol 1992; Lankas and Gordon,
19849,

TFluasrorre valonola ton:

'3, -dichiloro-2-propeny] hexanoale
"EDSD

Leal-dip bioasry,
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Figure 3. Stmctores of pyrethroids wsed for cotton
inscct control,

ORGANOPHOSPHORUS COMPOUNDS

A critical component of the insect centrl nervous system is the junction separating
o perve cells, the synapse, At the cholinengic synapse the action polentinl i translated



TOXPCOLOGY OF INSECTICIDES AND ACARICIDES 195

o packets of the neurctronsmitter poety lchodine (Figure 4) thet binds 1o recepions in the
post-synapsc causing a depolanzation of that perve cell and a continuance of the nerve
imipulse. The over stimulation of post-synaptic receplors by acetylcholine s prevented
by the presence of an enzyme, acetykcholinesterase. that rapidly breaks down the acetyl-
chiline {Figure 5) before an excess can sccumulate at the posi-synaptic receptors.

Thee lscan of the active sile of acetylcholinesierase, like other serine proteases and
carboxylesierases, is a serine hydroxyl group in what is known as the esieratic siie
(B, 1974; Matsumura, 1985). The quanicnary nitrogen of the choline group is bowmnd

it ambnbas g poid {GATIAD

Jr:jwﬁ”‘
o g

Figure 4. Structures of insect neunolransmitiers,

MEEM

. ‘“‘”“{1“’%"

Figure 5. Interaction of acetylcholine, an organophos-
phorus insecticide (methyl parsccoen) and a carbamiste
{methomyl} with acetylcholinesierase {AChE),
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by an acidic group (probably from asparate) in what 15 called the ansonic binding site.
This binding of the choling 1o the anionic binding site is probably responsible for the
iniial complex formation bepween the acetylcholinesterase and acetylcholine, It is the
serine hydroxyl group that atiacks the carbony] carbon of scetylcholine leading 1o acy-
lation of the scetylcholinesterase and release of choline. The acyl group is then rapidly
displaced from the serine hydroxyl group leading to a release of acetic acid and a
regeneration of acetylcholinesterase. Inhibihon of acetylcholine-sterase can, obwi-
ously, lead io a buikd up of aceiylcholine ai the posi- synapse resulting in a total dis-
ruption of perve function, and ultimately cause death.

The organophosphons insecticides {Figure &) are a large and diverse group of phos-
phorie acid esters which can be divided into wo broad subclasses: the phosphates which
are direcily active against acetylcholinesterase and the phosphorothionates that require
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Figure 6, Examples of the different closses of cogano-
phosphorus insectickbes,
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activation in order o inhibit scetylcholinesterase (see section on metabolism). Included
in the phosphate subclass are: the phosphates, dicrotophos (Bdnin®), monocrodophos
(Azodrin®), naled (Dibrom®), paraoxon; the phosphorsthiolates, profenofos
(Curncron®); and the phosphommidothiolates, scephate (Odbene®), methamidophos
(Monitor®) (Figure &, 14). In the phosphorothionate subclass ane: the phosphorothion-
aies, chlorpyriphos {Lorshan®, Durshan®), methy] parathion and pasaihion; the phos-
polotheonaies, azinphosmethyl (Guthion®), dimetheate (Cyzon®), malathion,
sulprofos (Bolstar®); and the phosphonothionates such as EPN (Figure 6, 14}

Organophosphorus  insecticides act by binding with acetylcholinesicrase
(Matsumura, 1985), Unlike acetylcholine, when organophosphons insecticides react
with the serine hydroxyl group of the acetylcholinesierase active site, the reaction pro-
ceeds o the point where the serine hydroxyl is “phosphorylated” (Figure 5) but no fur-
ther since the final steps in regeneration of the acetylcholinesierase {ie. the reaction
wilh witer) occur only very slowly (Eio, 1974), Thus, phosphorylation of the aceryl-
cholingsterase by organophosphorus  insecticides effectively  inhibits acetyl-
cholingsterase resulting in an over stimalation of the post-synaptic nerve axon by the
excess acetylcholine present.

For the organophosphorus insecticides, the process of phosphorylation is the criti-
cal step in determining the activity of a given compound (O'Brien, 1976, A primary
fisctor mdluencing the efficacy of organophosphorus insecticides is the reactivity of the
phosphorus mom to attack by the serine hydroxyl group. In the case of organophos-
phons compounds such as parsoson, and methyl paraoxon, this reactivity is infle-
enced, in part, by the ability of substituents on the phenyl ring (the growp that “leaves™
when methyl parnoxon reacts with acetykcholinesterase; Figure 5) to make the phos-
phoras atom more resctive 1o the serine hydroxyl, Likewise, the size and composition
of the alkyl groups alse can influence that ability of the orgasophasphons insecticide
(o fit indo the cderatic asctive site, For example, in a series of O-alkyl 5-{4-
chlorephenyl) ethylphosphonothiolothinates and O, O-dialky] O-{4-nitrophenyl) phos-
phorothionates, the topical toxicity o obaceo budworm karvae declined as the size of
the alkyl group increased from methyl to ethyl o propyl (Wolfenbarger, 1972} There
are several excellent reviews of these sruciore activity relationships (Eto, 1974;
Fulawto, 1976, 197%; Magee, B 5., 1982; Fukuto and Keadiusuke, 1992),

CARBAMATES

Corbamates are esters consisting of an alcohol medety such as naphibol, a substi-
wted phenol, heterocyvelic enol or an oxime, and 3 carbamic acid moiely, most com-
monly the N-methylcarbamic acid. Carbomates used on cotton inchade; the oxime
carbamates, aldicarb {Temik®), methemyl (Lannste®, MNuodnn®), thiodicar
{Larvin®), ihe phenyl carbamates, carbofurmn (Fursdan®); and the naphthyl carba-
meates, carbaryl (Sevin®) (Figures 7, 15k Like the organophosphorus insecticides, car-
bamates act to inhibit the scctycholinesterase of both insects and mammals, The
reechanism of acetycholinesiernse inhibition is very simnilar o that of the organophos-
phorus insecticides {Figure 5% however, there are significant differcnces between the
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Figure 7. Structures of the carbamates carbofuran,
methomy] and ihiodicarb.

organophosphons insecticides and the carbamates, especially relative to regeneration
of acetylcholinesterase Following mhibitkon and the structural requirements for activity,

For the organophosphons insecticides, regeneration of the inhibited acetyl-
cholinesternse 15 excéadingly slow {severn] hours o days; Ete, 1974). On the other
hand, regeneration of the corbamates is far more rapid (about 15 minutes). This rela-
tively rapid rate of regeneration 15 virtually universal for all commercial carbamates
since most are N-methy] corbamates resulting in the identical corbamylated enzyme.
The strwctural requirements for good corbamate activity are also gquoite differend from
those necessary for the organophosphonas insecticides. The activity of the oxime car-
bamates such as aldicarb {Temik®) and methomyl {Lannate®, Nudrin®) appear to be
related to their ability b0 mimic acetylcholine (Magee, T. A.. 1982} while activity in
the phenyl carbamntes such as corbofuran {Forsdand®) scems to be closely tied to the
clectron donating capacity of the substituwents and sienic requirements that affect abil-
ity tov bind to one of several proposed binding sites {07 Brien, 1976). The necessity of
these struchural requirements is supporied by kinetic siudies of carbamates with acetyl-
cholinesterase. which indicaie that the foemation of the carbamaie-acetylcholinesterase
complex is the critical step in the reaction. Very complete evaluations of carbamates
stmuchure-activity relationships are given by Fuloto (1976) and Goldblom e ol (1981 ).

Ciiven the high mammalian toxicity of many carbamates such as aldicarb { Temik®),
mecihomyl { Lannate®, Mudrin® ), and carbafuran {Furadan®), a gread deal of effont has
gone into devising analogs, e.g.. thiodicarh (Larvin®} (Figure T) that upon metabaelism
by insects are convernied back o the parem carbamabe e.g2., methomyl). When metab-
olized by mammals, these compousds ame converted o noa-toxic products (Fulueo,
1984 Drabek and Mewmanm, |985L

NITROMETHYLENES AND CHLORONICOTIMYLS
As discussed above, the organophosphonus and carbamate insecticides disoupt ner-
vous transmission by preveniing the breakdown of the nevroiransmitter scerylcholine.



TOEICOLOGY OF INSECTICIDES AND ACARICIDES ik

Other insecticides function by binding directly o the acetylcholine receptors. to cause
an over stimulation of the nervous system. Two classes of these receplors. exist in
isects and mammals: muscnrinic and nicotinic (Matsumure, 1985). In insects the
nkcolinks receptors appear o predominate whils in mammalian systems the predomi-
nate acelylcholine receplors appear to be muscarinic (Breer, 1935; Eldefrawi and
Eldefrawi, 1990; Ewo, 1992} suggesting that it may be a good site for the developmien
of new insecticides (Eto, 19%92). The insecticidal activity of nicotine (Figure B) is well
known (Eldefrawd, 1985, Matsumura, 1983} amd its mode of action appears to involve
binding 1o the nicotinke acetylcholine receplors, acling as an agonist at low concemra-
tiens and a5 an antagonist at higher concentrations (Eldefrawi, 1985} Alhough a van-
ely of nicolinoids (synthetic nicoling analogs) have been isolated or synibesized
(Eldefraws and Eldefrawa, 1900 none have led o comemercial products. The hetero-
cychic nitromethylenes (Figure &) have been identified as acetylcholine agonisis at the
nicotinic receptor site {Eldelrawi and Eldefrawi, 1990) and some of these compounds
have insecticidal activity (Soloway ef al., 1978). A hybrid berween the nitromethylenes
ad micoting s the niroguaniine or chloronicotinyl insecticide, imidaclopeid
(Mullins, 1992; Modlat, 1993; Leicht, 1993; Figure 8). Imidacloprid iz being devel-
oped for the controd of sucking msects inchsding aphids, thaps and whiteflies on o-
ton (Elbert o of, 1992 Mullins, 1992}, Like ncoting, imidacloprid appears (o act on
the nicoting receptor and appears o function as an acetylcholing agomst (Mullins,
9K}, Insects resistan) (o organophosphates and carbamates were pol resistant o imd-
dachopric {Mullins, 1992, an observaton consastent with the differences in the respec-
tive mades of action,

2 Hiru-ﬂl;hrllhtthﬂd:
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Figure 8 Stuctures of nicofiee, a nitromethylens
insecticide and imidacloprid.
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AVERMECTINS

An additional target for insecticides in the insect nervous system exisis in the form
of the peripheral nervous system. Unlike ihe central nervous system, which is gener-
ally agreed upon as wsing acetycholine as the synaptic stimulaiory neurciransmitter,
synaplic iransmission in the peripheral nervous system of insects (at least at the new-
romuscular junctions} is mediated by a stimulatory newroiransmitier, glutamic acid
(Figure 4) and an inhibitory neurotransmitter, gommg-aminobutyric acid (Smyih,
1985; Shankland and Prazier, 1985) (Figure 4},

Abamectin (AFrm®, Zephyr®) (miswre of avermectin Ba (Figure %) and aver-
mectin B,b) s a microbiologically derived inseeticide that acts on the insect nervous
systern (Fisher, 1990; 1993; Lasota and Dybas 1991). Although a number of target
sites have been proposed, much of the evidence suggests that the avermecting interact
with chlonde chanpels (Tumer and Schaefler, 198%), and in particular garnrg-
aminobutyric scid gated chlonide channels, The avermecting appear 1o open chloside
channels acting as gaonvme-aminobutyrnic acid agonists at bnding sites in the chloride
channel, enhancing the action of gromma-pminobutyric acid at the receplor site or stim-
ulating the presynaptic release of gamme- aminobutyric acid (Fisher, 1985, Miller and
Chambers, 1987; Tumer and Schaeffer, 19890, Alhough the structural requirements

posel

Ho™ =X Avermectis Dis i
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Figure 9. Strectures of the avermectins, abamectin and
cmamectin (ME-244); the cyclodiene, endosubfan;
and the phenylpyrazobke, fipronil,
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for insecticidal activity in the avermectins currently appears 1o be somewhat restrictive
(Fisher, 1985; Fisher and Mrozik, 198%), undoubtedly improvéments in avermectin
chemistry will occur, These advances will lead 0 more potént analogs with beiter field
residual and efficacy, as hos been demonstruted by the development of the semi-syn-
thetic avermectin anabogs ME-243 and ME-244. Abamectin {Affrm®, Zephyr®) is a
poieni miticide. bul is weak on insecis such as the lepidoptera (Fisher, 1993}
Avermectin denvatives that are more effective against bepidopterans have been a
rescarch focus For some time (Fisher, 195940, 1993, and some of the 4"-amino deriva-
tives such as MEK-243 (Dybas and Babo, 1988) and the 47-cpi-methylamino-d"-
deoxyavermectin (emamecting ME-244; Figure 9) appear io be moch mone effective
against target lepidopéerans than other derivaiives of avermectin { Lasota and Divhas,
191 Fisher, 1993} Topical bioassays of abamectin (Affiom®, Zephyr®) on ihe
tobacco budworm show it to be as aclive as permethrin (Ambosh®, Pounce®) (Table
2). Alihough there are cumently no data available for cotion insect pesi resistance oo
abameciin, information from studies using other insecis 15 available. In some of these
studies there was litthe cross-resistance o abamectin in insecis resistant 10 eyclodiene,
organophosphornus and pyrethroid insecticides (Roush and Wright, 1986, Cochran,
19, while other studics found varying degrees of cross-resistance o abamectin in
indecis resistant to pyrethroids (Scott, 1989) or muoliiple insecticides (Abro of o,
1988, Insect resistance to abamectin can result from an altered target site (Konno and
Scoit, 1991}, reduced penctration (Konno and Scotl, 1991) or enhanced metabolizm
(Argentine of af., 1992), Available information suggests that the cross-resisiance to
abamectin is a function of enhanced metabolism, mest likely due o moneoxygenases
(Abeo er al, 1988; Scoar, 1989), Thus, while the avermectins are currently only used
(i codton) For mite control, they represent a class of chemistry that may becomse more
impotant [ colion insect control as problems with resistance o the pyrethroids and
other insecticides continue 1o increase (Campanhola and Plapp, 1987, Leonard er al.,
1987, Sparks e ol 1993a),

CYCLODIENES

The cyclodienes are chlonnated insecticides resulting from a Diels-Abder reaction.
Like DOT they were discovered during the late 1940s and ¢arly 1950s and have long
singe renched their senith, falling increasingly into dizuse, Wiih the possible exception
of endosulfan (Thiodan®) (Figure 9, most of the cyclodienes are highly persistent
compounds, This persistence has comributed w the banning by EPA of most of the
cyeylodienes, and those that remain in the market are relatively linke used,

The cyclodienes have for some tme been viewed as acting o simulae the releass
of acetycholine from the presynapse (Corbett of ol 1984; Matsumura, 1985), Fecent
evidence, however, suggests that the cyclodienes may also be acting a5 gawwne-
pminobutyric acid (Figure 4) aptagonists (Motsemura, 1985; Bloomeguist of ol 1987,
Batsemurs ef al,, 1987}, presumably at the picrotoxinin binding site of the chlonds
ionophore, Since gomma-aminobuyric acicd may also function as an inhibitory neuro-
tronsmitter for chlonde chanpels in the centra] pervous system of some insecls
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(Lummis er al, 1987), ag well as ihe newromuscolar junctions (Smyth, 1985), the
gerinm-aminobutyric acid antagonistic activity of the cyclodienes seems consisient
with iheir apparent acetycholine stimulafory activity.

PHENYLPYRAZDLES

The phenylpyrazoles or fiproles are a new class of promising insecticides that act on
the insect nervous sysiem. Currently one member of this chemical family, fipronil
(Figure 9, is under development as an insecticide with a wide spectrum of proposed
uses inclading the control of the boll weevil and thrips in cotton (Colliot et of. 1992)
Some phenylpyraroles such as fipronil appear 1o act by blocking the gmnma-amincb-
tyric ackld gated chlonide chanmel (Colliot er af. 1992, Cole e ol. 1993, Moffat, 1993)
in a manner similar to the evelodienes, Susdies indicate that these phenylpyrazoles are
not cross-resistant with pyrethrosd insecticides (Colliog e of, 19921, However, studies
also show that cyclodiens (e.g. dieldnn) resistant insects are cross-resistant 10 # least
some of the phenylpyrazoles (Colliot er of, 192, Cole ey of, 1993), which ks consistent
with their mode of action,

FORMAMIDINES

Formamidine insecticides, such ns chbordimelorm (Fundal®, Galeoron®) and ami-
eroce (Ovasynd®) (Figure 1), act by affecting the insect nervous system, but nod in the

|
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Chlordlins: o

Figure 10. Stmuctures of formamidines chbordimeform and
amiiraz

Amiirsz

manner of the organophosphens or carbamate insecticides, Available information sug-
gests that the formamidines act as agonists of ectopamine (Figure 4) (Hellingwonh
amd Lund, 19825, a hiogenic amine that functions as newromodalator, nearohomone
and meurotransmitter, Ocropamine is, among other things, involved in ihe mobilization
of carbohydrates and lipids, control of visceral muscles amd insect behavior (Evans,
1985; Owchard and Lange, 1987) Extensive structure activity studies (Chang and
Enowles, 1977; Knowles, 1982, [987) suppon the octopamine agonist concept for
insecis in that formamidines that are most effective tend 00 pesemble octopamine
chemically (Hollingworth and Lund, 1932 Enowles, 1982},

As insecticides and acaricides, the formamidines are somewhat restricted in their
spectrum of activity being limited o mites, ticks, lepidopterans and hemipterans
(Hollingworth and Lund, 1982), Due, in part, to the rather exacting requircments for
activity, commercial development of this class of insecticides has been rather limited,
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Oaly wo compounds have found wide commercial use, chlosdimefosm (Gabecron®,
Fundal®}) and amiteaz (Ovasyn®) (Figure 100, Chlordimefonm was widely used az an
avicide for the wobacco budworm, but it has been withdrawn from ke marker,
Chlordimeform and amitraz both appeas o enhance insecticudal activity when co-
applied with pyrethroids or other insecticides in the Iaborstory and in the Beld (Plapp,
1987, Campanhola and Plapp, 1987, 1988). Thiz enhanced woxiciy may be due, in
part, W foemamidine induced allerations in insect behavior resulling in increased con-
tact with the pyrethroid or odber insecticide (Treacy ef af.. 1987, Sparks o ol 1988,
1989, 1991 ), andfor alterations al the targed sate (L and Plapp, 1992)

SPINOSYNS

Spinosad {proposed common name) 15 & naturally cccuming mixiure of spinosyn A
[ABISSIA) and I (AB35430) (Figure 11). The spinosyns are a new class of fermen-
tatbon-denved tetracyclic macrolides (Kirst e o, 1992 that acl via the mssct nervous
system and are especially asctive against & vanety of lepidopterous pests (Sparks #7 al.,
1995}, Available information suggests that the mode of action is wnigue. and is pot
cross-resistant with the targel sites for any other known inssct controd apgents
(Anonymous, 1994} Spinosyn A is very effective against the tobacco badworm with
activity in lopical bioassays in the range of pyrethroids such as permethnn (Table 23
Tests of spinosyn A and spinosmd have shown them 1o be effective on a vanety of
insccticide resistant field and laborstery (including pyrethroid resistant) strins, with
noe cvidence to dote of cross-resisionece, and bo possess very favorable mammalian
toxicity (Table 2§ and environmental profiles (Sparks of al, 1995 ). Given the expand-
ing problems of insecticide resistance in codton, spinosyns such as spinosad showld
find a great deal of wtility in cotbon [P and resisiance manxgement programs.

PYRROLES

A majority of the insecticides in wse for cotion insect confrol act via the nervous sys-
iem. However, the dismption of metabolic processes can also provide the necessary
cfficacy o serve as a target for insect conirol agents. One such meiabolic process is
mibochondrial resparation. Part of this process involves mitochondnial electron iranspor
whserehy MADH is re-oxidized by iransfemng iis elecirons through a chain of carmiers
i pxygen. During ihe electron transfer process down the electron transport chain,
energy is rapped and siored in ihe high energy bonds of ATP through the process of
oxidative phosphorylaiion, IF oxidative phosphorylation becomes disconnecied, or
uncoupled, from the electon wanspon process, the production of ATP will be disrapted
ultimately beaching to death. While the inhibition of the mitochondsial electron ranspon
process (MET) is the basis for the insecticidal activity of rotenone (Fukami, 1985}, and
apparenily several new acaricides (Motoba er of. 1992; Hollingwonh et al., 1994), the
uncoupling of oxMative phosphory lation from MET is the basis for the action of insec-
ticides and acarscides such as the dimtrophenols as well as others (see below)).

The insecticidal pyrroles are an outgrowth of the discovery that a natural
pyrrodomycin, dioxapyrrolomyein (Figure 1), isolated from a sizxin of Strepronmeces
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pssessed insecticidal activity (Addor ef of., 1992; Kuhn ef al., 1993), Exiensive struc-
ture activity studies around the pyrroles led to the discovery of AC 303,630 (Pirabe®;
Figure |1} {Addor ef al., 1992). AC 303,630 s a pro-insecticide thak requines biologi-
cal activation before it can act { Addor ef al.. 1992; Kuhn ef al.. 1993). Upon the meia-
baolic remaval of the N-cthoxymethyl group, the resulting pyrole (Figure 113 functions
as an uncoupler of oxidative phosphorylation (Addor er ol 1992; Kuhn &f al., 1993,
Moffat 1993), The pro-insecticidal nature of AC 303,630 also imparts a favorable
mammalian toxicity profile (Kuhn ef al., 1993).

'_,.I AL 380608 Aciha Ferm
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Figure 11. Stmctures of spinosyns A and 1; the nat-
ural pyrrolomycin, dioxapymolomycin; the pymole,
ALC 303,630 and ils bioactivation product; and two
miticides, cyhexatin and teiradifon.

ORGANOTIN COMPOUNDS AND SULFUR CONTAINING ACARICIDES

The organotin compounds ore exemplified by the miticide cybexotin (Plictran®)
{Figure 11}, a tricyclohexylstannate derivative. Sulfur containing compounds soch as
tetradifon (Gardona® ) (Figure 11} in which, typically, two benzens rings are aftached
i a sulfone, sulfonate or sulfide (Matsumuara, 1985} comprise another group of miti-
cides. Both the organotins and the sulfur- containing compounds appear 1o function as
inhibitors of oxidative phosphorylation in mites (Desaiah ef of., 1973; Corbett ef af,,
19E4),
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INSECT GROWTH REGULATORS

As a group of insecticides, the insect growith regulators (IGRs) encompass a diverse
group of chemistrics that act in some manner o dismpt insect growth and developmemt
{Hammock and Quistad, 1981; Retnakaran ef ol 1985; Sparks, 1990). Included in ihe
IGRs are the juvenoids, diacylhydrazides and benzoyiphenyl wreas.

Juvenids — Juvenile hommone is a sesquiterpene epoxide (Figure 12) that is vie-
tually umique o insects (Sparks 199400, Juvenile hormone works in concert with sev-
cral oteer insect hormones and pewrchormones, incheding ibe sterodd hoomone
20-hydroxyecdysone (Figure 12} and ihe neuropepiide, prothroacicolropic hormone,
b regulaie the molting process and, ultimaiely, insect metamorphosis. High levels of
Juvenile hormone maintain the larval or immature state while reduced levels of juve-
nile hormene iniliate metamorphosis (Sparks, 1990), Juvenobds are compounds that
mimic the action of juvenile hormone thereby disrupting the process of melamorpho-
sis beading 1o a variely of deleierious effects (Staal, 1975, Hammock and Cuistad,
1981; Sparks er of,, 19900, A great deal of effont has goe into the synthesis and test-
ing of thousands of juvenoids (Slama e ol 1974; Henrick [982; Retnakaran & al,,
1985; Mivamoto g1 ol., 1993}, some of which [epefenonane and fenoxyearb (Logici)]
(Figure 12} have been evaluated on the bollwormobecco budworm (Guerra e al,
1973; Table 2) and the boll weevil (Moore, 1980). Although there currently are no
juvenaids in wide use for cotton insect control, new compounds (eg. pyriproxyfen;
Figure 12; Miyamoto er al,, 1993) and uses (eg. ovicide;, Masner er af,, 1987) continue
1o be discoversd, Thus, the juvenoids may yet find a role in cotton IPM.

Disncylhydrazides — The discylhydrazides, a relaively recent and unigue class of
IGR (Hsw, 1991 ), are typafied by RH 5992 (Figure 12}, Although they do not yet have
application 10 cofton insect control, some of these insecticides are elfective against a
variely of lepidopleran pests (Hsu, 1991; Heller ef af,, 1992), In insects the molt that
oocurs 3 the end of each instar in larval or immaure insects is initiased by 20hydrox-
yecdysone (Figure 120, The available dota suggest that the dizcyBhydrzides disrupt the
molting process by funclioning as ecdysope agonists (Wing, 1988; Wing o of,, 1988;
Wing and Aller, 1990, For insects other than the Lepidoptera, a seconsd non-emdocrine
mode of action may also be involved in the insecticidal activity observed For these non-
steroddal eodysone agonists, Recent data suggest that the dincylhydrazides can also dis-
rupd the insect nervous system by blocking potassium channels (Salgado, 1992),

Benzoylphenyl Ureas — Unlike the jovenoids and discylhyrnides, the ben-
zoylphenyl urcas have found o limdted vse for the control of collon insect pests such
a5 the boll weevil, The beneoylipheny] vreas are a rather novel class of insecticicdal
compsunds that have their ogins in a fervitoos sccidentol discovery by the scientists
at Philips-Duphar in the carly 1970s (Verloop and Ferrell, 1977). This discovery very
rapidly led to the development of diffubensuron (Dimilin®) (Figure 12), These nseg-
ticidal compounds act only on immature stages and only then during the molting
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Figure 12. Stuctures of selected insect growih negulabors
(IGRs). Juvenile hormone 1 and the juvencids, epofenonane,
fenoxycark and pyriproxyfen; the anti-juvenile bormenes,
Fiew (fAuoromevalonolacione) and DFH (3, 3-dichboro- 2.
propenyl hexanoate); 20-hydroxyecdysone (molting hor-
mone) and a diacylhydrazide (non-sierpidal ecdysone
agonist], BH-3992; and the benzoylphenyl ureas, difluben-
ewron and penfluron.

process. Unlike the most conventional insecticides, the benzoylpheny]l ureas dio ot
appear o pffect the insect nervous system. Rather. chitin synthesis is inhibited leading
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2 a Failure in the melting precess (Hajjar, 1985; Retnakaram ef of., 1985). Since chifin
is lacking in plants and mammals, the beneoylphenyl ureas have an inherent selectiv-
ity over more conventional brosd spectnom insectickdes. While it is clear that ihe ben-
zoy|phenyl ureas act by inhibiting chitin synthesis, their exact mode of action is
unclear. A number of mechanisms have becn proposed for the benzoylpheny] ureas
(Hajjar, 1983}, including several cenfering on chitin synthetase, but mome yet proyide
a completely satisfactory answer (Hajjar, 1985; Matsumuora, 1985; Colhen, 1987, 1993,
Girosscwrt and Jongsma, 1987 )

In spite of our ignorance concemning the exact mode of action for the benzoylphenyl
urcas, a greal deal of effort has gore into their development for control of cotton insect
pests and other insect pesis. A vaniety of insecticidally-active compounds have been
developed (Reinakaran f al., 1985). However, due io lmited contact activity, ben-
2o Iphenyl urzas other than diffubenzuron (Dimilin®) have vet to And wide we in col-
o insect pest contnol.

BACILLUS THURINGIENSIS Bediner

Bocills thurringrensis Berliner var, kursiaki is o bacterium subspecies that produces
a wxin that is toxic o lepidopterous larvae, Other subspecies are active againsy the
Diptera (Baeillns thringlensts var, iseaelensis) and Coleopiera. The woxic principle of
Bacillus thuringiensis var, bursteki is a erystalline delra-endotoxin (Bt woxin) which is
activated by the high alkaline pH amd proteolyiic activity of the gut of lepidoplerous
barvae, The B woxin binds o specific receplors on the brush border membrane of
midgut columnar cells (Gl er of,, 1992}, Multiple receptors may be present, each
binding a different group of Bt woxins (Yamamoto and Powell, 1993), The cells of the
gut epithelivm swell and then separate, disrupting the gul-hemacoele barmer (Luthy e
al, 1982, Boe er af,, 1985), leading 1o the death of the ansect,

Although Bacillus thiwrfngiensis has been available for the conred of lepidoplerous
pests for some time, 10 varving degrees problems with production, envirenmental sis-
bility and efficocy relative to conventional insecticides have tended Lo limit their wse
(Gelemter, 1990, Gill e al., 1992), However, advances in bistechnology have ked o
the insertion of genes for Becillus therngiensis woxing imo a variety of plants, inchsd-
ing cotton (Benedict ef af,, 1992; Fischhoff, 1992; Periak and Fischhoff, 1993}, and
consequently this emoves some of the problems associated with the use of Becillus
tupringiensis and its loxing, This trensgenic Bi-cotton has the potential 1o provide good
control of tobacco budworm and cotton bollworm larvae (Benedict er af, 1992;
Fischhoff, 1992}, but should be used as part of o resistance management program to
prevent the rapad selection of resisiance 1o the Becitfus thuringlfensis (oxins
(Cronld, 1991 Sparks ef af., 19950 Whalon and McGaoghey, 1993)

XENOBIOTIC METABOLISM

The following brief discussion of xenobiotic metabolism is meant to illustrate the
presence and diversity of the metabolic capabilitics present in cotton pest insects,



MR SFARKS

MONOOXYGENASES

Monooxygenases, also koown as microsomal oxidases and mixed function oxi-
dases, are involved in a variety of endogenous reactions including steroid and hormone
synthesis, and fany scid metabolism, all eritical o the normal growth and development
of insects (Wilkinson, 1985). The moncoxygenases also are widely recognized as
playing a major role in the metabolism of xenobisdics such as secondary plant com-
pounds allowing the insect herbivones t survive on plants contaning potentially toxic
allelochernicals (Wilkinson, 1985), The monooxygenases are a family of membrane
bound enzymes with broad and often overlapping subsirate specificities (Wilkinson,
1983), Since the moneoxygenases are particularly adept at dealing with lipophilic mol-
coules and converting them o more polar compounds that can be more easily excreted,
it is nol surprising 1o fnd them plaving a crtical role in the general activation and
catabolism of insecticides and in insect resistance 10 inseclicides. The heart of the
monooxygenase svslem 15 cytochrome P450 (Nakatsugawa and Morelli, 1976} which
plays a critical role in subsirate binding ond insertion of an activated cxygen molecule
inte the substrate. The monooxygenases are involved in a number of reactions, all
invelving the insertion or addition of an exygen mto the substrate including aromatic
and aliphatic hydroxylations, ©, 5, and N-dealkylstion, M- and thicether oxidation,
cpoxidation, ester oxidation and desulfuration (Nakatsugawa and Morelli, 1976}

HYDROLASES

A variety of insectickdes have esler linkages that are susceptible to hydrolysis by
hydrolases that are typically in the extramicrosomal (soloble) frection. Since both the
pyrethrodd and organophosphores insecticides contain a vaniety of carboxyl, amide and
phosphoms esier linkages, the hydrolases can be especially important in the metabo-
lism of these two groups of insecticides. The hydrolases include the phosphotr-
csierases, carbooylesterases and carboocylamidases, which act on phosplens imesiers,
carboxylesiers and carboxylamide esters, respectively (Davterman, 1976, 1985). A
fourih growp of hydrolases, the cpoxide hydrolases, act on cpoxide containing insccti-
cides such as dieldrin, epofencnane, or in conjunction with the monpoxygenases that
epoxidize double bonds, converting the resulting epoxide o dipls. Until recently the
epoxide hydrolases wepe thought to be strictly membrane bound enzymes ( Dauierman,
1985}, however, epoxide hydrolases are now known to cccor in the cyiosolic fraction
as well (Ota and Hammock, 1980

GCLUTATHIONE TRANSFERASES

The glutathione transferases are solublbe enzymses that are imporiant in the metabo-
lism of organophosphors insecticides (Dauterman, 1976, 1985} They require reduced
glutathione as a co-facior. O, 0-dimethyl organophosphorus insecticides are especially
suscepdible to attack by glutathione transferases leading o the O-dealkylation of the
organophosphons insecticide and the Formation of an S-alkyl gluiathione conjugate.
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INSECTICIDE METABOLISM BY COTTON INSECTS

There have been pumerous studies of insecticide metabolism by cotion insect pesis
{Table 3). However, for many of the cummently used cotton insecticides detailed i wive
meizholism studies are lacking. The metabolism of many insecticides used for the con-
irol of bollwormftobaceo budworm has been reviewed (Bull et al, 1987} In addition,
there have been several extensive reviews of the metabolism of insecticides (Brooks,
1974; Eto, 1974; Kuhr and Dorough, 197 Hammock and Quistad, 1981; Cool and
Jankowski, 1985; Masomura, 1985).

DODT AND PYRETHROID METABOLISM

As observed for many insects (Matsumuora, 19E5), DDT s metabolized o DA by
the tobacco budworm (Winson and Brazzel, 1966) and o DDE via a glutathione-
dependent DDT-dehydrochlorinase (Yang, 1976} in the tobacco budworm and boll-
worm (Gast, 1961; Vinson and Brazzel, 1966; Plapp, 1973}

Although the pyrethroid insecticides have been heavily used for insect control in
coltton, information on the metabolism of these insecticides in bollwormdiobascco bud-
worm of the boll weevil has been somewhat limited until mecently. Permethrin
{ Ambush®, Pounce®) metabolism has been studicd in the iobaceo budworm and boll-
wormn (Table 35 and, as has been observed in other studies (Soderhumd & ol., 1983;
Ruigt, 1985}, permethrin is readily melabolized by ester hydrolysis (Figure 13, site 1)
and aromatic and aliphatic hydroxylation (Figure 13, sites 2 and 3, respectively)
(Bigley and Plapp, 1978; Nicholson and Miller, 1985). Permethrin was metabolized
more rapidly by tobaceo bodworm larvae than bollworm karvae (Bigley and Plapp,
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Figure 13, Examples of sites of metabolic attack for pyrethroads, Site | - ester
hydrolysis, Site 2 « aromatic hydroxylason, Sie 3 - aliphatic hydroxyla-
tioa. All sites resibt in detoxification of the pyrethroads,
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Table 3. Studies of insecticide penetration and metabolism in selected collon insect
prsts,

iy fn Tobacco  Ball-  Boll  Twospotied
Compousd v wiee  Bbworm worm weevil  spidermite References

T

DoT " " Cagest, 19461

" " Vinson and Brazeel, 195G

L] L] L] L] le ID;TJ

' 2 Seeice e, 1973

EYRETHREOIDS

F I n ™ ) L] H‘E'-::r MM. |m

" " Michotson and Miller, 14985

* " Fayme. 1987

* * Dovwd @ Sparks, |9%8Th

* i Dol e, 1987

¥ " ' Spaks eral, 1958
Cypormcthin * . Lee et i, 1989

. . Linthe er oof . 196D

" " Walker er al. 1990
leemabeln-

Cyhalothrin ~ * * Sparks ef ol, |9EH
Tradawmzibaren " " Do andl Sparks, |95E
Fenvalerale . . Do sl Spanks, | 96T

w . ® Cirissona &f af,, 989
Fluvalinate ] 3 Dovd e Spanks, | 958
Fenpropathein * L Do sl Spercs, | 988
CHREGAMOPHOSMHORLS
IHSECTICIDES
Acephaie . " - Bull, 1579
- - - - R amd Sparks, 1984

Chlorparifos * r - Whatien and Bull, 1974
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Tabbe 3. Continwed.

M Tobatco Boll-  Boll  Twospotied
Compound  vive it budworm worm weevil  spader mite Relerences

Chborpynifes.
methy] . - " Whitten arud Bull 1974
Dhoroophess. * . * Busll and Lindquise, 1964
Drimsibinste . . " Bull e al, 1963
Fengrcthiom  ® *® . . Plapp, 1973
Mlalathson . N Seeicr el wl, 1973
L] L L] L] H.wl Ig?a-
Mephosfolan  * ¥ Hollingshaus ef al., 19654
Mkl
parathion o " N Whgten and Bull, 1978
" 4 Srewc? of al., 1973
Maono-
criMnghos " " - . Bull and Lindeuist, 194646
Phosphamidon . Bull or il 1967h
Sulpeofos " o ' Rult, 1980
Trichleefon » " Bull andd Ricdgway, 1969
GIC 050G
sulfone * w * Budl o Whatten, 1972
G5- 13005 L " Budl, 1968
RHAH . ' " Budl ev ol 1583
CARBAMATES
Carbaryl s . ™ Andrawes sad Darough. 1967
" . - ’ Plapp, 1973
" . Saeice o al. 1973
Methomyl ul * Gayen and Keowles, 1981
Aldscarb ] J * Ball & al., 19672

' * Chamg and Koowles. 1978
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Table 3, Continued.

In v Tohscco Bolle  Ball  Twospolted
Compound  wive v budworm  worm  weevil  spider maie References

CYCLODIENES

Abdrin ‘ i . Beull smed Whicien, 1972

[ . o [ Plapp, 1973

. » ‘Whinen and Budl, 1975
Emdrin ' " Srete e al. 1973

3 " Polbes and Vinsom, 1972

FORMAMIDMMES

Chlendimeform * *  Chang and Knowles, 1977
Amilraz » 4 W Keowles and Hamed, 1989

. - * Fracklis and Knowdes, 15984

¥ ¥ Sparks er ol 1980

¥ - Sparks er al 1903h
BTs-27271 . . . Kmtrwles and Hamed, 15959

BEMAOYLPHEMYL UREAS

Dafubenzuron  * b Snll and Leopold, 1978

. . Chang and Seokes, 1979

" - Bull amd e, 1950

- . Frasklm and Knowles, 1951
Penfuron o ’ Chang amd Woods, 1979

JUYEMCHENS
Fenaxyearh * - Mauchamp er al., 1989
AVERMECTINS

Ahamectin ul " " Bull, 1586
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1978}, The rate of ester hydrolysis is influenced by the stenc configuration of the acid
micty and whether the alcohol modety s a primary or secondary alcohol, The frans
ispmer of permethrin is much more readily hydrolyzed than is the more sterically hin-
dered cis isomer {Bigley and Plapp, 1978; Dowd and Sparks, 1987a). The addstion of
a cyano group lo the alple-carbon of the 3- phenoxybenzyl alcohol moiety converis
the primary alochol of permethrin (Ambush®, Pounce®) inte a secondary alcobol,
cypermeihrin (Ammo®, Cymbush®) (Figure 13), which is more difficuli to hydrolyae
(Soderhond er o, 1983; Buigt, 1985). Although not directly comparable, fenvaleraie
(Pydrin®), fluvalinate (Mavrik®) and irabomethrin (Scowi®) all contain an afpla-
cyand group in the alcohol and all are hydrolyzed in vitne at rates far below that of
frans-permethein in the tobaceo budworm {Dowd and Sparks, 1988). The activity of
the enzymes involved in the hydrolysis of both permethon isomers and fenvalerate
increases during the course of larval development (Dowd and Sparks, 1987h). Becent
stpdies comparing the relative rates of permeihrin versus Janrbdea-cyhalothrin
(Karaie®) twrsover found the labier to be much more pesistant to metabolism (Sparks
ef o, 1988}, Trons-cypermethrin penctrated more slowly into pyrethroid-resisiant
tobaceo budworm larvae than ino pyrethroid- susceptible twohaceo budworm larvae
(Listle er of,, 1988). The pyretheoid- resisiant strain appearsd 1o metabolize the rraas-
cypermethrin more rapidly than the susceplible sivain. In both sirains the 2°M4"-freans-
eypermethrin and the dichloroviny] acid from trens-cypermethrin were found o be
present, This suggests the presence of both oxidative and hydrolytic pathways (Linle
ef al, 1988, 1989, Other studies support the presence of both pathways for cyperme-
thrin (Ammo®, Cymbush®) metabolism (Lee er al., 1989 Although there has been a
study of fenvalernte penetration into larvae of the lobacco budworm (Grissom ef al,,
F9E9, 1o date the fn vive metabolism of fenvalernte and several ather pyrethraids reg-
istered for use on colton incleding Muvalinate (Mavak®), talomethrin (Scoud),
biphenthan (Copture®) and cyfuthonote (Baythrosdb®) has not been evaluated in
cither the bollwormtobacco bedworm or the boll weevil, Stwbes of fenvalerme
(Pydrin®) metabolism in the Colorado potato beetle, Lepringtarsa decemiimenta (Say)
(Soderiund e of., 1987} and hom Oy, Heemarelio irritans (L) (Boll er of,, 1988) indi-
cabe that oxidative pmhways predominate,

METABOLISM OF ORGANOPHOSPHORUS INSECTICIDES

The organophosphors insecticides are subject 10 o variety of metobolic modifica-
tipns including monooxygenase based reactions; thiophosphate (Ps5) 10 phosphate
(P=(¥) conversion; O-dearylation; &= and S-dealkylation; S-alkyl oxidation; and M-
dealkylation (Figure 14). The hydrolases in the form of phosphotriesterases (Figuns 14,
site 2), carboxylesterases (Figure 14, sile ) and carboxylamidases (Figure 14, site T)
are imporiant, as are the gldathione S<imnsfemses, These latler hydrolases also ne
important in the - dealkylation of erganophosphones insecticide (Figure 14, siie 3),
capecially where the alkvl groups are O-methyl.

