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ECONOMICS AND MARKETING

Effects of Plant Population Density on Net Revenues from
Ultra-Narrow-Row Cotton

James A. Larson*, C. Owen Gwathmey, Roland K. Roberts, and Robert M. Hayes

ABSTRACT

A common characteristic of ultra-narrow-row
cotton (Gossypium hirsutum L.) production is the
use of high plant population densities (PPD) com-
pared to wide-row cotton. Farmers are concerned
about the high seed costs and technology fees as-
sociated with these high planting densities. The
objective of this study was to evaluate the impact
of changes in PPD on net revenues for ultra-nar-
row-row cotton (UNRC) production. Yield data for
1997 through 2000 were obtained from a UNRC
PPD study at Milan, TN. Partial budgeting and
marginal analysis techniques were used to identify
the PPD that would maximize profit, using North
Delta spot cotton quotations. Results indicated
that small yield gains were achieved by increas-
ing PPD in UNRC. In addition, price discounts
for fiber quality became larger with higher PPD.
Given the impacts of PPD on lint yields and price
discounts for fiber quality, farmers may be able to
increase the profitability of UNRC by using a seed-
ing rate that is considerably smaller than required
to maximize lint yields. Results suggest that favor-
able trade-offs exist between reduced yields from
using a lower PPD and savings from reduced seed
costs and technology fees combined with smaller
price discounts. Farmers may encounter problems
with weed control and harvesting at PPDs below
15.5 plants m2, but should consider using PPDs as
low as 15.5 plants m to reduce seeding costs and
curtail price discounts for fiber quality.

his study evaluates cotton (Gossypium hirsutum
L.) net revenue trade-offs associated with the
plant population density (PPD) decision for the
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ultra-narrow-row cotton (UNRC) production system.
UNRC was initially defined in terms of row spacing
<25 cm (Atwell, 1996), but some contemporary
UNRC row spacings include 19, 25, and 38 cm
(Parvin et al., 2000). A common practice in UNRC
is the use of a finger-type stripper harvester instead
of a spindle picker. The investment cost in a finger
stripper is about one-half that of a spindle picker,
and it has considerably lower operating (labor, fuel,
maintenance, etc.) expenses (Larson et al., 1997).
Even though harvest costs might be lower, finger-
stripping cotton may result in more leaf and bark
content in the lint than spindle picking because
more of these plant parts are harvested by the finger
stripper, and they are not completely removed during
lint cleaning (Valco et al., 2001).

A common characteristic of UNRC is the use
of high plant population densities (PPDs) relative to
wide-row cotton (Perkins, 1998; Jones, 2001; Del-
aney et al., 2002). At one time, UNRC was referred
to as “narrow-row, high population cotton” (Hawkins
and Peacock, 1973). Plant population densities in
contemporary UNRC often exceed 24.7 plants m ™2
(Perkins, 1998; Jones, 2001). A major reason for
relatively high PPD revolves around limitations of
available planting and harvesting equipment for
UNRC. Delaney et al. (2002) pointed out that UNRC
is grown at relatively high PPDs to decrease branch-
ing and facilitate machine harvesting with a finger
stripper, and indicated that recommended PPDs
range from 19.8 to 49.4 plants m 2. The University
of Georgia Cotton Production Guide (2002) recom-
mends at least 24.7 plants m 2 in UNRC. It suggests
that spatial uniformity of the population is critical,
because skips in the cotton stand may result in veg-
etative branching, which creates serious problems
with harvest. Although large vegetative branches are
known to interfere with finger-stripping, there are
few published references on the relationship between
PPD and vegetative branch size. This information
would be useful in defining a lower limit on the PPD
needed for efficient finger stripper harvest or a so
called “agronomic minimum” PPD in UNRC.
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Achieving recommended PPDs in UNRC requires
high seeding rates, particularly if traditional grain
drills are used. Fluted-feed grain drills are difficult to
calibrate and do not provide accurate seed placement,
so they do not provide sufficient control to plant to
a desired stand (Gerik et al., 1999). Stands planted
with a modified grain drill were 82 to 88% (plants
established per seed planted), but uniformity of seed
distribution and placement was poor (Hawkins and
Peacock, 1973). Stand establishment in plots planted
with a no-till drill equipped with an air seeder aver-
aged 68% in 1997 and 57% in 1998 (Buehring and
Dobbs, 2000). Faced with uncertainties of planting to
a stand with existing drill technology, some UNRC
producers increased the seeding rate to as high as 56
kg ha™! to ensure an adequate stand (Deterling, 1999).
The University of Georgia Cotton Production Guide
(2002) considered stand establishment to be the most
critical production issue in UNRC.

High seed costs associated with high seeding
rates are a major contributor to the relatively high
variable costs of UNRC production (Parvin et al.,
2000). All variable costs of production averaged
$42.48 ha ! higher and seed costs averaged $39.03
ha ! higher for UNRC cotton on five farms partici-
pating in industry field tests in 1996 (Brown et al.,
1998). Differences may be magnified for seed of
transgenic, herbicide-resistant cultivars that have
additional seed premiums and technology fees. In
Georgia, Shurley et al. (2002) estimated that UNRC
entailed $148.20 ha ! more in variable costs for seed
and technology fees than conventional-row cotton,
assuming no cap on technology fees in UNRC.
Neither of these studies reported the actual seeding
rates evaluated.

Several efforts have been made to determine op-
timum PPDs for UNRC. Equidistantly spaced plants
at PPDs of 7.9 to 15.5 plants m 2 matured earlier
and produced higher yields from hand-harvests than
PPDs on either side of a range from 3.9 to 62 plants
m 2 (Fowler and Ray, 1977). There was no evidence
that higher PPDs improved yields or earliness in the
year of this irrigated study, but vegetative branch
growth was suppressed and micronaire was reduced
at the highest PPD (62 plants m2). Hand-picked
lint yields in non-irrigated 19-cm rows from PPDs
with 17.5 to 26.5 plants m2in 1997, or with 13.2
to 23.8 plants m~2 in 1998 were not significantly
different (Buehring and Dobbs, 2000). Lint yields
each year varied by less than 8% across these PPDs.
Hand-harvested lint yields from irrigated 19-cm

rows, were not significantly different in PPDs be-
tween 12.2 and 40.5 plants m~2 (Jost and Cothren,
2001). Fiber length, strength, and micronaire were
similar except for slightly shorter fibers and lower
strength at high PPDs in 1 of 2 yr. In a 3-yr study of
planting dates and PPD, lint yields from plantings in
May tended to increase with PPD up to 49.4 plants
m~2, while yields tended to decrease with plantings
in June (Delaney et al., 2002). These authors did
not indicate if yield differences were significant,
but they reported that bur and stick content was
not affected by PPD within plantings. Of these
studies, only Delaney et al. (2002) mentioned the
extraneous matter that may be introduced during
stripper harvesting. None of these studies directly
estimated the total impact of PPD on all fiber quality
characteristics, which are desired in the market, as
measured by the lint price difference received by
producers for UNRC quality.

