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ABSTRACT

A standardized experiment was conducted during 2009 and 2010 at 20 location-years across U.S. cotton (Gossypium hirsutum L.)-
producing states to compare the N use requirement of contemporary cotton cultivars based on their planting seed size. Treatments
consisted of three cotton varieties with planting seed of different numbers of seed per kg and N rates of 0, 45, 90, and 134 kg ha™l.
Soil at each trial location was sampled and tested for nitrate presence. High levels of soil nitrate (>91 N-NO; kg ha~!) were found
in Arizona and western Texas, and soil nitrate in the range of 45 to 73 kg N-N 03‘ ha! was found at locations in the central United
States. Cotton lintyield responded to applied N at 11 of 20 locations. Considering only sites that responded to applied N, highest lint
yields were achieved with 112 to 224 kg ha~'of applied plus pre-plant residual soil N O;—translating to an optimal N requirement
of 23 kg ha! per 218 kg bale of lint produced. Among the varieties tested those with medium-sized seed produced higher yields in
response to N than did larger and smaller seeded varieties. Varieties with larger seed had longer and stronger fibers, higher fiber
length uniformity than small seeded varieties and decreased micronaire. Seed protein and oil increased and decreased slightly in

response to increasing amounts of soil nitrate plus applied N, respectively.

NITROGEN IS FREQUENTLY the plant nutrient provided to
cotton in the greatest quantity, but often N is not used effi-
ciently by the crop (Hunt et al., 1998; Hutmacher et al., 2004).
Applied N may not be available to the crop because of runoff,
leaching, and volatilization. Such losses represent unrecovered
input costs for the grower and potentially detrimental effects to
the environment (Galloway et al., 2008). Moreover, in recent
years prices of N fertilizers have increased and have been increas-
ingly volatile (USDA-ERS, 2012). Thus, there are both economic
and environmental motives for improving the efficiency of N
fertilization practices.

A compounding problem with selecting a single optimum
N rate for cotton compared to grain crops is in part due to
cotton’s physiology. In contrast to grain crops that were selected
from wild annual plants, cotton varieties are derived from
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arborescent perennials that can be highly indeterminate in
growth and reproduction patterns (Donald and Hamblin,

1976; Bednarz and Nichols, 2005). Partitioning of N in cotton
is affected by genetics, environment, and the availability of N
(Mullins and Burmeister, 1990; Boquet et al., 1993; Boquet and
Breitenbeck, 2000; Fritschi et al., 2003). Cotton varieties that
receive supraoptimal N may produce excessive vegetative growth
and fewer reproductive structures than cotton receiving less N
(Boquet et al., 1994; Boquet and Breitenbeck, 2000). Increasing
N fertilization may increase cottonseed yield more than lint
yields (Egelkraut et al., 2004; Fritschi et al., 2003).

Pre-sidedress soil nitrate tests (PSN'T)) have shown promise in
predicting N fertilizer needs for other crops. Spellman et al. (1996)
reported that critical levels for PSN'T NO;~ for corn production
were lower in semiarid areas of the western United States than
in more humid environments. Similar results were reported in
Australia where soil NO;~ levels sampled to a depth of 30 cm
before planting were closely correlated to cotton N uptake in plots
that received no applied N fertilizer (Constable and Rochester,
1988). While soil NO; ™ testing is not currently used to a great
extent for cotton production, this type of testing could prove to be
economically beneficial in areas where residual NO; ™ is present.

Cotton lint is comprised of fibers growing from the cotton
seed surface. Because a large number of small seed can have
more surface area than do a few large seed, greater lint yields
might be achieved by selecting for reduced seed size and
increasing seed numbers (Harrell and Culp, 1976). Such a result
could accrue from simple selection for high gin turnout, the
fraction of lint obtained from harvested seed cotton. In fact the
mean seed size of cotton varieties has been decreasing for the
last 30 yr (Bednarz et al., 2007).

Abbreviations: PSNT, pre-sidedress soil nitrate tests.
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Table I. Summary of trial locations, soil types, and cotton varieties{ planted at each location representing each seed size class.

Seed sizes, no. seed kg~!