The major metabolic pathways for most organophosphoros insecticides inclade
cleavage of - and S-aryl and alkyl phosphoms bonds by a combination of phospho-
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Figure 14. Examples of stes of metabolic atack for

organophosphoms insecticides, Sie 1 - Oxidative
desulfuration (P=5 10 P=0), activation. Site 2 - phos-
phetrester hydrolysis andfor oxidative dealkylation
or dearylation, detoxification, Site 3 - O-dealkylation
via pluathione iransferases or mMopooxygenases,
detoxification. Site 4 - thio oxidstion, sctiviion, Site
5 « Nedealkylation, activation, Site 6 - carboxylester
hyekrolysis, detoxification. Sie 7 - Carboxylamide
hyebrolysis, sctivation {in this particular cose).
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iricaterases, pluiathione S-iransferases and monooxygenases (Figure 14, sites 2 amd 35,
For phosphorothionates {thiophosphates) such as methy] parathion, oxidative desulfu-
ration {P=5 1o P=(}) of the phosphorothionate to the oxon is also an important reaction
(Figure 14}, Typically &+ and 5- dealkylation and dearvlation are detoxifying reac-
tions, ofien Followed by the rapid conjugation and excretion of the compound (Eto,
1974; Buchel, 1983), Likewise, organophosphorus insecticides such as malathion are
also detoxified by carboxylesterases acting on carboxylester linkages (Figure 14, sie
0], Howewer, many reactions invelving organophosphorus insecticiles, including
oxidative desulfuration, serve to activale or increase the toxicity of the parent
organophosphorus insecticide.

Phosphates such as methamidophos (Monitor®), mevinphos (Phosdnn®), mono-
crotophos {Azodan®), naled (Dibromi®) and profesolos (Curacron®) are all active as
imhabitors of acetylcholinesierase, whereas phosphorothionates such as azinphos-
meethy] (Guthion®), chlorpyrifos (Lomsban®, Dursban®), EPN, malmhion, methyl
parathion, parathion and sulprofos [Bolstar®) all require metabolizm (conversion) by
Mooy genases o the comesponding phosphates (oxons) before they can effectively
inhibit scetvicholinesterase, For example, parsthion, malathion (Cythion®} and
dimethoate (Cygon®) are 218, 750 and 5357 nmes less active towards house fly head
peetylcholinesternse than their commesponding oxons (Eto, 1974), For many of the thio-
phosphate insecticides studied i the bollworm/obacco budworm and the boll weevil,
the oxon analogs of chlorpynfos, chlorpynfos methyl (Whitten and Bull, 1974},
dimethoate (Bull ef al., 1963), methyl parathion (Whitten and Bull, 1978) and GS-
13005 (Bull, 1968} have been identified as metabolites,

Sulfoxidation by moneoxygenases of S-alkyl groups of organophosphons insecti-
cides (Figore 14, site 4} such as profenofos (Cumscron®) and potentially sulprofos
(Bolstar®) and RH-0994 can also resolt in increased toxicity (Wing ef of,, 1982), 5-
alkyl sulfoxidation of methamidophos {Monior®) has been used 0 explain the fr v
toxicity of an otherwise poor i vite acetylcholinesternse inhibitor (Eto e al., 1977,
Maogee, P 5., 1982), and the 5-methyl has been wdenified ns being the leaving group
{Thompson and Fokuwio, 19820 Hewever, where the S-alky]l group is amall {ie, the 5-
metlyl of methamidophos) sulfoxidation may nod ocour (Wing ef o, 19820, and may
not be necessary to explain the biological activity of this insecticide (Khasawinah er /.,
1978; Magee, P 5., 1982; Rose and Sparks, 19843, Stodies of sulprofos (Buoll, 1980 in
boll weevil and tobacco budworm found like in the way of metubolism, but since sul-
prodos requires biological activation for activity, these reactions were probably mot
deiecied due o the low specific activity of the compound wsed (Ball, 19800, Thioether
sulfoxidation can also oocur for S-alkyl or S-aryl subsiitwens on the phenyl rings of
arganophosphoms insecticides such as sulprofos (Figere 14, sile 4) resulting in
increased reactivity with acciylcholinesterase (Eto, 1974; Bull, 1980; Bull er @, 1976)

In adddition 1o oxidative desuliuration and S-alkyl sulfoxidation, the N- dealkylation
of organophosphonis insecticides such as monocrotophos { Acodnin®) to the unsubsti-
mied amine also resulis in increased roxicity (Eto, 1974), bat is only & mines pathway
in the bollworm aemd Bell weevil (Bull and Lindguist, 1660 The NV-descylation of
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pcephate (Orthene®) w methamidophos (Monitor®) (Figure 14, site T) by carboxy-
lamidases is also an activation reaction that readily occurs in the twobacco budworm (for
which acephate i an effective insecticide) but nod in the boll weevil {acephate ix non
bokic to the boll weevil) (Bull, 1979 Rose and Sparks, 1984),

METABOLISM OF CARBAMATES

Several carbamutes have been and continue 1o be used for the controd of cotton insect
pests including carbaryl (Sevin®), carbofuran (Fursdon®), methomyl (Lannate®,
Mudrin®), aldicart (Temik®), and thiodicart (Larvin®), Carbamales are primsarily
mietabolized by oxidative reactions and, 10 varying degrees, by ester hydrolysis (Figune
15} (Kuohr and Dorough, 1976 In the case of carbaryl metabolism by mhult boll wese-
vils and bollworm larvae, the hydrolysis product, [-paphthol, sccounted for 5.8 percend
and 17.4 percent, respectively, of the applied dose 12 hours posttreatment {Andrmwes
and Dorough, 1967, However, it is Likely that the 1-naphihol originabed from the break-
down of an oxidation product, the N-hydroxylated carbary] {Andrmwes and Doroagh,
1967 The other major metabolite in boll weevils and bollwonms was the 5.6-diel of
carbaryl. resulting from aryl hydroxylation by monooxygenases. Tobacoo budwonm lar-
vae meiabolize carbary] faster than do lorvae of the bollworm (Plapp, 1973),

As with carbaryl, the prnciple metabolites of aldicarb (Temik®) are the result of
mopeexygenase activity and include the N-hydrosy-aldicarb, the sulfoxide and the sul-
fone (Figure |5, site 45 Addicarb is much more readily ahsorbed by the boll weeval than
by the tobacoo badworm (Bull of ol 1967a). As with the organophosphons inscoticides,
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Figure 15, Examples of sites of metabolic amack
for corbamale insecticides. Sie | - carboxy-
lester hydrobysis, detoxification, Site 2 = A
alkyl hydroxylation, detoxification, Sie 3 -
aromeatic hydroxylaton, detosification, Sied -
thisetheer oxidstion, sctivalion,
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thicether oxidation 1o the sulfoxide & an activation reaction for aldicarb and 15 the pre-
dominant reaction for both the boll weevil, tobacco budwarm, and twospotied spider
mites {(Bull ef al., 1967a; Chang and Knowles, 1978), The oxidative N- demethylation of
aldicarh appears 1o be a very minor pathway For the boll weevil and tobacoo budwonm.
The recovery of oxime sulfoxide and sulfone indicates that hydrolysis of the aldicarb sul-
Faxide and sulfone occurs b some extent for the boll weevil, tobacoo budworm (Bull e
al., 1967a) and twospotied spider mite (Chang and Enowles, 1978). In part, the poor tos-
icity of aldicarh to tobacco budworm larvae versus the boll weevil appears io be due to
differences in the sensitivity of their respecive scetylcholinesterases (Bull e al., 1967ak

Although methomyl (Lannabe®, MNudnn®), carbofuran (Furadan®) and thiodicarl
(Larvin®) are also registered for the controd of bollwormitobacco budworm and ithe boll
weevil, there appears to have been no studies of their metabolism in these insects. Based
on siudies with cabbage loopers (Kuhr, 1973}, methoniy] does nod appear o foro ibe sul-
foxides and sulfones observed for aldicarl (Temike®). Rather it soems o decompose o
form acetonitrile and carbon dioxide (Kuhr, 1973; Kuhr and Dorough, 19760 When the
metatholism of methomyl was studied in the prvospotied spider mite (Ceayen and Knowbes,
1R ), methomyl covime, several unidentificd metsbolibes, and labeled COL, were detected.
Studies of carbofuran metabolism in insects such as the salimsrsh catenpillar indicate that
B s readily meiabolized via monooxy genases. to form 3-hydroxy carbofuran and its 3-keto
anabeg, as well as the N-lydroxymethyl analog (Kuhe and Dorpugh, 1976)

METABOLISM OF CYCLODIENES

Endosulfan (Thiodan®) remains the only cyclodiene that ks recommended for wse
in the comrol of ballworm/Aobacen budworm on cotton in the United States. Although
there are no reponts of the metabolism of endeaulfan in the bollwormiobaccs bud-
wiomn o the boll weevil, ils metabolicm s boen studied in other insects (Bames and
Ware, 1965; Brooks, 1974), Compared to other cyclodienes endosulfan is highly
brodegradable {Brooks, 1974). The primary metabolite in insects occurs through oxi-
dation of the sulfite mosery 1o the sulfate (Bames and Ware, 1965, Brooks, 1974),

The metabolism of endrin has been studied in the wobacco budworm where the primary
metabolites were teatsively identiflied s endrn-aldehyde and endrn-ketone (Polles and
Yinson, 1972, Akdrin s more rapidly metabolized in the whacoo budworm than in the
bollwonm with dieldrin being the pramary metabolite for both species (Flapp, 1973),

METABOLISM OF FORMAMIDINES

Metabolism studies of chlordimeform (Fundal®, Galecron®) in the twospoited spi-
der mite indicate that chlordimeform i rpidly taken up and N-demethylated to the
demethylchlordimeform followed by fumher Ndemethylatson to didemethylchlosd-
meform, the 4°-chloro-o-formoteluidide and 4°-chlom-g- iwluiding (Figure 16) {Chang
and Enowles, 1977}, This pattern of metabolism is consistent with the formation of the
more: woxic N-demethychlordineform (Chang and Knowles, 1977) and chlordimefomm
functioning s an octopamine agonist, Twospotted spider mite metabolism of amitaz
{Ovasyn®) produced several metabolites including BTS-27271 (V<2 4-dimethyl-
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phenyli-N-methylformamidine; NMOR-AM 49844), 24-dimethylformanilide and 2 .4-
dimethylaniline (Franklin and Knowles, 1984). As observed for chlordimeform, a
metabolite (BTS-27271) may be responsible for the biological activity of amitraz
(Franklin and Knowles, 1984; Knowles, 1987)

The metabolism of amitraz has also recently been examined in larvae of the wbacco
budworm and bollworm (Enowles and Hamed, 1989; Sparks o ol 1989), As
observed for the spider mites, amiraz s converted 10 BTS-27271 (Enowles and
Hamed, 1989; Sparks of ol., 1989), and other metabolites; 2.4- dimethylformanilide,
2 A-dimethylaniline and polar metaboliies (Knowlkes and Hamed, 19890, Although
higher titers of BTS-27271 were Found in larvae of the bollworm when compared 1o
larvae of the tobacco budworm {Knowles and Hamed, 1989), there were no dilferences
i the fiters of amitraz and BTS-27271 in pyrethrodd suscepiible and resistant karvae of
ihe tobacco budworm (Sparks ef al., 1989). The metabolism of BTS-27271 by larvac
of the bollworm and tebacco budworm also proceeded through the 2.4-dimethyHor-
manilice, but not the 24- dimethyloniline {Kpowles and Hamed, 198%). Bggs of the
tobacco budworm also have the capability of converting amitraz to BTS-27271, which
may be associated with its ovicidal activity (Sparks et al., 1990, 1991h).

Copd1 X = Cl, R = CH,
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Figure 16, Examples of some of the metabolic pathways for the for-
mamidines chlordimeform (1) and amitraz (2). Compound 3:
demethylchlordimeform (X-C1); BTS-27271 (X-CH,). Didemethyl-
chlosbimeform (45, Compounds 5 anc & are metabolites for both
chlordimeform (X-Cl} and amitraz (X-CH,), [Information adapled
from Chang and Knowles (1977}, and Knowles and Hamed {1989, ]

METABOLISM OF BENZOYLPHENYL UREAS
The metabolism of the benzoylphenyl ureas has been extensively studied in a vanety
of msects (Hommock and Quistod, 1981; Sparks and Hammeock, 1983; Retnakoran er ol
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1985 ) inclisding the boll weevil, The hrst studies of diflubenzuron (Dinilin@) metabolm
i fhe boll weevil found only unchanged diflubensuson intemally and in the frass (Sl
ond Leopold, 1978), Subsequent studies (Chang and Siokes, 1979 also found only
unchanged diffubenzuron intemally, but in the s observed several conjugates of
diffubensuron hydrosylated in the 2 position of the chloraniling nng or the 3 postion of
the diffuorobenzamide ring. A furher study of diffubenzuron metabolssm i the boll wee-
vil (Bull and lvie, 19805 also found that diffebeneuron sccounted For maost of the intemal
radicactivity, but that small amoents of metabolites were produced and evidence sug-
gested both conjugation and hydrolysis reactions. As with diflubenzunon, studies of pen-
flurcn (Figure 12} metabolism in the boll weevil found unchanged penfluron io account
fior virtually all of the intermal mdioactivity (Chang and Woods, 1979 Likewise metabo-
lism of diflubemzuron by twospoiied spider mites abo procecds very slowly, with
unchanpged diflubenzumn sccounting for mosi of ihe mdiactivity (Franklin and Keowles,
1981, Howewer, major metabolites (5.8 to 7.7 percent of recoverod radicactivityh
appeared to be the result of hydrolysis while hydroxylation products of the chloreaniline
ring were relatively minor (0.8 1o 1.4 percent of recovercd radioactivity ) products.

METABOLISM OF JUVENOIDS

Although the metabolism of ihe insect juvenile hormones and juvenoids have
received quite a bit of attention (Hammaosck and Cuistad, 1981; Sparks and Hammock,
1983; Hammock, 1985, Retnakoran o @, 1985), information concemning juvenokd
metabolism in pesis of colton is very limited. The meiabolism of the juvenoid fenoy-
carb (Logic®) has been examined in fourih and fifih instar larvae of the tobacco bud-
worm (Mauchamp ef o, 1989, While cster hydrolysis does not appear to be an
important metabolic pathway, cleavage of the amide linkage and aromatic hydrosyla-
tion ehid appear 1o occur (Mauchamp of ol 1989).

METABOLISM OF AVERMECTINS

Abthough there are pumerous sidies of ivermectin in mammals (Chiu and Lu,
198%) there is hmited information on abamectin (AFiom®, Zephyr®) metabolism in
msects, Avermeciin Ba was metabolized (asier in bolbworm larvae than in larvae of
the tobseeo budworm, and more acoumulated in the heads of whaceo budworm larvae
than in bollwerm larvae (Bull, 1986); bowever, specific metabolites of avermectin
were nod identificid. Studies with abamectin susceptible and resistant Colorado potato
beetles suggest that oxidative metabolism predominates in insects, the major metabo-
lite being the 3-desmethyl avermectin Boa, followed by the 24-hydroxy avermectin
Ba (Argenting of al., 1992, Clark &1 of,, 1992),

SYNERGISM

In the control of cotton insect pests a commaon practice has been, and continues 10 be,
the mixing of insecticides to either control several different pests with one application,
or (o incrense the activity of a particular insecticide. In the broadest sense, synengism is



Xm0 SPARKS

the enhancernent of beological activity (usually toxiciiyd over and above that which
wiokld nommally be expecied from the separate components alone. In terms of cotton
insect/mite control, synergism can occur when two or mone insecticides andfor acari-
cibes are mived as in the case of toxophene plus DDT, or when an imsecticide amd an
insecticide synergist, such as piperonyl butoxide, are used together. In many cases, the
resulting synergism is due o the detoxification of ope component (inseciicide) being
blocked by another component (anoither insccticide or an insecticide synergist)
(Wilkinson, 19760}, Piperonyl butoxide is commonly used as an insecticide sypengist
since it is an effective inhibitor of the monooxygenases involved in insecticide detoxi-
fcatbon (Wilkinson, 1976h), Likewise, many organophosphongs insecticides ane effec-
tive inhibitors of the hydrolases involved in the detoxification of pyrethroids and other
organophosphones insecticides (Eto, 1974; Sodedund or af, 1983; Dowd and Sparks,
1987¢), For example, the organophosphors insecticide profenofos (Curacon®) is an
effective inlubitor of the esterases responsible for the hydrolysis of pyrethroids
(Soderund ef al., 1983; Dowd and Sparks, 1987¢), Mixing profenofos with permethrin
CAmbueh®, Pounce®) mcreases the topical woxicity of permethan to larvae of the
tobacco budworm by over four-fold (Dowd and Sparks, 1987, Dowd ef al., 1987

Although inhibition of deloxification i3 one mechanism by which o synergist can
function, other possibilities also exist, In recent vears chlordimeform (Fundal®,
Galecron®) has been found o synergize a vanety of insecticides, inchuding the
pyrethroads (Plapp, 1976; El-Sayed and Knowles, 1984at; Campanhola and Plapp,
19873, It has been suggested that chlordimeform functions by increasing the binding
of the pyrethroid st the targed site (Chang and Plapp, 1983; Liv and Plapp, 19923,
Another poteninl explanation lies in the octopamine agonist aclion of chlordimeform
(Table 1), resuliing in increased motor aclivity im the insects. Recent studies demon-
strate thal in contact bioassays, chbordimeform increases the uptoke of radiokabelbed
permethrin or lembda-cyhalothnn by tobacco bedworm lurvae (Sparks e al., 1988,
1989, 1991 Thus, in part, insecticide synergism by chlordimeform may result from
incredsed insecticide comact on the pan of chierdimeform-treated insects.

THE FUTURE AND NEEDS

For many cotton growing regions of the United States the pyrethroids currendly pro-
vide effective controd of the tobacco budworm - bollwosm complex. However,
pyretheoid resistance has become an increasingly important probdem for cotton grow-
ers i pans of Louisiana, Mississippi amnd Texas (Sparks eral., 1993a), just as it had for
Helicoverpa arnnipera Hiboer on coton in Ausiralia (Daly, 1988; Cox and Fooester,
1992}, the horn My, Hosanrrobir frivens (Linnacus) (Byford and Sparks, 1987), and
the Colorade potato beetle, Lepiinofarsa decemiliveata (Say) {Georghiou, 1986).
Alibough alternatives o the pyrethroids exist in the form of some of the newer
organophosphoras and carbamate insecticides, as well as others, these compounds are
typically m as active as the pyrethroids and are generally more expensive. In addi-
tion, available data now suggest that there may also be resistance w0 some of these
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organpphosphorus and carbamate insecticides, possibly endosulfan, as well as the
pyrethroids (Mantin er al,, 1992, Elzen e al., 1993, Kanga of of,, 1993; Sparks ef al.,
P99 3a), Thus, it has become imperative to expand the search for new insecticides, and
at the same Ume implement programs o preserve available compounds, In many
coses, they represent a ponerenewable resource (Hammock ond Soderlund, 1986).
Unfortunately, the cost of discovery for new replacement indecticides is an increos-
ingly expensive process (Georghiow, 1986, Hanmock and Sodeclund, 1986) with the
percentage of compounds making it 10 market steadily declining. However, there is
some new chemistry on the borzon that may be available in the near future fo poten-
tially fill in any holes created by the loss of one or more of the currently available
msecticides, The pymale AC 303,630 (Pirate®) and the avermectin analog emamectin
(ME-244) represent two new chemistnes that appear to have polential as insecticides
for tobacco budworm larvae (Addor ef o, 1992 Kuhn ef al., 1993; Fisher, 1993; see
also above). In sddition, insecticides suitable for use against the tobacco budworm and
other cotton pests may evenbually come oot rescarch indo the phenylpyrazoles (Colliot
ef al, 1992}, or the diacylhydmndes (Hso, 1991; Heller of al.. 1992),

An important consideration with all of these materinls is that a new mode of action
does nod necessarily mean there will be no cross-resistance from obder insecticides o
the new insecticide. For example, dimethoate {an organophosphate inhibitor of acetyl-
cholinesicrase} resistant house fMes were found to be cross-resisiant (o methoprene, a
Juvenoid {juvenile hormone mimic) IGR (Hammock ef af, 19778 The basis for the
dimethoate resistance, and the cross-resistance to meihoprene, was an enhanced
moneoxygenase activity that could effectively metabolize both types of chemistries
{Hammock e al., 1977, Sparks and Hammaock, 1983). Therefore, new chemistry or
new modes of action can be useful tools in resistance management programs only if
the resistance mechanisms (which may or may nof be based on mode of action) do not
overlap for the different insecticides involved. Conversely, compounds with the same
mode of action do not necessanly have o be cross-resistant, especially if the resistance
mechanism does noi involve the insecticide targed.

In additeon to the chemistrics mentioned, other beads for the development of mwew
insecticidefacancites ane needed il we are to inwre the future of cofton insect control.
Whibe tlsere are a varicly of methods available for achieving inseciicide/scanicide selec-
tivity and safety (Hollingworth, 1976; Drabek and Mevmann, 1985), aitacking a targei
unigue (o insects is conceplually the most appealing. In this respect ihe insect endocrine
sysiem appears 1o have some advaniages for the development of safer insecticides/aca-
ricides since, in several aspects, it appears o be unique o insects (Sparks, 1990). As
already mentioned neither the juvenoids nor the discylhydrazides have vet o find wide-
spread use in cotlon insectmite control. However, ihese compounds aptly demonstrate
that aafe amd selective insecticidesfcancides hased of the insecl endocrine syslem con
be developed, Dther approaches o explodting the insect endocrine sysiem for insect
condred include the development of anti-juvenile hormones that woukd affect the early
larval development of pest lepidopterans, Given the chemical variety and pumeros
modes of action for the anti-juvenile hormones that have been identified (Staal, 1986,
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Sparks, 1990} antagonism of juvenile hormone biosynihesis or action may vetr viekl
wseful imsecticides. Indeed, for pest nsects such as the obacoo badworm, some of the
more recent anti-juvenile hormones (eg. DPH, Table 2) are as active as some
organophosphonis and carbamate insccticides (CQuistad e al., 1985).

Available information clearly demonsirates that an appreciation of the basic big-
chemistry and physiology of insects can be critical in the development of new insecti-
cides, This concepd is exemplified in the possibalities now being raised by the isolation,
chormcterization and séquencing of insect neurohormones and newrolransmitiers
(Sparks, 19940; Masker of al., 1993), These bioactive molecules présent a host of new
mexdels for the production of synthetic analogs to be used as insecticudes, Likewise, the
incorporation of the genes for some of these neurohormones into plants or bacterial o
viral vectors, presents new opportunities and new appeoaches For controlling insect
pests (Hammock ef of., 1993,

However, to tike advantage of these pew approaches in insectimite condrol, mone
information 15 needed on the basic insectimite biochenistry and physiology, as well as
on the mode of action of new and existing insectecades, Moreover, insects such s the
tobacoo budworm, bollworm and pink bollworm should be included o 1est animals,
Some of this information can come from screening programs that have used colton
insect pesds such oz the wbacco budworm or bollworm in strectune oplimization shad-
ies (Soloway el al., 1979; Henrick ef al., 1980 Plummer, 1984, Kuhn of of,, 193],
therchy making available very useful information on structure-activily relationships,
Unforiunately, such information is typically not made available,

In addition to the search for new chemasiry, the many resistince management pro-
grams institwied { Anonymous, 1986; Plapp. 1987} throughout the colton growing aneas
of the United Sistes hopefully will slow the mate at which pyrethroid resistance is
developing (Graves o all, 1988; Sparks eof al., 19930). With programs such as thess,
the pyrethroids and other insecticudes may yet remain useful in cotion insect pest man-
agement programs to provide the time needed io develop new and improve wpon exisi-
ing. cotbon insect/mite control measares,
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RESISTANCE TO PESTICIDES:
MECHANISMS, DEVELOPMENT AND
MANAGEMENT
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INTRODUCTION

Cirowers have been aware of resisiance to insecticides in cotton pests for many
years. They have come (o expect that, given a chronic or endemic pest popalateon, a
new insecticide or ncancide has a certain life inthe field before pest tolerance increases
te unaccepiable levels (Ivy and Scales, 1954; Brazeel, 19%3; Bottrell and Adkisson,
1977 Sparks, 1981; Wood, 1981; Mani, 1990, 1t is only recently that resistance has
become recognized by the indusiry as being manageable (LaFarge, 19835),

Resistance to insectcides and the related phenomena of pest resurgence and sec-
omlary pest onthreaks are said 1o be predictable from elementary theories of evolation
amd population dynamics (Bermyman, 19210, 18 is impossible o spray any crop with a
full rate dose of any modem residual neurctoxic insecticide withoot that dose eveniu-
ally becoming a selecting dose. This is because, theough time, the foliar applied dose
degrades, usually slowly over a matier of days, from a killing dose 10 a selecting dose.

Agrochemical realities are driven by a need (o produce only broad specirum insec-
ticides with & long residual activity for major markets like the collon pest complex
{Voss amd Meumann, |992). These characteristics also are ideal for the development of
resistance, particularly the residual propery (Denbolm e al., 1983 Trench-Constant
el ol 1988ab). Most other candidate insecticides, particularly selective insecticides
thant wouild Fit sdeally into insect pest management programs, ae mol developed
because the retarn would not pay For the investment.

It is the selecting dose that leads o reistance problems. The patural play of a wide
diversity of fitmess amd other genetic Factors combined with ligh rates of reprodsction,
drive the response of pest populaions wwand ever greater Iolerance so long as imsec-
ticices are being used frequently on a wilde scale. These events rarely occur quickly,
Instend, resistance gradually “creeps” imo the agroeconomic mibeu as resistance builds
and declines in repeated cycles. This “rtchet up” effect of the alternate build wp and
decline of resistance to pyrethrosd insecticides was seen each season in Helicoverpo
annigera (Hibner) in Australia (Roush and Daly, 1990) and the same effect was
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nadiced in resistance monitonng dats from obacco budworm., Heliorhis virscens (F)
in the United States Cotton Belt (8ullins of of., 1991 L

The “clnssic™ signs of resistance are soid (o be increasing dose mies and decreasing
ircatment intervals. The onset of resistonce 15 usually measured in years rather than
months. In most cases resistance problems are cawsed in specices that tend to be mone
endemic, because they would be under more constant selective pressure; however, the
presence of resistance in pest insects, while almost always suspecied, is proven only
with a substantial amount of work.

The following quote from Professor Thomas E Leigh {Personal communication) of
the University of Califomnia, Davis is perlinent: "We presume there is resistance 1o sev-
eral insecticides in our populations of aphid, bollworm [Helicoverpa zen (Boddie]],
beet ammyworm [Spodopiera exigua (Hibner)], cabbage looper [Trrchoplusio m
(Hibper)], salimsarsh caverpillar [Esefgmremre acreq (Drury)] and a moumber of other
pests. However, we have nod conducted confirming fests that would verify resistance.
While comrol Failures that have occurred frequently could be relabed to application or
weather, we are confident that many failures tocday relate 1o the selective pressure of
the inscciicides thal used o be effective.”

Dy, Leigh was referring o the pest-cotion complex in the Central Valley of
California, but the same remarks with a slightly different range of pests could be rue
of any pan of the Cotton Beli, Representatives from agrochemical industry spend a
certain amount of their time verifying rumors of possible resistance {Davies, 1984).
Gossip can have a profound influence on the widespread confidence that growers have
in a particular pest control procuct.

REGIONAL PESTS AND RESISTANCE POTENTIAL

Adthough it s ned the purpose of this chapter o document the presence of pest insects,
the potentinl of insect pests 1o develop resistance is ted clesely 1o species that visi the
cotton fields ench season, With a few cutstnnding exceptions like the boll weeval, Amtho-
srorres gravdis groendis (Boheman), the species that are more endemic aned are treated
mope routinely with insectickdes would be expected 1o develop resistance more resbily,

Unfortunately for everyone, the mix of pest species changes every year, sometimes
drastically, making predictions about pest pressure vidually impossible, The same
impossibility of prediction holds true for gauging the chances of developing resistance,
cspecially over a coiton growing aréa that extends from Californin to Virginia,
Mevertheless, the insect pressure reported for 1991 (Head, 1992 ks instructive and use-
Ful as a starting point {Toable 1),

Comparing the percent yield reduction due to insect pests from 1989 o 1992 (Table
23, and ranking the pests in terms of causing the greatest damage, boll weevils wene
the worst pests in 1989, then the bollworm, and tobacoo budworm comples consed the
greatest losses in 1990 and 1992, while aphids consed the worst losses in 1991,

By comparing the five worst pests interms of yvield reduction across the Cotion Belr,
aphids were fifth in 1989 with 0055 percent vield reduction, (064 percent in 155940 an<d
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Tahle 1. Cotton insect losses in the United Siates reporied for 1991 growing season,
{From Head, 1992,

Acrcage Mumber of Yield Bales
Pests infested  insecticide  reduction lost
applications’
{1,000 acres) (%) (1,000 bales)

Boll weevil 6122 0.7 .31 146,00
Bollwormfobacco budworm 11,340 1 1.68 300,00
Flealwppers 4,534 0.2 013 23,60
Lygus bugs 50 E 0.47 3,00
Leal perforator 33 00 0,1 0,39
Fink bollwarm 512 i1 8 15,00
Spader mates 1816 0.1 08 14,40
Thrips 7035 0.3 013 22,50
Beet armyworm 2,315 0.1 002 .66
Fall armyworm 1,805 00 003 503
Minor pests 3018 0.1 08 1350
Aphids 10,067 0.9 201 2600,000
MNew pesis 1,584 il 011 19,40
Western Aower thrips 233 0.0 .00 011

"Tirtal ascres harvestiod was 13022000; sverage viekd was 138 ballew/acne.
Per acre for infcuied acoeage.

they were the worst pest in 1991 with a vield redwuction of 2.01 percent, and in 1992
dropped off the five worst list fo be replaced by the sweetpotato whitefly, Beuisia
robact (Cennadiug). Over the same four years, lygus bugs as pests went from secomd
ard 2.05 percent yield reduction o 047 percent and fourth worst pest.

Tabde 2. Annual yield reduction of total United States cotton production ranked by top
insect pests for the period 1989-1992. (From Head, 1990, 1991, 1992, 1991.)

Rank 1950 15K 158K 1992

Pest Yiekl Pest Yield  Pest Yield  Pest Yiekl
reduction meducison redwction rodudion

i Tep ) (% (%)
. Boll Weevil 275 Bollwaorm 1.73  Aphix 2 Bollworm 22
2. Lygus 205 Manes 124 Badlworm 168 Boll weeval 2]
3. Bollwonm |87 Lygus i Boll weewal 081 Lypuos 0E
4. Mibes 111 Aphid bl Lygus 047 Whitefly 0.5
5. Aphixl 055  Boll weevil 060 Leafbopper 013 Theips 0.3
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O would expect from this tyvpe of exercise that the insects listed in these tables ane
the prime condwdates for the development of resistance. Indeed, research funding
aimed at studies of insecticide resistance tends (o be dnven more by the magnitade and
immediacy of curment pesi problems foeled by grower concems, than by any rational,
stable, longer-ferm approach.

For example, spider rites caused 1.11 percent yield reduction in 1989 and 1.24 per-
cent yield reduction in 1'99; however, in 1991 mites were credited with cawsing a 0008
percent yield reduction and in 1992 a 0.2 percent reduction. Mot only did they fall off
ol the worst five list, inberest and support for resistance management waned. Thus, like
codbon pests in general, inseclicide resistance problems are a dynamic largel.

An even more revealing statistic on these tables is the oumber of inseclicide appli-
cations (Table 1), Cosis are related o the number of applicaiions, They abso reflect the
insecticide sales market. Older compounds like methy| parathion and malathion, long
out of patent, would tend 1o be bower in cost. Insecticides like the pyrethroids would
tend 10 be bess expensive because several pyrethrowd prodocts are now competing for
m cotton pest control market, that reportedly is worth USS 300 million a vear in the
United States {Anonymous, 190,

IF ope is allowed w make naky conclusions based on these igures alone, one might
be tempied 10 suspect that those codton pest insects that are mone endemic (show up on
the five worst insect list every year) and show higher per application costs woukl be
those insects thal pese the greatest insectichle resistance problems, This s only par-
tially cormect because pesistance can occur in smaller populations of regional pesis that
are 0ol ot the wp of these lists (s2e, for example, the entres in Table 1 for “minor pests™
ansd “new pests”),

In 1991, aphids becamse significont codbon pests and were said 10 be responsible for
the greatest losses pitributed o one pest, I one follows the gradual increase in the
severity of cotton pest control problems with aphids, o steadily increasing problem is
documented storing i 1989 and, being o member of the 1wop hive collon pest prob-
lems, aphids represent a significant insecticide resistance problem.

Unseen in these figures is the grodual increase in whitefly problems that occurred in
parallel with the aphid populstion increases, Both of these species are believed to have
increased in numbers recently becawse of insecticide-induced Killing of beneficial
insects (Mewsom and Smith, 194%; Kems and Gaylor, 19915, Whiteflics and aphids
have thus scquired resistance (o certain insecticides before becoming significant pests
which muwst mow be taken inbe aocount in designing reatmeent strmtegies {Byme ef of.,
1942

[m the San Joaguin Valley of Califomnia. the predominant pests, and potential resis-
tance problems, ane spider mites {Tetraurvclies spo). and occasionally the western lyjgus
bug, Lygirs hesperns Knight. The beet anmyworm and cabbage looper can be Found
occasionally im cotbon, but never consisiently. Only rmrely do tobacco budworm or
bollworm present problems, even though both are present on ether hosis in the area
{Anonymons, 1984; Tom Leigh, 1993, personal communication, University Calilomia
[Cravis], Shafter, CA)
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The western lygus bug has gradually developed resistance 1o insecticides aver the
vears, By 1953, resstance was reported w0 DDT (Andres e of,, 1955), Dunng the
19605 resistance 0 other onganochlonnes and to several widely wsed ompganophos-
phates wos established by Leigh and Jackson (1968}, The hst of resistant compounsds
was extended by Leigh ef o, in 1977, Presently, acephate (Orthene®), methamidophos
{Moniter®) and dicrotophos (Bidnn®) are elfective as foliar sprays against the wesi-
em Iygus bug while methidathion (Supracide®) is pol always highly effective, sug-
gesiing the development of resistance.

In desert growing arcas of Califomsa amd Anizona, the pink bollwonm, Pectinoplaora
gerssyprelln (Saunders), is ihe key pest of cotton (Anonymous, 1984). Since aboul 19466
the pink bollworm has been distributed from Texas across Mew Mexico and Arizona o
sopiitlern California and in adjscent Mexican cotton fields. Although the pink hodlwomn
distribution covers almost the entire westemn pant of the Cotton Belt, ils seriousness as
a pest problem, and therefore as a resistance theeal, varies drastically (Moble, 1969},

I Wiest Tewas and from El Paso east along the Rio Grande Rider. ihe pink bodlworm
has been beld in check largely by culiural conirel practices including adoption of a
shont growing season strabegy (Bottrell and Adkisson, 1977). Furher up the Rio
Ciramhe a1 Las Cruces, MNew Mexico, the pink Bollworm is a late-season pest, probably
because i does vl overwinter locally, bui rather reinvades cach vear from warmer cli-
rgiies downriver. The same i tmue at the higher elevaiions of ceniral and eastem
Anzona, where only a few spray treatments may be pecessary o contrel pink boll-
worm yearly.

Attempts to control the pink bollworm have cavsed some resistance problems in the
past, but given the amount of insecticides used o control pink bollworm yearly in the
chronically infested areas, and given the large endemic populations, it is remarkable
that resistance problems have pol been more severe (Haynes, of ol 1986, 1987,
Bariola, 1985; Bariols and Lingren, 1984),

Attempts at chemical control of the pink bollworm have ofien led o secondary oul-
breaks of tohacco budworm, coton kealpediorator, Bireerdarnc thirberielle Busck, and
sweelpotito whitefly, The insecticide-induced secondary pest problems in the Imperial
Valley of Californias have become especially severe since 1981 with the insecticide
resistant whitefly (Prabhaker e of,, 1988, Youngman o of,, 1986) building up in cot-
ton in the fall and fouling the lint with honeydew which allows growth of sooty mobd,
The whitefly later tromsmits kettuce vellows vinas o Jettsce and melon crops info the
lake fall growing scason,

While the bollworm is relatively abundant in the colion growing areas of Arizona
and California, it is pol an imponant or chronic pest of cotton, The tobacco budworm
is difficult to Find in the southwesiem desert collon growing areas of the United Sgates
uniil usually in mid-Avgust when numbers incrense madkedly, but it, w0o, 1% an incon-
sistent pest of cotton in the sowthwestermn desert.

The tobaces budworm and bollworm are key pests in the Mid-Souh and eastemn
colton growing arcas of the United States, This includes the area in Texos along and
north of the lower Rio Grande River; the dela growing aren roughly bordenng the
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Mississippi River of and near the juncture of the states of Lowisiona, Arkansas and
Mississippi; and 10 a kesser extent the additional colion growing arcas of the Cotlon Bely
from Mississippi further cast through Alabama and Geongia to South and North Carolina,

The boll weevil has been a radional colton pest also in the Southeast and Mid-
South seobons of the Cotton Belt. For the past several years the USDA has been con-
ducting a boll weevil erndication program that reporis (o be successful starting in Morth
Carolina (Cousins, 1991 In the West, the boll weevil became o problem in the first half
of the 1980ks when infestations were nofed in many cotion growing areas bordening the
Colorado River, Eradicatson attermpis started in 1985 and were successfully completed
along the Colorado River including Mexico a few years later (Cousing, 1991).

Therefore, boll weevil is no longer a significant pest in colton growing areas of the
Far western United States. The boll weevil is also reduced as a pest in the greater Rio
Cirande Valley of Texas where cultural control in the form of shost-scason strategy
keeps the pest in check (Botirell and Adkisson, 1977).

In South Carolina, the only recommended treatment for infestations of both the boll
weevil and budworm in the same field was the (2:1) mixture of methyl parathion and
EPM. This is due to the relative ineffectiveness of pyrethrobd insecticides against boll
weevil. Although installing a resislance management program aimed at boll weevil has
crossed many minds in the past, one has never been developed, The boll weevil erad-
ication program as concucted by the USDA s simplicity iwelf, extensive monitoring
locates the weevil, then localized blanket spraying with malathion follows and this
program is repeated a1 a bow population rigger for spraying,

Malathion control of the boll weevil has pot shown any tendency o decling in effec-
tiveness, It is reported that, unlike the larval stages, the adult boll weevil lacks any
mechanism with which i can develop resistance 10 organophosphorus msecticides
{Brattsten, 1987a,b), Although there are few reports of boll weevil resistance, Teague
ef of, (1983) did repost & 3- 10 & fold tolerance 1o azinphosmethyl (Guthion®) in o
field strain obtained from the Lower Bio Grande Valley, The work was done in re-
sponse o grower reports of problems controlling boll wesvil,

In the Southeast, the ecology of cotton pests is quite different from the West, wih
smaller fields of pon-imignted coton ofien surrounded by wooded areps or other crops
such as sovbean, com or tobacco, Damage from bollworms snd budworms 15 just as
severe in the southenstern states of Morth and South Caroding and Florida as it is in
Texas, Lovisiang, Arkonsas and Mississippa,

The iobaceo budworm is generally more difficult 1o control in cotton than the boll-
worm, It is often the predominant species once insecticides have been applied, and it
mast be considered the more seriows threat (o the crop, i.e.. the more endemic, The
tobacco budworm was more resistant against 10 of 13 insecticides when tested on bolh
species (Sparks, 19810 The three compounds agunst which tobacoo budworm was
meore susceptible were permethrin (Ambuesh®, Pounce®), fenvalernte (Pydrin®) and
carbaryl (Sevin®). However, these data were gathered soon after the introduction of
pyrethroid insecticides, and the sitostion chonged within a few years when tobacon
busdbworm resistonce (o pyrethroid insecticides developed (Flapp e af., 1598,
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It is highly instructive that pyrethroid resasiance did not develop in the bollworm
when budworm resistance was documented. Altwugh both of these major collon pesis
e present in colon, they are also pests of a range of other crops, e.g., bollworm on
corn and tobacoo budworm on whacco, There is some speculation that host selection
plays o rode in this process, as the bollworm would tend o mamiain o reservor popu-
Lation of individuals susceptible 10 nseciicules on untreated com, ils prefermed host
The same speculation assunses that the wbacco budworm would remain on cotton and
therefore under greater selection pressune,

A vital clue 10 the response by the whacco budworm fo insccticides comes from
population studies. With a dividing lineé somewhere around Mew Mexico or West
Texas, wbacco budworm populations in the United States are said to split into western
and eastern protedypes (Sluss and Graham, 1979), This study was based on about 16
locations and may not have resolved odher subpopulations which might be revealed by
considening many more locations, This possibility might explain why the iobacco bud-
winems are key pests east of this line and nod in the For West.

Identification of species is al the heard of both resistance management and insect
pest management. Insecticide resistance spreads maost rapidly in a fully interbreeding
population. Substrains of populations might have the effect of delaying resistance by
holding a critical mass of susceptible genes away from selective pressure in ordinary
cropping cycles. It is possible that the bollworm is doing a similar thing by its host
selection behavior.

Diefining a possible subpopalation of a pest insect was shown o be vital in the study
of anotler major new cotton pest, the older sweetpotato whitefly. After considerable
study, this very old cotion pest was defermined to be present in bwo forms, termed
sarming A and B. The name silvereaf whitefly was recenily suggesied for the B sirain o
show iis unbqueness and virual isolation from the oniginal species (Perming e al., 1993),

It is suspecied that these pwo strains are reproduciively isolsted one from the other.
There is comining debate and disagreement over whether sweetpotabo and silverleaf
whiteflics are acivally different species or nol, bul the debale merely underlines ihe
critical importance of uadersianding the biology of pest populations, and the Facit thet
insect populaiions are dyoamic, ever changing, and unpredictable from year o year.