Producers need information about cost and re-
turn trade-offs with different PPDs to evaluate the
economic feasibility of UNRC and to optimize net
revenues from this system. The objective of this study
was to evaluate the impact of PPD on net revenues
for UNRC production. Factors considered in this
analysis were lint yield response to PPD, lint price
adjustments for fiber quality as influenced by PPD,
plant survival rates, transgenic cultivar seed costs
and technology fees, and the potential effects of PPD
on finger stripper harvest efficiency as measured by
vegetative branch size.

MATERIALS AND METHODS

Yield and fiber quality data. Field experiments
were conducted in 1997 through 2000 at the Univer-
sity of Tennessee Agricultural Experiment Station at
Milan, TN. Production practices used in the experi-
ments are summarized in Table 1. Prior to planting,
90 kg N ha! as ammonium nitrate was broadcast
over the test site each year. Cotton was planted in
25.4-cm rows using a Kinze tandem planter (Kinze
Manufacturing, Inc.; Williamsburg, IA) with no
tillage each year. Seeding rates used to establish the
crop were 51 kg ha!in 1997, 69 kg ha ! in 1998,
62 kg ha!in 1999, and 60 kg ha™! in 2000. Cotton
cv. PM 1220 RR (Delta and Pine Land Co.; Scott,
MS), was planted on a Memphis silt loam (fine-silty,
mixed, active, thermic Typic Hapludalfs) on 21 May
1997. In 1998 and 1999, PM 1220 RR was planted
on Loring silt loams (fine-silty, mixed, active, ther-
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mic Oxyaquic Fragiudalfs) on 12 May and 11 May,
respectively. A closely related cultivar, PM 1218 BR,
was planted on a Loring silt loam on 8§ May 2000.
Commercial two-way treated seed lots were used in
all years. The combination fungicide, pentachloro-
nitrobenzene (0.84 kg ha™!) plus etridiazole (0.21 kg
ha !)(Terraclor Super X 2.5EC, Uniroyal Chemical
Company; Middlebury, CT)], was applied in furrow
at planting each year.

At the 1- to 2-leaf growth stage, plots were hand-
thinned to four target PPD levels in 1997 and 1998
and five target PPD levels in 1999 and 2000. PPD
treatments were arranged in a randomized complete
block design with four or five replications. Average
PPDs established by the treatment levels were 6.7,
11.6, 19.9, 28.8, and 38.2 plants m 2. Plot assign-
ments of treatments were re-randomized as the
experiment was moved to a new field site in each
year of the study.

University of Tennessee recommended pest-
control practices for no-tillage cotton were followed
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during each growing season (Shelby, 1996). No sup-
plemental irrigation was applied. For weed control,
glyphosate (Roundup Ultra; Monsanto Company, St.
Louis, MO), was broadcast over the crop at 0.84 kg
ha™! prior to the 4-leaf growth stage each year. To
regulate plant growth, mepiquat chloride (Pix; BASF,
Research Triangle Park, NC) was applied from two
to four times each year, between 34 and 83 days
after planting. Mepiquat chloride rates varied with
crop growth and field conditions, and seasonal totals
varied between 0.049 and 0.074 kg ha™'. A defoli-
ant, thidiazuron (Dropp SOWP; Bayer Crop Science,
Research Triangle Park, NC) and a boll opener,
ethephon (Prep 6SL; Bayer Crop Science, Research
Triangle Park, NC) were applied on the dates shown
in Table 1. Thidiazuron rates varied between 0.056
and 0.112 kg ha™!, and ethephon rates varied between
1.68 and 1.89 kg ha™!. A second defoliant, tribufos
(Def 6EC; Bayer Crop Science, Research Triangle
Park, NC) was applied at 0.63 kg ha™' along with
the other harvest aids in 1997 only. Desiccants were

Table 1. Summary of production practices and growing conditions for the ultra-narrow-row cotton plant population study

Year
Item
1997 1998 1999 2000
Cultivar PM 1220 RR PM 1220 RR PM 1220 RR PM 1218 BR
Seeds (kg™) 8,977 8,977 8,519 8,741

Planter

Row spacing

Kinze tandem

25.4 cm

Kinze tandem

25.4 cm

Kinze tandem

25.4 cm

Kinze tandem

25.4 cm

Soil type Memphis silt loam Loring silt loam Loring silt loam Loring silt loam
Planting date 21 May 12 May 11 May 8 May
Stand (%)" 63.6 43.3 68.3 81.0
Hand-thinning date 17 June 28 May 28 May 31 May
Defoliation date 30 Sept. 11 Sept. 14 Sept. 13 Sept.
Defoliant(s) thidiazuron + tribufos thidiazuron thidiazuron thidiazuron
Boll opener ethephon ethephon ethephon ethephon
Desiccation date 10 Oct. 21 Sept. 30 Sept. 26 Sept.
Desiccant(s) sodium chlorate paraquat paraquat paraquat
Harvest date 23 Oct. 1 Oct. 5 Oct. 4 Oct.
Harvester* Allis-Chalmers 760 Allis-Chalmers 760 John Deere 7450 John Deere 7450
Degree-days’ 1,036 1,381 1,210 1,234
Precipitation” 68 cm 91 cm 56 cm 60 cm

“VRatio of plants established to seeds planted (x100) prior to thinning.

*Finger stripper harvesters, each equipped with a bur extractor.
¥ Cumulative degree-days (base 15.6°C) from 1 Apr. through 31 Oct.
“ Total for 1 Apr. through 31 Oct.
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applied on the dates shown in Table 1. In 1997,
sodium chlorate (Defol 6SL; Drexel Chemical Co.,
Mempis, TN) was applied at 5.6 kg ha!. In 1998,
1999, and 2000, paraquat dichloride (Gramoxone
Max; Syngenta Crop Protection, Greensboro, NC)
was applied at 0.63 kg ha™!.