Location Years Soil type <9700 9701-11,000 >11,001
Arkansas 2009-2010 silt loam ST 5288B2F DP 0924 B2RF FM 1740B2RF
Arizona 2009 clay loam DP 164 B2RF ST 4498B2RF PHY 745 WRF

2010 clay loam ST 5288B2F DP 0924 B2RF FM 1740B2RF
Georgia 2009 sandy loam DP 555 BG/RR PHY 485 WRF FM 1740B2RF
Kansas 2010 sandy loam ST 5288B2F DP 0924 B2RF FM 9180B2F
Mississippi 2009-2010 loam ST 5288B2F DP 0924 B2RF FM 1740B2RF
North Carolina 2009-2010 sandy loam ST 5288B2F DP 0912 B2RF FM 1740B2RF
Oklahoma 2009 clay loam DP 164 B2RF ST 4554B2RF FM 9180B2F

2010 clay loam ST 5288B2F DP 0924 B2RF FM 9180B2F
South Carolina 2009-2010 sandy loam DP 555 BG/RR DP 0935 B2RF PHY 745 WRF
Tennessee 2009-2010 silt loam ST 5288B2F DP 0920 B2RF FM 1740B2RF
South Texas 2009-2010 silty clay loam DP 0949 B2RF DP 0935 B2RF FM 840B2F
West Texas 2009 clay loam DP 161 B2RF FM 9058F FM 9180B2F

2010 clay loam ST 5288B2F DP 0924 B2RF FM 9180B2F

1 DP = Deltapine, Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO 63167; FM = FiberMax, Bayer CropScience, 2 TW Alexander Drive, Research Triangle Park,
NC 27709; PHY = PhytoGen Cotton Seed, Dow AgroSciences LLC, 9330 Zionsville Road, Indianapolis, IN 46268; ST = Stoneville, Bayer CropScience, 2 TW Alexander

Drive, Research Triangle Park, NC 27709.

The cotton crop produces lint, whole seed for ruminant
feed, cottonseed meal, a source of protein, and cottonseed oil,
as well as hulls, a source of roughage, and linters, a source of
cellulose. Since cotton seeds are a N sink (Egelkraut etal, 2004),
maximum lint yields might be achieved with lower rates of N
than previously were recommended for cotton production. Use
of relatively low N rates for the fertilization of small-seeded
cotton varieties may change the distribution of products
produced by cotton and the distribution of N among cotton
products from that expected with larger seeded varieties. The
objective of this research is to compare the N use requirement of
contemporary cotton cultivars based on their planting seed size.

MATERIALS AND METHODS

A standardized experiment was conducted by state
cooperative extension cotton specialists at 20 locations during
2009 and 2010 (Table 1). At each location, the experiment was
implemented as a factorial arrangement of three varieties and
four N rates within a randomized complete block design with
four replications of treatments. The three cotton seed size classes
were selected with seed counts kg‘l in the following ranges,
<9700 (large), between 9701—11,000 (medium), and >11,001
(small). A locally-adapted variety from each seed-size class was
selected at each location. Nitrogen rates were 0, 45, 90, and
134 kg N ha™! applied as a side-dress treatment between planting
and the pinhead square stage of cotton development. Nitrogen
fertilizer source was selected at each trial location according to
locally available sources and practices.

The cations, Ca, Mg, and K; and extractable P were
determined according to state soil laboratory procedures in
the respective states. Except as noted in the experimental
design, the crops were managed for high yields according to
each respective states’ University Extension recommendations.
Soil samples were extracted from each plot at the 0- to 15- and
15- to 60-cm depth before plantingand N application. Soil
nitrate was determined in all samples (Bremner, 1965). Stand
counts were recorded 10 to 14 d after planting (DAP) to ensure
auniform crop was established for each trial. Cotton vigor was
monitored by recording the number of nodes above the highest

first position white flower (NAWF) weekly from first bloom
through defoliation (Bourland et al., 2001). At 120 DAP, plant
height, number of plant nodes, number of bolls, and nodes above
the highest first position cracked boll (NACB) to the highest
harvestable boll were recorded (Bourland et al., 1992). The date
when each treatment reached 60% open boll was recorded,

and the cotton defoliated as soon thereafter as possible. The
two center rows of each four to eight row plot were harvested
using spindle pickers modified for small-plot harvesting at

all locations except in Altus, OK, and Lubbock, TX, where a
cotton stripper harvester was used. A sample of mechanically
harvested seedcotton was collected from each plot and used to
determine lint percentage and fiber quality. Gin turnout and
lint yields were recorded, and ginned 50 glint samples were sent
to Cotton Incorporated where fiber properties were measured
using a Model 1000 Uster High Volume Instrument (Sasser,
1981). Fuzzy cotton sced index was determined by counting the
number of ginned seed in three 100-g samples.

Oil and protein content of the seed were quantified in
samples of fuzzy seed by chemometric analysis using pulsed-
field, time-domain 'H nuclear magnetic resonance (TD-NMR)
as previously developed (Horn et al., 2011) with a few
modifications. The NMR signals were recorded on a modified
Bruker minispec mq20 NMR analyzer (Bruker Optics, Inc, The
Woodlands, TX). A newly-designed probe (PA247) with shorter
dead time (29 ps) was installed in the mq20 spectrometer to
acquire additional solid-echo signal and enhanced overall signal
quality that improved the prediction of protein values from
cottonseed. Algorithms for the calculation of oil and protein
values were developed by generating a standard curve and by
multivariate analysis, respectively, with a diverse reference seed
set (Horn et al., 2011). Values for each sample were reported
as mean weight percent from three independent samples of
approximately 3 g of seed.