RESISTANCE MANAGEMENT TACTICS AND STRATEGIES

The genetic bases of most iypes of resistance have been determined. We know
within a few genetic map unifs where the various factors for resistance map io specific
ket on chromosomes (Plapp, 1976, Oppenoeth, 1985). Alihough most of this infor-
rmation comses from house My, Misea domestica L., whose major advantage is a shon
enciigh generation time 1o make inheritance swcies praciical, it is tacitly assumed that
mipor resistance mechanizmes in other insects have similar bases,

Recently, it was documented that repested copies of a single gene (a process termed
gene amplification) exist in resistant green peach aphics, Myos persieae (Sulzer).
While the detals of how these repeated coples of the same gene might come about and
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I theery are activaied is cumently being stodied. it is clear that the insect can synthe-
size large amounis of single resistance faciors such as ihe esternse enzyme in this case
{Devonshire amd Field, 1991 The pertinent fact concerning this particular esterase
resistance ks that it confers cross resisiance o pyrethroids, carbamaies and organophos-
phorus insecticides.

While genetic knowledge of this kind has been useful in designing resistance man-
agement sirategies (Denholm and Rowland, 1992, all factics used in resistance man-
agement schemes are, of necessity, based on those parameters that are within the
control of practitioners, Characteristics of the biology of pest insects, for example, that
are not manipulatable by cultural or other control approaches must, of necessity, be
ignored, What remains is often termed operational factors and these include selection
of insecticides, timing and dosage of treatments, area treated and application method
i Denholm and Rowland, 1992, Plapp, 1993).

One drawhack of these tactics in resistance management is their implied emphasis on
chemical control, The best way 10 manage resistance o insecticides, of course, is to
reduce their use drastically and develop tnly imegrated pest management approaches.
It is dafficult m the best of nmes o develop an integrated Insect pest management
approach becawse 1PM is considerably more difficult to achieve than chemical control.
The cotton indusry as a whole seems reluctant o adopt newer technologies.

THE AUSTRALIAN PYRETHROID STRATEGY

The most perlinent resisiance management program (9 cofton production in the
Llinited Siates, aside from its own, was the one initiated by the Australian colion grow-
ers in 1983 pnd wos designed 1o prevent the spread of tolerance 1o pyrethroid insecti-
cides by Helicoverpo armigera,

The Australion strategy (owlined in modified form below ) was relatively simple, It
was designed 1o restrict the use of pyrethroid insectickles 10 one generation of
Helicoverpa armigera per season, Although the strategy was simple, adopting it was
nod. Al growers of summer crops in o kuge arca of Ceecpsland and Mew South Wales
had to be convinced o adopt the strategy. Becouse Helicoverpo annigera is o mult-
host pest, selective pressure had (o be removed from all sources o be successful. In
particular, sorghum growers enjoved excellent success with a single ireatmem of a low
dose of pyrethroid o control sorghum midge, and the pyrethrodd simtegy meant they
would lose this ool in the middle of their ssason,

Ansiraling Ros M | Strategy (1983)

alage | atnge 11 Stage I1
{first spray to Jan. %) {lan, [0 o Feb, 30) (Feb, 21w lnst sprvy
endosulfan endosnlfan no endosulfan
monocrHphos BTichbordinefonm methomy!

profenofos profenofos profenofos
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no pyrethroids miethomyl no pyrethrojds
miethomyl pyrethirods puirsthacn
sulprofos sulprofos thiodicark

[n adddition to the voluniary resincion in iime of both pyrethroids and endosulfan,
growers were urged to use no more than three pyrethreid sprays in mid-season during
the allowed peniod. They were also urged to use at least three different groups of insec-
ticides distinguished as having wnique modes of action as shown below:;

Ciroup &: Endosulfan {Thiedan®) (a cyclodiene acling at the GABA synapse),
Cirpup B Organophosphonus compowmds. (cholinesterase inhibitors) including sul-
profos (Bolstar®), profenofos (Curacron®), acephate (Ovihene®), para-
theon, and monocroiophos {Arodnind).
Cipoup C: Carbamate inseciicides (cholinesterase inhibitors) including thiodicarb
{Larvim®) and methomyl (Lannate®, Nudrind),
Giroup [k Pyrethroids {acting on the sodium chanpel) including fenvalerate
(Pydnr®), cypermethrin {Ammo®, Cymbush®) asd deltamethnn
(DhecisE),
Giroup E: dmiscellaneous) delia endotoxin of Sacilfus taringrenss (Berlimer) and
chbordimeform (Fandal®, Galecron®),

All resuls reponied 1o date suggest thal the Australian resislance management strat-
ey designed 1o delay 1the development of resistance 1o pyrethrobd insecticides has
worked (Croft, 1990), despite some early skepticism (Davies, 1984} A five-year con-
tinugkis survey of discrimimating doses showed that resistance o pyrethrodds banll in
mid-season when pyrethroid use was allowed, but the resistance then declined by the
start of the subsequent growing zeason, although usaually somewhat above the erginal
level (Foush and Daly, 1990k This phenomenon has been referved o above as a
“rochet up” effect and con be seen also in the fost few years of monionng daa of
cypenmethrin resistance in ohscco badworm i the Mad-Soath and Texas (Mulling #
el 1990 ) where it is termed a st step”™ anmeal incrense (Rogers ¢ af,. 1991),

The pattern of resistonce buikd up amld decline was [rst seen in the Austrslian satga-
ton because of o vigorons resstance monitonng program that wis supported by the
Australian collon growers. Resistance monitonng has since beconye maore widisspread
in cotton growing areas of the Mid-South of the United States and the same resubis
segm o hold oree (Clower ef o, 19925, Indeed, resistance i pow suspected of occur-
ring Mreguiently duning the colion growing senson (Rogers of af., 1991}

THE ZIMBABWE RESISTANCE MANAGEMENT STRATEGY

The first nstionwide resistance managemen progam for colton pests wis devel-
oped in Zimbabwe while it was sill Rhodesia in 19721971 (Duncombe, 1973), The
Zimbabwe plan was devised due 1o dimethoate resistance that developed in carmine
spider mites, Tetravrvohns cienebarinns (Bogsduval) and Tetranvelues fomberding
Baker and Prischand.
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Critical io these events was a relable resislance testing scheme which had been
developed by 1968, When testing revealed mite resistance o monocrodophos (Aro-
drindE), one of the few remaining acancudal compounds available. a rotation scheme
was devised:

Dic Zimbakes Schems (Sawicki and Deahalm, 1987%

(1}  Formamidine and carbamate used for two seasons.

{2} Chlorfensulfide and chlorfenthol (Quibrom®, Dimitc®) used for the nexi
W0 BEASONS,

(3 Mopocrotophes (Azodrin®) and riazophos (Hostathion®) wsed for the next
o sEasons, and

(4} Retorn w1 above, and continue.

In addition o the rotatbon scheme shown above, endosulfan (Thiodan®) was nec-
ommeended Tor bollworm contrgd instead of DDT which was known to indece mite
population flare-ups. Formamidines and carbamates were put into the strategy because
they were shown to have increased efficacy on organophosphorus resistant mites in a
valuable and fortuitous discovery of negatively correlated resistance development
{Duersch, 1969),

The Zimbabwe scheme was voluntary and achieved success over an extended period
of iime, Considernble care was taken to explain the program and enlist the support of
the growers and agrochemical indusiry, Competition between agrochemical companies
resulted in the country being divided imo six, then later three regions so that all of the
groups of recommended products were actually used in any given year, The regions
were separated enough 10 ensure an inlermupeon in the Mow of resdstant gepe pools,

When chlordimeform (Fundal®, Galecron®), the formamiding used in the begin-
ning of the strategy, come under regulatory sonminy for adverse health effects, it was
replaced by another formamiding, amitraz (Ovasyn®), with a similar maode of action
ond chemisiry,

After the experience with spider mite resistance, Zimbabwe officials antickpated
potential problems expected from the introduction of synthetic pyrethroids in 1977-
1979, They directed that cotion growers wse pyrethroids only during a defined perod
of net more than nine weeks that coincided with the maxinum Bowering period when
miost pest pressure from bollworms occurred (Blair, 1986), Theee winter moaths were
designated as pyretheoid free.

When the Australians decided o develop o pyrethroid resistance management strat-
egy in 1983, they bomowed from the Zimbabwe expenience, Indeed, one of the pan-
ciple architects of the Zimbabwe scheme, John Bremell of the Cotlon Research
Inskituie af Kadoma, was inviled to Avstmalio o assist in the inauguration of the
Awstralian strategy. Although he could not sccept becouse the African growing season
coincides with that in Avstralia, it tomed out that the growers in Awstralin as o whole
were far more amenable to the plan thon the industry leaders replized and readily
adopied i, a5 confirmed by its continued success (Crofi, 1990),
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PYRETHROID RESISTANCE IN TOBACCO BUDWORM IN THE UNITED
STATES

Reswstance 1o pyrethroids oocomed in the United States in the wobacco budworm
sarmalar 1o the event in Australia and only a few vears later, Like Australin, many United
States growers had been using exclusively pyrethrods for pest control sinoe their
introduction 0 cofton pest contral 0 the mid-1970s. For the first ten years of
pyrethroid insecticide use in the United States, there was no abfiempt by growers io
develop resistance management approaches despite very clear wamings aboui the con-
soquences (Elliott e af., 1974; Sparks, 1981%

Indoed, up until and even after the first reponts of resistance to pyrethrobds from the
Winter Guorden area of Texas, 100 miles west of the city of San Antonio, many refusesd
o wocepd the reports and were openly skeptical (Stactz, 1985; Plapp v af., 1950, Plapp,
191 ). Mevertheless resistance was soon accepied by all concemed, and a resistance
management scheme was initiated soon after,

The Tri-state Resistance Management Scheme—The clements of the Tri-siate
strstegy (named for the regions represented by the framers in Lovisiana, Arkansas asd
Mississippi} are fairly straight Forecard (Anonymows, 1986 Cenain, 1988; see also
Rogers ef al, 1991 ). The ihree clements are:

{13 Plant and protect early, horvest early;

{21 Use noe pyrethrodds antil June 30; and,

{3) After July 1, use pyrethrosds as mecessary antil August 15, although feere are
spmie bocal vanations (Anonymeus, 199},

This approach was designed io remove selective pressure by pyrethroids from the
first generation of the fobacco budwormbollworm complex. However, the plan also
recommends using mixtwres of insecticides, a recommendstion tha does nod have uni-
versal acceptance (see seclion below on using inseclicide mixtures).

Tlee Tri-stabe sirabegy was adopied from Texas to Alabama with some regional modi-
fications o the exact pyrethroid-free period. Also, the strategy was complicated by bocal
boll weevil eradication procedures being conducted in Alasbama, for example (Certain,
19838}, One of the arguments wed in favor of some sell-regulation of pyrethroids was
financial. Loss of the reladively inexpensive but effective pyrethrodds through resisiance
would necessitate use of more expensive materials (Anonymows, 1990). Thus, culiural
praciices thal encourage carliness were sircssed along with early harvest,

The adepiion of resistance management sirabegies roquires cooperation on a scale
nol andinarily practiced in farming communities. One natural characteristic of farming
commmunities is a friendly competition or nvalry between growers, Therefore, it is ina
very real sense unnatural for growers lo cooperate in an endeavor that involves the way
cach individual farme, in this case how each individual controls insects, Early indica-
tions suggest a less than uniform compliance 1o the Tri-state strategy on the part of the
growers (Croft, 1990; Rogers of of,, 1991,
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THE ENVIRONMENTAL MOVEMENT
AND CONSEQUENCES

The key element that caused the Auwstralions 1o cooperate and overcome nabural
competitive instincts was the specter of losing effective insectiicides, The worldwide
oulery against pesticides that began i 1964 and grew ino what we refer 1o a5 the eovi-
ronmeental movement has weought muach change, The most pertinent change was to
add constantly changing layers of governmental regulation to the registration of pesti-
cides with all costs passed on 10 agrochemical industry,

This has had the effect of emporanly reducing the number of new insecticides
(Finney, 1990; Voss and Neumann, 1992) Becanse the costs are =0 much higher,
searching for new materials is even more of 2 gamble than before (Voss and Meumann,
19925, As o result the agrochemical industry has undergone, and continues o undergo,
a dramatic contraction. Shell ogrichemicals in the United States was acquired by
DCuPont some years ago. Dww and Eli Lilly merged imo DowElanco; Sandoz pur-
chased Zoecon, and more recently Welloome Envvironmental Health was purchased by
Rousse] Uelaf and FMC was acquired by Monsanto, o name a few mergers.

It has been progecied that by the fum of the century there may be only five very large
chemical firms left in the business of marketing pesticides. While growers may begin
to see fewer familiar and traditional pesticides, the market fior insect control agenis has
not changed that much yet. The cotton industry still accounts for the lion's share of pest
conirod sales i the United States,

Agrochemical companics have been quictly investigating potential new products
under the umbrella of “biopesticide.” Biopesticides are said 1o include pheromones,
sitractants, microbials and some lists even include the neuroioxic pyretheoids
(Simmonds e al,, 1992, Ancoymous, 19000 Voss and Meumann, 1992), The mon-
pyretheoid portion of the biopesticide market was recently projected w grow 11 per-
cent through the year 2000, and 1o reach USE300 million in sabes by 1999, & growth
of 13 percent per vear was also predicted for sales of bacierial-based pesticides in par-
ticubar (Anonymous, 19900, but Marrone and Macintosh (1992) put these at one per-
cent of the world marker.

Altheugh this prediction appears rosy o first glance for non-neurotosic insect con-
el agents or chemicals, reality suggests something else. Perceived as replacements
for the present range of neurotoxic carbamates, organophosphones and pyrethroad
insecticides (Huching and Gehring, 1993), the biclogically based materials that act as
growih regulators, behavior modifiers, or bacterial or viral toxing are considered (Voss
amd Meumann, 1992; Wood and Granados, 1991) .. unreliable, uneconomic, and of a
very limited practical value,”

The projected world sales of insecticide products 15 reportedly USS 7 billion by
1995 (Voss and Mewmann, 19921, The non-neurotoxic insecticiule pant of this 15 pro-
Jected o be less than 10 percent, Representatives of agrochemical indusiry have been
guictly pointing out these realities for some years, but the message does ol seem o
be getting theough (Huwichins and Gehrng, 1993),
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THE MEASUREMENT OF INSECTICIDE TOXICITY

PROBIT ANALYSIS

When most parameters or physical traits are measured in a homogeneous popula-
tion, the resulis, when plotted, form a bell-shaped curve, or Gaussian distriibution. The
measurement of toxicity of a given insecticide s no exception. Since woxicity of a
given chemical is measured in populations rather than individuals, a special type of
statistical procedure weomed probit analysis is used,

Resistance determinations are basically compansens, Some of our colleagues con-
cem themselves with defining resistance (cited from Muggleton, 1984), which is fun-
damentally important, To have solid and wseful information from fiekl pest insecis, one
st have reference values 1o begin with, or a stable susceptible reference population,
Although seemingly straight forwand, o susceptible population con be rare, difficult 1o
obtain or non-existent. This is especially true of pest insects that are ol readily <ul-
turcd, or new strains that becons o move (anew) pest insects,

It is generally appreciated (cited from Gould, 1984, 1991 ; Devonshire and Frekd,
1991; Ronis and Hodgson, 19899 that insects have been evolving delense mechanisms
against plant toxins os bong as both have been co-evolving, Most of these involve
metabolic factors, but a host also undoubledly involves feeding behaviors as well, So
one may well wonder what susceptibility really is in the first place,

Probit analysis plots the morality coused by insecticides in o population of insecis
against the loganithm of doses used, The probit technigue changes the bell-shaped
nabure of the results into straight lines that are more convenient for analysis, Probit pro-
grams ane now available that i on personal computers {Raymond, 1985),

The probit analysis of a given insecticide against a homogeneous popalation will
yield a straight line. In the cxample shown here (Figure 1), the wosicity of fenvalernte
(Pydrin®) to a susceptible population (5) is plotted alongside the toxicity o o fekd
population of larval Helicoverpa annigera (Gunning er al., 19840 If a portion of the
population contains one or mone resistance taits, the probit or Idp (log dose probit) line
shifts to the right {as shown by the amrow in Figure 1). The non-homogencity of the
sirain s indicated by the probit line no longer being straighi.

I the fieldd sarain in Figure | is selected by treating severn] generations with a dose
causing 70 peroem mortality (e LD, then the population would become homa-
geneous Tor resistance, and the probit line would be straight, but shifted 1o the nght
(indicaied by e dashed line labelled B in Figare 15, The log dose probit (1dp) lines
of the 5 and B sirains shown in Figure | are separated horzontally by about 100
dosage units at their mid poinis, =0 we consider the B strain to be 100-fold resistant
compared o the susceptible 5 strain. Therefore, while resistance is developing. the
probir lines reflect the change and the heterogencity of the population by bending to
the right at the top.

Mode also that the LDy, (50 percent momality} value of the ficld strain does not
show the potenteal resistance fully, In the example shown, the LDy, values of the sus-
ceptible sirain and Deld strain are bess than 10 dose units apart.
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Log probit data are most accurste near the 50 percent morality points and increas-
ingly less accurate of both bower and higher morality poants, Thas is the main reason
why the LDy, value has become the standard messurement Tor toxicity, But this value
only has meaning for homogeneous populations, In most cases, feld populations ane
nof homsogeneous,

If one percent of a field population contains highly resistand individuals, a probit analy-
sis will vield a line that is very similar g0 the susceplible line shown in Figure 1, with per-
haps a few valoes far off the curve ai the upper end depending on how many insects wene
tesied. The important information about the few mdividuals that are pesistand will almost
ceriainly be lost, even if a very large number of insects is iested For toxicity, This is a lm-
itstion of the probit method, and reflects the difficulty of determining resisiance.
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Figure 1, Toxictiy of fenvalerate (Pydrin®) to third instar iohacco budworm
from Brawley, California and bollworm from Emerald, Cueensland,
Austrabin. The log probit plois of susceptible (5) and fiekd collected
(ower amow ) Helions arvingera were taken fvom Gunabg et al. (1984).
The dashed ling (R) shows the result expected if this field population
were pressured for several generations by fenvalerate until homogeneous
for resistance, Also shown are probit data from susceptible (5) Heliothis
viresgens (iobacoo budworm) and from a feld sirain (upper ampw) col-
lected near Brawdey, Califoroia in 1984, (Tom Miller, unpublished daia}



RESISTANCE TO PESTICIDES: MECHANISMS, DEVELOPMENT & MANAGEMENT 337

To help overcome some of the limitations in log dose probit analysis, a discriminat-
ing dose con be used as o diagnostie ool IF the population labelled 5 in Figuee | were
treated with twice the dose peeded 10 produce 95 percent mortality (iwo times the
LD, there should be no survivors, IF this same discriminating dose were used b treat
the ficld sirmin, nearly half the populstion would survive the dose. It can be seen that
this is a practical way of rapidly estimating resisianee in the field.

To generate the probit line, one needs at least four deses plus a conirod and a1 leas
one replicate. At 20 insecis per dose, this amounis o a minmuom of 2000 insects, One
can appreciate thal the disciminating dese technique is considerably simpler o per-
form. However, large samples are still required to document the low percentages of
resistant individieals in some populations (Rowsh and Miller, 1986). OF course, 10
obiain more detailed information, the probit method must be used, but it is no surpse
that the Australians, and later, the Americans, adopted the discriminating dose method
in their resistance monionng programs,

QUASE-SYNERGISM AND PHYSICAL ARTIFACTS

Aside from the drawbacks of probit analysis, there are other complications thal are
important @ keep in mind when irying 1o determing wxicity. In a classic paper that
often escapes notice, Sun and Johnson (1972) documened an artifact in the determi-
nation of toxicity of carbaryl (Sevin®) to house flies. When topically applied in ace-
tone, carbaryl gave a loxicity of 90 micrograms per fly. However, when formulated
in kerosene and reapplied in exactly the same way, the toxicity was 1.1 micrograms
per My, Sun and Johnson iermed ihis phenomenon “quasi-synergism" because bt
appeared as though carbaryl toxicity had somehow “improved,”

In Fact, spme insecticides, when applied in acetone, have a physical habit of crys-
tallizing on the cuticle, and ihus being unavailable for peneiration, This reduces the
toxacity of topically applied compounds by an amount that is directly attributable o
bow much materal precipiiaied on the surface, In some cases this 13 a0t significant
(Schouest er al,, 1983), but in olbers it is important, Since no msecticides are formu-
lated in acetone, this problem rrely occurs in Geld applications; instead, it s almost
always a possible artifact in the laboratory, where the wse of acgtone 15 common,

Probably Sun and Johnson (1972) were expenencing carbary] precipitation on the
surface of the howse (ies, Whatever the cose, from the time quasi-synergism was dis-
coverexd, Shell Development Company, where the work was done, switched From pou-
tine wse of acetone in testing Lo the wse of kerosene, Insecticides such as
arganophosphorus insecticides, or any other materials that are oily o poom emperture,
would naturally ot have these peculiar physical propenties, However, the concepl of
quasi-synergism is always important io remember when assessing insecticide 10XIciy.

TYPE OF RESISTANCE

Four major Factors responsible for resistance are listed below, They are considersd
b b the main means by which pest insects develop tolerance o insecticides, and they
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con be mensured with #ase or difficully, To undersiand the natire of resistance noni-
tonng, and the strategies behind resistance management, one must be familiar with
these factors:

(1) Behavior;

(2} Penetrbion;

(3} Aleered site of action (kdr, AChE}); and,

(4} Metubolism {(coudase, esterase, hydrolase, fransfemse... ).

Each of these types of resistance has been demonstrated or measured. For practical

, mosi of these factors of resisionce can be considered traits that are gencti-

cally inherited. It is popular to consider the development of resistance as an example

of Darwinian evolwion in action, Le., survival of the fitest in the face of selection by
isecticides.

BEHAVIORAL RESISTANCE

Behavioral resistance means the pests have inhented a behavior paitern that some-
how causes them to avoid a toxic dose (possibly by staying on a part of the plant that
is protected from exposure to chemical sprays, for example). This type of resistance is
the most diffecult io measune. Mony repons of behavioral resistance are anecdotal
observations. Groups of pest insects are seen to be residing on differend parts of the
plant, such as whiteflies occupying the lower third of the mature cofton plant in late
season (Personal communication, M.C. Tescano, University of California-Riverside)
o hiorm fly residing on an unireated part of the steer (Lockwood er o, 1985),

When taken in to the laboratory, it can be appreciated that these insects would fest
as susceplible by sccepied toxicological testing procedures using iopical applications
of precise amounts, All teo often the bioassays are designed For the convenienee of te
experimenter and miss the more sublle or esoteric forms of resistance, Another view
of these groups of insects is that they can represent a pool of susceplibility for diluting
the other forms of resistance, assuming they are ool already cross-resistant themselves,

Some insccts evolve behavioral avoidance of antibioiec crop cultivars which may be
an imporiant principle in developing insect resistant varieties (Gould, 1984),
Lockwoosd er aof. (1984) described behavioral resistance as either stimulus-dependent
or stimtlus-independent, but they also deflined protective avoilance as distinet from
behavioral resistance. They gave a number of examples,

Ciould (1991 consplered that either insecticides with repellent propesties or insec-
ncides used with insect repellents can significantly decrease the rate of development
of resistance, The entire ligld of the behavioral response of insect to selective pressure
15 o much peglected Neld of audy (Lockwood o1 af., 1984),

PENETRATION RESISTANCE

Penetration usually is not o big factor in resistance and is more readily measured, In
some cases insecticides simply do not pepetrate inside the resistant insects as mpadly
as in a companzon (susceptible) strain, The most convenien way (o determine this
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information is 1o measure the rale of uplake of radiodabelled insecticule from topical
treatment (Sawicki and Lord, 19705, This can be dose by topically applying the
labelled insecticide to both susceplible and suspected resistance individuals, then
washing the cuticle with solvent after a short wanl and comparing amounts of
unchanged insecticibe (Nicholson and Miller, 1985),

T split hairs, this procedure sctually measures what is left on the surface of the
insect, nol how moch actually penetrted and became available as primary toxicant
inside. However, determining the Istter mequires a more extensive toxicological
research project. Given the dwindling suppont for insect toxicology, the effort requined
miy ot be pustified,

ALTERED SITE OF ACTION RESISTANCE

A altered site of action means the site whene the insecticide exerts. its primary toxic
action is somehow penetically altered so that greater amounts of the insechicide are
nevwy needed to produce the same effect os previoesly.

The term “kdr”™ means “knock down resistance™ to pyrethrodd insecticides. Inscets
with kdr-resistance either do not respond at all to o dose that normally kills the suscep-
tible strain, or the symptoms of poisoning take far longer to appear than in the suscep-
tible strain. I this case the first symptoms of poisoning are termed knockdown. In the
case of DIOT amd pyrethroids, the presence of a kdr-like resistance mechanism memnally
requires sophisticaicd electrophysiological equipment for final confirmation. However,
kdr-like resistance can be measured by simpler methods as kong as complicating factors
suich as penctration do nod interfere with the inerpretation,

The kdr-resistance mechanism was onginally demonstrated by Busvine (1951 ) for
DDT. Table 3 shows the very simple results reported by Busvine firom theee house y,
Musew donestics L., strains, one susceptible, one with kdr-like genes amsd a third strain
with largely metabolic based resisian genes against DDT. Mote that the kde-like fac-
tor was expressed very Fast, within minutes of trestment, by a lack of response com-
parcd o the susceptible or metabolic resistant strains when all sirains were reated by
the same dose,

Tabde 3. Percent of sdult female house Mies knocked down afler exposure (o DOT
residues (0] mglem®y in o 500 ml beaker. (Afler Busvine, 1951.)

Strains
Fonockdown timee Rome Tnalinn Sardinian
susceplible resistmml res st
(%) (%) (%)
Dy i 200 minnetes 35 ] 27
Dy i A0 mimotes L 1l ]

Daown after 24 howrs 1M ] 11
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The hallmark of metabolic resistance is eventunl recovery many hours following
prisoning. As seen from the information in Table 3, it can be apprecioted that ihe ini-
tial responses io poizoning of the susceptible strain and the strain comaining metabolic
resisiancg are simlar, and major differences express ithemselves only many hours later.

It was shown thai the kde-like factor is expressed throughout the pervous sysicm.
Motor nerve terminals of larval house flies with the kdr-like gene expressed a resis-
tnce 1o pyrethroids (Salgado er af,, 1983ab). The central nervous system also
expressed a resisance (o pyrethroids in the same strain of house flies with the kdr-like
gene (Miller gr af,, 1979).

Abthough the sympioms of insecticide poisoning nommally express themselves within
the first M) minutes of wopical treatmcnt, the ultimate toxicity depends on what happens
many hours later, This principle of toxicology is best illustrated by considering unpulb-
lished results from Dy, Harey von Keysedingk of Schering AG in Bedin (Figure 2).

Delamethnn (Decis®), consdercd the most toxic of all the pyrethroid isechicades,
knocked down adull bouse Mies minutes after topical application (Figure 2). Over a
period of seven days, however, the number of insects remaining down began 10 decrease
until sbout 80 percent fully recovered. If, on the other hand, the delinmethrin dose was
delivered along with a nontoxic amount of the synergist, piperonyl butoxide, which
blocks oxidative metabolizm, the adulis never recovered during the following week.

100 r B8O 2 ng DM
*—e

&0

DM plus PB

Time (days)

Figure 2, Recovery of aduli house fMics wpically ireated with 2 ng DM
[delamethrn (Decis®)] (From Dy, Hary von Keyserlingk, Schering,
AG, Berlin}, Mote recovery ook longer tan two days 1o begin even
though toxicity is pormally determined after 24 hours. In presence of
the synergist, piperony| butoxide (PBY, the adubis pever recovered from
the same dose of deltamethrin.
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This simple expermental result from Schering shows a powerful concept in a sim-
ple example. First, pyrethroids do nod “kill” insects, Put another way, insects can sur-
vive massive chemical insult o their nervous sysiems. Secondly, given fime, the
metabolic machinery of insects can reduce the concentration of aclive ingredients in
the hemolymph (blood-like circulatory fuid in insects) to below toxic kevels allowing
the insect o recover. Many investigators measure toxicity 24—72 hours afber ireatment,
and ignore longer term recovery.

The important lesson to leam from Figure 2 is that the main metabolic component
in insecticide poisoning takes a long time, many hours or even days fo fully express
itself. It never happens immediately. As shown by Busvine {1951 ), however, the pres-
ence of a kdr-like resistance factor can be tested for in minutes. This fact was the prin-
ciple upon which the “warm-needle” bicassay for kdr-like resistance was developed.
The warm-needle assay was perfecied by Jeff Bloomguist (Bloomguist and Miller,
19835, 1986). Figure 1 shows resulis of this procedune applied o larval house Mies.

Following topical ireatmend, a group of maggols were “probed™ at regular infervals,
Those failing 1o respond were scored as paralyzed and the percent paralyzed was
recorded over time. Within an howr following fopical ireatment, larvae with kde-like
genes were easily distinguished from susceptible insects, The amount of kdr-like gene
expression was also readily apparent (Figure 3). In the example shown, the resistant

RAID
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i oE 1 H 0 &3 100

% Paralvals

.o L1

Deltamathrin {ugh

Figure 3. Dose response of dehamethrn (Decis®) iopically reated on
third instar louse fly larvee froan thiee differem straing (From
Bloomguist and Miller, 1986). Paralysis was delermaned len minules
afier treaiment. The sirains are susceplible (MIADM), and 100-foldd
reaasiant (S-KOR) and 10-fold resisan (KDR) both of which were
selecied for single gene kdr-resistance,
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strains were 10-fold and 100-fold resistant to deltamethoin (Decis®), respectively,
compared 1o the susceplible sirain based on the ratios of the LDy, values,

The warm-needle assay was adopted for studics on pink bollworm, and perfected
Tor the hom Ay (Croaby e al, 19915, The same principle can be used o demonstrate
@ kdr-like pene or effect in any insect, Thiss, as onginally demonstrated by Busvine
(1951}, the presence of a kdr-like factor can be determined in minites in any conve-
nient assay, This is easentially what is being done in the vial assay os it was adapied 1o
resistance monitonng of the whitelly (Staetz of al,, 1992), In this vial azsay, adulis are
held only a few hours before toxicity is delermined. As can be seen from the arguments
above, kdr-like resistance would be readily apparent in this assay, but metabolic ress-
famce would not,

Aliered sile of action resstance 1o organophosphones or carbamate insecticides
involves an abieration i cholinesterase (ChE), the targel enzyme. This nommally
requires laboratory analysis by biochemical means for fingl confinmation. In the
iobacco budworm, o single gene was shown 1o be responsible for methyl parsoxon
resistont acetylcholinesternse (Brown and Bryson, 1992},

Since the alered cholinesterase factor would be expressed as a general back of
response e cholinesternss imhibitors, it would respond in rapid assay in the first sev-
cml minutes of treatment in o manner simalbar to pyrethroad resistant insects with kdr-
like mechanisms, While this should be straight-forward o demonsirade with carbamaie
insecticides. there are technical reasoms why it may be more complicated with
organophosphoms insecticides (Miller. 19746),

METABOLIC RESISTANCE FACTORS

The final mechanism of resistance, metabolic, is by far the most common and ihe
mepst complex. Insecticides are hasically chemical molecubes made up of so-called
functional groups. Since most insectickdes have a carbon skeleton, nature has a myr-
tad of ways o alier, digest and breok apart such structures, usually by enzymatic
meeans. The only exception is the carbon-chlorine or carbon-halide bond which is rare
in neaivre and consequently diffsculi to redwee. This is the main reason DDT was foud
to be unaccepiable for widespread use: it resisted degradaiion and eventually nocumae-
Eabed in non- target organisms o unaccepiable levels.

It has become popular 10 point oul that insects have been co-evolving for many
viears with plams. Plants have evolved a spectrum of natural ioxins as insect deterrents
to which some insects have prompily developed resistance or immumaty. The classic
case is the tobacco plant with nicotine (an insecticide) and the tobacco budworm. This
meeans that even before insecticides are introduced inte crop protection, there are meia-
bolic mechanisms in place that are designed o profect against poisening.

It is also popular o point owl that polyphagous insects (insects thal feed on many
kinds of food) are more capable of resisting plant ioxing presumably because their
mietabolic machinery is more adaplable. The struggle of coevolulion s seen (o occur
in the karval stages which are largely confined to ihe bocality of their oviposition {egg
laying) site. The adult stages not only do nol have the same adaptability of metabolic
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faciors, their dict is considerably simpler, This larval stages that are treated, in gen-
cral, have the greater ability to respond by developing resistance 1o insecticides (Ronis
and Hodgson, 198%; Gould, 1991).

Three main metabolic factors confermng resistance ane: (n) mixed function oxidases,
(b} glowathione S-transferases. and {c)d hydrolases (including estemses) (Devonshire
and Field, 1991 ). All three mechanisms have been demoenstrated or are suspected to be
present in cofton pest insects (Little ef al., 198%9; Micholson and Miller, 1985; Byrme ef
al., 1992),

Besides insecis evolving meiabolic and other mechanisms o deal with ihe nabural
toxins in plants, the toxins in plants themselves are of great inberest. Almost all insecti-
cide products have some remote connection o a natural plant toxin. This even includes
the organophosphorus insecticides (Meumann and Peter, 1987) Thus the planis have
busd b clizal with insectickde resistance before through evolution, and perhaps some of
their adaptive countenactics might be of some inerest in the present confexi.

SYMBIONT METABOLISM OF INSECTICIDES

Acomplicating Factor in the melabolism of insecticides is the possible activity of sym-
beotic onganisms, Shen and Dowid (1991) reported the presence of esterase enryme activ-
ity i cultures of the veasi-like organism, Syrabdetapling kochil Jurzitra ex. W. Gams
ancd v, Arx,, which enjovs a symbintic relationship with ihe cigareite beetle, Lastodermia
servicovne (FPabrigius), It was suggested that such symbiotic organisms ane able 1o detox-
ify a wide range of pesticides, mycotoxins and plant toxins (Shen and Dowd, 1991},

INDUCTION OF METABOLIC ENZYME ACTIVITY

Eneyme induction 15 o well established phenomenon (Hedgson and Levi, 1987} in
which exposure 1o xenobictics (forgign chemicals) has the effect of increasing pro-
duction of certain enzymes to assast in the degrdation of the chemical, Diets have
been shown to have the same effect, Some of the esterase activity 1n insects has been
shown o be indvcible (Yo and Heu, 1985),

When reared on cotton (Delta Fine 61), com {Golden Jubilee), chrysanthemum
{Florida Marble) or antificial diet (see Shorey and Hale, 1965), whacco budworm lar-
vae showed litke differcnce in the bands of esteratic activity on gel ebectrophoresis of
hemolymph. Beared on the same host plants, however, analysis of the enzgyme activ-
ity of the hemolymph of the bollworm showed o greater diet-dependence (Salama ef
all, 1992,

The bollworm had ten bands of carboxyesiermse activity and (hinteen bands of
cholinesterase activity; whereas, the budworm had eight bands and two bands, respec-
tively, of the same types of enzyme activity. [t was concluded that the ballwanm lar-
vae with a more dict-dependent esterase activity may have evolved more closely with
its preferred host plant while the enzyme complement of the budwonm is more stable
on different hosts (Salama e al., 1992 Bratisen, 198700,

The toxicity of insecticides on bollworm and tobacco budworm lurvoe is known to be
affected by the dict upon which the larvae are reared. Undoubtedly, enzyme induction in
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response 1o plant chemacals present in specific bost plams plays 3 role in this response o
insecticides, Companing the toxicities of inseciiciles on the smme insect species thal orig-
inate from different host plants shoubd take these principles o consideration. Bicassay
of achalt insects alone woubd certainly miss these subtleties i larval stages,

TYPES OF INSECTICIDE

To umderstand the development of resistance, the chemistry of insectcide meaole-
cules and the exact constituents of insecticides as they are formulated are very impor-
tant. The Australian resistance managemend strategy not only restricted the use of
pyrethroid insecticides. it restricied the uwse of endosulfan (Thiodan®) in an effon o
preserve this material as well.

The major catcgoncs of inscctickdes ane given below to show the common site and
made of action.

DDT amd pyrethroid catepory: DDT, fenvalerate (Pydon®), permethrin
{Ambush®, Pounce®), deltamethrin (Decis®), cypermethrin {Ammo®, Cymbuoshi®g,
cyhalothrin (Karate®), cyfluthrin (Baythroid®), bifenthrin (Capture®), 1eflnthrin
{Force®), and clofenprox {Trebon®), DNOT is sometimes listed as a chlorinated hydro-
carbsomn and incomectly lumped together with the cyclodienes and lindame (lsotox® ).
DDT acts at the same site as pyrethroid insecticides, When kdr-resistance was encoun-
tered, the original diagnostic test for it was cross-resistance had 10 be present to all of
the other members of ihis class, ic. all pyrethroids and DDT.

Cyclodiene category: dieldrin, akirin, chlordane, heptachlor, endosulfan, lindane,
and ioxaphene. The cyclodienes include a distinet class of chemicals named after the
principle route uwsed in their synthesis, the Dicls-Alder reaction. These compounds anc
mow suspected of acting on the chilonde ion channel of the GABA synapse, The GABA
symapae 15 named for e nearotransmatier, gewimir gmino buyoc aeid, el s released
al its ending. Endosullan (Thiodan®) is one of the few compounds of tas category
remaining in registration for crop protection, and therefore, by virme of s differem
mde of action from other major categories of insecticides, is one of the most valuable,
The other members of this class were added (lindane, toxaplene, and more recently
bicyclophosphates) when their mode of action was discoversd.

A nerve oell connects to (or synapses with) other nerve cells (nerve-nerve synapses),
muscle cells (nevromuscular synapses), o directly to tissue organs, All nerve cells
have neurotrnsmitter or neuromadulator chemicals that they manufacture and release
at their synaplic connections, The release normeally occurs when nervous impulses are
conducted along the nerve cell axon to its nerve endings or synapses, The nerve cells
are pormally named by their neurotransmmitier chemicals, Thus a nerve that makes and
releases gemnm aming butyric acid (GAR) 15 a GABA neuron,

When GABA i5 released a1 a symapse, it diffuses to the cell downstream {the post-
synapiic cell) and excites the postsynaptic membrane, usaally afler being recognized
by a “GABA recepton,” Once activaded, the GABA receplor i lurm causes a brel (mil-
liseoonds long) increase in permesbility to a specilfic jon, in this case chlonde,
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Chloride permeability increases tend o sabilize the postsynaptic cell, or inhibat it firom
any further activity, Thus GABA neutrons in the central nervous system of insects play
a major role in inhibiting other kinds of nervous activity,

Cyclodiene insecticides specifically bock the chlonide permeability at the postsy-
maptic membeane of GABA synapses. This leads to an intermuption in the inhibitory
message and the posisynapiic cells can no longer be inactivated. This is thought 1o bead
by comvulsions as modor programs (discrete patterns of nervous activity dnving behay-
o) tarm on indiscriminately.

Inzects thai develop site-insensitive resisiance o cyclodiene insecticides  are
described diagnostically by their cross-resistance b0 picroloxinin, a toxic nabural prod-
uct that was used for years fo distinguish GABA synapiic transmission. Indeed, all
chemical insceticides in this greater cyclodiene category owe their activity b a sire-
tural and functional resemblance to picrotoxinin at the site of foxic action in the per-
vous system. Picrotoxinin acts by selectively and reversibly blocking the chlonide ion
channel on the postsynaptic membrane of the GABA synapse.

Avermectin calepory: avermectin. Avermectin is a naiural prodoct synibesized by
the w0l fungus, Strepvonvees avernnitilng. 15 stiructure is 5o complex thal chemical
synthess is impractical. Instead, the product is developed through fermentation tanks
andd marketed as both a veterinary medicine and an agriculiural insecticide product.
The outstanding Feature of avermectin is that its action on the pervous system seems
1o be counteracied by picrotoxin, Thus while the cyclodiene insecticides are thought o
act by blocking the chlonde won channel at the GABA synapse, avermectin denived
prosucts are thought o be active by virtue of increasing the permeability of the chlo-
ride chamnel,

Beciuse avermectin is a natural product that has the unusual propeny of killing
intemnal parasites in vertebrsie animals without harming tee Tt it is a valuable vel-
erinary product. Being a naural product with a complex strscture has hindered devel-
opment of analogs o avermectin, As a result, the primary manufaciurer, Merck Co.,
Inc., has enjoyed exclusive acoess 1o a unkgque market,

Carbamate cabegory: Carbamate inseciicides are consadersd 1o be inhibitors of
acetylcholinesterase enzyme ot cholinergic synapses in the cenral nervous system of
insects, Corbamates wers derved from the patural product, physostigmine, The inhi-
bitkon by carbamates is langely due 1o a reversible complex formation with the enzyme.
Once the enzyme is corbamylated by the insecticide, the carbamate group is hydng-
Iyzed off of the enzyme readily with a hall-hife of abow 25 minutes, This means that
poisoning by carbamates is readily reversible, one of the charactenstics of carbamale
action (Miller, 1976

Reversibility of corbamylated cholinesterse enzyme, the target of these insecti-
cides, puts carbamates indo o different cotegory from organephosphorus (OF) insecti-
cides. The organophosphates act by inhibiting the same cholinesterme engyme
sitacked by carbamates, but the half-life of the phosphorylated enzyme is days rther
than minutes, Thus the erganophosphates insecticides are considered o act longer as
insecticides pnd poisoning symptoms are imeversible, for all practical purposes,



L2 ] MILLER
Ayl carbamates catggory: carbaryl (Sevin®), propoxur (Baygoa®), carbosulfan

{ Advantage®).

Oxime carbanyates category: aldicarh (Temik®), methomyl (Lannate®, Nodrn®),
oxaemy] (Vydate®), thiodicark (Larvin®),

Members of the oxime carbamate family of insecticides, especially aldicarb, have a
unicue propey in that they are often systemic and are readily 1aken up and transported
in plant tssues where they are effective in contrplling plant pests with sucking mouth-
parts, Thiz sometimes keads w special bandling and ressdue problems and must be
treated with caution.