Shortly before crop termination each year, the
length of the longest vegetative branch was measured
on each of eight representative plants per plot. The
mean vegetative branch length was associated with
the PPD of each plot for statistical analysis.

Plots were harvested on 23 Oct 1997 and 1 Oct
1998 with an Allis Chalmers 760 harvester (Allis
Chalmers Manufacturing Co.; Milwaukee, WI)
equipped with a 3.9-m wide finger-type header and
a bur extractor. A John Deere 7450 harvester (J.
Deere & Company; Moline, IL) equipped with a
3-m finger-type header and bur extractor was used
to harvest the plots on 5 Oct 1999 and 4 Oct 2000.
Seedcotton harvested from each plot was weighed,
and a grab sample was taken from each plot,
weighed, and air-dried before ginning. Seedcotton
samples were ginned with a 20-saw gin (Continental
Gin Company; Prattville, AL) equipped with a stick
machine, dual incline cleaners, and two lint cleaners
at the West Tennessee Experiment Station, Jackson,
TN. Lint was weighed to calculate gin turnout, and
a subsample of lint was analyzed by high volume
instrument (HVI) testing and hand-classing proce-
dures at the USDA Agricultural Marketing Service
Cotton Classing Office in Memphis, TN (USDA-
AMS, 1995).

Cotton price data. Quotations collected by the
USDA Agricultural Marketing Service were used to
estimate premiums and discounts for fiber quality
measured for each PPD treatment. Relevant quota-
tions for Tennessee are from the North Delta market,
which includes Northeast Arkansas, Missouri, and
West Tennessee. The area market reporter determines
daily prices by interviewing market participants and
collecting sales information (Kuehlers, 1993). The
accuracy of spot price quotations for the North Delta
is unknown, because there has not been an objective
evaluation of the price differences reported by the
Agricultural Marketing Service for this region (Eth-
ridge and Hudson, 1998). The statistical reliability of
spot price quotations is difficult to determine because
information about sample characteristics, such as
number of observations and representativeness, are
not known (Brown et al., 1995; Hudson et al., 1996).
Irrespective of these data limitations, it was assumed

that North Delta spot quotes reflect price differences
for UNRC in Tennessee.

Starting August 1993, grade was divided into
color and leaf grade for pricing by the industry
(USDA-AMS, 1995). Prior to the 1993-1994 market-
ing year, grade was reported as a composite of color
and trash. Between 1993 and 2001, season average
base quality lint prices varied from $0.71 kg™ ! to
$1.92 kg ! with a median base price of $1.51 kg™
(USDA-AMS, 2002). Differences in lint price for
fiber quality associated with the median base price
of $1.51 kg ! for the 1997/1998 growing season were
used to evaluate price differences and net revenues as
influenced by PPD (USDA-AMS, 1998). The equa-
tion used to estimate lint prices differences for fiber
quality as influenced by UNRC PPD using North
Delta market spot price data was

(1) LPD,; =CLS;; +M,, +S,, . +E .
where LPD is the total lint price difference for
each treatment i in the j™ experimental block from
the base price of cotton ($ kg™") for fiber quality
obtained in year t of the experiment. CLS is the price
difference for the combination of color grade, leaf
grade, and staple ($ kg™!); M is the price difference
for micronaire ($ kg™'); S is the price difference
for strength ($ kg!); and E is the price difference
for extraneous matter ($ kg™!). Price differences
for length uniformity were not reported for the
1997/1998 marketing year.

Analysis. The partial budgeting equation used
to evaluate net revenues as a function of PPD (plants
m2) was as follows:

(2) NR(PPD) =[BLP + LPD(PPD)]x LY(PPD) —
RATE(PPD) x SP — FEE(PPD),

where NR is net revenue ($ ha '), BLP is base quality
lint price ($ kg™"), LPD is lint price difference for
fiber quality ($ kg "), LY is lint yield (kg ha™'), RATE
is seeding rate (kg ha™!), SP is price of seed for a
transgenic cultivar ($ kg™'), and FEE is a technology
fee ($ ha™') for a transgenic cultivar.

Yield response as a function of PPD [Y(PPD)]
for equation (2) was estimated using the lint yield
and PPD data from the experiment. The theoretical
relationship between cotton PPD and lint yield is
approximately parabolic (Holliday, 1960a; 1960b).
Results from prior field studies indicate that very
high or very low PPDs have an adverse impact on
lint yield (Hearn, 1972; Bridge et al., 1973; Hawkins
and Peacock, 1973; Fowler and Ray, 1977; Kittock
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et al., 1986). Also, yield response immediately be-
fore and after the point of yield maximization has
an extended (generally flat) plateau with respect to
PPD. Given that yield response to PPD is expected to
be parabolic, the following quadratic yield response
function was specified:

(3) LY(PPD), ; =8, +B,PPD;; +B;PPD; +pB,D97
+BsD97 x PPDy; + B D97 x PPDYj ,

where PPD is plant population density (plants m)
for treatment i in the j™ experimental block, D97
is a binary 0-1 variable for cotton produced on the
Memphis silt loam for the 1997 growing season,
and Px are parameters estimated using maximum
likelihood. The mixed model procedure in SAS
release 8.20 (SAS Institute, Cary, NC) (Littell et al.,
1996; Saxton, 1998) was used to estimate the yield
response function specified in equation (3). The
covariance structure in the mixed model procedure
was specified to allow for heterogeneous variances
among experimental blocks and heterogeneous
variances among growing seasons.

The binary intercept and slope variables were
specified to account for the potential of a different
yield response in 1997. The 1997 growing season
was an El Nino year with very cool growing condi-
tions relative to 1998 through 2000 and historical
weather averages for the area. Total degree-day
(base 15.6°C) in 1997 was 1,036 (1 Apr. through 31
Oct.) compared with an average of 1,275 for 1998
through 2000 and the average of 1,271 for 1975
through 2000 (NOAA, 1975-2000). Only one other
year between 1975 and 2000 had growing degree-
days as low as that observed in 1997. The soil type
for the plots in 1997 was also different from the soil
type for the plots in 1998 through 2000. The yield
hypotheses tested using the binary intercept and
slope variables were as follows: Ho: Ba= B5= Ps =
0, i.e., yields were not different in 1997; Ha: B4 #0,
Bs#0, or Be# 0, i.e., yields were different in 1997. If
yields were different for 1997 versus 1998 through
2000, then the 1998 through 2000 model was used
to evaluate net revenue response to PPD; otherwise
the 1997 through 2000 model was used to evaluate
net revenue response to PPD.