Data were subjected to statistical analysis using the PROC
MIXED procedure of the Statistical Analysis System (SAS
version 9.2; SAS Institute, Cary, NC). A preliminary analysis
reviled no interaction of the main effects, seed-size classes
and N rates with locations and years. Each year—location
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Fig. |. Pre-plant residual soil NO;~ by location as measured by pre-sidedress nitrate testing.

combination was considered an environment. Environments,
replications nested within environment, and all interactions of
these effects were considered random effects; whereas N and
variety treatments were considered fixed effects. Considering
environments as a random effect permits inferences about the
treatments to be made over a range of environments (Blouin et
al., 2011; Carmer et al.,1989). A similar statistical approach has
been used by several researchers using a randomized complete
block design (Bond et al., 2005; Hager et al., 2003; Jenkins et al.,
1990) as well as those using a factorial arrangement of treatments
in a randomized complete block design (Bond et al., 2008; Ottis
etal., 2004; Walker et al., 2008). Means were separated using
Fishers Protected LSD test at the 0.05 significance level.

RESULTS

Soil Nitrate Measurements

Results from analysis of soil nitrate varied based on soil type
and N use history (Fig. 1). Sandy loam soils in Georgia, North
Carolina, and South Carolina with previous N use contained
from 17 to 22 kg NO;~ ha™lin the upper 15 cm of the soil
profile with an additional 7 to 12 kg NO;~ ha™! from 16- to
60-cm depth in the soil profile. In Arkansas, Mississippi, and
Tennessee there was 30 to 35 and 30 to 48 kg NO;~ halin the
top 15-cm and 16- to 60-cm soil depths, respectively. In areas
with little to no N use history (Kansas 2010, south Texas, and
west Texas 2010) total nitrate found in a 60-cm profile was
<20kgNO;~ ha=L. More arid environments with N use history
(Arizona and west Texas 2009) had >130 kgNO,~ ha~lin the
60-cm profile. Pre-sidedress soil nitrate tests have shown promise
in predicting N fertilizer needs for other crops. Spellman et
al. (1996) reported that critical levels for PSN'T NO,~ in corn

production were lower in semiarid areas of the western United

States than in more humid environments and the same may

be true for cotton production. Similar results were reported

in Australia where soil NO;~ levels sampled to a depth of 30

cm before planting were closely correlated to cotton N uptake

in plots that received no applied N fertilizer (Constable and
Rochester, 1988). While soil NO; ™ testing is not currently used
to a great extent for cotton production, this type of testing could
prove to be economically beneficial in areas where residual NO;~
is present.

Effects of Seed Size X Nitrogen Rates

Contrary to the hypothesis of this research, no interaction of
seed size and N rate was found (data not shown). The 60 site-year x
variety means generated by this research represented a total of 18
varieties. All varieties were locally adapted and many were in the
top 10 most commonly-planted varieties for the years when the
experiments were conducted. Since no interactions of N rate and
varieties was found, the data are presented as the main effects of
seed size and N rate.

Effects of Seed Sizes

When grown in these environments with four N application
levels the varieties of the respective seed-size classes produced
fuzzy sced that differed in mean weight (Table 2). Lint yields
and mean seed size of commercial cotton varieties have varied
inversely for the past 60 yr (Culp and Harrell, 1975; Harrell
and Culp, 1976; Bednarz et al., 2007), apparently in response
to selection for high lint percentage and lint yield. Highest lint
yields were observed in these experiments when varieties were of
a medium seed size. (Table 2).
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Table 2. Response of cotton lint yield, fuzzy seed size, and fiber quality parameters based on applied N rate and planting seed size.

Nitrogen Seed size Lint Seed wt. GTOt Mic Length Strength uni
kg ha™! kg ha™! g 100 seed™! % cm g tex! %

0 1208 9.08 38.6 4.7 2.84 28.8 81.8
45 1368 9.27 383 4.6 2.82 29.0 81.9
90 1435 9.30 38.1 4.6 2.84 29.2 82.0
134 1447 9.37 37.6 4.5 2.84 29.3 82.2
LSD (0.05) 64 0.19 0.4 0.1 0.03 0.3 ns
<9700 1327 9.65 379 4.5 2.87 29.4 82.3

9701-11,000 1410 9.33 387 4.7 2.82 28.5 82.3

>11,001 1357 8.80 385 4.6 2.84 289 81.8

LSD (0.05) 55 0.16 0.3 0.1 0.03 0.3 0.2

1 GTO = gin turnout; Mic = measure of fiber fineness, uni = fiber length uniformity index; tex = linear mass density of fibers, grams per 1000 meters.