Organophosphoris category: These insecticides are divided into resistance man-
sgement closses based on the lunctional growps thal are bonded o the phosphorus
slom, Once thought 10 have o equivalent natural toxin in nature, Neumann and Peter
(1987} recently reported the solaton and dentification of a heteroeyelic phosphate
from Streplomyces aniibiofens DSM 1951, that hod potent anticholinesierase activity
and was equal in insecticidal sctivity o monocrotophos {Azodnn),

In general PaS compounds {phosphothionates) regquire activation o be insecticidal
anal this occurs rapidly in insects, PsO compounds do nol require metabolic sctivation,
Metabolic resistance would be expected o be dependant, in part. on the odher groups
altoched to the phosphorus atom. Becawse of the potency of their action on
cholinesterase, and the difficulty of reactivation of the phosphorylated enzyme, and
because of the great amount of strocture and activity work done on organophosphorus
insecticides, this category 15 the langest and mwost diverse group of insecticides (Woss
amnd Memmanm, 192

Phosphates: monocredophos (Azedrin®), dicretophos {Bidand). Both of these sim-
ple dimethylphosphates have alkyl leaving groups.

Dimethylphosphorothicaies: methyl parathion and fenitrothion (Folithion®,
Monathion®) both have aryl leaving groups.

Dimegihviphosphorodithipates: azinphosmethyl (Guihion®) and chlorpynifios
{Lorshan®) have an aromatec leaving groop and malsihion and methidathion
{Supracede®) both have alkyl leaving groups.

Digthylphosphorodhioates: parathion has an aryl leaving group.

Digihylphosphogdithioaies: disulfoion (Disyston®) which is a sysiemic. has a
thioalkyl leaving group.

Phosphogedithicats: sulprofos {Bolsiar®) with an aryl leaving grooup has an onuswal
O-cthyl, 5-propyl substitution.

Phosphoreihigate: profenofos (Curacron®) s closcly related to sulprofos
{Bolstar®) with the same O-ethly, 5-propy] substitution, bui is a P=0 compound rather
than a P=5,

Bhosplenaies: EPM is an unuswal phenylphosphonothioate with the phenyl group
bonded directly to the phosphoms atem, which is unigue among ihe organophospheo-
rus insecticides.

Chlordimeform type: chlordimeform (Galecron®, Fundal®), amitrae (Ovasyn@)
and diafenthivron, These "insecticides™ and acaricides have distinet ovicidal activity.
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Altheagh chlordimmeform registration has been withdrown, it provided a unigue type of
control activity in cotton pest control. Known as formamidines in general strociure,
these compounds have liiile or no overt topical toxiciby. They are widely known 1o
interact with the octopamine receptor in the nervous system, and therefore have a com-
pletely unique mode of action, and indeed have a very distinctive structural similariy
io octopamine itself, They were suspected of retarding the development of resistance
when wsed with other acutely toxic insecticides, and o have a strongly synergisiic
effect (Liv and Plapp, 1992}

Diafenthivron is a new type of octopamine mimic (Kadir and Koowles, 1991), This
compound has pot been siundied Tully, nov developed yet, bt it is reported 1o have
activities unlike all other insecticides and acanicides except chlordimeform, Since
difenthivron is broken down by oxidation of the thicurea mosety to urea, the parent
compound can be thought of as a propesticide. The urea breakdown product appears
io have the greater biological activity (Kadir and Knowles, 1991},

Nicotinic type: nicotine, cartap (Caldan®, Sanvea®) and imsdacloprd (Confidor®,
Cancho®), The chemical sructure of these compounds is based on a natural toxin
extracted from marine worms, Cartap is said to interact with the nicotinic acetylcholine
receplor al cholinergic synapses in the insect central nervous system. There 15 a gen-
eral similarity between the mode of action of cartap and that of nicotine, but little struc-
tural similarity between them,

The relaively new compound, impdacloprd (Admire®, Confidor®, Gauchol)
(BAY NTH-33893) is denved from pitromethylene compounds first discoversd by
Shell Development Company some yeurs ago, Orginally, development was delayed
due bo an instabiliny of the chemicals that appeared to be an inherent property of the
chemical structure of the active compounds, The nitromethybenes are also active at the
nicolinie cholinergi receplor, and 50 this cegory nghtly 15 colled a picotinee (ype,
Micoting: agents all should inhibia the binding of the specific and highly potent choline
ergic ligond, olple-bungarotoxin (Satielle o of,, 1989),

Benzoyluren fype. These compounds have undergone considerable development in
the past few years ond contines (o be of interest, They are nol neurotoxing, Rather they
are considersd 10 be growth regulators with the ability to interupt development, As a
result they are relatively slow acting. Despite this, their efficacy has improved so much
in the past few yeors through struciure ond activity studies, that they rval the most
potent neorotoxic inscocides i field efficocy,

Miscellaneous; B.t., Bocillies thiringiensis (Bediner), This bactenum prodoces an
endotoxin protein that when ingested sebectively disrupts the midgut of cemain chew-
ing insects, especiolly lepidopterous larvae, Although B has been used in crop pro-
tection for many vears, more recent sdvances in B technology have improved the
stroins oned pest control products, BoL s an adeal component in an [IPM scheme
because, being selective on chewing insects, it is considersd completely safe to bene-
ficial insecis.

The Bt endoboxin gene has been bicenginecred into cotton plants ond insect resas-
fant transgenic cotton are pow undergoing field development (Fos, 1992; Fermo, 1993,
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Benedict e al,, 1992; Jenking ¢ af., 19930, Commercial avatlabiliy on a limited basis
is expected for the 1996 growing season.

Resistance o ihe B.L, endotoxin has already been demonsivated in the diamondback
moth, Pletella xvlostella (Linnsens) (Tabashnik er o, 1990, 1991), The question of the
development of resistance in leal chewing colion pests 10 the iransgenic plamts in com-
mercial development is now being debated (Fiachhedl, 1992; Fox, 1992, Ferro, 1993,
Marrone and Moclotesh, 1992}, On one hand, the expression of the 1oxin throughowt
the pland suggesis one hundred percent selection pressure, or close to weal For resis-
tance development which Femo (1993) predicts will take as few as four generations.
The Mational Avdubon Society considers B, a valuable resource and 15 highly con-
cerned that it might be squandered if vigorows aftention is nol given now o resistance
managemeni {Fox, 1992

The levels and expressions in the tmsgens: plands are amenable to manipulation
and possibly more than one factor may be engineered inte the plant 1o retard the devel-
opmendt of resistance more or less in analogy 10 the wse of rotation or mixtures of ordi-
nary insecticides (Fischhoff, 1992}, Although some of the transgenic cotion cultivars
are spectacular in their profection agaanst chewing msects in the field. ot least one
recent report {Benedict ef of., 1992) concluded that a low expression of the endotoxin
gene conferved lidile or o protection compared to contro] planis.

RESISTANCE MONITORING

Here # last is one area that appears to evoke unifonn agrecment in the ficld of insec-
ticide resistance. Everyone agrees that moniloring of resistance is needed {Roush and
Miller, 1986, Sawicki, 1987; Riley, 1989 Although there may be some minor dis-
agreements on the details, no one can argue with the spectacular data generated by
resistance moniioning of pink bollworm in Califernia, tobacco budworm in Texas and
the Mid-Sowh, bollworm in Awstralia, and green peach aphid in England. For the very
Tiwst tiee i has been possible to gel good information about the resistance of popula-
fbons in skngle Delds or in localities.

Preliminary results suggest that resistances o both pink bollwonm and iobacco bud-
worm in the United States might even be highly localized. This information is partic-
ularly imporiant because ihe orginal expeciation was that one grower generafing a
resistant population in one Held would cause gencral problens in a local arca

LESSONS FROM BIOASSAY COMPARISONS

Ciiven that resistance monitoring is widely accepted, one of the first lessons o
learn aboat the subject of insecticide resistance is the folly of relying entirely on one
reststance monioring method, One example of this is in the ousianding work con-
ducted by Tim Dennchy on spider mile resistance in the San Joaquin Valley of
Califormia, This work epilomizes what can happen with incomplele testing, and
shows the difficulty of distinguishing resistance fact from artifact concerning any
particular product,



RESISTANCE TO PESTICIDES: MECHARISMS, DEVELOPMERT & MANAGEMENT M9

Reports of failures of dicofol (Kelthans®) to control spader mites of the Teframching
genus, prompied Dennchy, Granett and Leigh (1983) to investigate, They first repeated
the stondard |labomatory test for acancide efficacy, the well known slide-dip iest. The
slide-dip test is essentially a topical toxicity sssay since mites are dipped in dicofol
direcily. They obizined a resistance mitio for dicofol of 5.7 companng ficld strains of
twospoited spader mate. Tefranyelus wtiome Kaoch, wath laboratory susceptible sirains,

They then employed a less accepled residwe test whereby leaf dises are dipped in
dicofol and mites are confined o the treaied surface. This residue test gave results tlat
were completely differcnt and showed a 544-fold toxicity difference between suscep-
tible spider mites and ficld collected mites (Figore 4}

Thius, the Dennehy er al. work (Figure 4) shows that reliance on one method, even
tepngh widely accepied, may yield misleading resulis. The other besson to bearm From
this classic study is that on close examination, all resistance and field control problems
were with the twospotied spider mite. The sirawberry spider mite, Tevrmayeling turke-
stererd Ugarow & Mikolski that eccupied the same colton niche was controlled with dico-
fod {Kelihane®) and showed no resistance,

Schreiber and Enowles (1991} also commpared topical toxicity wiith vial bioassay on
the bollworm. They found that the adult vial assay gave resubis thal were similar to
achult topical tests, but Farval vial assay results were significantly different from larval
topical toxicity.

Misleading resulis with iopical assays using standard toxicological testing protocols
are pol new, Arhur and Zetiler (1991} found that topical methods did not accurately
reflect malathion resistance frequencies in the red Mour beetle, Trbolin castamenm
(Herbst), Boush and Luterell { 1989) reported that topical boassays did ned accurately
detect resistance in the tobacco budwomm,

The dichatomy berween resulis of ropical bloassay versus residue treatments have also
been reflected in improved control by space sprays Tor bouse flies compared 1o residunl
readmenls using a vanety of mseciicides (Taylor, 1982), These and olber examples shosw
the inapproprinteness of extrapolating laboratory test results 1o field sivations,

Relionce on o single biochemical test for insectichle resistance i coutioned as being
myopic (cking i foresight) since contingous use of one insecticide may result in the
sedection of additional mechanisms (Sawicks, 1987), Biochemical tests are sophisticated
in that they can often give precise quantitative nformation on specific metabolic epeymes
that play a role in insecticide detoxification such a5 esternse, or carboxylesternse tests
{Devonshine of of., 1988 Hemingway of of,, 1986) or cholinestemse wests (Moss, 19800,

Biochemicol wests, by their namre, pormally are restrictive in what (hey revenl ansd
cannol substitute for topical or other tests of overall toxicity of insscticides to insects,

RESISTANCE MONITORING METHODS

Attracticide Assy Method — A povel resistance monitoning method was creaged
and perfected for pink bollworm, This method, ermed the “atmcticide resistance
monitoring method”, employs Debia traps baited with pheromone gossyplure, that are
ordinarily vsed for assessment of populations of malke adult pink bollworms,
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Figure 4. Probit data of dicofol (Kelthane®) on twospotied spider mises collected from cotton fields in central California (From
Dennehy ef al., 1983). The slide-dip assays (A) and the residual assays (B) gave very different resulis, The LDg, values (hori-
zondal dashed line} between laboratory (susceplible) and field collected (resisiant) sirains assayed by the residual assay were
almost three orders of magnitude different indicating huge resistance 1o dicolol residues. The topical assay showed a much
smuller difference.

HATIIN
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To monitor resistance of adult pink bollworm, the Delia wap was purchased withoat
sticky adhesive. Cards irimmed oo filin the bowom of the Delia trap were smeared with
a mixiure of sticky material (Tangle-Trap®, Tanglefoot Co., Grand Fapids, Michigan)
ard an insecticide 1o be tested. Each cand had a different concentration of insecticide
and & series of three to five concentrations was prepaned besides a control without
insecticide, The senes of doses were replicated For each insecticide at beast once.

Modified Delta traps with dosed cards were placed in cotton fields overnight. The
traps were collected in the moming before sunnse, The cands with their trupped adult
male pink bollworms were removed and stored at room lemperature (70F), After two
days the numiber of dead moths and the ol number per cand were determaned. These
data together with the martality of controls for each insecticide were analvzed by pro-
bit analysis {See earlier section in this chapter for discussion of probit analysis) pro-
grom {Raymond, 1986),

Protocols for conducting attracticids fests in the field were described in two papers
{Hoynes ef al., 1986, 1987} It was observed thal control mortality was reduced if
sticky cards were scraped before use o eliminate blobs of stickum. The atiracticide
meethed hos been used For pink bollworm resistance mondloring programs in Arzons,
Texas, Mexics and Ching as well as in Califormia.

Data from the lnboratory of Dy, Wen-gu Li in Shanghai, China shows the morality of
octull male pink bollwornm over lime on sticky cands (Figure 5). Similar data on the treat-
mend of third inslar tobaceo budworm larvae by cypermethnin {Ammoe®, Cymbushi®E)
gave remarkably similar resulis (Firks snd Wolfenbarger, 1991 ) (Figure &), These resulis
demoensirate clearly the need for a specilic mcubation persod following dosing in onder
for reliable toxicity values to be obtainad. In this case, two days are needed before toxi-
city dain become stable. All studics using bioassay of insecticides require calibration
charts swch as that of Dr. Li for each specics and insecticide cabegory tesied.
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Figure 5, Change in toxicity following attracticide dosing of adult male pink bodlworm
by fenvalerate (Pydan®), (From Dy, Wen-gu L3, Shanghad Instiiwte of Enomology,
unpublished data, 1991.)
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The sttracticice method or modifications have been adapied o mondtor resistance in
codling moth, Cvlia pomonelle (Linnseus), citrus thrps, leall miner, whitefly, oniental frui
moth, Grapholitg molesta (Busck), gemman cockroach, Blarella germanica (Linnoeus) aned
peach twig borer. Major advaniages of the use of insecticide and stickum mixtures ane that
any formulated insecticide may be wsed and the mixmres sorvive cold stormge well,
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Figure 6. Estimatesd LDsgs {with 95% C1) based on matal-
ity ohservations 24, 48, 72 and 96 hours after treatment
with cypermethrin (Ammo®, Cymbush®) of third instar
tobacco budworm larvee from Mississipp and Texas,
(From Firke and Wolfenbarger, 1991.)
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Vial Residue Assay Method — An altermative methed for resistance monitoring
was perfected by Plapp (see Plapp of al., 19940; Kanga and Plapp, 1992, and Kanga ef
al., 1993 for materiols and metheds). A given amount of insecticide dissolved in sol-
vent is ploced in o glass vial (20 ml scintillation vials are perfect For this). The solvent
evaporates as the vial s rotated mechanically. When dry, o uniform costing of ihe
insecticide is left on the inside of the vial. Live adult or larval insects are placed in ihe
vial and kept 8i room temperature usually for 24 hoors, before monality is determined.

Alibowgh the vial assay wis onginally designed for use with tobacoo budworm adulis
as part of a field monitonmg program, it is suitable also for tesiing disciminating doses
on adull pink bollworm. The pank bollworm is nod pearly so sensitive o iemperaiure in
the vial assay as in the attracticide assoy method (Schovest and Miller, 1988).

In addition, the vial assay has been adopied for resistance moniioring of the white-
My (Staciz ef al., 1992) with one very important medification. [ is conducted for only
three hours instead of 24 howrs as used for pink bollwoerm and wbacco budworm. The
shorter time is needed because there is significant montality of aduli whitefly when
held longer than six hours (Figure 7). The immedizcy of the whitefly resistance prob-
lem is such thai the vial assay was adopied quickly despite the obviows drawbscks of
assessing mortality after such a short time. This would not reflect fully the metabxolic
component as demonstrated by Buswvines (1951} resubis (Table 3} and the von
Eeyseringk deltamethrin resulis (Figure 2. Strictly speaking, the short assay period
wonld make the whitefly results a knockdown assay, nd a toxicity or moetality assay,
amd should be reported as such o avoid confusion,
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Figure 7, Bifenthnn (Caplure®) knockdown of adult whitefly over o six hour period
following exposure o reated glass vialks, (From Stacte o of,, 1992,)
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Originally the vial assay was used 0 monitor only cypermethrin tosiciry. Alithough
cypermethrin was selected for 8 number of sound reasons, e other pyrethroids wene
maonibored. Other categories of carbamate and organophosphoms insecticides were nol
stable enough on the glass surface to withstand storage or shipment. One way around
this woaild be 1o mmeake up the vials immediately before nse (Personal commamicatio,
D, A, Wolfenbarger, USDA, ARS. Weslaco, TX).

Recently, it was learned that organophosphons insecticides can be adopted for use
i the vial asay if care it taken 1o ensure the siabiliny of the chemical on the glass sur-
Face (Kanga e of, 1992). INihe glass vials are ireated with benzoic acid, the insecticide
fibm (resichic) deposited on e glass vial becomes far more stable (Figare 8. Sall, o

% CONTROL MORTALITY

WITHOUT BEMZOIC
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TIME (DAYS)

Figure 8. Toxicity of profenofos (Curncron®) to adult house Mies
confined to glass vials treated with 3 mafvial with or without
benzoic soid to sobilize the organophosphate {profenofos),
{From Kanga ef ol 1993}, Mote thot without the bensoic acul,
the toxicity of profenofos drops off rapidly starting immediately
after the vials are coated; whereas, with benzoic acid the vials
remain effective for bioassay testing For over two weeks,
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is a pood praciice to use organophosphons insecticide-treated vials quickly, and 1o be
aware of possible degradation upon storage.

FIELD INCUBATION

O of the best methods of saving time during resistance monitonng wis o employ
on-site incubation. We learmed carly on that carrying insects from the field to constant
emnperature chambers for incubation was awkwand and time consuming. Yet insects
hacl 1o b bebd an constant emperature 10 insure accurale data and to keep control mor-
tality down to acceplable levels.

Controd expeniments showed that a hobe i the ground maintainesd o constant tem-
peraire suffscient for incubation of Geld-collected insects (Figure 95 The depth of the
hale had to be @ lewst six inches (15,2 cm), bul was very stable and convenient at a
depth of 28 w0 39 inches (7000 100cm) {Schouest and Miller, 19915

Daa from pink bodlwanm sbults beld in the ground in vials, or stuck on aliracticide
cards was very similar toansects held in environmental chambers with the temiperasture
constantly comralied. This meant that resistance tests could be conducted all on site in
rural areas and eliminated the nesd wo oy insects from field collection sites mio a
labortory or eiher special facility,
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Figure 9. Air wemperatures reconded at various depths in a one-meter bobe i e

groaid from July 1o mid-September ol Biverside, Califormin (From Sclwovest and
Miller, 1991.)

DEVELOPMENT OF RESISTANCE
Resistance management sirategies depend on factors that influence the development of

imsechicide resistance. The list of these conditions 15 i Table 4 and s modiled (rom
Sparks er of. (1985).
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mﬂhls_mﬂcl]y und Wal:mn {I"ETI J:nnﬁm'r:d lI1|5 I'l:ll Iahumll:n' prmur:d
tobacco budworm, Filk {1984) reported extensive growith and survival data from strains

of Helicoverpa armmigera that showed this trend. Recently Plapp and his coworkers
obiained similar data for the pyrethrond resistance strains of tobacco bodworm col-
lected from cotton ficlds (Table 5).

Table 4. Conditions conducive to mpid development of resistance. (From Sparks er
al, 1985.)

1. Prolonged exposure 10 a single insecticide.

2. Every generation of the insect ireated (selecied).

3. Selection pressure high (high doses).

4. Mo insects escape treatment.

5. Large geographic area treated.

f. Selection Gocurs prior o mating.

7. Insectichle related to one used earlier,

8. Tresiment wiggered by bow numbers of pest insecis.

9. Insectickde inherently irritating andfor repelient.
10, Mo gene flow Between insect populations (no migration berween populations ),
1. Pestimsects monophagous (fecd mainly on one kind of plant).
12, Short generation time (shon life cyele)
13, Numerous offspring per gencration.
14, Insects haghly maobile,
15, Insecticide has long resicue life,

Tobde 5. Growth, development and reproductive data for susceptible and resistam
ibacco budworm mades and femalbes, (From Caompanhola o al, 1991,)

Suzceptible strain Resistam strinn
Charncteristics
? ! T d
(male) (Termabe) (male) {female)
Mean pupal developmental
period, days 15.1 13.5 149 133
Mean pupal weigh,
milligrams 4.1 3188 3286 3154
Mortality at pupal
stage, percent 1.3 24 1.9 2.1
Ilean hatching to adult

development peried, days 3.3 29,8 32.81 300



RESISTANCE TO PESTICITHES: MECHANISMS, DEVELOFMENT & MANAGEMENT 157

Mean fecundity, number of

eggs per female = 2.552.8 - 1.270.00
Mean fertility {number of

females producing eggs),

percent - 3.5 —_ 625
Mean hatchability (hatched

eggsh percent -— 748 —_ 71.5
Mean adult longevity,

days 21.2 174 235 14.2°
Inirinsic rate of incrense, ' —_ 0.12 _ 010

‘Sipmficantly different from the smcepiible stran {P<Ab05; 1 losll

Wlecan longevity af feenabes significantly difforont from males of the same strain (P00 £ e,

r = log. FobT. where B, i the net replacemsent rate (mumber of daughtersfemale) asd T ks the mesn ges-

eralion liss.

Bide: For enformatson on number of indnviduals iosed and statidtical confidemce bimits of resolis, resder s
reformed bo g paper ciled above,

Fitness data are not spectacular because the lack of viability in insects that ane just
in the process of developing resistance is sometimes a matter of degrees and changes
are subtle. Flapp and his co-workers show, for example, that resistant budwonm larvae
grow more showly and weigh slightly less than susceptible strains. Adules of resistan
strains are bess responsive to pheromone than adults of susceptible stains. Pemales of
resistant strains produce less pheromone, lay fewer eggs and have a slightly higher
miortality than susceptible strains,

Taken individually, these parameters of growth, development, fecundity and repro-
duction are not impressive, In fact, some are barely discemable by good statistical
comparisons. However, when taken together, they represent a distinet advantage for
the susceptible populations providing there is nod a continuing selection pressure from
the continued use of the same insecticide. If spraying conlinues, then the selection
process continues, swinging the chances of survival decidedly back in favor of the
slightly bess viable resistant strains,

Muggleton (1984) ermed these processes “selective disadvantages,” and a few
studics have given them quantitative values from 34-36 percent, He conchaded that
resistance genes have appearsd and disappeared spontaneously in all insects and have
been doing so all along, cenainly prios 1o the inroduction of insecticides,

Arecent genetic study of resistance confirmed these rends of fimess disadvantage
in the development of resistance (Clarke and McKenzie, 1987), The important feature
deseribed by the Infter study, however, is that once resistonce is selected for several
generations, the resistance remains and viability retums, Empinical results confirm
this, This explains part of the “rochet up™ effect mentioned above which leads 1o grad-
ually increasing olerance (the “creep” up of resistonce) 05 insecticide selective pres-
sure 15 maintained year after year,
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Adthough laboratory selection is said to produece polygenic resistance (Roush and
McKenzie, 1987}, laboratory colonies under selection somelimes develop an initial
resistance Followed by reversion to susceplibility for one or two generations before
resisiance develops (Brown, 1981). Reversion in the field can have two causes; {a)
finess disadvaniages w the resistant individuals or (b) diluiion of the resistance fre-
gquency by susceptible migrants (Personal Communicaiion, B, T. Roush, Comell
University, lthaca, NY'), or reversion of the resistant trail,

Results of lnboratory selection may be miskeading if inbreeding depression is mis-
taken for lack of viability (Roush, 1986), Selecton in the Geld will cause inbreeding
depression as well if the numbers of insects remaining in any general location is kept
low by constant insectickde trestments, Indesd, this is one possible explanation of

“selective disadvaniage,” or reversion,
To um:‘l-l:nlmd Condition Ihll:r. T n TB‘J'I-Q‘ 4, “Insecticides relaved o one sl ﬂrlmr'

a.nd,l.',‘.[l:l_'[. B-:Hh c-fll}:s: Ellcgmmuflnmncldﬁ are Ihunghl 1] pm.'.-l:ln ium:l:: by uul:
ing on nerve membranes, Although the noture of the intermnction may vary with each dif-
ferent chemical i this class, the Jethal property of these compownds appears. iobe their
ability to remder the nerve membrones permeeable 1o sodiom sons over a long penoed of
time. The disscreation work of YVincent Salgsdo (Salgado f al.. 19830,b) made il clear
that peuromuscular blockage could be produced by a prolonged membrane depolanza-
tion of only a few millivelis cavsed by o prolonged increase in sodivm permeability.

DT and the pyrethroids share ancther property that sets them apart as a class of
imsecticide. Many members of this group have a negative emperature coefficient of
toxicity with some important exceptions. This means that DDT and some pyrethroids
are meore oxic ab lower temperamnes and less woxic at higher emperstures. The rola-
tionship between lemperature and toxicity is a continuous one meaning there is no spe-
cific temperaure above which DDT is non-ioxic.

Furthermsore, cach insect pest has a different temperature-toxicity relationship with
members of this class, and very few of these relationships have been measured and
stdied, Permethrin { Ambush®, Pounce®), for example, is konown 1o be 10 tinwes less
foie 10 obacco budworm larvae af B6F than at 52F (Sparks e of, 1982, 1983; Toth
and Sparks, 1968), but fenvalerate (Pydrin®} is equally toxic at the same two lemper-
atures, Because these wemperature relationships vary from one specics to another, lab-
oratory data may nod be o good indicator of field efficacy. Therefore, it is imponam
that fickd rates are determined empinically,

The pyrethroids and DDT share another propeny. Both can induce kdr- resisiance
(knock down resistance) in insects, I kdr-resistance were previously induced by DDT
use at some posnt during the past 40 years, and il some of (he genes responsible were
still presemt. then it will be somewhat easier for insects o adapt o pyrethroid sprays
by developing kdrresistonce, There is evidence that the budworm resistance o
pyrethroids discovered in 1985 includes a kdr-like component {Sparks er of., 1989,

Plans for the management of resistance mast tnke inlo account te 15 factors lsted
in Table 4 and sl the practices that exist for controdling Insects in ooiton, As an exanm-
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ple. the biplogy of the pink bollworm is described below in relation to the list of fac-
tors affecting the development of resistance.

RESISTANCE DEVELOPMENT IN PINK BOLLWORM

Ironically, the current best method of comrolling the pink bollworm is use of cul-
tural proctces (Bottrell and Adkisson, 1977), A simple eardy harvest strategy has been
shown repeatedly to deny the pink bollworm the time pecessary 1o produce o diapanse
o overwinlenng generation. Despite this knowledge and proven sratégy, the cotton
growers in seuthem California and Arzons have stubbomly refused 1o use the shor
season sirsegy—al least until 1989, when the Impenal Valley growers finally began
o wse the sirategy.

The pink bollworm, a microlepidopteran, is a selective and endemic infestor of cot-
ton in a circumseribed growing region. Therefore, s presence is mouch more pre-
diciable than other cotton pesis. The imsislence of the growers in southern desen
valleys of ihe United States on using chemical control has guaranteed ihe presence and
pest status of the pink bollworm for an exiended peniod. This made it the subject of a
valuable case siudy of the onset of resistance io the newly introduced pyrethroid insec-
ticides stanting abowt 1980

There were several advaniages o this study of the pink bollworm over siudies of
mast other cotton pesis, excepl mites and aphids. The pink bollworm was predictable.
Its yearly appearance was regular and populations were very large. The pink bollwormn
pheromone ad been deseribed years before and use of pheromone iraps was routine
which helped o descrilse and define ihe population fluxes.

The atracticide monitering methed was created early on, This mcand that actual
probit values for toxicity could be oblained, instead of the incomplete discriminating
ot daia that was the hallmark of resistance mondtoring of the bollwoom and tobacen
budworm problems in the Mid-South and Avsiralia. In addition, all insecticide cate-
gories could be tested, Fesistance moniforing was aimed at adulis, the same siage
trested commercially, Larval stages were not under selective pressure since they were
inaccessible 1o treatments inside the coton bolls,

The pink bollworm is a moth in the family Gelechiidae that, in addition 10 cotton,
aitacks other plants in the malvaceous group including Hibisens sp. and okra, While
they can be found mrely on Aibiscus sp. they may be considered essentially
monophagous (Condition Mo, 11 in Tabde 4) on cotton in the desert valleys of the
sowthwestern Linited Siates,

The pink bollworm can have five generalions in one year, especially in hot desen
conditions (Anonymous, 1984; Moble, 1969; Graham, 1980), Except for early and late
season when migration is more likely to occur (Stem, 1979, pink bollworm usually
remain in & colton crop once hostable froting bodies or Bowers are present, The adulis
fly & short distance from any given field and thus do nod sinctly sotisfy Condiion Mo,
10, (Table 4} “no migration between populations”, However, the tolal mixing within 2
ficld population is relatively low, thus encouraging the development of resistance
(Condition Mo, 10 Table 43,
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Yield Loss Due o the Pink Bollworm — Insecticide ircatment for pink bollworm
can start in Jupe and continue unil September. Estimaies of the average seasonal cost
For chemical controd vary between one and three hundred dollass per acre assuming an
inghividual treatment (o cost 510 - 515 per acre, Average yield beases o pink bollworm
in the Imperal Yalley of California for S-vear periods between 19611985 are shown
in Table 6. After the amval of the pink bollworm in 1965 19648, the average yield
dropped dramatically by mone than one bale per acre,

Similady, the costs lor controlling the pink bolbworm and pests that anse as a direct resuly
of chemical treatments For pink bollworm were given by Bumows o al, (1982), These show
a dramatic increase and hove remained unaceeptably high compared o 1966 and previous
years, Unusually high costs for 1977 were due o stonmes that created o one lime climasse For
explosive insect growth and an inability 1o get mgo the fickd for control measunes,

Table & Average yield and value of coiton produced in the Imperial Valley of
Califprnda before and after the amival of the pink bollworm.  (From unpuhblished
data, B. T, Staien, USDA, APHIS Methods Development, Phoenix, AZ)

Yeurs! Average vield Average valoe'
ibalesfacre) (%)

150 =65 143 1029

1965-T0 225 675

1971-75 213 630

1976-80 23 660

198185 253 Tel

"The pink ballworms vwas eatablished by 1965,
TBased on N0S0 por peoised of ling

Conlrol Methods For Pink Bollworm — Despite the clear success of the techmol-
ogy, there has been spoity acceplance by cotton pruodeers in the use of pheromones—
the so-called mating confusion technique—to control the pink bellworm, This method
is sebective, does not affect other insects, especially beneficials, and fits ideally into a
pest management program.

The newer Mitsubishi Rope pheromone technique for pink bollworm conirel has
been stuchied, Results show that pheronvone technology must be applied with care, but
can greatly reduce pink bollwosm populatbons when ireatments are combucted in large
blocks with area copperation (Natwick and Staten, 1986, Siaten, 1987}

The more trachitional method of controlling pink bollworm with chemical insecticides
is shown in Table 7. This example is at one extreme in that i relies on 12 restments of
one produsct, the pyretheoid msecticide, Pydan® (fenvalerme). However, it does illus-
e how one can come chose 1o satisfying many of the conditions for rapid develop-
ment of resistance under existing pest control practices in the desen growing regions.
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The field represented in Table T has exposed pink bollworm to o single insecticide
(Condition MNo. 1. Table 43 Mearly every peneration was selected (Condition Mo 2,
The commerncial dosage (high dose) was used presumably (Condition Mo, 3). The
entire population in this field was treated (Condition Mo. 4). Treatment was delivered,
at least part of the time, before mating (panial Condition Mo, 6). The pyrethroéds are
similar in their mode of action to DO, therefore Condition Mo, 7 (Table 4) was satis-
fied. Treatment was probably based on pheromone trap caiches hus saisfying
Condition Mo, 8. The pyrethooid insecticides are knowns 10 be irmitable to most insects
pests (Condition Mo, 9. The commercial compound used, Pydrin® (Fenvalerate), is
photostable and has a residue life of a0 least several days in the feld, therefore
Concition Mo, 15 was considensd satisfied,

The pink bollworm tends to be locally infesung insect in the middle pan of the sea-
son (Condition Mo, 101, The pink bollworm, being monophagous on cotton, salisfy
Condition Mo, 11, Five genersions per season partially satisfies Condition Mo, 12,
Each female can deposit al least 200 eggs, satisfying Condition No, 13. The adult pank
bollworm are highly mobile, saisfying Condition Mo, 14,

Thus, out of the 15 condiions {Table 4) that are condicive o rapid development of resis-
tance, the fiekd discussed above met, of least in pas, 14 of them, Condition Mo, 5 was the

Tabde 7. An cxample of chemical vse on a cotton field (144 acres) in the Impenal
Valley of California in 1984

Date Iviaterialks
April X2 Arodrin® + Ferilizer
hay 3 Kelthanc® + Fertilizer
June [§ Owihenc® + Fertilizer 4+ PINE
M0 Owihenc® + Fertilizer + Supracide®
July 6 Guthion® + COTE®
13 Pydrin®
18 Pydrnn® + Galecron® + COTES
21 Pydnn® + COTE®
23 Pydnn®
9 Fydrin® + Galecron® + COTES
August L] Pydrin®®
8 DEF®& + Isobac®
1 Pydrin®
15 Pydrin® + Comite®
2 Pydrin® + PIX&
28 Pydrin® + Golecron® + COTER
Seprember 2 Pydrin® + Comie® + COTEE
1tk Pydrin

] Biedstar® + Cialecron®r
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onlly one that was not met. A treatment schexdule as prescieed in Table 7, s an example of
one mos likely o produce resistance. Obwviously, in & growing area as boge as the
Califormia Impenad Valley, normsal pest comtrol praciioes wall vasy from one Farm (o another,
Relimnce alnwst emtirely on chemical control has bad o extremely high costs (Tabde §), The
cost of resistance and cost o the envisonment are not included inobe calculation,

It has been beammed from resistance monioning that, especially with pink bollwomm,
resistance likelibood increases for every year the same plot of groumd is plamed back
to cofton. This is e because pink bollworm overwinters i the same Beld it infests if
it is allowesd to dinpause 0 the (all GF conon n infested areas 15 allowed o grooe past
Heptembser).

Table 8. Cost for contrel of Imperial YValley pink bollworm pest complex, 1966 1w
1980, {From Burrows er al., 1952}

Year Total costs Total cost!acre Percent of crop value
i5 (%) (%)
| il 4219339 12013 B
1967 5. 751,033 168,26 Q.40
il 0247736 248,35 1237
R 1.250, 476 16706 15.74
im0 I E950TH 651110 St
1971 5489, 12 59260 50.10
o072 10,853,708 33294 2300
1973 I 3485458 363.00 21.17
1974 28,365,110 32604 26,20
1975 12517.718 29011 2778
1976 10,303, 364 153.78 14.15
1977 67,251,863 487.33 79.59
1978 10000, 773 150,16 12,26
1979 15,046,694 15674 13,27
1980 18,058,080 205.21 | 648

Resullz of Resistance Monitoring of Pink Bollworm — Al results from the first
pwo years of resistance monitoring on pink bollworm conflirm what one would expect
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from the analysis given obove, In fact, one growing aréa in the Imperal Valley {the
aren around Wesimoreland, Figure 100 appeared from the monitonng data 1o have sai-

Lisgninl Taiiy -- 1505
Ersrsremce Bavros;

Ly FIELS FOFULATEGN

LC,, SUSCEFTIBLE PEFmATial

i

Panres STarin

i | R{

.83

Figure 10, Resistance ratios of fenvalerate (Pydond®) toxicity mea-
sured in the cotton fields indicated on this map of the Impenal
Valley, California. The Salton Sea is in the upper left hand comer
ard the United States-Mexicon border is shown by a dod-doshed
line. The vertical calibration mark on the left indicates 15 miles
or abowt 24 kilometers, (Tom Miller, unpublished data,)
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iaficd conditions for development of resistance in 1985 ancd 1986, The Westmoreland
aren was known 1o contain a number of growers who traditionally relied heavily on
insecticide spraying, especially pyrethroids, for protecting colton and they had been
complaining of reduced efficacy for some time,

Correlation Between Pink Bollworm Resistance and Insecticide Use — The
nature of pink bollworm infestation and the resistonce monitoring technique allow
plotting the resistance of a specific population of pink bollworm against a given insec-
ticide versus o measure of use of the same insecticide 1o control the same population
of pink bollworms in a given field. Such o plotting was dene and is shown as Figore
11. The data show cleardy that the more & pyrethrosd such as fenvalerate (Pydnin®) was
used, the greater the ressiance became.

431
3 293 -

165

PYDRIN

O

17 |

13 a2 51 70
TOTAL DAYS EXPOSED TO PYRETHROIDS

Figure 11, Toxicity of fenvalerate {Pydav®) to adult pink bollwonms plotted against
the toial pumber of days Pydrin® was used in o given cotton feld, (Tom Miller,
unpublished data), All of the data were tken from populations in cotton Gebds, The
cotlon fields are shown on the map in Figure 0L As 8 rule, the longer the popala-
tion was ireated with Fenvalerate, the greater the resistance with one exceplion {the
point i the lower right comer). This was from the field with o resistance matio of
3191 (on the left sde of the map in Figure 10) which was close enough to Mexico
tor adbow am influs of susceptible pink bollworms 1o dilute the éxpected resistance,
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The Figure 11 plot also shows that resistance wie il a discrete increase, Instead, the
populations represented showed o gradual incréase or “créep” upwards towarnds greater
tolerance in direct proporion 10 the amount of nsecticide wied, There is ooe significant
exceplion, the point in the lower nght hand comer of the plot. It represents a colton field
about five miles from the Mexican border. Obwviously, the resistunce in that field was not
proponienal to the use of pyrethroid insecticide. In Fact, all values of pyrethroid resistance,
regandless of iits use in controlling pink bollwomm, were low near the Mexican border.

We suspecied this has happened because pink bollworms tended to bleed across the
horder a1 a low but steady extent from Mexico o cotion fields i the Unibed States.
Sknce the Mexican cotbon fields were not ireated with pyrethroid insecticides ai the time
these stdies were done, they wouold seem to have served as a sounce of susceptible pink
bl bworms io diluie the developing tolerance on the Amenican side of the border,

Mathematicians call this a “boundary effect.” As bong as conditions of no
pyrethroics wsed in Mexico and extensive use in the American cotion fickds are main-
tained, groups of susceplible populations would be mainiained only in American fields
close enough to be influenced by the influx of populations from Mexico. The resis-
tance map of Figure 10 gives a fascinating glimpse of bow Far from ihe berder this
influx of susceplible populations peneirated the native pink bollworm popualations.
Apparenily 15 miles was sulfficient to negate the effect since resistance was chronically
building around Westmoreland.

RESISTANCE DEVELOPMERT IN TOBACCO BUDWORM

Larval stages of iweects may have a greater variely of resources o call upon with
which to develop resistance compared 1o adults of the same species because of differ-
ences in metabolic requirements in digesting plant material (Brattsten, 1987ab). The
tobacoo bollworm, in pariicular, 15 more prone o oseclicide resistance development
than either the pink bollwomm or the boll weevil because the larvae stage is accessible
to spray treatments, and therefore, is under selective pressure, The pink bollworm and
boll weevil are only accessible as mdults w commercial spray treatments, The larval
stages arc encased inside the cotton boll for the balance of their development time and
are therelore not under sclective pressure,

This generality is important becauss afier the imroduction of transgenic cotion plants,
presumably the larval stage of the pink bollworm will come under pressure from the B
endotoxin For the first time in commercial cotton production, We can only assume that
the larval stage of the pink bollworm, like the lnrvise of the wobaceo badworm, will be
capable of developing o wider vanety of resistance mechanisms than the adult,

Being polyphagous (feeds on many Kinds of food), the tobscco budworm has a
much sironger mixed fanction oxidase system with which to overcone 10xicants comm-
pared b boll weevil or pink bollwornm. Thercfore it 15 nuch more readily able w gen-
erale resistive responses to insecticides (Devonshire and Field, 1991; Ronis and
Hodgson, 19890, The tobacco budworm is a malibost pest, thereby violating one of
the conditions conducive to mpid development of resistance, However, the
polyphagous nature of tobacco budworm presents ancther (ype of problem when this



Mk MILLER

st ks treated on colton then moves 1o other crops and i trested again, or vice versa,
When the same pest i treated on all of i1z hosiz by essentially the same insecticides,
then the conditions for the development of resistance are satisfied,

Gene Now studies of 1obacco budworm indicate o local population has an sverage
diameter of five mibes in mid-senson with random mating, Some 13 enzyime loci were
studied electrophoretically. Allele frequencies and genodypic proporioning suggesied
large numbers of insects with high mobility, In conducting these studies, sampling sites
were located around the north-western om of the Gulf of Mexico from south Texas
through the middle of the delin siates {Lowisiana, Arkansas and Mississippi) o one siie
in Geergia (skipping Alabama) {Komman ef al., 1993),

One thing still not clear from these genetic studies is why tobacoo budworm repre-
senis & resistance theeat in the United Sintes while bollworm docs not (Clower er af..
1992; Mallet e o, 1993). Both presumably occupy the same niche, and both ane
treated with insceticides in cotton. Yet traditionally the tobaceo bodworm has been the
greater resisiance theeat. The answer must Lie in the host selection behavior, or dedails
of host preference. This question is in need of further study.

Ironically, the first measurements of resistance in the obacoo budworm to pyrethroid
imsecticides were condscted on insects collected in the westem cotton fields of southem
California and in Arizona (Twine and Reynolds, 1980; Maniner-Carrillo and Reynolds,
1983; Kelly and Wason, 1987 Crowder of af, 1979; Watson and Belly, 1991
Unpublished data, J. Leeper, DuPond Chemical Co., Wilmingion, Delaware). Despite
theese measurements of pyrethroid resistance, and ihe clear wamings and calls for action
(Twine and Feynolds, 19800, nothing was done in terms of organizing a concerted elfort
to develop a resistance management plan until afier resislance was apparent.