Differences in lint price as a function of PPD
[LPD(PPD)] for equation (2) were estimated using
the mixed model procedure (Littell, 1996;Saxton,
1998) and lint price differences calculated using the
fiber quality data from the experiment, spot cotton
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price quotations, and equation (1) for the 1997/1998
marketing year median base price scenario outlined
previously. The price difference function was speci-
fied as follows:

(4) LPD(PPD); ; = 04 + 0,PPD, ; + 0:D97
+0(4><D97><PPD1,J',

where o, are parameters estimated using maximum
likelihood. The price difference hypotheses tested
using the binary intercept and slope variables were
as follows: Ho: az=04=0, i.e., price differences were
not different in 1997; Ha: a3# 0 or a4 # 0, i.e., price
differences were different in 1997.

Seeding rate as a function of plant population
(RATE) in equation (2) was calculated as follows:

(5) RATE(PPD)=PPDx10,000 + PSR +SEED,

where 10,000 is a factor to convert plants m? to
plants ha™! for calculating seeding costs, PSR is
the plant survival rate that a farmer assumes when
determining seeding rate, and SEED is the number
of seeds kg ! for the cultivar planted.

Monsanto Company (St. Louis, MO), which
licenses glyphosate-resistant (Roundup Ready) and
Bt (Bollgard) technologies through various seed
companies, initially charged a technology fee (TF)
based on planted area ($ ha ') in addition to the seed
cost ($ kg ') charged by the seed company. Starting
in 1998, Monsanto modified its technology fee policy
for wide-row cotton and developed a separate policy
for UNRC cotton (Monsanto Company, 1998). The
revised wide-row technology fee policy converted
the per-hectare technology fee to a per-kilogram
basis. The fee was calculated using the seed drop
rate (SDR) and the seed cultivar category (SVC).
Monsanto defined the SDR as the number of seeds
dropped from the planter to achieve a final plant
population. The SDR varies by production region.
For example, the SDR is 154,438 seeds ha™! for
West Tennessee compared with 128,492 seeds ha™!
for Georgia (Virginia Polytechnic Institute and State
University, 1998). SVC defines the seed size cat-
egory (seeds kg™!) for a cultivar that is assumed by
Monsanto for the purpose of calculating the technol-
ogy fee. For example, the per-kilogram technology
fee for a farmer in West Tennessee who plants PM
1220 RR with a SVC value of 9,261 seeds kg ! and
a technology fee of $22.24 ha ! is calculated as fol-
lows: 9,261+154,438%$22.24=$1.34 kg!. A farmer
who uses a seeding rate of exactly 154,438 seeds
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ha ! pays a technology fee of $22.24 ha™!, while a
farmer who plants less than 154,438 seeds ha ! pays
a technology fee of less than $22.24 ha™! under this
pricing system.

Under Monsanto’s UNRC exception policy,
farmers are exempted from paying the per-kilogram
technology fee on a portion of the seed that is planted
in UNRC and instead pay the per-hectare fee (TF).
Farmers are required to grow at least 50 acres of
UNRC to be eligible for the exception. The seed
drop rate is determined by estimating PPD in the
field after planting and dividing that population by a
PSR of 0.80. The seed drop rate is used to calculate
the amount of seed excluded from the wide-row
per-kilogram fee. Any seed used beyond the amount
excepted is charged technology fees using the wide-
row pricing policy. The technology fee for UNRC
was modeled using the following formula:

(6) FEE(PPD)=TF +(PPD x10,000 +~PSR+SEED
—PPD x10,000+0.80+SVC) x(SVC+SDR x TF)
for PSR < 0.80 and SEED < SVC; else FEE(PPD)
=TF for PSR > 0.80 and SEED > SVC.

Farmers who use a lower PSR to determine their
seeding rate rather than the 0.80 used by Monsanto,
pay additional technology fees above the base per-
hectare rate. The difference in the actual seed count
kg ! (SEED) versus the seed count kg™! assumed by
Monsanto to calculate the technology fee (SVC) also
influences the fee paid.

A wide range of PPDs have been recommended
for UNRC production (Delaney et al., 2002); there-
fore, equation (2) was used to evaluate UNRC net
revenues for four PPD decision criteria: 1) the PPD
that maximizes lint yields 2) a Georgia Agricultural
Extension Service recommendation of 24.7 plants
m 2 (University of Georgia, 2002), 3) an “agronomic
minimum” PPD that may be needed to control weeds
and facilitate efficient harvest with a finger stripper,
and 4) the PPD required to maximize net revenues
using the relationship between expected lint prices,
seed prices, and technology fees. Numerical search
techniques were used to determine the PPD that
maximizes net revenues using equation (2).

Data measuring the relationship between mean
vegetative branch length and PPD were evaluated to
develop the “agronomic minimum” PPD decision
criterion that places a lower limit on PPD to avoid
weed and harvest problems. Vegetative branch length
increases as PPD is reduced, which may increase the
likelihood of branches being caught by the tines of the

finger stripper. More frequent stopping by the operator
to clean the finger-stripper header of large branches
may reduce harvest efficiency and increase machinery
and labor costs. Vegetative branch length (VBL) (cm)
was modeled as an exponential decay function:

(7) VBL=8§,+8,xe5 ",

where &; are parameters estimated using nonlinear
least squares and the exponent e =~2.7. The estimated
model was used to determine the minimum PPD
where mean vegetative branch length fits within an
equidistant 25.4-cm plant spacing between and within
rows. Equidistant 25.4-cm plant spacing may reduce
vegetative branches relative to lower PPDs without
lowering yields or reducing earliness (Fowler and Ray,
1977) and may improve light interception and crop
growth rate per unit of ground area (Krieg, 1996).

To evaluate the influence of seed prices and
technology fees on the UNRC-PPD decision, costs
for the PM 1220 RR and PM 1218 BR cultivars
used in the experiment were used to estimate net
revenues (Bob Montgomery, Monsanto Company,
personal communication, 10 Oct. 2002). As indicated
previously, PM 1220 RR and PM 1218 BR are very
similar cultivars and were not treated differently in
the specification of the yield response model. Thus,
the differences in seed premiums and technology
fees for the two cultivars determine the difference
in optimal PPD for the two seed cost scenarios. The
assumed seed prices for PM 1220 RR and PM 1218
BR were $1.94 kg 'and $2.51 kg™!, respectively. The
assumed technology fees charged under a UNRC
exemption for the North Delta were $22 ha ! for PM
1220 RR and $79 ha™! for PM 1218 BR. Average
seed counts from the experiment for PM 1220 RR
and PM 1218 BR were used as values of SEED for
calculating seed costs (Table 1).