RESISTANCE DEVELOPMENT IN WHITEFLY AND APHID

Swectpotato whitefly-— named Hemisia tebaci, but suspected of existing as a num-
ber of strains, perhaps many (Perring of ol 1993 )—has been referred 10 05 a tropical
aphid (Byme and Bellows, 1991}, This designation is most helpful because it lemps
aphids and whiteflies together when considering Homoptera in general as colion pests,
This 15 especially true since aphads and whitelTies are pormally kept under good bio-
logical control by a number of parnsiies and predators, As a resull, these Homoptera
would be prime condidates as insecticibe-mduced pests, and both are alrgady resistant
i o wide variety of insecticides,

The problem is complicated by the fact that whitellies and aphids contaminate the
cotton with honeydew (Toscano ef ol 1992), and whiteflies pose o vins trnsmission
threat to alternate hosts such s lettece and melons. This thremt s more serious because
the result can be loss of entire altemate host crops.

More recendly, the B sirain of sweetpotate whitefly, or renamed silvereaf whitelly,
has been defoliating cotton plants in mid season from Texas to southem Califomia, and
incloding adpcent regions i Mexico, This much more immediabe problem tmnscends
resistonee problems becouse of the need for instant control dwe w0 the unuseal vine-
lence of this strmn of the whitelly.
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There is abundant evidence that the whitefly has become a pest insect everywher:
in the tropics and subtropics. A critical role 15 assigned w0 insecticide ovenuse in this
pest emergence (Byme of al,, 1992), and the development of résistance in the whitefly
is indicated os being the promary inducement {Ditinch of of., 1985),

Mallet and Luttrell {1991) categonzed three iypes of colton insect pests. The white-
fly and aphid belong 1o the first category of insect pests which have very high natural
rakes of population merease (known by ecologists a5 “r-simbegisis™), and are capable
of readily reinvading a crop once treated. These insects are said 0 be prone to devel-
oping resisiance quickly. The use of insecticules exacerbabes the increases in popala-
tion by removing predators and porasites, and increasing rates of reproduction i the
pests, thereby increasing the probability of control failure. Experence shows that this
type of insect pest tends to be difficult to control with insecticudes.

A second category of insect pests may evolve a type of resistance io insecticides that
is relatively ineffective, and have a normally low rate of population increase or crop
invasion behavior, Boll weevil is considered a good example of this type of insect, and
they have been conirolled suecessfully for many years with organophosphaons unsec-
ticides by treating the adult siages.

The thied category of insect pests in cotton, sccording to Mallet and Lateell's classi-
ficoatbon, is intermediate between the first two. As long as this pesi is susceplible, insec-
ticides comingd them well; however, 85 soon 85 resistance is present in ooy form, the
populations tend o increase more rapidly and the pest response is mone similar io the
first bype of insect pest, The iobacco budwoom and bollworm complex, is thought o be
a good example of this third type of insect with respect o the development of resistance.

Blallet and Lutirell {1990} pointed oul that ihe Boll weevil is moved from the second
type o the third ivpe of pest insect merely by switching from organophosphons insee-
ticices o chlorinated hydrmocarbons. The adult boll weevil developed resistance to chlo-
rinated hydrocarbons and would, therefore, be prone to have this resistance selected
under insecticide reatment pressure, This would lead o population explosion: of resis-
tant insects, They concluded, that a5 a member of the thind category of cotton pests, the
tobaceo budworm s probably the ideal candidaie Tor resistance management approaches.

STRATEGIES FOR INSECTICIDE USE

HOW INSECTICIDE RESISTANCE TRAITS ARE PRODUCED

The theoreticnl bases for resistance management tactics and strmegies all hinge
more or less on how the resistance traits are inhberted, The question of where resistance
genes come from generally has nod been nddressed,

Matural Mutations — Muggheton {1984} points o4l that o natural molation e s
considered (0 be somewhere around | in 10000 cell divisions, Based merely on the
observation that resistance developed fairly rapidly after the postwar introduction and
widespread vse of organic insecticides, matations 1o resistance genes is thought by
Muggleton to be a fairly common evenl, Matural genetic mutations: of bacteria are also
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thought o be in this same range (Ames, 1989b).

Fortunately, there are abundant examples of mutations ocourring in the feebd of med-
icine. Resistance is a continuing problem with bacteria in bospitals, Indeed, the pathol-
ogy laboratory of every major hospital operales a routine screening of bacterial
samples [rom patients for resistance 1o antibiotics. In addition, the reatment of cancer
encounlers a similar problem in that cells develop resistance 1o chemothernpentic
agents, and this problem miast be dealt with constantly,

Mew recessive, loss ul’ function masations occur spodancously in fruit Mies o1 the
rate of sbout 1074 10 1073 per gene per individual, depending on the gene (Sinckberger,
1968). Gain-of-function mulations thal express a qualitatively pew function (neo-
morphs) generally occur at a much lower rate. The rate is so bow, in fact, that it 15 dif-
ficult 1o measure securately i frui flies,

In bactenn, on the other hand, the recessive loss-of-function mutalion 1o arabinose
dependence occurs al the rate of 2 x 108, while the dominant, neomarphic, gain-of-
Function matation B0 Sreplomycin resislance occurs ot the mic of 4 x 10°10 {Fristrom
and Clegg, 1988), The difference between gain- and loss-of-function mutations is
based on mathematical probability, Many different changes in the DNA base sequence
of a pene can eliminate its function, bul there are far fewer possible ways of produc-
ing a new povel function, Classical genetic studies have suggested that the majority of
genetically dominand mautations are neomorphs (Park and Horvitz, 1986),

The process of how mutations produce insecticide resistance is nod completely under-
siood, but several geneml points are well established. Insecticide resisiance genes often
have am abtered function, a5 for cxample the altered juvenile hormone recepior that pro-
duces methoprene {Aliosid®) resistance in (mut flies {Wilson and Fabian, 1986}, or the
alleration of gleiathione-5-irnnsfermse fo catalyze the ghitathione-dependent dehy-
direchlonmation of DDT in howse Mies (Clark and Shamaan, 1984).

Such mutations would be expecied io ocour st & very low frequency. They would also
b expected (o show an incompletely dominant pattern of inheritonce, and this has been
confirmed by genetic siudics of many specific insecticide resistance genes (Roush and
Dialy, 19940); Watson and Kelly, 1991ab: Payne eral, 1988). This incomplete dominance
is of some economic importance, because genetic sclection favonng rare dominant (o
incompletely dominant) genes is much more cfective than selection favoring rarce
recessive penes (Frstrom and Clege, 1988). Dominamt selection is mosi effective
because all individuals that camy the dominant gene have a selective advantage.

The effectiveness of dominant sclection undoubtedly contribwtes to the difficulty of
managing insecticide resistance. One response to this problem has been 1o ireal alier-
nabe gencrations with different inseciicides, which should at least reduce ihe selective
advantaze of heterozygotes. Another strategy has been to increase the dose of insecti-
cide, o levels theoretically high enough o kill the heterorygotes, 5o that resistance
might become effectively “recessive” (Foush and Daly, 1990}, However, this sirategy
has high economic amd environmental cosis,

The killing of insects by any insecticide is probalistic rather that all- or-pnone {even
in the laboratory where uniform doses can be applied). An applied dose in the Geld will
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decrease with time (Lutieel] ef o, 1990 ) and af the cdges of the ficld, so that some het-
eroeypobes are likely to survive such a treatment and retain a net selective sdvaniage.
That is, wreatment with insecticides probably always produces selection with some
degree of effective genetic dominance (Mallet and Luctrell, 199}

The apparenily very low spontaneous mulation rate wo neomorphic mutations (such
s XD Tase in house (ies) may appear to be a minor risk. However, such alleles can
wocurmulate spontaneously over lime in unselected populations, so that the natural fre-
quency is much higher than the mutation rate (Fasirom and Clegg, 1988), The extent
to which this occurs in insécticide resistance would depend on the selective disadvan-
tage of each resistance trait in the feld, This i likely 1o vary consderably from one
tvpe of resistonce 1o the next and is difficult 1o measure accurately,

The accumulation of rare unselected dominant mutations s best understood n
humans, For example, new dominant mutaions tha r:au:u: the human disease called
“Hundington’s chorea™ oocur a1 the mte of about 107 per individual (actually, this
could still be an overestimate, because of the difficully of proving paternity aller the
death of the parents). However, the frequency of humans with Huntington's chorea is
much greater (about 107%), so that the vast majority of all individuals with the mutant
gene have inherited it from their parents (Hayden, 1981),

Considering the large number of insects per acre, the large number of acres that ane
treated with insecticides, and the lage number of insect generations over which this
selection has continued, it becomes clear that the eveniual development of neomorphic
mutations in bocalized insect populations 15 inevitable,

Gene amplification — Insecticide resistance can also be cawsad by ansther type of
dominant, gain-of-function muiation, known as “gene amplification” {Devonshire and
Ficld, 1991). Gene amplification, also called “hypermorphic mutation™ by classical
geneticists, refers 1o the genctic duplication of a normal gene. Multiple copies of a
gene, when activated, resull in an increased synthesis of the comesponding messenger
RMA, an increased synthesis of the comesponding protein, omd a ped increase n the
poial enzymatke activity of the probeim.

In the green peach aphid, resistance to organophosphates, corbamates and pyrethronds
is caused by amplification of the gene encoding the E4 type esterase enzyme; the degree
of amplification is about 64-fold (Field ef al.. 1988). In other strins of resistant aphids,
the FE4 type esterase gene is amplified (Devoeshire and Field, 19913

The mechanism of the initial gene duplication mutation s not well undersbood,
although such events are thought to have ocoomred frequently in evolutionary history
{ Devonshire and Field, 19911, Also, genc amplification can be reproducible indoced
by druig selection in cell culture {Schimke, 1986). Genetic duplication events probably
occur moke frequently than neomonphic mutations.

Once a single gene duplication has become homozygous, subsequent additional
duplications occur at a much higher frequency. There are many cxamples of this in the
literature, including resisiant aphids (Devonshire and Sawicki, 1979) and cell lines
{Schimke, 1986). It is apparenily characieristic of gene amplification i general.
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Addiional gene duplications are thought w occur by a process called “unequal cross-
ing over', which is essentially an nosmal type of meiotc m:f-nhuu::mn belween
duplicaied penes. Unequal crossovers occur at the rate of 103 per duplicated gene per
generation in pormal humans {MNathans & of., 1936}

The ability of duplicated genes to be repeaiedly amplified a1 a high frequency
undvubledly explains the ability of many resistun insecl simins W progressively
increase their resistance in every selected generation. This has been shown directly in
the case of resistant aphids (Devondhire amd Sawicks, 1979), and has been observed
during chematherapy for human cancers.

Treatment of twmors with the cytoloxic drg methatrexate selects for progresive
amplification of the gene that encodes dibydrofolate reductase, the trgel of the drug
micthotrexate (Schimke, 1986). This reselts in metholrexate-resistant lwmor cells,
which many phiysicians had previously treated by progressively increasing the dose of
miethotrexate. The stridegy wis dropped when it was shown o provide an optimal
selective pressure for repested rounds of gene amplification (Schimke, 1986).

Unegual crossing over can produce genetic deletions as well as duplications. By the
mechanism of selecting for the deletions, gene amplifications. tend naturally to reverd
to normial ot @ relatively high frequency. This means that if the selective pressure is
remavedd for a prolonged period of tme, insecticide resistance may decline through
new spontancods reversion muatation. This has been reported in aphids (ffrench-
Constant ¢f af.. 1983a.b: Devonshire and Field, 1991

Gradually increasing doses of insscticides to counderact gradually increasing resis-
tance as viewed from these mechanisms would probably ensure the accelerated devel-
opmicnt of resistance. Rolation or other resistance management strategics would have
i ke employed before any of the insechicides became ineffective.

MIXTURES OF INSECTICIDES VERSUS ROTATION OF INSECTICIDES

The development of resistance o insecticikdes depends very much on the insect and
the insecticide. Rotation of pyrethroid inscetickdes or acaricides in the Ausiralian and
Zimbakwve resisiance management strategies respectively was designed (o remove one
of mowe generation of pests from selective pressure by a given class of compound. This
was also one of the gouiding principles behind the Tri-state resistance managernsent
scheme: owever, the katter suggested, even urged, depending on how one reads the
descriptions, the use of mixures of insectickdes, wheneas, the former two did pot. All
three of these strategiesfschemes are discussed in an earlicr section of his chapter,

Mathematical models of the seloctive pressure exened by using mixiures of insechi-
cides rely on medifying the relative fimess values in the fandamental equation of pop-
ulation genetics, Sawicki and Denholm (1987) dismissed such madels as being of linle
practical use because detailed stodies of each case were pecessary for the best under-
stancing, Others have cautioned that madels are exactly that and net meant o replace
the much more complex Gield sinmion (Tabashnik, 1986; Maller and Luorell, 1990,
Muggleton (1984) disagreed with Denholm, arguing that such case-by-case sudies
were themselves impractical because of a lack of resources.
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Two stdics of the inhentance of msecticde resistance wing theoretical models
have concluded that mixtures of one or more insechicides are supenor to rdation from
one category of insecticide o another provided certain comditions are meet (Curiis,
1985; Mani. 1985). The models were analyzed using certan assumptions to simplify
calculations. Mani { 1985) in particulor was careful o heavily qualify his conclusions
hecanse of these assumptions. He also poanted out that theoretical model studies could
provide only a guide o further experiments emploving actual field examples, and that
resistance management decisions should only come out of practical studies. In this, he
appears iy suppont Denholm's conclusion.

One of the assumptions in model stodies 15 that resistance gencs are rare. The argu-
ment for mixiures of insecticides follows the simple logic that if resistance genes are rare,
iraits that confer resistance o two different insecticides would be exceptionally rare o
occur in the samse individual, Indeed, the counter arguments against using mixiures wam
that when resisiance is already present, even af bow frequency, using mixiures would be
an inappropriate strategy (MacDonald er ol 1983; Wood and Mami, 1981])

The qualifications and conditions for using mixtures were explained and deall with at
length by Mani (19835) who also points out that the choice of chemicals for the mixiune
Tuas b0 satisfy various constraints, not the least of which is that the combination should
it readily evoke cross-resistance, He cautions, as an example, against combining or-
ganophosphates. with carbamates because of the chance of evoking an altered cho
linesterase resistance that might confer croas-resistance o both classes of insecticides.

For this reason, the description of B4 esterase resistance traits recently described in
green peach aphil, Myvzus pevsicge (Sulzer), that confer cross- resistance o carba-
miales, organohosphates and pyrethrodds (french-Constant ef of., 19882, 1) would seem
to mute the argument for mixtures of insecticides. Obviously the preseace of this resis-
tance gene would owtflank a mixire including most of the existing major newrotoxic
insecticides currently available for cotton pest control,

There is a danger of placing oo great a reliance on theoretical models, Mani { 1985)
was very careful (o point out the need For practical lests in nommal field situations. The
problem here is one that has nagged resistance management ¢fforts from the beginming,
it is difficult w design an experiment that would duplicate or even approach commer-
cinl cotton production in such a manner that would account for all of the consequences
of insecticide use and give guidonce in choosing the best insecticide we sirategy,

e porticulady troublesome part of the Mani (1985) model is the dose used, “The
dosage of insecticide applied 15 pssumed o be lurge enough (o kill all susceptible
homoey gotes a fraction ... of the heterozypotes .., but no resistant bomozygedes,” A lit
tle reflection and reference to the papers that have been published on this subject
(Denholm ef of., 1983; french-Constant of of., 1988a.b; Watson of al., 1991) suggests
that afier an inseciicide spray reatment has been made, the residual chemical gradu-
ally decreases in amount over o maiter of days, This means that once a spray trestment
is made, the operator completely boses control of what happens next. In effect, the doss
wsed 1o treat the insects is changed, nod constant (Mallet and Lumrell, 1991,

All 1o often, thinking about sclective insecticide pressure focuses on the single
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spray Ireatment in tme and ignores what happens for several days following the reat-
ment, The decreasing dose of a sprayed chemical means that very guickly the condi-
tons imposed by Mani in his model study are changed. For one thing, all of the
heteroey gotes might very well survive and pone of the susceplible insects may survive
as suggested by Watson o af, (1991) from single reatments by permethsin, particu-
larly if the resistance trait(s) is (are) incompletely dominant, which seems 1o be com-
monly the case (Watson and Kelly, 1991a,b; Payne &7 of,, 1988}

The effect of insectcide persistence and maxtires on resistance development was
addressed by Lutirell er of. (1991) in one of the few studics of this kind, They argoed
that growers often treal a complex of insects, nol just one pesl, and tank mixes are
therefore, “convenient.” Aside from the overall effectiveness of chlordimeform (no
longer available 10 agriculture) in delaying resistance (Liv and Plapp, 1992, Watson of
al., 191}, the study found that often two insecticides applied 1ogether aged at differ-
cnt rates, leaving one materal 1o act as the selecior,

Many side effects of insecticule use are subile and linde understood.  Pyrethroid
insecticides were known to induce a repellency in insects and mites almost from their
introduction (Penman ef al., 1986). Repellency affects the overall response of pest
insects including those that treatments were pol intemdsd 1o control,

The indriguing side-effect of increasing the reproductive capacity of aphids was doc-
umenied in response fo organophasphorus residues (rench-Constant ef of., 1983a,b)
In addition, Kems and Gaylor (1991) speculated that somehow sulprofos {Bolsan®)
treaiments were improving the colion plant a5 a host for the cotion aphid leading o
population explosions. They noled that colton plants in sulprofos treated plols contin:
wed bo grow after the plants in cypermethnn (Ammo®, Cymbush®) treated plots had
cul-ouat. Mathemaitical models of resistonce management Fail 1o take these and other
consequences into account. These subtle effecis of pest controd in codton would seem
o jusiify Mani's caution.

The ohservation that cotton aphid susceptibility 1o nsecticides depended on the ime
of weaiment was also iniriguing {Grafton-Cordwell, 1991, Instead of just being 2
change in tolevapce, this phenomenon appears o be related at keast in pard (o the physa-
obogical state of ihe aphid itself. Alatiform (winged) nymphs were significantly meoee fol-
erani bo five insecticides tested compared o apterous (wingless) adulis. The phenomenon
appeared to be general since the insecticides tested, oxydemeton-methy] (Melasysiox-
Ry, chlorpyrifos (Lorshan®), dicrotophos (BidanE), biphenate and emdesalian
{Thaodan®), included organophosphons, pyrethroid and cyleodiene types, esch with a
distzmet mode of action. In addition, survival of ireatments appeared to decline as the sea-
son progressed, signalling possibly another physiological change in the aphid.

A feld evaluation of insecticide rotation versus miktares for controd of citns thips,
Seintotheips citrd (Moulton), found that insecticide rotation was supenior in retarding
residance af hall the recommended rates of cach insecticide (Immaraju e al., 19900,
Formetnae (Carzol®), a carbamate, and fluvalinaie {(Mavik®), a pyrethroid, were
wwed, In alelitbom, in the absence of selective pressure, fluvalinabe resistance regressed
ton bewels before selection after one year.
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Tests of mixtures of profenofos (Curncron®) plus cyhalothrin (Karate®) applied at
full, half or quarter mates were compared 10 each compound separately in field plots.
Resulis suggested that the lower rites of the mixtures reduced selection pressure for
resistance bo both coanpounds {Kostroun and Plapp. 1992}, Thus another qualification
for the use of mixiures would urge that they be used only at low raies.

USE OF HIGH VERSUS LOW INSECTICIDE RATES

The use of low rates in the report described above conflicts with the theoretical argu-
ment in favor of the use of high rates to control heteroeygous hybrid insects with nter-
mediate resistance o insecticides that arise from the first mating of resistance
individuals with susceptible insects, the so-called management by “saturation.” Again
the logic here is deceptively simple. IF a resistant aduli moth somchow manages 10
appear in a field population, this individual by isell would not represent a threat, only
a potential threatl. Troe o the concept of dilution, if there were sufficient susceplible
insects around, the successful mating of two resistant individuals would be unlikely,

If however, the single resistant individual mated with any of the presumed freely
available susceplible mates then the off-spring would be beterozygous for resistance.
Since most resistances are due o incompletely dominant genes, the beterozy gous off-
spring would oot express the full resistance, but would be somewhat intermediate in
response o insecticides. As the logic goes, il a given spray treatment is sufficiently
high, i would sill be high enough io contrel the heterozygous resistant individpal
forcing true resistance to require that (wo fully resistance individuals mate before a
Fully resistance survivor could be produced.

Although paraphrased and simplified, the argument given above is exsentially the
one for high doses as a resistance management tactic {Wood and Mani, 1981). Being
theoretically sound, this cenainly would work, It maght be practical if some way were
fownc 1o decrease the residual dose of insecticide from full effective rate 1o zero o
soqnne point after spraving,

Perhaps the most periinent model study of the mte of development of resistance is
that of Malles and Lunrell (19911 who put the subject and interpretation inbo the con-
text of the cotton industry, They renched zome very important, even startling, concly-
sions making the anguments of rotation of insecticides versus mistures of insecticides
and Jow versus high doses somewhat acodemic,

Their first point wis that tobacos budworm wis nol a pest before DDT’I:H:gun e be
wsed for cotton pest control, Indeed, there is liftle or no use of insecticides in the
Central Valley of California and there are no key pests of cotton there outside of occa-
sional mite problems, Perhaps most pertinent of all, the whacco budworm is present,
om albermade hosts, bt 15 nod a cotlon pest,

Their seconsd point was that many colbon pest insscis may nof be amenable 10 insecti-
cigde control, In this category they include the cotten aphid and whitefly, both homopter-
ams and both subgect o population explosions, Indeed, o msmber of expenences suggest
that spraying couses population increases, wd decrenses since one negalive side effect of
sprwying is 1o aetually increase the reproductive mge leading to popalation explosions.
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I 1 weseFul analysis of the use of low and high doses, Mallet and Luttredl (19591 ) report
that while theorctical analyses are usually based on laboratory data, field dosage-mor-
tality responses are likely to be shallow with genotypes overlapping. Low dose rales
would increase heterozygote survival, and high dose rotes would eliminabe mone sus-
ceptibles nssisted, if anything by shallow dose responses. Either stralegy delays resis-
tance, but does not eliminate it. Despite mode] studies of resisiance gene inhentance, in
the end, resisiance is comelated with insecticide use; ihe more inseciicides ane used. ithe
greater will be the probability of developing resistance. Put another way, one cannot
develop resistance withowt using insecticides requently, ie., withowt seleciive pressure.

NATURAL ELIMINATION OF RESISTANCE

Monitoring the efficacy of a number of insecticides ot only tells which compounds
sl tolerance, it also shows which compounds are still effective, and gives the 1ox-
cologist some hint as to the type of olerance developing. Such monitoring also tends
to make resistance management a more natural procedure.

We inadvertently came across natural resistance management operaling in the Palo
Werde Valley in the spring of 1987, 5ix insecticides were being surveyed for resistance
by the aurscticide method af four sites that were selecied by Dr. C. A, Beasley of the
California Cooperative Extension Service, The tests were conducted by Mr. Richard
Wellman, a local commercial pest control advisor. Because of the cost involved, nod
all compounds were tested af every Bield, The tests were consducted very early in the
season (June 1) before fruiting bodies were present.

The results (Figure 12A) showed that ope field (Weerte) contained a pank bollworm
population that showed excessively high tolerance 10 fenvalerate (Pydrin®), The
aidules in the Woertz field were $00-fold more resistant fo fenvalerate compared o our
suscepdible laboralory sirain, At the same tme all other fests gave results that were
considerably bower, Indeed, to even see the various results of the other ests, the data
poant for Fenvalerate at the Waerte feld had o be omitted, When replotied, the resulis
showed o widespread low level resistance o all compounds tested (Figure 12B),

Fortunately, we abso tested Cymbush® (cypermethon) and Guthion® (azinphos-
methyl} on the same Gebd o the same time, While the resistance o fenvalerse was hagh,
the same population showed a sensitivity 10 cypermethan and azinphos-methyl, This
suggested that the resistance 10 fenvalerate wos specilic and showed no cross-resistance
1o another pyrethrosd por to organophosphorus insecticdes, Thus the resistance was not
likely to be site insensitivity (ol kdr-like), The pest controd advisor used this informa-
tion 10 begin the season wsing organophosphorus insecticides 10 control the pink ball-
worm. When pyrethroids were used a month lster, 0o pyrethroid resistance remained.

The fenvalerate resistance in the Woertz leld was specific 1o that site, The Chaflin
449 and Chaifin 25 cotton Delds nearby showed no such tolemnce even though they
were within two miles of the Wuertz fickl, The Woertz field had been planted 10 cot-
ton successively for five years, This suggested that pink bollworm populations
remained endemic and built up tolerance o the given regime of insecticides, with k-
tle gene flow e or from nearby ficlds,
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Figure 12, Resistance ratios of six insecticides on adult pink bollworms measured at four cotton fickds in the Palo Verde Valley
of Californiz in June of 1987 by the attracticide resistance monitoring method, (Tom Miller, unpublished data.) All of the daa
is showm in A. In B, the large data point from the Waertz farm was removed 1o get a better perspective on the remaining val-
ues. The Wueniz and Chaffin fields are separated by a few miles in the Valley. The one value of 400-fold resistance to fen-
valerate (Pydrin®) was the highest value recorded in field testing. The grower began the season a week later by treating the
Werlz hield with organophosphorus insecticides and the fenvalerate resistunce was gone a month later. Mode the partial cross-
resistance to cypermethrin (Cymbush®) at the same Woertz ficld, and lack of azinphos-methy] (Guthion®) resistance.
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We now suspect that for the past 20 years, following the imroduction of pyrethroid
insecticides, phenomena, such as that documented in the Wsenz field in 1987, have
been widespread, Extensive resistance monitoring in pink bollworm was sever estab-
lished, and the resistance monitofing program was pol funded for very bong after the
development of the attracticide resistance monitoring methodd,

The commercial pest control adviser, Richard Wellman, who was monitoning the
Wuertz field in the spring of 1987, was thinking of switching o organophosphorus
insecticides even before the resistance monitonng showed the problem with Fenvaler-
ate, He based this “feeling” on the peneral ineflectiveness of the pyrethroids the pre-
vious fall in the same Geld, Thus insight and practical expenience in policing the
cfficocy of insecticides in ordinary pest control practices con be o5 effective a5 an
exiensive and expensive resistance monitoring program, The valoe of resistance mon-
itoring wos in establishing exocily what the resistance was immediately and eliminat-
ing guesswork m remedying the problem,

SUMMARY AND PERSPECTIVE

The existence of insecticide resistance is now familiar and well established. The
factors that confer resistance are genemlly wnderstood, even if the genetic bases for
all of them have not been wentified. nor the ecological factors appreciated. The
development of resistance o insecticides and acancides is something that can be
deali with in & rational manner. There are now severnl successful examples showing
that, with a concerted effort, the development of resistance 15 nod nearly as inevitable
as once thought.

Fundarmental research into the mode of action of insccticides has provided useful
iools and information for measwring and wnderstanding insecticide resistance, and
designing resistance monitoring prodocoels. There exists, however, a natbonwide tremd
away from rescarch on inscct toxicology. This is ocowring ai the same lime as, bot =
less well appreciated, the obvious contraction in agrochemical industry. To dismanile
the research effort in insect toxicology as one consequence of national concem over
the use of pesticides in agriculiure, seems peither well thooght ool nor wise.

Oine danger i the focus on resistance to inseciicides and ibe effort 1o seek remedy
s been that ihese approaches and efforis tend 1o formalize or bock in chemical con-
ol methods, Tom Brown ouched on this subject over ten years ago (Brown, 1981)
when be wrote in the very first paragraph of his review on resistance counbermeasures:
“In confronting the insecticide resistance problem the most imposiant countermeasure
is good pest management prachice... o minimize selection pressure from chemical
inseciicides.” Moge recently, Mallet and Luttrell { 1991} reached the same conelusion.
The surest way o reduce selection pressure is 10 use fewer insecticide tneatmments,

In light of Brown's comment, it s clear why the growers in Texas sdopled the short
season strategy W circumvent boll weevil and pink bollworm probdems very early on,
but less clear why the Califormia and Arizona cotton growers on the whole resisted the
sirategy for years,
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It is funber remarkable that the cotton growers of California’s Imperial Valley, after
contending with the pink bollworm as a key pest for some 23 years almost 10 the point
of bankruptcy, finally adopted the shon season stregy in 1985, This strategy worked
a5 predicted, quickly relegating the pink bollworm o minor pest status. Several years
of insecticile resistance monitorng bave revealed that, whils valid cases of high resis-
tange o pyrethrodd insecticides were found, there were no widespread and obvious
Failures of insecticides on the same scale found in Texos and Australia in bollwornm and
tobacon budworm,

This is the main reason why growers in Califormia and Anizona have never pushed
For nor sought @ resistance management plan or program. In edher words, a genuine cri-
sis musl ocour in order 1o provoke an effort o actually do something beyond provid-
ing teken support to a few entomologists in agricultural cxperiment stations to conduct
some measurements, The bigger the crisis, the greater the attention it atiracts,

The cultvral control of pink bollworm was not the only reninsecticide control tac-
tic available for the past 25 years. Pheromone control applied in the sarly seazon now
has been shown on several occasions to cause a steady decline in pink bollworm paum-
bers, and has been adopted by a few individual growers, The most common complaintg
from growers who tned and did oot continee with pheromone conirol was that i
waorked, bat the cost was the same as chemical conrol. Unmentioned was the fact tha
pheromone control is so mech more compatible with integrated pest management and
good resistance management. It is also mauch less likely that pink bollworms will
become resistant 1o their oam pheromone.

Unfortunately, the pheromone system works best to suppress pink bollworm popu-
lations when employed over a large contiguous arca of colton, This approach was
adopted in California or Acizona in ooly a few programs because the arcawide
approach requires cooperation on an unprecedented scale.

Criven the will, it is clear that remedial measures preventing or delaying insecticide
resistance can be taken, Probably the best that one can expect from a pragmatis stand-
il is that resistance management becomes a rowtine habit rther than semething that
oiE FEverts (o in o erisis armesphere. How one encourages good integrated pest avan-
agement, however, is something else,

In 1983, Heliveverpa avmigern developed resistance 1o pyrethroid insecticides in
Emerabl, Australin. The Austmlians voluntanly instinded a resistanee managemen
strategy that has been an integral part of their pest managenmenl program ever since,
They have supported the monitoring of insecticide resistance and consider that a cru-
cial pant of their cotton industry,

The United Stanes had po resistance management program nor plons unil 1986
when widespread resistance in tobacco bishworms o pyrethrond insecticides appenared
al Uvakle, Texas, As a direct result of that incident, Texans began widespread nesis-
tance monioring wsing the Plapp vial assay method, This method was adopted across
the entire southern portion of the Cotten Belt by Arkansas, Lowisiona and Mississippi
as well as Texos, Monitoring reports have been a commen feature of the Anoual Cotton
Insect Research and Control Conferences in the United States,
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Todary it is possible to moniior resistance o inseciides not only in the pink boll-
wiprm and iohaceo bodworm, but in almost any pest insect. Such moniloring can be
done rapidly and emirely on site in the ficld, and, in some cases, before the crop is
mature enoaugh o be attacked by pesis.
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INTRODUCTION

Pest control arcund the globe has been a problem for many vears. The earliest ref-
ercnces o the wse of a pesticide date back some MEN) vears to the writings of the
Cirecks, Rormans and Chinese (Palm er o, 1999, The modem use of pesticides in the
United States began in 1867, when pans green was wsed 1o comrol outbreaks of the
Colorsdo potato beetle, Leprinonrrsa decenilineate (S5ay), By the 19205, the use of
pesticides was being scceplad more widely in the United S4ates. The development of
pesticides expanded rapidly during the 40-vear period since the carly 1920s. The 1930
discovery in Europe of the insecticidal value of DDT was a revolulicnary event for
insect control. The use of insecticides on colton was very idstmmental in the saah-
lishment of large-scale pesticide applications, In 1986, there were an estimated 14.4
million pounds of insecticides used on cotion; asocisted chemical costs ranged from
3w 31 dollars per pound (United Seates Department of Agriculiore, Economic
Research Service, 1986),

The application of chemicals with ground equipment began in the early 19005, This
equipment was designed primarily for one person to canry and use, The majorty of
the pesticide formulmions were in the dust formg and sccondingly, most of the equip-
ment were dusters, Aerial applicaion of pesticides came o being in 1921 when a
Toael o povwieleres] lesud arsenate was dusted on a catalpa grove for control of the catalpa
sphing (Anderson, 1986), Brown (1951) noted than the Girst aarcrafl nozzles consisted
of pipes extending from a boom and the degree of slomization obdained was nol pde-
e, In 1947, the Missisappi Valley Aircraft Service desagned ond produced a miod-
ern Stearman spray unil (Anderson, 1986), Duss were sill wdely used in 1948 b
required very favorable atmosphenc conditions Tor sufficient quantities 1o be effec-
nively deposited, Alsoin 1948, dust supplies were exhausted by an unprecedentesd boll
weevil, Anthononnes grondis geandis Boheman, infestation. Many aenal applicators
switched 1o toxaphene sprays by 1949 (Anderson, 1986), In Texas, only about 5 per-
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cent of the treated colton acréage was sprayed 1 1949 (the nest was dusted) but by
1951, over 60 percent of the treated acreage was spraved. Thus, the research history
related o pomization, on-larget deposits, dnfl, contamination and biological effec-
iveness of sprays s essentinlly less than 45 years old.

Today, there are many thousands of pest-crop-atomizer-formalation combinations
available 1o producers and crop production personnel. Due to the large number of
combinations of possible freatments coupled with a limited resource base, there are
obviously many unanswered questions about pesticide applications.  Smith {1978}
cstimated that there were 12.9 enginecring scientific vears being devoted io all peati-
cule application problems in the Uniied Siates and 7.5 scieniific vears im the
Southwest, South and Southeast sections. These estimates included all research on
engineering principles as well as research involving all pesticide-pest-crop combina-
tions. With this background and the understanding that the overall application daia-
hase is incomplete, we will herein aitempd o discuss the curren gate-of-the-art of
pesticide application for cotton insect and mite comnod,

RELATIONSHIPS BETWEEN INSECT/MITE CONTROL.
AND APPLICATION, FORMULATION, AND/OR
METEOROLOGICAL VARIABLES

A partial list of variables which can affect pest comrol (aml yield) 15 illustrated i
Figure 1. Some of these groups of variables such as operational, formulation, depost
on target and nutrients can be altered or controlled. Others, indicating meteorological
variables, pest population density, and siage of development and crop foliage structure,
st be accepled in their present state for a given temporal (relating 1o nme) period.
For purposes of this review, operational variables will include atomizer type, flow rate
of the carder-pesticide maxiuee, atomizer spacing, boom height, stomizer pressure, and
ground speed.  In onder do Turther study the effecs of “on-target” deposits on
ensectimite control, ket us attempt to define the target for a crop like cotton.

Soame insecticides must be ingested in order 1o be effective (e.g., bacteria, vimses,
protecon, thiodicarb, [Larvin®], carbaryl [Sevin®]) whereas other insecticides or miti-
cides fe.g., fungi and many chemical pesticides) can cavse mortality by contocting an
external part of the pest, The contticonsumption mode of pesticide entry can occur
over o time period ranging from a few seconds after application until the deposits ane
wished off or degraded. In addition, any mobile pest may consume or otherwise con-
gt residpal deposits on multiple oocasions whereas direct impingement on the pest
sl accur dunng the application-deposition process. A limited amount of research
elfort has been devoled o the impingement-residual contact question even tough the
effectiveness of the two deposition mechanisms is clearly an important issue from the
somiEation, deposition and safety perspectives,

Soom er al, (1974) stdied boll weevil control with azinphos-methy] (Guthion@) by
both the direct impingement and residual contact mechanisms for sprays applied with
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OPFERATIONAL VARIABLES

TELD

Figure 1. Relationship between application, operational, formulation and meteorodog-
ical variables on pest contral and crop yield.

rotary momizers (mean droplet diameters between 100200 micrometers’).  They
reported that the mtio of resbdisal mostalilty 1o direct impingement mwclality rnged
from 1910 1w 7.5:1 and the ratio averaged 4.0:1 For all nine wreatments. This average
ratio indicated that B0 percent of the boll weevils wene killed by contacting residual
deposits and 20 percent were killed by spray droplets impinging directly on the insect,

Wolford (1985) wsed colton terminals mounted in “woler pics™ 10 study ‘impinge-
ment plus residual” versus “residunl” kill of five stages of whacco budworm, Meliothis
virescens (Fabricius) larvae sprayed with vanous droplet sizes and deposit densities
{number droplets deposited on target area) for both oal and waler carmers. Terminals
with larvise on them were spraved for “impingement plus residual”™ control and larvas
were placed on spraved terminals sbout five mimates after spraying for the “residual™
condrod, He repored that the residunl monality sceounted Ffor 84 percent of the total
martality observed, Luttrell and Bell (Unpublished data, B. G. Lugtrell and M. Bell,
Entomadogy and Plant Pathedogy Department, Mississippi State University, Missis-
sippi State, Mississippi) conducted o similor test except they relessed larvae 300 min-
ules pror b osproving on the upper conopy of whol: cotton plants for their

"Chie ideciermelad [micdin ) o equuvalent bad G dmllodtl f L) DOBANO R o & imeler; o (hausanth |17 0000
of & emllimcier; and, one wealy five thimmas] and Tour busdredtss (10254000 of an inch. The dianscior of
a numian hair o abssul 90 o
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“impingement plus residual” treatment. Their data indicated that for first instars, mor-
taliny due to the residual deposits was about 0 percent of the “impingement plus resid-
ual” moriality; the percentage progressively decreased o about 46 percent for Gifth
instars, Their data For firsd and second instars (i.e,, about ™0 and T8 percent respec-
tively) are likely represeniative of field daia because young larvae would primarily be
locased in the upper canopy, MacQuillan o of, (1976} directly sprayed native Aps-
tralion budworm, Helicoverpa punctigera (Wallengren), larvae and sprayed iobacco
leaf discs to which lnrvae were exposed, The mtios (LC datad For the residual 1o
direet impingement mortality ronged from 1,98 o 5,86 and averaged 363, The ratio
of 3.63 indicates that 78 percent of the larval kill was dise o residual activity and 22
percent due fo direct impingement.

The three studies with Helicoverpafelioniz and the one study with boll weevils
discussed above indicate that sbout 80 percent of the controed is due to residual
deposits. IF this trend holds troe for other pest-pesticide combinations, then it would
appenr that the primary deposition target is the plant surface.

For each pest-pesticide- formulation-camier-crop combination, there are four appli-
cation relabed, on-target variables which potentially affect the degree of pest control
ohiained. These vanobles are: (a) droplet size, (b) deposit density, (c) dosage (weighd
of toxicant depositedfarea), and (d) concentration of pesticide (weight of woxicantvol-
umec) in the spray. Several studies have been reported relative to the eifect of one, Do,
or three of the four application vanables on insect control (Awad and Vinson, 1968,
Polles, 1963; Himel, 1969; Burt er al., 1970; Wolfenbarger and McGarr, 1971; Fisher
er al, 1974, Smith er efl., 1975 Fisher and Menzies, 1976; Jimenez er al,, 1976) for
varous crops-inseclicide-insect combinations, These results bave indicated that: {a)
s larvae can avold 700 miceometer diameter drops; (b} the predominant droplet
sige found gn boll weevils and bollworm larvee was in the mnge of 20-40 microme-
ters; (ch droplets bess than abowt 140 micrometers from ground sprayers will not
abeposit dependabdy in or pear the ireated area; and () droplet sizes between 140 and
200 macrometers are reasonable sizes for drfl reduciion and suppression of both bodl-
wormm and boll weevil populations with ground sprayers,

Collectively, these and other stodies sull leave the applicator in o quandary with
respect (o how to propecly and adequately control msect or mite populations, Other sasd-
i have attempbed o ounily some of the prior data and answer odber application questions,

Broassay iype studies have pssesed the effect of each of the: four application vamables
(singularly and in all combinations) on insect moraliny for both ingestion- and contact-
lype insectickdes (Table 1), The nesulbis from six separale expenments indicate that, in
every case, dosage was the most importand vamable, Only in one case (Table 1, boll-
worm-permethrin-sovbean oil ) was pnother application vaniable nearly equal in relative
importance o that of dosage. Collectively, these nesulbts indicate again, that the primsary
obgective for an applicalon is to get the pesticrde onbo the torget Toliage, Secondary con-
sickerations appear (o be involved when considering the other three application variables
(idroplet size, deposit density and pesticide sprayy concentratieonh. The above resulis
{related po Table 1) are all based on bioassay-type tests. However, resulis from twao years
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of feld studies indicate that the predicred monalities obtained i bioassays wre signifi-
cantly correlated with several messures of insect comred (Lunrell and Samith, 19940).

Tabte |, Comelation coefficients or standardized regression cocflicients for the four
application variables as related (o insect monality on soybean leaves.

Application vanable
Pest = pesticide combination Dosage  Droplet  Deposit Concentrofion
stz densily
Cabbage looper -

Bacillus thringfensis Berliner (h65" 0.34 0.25 0.29
Bodlworm - Baculovines kelianlis (6 0,34 047 012
Bodlworm - permethrnsoybean oil (L65' 0.61 0,20 NS
Bodlworm - permethrnwaster (L6g' M5 0.9 011
Bollworm - fuvalinate Yeottonseed oil (L4F =3 Q.07 027
Bollworm - fluvalinate'fwater 09 007 024 .15

Correlation ooeflicicnts from Sanith eral, (197Ta)
Pemsthrin products include Ambush® and Pounce®,

"Standandieed regrossion coefficeents Trom YWiollond e all {1987

Yariable would mot enter the negression edquafion dee 1o iis smalll folerance value.
‘Fluvalinale products inclede Mavwik®.

“Standardieed repression cocficeents from Smiath and Lutirel? § P97

ADJUVANTS AND BEHAVIORAL MODIFIERS

Insecticides are ofien applicd in conjunction with various materials designed o
improve deposition efliciency andior efficacy,  Collectively these materials are
referred o as adjuvants, implying that they are usually mized with insecticides in the
spray lank pror o applicatnon. However, most isecticide formulations include mate-
rials designed w enhance the performance of the active ingredient,

There are many adjuvants designed 1o perform a diversity of functions, This diversity
of materinls and functions is extremely complex and beyoml the scope of this review on
insecticidefmiticide application,  Popular press articles sbdressing the advamages and
dhisadvantages of spray adjuvants are commen aned i some instances (Gromling 1985)
anempt 1o describe the functions of differemt sbjuvams, This 15 extremely impontant
singe there are many commerncind products available for production agnculiure,  The
Wﬂmﬂhﬂ{hﬁﬂn 1992 classifics adjuvants into 23 separsle cat-
egories based on commercially described functions, Inchsded in these 23 citegonies me
about 225 products or product lines, Odten a single sdjuvang will be inchades) in severl
citepories (1, deposition agent, dnft control agem and penctmnt, ete), While the
effects of these matenals on physical propentics of spray mixires are wsually investi-
gaded in lnboratory studies, effects on feld efficacy are difficull to mesurs and e often
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unknown {Gropdin, 1985), This lack of expermental daa and the complexity of func-
tions associoted with adjuvants cremtes confusson for grosvers faced with insect control
decisions. Recently, Chow ef af, {1938) attempted 1o standandize ierminology associated
with adjuvants and compale availsble scientific information associabed with the perfor-
mance of adjuvanis. Based on their review of the literature, there are more than 1100 sci-
entific papers dealing with vanous aspects of adjuvants used with pesticide applications.
Interested readers should refer to Chow er al, { 1988) for information on the functions of
variows adjuvants.  Discussion i this chapler is limibed o studies sssociated with the
effects of adjuvanis on inseclicide performance.

In a broad sense, adjuvanis affect insecticide performance either by aliering spray
atemization andlor spray deposit or by altering insect behavior.,  Spray deposits may
be altered bglores impingement on the target arca by changing physical properties of
the spray {e.g., changing dropled size disinibution, retarding evaporation, and altering
viscosity) or afier impingsoent, by changing physical properties of the deposit (e.g.,
speeaders, welting agents, and ultraviolet sereens).  Insecl belsayiog can be alicred 1o
enhance the probability of insect contact with the active ingredient {e.g., aliractants,
feeding stimulants and arrestants). Much of the experimental data associated with the
e of adjuvants in insecticide mixtures is associated with microbial insecticides. This
is because microbials alone have historically lacked sufficient efficacy to control cot-
ton insets and researchers have sought methods of improving their performance,

EFFECTS OF SFRAY DEPOSITS

A history of adjuvant use with insecticides can be found in Chow er al. (1988),
Duning the 1970k, research efforts were made to develop improved formulmions of
microbial insecticides, Smith wnd Bouse {1931 ) reviewesd the varmous factoss affecting
the application of enomopathogens (pathogens cawsing insect diseases), The physical
effects described would be applicable 1o all insecticides and are essentially the same
as those discussed previously in this choprer, Angus and Luthy (197 1) compabed a lis
of additives used with microbial insecticides prios to 19700 This list includes maten-
als that act as dilvents, welting agents, spreaders, emulsifiers and adhesives, In sone
cases, adding these materials o unformulated preparstions of emomopathogens sig-
nificontly increased activity, In others, there wos no sdvamage, Angus angd Luthy
(1971} discussed the impontance of using adjuvants with crude prepamtions of enio-
mopathegens in regard o understanding the physical and environmental facbors that
limit activity., Most commercial inseclicides include in the formulation vanows male-
rials thai alter spray deposits. Smath and Bouse (1981 and Angus and Luthy (19710
lvocated more indepah studies on the Functions of sdjuvants as relsted o efficacy of
entomopathoeens. The literabre is essentially void of sound scientific datn that relse
physical properties of spray deposits 1o insecticide cfficacy. Some of the carlier dis-
cusskon associated with spray deposit studies (Wolford ef af., 1987 and Smith and
Luteedl, 1987 indicates the general lack of information on these relationships.

During the 1980k, interest in using vegetable oils as a carrier for insecticide applied
at reduced volumes stimulated additional rescarch. Several researchers (WeDaniel,
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1982; McDaniel and Dunbar, 1982; Clower of al,, 1982; Lunrell and WolTord, 1984,
Lusttrell, 1985; Hotfield of of,, 1984; Robinson of of,, 1986) reported that reduced vol-
ume applications in vegetable oil controlled HelicoverpaMeliothis on cotton as well
a5 higher volume applications in water. Similar findings in studies with the boll wee-
vil were reported by Treacy of af. (1986) and Wolfenbarger and Guerra (1986). In
some of these studies, a slight trend for incressed insect control was observed with the
reduced-volume, vegetable o, apphcaton techmigue. However, the exact reasons fog
the irend were pocrly defined and any increased control was not consistent encugh o
justify the additional cost for the cammer.

Reducing the volume and simulianeously changing the camier affecis the character-
istics of the deposited spray (Smith and Bowse, 1981). Hatfield and bMcDaniel {19845
and Luigrell (1985) measured differences in deposit charsctensiics between the two
application techniques. McDaniel ef al. (1983) concluded that ihe trend in increased
performance with the reduced-volume, vegetahle oil treatments was associated with a
more uniform deposition of spray across the spray swath.  Slight differences in insect
maortality observed in laborabory siodies (Luotirell and Wofford, 1984) would suggest
that other factiors may also be involved. Wollenbarger and Guerra (1986) suggest that
the vepetable oil may enhance movement of pyrethroid insecticides through the
insect’s cuticle. Reduced-volume applications of insecticides in vegetable oil meosi
cemainly alter the physical propenies of the spray deposit, but the relative importance
of these changes in regard to overall performance of ihe insecticide is unknown. Most
of the sudies conducted with the reduced volume-vegetable oil technigques had many
vartables confounded in the experimental design. Also, most of the studies were direct
comparizons between iwo application methods and were nod specifically designed o
deseribe the mechanizme involved. In most cases, dosage (aciual amoant of active
ingredient deposited per unit of area) was ool direcily measured. Thas, it is difficul
I separate weatment differences due o deposition efficiency and deposit characteris-
tics following impingement,  Furthermore, since vegetable oils may act as feeding
stimulants (Daum ot of., 1967), it is dilficult 1o separste cffects of these application
metheds on deposit charactenistics from effects on insect behavior.

Uniil research is conducted that will accurately relate the effects of spray deposins
by insecticide performance, the confusion over the value of spray adjuvants will con-
tinue.  Soodies which include measurements of the physical propenties of the spray
deposit and gquantitative indices of insect behavior, both relative to overall efficacy, are
essential if we arg o understand the role of sbjuvants in the application process,

EFFECTS OF BEHAVIORAL MODIFIERS

The use of baits in insect control has o long history. In colton insect controd, 1he
development of o bait which acted as an attractont and o feedimg stimulant for boll wee-
vils (Daum ef of., 1967} stimadated research with adjuvants as behaviogal modifiers.
Since most microbial insecticides must be consumed 1o be active, the bait principle hawd
o bogical appeal to researchers nterested in improving the elficacy of microbial insec-
tiides,
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McLavghlin { 1967} used a coltonséed based material as o feeding stimulant in siwd-
ies conducted o evaluate the effectiveness of a protocoan for boll weevil control. This
sarmee hait was modified and included in numerons siodses [Bell and Kanavel, 1978;
Bell and Romane, 1980 Lutirell & af., 19820b; Luttrell o al, 1983 Smith and
Hosteiter, 1982; Smith f of., [982b; and prior research reviewed by Bull {1978)] o
identify maderials which would improve the cfficacy of microbial insecticides for
Helicoverpallfeliorhiz spp. conired.  In general, the coftonseed based adjuvanis and
gome soyhean based adjuwvants (Smith er al.. 1981 ) increased the efficacy of the micro-
bial insecticides, The increase was generally not cnough o make microbials perform
as well as chemieal inseciickdes. As with studies associated with adjuvani affects on
spray deposits, the exact mechanisms involved in increased performance were difficuli
b measure, Ignoffo ef al. (1976) reported that a spray adjuvant commonly described
as o bail may aciually funclion as a sunlight protectant and an evaporation relardant,
as well as a gustatory (relating to the sense of taste) stimulant. Most of the literare
associated with the use of baits in applications of microbial insecticides was reviewed
by Bull (1978).

Semiochemicals, such as pheromones, have also been tesied as possible components
in insecticide sprays, These materials offer potential as control agents alone (Mitchell,
19810, but their appeal as an attractant for insecticides is of conlemporary interest
among emomologists, There has been some inlerest and success in using pheromones
with insecticides targeted against adubl insects such as ihe pink bollworm and ihe boll
weevil, McKibben e ol, (19940) recently developed an attract-and-kill device for boll
weevils that has considerable promise in managing feld populations, Although exper-
imental data are lacking, increased research on the role of semiochemicals in insecticade
formulations is likely, Some commercial products (Meister, 1992) that inclade bebav-
ol modifying components in the Formulation are appearing on the market,

Orverall, the rode of adjuvants in cobion insect contred is poorly understood, Previous
research has shown that saljuvamts can abler spray deposits and aber insect behavior, Wah
societal concem for peducing insecticice usage, increased research on the role of adjuvants
for improving efficocy is neaded, These siudies shoulkd emphasize an understahing of
the mechanismes mvolved, both from the perspective of the degree of spray slomization
aned the resulting sproy depost and From the perspective of ablered insect behavior, Smath
o Bouse [ 1981) suggested that researchers shoukl consider innovative delivery systems
For microbial insecticides, Tronsgensc plonts that express the endotoxin of Bacifies
rhuringiensis is on example of an imovative msecticide delivery system,

APPLICATION OF MICROBIAL INSECTICIDES

In Europe, Ansiofle was the first to mention that bees suffered from a disease and,
in 1835, Agnostino Bassi discovered the fungus Bemmenia bassiane os the cansal
agent {Burges and Hussey, 19711 They further stabed that the first commencial micro-
bial product in the United Stdes (which contaimed Bacillies thringensish was poo-
duced before 1938, There have been severnd hondred bacterin, vimases, fung and



prodozoa discovered and researched o some degree for possible use as an insecticide,
The two groups which have received the most research emphasis for cotion insects are
ihe bacieria and vimnascs.

The application of microbial insecticides for a wide range of crops, meteorplogical
condstions, formulations and equipment (aerial ard ground} has been reviewed by Smith
and Bouse (1981). They concluded that on-target spray droplets in the range of 100-150
macrometers provided better insect control than larger drops when the on-targel dosages
were equal. They also emphasized that much of the “application” research in the litera-
ture involves a comparison of equipment types andfor formulations where insect control
or vield was wied as the independent variable, but ivpically there were few o po deposit
measurements made, The absence of such data negates the possibiliy of answering the
question, “Why was this plece of equipment or formulation better than another one™”,
Such answers are basic for the development of reliable, funciional application systemes,
The above problem (related 1w the absence of adequate data) 5 nod restricted o micno-
bial applications but i abso prevalent For chemical inseciiculs applications,

Many cotton insect control stsdics have nvolved evalustions of one or more micro-
biall insecticides andfor formulations.  In such tests, o chemical insecticide was oflen
i husded s o reference reatment, Based on both feebd and Debd-plot 1eses, the current
genernl recommendation and practice 15 10 use a microbinl insecticude (if one 1s used)
in the early part of the cotlon growing season (., when pest popalations are normally
low) 1o minimize any detrimental effects on the predator and parsile popelations pre-
sent, The appropriate equipment and operating conditions For such applications cur-
rently have ool been shown (o be any different than those used 1o apply chemical
insecticides, A list of some of the equipment ond operting conditions for use with
chemical insecticides or miticides ore discussed in the next section of this chapler,

APPLICATION OF CHEMICAL INSECTICIDES
AND MITICIDES

Several documents are available 1o pssist applicators and others with the selection
and proper vse of spray equipment. These inchede multi-topic mamoks such as those
by Akesson and Yates (1974), Colvin and Tumner ( 1976}, Ancoymous (1976), Shanklin
and Tucker { 1980), Hughes (1982) and O Meal and Bracelion (1934}, dher manuals
deal with specific topics such as calibration (Rester, 1982 ) and spray deift {Wane er af.,
PR3, Smith e of, 1993) Also, many cther brochures and manwals have been pub-
lished by varnous divisions, depariments or universities within each siale. Due 1o the
availability of this wpe of information. we will ot attempt to include g synopsis of the
sarme material here.

I a prior section of this chapter, the literature with respect to application vanables—
as they are presently understeosd to be related fo insect, and possibly, mite control—is
revieswed. This section summarizes sonee of the application equipment-operating con-
ditions-carrier (types which have provided effective insect or mite contrel or prodoced a
droplet size disribuwiion similar i reatmems which have been effective,
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Similar droplet size distnbutions should produce similar deposited dosages (for a
given camier) and the pror nformation in this chapter indicated that dosage was usually
roich more important than: (a) droplet size, deposit density and spray concentration {the
three deposat related varables), and (b) the amount of insecticide impinged direcily on
Larvae. The reader should be aware that the equipment-operating conditions-carmicr fype
recommendations histed subsequently involve subjective decisions because gvery pesti-
cide application will yeeld soe degree of pest control. However, we have atternpied io
include only those combinations likely to cause a high degree of pest control under field
conditions. These lists of “effective treatments” should not be considered as all-inclu-
sive because there are an unwieldy number of combinations of atomizer types and sizes,
aircraft speeds, atomizer onentations, carreers and liquid flow rates which will produce
droplet size disiribwisons within & given range. Also, many application related
papers/reports have not included adequaie information — information conceming one or
more of the variahles known to affect the degree of stomization — o be used herein.
The omission of imponiant application information is unferiunate because there are many
good pest control data sets and excellent pest control is the primary objective for crop
protection operations. For examgple, all of the suggested treatments in Table 2 for aerial
applications are based on cither stomization or deposition criteria, whereas mimt of the
cround ireaiments ane based on insect or mite control data. The bisis (Table 2§ should
provide a selection of wseful rcatments per s¢ and provide guidelines for selection of
appropriate fulure treatreents which are not listed.  In addition, a compuier spreadsheet
has been developed 1o assist acrial application personnel with the selection of equipment
and operating condiiions which will produce a desired volume median diameter and a
desired numiber of gallons applied per acre (Smith e o, 1992)

Table 2. Eguipment and opersting conditions which have been jodged to provide sm-
isfactory insect or mite controd under moest application conditions when using oil,
waber of oil-waler cormiers.

Equipment and operating conditions

Apmizer Mozzle! Pesticide
of Pressure  Orientation Speed  Size”  critenia Refenemoe
Mozele  {psi) (degrecs) (mph) {mm)  oowde’
Acyial - Water

(B3] <Al 135 Wy — [B] Melzon & Lincoln | 19%E)
D < 135 W = L] Meleon & Lincoln ( 1968)
D < G iy — A Yates er al, (1983)

LK) 00 135 W - I Melson & Lincoln { 1968)
g 35-55 135 o - I Melson & Lincoln { PHGE)
D45 <4 ] w = A Yotes ef af. { 1Y85)
-4 A ] iy — A Yates er af, (1985)
Dd-46 i G M — M Wates ef af. {19E5)
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D545
DAty
D7-46
DE-45
DE-46
BiD-3
B004

ROo02
RO02
ROOZE
RO0ZE
Micronair
Micronair

BEnEs EB8540E28S8

D2-23 18

Spinning dise
TX-6 cone <)
TX«0 cone 60
TH-6H cone 63
Raindrop/
D3-23 50
BOO1LE fan 20
Electrostatic

Spinning disc
Spinning dise
Spinning disc
Micromax
{35000 rpmy)

Spinning disc

Mizeromax
(3500 rpm)

0 ng —
o0 (1 J—
1] mn —
o0 ) J—
1] | (1)
i) m —
0 [ J—
120 1) J—
120 W -
o ]} —
el M ==
165
40 M -
(blades)
) s —
Ciround - Water
1)
Al
{-4 mA charge)
Cirgtand - Ohl
100-140
100-130- 1 50
$0-190
Giround - OflWider
190

> TQoxdErrFr FOFROOFRFE

S _ e

Wades of al. [ 1985)
Yates o al (1985)
Ware of @l [ 1984)
Brazrel ¢f aof, {1D6])
Wates ef al. [ 1985)
Southwick er af, (19ER)
Yatcs & al. (1982)

Bouse & Carleon (1983)
Bouse & Carlton {1983)
Sputhwick er al, (1986)
Bouse & Carloon (1983)
blelaniel er of, (1983)

Brazzel ef al. { 1'968)

Hutfield e al. (1984)

Fobinson ef al. (1986)
Ware e al. (1975)
Herzog et al. {1983)
Hopkins e ol (1979)

Hopkins e al, (1979)
Hopkins e al. { 1979)
Herzog er al, (1983)

Bt ef el {19700
Smith e al. (1973)
Roobinson e al. {19565
Treacy ef al, (1986)

Robinson e of. {1986)
Treacy ef al, {1950)

Poxr research conducied between 1960-79, the oils were usually peiroleuns derivacives wheress im the [0,
the wils wene wsually plast-demved prodsis,
For sevlal sprays, 8 zem-degree orientation seghe indicates (hat the Bgued v sprayed stesighs back; 90
depress indicales sirakght down; sie.
Faricle size is expreaal o peroaneters (sm) for volume makan diameter (VMG Y8 i the shee foa
which hall of the panicles o larger than the VMDD and hall fross parmsches smaller tham s VMDD

Helections hased prinarily on deposit (D), insect qf mine control {1l of alomization (A} considermtions.
Asomizaiion guidelines for sevial sprays were volume medisn dumeters of 375- 3150 micrometen For waled
sprays and 130225 microimoiers. for ol diluames,
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DEPOSITION EFFICIENCY

As indicated préviously in this chapier, most of the early cotton inseclicides werne
manufnctured in the dust form and were applied with either ground or aerial dusting
cquipment. The change from dust io sproy applications in cither the suspension or solu-
tion form, was forunate from an application perspective because sprays generally have
a beiter deposition efficiency than dusis. The small size of dust particles causes ihem
to decrease in velocity very rapidly and thos deposit very inefficienly on plant surfaces,

The terminal velecities for various sizes of droplets or particles and their corre-
sponding predicied deposition cfficiencies (Figure 2) are based on comesponding
cguations aml data presented by Ow (1960 and Miles &f al. (1973). The isrminal
veelocity is the maximum speed which a given size particle or droplet will attain when
freely falling, The deposition efficiencies were estimated for particles or droplels
within a plant canopy (ie., zone of low wind velocities due o the presence of a plan
canopy). We used a droplet or particle velocity of 2 feet per second (0,61 meters per
secomd) to calculate the deposition efficiencies. The charactenstic target size was 0,25
inch (0.6 centimeter) which could represent parts of squares, small leaves, stems or
small trajectory angles for droplets approaching larger leaves.

=
a

5
]

TERMINAL VELOCITY (IN./SEC.D)

8
3

5
E

EST. DEPOSITION EFFICIENCY (XD

a1k 115
0 =, - n . : i
(1} 50 14K 150 2l i a0

OROPLET OR PARTICLE DIAMETER 1’.)|.rl-}

Figure 2, Estimated deposition efficiencies and the associated terminal velocines for
spray droplet sizes normally wsed for insect and mite control,
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The reason why small (e less than 50 micromelers) droplets or particles do nod
iypically deposit efficiently on colion planis or other targets is illusirated in Figure
2. For example, the terminal velocities of 10, 50, 100 and 200 micrometer dropleis
or partiches with specific gravitics near L0 (i.e., specific gravity for water) are (.24,
4.0, 13,5 and 47.0 inches per second, respectively. The corresponding estimates for
deposition efficiencies are 1, 12, 34 and 76 percent. Thus the larger droplets possess
the mags and velocily needed 1o effectively hit a plant surface. The results of Latta
et al. (1947} and Miles ef al. (1973) are in reasonable agreement for droplet or par-
ticle size of about 80 micrometers. Akesson and Yates {1974) listed particle size data
For several clay dusts, Their data, as well as other sources, indicate that peary all of
the particles were less than T3 micrometers with the majority being less than 20
micrometers, The volume median diameter (VMD, size for halfl of the volume is
From particles larger than the VMDY and half from particles smaller than the VMDY
For typical dusts would thus rmpge between 15 and 30 micrometers, By companson,
typical spray droplet size distributions for cotion insect or mile control range from o
Few micrometers up o pbout 300-400 micrometers with volume medion diameters
between 100 and 200 micrometers for ground spravers and 150 10 300 micrometers
for oil and water sprays applied by i,

Bowen ef of, (1952) ran several field sests and Tound that the deposition efficiencies
on bean keaves For charged and wncharged lead arsenate dusts were 23 and 10 percent,
respectively. Results reported by Bache and Uk (1975) indicated that the deposition
of droplets greater than 40 micrometers in diameter on colion was predominately by
sedimentation rather than impaction. Both of these dala sets are supportive of the wind
tunnel and theoretical data reported by Miles ef of, {(1975) and the relationships illus-
crated in Figure 2.

Dt from field bests with warious sizes of droplets have indicated that droplets
smaller than about 100 micrometers initially (larger for acrial sprays) will not be
deposited dependably in the swath arca unless forces other than gravitational forces
are used (Smith er of,, 1975 Mist blowers or other types of high velocity air
streams have been evaluated in an aftempt to contrel the placement of the smaller
droplets.  Generally, such approaches have not been more effective than conven-
tional ulra low volume (LUILV) or low volume (LY} treatmenis for cofton insect or
mite conrol (Wilkes, 1961; Bun er al, 1N Taft and Hopkins, 1967; Talt e al.,
1969, One exception 1o the above generalization was reported by Johnstone e al.
(1977 They used droplets of about 60 micrometers entrained in an airstream and
apparently released the droplets close w cotton plants.  For their conditions, they
acoounted for ™ percent of the spray within 49 feet downwind. They estimated that
the daft loas was about 5.5 percent. Small droplets (aloul 40 micrometers) have
abuo been elecirostatically charged 1o improve the magnitude of deposits on plant
surfaces (Law and Bowen, 1966, Splinter, 1968, McCartney and Woodhead, 1983}
Herzog e af, (19831 reported that cotton insect control for such a spray was superior
i that obtained with a sprayer equipped with TX-6 cone nozzles if the charging sys-
tlem was functioning properly,
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The knowledge base Tor the efficient deposition of the smaller, dafi-prone droplets
has improved substantially in the past rén o Gfteen yvears but much engineenng and
safety work remains before such systems can be recommended for applicator wse,

One would not realistically expect the deposits on the upper pars of & colton canopy
e be as large as the calibgated application rate for several reasons, The calibraied
application rabe (1., either the amount of pesticide or the volume of spray} is based on
the land areq mvolved whereos the deposated amount of spray is based on the surface
area of a specific target on the pland. In the upper conopy, the wind often aliers the oni-
entation of leaves. The leal may be inclined at some angle or even temporarily curled
hack over itself during applications. In such siteatiens, the deposit arca of the target
can be substantially reduced relative to the surface area of the targei. This means that
the “spray clowd™ was direcied toward o smaller anca ihan was used to calculaie the
magnifude of the deposits. Another reason why aciual deposils are typically smaller
than the calibrated amounts is that the spray droplets do not all approach a given tar-
get at the same angle. Miles e ol (1975) calculaied the approach angles (referenced
from the venical planc) of various size droplets in a 2-feei-per-second air stream,
Their approach angles for 20, 100 and 200 micrometers diameter droplets were 89, 67
and 49 degrees, respectively. The large approach angles (ie., nearly horizontal trajec-
tories for droplets less than 50 micrometers) reduce the effective deposit area of a hor-
izontally oriented farget and thus reduce the amount of pesticide deposited per unit of
surface area, For example, interest in electrostatic charging of dusis and speays was
based on using electrostatic forces w draw the small droplets or particles toward a
plant surface and thus increase the effective deposit arca,

Another research area of particular importance is the proportion of spray material
recovercd o the target. We found oaly eight published papers! reports on aeral-waler
sprays which were sulficiently complete with respect to the application equipment and
operating conditions, so that a graph of percent recovery versus volume median diam-
eler of the onginating droplet size distribution could be developed. In some cases, we
wsed the author's description of the stomizers and operating conditions w estimate the
vodume median dinmeter based on other publched atomazation date, Because some of
the droplet s1ze data were estimaned by the present authors, the reader should be aware
that the data are not likely 1o be wotally accurae, However, our estimated volume
medion dinmeter data should be correct to within plus or mimes 20 percent, The on-
target recovery (Figure 3) on upper cotton leaves and inert targets inrensed from
approximately 20 to 80 plus percent for volume median dinmeter droplet siees of 150
o 1200 micrometers when using water o5 the camier, Other than onpe high and one low
sed of datn for volume median dismeters between 300 and 400 micrometers, the rest of
the data formed o repsonably well-defined relationship. For volume median dinmeters
between about 90 and 800 micrometers, the vanation in percent recovery for o given
droplet size is on the order of £10 percent.  Because the recovery data ranged from
abowt 200 o G percent of the amount applied for volume medion dinmeters less than
B0 micrometers, plus or minus 10 percent represenis a substantial, but apparently real,
amount of vamation in pesticides deposits, The velume medion dinmeters bebween 5000



APFLICATION TECHNOLOGY a9

and 1300 micrometers (Boving and Winterfield, 19800 are larger than would typically
be used for cotton insect controd but are in general agreement with the recovery-vol-
umie median dinmeter data for volume medhan diameters less than 500 micrometers.
The data in Figure 3 raise some important questions relabed 1o serial application of
wiiler-based sprays For mmsect or mite control.  For example, if the volume median
diameter 15 increased bo, say, 300 or 800 micrometers, will the deposiis on colbon
plants increase? I the deposits do increase, will insect or mite control alse be
improved? Polles {(1968) stated that tobacco budworm larvae could avoid deposited
droplets as lorge as M0 micrometers. However, for a typecal 500, 600, or T microm-
cler volume median dumeter spray. one half of the spray volume wouald initially (prior
te evaporation) be in droplets less than or equal to 500, 600, or T micrometers,
Therefore, will the trade-off between possible increased deposits and reduced deposit
densitics or mdverse insect behavior have a positive effect on insect or mite conirol?
The maximum size droplet which will adhere to a given iarget is a funciion of the
physical properties of the target and liguid, the size and velocity of the droplet and ihe
orentation of the targel. [t is nod surprising that the magnibode of spray recoverics is
quite variable because there are many unconirolled variables which affect the deposi-

10 B COTTOM LERVES ¥
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Figure 3, Percent swith recovery versus droplet volume median diameter for senal
sprays with o water comier from results reported by Brazeel e al, {1968), Boving
anel Winterfiekl (19800, Uk and Courshee (19823, McDoantel e ol {1983), Potler
C1983), Ware eraf. (19840, Samberson ef af. { 1986) and Southwick er o, (19860,
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non process, The largest volume median diameter sprays we Found where deposits on
cotton leaves were oblained was 350 micromelers (1.8, recovéry on upper cobbon
leaves equaled 50 percent). In companson, the recovery was less than 40 percent for
sprays with vodume median dinmeters of 250 micrometers or less, By deductive rea-
soning, the data in Figure 3 suggest that we are forcing recovenies to be generally 40
percent in an apparent obempd to maintain what 15 considercd to be adequate deposit
densities and thus pest contrel. [n reality, this may be justified but we have nod found
rescarch evidence which will either support or refute the supposition that karger vol-
wme medion diameters than ore typacally used can be benelicial.

To owr surprise, the deposits on upper cotton beaves (Figure 3) appear to be some-
what larger than comesponding deposits on inert largets for comparable volume
median dinmeters. Due to the small amount of data for deposits on cotton and the fact
that we had to estimate some volume medion dinmeters, we do ot consider this result
b be irrefutable.

The daia of Cadogan ef al. {1986} For sereal deposits of oil and water sprays demon-
strate the combined effect of small droplets and high (65 fect) flight heighis on deposit
recovery. They used a Micronair® unit to creabe small droplets (deposiied volume
median dinmeters ranged from 43 o 147 micrometers) for use in forest insect comtnel.
Their deposits across a 460 fect wide sampling area ranged from 1 te 15 percent amd
averaged 5 percent of the amount applicd for 17 tesis. Their recovery data seem (o be
reasonable, based on their droplet sizes and fight beight, when compared with the daia
in Figure 3.

The corresponding literature for quantified spray deposits on cotion or similar plants
for ground sprays is also very limited even though we found several papers where
deposii-density or percent-area-covered data were used o evaluate spray deposinz.
Smith er o, {1977b) measured on-pland deposiis for nogzle-pressure combinations of
TX-1 at B0 pounsds per square inch, TX-2 at 60 pounds per square inch and TX-4 a1 54
poumds per square inch, The cormesponding recoveries al the fop of soybean plants
were T2, 50 and 45 percent For estimated volume median diameters of 70, 87 and 110
micrometers, respectively. They used more than one nozele over each row which may
have altered the recoveries as compared with the usual one nozzle per row applica-
tioms. As expecied, these recoveries ane considerably larger than corresponding aerial
recoveries For similar volume median diamerer sprays (Figure 3) becouse (he spray
was released about 15 inches above the plant canopy.  Johnstone (1977) sampled
beaves from entire cofton plants and reported leal recoveries of 89, 67 and 74 percent
of the amound applied for polary somizer sprays with volume median diameters of 9,
86 and 60 micrometers, respectively, Because the spray was rebeased over six alier-
nate mkdles, a given tarpet may have received some spray from several or all of the
passes, Thus, these dato are representative of “feekl” deposins but does nol adebress the
Tageral displocement of G090 micromeler droplets, Ware of of, (1975) also sudied
whole plant recovenies on colton using TX-6 pozeles at 40 pounds per sguare inch on
a ground, boom sprayer. They reported that 39 percent of the spray was deposited on
plants and 34 percent on the 201l For shoet (29 mches) plants for a total of 73 percent
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of the amount applied. For mature plants (49 inches tall), the recoveries were B3 per-
cent on planis and & percent on the soil for a wtal of 39 percent. They concluded that
their recovery rates For ground, boom sprayers were much larger than for acrial appli-
Caluomis,

Maost of the recovery data have been reponied as means and the variation aboul the
mean is not generally indicated. One may wonder how uniformly the spray needs to
be applied in onder 1o attain the best insect or mite control. Some work is in process
to adldress this question but po prior data have been found in the literture. Some data
on the vanation in deposits on plant canopies are available, The raw data from the
studics conducted by Smath ef al, (1977h) were used 1o calculate the coefficients of
vanation (pe., standard devimion of deposits on soybean beaves muluplied by 100
divided by the mean deposit) For the first replication of treatments 1 o 3 (cone nog-
zles) at the top, middle and bottom, Al the wop, middle and botom (L.e., abouat 3 feet
fall plants with bottom samples laken &t one o), the range of the coefficient of van-
ation values for the three ground, boom sprays were 209 o 53, 50 1095, and 104 10 117
percend, respectively. These dota indicate that the spray deposits on leaves ane con-
siderably more varable at the middle and bottom lecations than ot the wp, The
increased variation for the lower positions on the plant is 1w be expected due to the var-
able screening effect of the leaves located above o given sampling bocation o a plant,
Uk and Courshee {1982) reported that coefficient of vanation vahees (Tor one aerial
treatment along three sampling lines) ranged from 35 10 46 percent for deposits on
upper cotion keaves, Cadogan ef af, (1986} took samples from honizontal 1argels and
reported both deposit means and standard deviations, The coefficients of vanation for
their data were found io range from 44 10 155 percent and averaged 93 percent for the
small dropleis and high Might heights they used. Yates (1962) reporied coefficient of
vanation valoes for three serial sprays (arifial fargets on the ground) which mnge
between 15 and 45 percend for swath widths of 40 feet. Smith {1983) reported that the
coelficient of varation values are lincarly related to the difference between the maxi-
e and minimum deposits in a given dada set. This means that o coefTicient of van-
atpon of 30 percent indicaies that the maximom deposit is about 2.7 times larger than
tlee minimmum deposit (Smith, 1983, 1992, I a 1.5x dosage represenis effective msecl
or mile comirel, ihen larger deposits indicate wasted chemical and smaller deposits rep-
resend reduced pest control. Thus, our ebjectives should continue fo Focus on apply-
ing chemicals as uniformly as possible until we know whether or not less uniformiy
applied sprays are equally effective. A desirable level of uniformity is represented by
a cocllicient of variation no larger tham 15 percent.

Becase insects amd mites are often not locaied on the upper part of the plants, one
nieeds o know whal magnitade of deposits ane needed for the lower plant conopy loca-
tons. The penetration of sprays into plant canopies may be studied effectively by ref-
erencing all deposiis to the amount deposited on the top of a canopy (Figure 4). The
chimtar shown in Figure 4 are from a variety of sources and include acrial, ground, water,
andd oil applications for a varicly of canopy types including hardwoods, colion, and
soybeans. We did not include deposits from plants such as com, milo, and tomatees,
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Figure 4, Penctration of sprays into cotton of cotton-like conopies for senal and ground
sprays based on results presented by Bowse (1969), Bunt and Smith (1974), Smith e
al. (1977h), Uk and Courshee (1952) and Ware of af. (1984).

becanse they are not structurally similar (o cotton. The data in Figure 4 indicate that
the penetration of several different types of spray applications are similar, For exam-
ple, deposits half way up the plant for mature, overlapped canopies, ranged from 20 10
) percent of the amount deposited on top of the plants and averaged about 35 percent,
At the soil surface, or bottom of the plant, the deposits would be expecied 10 be not
greater than 25 percent of the top deposit and perhaps as small a5 3 w0 5 percent, The
conopy penetration data illustrates why it is difficult 1o control older larvae which are
located on the lower plant pans,

The upper part of Figure 4 indicates hypothetical deposit distabutions which maght
be desirable, especially for larger larvae which have moved down o the middle or
lower canopy locations, We have oot Found any dana that indicates the moss desirable
verticnl distnbution of chemical For any plant 1ype-pest combination, Even if the most
desirable venical disabution were known, the regquired application equipment amnd
technpques may mod be economically feasible, Thus, for the forseeable future, appli-
cotors are likely 1o be constrained 1o spray distabutions within codton canopaes similar
tix those shown inthe lower pan of Figune 4, It scems apparent that fourth o fifth instor
bollwormAobaceo budworm larvee will oot be killed bebow some height in the plant
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canopy dise 1o the severely reduced spray deposits &0 the lower levels amd the: fact that
miosd of the larvae ot the fower levels are locsted i bolls,

APPLICATION SAFETY

The safety pspects associntedd with the application of chemicals can be divided inbo
two broad categones, These two groups involve sibuations where: (a) common sense
aned Forethought are the pnmary considerations and (b) guidelines are mot obvious and
the applicator must rely on research data for assistance.

Handling, Flagging and Container Disposal — The first category invalves the
safety aspects where there is potential for exposure by direct contact during handling
and application — manual ransportation of pesticide contxiners, mixing and loading,
MNagging fickds for aerial sprays and disposing of “empty™ pesticide containers. With
ihese types of operations, an individual will not pormally encounier a serous safety
problem if he: (a) exercises good judgement; (b) uses common sease; (¢ thinks before
he acis; (dp reads the pesticide container's label; and (¢} is well informed abouat the rel-
ative woxicity of the various pesticides being applied.  Por example, good judgement
indicates ifat ome should mot handle a pesticide container, especially one comaining a
highly toxic pesticide, without wearing adequate profective clothing. Unfomanately,
this is not always done! Some research groups who have stodied worker safety prob-
lems associaled with the application of pesticides inchsde Wolfe er al. (1967,
Brazelon e af. (1981, and Lavy e o, (1982), In gencral the mixing and loading
operation s more dangerous than  operations  associated with mechanical
repairsfadjustments, piloding or operating a sprayer, flagging or working in the fiek
after the reeniry period as specified on the pesticide label. Because the mixing amd
Iexsking opermions normally caise the highest level of worker exposure, o wide van-
ery of closed maxing systerms have been developed in an stitempl to reduce worker
exposure levels, Thase systems which open, empty andd nnse the pesticide container
while it 15 inside the closed system ae more likely o reduce exposure levels than sys-
tems which require a person to insent a probe ie the container, Braeelton er of, { 1951)
conclsded that irmining workers on the proper use and maintenance of closed systems
wits essential for further reducing the exposure 10 maxers and lomders,

Spray Drift, Field Reentry and Worker Exposure — The second safety area
relates 1o concems such as doft, epertor exposure, and the establishment of worker
reetry pernods.  For these types of problems, the applicator typacally neesds some
research information before o good decision can be reached, For example, it 15 not
obvious whether the wind velocity, spray release height, Mmospheric stability, relative
humidity, temperatre, or droplet size distribotion 15 the most important variable For
decrensing spray dnft deposits (Smith ef of,, 1993),

Spray drift has been, and is presently, of formost copecem when herbicides are being
applied, Herbicide damage to crops is visible and may be tmceable o a given spray
application. Cm the other hand, there has been less concern over dnift when insecti-
cides, milicides or fungicides are applicd. The [oct is, however, that the droplet size
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dhistribution used for applying these later types of chemicals typically contains many
moee drilt-prone, small droplets than are found in herbicide sprays applied wath simi-
lar equipment (i.e., air or ground).

The increased concemn about ground water conamination, hman exposure and negu-
lation of the “iner” ingredients in pesticide formulations has caused concern among reg-
ulatory agencies and the general public about spray dnft from al] pesticide applicaions.

The subject of spray drifl has received misch attention over the past $0 years, The cur-
rent knowledge about the vagables influencing spray dall from senal applications has
been summanized by Ware of of, (1983), Even though some of the more important van-
ables are known, the relative impontance of the relevant, independent vanables was net
known undil recently (Smith ef ol 1993}, Several computer simulation models have been
developed to assist with senal spray dnft decisions (Teske, 1984; Akesson and Gibbs,
1983; Saputro «f al., 1991), However, most of the serial drft studies have consisted of a
few combinations of the independent varables and, as such, do not allow for the devel-
opment of o comprehensive set of data. Such o satement is nod intended o be a reflec-
tion on any of the researchers invelved; rather i 15 a statement of where we ane and whad
is needed. Additional comprehensive reseanch in this area is warmanted and nesded.

Spray drift deposits associated with ground sprayers has received more research
cmphasis than aerial dnft even though drft from senal sprays typically is several iimes
greater than that from functionally similar ground applications. On the other hand,
ground applications using mist blowers may cause more drift than the comesponding
serial sprays.

Several large, ground sprayer studies have sitempied (o delineate the relative impor-
tance of several variables on spray dofi (Thresdgill and Smath, 1975; Bode er aof.,
1976, Smith e ol , 1982a). Threadgill and Smith (1975) applied wlirn low volume
sprays over a cofton canopy in T4 tesis with droplet sizes ranging from 27 o 200
micrometers. They reported that: {a) drifi deposits were highest for stable atmospheric
concitions; (b)) increasing the mean droplet size decreased drift deposiis; (c) increas-
ing wind speed decreased drift deposits; and (d) drifi deposiis decreased as the verti-
cal component of the wind speed decreased. Bode ef ol (1976} sfudied drifi deposiis
from hydraulic nozzles in 30 tests. OF the 15 variables and combinations of variables
which they evaluated, the most imponiant (e, highest ranked) variable was boom
height, The interaction of boom height and wind speed was second; application vol-
wrme was third; and wind speed was the fourth most important variable, They did not
evaluate the effect of droplet size per se even though they varied somization pressures
and nozzle types and used a thickener in some tests, Smith ef aof. (1952a) ran 99 s
using hydraulic stomizers and evaluated 18 independent variables. They reported that
the three most important drifi related vanables (in decreasing order of importance)
weere bogmm height, honzontal wind speed and verical noczle onentation, They did not
lindd relative humidity, droplet size, volume applied, or atmosphenic siability io be sig-
nificanly refated o the magnitwde of spray daft deposis,

A word of contion is in order ot this point,  Some individuals have assomed that
results from dft stodies with ground equipment are directly applicable 1w aeaal apple-
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cotions, Such eximpolations are discouraged. Aeral sprays are rebeased much higher
than ground boom sprays allowing more time for evaporation and cross winds 1o affect
the spray droplets, Also, the air lurbobence created by aircrall 15 much greater than ihe
wbulence associated with ground sprayers. For example, atmospheric stability is fire-
quently reporied 1o be an imporant drift varable for senal applications but it is sel-
dom reporied as such for ground boom sprays.

The exposure of operators and other workers 1o pesticides in either the concentrate
or dilute form is another important safety arca. Wolfe ef al. {1967} reporied that dermeal
cxposure was much greater than respirfory exposure.  However, they cautioned that
equivalent doses are absorbed more readily and more completely through the respira-
tory tract than through the skin. In reviewing the relevant lierature, no data related oo
the effect of sprayer speed, wind speed, wind direction and atmosphenic stability on ihe
dermal or respirabory exposune of a ground or acrial sprayer operator were found. Some
data are available on exposure kevels for various pypes of sprayers but, one would ihink
that oiher test conditions may be more important than the type of sprayer wsed,

Mot of the current guidelines for drift, exposure and reeniry concems involve sub-
jective decisions.  For example, ideally it woubd be desirable to have no daft, bu in
praclice atbermpds are made 10 mininize it to an ‘acceptable’ level. The subjective deci-
sion process must continue until sufficient information is available o mathematically
describe the crop, lake, rver, and human exposure levels involved under a given sel of
application conditions. The time frame For the availability of such information will
depend upon the support for such work. Daft and exposure siudies are both expensive
and time consuming.