The plant survival rate (PSR) was also varied to
evaluate its influence on the PPD decision for UNRC.
Mean, maximum, and minimum values of the aver-
age ratio of plants established to seeds planted prior
to thinning measured over the 4 yr of the experiment
(Table 1) were used to calculate seed costs and net
revenues for alternative PSR scenarios.

RESULTS AND DISCUSSION

Lint yield response to PPD. The lint yield
means for each PPD treatment in each year of the
experiment are presented in Table 2. The estimated
lint yield response function for UNRC PPD esti-
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mated from the experimental data is presented in
Table 3. The estimated coefficients for quadratic
yield response to PPD for 1998 through 2000, PPD
and PPD?, had the hypothesized signs and were sig-
nificantly different from zero (P = 0.01). Results also
indicate that lint yields for 1997 were different from
the lint yields for 1998 through 2000. The estimated
coefficient for the binary variable D97 for yields in
1997 was significant (P < 0.05) and had a negative
sign. In addition, the estimated binary slope coef-
ficient, D97 x PPD, was statistically significant (P
< 0.05). The other binary slope coefficient, D97 x
PPD?, was not significantly different from zero.

1,100

1,000 / —
? ]
.‘:‘ —1998-2000
g 800 -
=
[] | - E
=3 700 .- - S - ~
- - ~
£ - AN
3 600 L’ .
4
5001 ¢
.
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Population density (plants m-2)

Figure 1. Mean lint yield response to plant population den-
sity for UNRC production from 1997 to 2000. Maximum
yields were at 25.4 and 26.6 plants m in 1997 and 1998
to 2000, respectively.

As illustrated in Figure 1, yield response to
PPD was more parabolic for 1997 than for 1998
through 2000. The maximum lint yield of 715 kg
ha ! in 1997 was achieved at a PPD of 25.4 plants
m™2, The maximum yield for 1997 was 254 kg ha™!
(55%) more than the 461 kg ha'! yield achieved at
the average minimum PPD in the experiment of 6.7
plants m~2. Unfortunately, a determination whether
the difference in yield response to PPD in 1997 was
due to weather, soil type, or a combination of weather
and soil could not be made.

Lint yield response to PPD for 1998 through
2000 was not nearly as parabolic as the response
function for 1997 (Figure 1). A maximum yield of
1,044 kg ha™! for UNRC for 1998 through 2000
was achieved at a PPD of 26.6 plants m 2. The yield
maximum for 1998 through 2000 was only 68 kg
ha™! (7%) more than the 976 kg ha™' yield achieved
at the average minimum PPD in the experiment of
6.7 plants m 2. Results indicate that the marginal
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productivity of PPD, or the incremental change in
lint yield for a one unit increase in PPD, was much
smaller under the average degree-day conditions for
1998 through 2000 than the marginal productivity of
PPD in 1997. The relatively small incremental yield
gains with increasing PPDs for the 1998 though 2000
model suggests that similar yields can be obtained
for a wide range of PPDs in UNRC production under
average weather conditions.

Lint price difference response to PPD. Fiber
quality means for each PPD treatment in each year
of the experiment are presented in Table 2. The lint
price difference model is presented in Table 3. The
coefficient for PPD was significant (P = 0.01) and
had a negative sign, indicating that higher PPDs
produced lower fiber quality and larger price dis-
counts on average for the 1998 through 2000 data.
Lint price discounts vary from —$0.06 kg' to —$0.12
kg ™! for the average minimum and maximum PPDs
of 6.7 plants m2 and 38.2 plants m 2, respectively.
Results indicate that increasing PPD by one plant
m 2 resulted in a $0.002 kg! larger discount for
fiber quality. Fiber discounts at higher PPDs were
mainly due to higher leaf grade and lower micronaire
values. More leaf trash in the lint was associated
with leaves remaining on plants at harvest. Juvenile
leaves in plant terminals were desiccated by harvest
aids but did not fall from the plants prior to harvest
and contributed to leaf trash proportionally to PPD.
The occurrence of bark discounts did not vary with
PPD. Bark discounts did vary by year, apparently
due to differences in crop desiccation associated with
weather conditions. Lower micronaire values were
observed as PPD exceeded 30 plants m™2 in 1999
and 2000. This response is consistent with earlier
research cited by Bridge et al. (1973) and Hawkins
and Peacock (1973), in which micronaire tended to
decrease with increasing PPD.

The estimated coefficient for the binary variable,
D97, for lint price differences in 1997 was significant
(P =0.01) and had a negative sign. The estimated
binary slope coefficient, D97 x PPD, was not sig-
nificantly different from zero. Lint price differences
for fiber quality for the 1997 data were significantly
larger than those observed with the 1998 through
2000 data. All of the plots uniformly received ex-
traneous matter discounts in 1997.

Vegetative branch length response to PPD.
Figure 2 illustrates the relationship between PPD and
vegetative branch length from the 4-yr field study at
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Table 2. Lint yield and fiber quality summary from the plant population density study, 1997-2000*