CHEMIGATION

Chemigation may be delined as the application of crop production/profection cheme
cal through an imigation system, The types of chemigation referred o include ferti-
gation (fertilizers), herbigation (herbicides), fungigation (Fungicides), insectigation
(insecticubes), and nemagation (nematicides), The basic idea of applying o chemical
Chrowgh an pmigation system is over thinty five years old (Boyan and Thomas, [958)
Surface and incklelMnp type imigation systems con be used for fertigation and her-
bigation in those cases where the chemical 15 pesded on or within the soil, However,
an overhend type of imigation system can be used for any chemigation application if
the pesticide will pot case damage 1o the crop and the formulation is pppropriate,

The amount of water applied during each chemigation application vanies from about
L1 inches {2,715 gallons per acre) to L75 inches (20,634 gallons per acre), The
chemical being applied muest be metered accurntely so that the comect amount 15
applicd per unil arca of kand or crop. Many pumping sysiems ane available to meter
ihe chemucals,

A considerable amount of reseorch has been conducted on the chemical formula-
tions which are most suilable for chemigation applications. For soal applied chemicals,
the type of formulsion does not appear 1o be overly important. Howewver, for [oliar
applied chemicals, the most consistenily positive results have been obiained when the
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technical chemical was formulaied in an oil withowt the addition of any emulsificr
(Threadgill, 1985), Some work has been done on the method in which the chemical
i injected {i.e,, nogele size or orientation and injection pressurg) but these effects are
e likely 10 be as important as formulation effects,

Safety 15 an impontant copsideration when contemplating the wie of chemigation
systems, These safery considerations are discussed in the American Society of Agri-
cultural Engineer’s (ASAE) publication, Engineering Proctice EP409 (ASAE, 1983}
The primary safety considerntions include a backflow prevention system and an inter-
locking injection system, The backflow system is designed to prevent any chemical
from retuming b the water supply when the water pump is not in operation. The inter-
locking injection system stops the chemical pump any time the water pump is inoper-
ative =0 that chemical is not wasted, The Environmental Protection Agency's safety
reguirements for chemigotion are the same os the requirements imposed by cach stale.

Several types of imigation systems are copable of delivening relatively uniform
amownts of chemical-water maixtwres o a soil surface. The degree of uniformity has
been favorably companed to that ebtained with ground spravers and is gencrally more
uniform than that from typical aerial sprays {Thresdgill. 1985). However, immigation
systems such as traveling guns, which depend on long spray tragectonces uswally wall
not provide a high degree of uniformity of the spray deposits (Shull and Dylla, 1976;
Smith, 1989, Also, there is a void of information reganding chemical deposits on opd-
ton plants resuling from chemigation applications.  Additional rescarch is warranied
b assure that adequate on-larget deposits are being anained and that ground level
chemical deposits are reasonable,

Cenler pivol irrigation systems have boen wsed extensively to study pest control
resulting from chemigation applications on abowt 20 crops (Johnson e o, 1986}
Such application systems have been shown to be more cconomical than grousd or aer-
ial applications when: (a) more than one chemical application is peeded per scason
and (b} the crop needs imigation water. Other reponied advantages for chemigation
include reduced soil compaction and plant damage {(as compared with ground
sprayers), climination of the need 1o incorporate some herbicides and reduced pesti-
cide exposure. The most imponiant disadvaniages include: {a) greater management
skills are required; (b) additional equipment must be purchased; (ch the possibility of
contamination of the water supply if the safety equipment is mol adequate and operat-
ing properly; {d) possible increased application time; and, () possible unnecessary
waler applications,

Chemigation is another proven chemical application system and can offer net
ahvantages for some farmers,

RELEASE OF PARASITES AND PREDATORS

Some of the most promising ablemative methods of cotton msect contrel invilve the
mass release of insects, Two of the most widdely studied ones in the cotton production
system ares (a) augmentative releases of emomophagows insects (insects that feed on
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ather isects; Stunner, 1977) and (b) incorporaton of stealbe or senle progeny-produc-
ing insects (Knipling, 1979) into natural populations, Although the bological and coo-
logical factors influencing the efficacions use of these different control methods may be
method-dependent, the apphication problems sssoctated with mass releases of insecis
are similar, However, they are drastically diffenent from those associated with the appli-
cation of chemical insecticides. The distnbution of competitive and healthy insects
over larget areas (oflen encompassing large acreages) will require spplication methods
carefully developed to prevent damage o the insects, yet allow for efficient delivery of
large numbers of insects (o target areas in a rther short period of time. This requires a
therough knowledge of the release insect’s binlogy and movement, as well as creative
procedures and equipment specifically designed for the particular release insect-pest
insect sitwation. Unfortunately, the efficacy of these conirol methods cannot usweally be
determined until efficient application methods are developed.  Often, the required
knowledge concemning insect biology and the effect of various environmental and phys-
ical siresses on the release inscei’s survival and competitiveness are unknown.

Most methods of insect control that include mass releases of insects require iremen-
dous investmenis in research and development. Probably ibhe two mosi researched
cuamples in the cotton production system ane sugmentative releases of Tricloegramina
spp. for control of bollworm and fobacco budworm (Ridgway er al., 1977} and mass
releases of stenlized boll weevils in areawide suppression programs (Griffin, 1984,
Willavaso ef al., 1986). Otber notable examples in the cotton production system where
release techmology has received rescarch atiention are muecs releases of Clrysoperla
{(=Chrvsopal spp. (lacewing predators, Ridgway and Jones, 1969; Kinzer, 1976) and
Trickogranwng  pretfosnrn (egg  parasiles, Bouse and Morrison, 1985} for
bollwormdtobacco budworm control and mass releases of sterile pink bollworms
Pectinaphiora gossypiella Saunders (Ables er al., 1979

In a review of the methods wsed 1o release entomophagous insects, Ables er al,
C1979) deseribed three critical phases of the application process. Eirst, the insects mus
be mass-produced in sufficient numbers and quality 1o allow field rebeases.  Second,
the quality of the insects must be preserved during transportation from the insectary ©
the release site. And thind, the insects must be evenly and efficiently disiributed over
the targel area.  All three phases require technology and equipment specilically
designed For the particular release-insect/pest-insect siuation,

Most of the published scientific erature on mass releases of insects involve exper-
iments whers insects were released by various manual methods, For example, Stinner
ef al, (1974) manually released Trichogrammn prefionnm Riley parasitized Sirovrogo
eggs for control of bollwormtobaceo budworm op cotton, Using insulated containers,
they transported the parasitized eggs to colton felds and emplied the containers onto
plants, Villavaso ef of, (1986) released senlized boll weevils by attaching paper bags
containing the weevils to cotton plants, Similar methods have long been used for var-
ious manual releases of emomophoagows insects,

Although releass technology has evolved 1o the point that mechanical methods of
redease have been utilized for varkous programs, the echnology associated with Large
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seale releases of Trichagranimg spp. is probably the mest refined. These mechanical
releases have involved both ground (Ables et all, 1979 Tones of al., 1977) and senal
(Ables er al, 1979 Bouse & al., 1981 Jones o af., 1979 and Luttrell &0 af., 1980)
application methads. Since the specific procedures are described in several other ref-
erences (Ables ¢ al., 1979 Bouse and Momison, 1985 Bouse o al., 1981; Jones of
al,, 197 Ridgway et al., 1977, Bouse e al., 1980 and King and Coleman, 1989), they
will not be repeated here, It is important o emphasize the need 1o protect the release
insect, This required considerable research in the development of effective production
and transportation methods (Mormison e of., 1978)

Cround releases have been made by amomatically dropping containers from mov-
ing vehicles, by spraying hiquid suspensions and broadeasting varous granular mixes,
The sdvaniages and disadvantages of these techniques were discussed by Ables of ol
(1979} Acnal releases have usually involved the dispensing of conlainers, the disper-
sal of granular mixes or the free release of enomophagous insects, Again, these meth-
ods are discussed by Ables of af. (1979), When granular maxes are used, the insecis
are wsually mixed with some inen dispersal mediom (e.g. wheat bran flakes). This
sommtimes requires that the insect be attached to the the inert camier.  Free releascs
usually involve the use of o ventun spresder simalar 1o those wsed for application of
insecticude dusts or granules,

The development of application methods for mass release of entomophagous insects
15 complicated becanse the equipment and methods may need 1o be specifically
designed For each relepse-insectipest-insect siluation. As a result, the application iech-
nedogy assocised with mass release of entomophagous insects is rather limited. The
most elaborate application systems ane those associabed with mass relepses of
Trichograunng spp. ( Bowse apd Mormison, 1985).

SUMMARY

Most of the pesticide application research has been conducted during the lasi foaty
years. Those papersrepons related to application equipment, spray atomization and
on-target deposition represent only one or two percent of all of the scientific publica-
tions related o insect'miie control on cotton.  There are thousands of possible insect-
crop-insecticide-formulation- application system combinations. Only a relative few of
ihese combinations have been evaluated in a comprehensive manner. Tt is hoped that
arecent increase in USDA-ARS funding for application research will have a positive
impact on some of these problems.

Residual contact accounis for about B0 percent of the bollwormobacco bodwomm
and boll weevil control with chemical insecticides. The remaining 20 percent is aitrb-
utable to direct impingement on the insect’s body. Souch data have lelped define the
intended targed for the crop-insect-insecticide combinations studicd. Most of the ques-
fions regarding the oplimal deposition of spray deposits on or within plant canoples
currendly remain unanswered.  Much research remains io be completed toward ihe
development of complete, quantified data sets from which the effecis of application,
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formulation and meteorological varables on spray deposits — and, in tum, the effect
of such deposits on insect/mite control— cam be determinged,

There are about 22 categories, 225 products or product lines and 1100 sceentific papers
thai relate o adjuvants {materials wsed with insecticides and miticides 10 improve their
performance). Much of the prior work with adjuvands has been associated with the use
of epomopatlseeens. The use of adjuvants in conjunction with enfomopathogens has
increased insect momality in some studies while having no significant effect or a deini-
mental elfect in other sndies. Additional reseanch is needed o deflineaste the effect of
adjuvants on: [a} insectimite mortality per s¢ and (b} on the atomization-deposition-
insect behavior process and the effect of these vanables on insect/mite morality.

One microbial insecticide (Bacillies thurfinglensts Berliner) is commercially avail-
able and 15 wied on & limited basis for codton insect control. Muwch of the prior latboea-
1oy insect mortalily-dosage data for microbial insecticides indicates that they are very
elfeciive. However, resulis from many field sidies indicate that the level of insect
conirol obtained 15 less than that which 15 often needed. The bevel of insect contmol
obained on colion i uwsually lower than that oblaised on soybeans and some borticul-
wral crops, A considerable effon has been devoded fo the use of feeding adjuvands,
baus, and ultravioler light protectants, in conjunction with microbial insecticides.
Even so, there still appears o be a subsianiial need (o increase the hali-life of such
insecticides for effective utilization in the ficld.

Many manuals are available on: the selection, use and care of spray equipment; cal-
ibration of spryers; and spray drift, A lst of atomizers and operating conditions
which are likely 10 provide sdequate insectmite control is included in this chapler.
Unfortunately, all of the recommendations for acrial sprays are based on atomication
or deposition information withowt regard 1o the level of insect or mite control oleained.

st Formulations are not used widely today due 1o their relatively poor deposition
efficiency (i, genemlly less than 25 percent of the amount applied), Spray droplets
greater than about 100 micrometers are needed for wse with ground boom spravers in
order to minimize spray drft. The correspomding desired bower limit for senal sprays
is about 150 micrometers. The Latter lower limil suggests that aenial sprays with vol-
umee median dismeter egqual 1o or grester than 300 micrometers are needed o minimaze
spray drifi. Electrostatic charging of sprays has shown promise in some stuchies but
additional research (.. engineering and entomological) is required before this tech.
nobegy is usable at the farm level,

The en-plant deposition efficiency Tor typical sennl and grownd speays are on the
order of 40 and 35 percent, respectively, Future research in this area needs to focus
on: {a) the upper Limit for spray droplet size with respect o spray dnft; (b) on-arget
deposition; and () insect/mite control. This type of research 15 needed because most
researchers in the pesticide application - pest control area believe that the public’s con-
cem over environmemal, safety and ecological issues will continee incrense dunng the
nExl e OF MOIe Years.

A clearer understanding about the effects of the physical properties of the spray lig-
wid on the resulting droplet size distribution is necded,  Resolts from several sfomiza-
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tion sfundics indicate that the effect of a given physical property of a spray may be con-
founded with atomizer iypes. Progress in oblaining a compeehensive understanding of
the spray atomization process for a variety of liquids would provide part of the founda-
tbon meeded o impeove future inseclicide applications on colton and other crops.

Al the present time, i s essentially impossible to obtain uniform spray deposits
under field conditions, Coeflicients of variation for aerial and ground sprays often
exceed M percent, A coefficient of variation of 30 percent indicaies that the maximuam
deposit sampled is about 2.7 tmes larger than the minimum deposit,. Such extremes
in the deposits suggest that pesticides are not being used effectively either due o over-
or under- dosage effecis, Some Lmited simulation work has been done 10 estimate the
effect of deposit nonuniformity on insect control, However, resulis from field evahe-
tions of similar deposit varation work are not currently available,

Some of the safely aspects associated with the application of pesticides can be over-
come by the wse of good, common sense, However, sound research data 1s needed o
provide safety guidelines for problems siech as reentry intervals, contamination, drift
and human or animal exposure, The operastor exposure literature 15 woefully incom-
plete due 1o {a) the limited number of stedies which have been run; and (b) the omis-
sion of cither the measurement- or reporting- of key vanables which affect the
magnitudes of deposits on sprayer operaters,  Closed-systems used for mixing and
beading pesticides can substantially reduce exposure levels of workers associated with
these operations, There remains a continuing need for a comprehensive, serial spray
drift data set in order for researchers and extension personnel to be able 1o provide
more substantial advice for acnnl apphicators and the producers whom they serve,

Chemigation has been shown to be an effective method for applying cenoin formas-
lations of insecticides and miticides. Such applications can be economical, especially
if the crop also mecds to be imigated. The use of proper safety equipment on chemi-
galbon rigs is essential {or manditory in mest cases) so that the waler supply source is
not inadverendly contaminated.

Aerial and ground methods have been developed for the release of some parsiles
amnd predators.  Cther equipment may be needed in the futere. For future equipment
development research, the primary design emphasis should be focused on protection
of the released predator or parasite,
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INTRODUCTION

The importance of behavior-modifying chemecals in cotton insect management lies
in their potential to coptribate @ more effective control measares while reducing
reliance upon insecticides. These materials can increase the efficiency of insccticide
applications and can provide aliemative means of suppression that may be mone effec-
tive, more coonomical, and moce environmentally and socially acceprable than the use
of nsecticides alome, Practical uses of behavior-modifying chemicals generally
invalve surveillance or suppression &ctics, Surveillance tactics wsually involve imap-
ping and can be used for detection, monitering and prediction, Suppression tactics may
act; () directly on the pest populsion (e.g.. mass trapping, mating disruption and feed-
ing or oviposation determents); (hy indirectly by augmenting or manipulating the belayv-
ior of nawral enemics; or (¢} in conjunction with conventional pesticiles o
atracticides or bisamtants, To be successiul, practical application of behavior-madi-
fying chemicals requires consideration of a wide rnge of faciors, These factors
include the behavior, dispersal, dismbution, host mnge and density of the pest insect;
the: matire of the pest complex; the identity, composition and formulateon of the chem-
icals; the tming of applications; and the environmental, sconomsc and social conse-
gquences of their use. Pheromanes and other behavior-madifying chemicals are being
usid i o vanety of collon insect managensenl progrms,

Emuzd]:mml: are & group of behavior-modifying chemicals defined as naturally
occuming substances that mediate interactions between onganisms (Law and Regnier,
1971} Unlike hormmanes or newrairansmatiers, which are produced by and acl wathin
on organism, these chemicals are emitted by one organizm and effect ieractions with
other organisms of the same or differem species. Chemieals effecting intraspecific
interactions are refermed 1o as pheromones (Karson and Butenandt, 195%; Nordlund
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amnd Lewis, 1976), while those that medisie interspecific indernctions have been tenmed
allelochemics (Whittaker and Feeny, 19710 or, more recendly, allclochemicals.
Allclochemicals, in tum, are classified on the basis of wheiher the response cvoked
favors the emitier or the receiver of the chemical. A kairpmone eliciis a response
favorable o the receiver (Brown of al., 19700; the response to an allomone benefiis ibe
ermitier {Brown, 1968); and the response to a synomones is fovorable to both organisms
(Mordlund and Lewis, 1976). These terms ane nod muiually exclusive. For example,
a substance emitbed by a female insect that is used by ithe male in finding a mate is a
pheromone.  IF the same substance is also involved in the mechanism whereby a par-
asite or preator of that insect locates its prey, it is a kairomone. A syathelic copy of
a semiochemical is referred 1o by the same name as the natural material; ¢.g., a syn-
thetic pheromone is the synihesized version of the natural compound emiited by the
insect, However, some synthetic compounds that affect insect behavior are not known
to occur naturally in the organisms involved and therefore are not semiochemicals.
Among these are the paapherpmones, which are compounds that mimic pheromones
in their activity but have pot been shown (o be emitted by the insect. Synthetic anrac-
tants and synthetic repellents are other examples of behavior-modifying chemicals that
are ool classed as semiochemicals. The practical application of pheromones on & wide
range of crops has been reviewed in some detail elsewhere (Bidgway er af,, 1990),
The behavior-modifying chemicals most frequently asociated with cotton insects in
the Uinited Seates are pheromones and kairomones, and the chiefl focus of this chapier
will be on these semiochemicals,

DELIVERY SYSTEMS

To use behovior-medifying chemicals effectively in the management of codton
pests, carcful thought must be given o the development of appropriate delivery sys-
tems, A controlled-relense formulation is wsally pecessary, because most of these
chemicals are used o1 very low dose mies, are volatile and are subpect 1o environmen-
tol degrsdation. For active matenials made up of several components, the mtio af which
these components wre emalled moy need to be kepd constant despite differences in their
volatility, The type of formulation and its method of use will affect the design para-
mieters of the delivery system, as will the behavior patterns of the insect, For example,
many of the [actors that muwst be considered in developing on atiractant for o g may
be different from those invelved in formulating a dispenser for use in preventing mat-
ing through communication dismaption,

The delivery system should be compatible with regular agneuliuml practices. For
baits in traps or for dispensers that muost be hand-placed. ease of handling is 8 major
factor. For material to be broadcast, it is desirable to have o spravable Formulafion,
with dispensers of appropriate panicle size, together with compatible siickers and
other adjuvanis, For some types of delivery sysiems, a sprayable Formulation has nod

been practical. It has been necessary e develop special dispersal systems for some
larger non-sprayable solid particles and fibers.
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Mot controdbed-release systems may be classified as belonging to one of four basic
types (Zeoli f al., 1982, Leonhardy, 1990 {(a) réservoir sysiems without a rale-con-
trolling membrane, ¢.g., bollow, open-énded Gbers or capallanes; (b) reservoir systems
surmsunded by o rate-controlling membrane, such as capsules; (¢) monolithic systems
in which the active chemical 15 dispersed throughout an inert matnx; and {d) lnminates,
in which an inner reservoir containing the sctive matenal is sandwiched between wo
outer polymenic layers. In the first type, the sctive matenial evaporates from the ligquid
surface within the tube and diffuses to the end of the fube, where it is released; the rate
of release is determined by the rmie of evaporation and the rmbe of diffusion to the end
of ihe tube. In reservoir systems wilh a mbe-controlling membeane, all or pan of the
wall of the reservoir is made of a penrmeable polymer throwgh which the active mater-
ial diffuses. The release rate is determined o a great exient by the nature of the poly-
mer and the thickness and surface area of the wall. A vamiety of these systems are in
use, including sealed polyethylene tubes, bags, or vials and polymer-coated microcap-
anles of varipus types. [n the third type of sysicm, the active material is dispersed in
an inert malrix; emission rates are dependent on the rate of diffusion within the matrix
i the surface. A conmumon example is a rubber cap or seplum impregnated with
pheromone, but these require precautions against degradation of pheromone compo-
ments by substances used in the manufacture of the rubber. In the laminate dispensers,
the rate of emission s conrolled by the dimensions of the outer polymer layers, the
nature of the polymer and the concentration of the active ingredient in the reservoir
laver, Wih vanaions in particle size and in dispenser shape, systems representing
these Four types have been used in a wide range of applications.  Suitability of a sys-
bem for & gaven apphcation maust be determined in e Deld,

In order to obtain meaningful data when wsang different delivery systems and 1o
nssure sctivity for the desired lengith of ume, performance criteria For the controlled-
relense dispensers must be speciled (Leonhardt or of., 1990), Imporian Factors are (the
concentration and purity of the active materal, the e of emission, the ratio in which
the components of o mixnere are emitted, and the duration of elfectiveness of the dis-
penser. Performance standards developed in laboratory and field studies give asur-
pnce of the reliability of o delivery system. A number of specific controlled siudies ane
available that illusirate approaches w0 developing controlled-release dispensers For
behavior-modifying chemicals (Coppedge e all, 1973 Hendncks er ol 1989
Leonhardt er al., 1985, 1987, 1988, 1989),

ARTHROPOD PESTS

The major research emphasis on behavior-modifying chemicals of arthropod pesis
of cofton in the United States has been on the sex and aggregoting pheromones of the
boll weevil, Aurhonoiis gramdis grandis Boheman, and the sex pheromones of three
lepidoplerous insccts, the pink bollworm, Pectinophore gossypiella (Saunders), the
bollworm, Melicoverpa (=Heliothis) e (Boddic), and the obacoo budworm,
Helipthis virescens (F). Significant, but more limiled, cffors have been directes
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towirds pheromones of Lygus bugs, stink bugs and mites and towards kairomones for
parasites and predators, More recently, some potentially important research on allelo-
chemicals that may be very useful as atiractants and feeding stimulants for the boll
weevil and the bollworm is receiving increased ablention.

BOLL WEEVIL

The boll weevil is a serious pest of cofton that occurs in mest cobion growing siales
in the United States. However, areawide management or eradication programs have
csseniinlly climinated the boll weevil from the Corolinas, most of Georgia, nonb
Flogida, southeastern Alabama, California and Arizona.  Adulis, which overwinter in
crop remnants o other debris near cotion fields, emerge in the spring and feed on cot-
ton planis, doing their greatest coonomic damage when the squares and bolls appear,
Femabes oviposit (lay eges) into the squares or bolls, where the larvae haich, fecd and
then pupate. Adults emerge, feed and oviposit (o continee the cycle. In some areas
there may be seven or more gencralions per year.

Cservations made in a simple but elegant experiment conducted in 1963 {(Cross and
Mitchell, 1966) suggested the presence of a male-produced, wind-borme boll weevil
phieromone.  [n subsecuent laboratory studies (Keller er af,, 1964}, an active airborme
substance emitied by males was obtained by drawing air over caged males and through
a column of activated charcoal for three weeks. Extraction of the charcoal and evapo-
ration of the solvent yielded a residue that stimulated and stiracied female weevils,

The boll weevil sex pheromone was later identified (Tumlinson ef al., 1969) as o
mixiure of four components (Figure 1), In laboratory tests, the optimum ratio of these
components was found o be BT 12:02 (Tumbinson e of., 1969), However, i was
shown that the omission of the third compownd had no significant effect on atmctancy
in the field (Dickens and Prestwach, 1989), and that the ratios could be vaned consid-
ernbly without significantly affecting attmctancy in the feld (Hardee o ol 1974),
Depending on the tme of vear, this boll weevil pheromone functions both as 3 sex
pheromone and as an aggregating pheromone, I the spang and Fall, traps baited with
males attract both sexes of overwiniered sdults, In misd-season (during the fruiting sea-
son), mosly femabes are attracied (Mischell and Hordee, 1974, Hordee, 19750

HEH,OH OHCCH
"'““‘GH;.GH
Hy
EHj GH,

Figure 1. Chemical simcires of ihe foar gmndlun: components: (I, cfs-2-i50-
propenyl- l-methylevelobutaneethanol, (11}, [(Z)-33-dimethyl""cyclohexa-
neethanol; (1), (213 3-dimethyl-"*-cyclohesancacetaldehyde; and ({IV),
(E )3, dimethyl="*-cyclohexaneacetaklehyde,
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Furthermwore, the atiraciancy of the pheromone is increased in the presence of hosa
plants or plant chemicals (Coppedge and Ridgway, 1973; Dackens, 1989).

The symhetic pheromone, grandlure, has been used, or can potentially be used, in o
variely of ways 10 assist in boll weevil management. [t is used in traps 1o detect the
presence of boll weevils (Dickerson ef ol., 1987a) and, in arcas where the pest iz
already established, 10 monitor population densities (Ridgway ef af., 1985), Traps
have also been used in atlempls 10 suppress populations through mass rapping of
adulis, although this technigque shows promise only at low population densities
(Leggett ot o, 1988), Other potential populaion suppression lechniques using grond-
lure include mating disruption {Hisklleston ef of,, 1977 trap cropping, 1.4, use of the
pheromone 1o aitragt weevils o a small portion of the crop where they can be
destroyed (Gilliland ef of,, 1974); and attracticides, which combine the pheromone
andlor host-plant chemicals with an insecticide (McKibben of of., 1985; Lusby ef al.,
1987, Ridgway ef ol 1990b), Large scale field irnls are under woy in Mississippi to
evalupte the use of grandlure with a toxicant spplied 10 0 wooden surface (bait stick)
and distributed in the field as point sowrces (Personal communication, James W, Smith,
USDA, ARS, Boll Weevil Besearch Unit, Mississippd State, Mississippi),

Grandlure is currently in widesprenad use in traps for both monitonng and mass trp-
ping. Although a range of commencial dispensers is available, an improved plastic lam-
inate dispenser ond a polyvinyl chloride dispenser (Dickerson ef all, 1987h; Leonhard:
el al., 1988}, cach containing 10 milligrams of grandlure, are psed predominately.
Monitoring with pheromone traps as a guide (o application of insecticides for overwin-
tered boll weevil conirel is in use in a nomber of sates (Ridgway er al., 19850
Fheromone traps also are wilized for detection, monilonng amdfor mass rapping in a
nuimber of areawide boll weevil population suppression progroms, including ones in the
Southeast, Southwest, and Texas, The general wse of grandlure in maps for detection,
monitoring amd mass trapping has been reviewed elsewhere (Ridgway er al., 1940b).

Crperationally, the mest extensive use of boll weevil pheromone traps has been in
the Southeastiern Boll Weevil Eradication Program which began in 1978, The program
has essentially proceeded in three phases: (a) eradication tmial in Morth Conelina and
Wirginia; (b expanded program into southem MNoeth Carcling and South Caroling; and
(¢} expanded program into Georgia, Alabama and Florida (Figore 2.

The boll weevil eradication trial was conducted in Mol Caroling and %irginia in
1978-1980, The iechnolegy applied included pheromone raps for surveillance and
suppreasion, release of steribe insects and insecticide weaiments of overwintering
aduls on a mandatory basis (USDA, 198 1a). The cotion acreage invplved in che trial
arca {See Figure 2) was about 12,000 acres (4,500 bectares) in 1978; after the initial
irial was completed, the program was confinued and the arca covered was expanded.
The acreage planted to cofton in the area covered by the initial tial had increased o
TO000 acres (28,000 hectares) by 1987 (Plancr, 1988). The wial was gencrally con-
sidered 10 be an economic (Carlson and Suguivama, 1985) and biological (USTA,
1981 b) success, although there was some disagreement abowt the interpretation of bio-
Iogreal resulis (Mmeonal Research Council, 1981; USDA, 1981b).
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Figure 2. Diagram of the state boundanes (light line ) and zone boundaries (heavy line)
within the Southeastern Boll Weevil Ermdication Program. (From Ridgway
eral, 1990b.)

In the erndhication trial, raps were intally deploved at the rate of one per 8 10 10
seres (3 10 4 hectares) around felds 1o aid b scheduling Fall diapause boll weevil appli-
citions, In the spring of 1979 and 1980, ope trap per acre was placed around felds o
monitor populations, Afler collon was growing (wo lraps per acre were placed in the
fields o moximize detection and Tor possible suppression through mass tapping, In
the fall, trops were again placed around Gields at one trap per acre, 'When reproduction
of the boll weevil had been eliminated in an area, the rap density was reduced wo one
trap per 5 o 10 acres (2 to 4 hectares), and the traps were used primanly o detect pos-
sible reintroductions, The extremely bow numbers of boll weevils that were detected
in the orginal toal evaluation aren in Morth Caroling rellected the efficacy of the pro-
gram in climinating reproducing boll weevil populations (Table 1), The increased trap
captures in the buffer aren in 1982 and 1983 and overall increases in boll weevil pop-
ulations cutside the program sres in southepstern Month Caroling duning those yeurs
probably reflect the reduced boll weevil suppression efforts in the buffer area, The
value of the pheromone traps in detecting reindroduced boll weevils so thal mensures
can be faken to prevend recstablishment of boll weevil populations has been demon-
strated repeatedly in the tral evaluation arca, Specific cases for 1984 and 1985 are dis-
cussed by Dickerson ef al. (1986). Results of reductions in boll weevils in the
expanded eradication zones in Morth Caroling and South Caroling indicated (hat the
program alse was cffective in those areas (Dickerson ef of.. 1986, 1987a), Further, an
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Table 1. Boll weevil caplure in frebds in the Southeastem Boll Weevil Eradication Trial
Evaluation Zone, 19791989, (From Ridgway of ol 1985; Dickerson ef of., 1987a;
W, A, Dickerson, personal communication',)

Percent of ficlds at three

Mo of weevil capture bevels
Year Acres fuchds __no. of weevils per field

trapped ] I-5 =5
15979 15,2000 1,020 oz 088 0,000
IR 26, 00 1,775 on.98 06 0,046
1981 35,700 2,600 OO .94 006
1952 37,8000 EXLET 91 .47 G 1.87
1983 35 50 2,500 05,60 4.0 040
1984 &3 4,300 00 95 .00 005
1985 el G 4,500 00,03 XL 0.07
1986 503,500 A, 100 0005 o LN
1987 711D & 400 0, Oy e 0.0
1988 9] R 5,680 =0 OF o 00
1980 &, 1 3066 10HLB .00 000

Willard A, Dickerson, Mok Carolins Depanmesa of Agricaloare, Ralaigh, Nonh Cancding.
oy weewils in 3 fields

F weevil

I weevil b each of 2 felds

b weevals in | Bebd

econoamic assesument indicates that dhe wolal benefits resulting from the program
exceeded 575 per acre in both Morh Caroling and Souih Carolina {Carkson e al,
19890, The sutheastern program was expanded, beginming in 1983 (Figure 2),
Pheromone traps continsed 10 play a prominent role in detection, monitonng and sup-
pression of boll weevil populations (Rudgway o of, 1990b), with several hundred
thousands of traps and several million pheromone dispensers being used annually,

An organized areawide boll weevil managementleradication program was initisted
i southem Californin, southwestern Arzona and pan of Mexico in 1985, Extensive
tropping, inseciicide applications and cullural controls ked 10 elimination of reproduc-
ing populations in these areas by 1987 (Natonal Cotton Council of Amenca, 1989),
In 1928, the program was expanded 1o cover the remainder of Anzona and adjoining
preps of Mexico, In this southwestem program, the boll weevil pheromone trap was
used primarily for detection and to aid in decision-making reloted 1o insecticide appli-
cation {Anonymous, 19891, Abow 50000 maps, deployed al one o twvo traps per 10
pores {4 hectare) and 12000000 pheromone dispensers were wsed in 1988 (Personal
communication, Fronk Myers, retired, Phoenis, Arconal,



di RIDGWAY AND INSOOE

PINK BOLLWORM

The pink bollwomm is a serious pest of cotton in much of the western cofton grow-
ing region of the United States. Overwintening occurs by larvae within cotton sceds,
baolls or plant remnants i the feld or ot the gin. Damage in the form of yield loss and
reduciion in guality ocours from larval feeding on seeds within green bolls. There may
be as many as six generations each year in areas with long growing seasons,

Behavioral shudies apparently plaved ooly o limited role in the discovery of the pink
bollworm pheromone, since original siodies wiilized primarnily empirical screening in
an cffion to discover atiraciants for the pink bodlworm (Jacobson, 1965, Keller, 190%)
However, efforts to confinm ihe presence of some of these atiractants in the insect led
o the discovery of the natural sex pheromone. The sex pheromone of the pink baoll-
worm (Hummel er al., 1973 Bierl e al., 1974) is 2 6040 blend of the ZZ and £ E i50-
msers af 7,1 1-hexadecadien- | -0l acetaie.

The synthelic pheromone, gossyplure, is commercially formulated in a 50:50 mix-
re. It is currently used in iraps for population surveillance, as a mating disruptant
and, along with an insecticide, as an atiracticide. The development and use of gossy-
plure in surveillance and suppression has been recently reviewed by Siaten o ol
(1938} aml Baker e af, (1990). The quality of gossyplure wsed for monitoning and the
development of different delivery systems for use in contrel programs are worthy of
special note, However, since gossyplure is the only pheromone cumrently in use for
controd of a colton insect by mating disruption, emphasis will be placed on this aspect,
Uze of gossyplure for controd of the pink bollworm had s beginning with the land-
mark research of Shorey e o, {1976) and Gaston er al, (1977}, utilizing a hollow-fiber
dispensing system, Although these onginal experiments were criticized For the leck of
untreated controls, they were responsible for lunching a senes of events over the pext
decode that has Jed 10 the widespread acceptance of gossyplure os a pink bollworm
management “1ool”,

Although the onginal hollow-fiber dispensing system (NoMose® PBW) was
approved for commercial use in the United States (Tinsworth, 19900 in 1978, uncer-
tainty about its efficacy and difficultics with application hindered its scceptance, Then
in 1982, following several years of declining yields and increased pesticide use, with
its associnted secondary pest problems, colton growers in California’s Imperial Walley
established o Pest Abatement District that mondated ot least four pheromone {gossy-
plure) dismeplion sprays. A iofol of 45600 acres (182206 hectares) was trealed with
gossyplure; insccticide wse was postponed until later in the scason. The program was
suceessful in that average yields increased from 2.2 balesfacre (5.4 baleshectare) in
18] po 2.7 balesfacre (6.7 balestheciare) in 19462, and secondary pest problems carly
in the season were greatly redoced, While the mandatory program was nod continued,
mest growers volumarnly continued o use pheromone treatments the next year (Baker
el al., 1990

Further evalustion of the hollow-fiber and laminate flake dispensing sysbems
(Disrupt® PEW) and of a wire-reinforced sealed polvethylene whbe (PR-ROPE®)
(Tble 23 (Staten o al., 1987 ) and subsegquent sudies (Staten of ol 1988 have led to
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improved confidence in mating disroption. Although difficult 1o quantify, the use of the
pheremone, gossyplure, with a toxicant in an affrecticide approach has also had a sig-
nificant impaci (Baker ef ol 1990}, A review of the percentage of acreage treated with
gossyplune products from 1982 o 1986 reveals a trend towands increased wses of this
pheromone, with the perceniage of acreage neabed increasing from 15 o 29 percem
(Baker ef af, 1940  More recently, three different sprayable bead formulations
(Checkmate® PBW, Decoy® PEW Beads and MoMate® PEW MEC) and another
point-source dispenser (Decoy® PBW Siakes) have been developed (Brosien and
Simmonds, 1990} Indications arc that the number of acres rexied with a pink boll-
worm pheromone-based product in 1990 subsiandially excecded that treated in any pre-
vious year (Personal communication, Chardes C. Doane, Sceniry, Inc., Goodyear,
Arizon),

In addition to the control programs in southern California and Arizona, the
California Department of Food and Agriculiure (CDFA) has also maintained an
aggressive suppressson‘eradication program in the nearly 300,000 acres of colton
grown in the San Joaguin Valley. This is a cooperative program involving cotton pro-
ducers, CDFA and USDA. 'When pink bollworm moths are detected by a grid of
pheromone traps, the infested area is wreated with releases of steribe males and with
perally applied gossyplune disruptant-aitracticide (Baker of of,, 19901, This program
is widely recognized as being successful in preventing establishment of pink bollworm
populations in the San Joaguin Valley,

Table 2. Effects of PB-ROPE® treatment on pink bollworm damage (number of larvae
in bodlsh and insecticide use in the Impenal Yalley of California and Mexicali Valley
of Mexico in 1985, (From Siaten ef ol 1987.)

Pink bollworm Average no. of
Larvas/100bolls  insecticide

Trcatrment Mo, of August  Sepiember  reatments
fields peer fiekd
Irperial YValley'
Convenional insecticide 4 DS 088 114 a
Conventional pheromone b (15D 21 104 a
PB-ROPE phermone 7 032 035 by b
blexicali Valley®
Convenional insecicide 1< 1.72a 1.55a 49 a8
FE-ROPE pheromone [ 07 h 072k 29h

The eight coventional phernmone Hields vwese irestad with Momate PEW® of Dizrope®. Means & came
ciodaenn having oo Jegers in conimos b spmilicasly Jifferes scoonding: w0 followed by Duncan's
mhiilispds range pesl (PelLDl).

Wleans i aae colism luving o lemers in oomanos ane <l goilecastly different noooeding 0 Snident's 1 rest
(P00
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BOLLWORM AND TOBACCO BUDWORM

The world-wide HelicoverpaMeliothiz comples inchusdes a number of major pesis
of agricultural crops. In the United States, two species from this group, the bollwonm,
amd the tobacco budworm are among the maost important insects attacking Meld crops,
sccounting for annual losses and costs for control of hundreds of mullions of dollass
{Sparks ef @i, 1988). Crops damaged by these two insects include colion, com. beans,
garden peas, peppers, omatoes, letbvee, sorghum, alfalfa, clover, veich, iohacco and
peanuts {Davidson and Lyon, 1979} In colion, the bollwonm was recognized as an
important pest as carly as 1341 (Cuaintance and Brues, 1905), while the iobacco bud-
worm did net achieve prominence until much later (Sparks e al,, 1988). For some
e, control was achieved by use of insecticides, bui development of resisiance io the
chlorinated hydrocarbons, followed by the erganophosphates and carbamates (Harmis
et @, 19721, and more recently by the pyrethroeds (Miller, 19835) has iniensified the
need for other methods for management of these two pests.

Both the bollworm and the fobacco budworm are noctumal (active at night), so
direct field observations of mating behavior were limited wntil the development of
night-vision methodology (Lingren er ol 1978). Ficld analysis of behavior also is dif-
fecult because of the tendency of the females to change locations and the often fierce
competiion between males for an individual Ffemale (Sparcks o of,, [988).
Mevertheless, undersiamding of the behavior patterns and the interactions of the van-
ows influences affecting the bollworm and tobacoo budworm is important in assessing
the potentinl rode of pheromones in the management of these insects, Most early
behavior studies involved lnbormory-reared insects andfor laboratlory or cage bests
In 1962 and 1963, Gentry of o, (1964) showed that traps baited with laboratory -reared
female tobacco budworm moths or with extracts from the females capiured released-
meale mths, thus demonsrating the presence of a sex atractant emitted by the females,
Teal e af. {1981} reported details of the precounship and counship behaviors of malke
and female wbacco budworm moths in wind mnpel and cage 1ess,

Although the sex pheromones are the primary meons of mating commaunication For
thee iobacco bedwonm and the bollwomm, there is evidence that visual communication
may be a supplementary short-range mate-detechon mechanism (Sparks e all, 198EHE),
For example, male bollworm moths Aying toward a cotton wick impregnated with a
pheromone source wene observed (o move instead toward o moeck female constnected
of brown paper of distances of 6.3 10 £.7 inches (16 10 22 centimeters) (Canpenter and
Sparks, 1982). The aciual production of the pheromones is influenced by a number of
extemal factors, incleding photoperiod and host plant (Raina, 1988). It is regolated
inbernally by one or more nearohormones {Raina e of., 198%). Further, the mole of
host plant attractanis and Feeding stimulanis should be recognized, since these mate-
rials could potentially be useful in suppression programs (Lingren ef eol., 19500},

The chemistry of the pheromones of the bollwormfiobacco budworm complex has
been reviewed by Sparks e ol (1988) and Lopez er al. (1900, Initial effonis o kden-
tify the pheromones of the bollworm and wobaceo budworm were hampered by the knck
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of adequate bioassays and ihe low sensitivity of analyiical instrumeniation and
methodology. Thus, initial identifications were inaccurate or incomplete (MeDonough
ef al., 1970 Roelofs ef ol 1974; Tumlinson e al., 19730, A sumber of subsequent
sindies were conducied with pheromone gland exiracts. The presence and imponance
of muliiple component mixiures— and T components from the pheromone glands of
ihe bollworm and iobacco budworm, respectively—were reported by Klun o al,
(19700 (Table 33, Subsequent studies of pheromone gland extracts yvielded informution
on the pheromones of five additional species in the Helfeoverpadicliothis complex
(Table 3) (Sparks evol,, 1988). Alhough the components vary from species to species,
(&)1 -hexadecenal is the major pheromone component in all species of the complex
that have been studicd, There is considerable vanotion in the reported compositions
of the pheromone blends For the different species.  Differences associated with many
Factors can give rise o a substantial moge in the numbers of components found or in
the reported component ratios, These Factors include; (n) methodology and the sensi-
vty of the analytical technique; (b} the source of the pheromons, whether from an
extract or From emined volatiles; (¢} laboratory-reared vs, wild insects (Raina ef al,,
19890}, (d) insect strains (Ramaswamy and Rowsh, 1986% and (¢} individwal varia-
Hons ameng insects, Vanation 15 also encountered in studies o delermine the behay-
poral responses o the varows pheromone compopents, Flight wnnel sdics and field
tropping studies do not always give comparable resuls, Data obtained are affected by
many foctors, such as the pheromone dispenser system, the wrap design, the presence
of st plonts, and environmental conditions such s lemperature,

With the tobacco budworm, the binury mixmre of (£0-11-bexadecenal and (£)-5-
tetradecenal (often refermed 1o s virelure) ks an effective trap lore, but the addition of
(&)1 1-lexndecen-1-0l hos been demonsirated to improve ap capiures {Eamaswamy
el al., 1985; Shaver er al., 1987). Lures contoining this aloohol at & level of 0.25 wo |
percent of that of (Z)-1 1-hexpdecenal gave optimum trap capiures while higher levels
of the alcohol suppressed captures, Wiilh the bollworm, a binary mixiure of two C-16
aldehydes, (€1 1-hexadecenal and (Z)-9-hexadecenal, is an effective trmp lure, ba
there is some indication that the queatermary mixiare of the four components identified
fior this insect (Table 3) is a more effective lore.  Addition of {Z)-11-hexmdecen- 1-ol,
which increased trap capiures with the tobacco budwom, reduced capiures of the boll-
wiormt when used with this four-component mixture (Teal eral, 19840 Differences in
the ratios of major components and the preserce of vamous other components, often in
frace quantities, scem o be responsible for pheromone specificity in these insecis,
although the roles of the individual componenis are noi fully understoed,

As with pheromaenes and other behavior-modifying chemicals of other insects, those
associated with the bollworm amd obacco budworm iheeretically could be used for
surveillance or suppression,  Rescarch relasied o praciical applications has been con-
centrated primarily on use of the sex pheromones (Sparks e al., 1988; Lopez er ol
19909, The availability of more complete pheromone blends raised the expectation
that suppression with pheromones might be possible through mass trapping. mating
cisruption or use in attracticides. However, review of available information indicates



Table 3. Female pheromonal components for four species of Heltorhis and three species of Aelfcoverpa determined by analyses of
extructs of the pheromone glands. (Modified from Sparks e al., 1988.)