Ttem Treatment
1 2 3 4 5
1997 Season
Plant population (no. m2) 9.9 17.0 21.8 29.1 —
Lint yield (kg ha') 537.9b 656.7 a 7268 a 686.7 a —
Rd (%) 75.5a 76.8 a 755a 75.5a —
+b (units) 8.6 ab 8.4 be 82¢ 8.7a —
Fiber length (mm) 278 a 27.1b 27.1b 269 b —
HVI Trash (%) 0.8 a 0.8 a 1.0a 0.8a —
Micronaire (units) 44.5 a 44.5 a 44.5a 435 a —
Strength (KN m kg1) 272.9 ab 264.3b 271.6 ab 273.6 a —
Uniformity (%) 84.0 ab 843 a 83.5 be 833 ¢ —
1998 Season
Plant population (no. m2) 5.3 9.2 18.1 27.0 —
Lint yield (kg ha™) 1163.7 a 1216.6 ab 1279.0 ab 1305.9 a —
Rd (%) 77.6 a 78.0 a 778 a 77.8 a —
+b (units) 7.7 a 7.6 a 74a 7.6 a —
Fiber length (mm) 28.5a 28.4 ab 28.1 ab 28.0b —
HVI Trash (%) 1.2a 0.8b 0.9 ab 1.0 ab —
Micronaire (units) 37.8b 40.8 ab 42.0 a 41.2 a —
Strength (KN m kg1) 296.4 a 2869 b 291.7 ab 293.8 ab —
Uniformity (%) 83.2a 83.6a 83.6 a 83.8a —
1999 Season
Plant population (no. m2) 6.7 10.5 19.6 28.6 35.9
Lint yield (kg ha™) 964.3 b 1000.7 ab 1030.3 ab 1049.0 a 1046.1a
Rd (%) 79.0 a 79.0 a 794 a 79.4 a 79.0 a
+b (units) 89a 8.8 ab 8.7 be 8.6 ¢ 8.6 ¢
Fiber length (mm) 275a 27.6 a 269b 27.1 ab 27.0b
HVI Trash (%) 03b 0.3 ab 0.3 ab 04a 0.3 ab
Micronaire (units) 46.0 ab 46.4 a 47.0 a 44.6 be 434 c
Strength (KN m kg1) 293.6a 2899 a 286.6 a 2858a 2879 a
Uniformity (%) 83.0a 83.0a 82.8a 82.8a 824 a
2000 Season
Plant population (no. m2) 5.0 9.7 19.9 30.4 42.5
Lint yield (kg ha™) 849.0 a 830.7 a 833.2a 8574 a 8163 a
Rd (%) 76.0 b 76.8 ab 77.0 a 77.0 a 77.6 a
+b (units) 8.7a 83b 8.0c 8.1 be 8.0c
Fiber length (mm) 27.0 a 26.8 a 272 a 27.1a 26.7 a
HVI Trash (%) 0.8b 0.9 ab 0.8b 11a 0.9 ab
Micronaire (units) 43.2 a 34.4b 30.6 ¢ 314c 30.0c
Strength (KN m kg1) 275.0 ab 271.5 ab 275.2 ab 2769 a 265.0 b
Uniformity (%) 814 a 80.4 b 81.0 ab 81.2a 80.4b

” Values within a year followed by the same letter are not significantly different (P = 0.05), according to the mixed model
procedure in SAS.
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Table 3. Lint yield and price difference response functions for the UNRC plant population density decision analysis
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Variables/itemsY Lint yield (kg ha™!) > Lint price difference($ kg™)*

Intercept 923.44(%* (23.62) -0.045% (-3.41)

PPD 9.056%** (3.48) -0.0027%#* (-4.44)
PPD? -0.171%%* (-2.98)

D97 -675.040%** (-5.03) -0.126%%* (-3.76)

D97 x PPD 27.726%* (1.98) 0.003 (1.62)
D97 x PPD? -0.555 (-1.58)

Observations 86 78

Y PPD is plant population density (plants m™2) and D97 is a 0-1 binary variable, where D97 = 1 if year = 1997; otherwise

D97 = 0.

” Values significantly different from zero at P < 0.1, 0.05, and 0.01 are designated by *, **, and ***, respectively. Values in

parenthesis are ¢-statistics.

the Milan Experiment Station. An exponential decay
function fit the pooled data (n = 86) with an R =
0.813. This regression suggests that vegetative branch
lengths increased exponentially as PPD fell below 15
plants m 2, which increases the likelihood of branches
being caught by the tines of the finger stripper. At <10
plants m2, average lengths of the longest vegetative

branches exceeded the row width of 25.4 cm.
60 -

501 A VBL = 6.311 + 56.175 x g®0%3PPD

N R?=0.813
40 N =86

30

20 4

10

Vegetative branch length (cm)

A
4 Au

Population density (plants m'z)

Figure 2. Mean vegetative branch length response to plant
population density for UNRC production from 1997 to
2000.

Because branches can grow at any angle relative
to row orientation, branch length control with PPD
involves both between-row and in-row competition
between plants. At equidistant 25.4-cm plant spac-
ing between and within rows, PPD averaged 15.5
plants m 2. Applying the exponential decay function
in Figure 2 to this configuration, branch length aver-
aged 18.6 cm at 15.5 plants m 2. It was observed that
branches of this length were quite pliable and likely
to fold up next to the main stem as plants passed

through the header tines, thus they were less likely
to break off during finger stripping. In a field study
by Fowler and Ray (1977), equidistant 25.4-cm plant
spacing reduced vegetative branches of two cultivars,
relative to lower equidistant PPDs, without sacrific-
ing lint yield or earliness. Equidistant plant spacing
is also known to optimize light interception and crop
growth rate per unit ground area (Krieg, 1996). These
observations and the present data indicate that 15.5
plants m~? represents a reasonable estimate of an
“agronomic minimum” PPD for UNRC.

Net revenue response to PPD. The 1998
through 2000 yield response function was used to
estimate the net revenues reported in Tables 4 and 5.
Several important findings can be derived from the
net revenues (NR) results reported for the glypho-
sate-tolerant (Roundup Ready) cultivar PM 1220 RR
in Table 4. First, farmers may be able to improve the
profitability of UNRC by substantially reducing their
target PPD from the 24.7 plants m 2 recommended
by the University of Georgia Extension Service. The
NR-maximization-with-price-differences criterion
used to determine PPD produced a $27 ha! (2%)
larger NR than the Extension-Service-PPD-decision
criterion when the assumed plant survival rate (PSR)
was 64%. Because of the relatively small marginal
productivity (yield gains) with increasing PPD, the
NR-maximizing PPD was 43% smaller than the GA
Extension Service PPD decision rule (14.2 plants
ha™! versus 24.7 plants m2). A small trade-off was
evident between reduced yields (25 kg ha™!, 2%)
and lower PPD at a PSR of 64% compared with the
34% savings ($42 ha™!) in seed costs and technology
fees by using the lower seeding rate of 25 kg ha™'.
A reduction in the price discount for fiber quality of
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$0.03 kg ! also occurred from using the NR maxi-  using only the base quality price of $1.51 kg™!. NRs
mizing PPD level. under the NR maximization with price differences

The second important finding was that, for a  heading were determined using the base quality price
given PPD, higher price discounts for fiber quality = and price discounts for fiber quality as influenced
reduced the value of additional plants m~2 compared by PPD. Results indicate that for a PSR of 64%, the
with the cost of those plants. Therefore, a NR-maxi-  optimal PPD was smaller when price discounts for
mizing farmer would choose a lower PPD when the  fiber quality were considered, but 14.2 plants m>
effects of PPD on price discounts were considered. ~ compared with 18.8 plants m 2 was optimal when
The reduction in seed costs and technology fees and  price discounts were not considered. In addition, the
the additional revenue from smaller price discounts  difference in NRs from using the NR maximization
were greater than the loss of revenue from reduced  with and without price discount criteria represents the
yields with a lower PPD, thereby enhancing NRs.  value of price discount information in determining
The effects of lint price discounts on optimal PPD are  the optimal PPD. For example, the value of using
shown in Table 4. NRs under the NR-maximization-  price discounts to determine the optimal PPD for a
without-price-differences heading were determined ~ PSR of 64% was $5 ha™'.

Table 4. Yields, price differences, seeding rates, seed costs, and net revenues for alternative UNRC plant population density
(PPD) decision criteria with a glyphosate—tolerant (Roundup Ready) cultivar "

UNRC plant population density (PPD) decision criteria ¥

Net revenue maximization v

Item

Yield GA Agronomic Without price differences  With price differences

maximum* extension’ minimum’ gjq, 64% 43% 81% 64% 43%
PPD m 26.6 24.7 15.5 21.2 18.8 13.3 16.7 14.2 8.7
Lint yield (kg ha™) 1,044 1,043 1,023 1,039 1,033 1,014 1,027 1,018 989

Price difference ($ kg™) -0.10 -0.09 —-0.08 -0.09 -0.08 -0.07 -0.08 -0.07 —0.06
Net lint price ($ kg™!) 1.41 1.41 143 142 1.42 1.44 1.43 1.43 1.44
Seeding rate, 81% (kg ha™) 37 35 22 30 -—-- ———- 23 -—-- -—--
Seeding rate, 64% (kg ha™) 47 44 27 ———- 33 ———- ———- 25 ———-
Seeding rate, 43% (kg ha™) 70 65 41 ———- -—-- 35 ———- -—-- 23
Seed cost, 81% ($ ha™) 72 67 42 57 - 45 -—--
Seed cost, 64% ($ ha™) 91 85 53 - 64 - 49 -
Seed cost, 43% ($ ha™) 136 126 79 -—-- 68 -—-- 45
Technology fee, 81% ($ ha™) 24 24 23 24 -—-- -—-- 23 -—-- -
Technology fee, 64% ($ ha™) 37 36 31 ———- 33 ---- ———- 30 e
Technology fee, 43% ($ ha™) 68 65 49 -—-- -—-- 45 -—-- -—-- 37
Net revenue, 81% ($ ha™) 1,375 1,383 1,399 1,394 - 1,399 -—--
Net revenue, 64% ($ ha™) 1,343 1,353 1,380 - 1,375 - 1,380 -

Net revenue, 43% ($ ha™) 1,267 1,283 1,336 -—-- 1,342 -—-- 1,348

U Cotton cultivar PM 1220 RR with a $1.94 kg™ cost for the seed and a $22.64 ha™! technology fee. The 1998 through 2000
yield response function presented in Table 3 was used to estimate the net revenues. PM 1220 RR and PM 1218 BR are
similar cultivars and were not treated differently in the specification of the yield response model. Thus, the differences in
seed premiums and technology fees for the two cultivars determine the optimal PPD for PM 1220 RR.

v Net revenues were calculated using a base quality price of $1.51 kg™! plus the estimated price difference at the optimal
PPD from the price equation presented in Table 3.

“Net revenue maximization was determined with and without price differences for fiber quality to determine the optimal PPD.
The 81%, 64 %, and 43 % represent alternative scenarios of expected plant survival ratios used to determine the seeding rate.

* The PPD that maximizes lint yields estimated using the 1998 through 2000 yield response function presented in Table 3.

Y Georgia Agricultural Extension Service UNRC PPD recommendation of 24.7 plants m~2 (University of Georgia, 2002).

? The minimum PPD of 15.5 plants m2 that may be needed to control weeds and facilitate efficient finger stripper harvest.
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The third major finding is the PSR influences the  mum PPD needed to suppress growth of vegetative
cost of establishing a cotton plant in UNRC produc-  pranches and weeds.
tion, and thus influences the optimal PPD. Results The final major finding that can be derived from
indicate that the cost per cotton plant successfully  Table 4 is the agronomic minimum PPD of 15.5
established rises when PSR declines. For example,  plants m™2 produced NRs similar to those obtained
for PM 1220 RR the cost of establishing 100 cotton  ysing the NR maximization PPD assuming a PSR
plants was $0.04 [($45 + $23) + (16.7 x 100)] when  of 64% or more. Results indicate that farmers may
the PSR was 81%, but more than doubled to $0.09  pe able to substantially reduce their cotton plant
per 100 cotton plants [($45 + $37) + (8.7 x 100)]  stand establishment costs, while enhancing NRs,
when the PSR was only 43%. When maximizingNR by suppressing the growth of vegetative branches
using price differences, the optimal PPD was 16.7  and weeds, and maintaining finger stripper harvest
plants m ™ when PSR was 81%, but was reduced to  efficiency using the agronomic minimum PPD cri-
8.7 plants m™> when the PSR was only 43%. The  terion. For a PSR of 64%, the agronomic minimum
latter PPD is much lower than the agronomic mini-  PPD decision rule produces $37 ha™' and $27 ha™!

Table 5. Yields, price differences, seeding rates, seed costs, and net revenues for alternative UNRC plant population density
(PPD) decision criteria with a glyphosate—tolerant (Roundup Ready), Bt (Bollgard) cultivar "

UNRC plant population density (PPD) decision criteria’

Net revenue maximization v

ftem Yield GA Agronomic Without price differences = With price differences
maximum* Extension’ minimum* g4, 64% 43% 81% 64% 43%
PPD m™ 26.6 24.7 15.5 19.3 14.0 6.7 14.7 9.5 6.7
Lint yield (kg ha™) 1,044 1,043 1,023 1,035 1,017 976 1,020 994 976
Price difference ($ kg™) —-0.10 —-0.09 —-0.08 -0.08 -0.07 -0.06 -0.07 —0.06 —0.06
Net lint price ($ kg™) 1.41 1.41 1.43 1.42 1.43 1.45 1.43 1.44 1.45
Seeding rate, 81% (kg ha™) 37 35 22 27 - -—-- 21 -—-- ———-
Seeding rate, 64% (kg ha™) 47 44 27 ———- 25 ———- ———- 17 ———-
Seeding rate, 43% (kg ha™) 70 65 41 -—-- -—-- 18 ———- ———- 18
Seed cost, 81% ($ ha™) 93 87 54 68 ---- 52 -
Seed cost, 64% ($ ha™) 118 110 69 ---- 62 ---- 42 -
Seed cost, 43% ($ ha™) 176 164 103 ---- 44 - 44
Technology fee, 81% ($ ha™) 85 85 83 84 -—-- ———- 83 ———— —
Technology fee, 64% ($ ha™) 132 128 110 -—-- 107 -—-- -—-- 98 ----
Technology fee, 43% ($ ha™) 241 230 174 -—-- -—-- 120 -—-- -—-- 120
Net revenue, 81% ($ ha™) 1,292 1,302 1,327 1,322 --- 1,327 ---
Net revenue, 64% ($ ha™) 1,221 1,236 1,285 1,289 1,294
Net revenue, 43% ($ ha™) 1,054 1,081 1,188 --- 1,251 --- --- 1,251