Specics of Heltodiis Species of Helicoverpa

Compound virescens'  sulflexa  phioxiphaga  pelrigerds’ Zea’  puncligera’ amigera
percent of udal pheromons comlent

(&} -tetradecenal 20 02 . 0.2 - -
teiradecanal .6 0.3 . 0.5 = =
fZF-terradecen-1-0l - - . 4.1 - =
{Z)-9-tetradecen- 1-ol acetals . . . 1.3 . - .
{Z)-T-hexadecenal 1.0 20 . 0.7 1.1 . -
{Z-9-hexadecenal 1.3 15.1 0.5 g 1.7 . 30
{Z}-11-hexadecenal Bl.4 0.5 918 H2L8 Okd L] 87.0
hexadecanal 0.5 1.3 4.8 23 o4 . 4.0
{Z)-11-hexadecen- | -ol 3.2 52 29 15.2 = -
hexadecanol - - . . - . 6.0
(Z)-7-hexadecen-1-01 aceiaie - 27 . . . . -
{£)-9-hexadecen-1-ol aceinie - 6.2 - - - . =
(Z)-11-hexadecen- 1-ol noetate - 255 - 30 . 25 -
hexadecanol noetate - - - - - E a

| Hetiothls wresrens = iobacoo budworm: Helicoverpa zew = bollwonm.
Iunkelblom asd Kebal. |980)
THathschuld of ol 19811 dentification of pheromane companenis wis nod compleie.
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a number of major imitastions. Mass trapping is limited by rap efficiency, which may
vary from 3 to 55 percent, based on the percentage of males responding to the vicin-
ity of a trap (Sparks e o, 1979, 19706), Alo, the most efficient raps are large and
complicated, thus miting their practical use in large numbers. Considerable research
on mating disruption (or commanication disruption) has been done with the bollworm
and the tobacco budworm, but resulis are not promising (Sparks o al., 1988).
Reduction in mating was achieved in some studies, bl it is questionable whether any
praciical reduction in populations can be achieved, The high mobility of the bollworm
and tobacco budworm, with the consequent imnugralion indo treated arcas, and the role
of vision in clese-rumge onentation of males o females are faciors that may prevent
development of mating disrepdion into a viable means of bollworm/tobacco budworm
control.  Similarly, in fests of insecticidal baits laced with pheromones, satisfaciory
resulis were not Oblained, even when a feeding stimulant was incorporated in the
attracticidal bait, because contact of the insects with the insecticide in the bait was not
sufficient to be of biological sigmificance (Sparks ef al., 1988},

A number of plant products have been explored as feeding stimulants 1o enhance the
efficacy of micrebial agents against collon bollworm and tobacos budworm larvae. At
beast one, derived from cottonseed flour, has shown enough promise e be commer-
cially marketed (Stamps, 1981

Because of the limited sucoess in the use of pheromones for control of the bollworm
and iobaceo badwonm, major research efforts in recent years have emphasized the use
of pleromaenes in traps for monitonng populations.  However, the large number of
vasiables influencing trap capiure and its relation to Held infestations often complicates
the practical use of raps. These many varinbles include the pheromone blend, the dis-
penser, irap design, charactenistics of individual species and all the abiotic and biotic
factors that infloence the fate of the pheromone and the behavior, fecundity and mog-
tality of the insect. The status of the development of dispensers and irap designs has
been reviewed elsewhere (Lopez of al., 1990%, therefore, only some highlights will be
provided here, Although a number of dispensers are available commercially, a plastic
laminate dispenser for the bollworm pheromone and a black molded polyvinyl chio-
rice dispenser for the iobacco budworm pheromone or iis major componenis appear o
be the dispensers of chodce. Preliminary performance crifena have been developed for
these dispensers (Leonhardr e of,, 1987), OF the many trap designs evaluated, the
modified wire cone wrap (Hanstack er of,, 1979} continues fo be the preferved irap of
researchers, although some abernatives are commercially available (Lopez ef ol
19903

Pheromone-batled traps have been used in monitoring with at least Four differen
objectives: (a) collection: (b) detection: (c) population estimation; and (d) predction,
Examples pariculady worthy of note from those reviewed by Lopez e of, (1990
include: collection of insects to monitor the bevel of insecticide resisance in ficld pop-
ulations (Plapp ef al,, 1987); detection of bollwormes near high-valve crops; succesaful
measurenswent of field populotions (Hartsiock e al,, 1978; Johnson, 1983 Witz & ol
1985 ), and population prediction {Hanstack e al,, 19835, Witz or of,, 1985), It should
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be emphasized that the results from the use of traps for population estimation and pre-
diction have been highly vansble, but research 15 continuing to reduce this vamabiliny,
Therefore, with further refinements of pheromone trap inpuls into population models
o incrense the accuracy of both fiming and density of held populations, pheromone
iraps could become an invaluable iool in the management of the bollworm and tobaceon
budworm (Hayes and Colernan, 1989,

PLANT BLIGGS

Theee Lygus species (Hederopiera: Mindac) that are pesis of cotion are the tamished
plant bug, Lyges Mneolaris (Palisot de Beauvois), the pale kegume bug, Lygres elisns Van
Duzee, and ihe western Ivgus bug, Lyvgus hesperms Knight. These bugs cause shedding
of cotton squares and young bolls by punciuring and feeding with their piercing-suck-
ing mouwth parts, Older bolls may be damaged but are less likely 10 be shed. Scales
(1968) observed that caged female tamished plant bugs attract males. Subsequent find-
ings have shown that this also occurs with other minds {Aldrch, 1988, 1995}, Ths
attraction is lemporarily lost upon mating. Male tamished plant bugs, as well as a few
males of olher mind species, were captured in iraps baited with virgin Females
(Slaymaker and Togwell, 1984). Cross attraction of males by females occurred
between the tarmished plant bug and the pale legume bug, but western lygus bug males
were atiracted only by conspecific females (e.g., females of the same species) (Graham,
1987), The source of the abiractive matenal has not been determimed.,

A variety of compounds have been identified in volatile material from females of
these three Lygrs species {Aklrich, 1988a), including a number of acetates, butyrates
and other aliphatic esters, as well as (E)-2-hexenal, (Ejd-oxo-2-hexenal and (E)-
hexenod, As yet, no significant atiraction (o any combination of these compounds has
been demonstrated (Aldrich, 1988a, 1995), although waps baited with vigin female
tamished plant bugs have been wsed for monieang (Slaymaker and Tugwell, 1984},
Elucidation of the attractive compounds would provide more efficient trapping meth-
ods amd improved monagement of these pests,

PHYTOPHAGOUS STINK BUGS

Phytophogous (plont feeding) stink bugs such as the southem green stink bug,
Nezara viriduln (L) (Heteroptern: Pentaomidae), ore occasional pests of cotton,  Mis-
chell and Mou (19711 noted that adult malkes of this insect were aibractive o virgin
females in olfoctometer and ficld tests. Subsequently, it wos shown that males and
nymphs of the southern green stink bug alse were atiracted to males in the field {Hams
aned Todd, 19800 Aldrich er af. (1987) demonstrated that mabes emitted o volaile
muakerial that was attractive (o aduli insects and nymphs in the field. The site of pro-
duction of this pheromone has nod been defermined. It appears that this aggregation
pheromone serves as a long-range ariractant for made location but is not involved in
close-range courtship (Todd, 1989, NMumerons male-specific compounds, including
i £F-a-bisaholene [(Z)-1-methyl-4-{ | S-dimethyl-1 4-hexadienyljcyclobexene | and cfs
amd rremis-{ Zj-a-bisabolene cpoxides, have been identified from male-produced air-
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bome volatile matenal (Figure 3) (Aldnch, 1995; Baker ef al., 1987). Some of these
compounds have been shown io be attractive o females in laboratory bioassays
{Aldrich, 1988a). Southemn green stink bugs from different geographic locations pro-
duce pheromone blends with different ratios of major components, indicating the exis-
tence of different strains of the insect {Aldrch e al., F9E9). Tesis have not established
which of these compounds are required for pheromonal activity in the fiebld {Aldrich,
1995). Wolatiles from males of another occasional pest of coiton, the green stink bug,
Acrosfernur hilare (Say), contain many of the same componenis isolated from the
southerm stink bug, but there are marked differences in the relative abundance of some
of these components (Alddch e of,, 1989, When the mabe-specific compounsds
required for field atiraction of these phytophagous pentatomids have been determined,
they should be useful in traps for monitonng populations (Aldrch, 1988b),

2 o X
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Figure 3. Primary components of pheromones of the pentatomids, southem green stink
bug (A, B), green stink bug (A, C), and spined soldier bug (D, E). A, (£)-a-bisalo-
lene; B, trons-fZl-a-bisabolens epoxide; C, cis-f{El-a-bisbolene epoxide; D, (+)-8-
a-terpineol; E, (E)-2-hexenal (“leal-aldehyde™) (Modified from Aldrich, 1995),

PHYTOPHAGOUS MITES

Spider mites (Acar; Tetranychidae) often becomes a probdem in cotion when insec-
ticides kil the predator insects and mites that regulate their numbers, The twospodted
spicler mite, Tetranvehing wrifcae Koch, is widely disidbuated, It feeds on many hosis
and perhaps is the most abundant species on cotton, AL least 32 additional species of
tetranychid mites are reported o be pests of cotton (Leigh, 1985)
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Ewing {1914} first recorded the observation that male twospodted spider mites were
attracied to quiescend (inactive) females prior to their final molt and remained nearby
undal the adult females emerged, st which time mating ocourmed. Cone et ol {19712,
1971 b} showed that extracts of the deutonymphs were attractive (o males in laborstory
bigassays. Further studies (Penman and Cone, 1972, 1974) demonstrated that tscile
(sense of touch) stimuli from the web produced by the female dewtonymphs played a
rodes in the araction of males and that the volatile material was a shod-range altrctant
or an arvestand that maintains male interest in the female,

Regev and Cone { 1975, 1976) wdentified the sespuiterpene alcohol, farmesal (3,7,11-
trimethyl-2,6, 10-dodecnirien- 1 =ol}, 2 the mermctive matenal in extracts of quiescent
female twospotied spider mites; the ZE isomer wos more aftractive than the ZZ iso-
meer. Another sesquiterpene alcobol, nerolided (3,7, 11 -tamethyl-1,6- 1 0-dodecatien-3-
ol), found in the extract also showed atimctancy,  Subsequently, 8 monolerpene
alcohol, citronellol (3, 7-dimethyl-6-octen-1-ol), was identificd from pharate females
and was highly sttractive to males in boassays (Regev and Cone, 1980).

Because it is an amestant or short-ronge stmctant, the pheromone would mot be
effective in attracting the mites 1o monitoning iraps. However, a mixture of {2 E)-far-
nesol and nerolidol, under the irnde name Stirmap-ME, was approved for commercial
use (Tinsworth, 1990) in 1987 as a selective mite pheromone for nse against the
rwospodted spider mite; the carmine spider mite Terranyelics chmtabarfus (Boisduval )
other Terranyehus species; and the Evropean red mite, Pasroviyelaes elind (Koch), It is
intemded 1o be mixed with a conventional miticide (o increase the lime mites remain
on ircated crop surfaces, therehy increasing the efficacy of the miticide and making it
possible w0 reduce the quantities used and the Trequency of applications,

PARASITES AND PREDATORS

A vanety of behavior-modifying chemicals influence the actions of beneficial
insects in cotton, and the imernctions of these factors are very comples (Jooes ef al.,
19761, Consequently, whentification of specific chemicals has procesded slowly, Sex
pheromones bave been demonstrated for a few parmsites and predators, and some par-
asibes have been shown o deposit madking pheromones that prevent repeated scarches
over the same aren or that prevend superpamsiliziin. Pheromones or other substances
from the host insect frequently ane found to serve as kairomones, stimolating the par-
asite or predator to search for a host or serving as an atractant.  In addition to these
chemicals from the parasite or predator amd from il host or prey, cees from the pre-
ferred habitat of the host also affect the behavior of beneficial insects. Phytochemicals
from the host's food plant may serve as piractams or stimulants.

The phenomenon of “leaming™ is another unigue characterisiic encountered in the
study of thess behavioral chemicals. Frequently, exposure of a parasite to a host of (o
host-derived kairomones increases the efficiency of searching for other hosts. This
“success-modivated searching” (Yinson, 1977) must be considerced in designing exper-
imental studics on applications of behavior-modifying chemicals of beneficial insccis,
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Various types of behavior-modifying chemicals, pamanly kairomones, hove been
reporied for o wide mnge of natural enemies of pests pssociated with cotion. Some
cxamples are summanzed in Table 4. The natural enemies listed in the table include:
parasites that attack eggs (four genera), larvae (five genera) and adults (one genus);
and four genera of predators. Some of these natural enemies are host-specific, while
others aitack a wide range of hosis. The hosis listed in Table 4 are generally ihose
reporied in ihe references cited.

EGG PARASITES

The behavioral chemicals affecting egg parasites include various kairomones left by
ovipositing lepsdopterous host females.  With Trichogranmma previosum Riley, for
example, bollworm maoth scale extracts increased parasitization, apparently by stimu-
lating increased searching (Jones er af,, 1976}, Prom bollworm scale extracts, Jopes e
erl. {1973} wentified four straight-chain hydrocarbons having Kairomonal activity fos
Trichogranmma evanescens Westwood; of these, incosane was the most active,
Incrensed rotes of parnsitization of bollworm eggs were also observed with
Trichograwmna achaeae Nagaraja and Nagarkaiti after exposure to tricosane (Gross ef
al., 1975), Although Trichogromma prefiosa responded smilarly 1o the bollworm
maoth scale extracts, tricosane produced no significont response with Trichograwmma
prefiosun, and while dotriscontane increased parnsitism, if has not been shown 1o be
present in moth scales (Jones ef all., 1976).

Another type of kairomone, which is present in material from the sccessory gland
of female bollwoerm moths, stimalated ovipositor probing by Trcleg namma prefiosien
(Mordhumd er af,, 1987). Two prodeing from the accessory gland of female tobacco
busdworm moths, apparently involved in adhesion of eggs, serve as cgg recognition
kabromones for Telemounes heltotindiz Ashmead. Glass beads coabed with these prodcins
were examingd amd probed by the parasite (Strand and Vinson, 1983). This recognition
kairomone induced the parasite to oviposit and develop in nonhost eggs (Strand and
Winson, 19823, which could prove useful in artificial rearing of such parasites.

Pheromones of the host insect can also serve as kairomones, CGossyplure, the syn-
thetic pheromone of the pink bollworm, caused increased parasitization of pink boll-
worm eggs by Frichogramma pretiosion (Zaki, 1985). The symbetic pheromone blend
of the bollworm increased rates of parasitization of the bollworm eggs by this same
parasite (Lewis ef af., 1982; Moldus, 1988)

Searching or ovipositing parasites keave marking pheromones around or within the
host eggs (Salt, 1937; Gardner and von Lenteren, 1986; Okuda and Yeargan, [988).
These marking pheromones increase the efficiency of searching and reduce superpar-
asitiztion,

LARVAL AND ADULT PARASITES

A5 with the egg parasites, kairomones from the host affect the behavior of larval
parasites.  Mixtures of methyl-branched hydrocarbons that stimulate searching of
Cardiochiles migriceps Viereck, Microplitis croceipes (Cresson) and Microplitts
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dermoditor Wilkingon have been identified from frass {excrement) or larvae of the
tothaceo budworm (Vinson efal., 1975) and the bollworm (Jones ef al. 1971 ; Mosdiued
and Lewas, 1985), mspectively: 13-methylhentrizcontane was one of the more active
components. A profeinaceous material found in the frass or hemolymph of most noc-
tuid larvae stimulates lorviposition (deposition of living larvae) in the tobaccs bud-
wormi larva by the techinid parasite Arclivias mermroeatus (Townsend) (Metles and
Burks, 1975). Also, the pheromone of the male soulthern green stink bug is a
kairoemone that attracts the parasite Trichopods pesiipes (B ) (Mitchell and Mau, 1971,
Todd and Lewis, 1976).

Like the egg parasites, larval parasites also employ marking pheromones.  Vinson
and Cuilbot (1972 demeonstrated that malerial from the Dufours gland permits
Microplitis eroceipes, Cardiochiles nigriceps or Campeletis sonorensis (sperdistine.
tex) (Cameron) to distinguish between nonparasitized and parasitized larvae of the
tobaces budworm, The exisience of sex phesomones in some parasites has also been
demonsirated, Vinson (1978) presemed evidence for a shon-range pheromone enmt-
ted by females while still in the cocoon, Elzen and Powell (1938) have reviewed the
evidence for a volaile sex pheromone emitted by female Micmplitis croceipes; they
have shown that male Miceaplits crocesipes can be caugh 10 iraps baited with virgin
females,

Parasites also are affected by chemical cues onginsting from the habital frequented
by their hosts, These chemicals are classed as synomones since they Tacilitate location
of the host by the pamsite and are therefore of mutual benefit to the parsite and the
host plant,  Willinms er af, (19E8) have reviewed such parasite=—plant iMemcions,
with particular reference to cotton and 1o Compaledis sonorensis. Comprletis sonoren-
six females have been shown 0 onien o awd search cotton plants that ane host-fres
(Elzen ef al., 1983); in this case, both vedatile and contact chemscals were involved,
Cerain compounds from cotton thal are attrmctive 10 Campolefis somorensis one ol
found in larval frass from diet-reared tobacco budworm larvas, but feeding cotton to
diet-reared barvase increased the kairomonal sctivity of the lurvae and their frass (Elzen
ef al, 190 Similarly, in lbomtory cxperiments, Microplifis croveipes females
responded to the extracts of fmss from bollvworm larvae reared on cotton, bat et o
frass from larvae reared on com. This lack of response was shown to be the result of
the absence of some chemicals in the com (Mordlund and Sauls, 1981

PFREDACEOLS INSECTS

Predators respond (o many of the same types of chemical cues as do the parasites,
Thee rate of predation by the commion green lacewing, Chrysoperia cantea (Stiephens),
on cggs of the bollworm was increased when bollwonm moth scales or exiracts of the
scales were applied to the search area (Lewis & al, 1977). Another kairomone for
lscewing larvae appears o be present in the accessory gland secretion of the bollworm
that canses adhesion of eggs to leaves (Mordlund et al., 1977). The authors sugges)
theat the scale kairomone is a search stimulant while that in the accessory gland secre-
ticwn 15 amvolved in prey acoeptance. A compounsd in cotion, S-caryophyllens, is abirac-
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tive to adult female green [scewings, while ansther predator, Collaps vithains Say, a
beetle, 15 caught in traps baited with caryophyllene oxide, another compound foand in
cotton (Fli & af,, 1979

With the spined soldier bug, FPodisus macnliventris (Sav) (Heteroptera:
Pentaiomidae), which preys upon a large vanety of insects and 15 the most widespread
pentatomid predator in the United States, it has been demonstrsted that males call a
meate with pheromene from dorsal abdominal glands that open just under the wings.
Females, males and immature oymphs respond 1o calling males. Although six com-
pounds have been identified in volatiles from the male dorsal abdominal glands
(Aldrich ef ol., 1978), only two compounds are necessary for long-range attraction:
(+)-R-a-terpines] and {£-2-hexenal. The compoand (- )-8-a-terpineal has vo adverse
affect on pitrectancy so the cheaper mecemic a-terpineol can be used for irapping
(Aldrich, 1995).

A number of parasites and predators of the spined soldier bug were caught on or
near traps baited with live males or with the synthetic pheromone of the spined soldier
bug (Aldrich, 1985k These included the tachinid flies, Hemyda sirode Robineaw-
Diesvoidy and Erclytia fava (Townsend); om ectoparastic biting midpe, Forcipommyia
crinita Saunders; two species of scelionid egg parasitoids, Telemownes cafvms and
Telenomus podisi Ashmead; and eastern yellowjackeis, Vespule moculifrons
(Buysson).

In additkon to the use of the synithetic pheromaene of the spined soldier bug for mon-
itoring population bevels of the predator, it has been suggested (Aldrich & al., 1984)
that it might be useful for: (a) luring these predators to pest infestations; (b) catab-
lishing them in arcas where they are nod now present; {c) moving them ot of fiebds
before applying an insecticide; or (d) assessing potential rabes of parasitism.

PREDACEOQUS MITES

Prectory phytoseiid mites such as Phytoseinls persimilis Athias-Henriot prey
upon spider mites, In an extensive review, Sabelis and Dicke (1985) summanze the
many experiments demonstrating that prey location by these miles s facilitated by
kairomones that may be prey-specific or may be derved from the host plant, The
nature and chemical composition of these kairomones have ned been elucidated,

OPPORTUNITIES

The highly successful use of the boll weevil pheromone in traps and the pink boll-
worm pheromons in mating disruption or attmcticides should provide considerable
impetus for explodting opportunities for expanding the practical vse of pheromones and
olher behavior-maodifying chemicals in colton pest monsgement.  Further, the ever-
increasing need (0 reduce insccticide wse and insect control costs provides strong justi-
fecation o comtinwe and cxpand research and development activities, The past successes
have been associpted with diverse research and development effonis invelving chem-
istry, behavior, population ccology and delivery systems. Future successes andoubiedly
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will require similar effors, As alempls are made 10 manipulate more complex systems,
increased emphasis should be placed on strategy definition and scientific integration.

Existing control technologies clearly will benefit from further refinements, and
additional attendion to development of new and improved pheromone-based surveil-
lance methods will lead to additional practical uses, However, in terms of population
suppression, futare major sdvances may be associated with allelochemicals. The
plant-derived kairomones for pesis, such as atiraciants and feeding stimulants, often
have the advantage of being active against beth sexes, while the pheromones often are
sex-specific.  For this reason, the poteniial for suppression of the bollworm and
tobacen budworm may rest with plant-derived chemicals, since movement of maied
females clearly limits the use of pheromones for mating disruption. Additionally, fun-
damental new knowledge on hormonal regulation of pheromone production in
Lepadopiera could lead to entirely new methods of dismpting the mating process
(Ridgway er al., 19%90c).

Kairomones for natural encmbes continue o be a very fertile Deld for research, for
msch s still 1o be leamed, However, if this area of research is 10 have praciical impact
in the foreseeable future, major effons on one or more model systems are needed, with
a Focus on the identification of uselul chemical compounds and of the specific nafural
encmics b be manipulmed,

SUMMARY AND CONCLUSION

Apgregation andfor sex pheromones have been identified and are in practical wse For
surveillance andlor suppression of the boll weevil, pink bollworm, cotion bollwomm,
and tobacon budworm.  Boll weevil pheromone traps are used for surveillance related
1o the management of insecticides for overwintered boll weevil control in most arcas
of the Unived States where the boll weevil occurs, They are used as inlegral compao-
nezits of & number of arcawide management programs. Boll weevil maps are used most
intensively for both surveillance and suppression in the six siates in the Southeasten
Boll Weevil Eradication Program. The pink bollworm pheromones is used in the west-
em Unbted States for both surveillance and suppression; suppression is sccomplished
through mating disruption or use of abiracticides, rather than mass trapping. The
pheromones for Bbedh the bollworm and tobacco budworm are used primarily For mon-
oring in research programs, However, there is some commercial wse, including the
use of pheromaone traps (o sample tobacco budworms as part of a cooperative insecti-
cide resisance management program,

The existence of sex pheromones in Lygics spp. has been demonstrated under field
conditions by using live insecis in iraps as the source of the chemicals. The elucida-
tion of the specific pheromone is complicated by the production in the scent glands of
behavioral chemicals that are not attractants, Therefore, the chemical identities of the
pheromones are ool yet known, Pheromones of phytophagous stink bugs that attack
colton are known, as are pheromones lor phytophagous mites, The latter pheromones
mre available commercially and are used (o enhance the eificacy of miticides,
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Chemicals produced from both insects and planis have been demonstrated to influ-
ence the behavior of nofural enemies of cofton insects, The polential exists for otiliz-
ing these chemdicals in a program involving mass reaning, pré-relesse behavioral
modification and field behavioral manipulation to consistently provide adequate lev-
els of pest protection.

Finally, in view of the selectivity of pheromones and odher behavior-modifying
chemicals, markets are often small and the incenives for privabe investrent are lim-
ited.  Also, expensive large-scale experimentation over a period of several years is
often necessary to demonstrate efficacy and fo develop practical management pro-
grams.  Therefore, o lake advaniage of fubure opportunitics, close cooperation
between the public and private sectors, with a major resource commitment by the pub-
lic sector, is essential.

AUTHORS' NOTE

The literature review for this chapler was essentially completed in July 1990, Some
of the important events since that time include substantial advancement of the
Southeastern Boll Weevil Eradication Program, development of improved formula-
tioms of gossyplure for use in suppression of the pink bollworm, and evaluation of the
boll weevil bait stick for use in suppression of the boll weevil,
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INTRODUCTION

Many insect pests of cotton can be cultured on synthetsc diets in coniralled envi-
ronments o conduct research for development of advanced pest cowirol conceps. Pest
species with defined rearing procedures include: the boll weevil, Aushonannes gredis
grandis Boheman (Coleoptera: Curculionidas); tobacco budworm, Helionlis wWreseens
(E) (Lepidopiera: Nociidae); bollworm (com earworm, omato foitworm), Helice-
verpa zea (Boddie) (Lepidopiera: Mocwuidae), pink bollworm, Pectinopiorn gossyp-
iellp (Saunders) (Lepidopiera: Gelechiidae), plant bugs, Lygus spp. (Heteroplera:
Miridac); and armyworms, Spodegiera spp, (Lepidopiera: Noctuidae), Certain benefi-
cial species also can be reared on a large scale.

Diet Formulations and rearing methods (mannal vi. mechanical) for insect propagas-
tion are varable depending on production bevels peeded, These methods ane described
in recent literaure, King and Leppla (1984) discuss colony establishment and mainte-
naee through gesetic control, diets and containers, engineering requirements For facil-
ities, sanitation and microbial controls, quality control resting, sysiems management
and descriptions of rearing rechaiques for specific insects, Singh and Moore (1985a.b)
developed a set of “cookbook-siyle™ handbooks in which specific instructions are
given in a step-by-step manner for each operation in & particular rearing procedure, A
worldwide listing of arthropod species in cublure was published by Edwards er af,
(1987) who cited contacts For many resenrch programes. This work may be helpful
when seeking insecis for studies or for starting a colony, Reanng squipment rmnging
from bioclimatic chambers 1o lorge-scale Facilities also have been described (Leppla
amd Ashley, 1978), More recenly, Fisher and Leppla (1983) emphasized multi-room
Facilitbes for rearing Lepidopler.
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The ability to rear large numbers of insecis must be inlegraled with a sivategy For
maintaining production and product quality control, A strong quality conirel compo-
nent is crucial (0 any rearing program o ensure production output is maintained and
that fest or rebease insects will pedform effeciively. Laboratory-reared insects may
become 20 sirongly adapled 1o artificial rearing conditions that the information gained
from experiments may be meaningless, The goals of this chapter are fo describe; (a)
the status and increased potential for applied biological control programs due 10 pew
technology available for insect rearing; (b) challenges that face entomologisis in devel-
oping and employing effective biological contred programs (productionrelease); (o)
fickd evaluntion technology For labortory-reared insects; and, (d) a system for truns-
forming new methodology to other agencies, to mdustry or (o other polentiol vsers,
BMuch of the discussion for the later three goals will relate 10 boll weevil production.

STATUS OF REARING FOR MAJOR PESTS

The composite effect of advanced technology in insect reaning by refinements of
defined diets and applied field programs have fostered development of engineering
systems capable of mecting the challenges of wday’s biokogical contred programs.
Bidogical control is wsed broadly here o include use of stenle insects, backoross
hybrids, etc. Future insect controd concepts must be effective, economical and envi-
ronmentally safe. The technologies needed are well developed and available through
commercial sources, The necessary support and operational expertise are necded to pt
them into use.

The thermoform tray prepamtion technigue introduced by lgnoffe and Boening
(1970% and advanced by Sparks and Harrell (1976), who used a fash sterilizing anit
(Figure 1) to process and deliver sterile diet to a thermoforming packing umit
(Figure 1), established a protoiype system that is adapiable o production of many
insect species. The USDA, Agnculioral Research Service (ARS), Southermn Inscot
Management Laboratory, Insect Reanng Rescarch Unit is housed in the B, T, Gast
Rearing Loboratory at Mississippi State, Mississippi. Personnel of the Insect Fearing
Rescarch Unit have rehined the sysiem. They developed sccessory tray assembly
cquipment that can be sanitized (o deliver sterile dicts to specialized rayfooms for fill -
ing with diet amd cggs. The eges can be introduced in Lguid or dry media, and diluted
or concenirated for delivery o feeding cavities in desired quantities.

The mechanized system offers advamages desirable for mass production programs.
Major advantages include improved sanitation contrel, reduced labor and increased
production owipat capability. Commercial enginecring fioms with expertise for pack-
aging specialized food and drug items have developed the basic technology o mest
specialized operational requirements. The advantages gained through mechanized
indusirial insect production open the door for advanced vse of pathogen-free insects
for suppression programs, preduction of carcasses for specific vins and bacterial prop-
agation, and mass rearing of hostfprey insect species o cultuwre predators and parsites
For control of target pest species, Mechanized systems offer potential for expanded
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production with minimal stresses to personnel conducting program eperations, com-
pared to siress with expansion of rearing processes that require o high level of manoal
procedunes.

Rearing procedures and cquipment are available for mechanized production of the
boll weevil, twobacce budworm, bollworm and the pamsite Microplits croceipes
{Cresson) (Hymenoptera: Braconidac). A methods development program is in progress
o adapt pink bollworm rearing operations to a mechanized process using flash sleril-
pation and thermofiorm packaging units to meet the increasing needs for sterile release
programs in California. The technical advancements gained by adapting insect rearing
i packaging sysiems thal can be managed sanitarily with a minimal labor force has
advanced biological control conceplds to the threshold of & new era. In onder 1o better
ulilize and implement these I:ﬁ:hnnlngie.-':, personmel involved in research and field
applications must review traditional problems with consideration of the changing
times and advantages that differeot approsches to problems could yield. We must real-
ize that mass production of insects is rational and presents a realistic solution 1o the
complex problems mtroduced (o oday's agriculiure,

BOLL WEEVIL REARING

In 1966, Gast and Davich described boll weevil colonization adapted 1o mass pro-
duction processes, and technological advances continue to be made by USDA's, Insect
Rearing Rescarch Unit at Mississippi State, Mississippi. The Gast Laboratory opened
in May, 1972 and produced 2.7 million steribe malke boll weevils in 1973 for release in
the Filot Boll Weevil Eradication Experiment (Lindig, 1976). Major problems were
encowmered with microbial contamination of the diet and produciion costs due to
infense labor requirements, especially in sexing the labortory-reared weevils. In 1975,
an Anderson 18-B Thermoforming packaging unit with profotype equipment designed
for asmembly of boll weevil trays was iransfepred from the USDA, ARS, Insect
MigrationThispersal Besearch Unit. In 1976, the first large-scale rearing program
using the thermoforming packaging equipment was conducted. Production was
B00,000 weevils per day for a six-week period. They were used as one of the technol-
ogy components being tested in support of the proposed Boll Weevil Eradication
Program. In 1977, a more ambitious program was conducted, Production averaged
approximately 850,000 adults per doy for a nine-week period. A frctionsted pupal
irradiation sterilization process was cvaluated. During this period, problems were con-
fronted conceming low egg production and microbial contamination of rearing trays,

Large-scale operation rearing procedures were critiqued during this period for pro-
cedurs] improvements and labor reduction. As a result, the following major modifica-
tions were implemented; (a) installation of High Bfficiency Particulate Air (HEPA)
filters im hokding-room areas and within the chilling wnmel of the tray-forming unit; (b)
use of sterile sand-corncob mix with antibiotics and fungicide for rearing trays; (c)
meodification of egp spray equipment for improved spray patfemn on rearing trays; (d)
change of glee formulation on Tywvel® lidding for improved seal; (e) improved envi-
ronmenial controls in holding room areas; {f) emergence of adulis from trays to light
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traps For collection; (g) feed-out of prefrrodiated adulis in mosquito net bags; and,
(h) use of rackveyors for holding reaning trays. The rearing procedures introduced
from 1976-1979 were expected o improve field performance of sterile weevils by
extending their longevity and improve the likelihood of eradicating low density ficld
populations of weevils,

Photographs and descriptions of the facility and production equipment were detailed
by Griffin (1984). The historical development of boll weevil dicts was traced by
Lindig { 1984), and phascs of laboratory rearing by Roberson (1984); microbial conta-
mination was described by Sikorowski (1984).

Field data did not indicate increased pest control effectiveness that was anticipated
from sterile weevils that were produced with the improved rearing methods. In 1984,
survey bests were conducted at the rearing kaboratory o observe weevil behavior
(flight, walk, mating, etc.) following standard irradiation treatment processes,
Investigations conducted in 1984 to 1985 by personnel at the Insect Rearing Research
Unit and the USDA, ARS Boll Weevil Research Laboratory, Mississippi State,
Mississippi (Roberson and Yillavaso, 1986) observed high weevil monality when aer-
ial releases of weevils were made on soil surface temperates reaching 1208 (49C)
and higher, Losses were also high if packaged weevils were stored for two or more
days before release,

Stulies in cooperation with USDA's, Animal and Plant Health Inspection Service
(APHIS), Aircraft Operations Center, Mission, Texas, led to design and construction
of paper wbe loading equipment (Figare 3) to package irradiated weevils in paper
eylinders for aerial dispersal, The improved handling and packing processes were eval-
wiled in feld rebeases in North Caroling in 1985 and in Alabama in 1987 and 1988,
Moticeable improvement in the condition of shipped adult weevils resubied from use
of the modified handling procedures, However, results obtained did mot indicate sufli-
chent controd io ustify incorporation of the sterile weevil concept in the ongoing Boll
Weevil Emdicatron Program. The survey did provide valuable insight into essential
considerations for fature insect control programs, Shipping, holding and release meth-
ol emploved for insects were recognized as being essential considerations, They ane
prime factors that determine establishment of released insects in the feld, thus, the
ultimate success of biologically-based control, This action (delivery) is analogous o
proper application of insecticikle in order fo obtain expected field results, The same
principle holds true with application of insects as insecticides—if released insects are
not established in the feld for any reason (poor quality, release technigque), then con-
trol of target pests cannol be expected,

Present reaning capabilitics ol the Insect Rearing Research Unit wenz demonstrated
during the 1987 and 1988 Alsbama Sterile Boll Weevil Releass Test (Powell o al.,
1988; Powell and Roberson, 1989). Powell ef al, (1988) reported improved production
capabilitics resulted from: (a) adding beta-carotene o the diet; (b) collecting adult
weevils in a chilled environment [54 10 59F (12 10 15C); (e} using karge cages for
adult feed-out; {d) using a diflubenzuron (Dimilin®) water dip treatment; and, (g) cane-
ful handling of packaged weevils in seral release processes,



4 POWELL AND ROBERSON

b e |
1t o2y
(L

Figure 3. Boll weevil tube loader.

Powell and Roberson (1989) reported that 21.2 million weevils were produced in
1988 with 13.5 million iradiated for release. They also reported production outpa,
operational requirements of materials and labor, and cost per 1,000-weevil rearing
unit. More recently, data indicate that irradiation of emerging weevils in rearing trays
(Figure 4) can significantly increase longevity of sterile weevils and reduce production
costs by approximately S0 pereent, The process uiilizes the Mash stenlizediray pack-
aging system for mass production of microbe-free insects, The emerging weevils then
are irradiated in the rearing trays and these trays are shipped directly 1o the feld for
release, This substantially reduces handling work operations of adult collection amd
packaging, Also, shipment of treated weevils in reaning trays that contain dist in moast
conditbons reduces eritical stress encountered with previous shipping methods, The
mechanized process offers advantages for each phase of the operational system and
proposes a basic protofype that can be adapted to other insect species,

More recently, boll weevil minss rearing has been utilized 1o provide host food
(Figure 5) for propagation of Carelaccus grandis (Burks) an ecloparasite that attacks
third instar boll weevil larvae infesting cotton squares, Such reaning technology 15 &
critical component of research development and field assessment.

Boll weevils are reared st other locotions using various technigques. However,
through o program organized by and operased through The Cotton Foundation, many
public and private groups obtain weevils for testing purposes from the Gast
Labaratory.
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TOBACCO BUDWORM AND BOLLWORM REARING

Tobacco budworm and bollworm propagation historically have presented chal-
benges to insect rearing research. Most of the problems encountered have been focused
on cannibalistic behavior and susceptibility 1o virps, Because of the difficultics that
these problems have presented, earlier rearing procedures demanded that intense labor
and extréme sanitofion messures be incorporated into the operational proceduncs,

Eady procedures involved moculation of larvae into vials or cups (o rear specimens
incividually (Berger, 1963). Burton and Cox (1966) modificd a jelly-filling machine
to mechanically fill cups with diet, and introduce eggaflarvae held in a comeob grit
medinm into the mechanically filled jelly cups. A tray method was developed by
Roberson and Moble {1968) using Mylar Hexeel to inoculate cggs into 0L75 inch (1.9
cm) cells that were sandwiched between a sand base containing fungicide. A pelled
diet slab was positioned over the hoxeel sheeting, thereby encapsulating eggs within
cach cell, Raulston and Lingren (1972) published methods for large scale production
using & light diffuser prid for cell separation,

The light diffoser tray developed by Raolston was modified by Hartley e al, (1982)
by replacing cloth covers with an autoclavable plastic air filter for ease in preparation.
Sparks and Harrell (1976) developed a mechanized tray production format for the boll-
worm, They adapted production to a flash sterilizer for dict preparation that pumped
diet to a tray-forming unit for dict illing and larval inoculation. Studies also included
development of pupal harvesting equipment. This mechanized system presented many
advantages. However, problems were encountered when atempts were made 1o retain
fater stages of larvae within the rearing cells because of their ability 1o chew through
strong materals,

In 1984, the Insect Rearing Research Unit and the USDA, ARS, Crop Science
Research Laboratory, Com Host Plant Resistance (HPR) Besearch Unit, Mississipp
State, Mississippd, began & joint stody toidentifly a lidding material capable of retain-
ing larvae for the bollwormAobeces budworm, as well as the southwestern com borer,
Diatraea grandiosella Dyvar (Lepidopters; Pyralidae), The Corn Host Plant Resistance
Research Undt was interested in developing a tray reanng process adaptable to small-
scale rearing, while the Insect Rearng Research Unit was interested in refining the
methods proposed by Sparks o employ a combined flach stedbizer thermofoom
process, The joint study was successful in identifying a pecforated mylar shecting with
hot-meht gloe that could be used effectively with both manuval and mechanized truy-
assembly processes (Davis ef al, 19590). The Insect Rearing Rescarch Undt then con-
tinved refinement of the mechanized process 10 include egg (Figure 6) and pupad
{Figure 7} harvesting with improved air filienng systems for insect scales in the ovipo-
sition room (Roberson ef al., 1989,

Considering the difficultics encountered with disease and Llabor requirements, mass
production of the tobacco budworm/bollworm complex in support of large-scale feld
rebease programs has been very successful. The tobacco budworm backemss expen-
ment in St Croix (1.5, Virgin Istands) demanded production of 100 million pupae dur-
ing the peried 1977-1980 (Proshold ef al, 1982). Operations were nocessary o
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Figure 7, Bollworm pupas harvesier,
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produce, packige and ship delicate pupee from the United States lnboratodies 1o St
Croix, then to effect placement in the Geld for emergence and Might from the release
station. Field results indicate that the Iaboratory-reared insects sucoessfully inleracted
with the feral (wild) moth population. Labortory-reared females mated with wild
males; males from their progeny were genibe and females transmitted the sterlity trail
to the nexi geperation (see Chapter XV, this book),

Review of rearing research programs illustrate the variable methods of production
processes that are available for research projects. For the most part, propagation pro-
cedures used depend on the number of insects peeded for a reseanch project. Projects
with extreme limitations of budget and space can purchase premixed dicts or test spec-
imens from commercial sources as needed.

Technologies developed in support of mass-reanng programs can produce rearing
trays (Figure 8) capable of yielding 30,000 insectz per operational hoor. With advanced
equipment, the production capacity could probably be 50,000 insects per operational
howr. Additional advaniages gained with the mechanized rearing procedure in which
separate cells are formed for cach insect reduce the stress of manual handling and
shipping becauss pupae remain separated in self-formed pupation sites. Field emer-
gence data of tobacco budworm backeross moths (Laster and Foberson, 1990} note
significa