U Cotton cultivar PM 1218 BR with a $2.51 kg! cost for the seed and a $79.07 ha™! technology fee. The 1998 through 2000
yield response function presented in Table 3 was used to estimate the net revenues. PM 1220 RR and PM 1218 BR are
similar cultivars and were not treated differently in the specification of the yield response model. Thus, the differences in
seed premiums and technology fees for the two cultivars determine the optimal PPD for PM 1218 BR.

v Net revenues were calculated using a base quality price of $1.51 kg™ plus the estimated price difference at the optimal
PPD from the price equation presented in Table 3.

"Net revenue maximization was determined with and without price differences for fiber quality to determine the optimal PPD.
The 81%, 64%, and 43% represent alternative scenarios of expected plant survival ratios used to determine the seeding rate.

X The PPD that maximizes lint yields estimated using the 1998 through 2000 yield response function presented in Table 3.

Y Georgia Agricultural Extension Service UNRC PPD recommendation of 24.7 plants m~2 (University of Georgia, 2002).

2 The minimum PPD of 15.5 plants m~2 that may be needed to control weeds and facilitate efficient finger stripper harvest.
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larger NRs, respectively, than the yield maximiz-
ing PPD of 26.6 plants m 2 and the GA Extension
Service recommended PPD of 24.7 plants m™2.
Seed costs and technology fees for the agronomic
minimum PPD criterion were 34% ($44 ha™!) and
31% ($37 ha™!) smaller, respectively, than the costs
for the yield maximizing and GA Extension Service
PPD criteria.

The important findings that can be derived from
the NR results reported for the higher cost glypho-
sate-resistant (Roundup Ready), Bt (Bollgard) cul-
tivar PM 1218 BR in Table 5 are as follows. First,
the NR maximizing PPDs for PM 1218 BR were
smaller than for the PM 1220 RR cultivar (i.e. 9.5
plants m 2 compared with 14.2 plants m~2 with PM
1218 RR when a PSR of 64% was used to determine
the PPD). Given that the estimated yield response to
PPD was assumed to be the same for both PM 1220
RR and PM 1218 BR, a NR-maximizing farmer
would choose a lower PPD when using PM 1218 BR
because the cost per 100 plants established is higher
(i.e. $0.06 per 100 plants compared with $0.04 per
100 plants for PM 1220 RR). The cost savings from
a lower PPD were even larger than the revenue loss
from reduced yields with PM 1218 BR than with
PM 1220 RR. For a PSR of 64%, the seed costs
and technology fee savings total 41% ($98 ha™!)
compared with a 5% (49 kg ha™!) reduction in lint
yield from using a lower PPD. Also contributing to
higher net returns was a $0.03 kg™! increase in the
net price received due to lower price discounts for
fiber quality.

Results indicate that NR-maximizing farmers
may have an incentive to plant a considerably smaller
PPD than the agronomic minimum PPD of 15.5
plants m2with the more expensive cultivar, PM 1218
BR. A farmer may incur higher finger stripper harvest
costs and additional price discounts from weed trash
due to the low PPD suggested by the NR maximiza-
tion criterion. The potentially higher harvest costs
and weed contamination due to a lower PPD were
not considered in the maximization of NRs. The
difference in NRs for the agronomic minimum and
the NR maximization with price discount criteria
does suggest what the value of a higher PPD would
need to be to avoid weed and harvest problems. For
example, a farmer with a PSR of 64% could incur
up to $9 ha !in additional weed control and harvest
costs with the NR maximization criterion before its
NRs equal those obtained for agronomic minimum
PPD criterion.

CONCLUSIONS

An important factor influencing the profitability
of ultra-narrow-row cotton (UNRC) is the seeding
cost associated with relatively high plant population
densities (PPDs) used in UNRC production. This
study determined profit-maximizing PPDs and net
revenues for UNRC production. Profit-maximizing
net revenues were compared with the net revenues
obtained from maximizing yields using a PPD of 26.6
plants m 2, a GA Extension Service recommended
PPD of 24.7 plants m 2, and a minimum PPD of 15.5
plants m 2 needed to suppress weeds and to facilitate
efficient finger stripper harvest.

Results show the incremental gains in lint yields
with increasing PPDs were small, indicating that
similar yields can be obtained for a wide range of
PPDs in UNRC production. Increasing PPDs also
had a small but statistically significant influence on
price discounts for fiber quality. Given the small
impact of PPD on yields and the negative effects
of PPD on price discounts, the PPD required to
maximize net revenues was considerably smaller
than the PPD needed to maximize yields and the
PPD recommended by the GA Extension Service.
There was a favorable trade-off in seed cost and
technology fee savings and smaller price discounts
compared with the reduced yields from using a
lower PPD. Results also indicate that the plant
survival rate (PSR) used by a farmer to determine
the seeding rate influences optimal PPD. A low PSR
increases the cost per cotton plant established. The
trade-off in lower seeding costs and smaller price
discounts compared with the reduced yields from
using a lower PPD was greater with a low PSR,
thereby reducing the PPD required to maximize
net revenues relative to a higher PSR. Finally, net
revenues for the minimum PPD criterion of 15.5
plants m 2 needed to avoid weed and harvest prob-
lems were similar to the net revenues from using
the profit maximizing PPDs.

A limitation of this research is that the potentially
higher harvest costs and weed problems associated
with lower PPDs were not directly determined.
Future research should focus on large scale field
research to examine the effect of PPD on finger
harvester efficiency, weed competition, and other
production practices. This research could be used to
document any differences in harvest costs or other
production costs (e.g., weed control) associated with
the agronomic minimum PPD of 15.5 plants m™2
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when compared with higher PPD recommendations,
such as the GA Extension Service recommendation
of 24.7 plants m2,
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