Effects of Nitrogen Rates

In 11 of 20 environments there was a lint yield response to
applied N. When 45 kgN ha! was applied yields were greater
than when no N was applied, but were less than yields where 90
to 134 kg N ha~! was applied (Fig. 2a). When all trial sites, both
N responsive and non-responsive, are considered 45 kg N ha™!
increased yields above no applied N, but additional N above
45kgN ha~! did not improve lint yield.
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Effects of Applied Nitrogen Rate
Plus Soil Residual Nitrate

Cotton responds to ammonium and NO; N from all
sources, soil, water, and atmospheric deposition. While any
measurement of soil NO;™ is transient, measurement of pre-plant
soil NO;~isa relatively simple and inexpensive way for a grower
to estimate readily available soil N at planting (Hons et al., 2004).
Accordingly, soil NO; ™ was measured at all sites. When applied N
plus measured soil NO, ™ is considered with cotton lint response
amore accurate relationship may be established. To make this
comparison soil NO;™in the upper 60 cm of the soil profile plus
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Fig. 2. (a) Response of cotton lint yield averaged over all test environments and only those environments that responded to applied
N. (b) Response of cotton lint yield averaged over all test environments and only those environments that responded to applied N
and applied N plus measured pre-plant soil NO;™.
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Table 3. Cotton plant height, number of plant nodes, and rele-
tative maturity response to applied N.

Nitrogen Plant height Plant nodes NACBt}
kg ha™! cm no.
0 742 16.6 43
45 79.8 17.1 4.9
90 84.1 18.0 53
134 88.2 18.5 5.9
LSD (0.05) 23 1.0 0.5

1 Node number above highest first position cracked boll to highest harvestable
first position boll.

applied N was categorized into 28 kg NO,~ ha™! groups and
analyzed for yield response (Fig. 2b).

Cotton Growth

Measurements of cotton plant growth and development
indicate that N application rate effected plant height, total
number of nodes, and delayed crop maturity. Plant height ranges
from 74.2 to 88.2 cm from 0 to 134 kg ha !N application,
respectively (Table 3). Similarly, the number of nodes increased
with increasing N application growing an additional 1.9 nodes
when comparing 134 kg ha=! N application to 0 kg haL.

The consequence of growing a taller plant with more nodes

is extending the length of growing season needed to mature
developing bolls. The addition of N delayed cotton maturity
when NAWF was measured during the second week of bloom

in these trials (data not shown). Additionally, higher levels of N
fertilization delayed maturity at the end of the growing season
(Table 2). There was a 1.6 NACB difference which would require
88 additional heat units, or approximately 5 d based on reports
of Brecke et al. (2001).

Lint Yields

Lint yields are presented as functions of applied N (Fig. 2a)
and as applied N plus measured soil NO,~ (Fig. 2b). Lint yields
are shown separately for all test sites and for only those sites
that had a significant response to applied N. Only 11 of the
20 environments responded to applied N. For all four cases,
second degree polynomial regression was highly significant
(P < 0.01). For both applied N and applied plus measured soil
NO3_, the coefficient of determination was increased when
only N responding sites were considered for both applied N plus
measured soil NO; ™. For N responding sites and all trial sites, a
declining trend in lint yields was found when applied N plus soil
NO; ™ was >152 and 125 kgN ha™l, respectively. Interestingly,
when 0 kg N ha™! was applied in these trials the average lint yield
was 1208 kg ha! indicating that residual soil NO;~ and other
forms of soil N provide nutrition to the cotton crop. However,
cotton producers would be surprised to produce >1000 kg ha™!
cotton lint without applying supplemental N.

For N responsive sites, optimum lint yield response occurred
between 112 and 196 kg of applied N plus soil NO; ™ with
negative yield trend above 196 kgN ha™L. This represents 19 to
36kg ha ! use per 218 kg bale of cotton lint with a maximum
regression near 23 kg applied N plus soil NO;~ ha™. When all
trial sites are considered, optimum lint yield response to applied N
plus soil NO; ™ shifts lower in a range from 70 to 180 kg N ha™L.
This represents 12 to 28 kg ha ! N use per 218 kg bale of cotton
lint with a regression maximum near 19 kgapplied N ha™L. The

difference in N utilization between responsive and non-responsive
locations as well as the different conclusion for optimal N rate
between applied N and applied N plus soil NO, ™ illustrates just
aportion of the complexity in prescribing N rates. These data
suggest that soil NO; testing immediately before cotton planting
can serve as a guide to help prevent overfertilization and yield loss,
as well as protect water resources from N loading with excessive N
applications.

In Fig. 3 yield data is presented by soil type for N responsive
locations and similar second degree polynomial regression
indicted good to excellent response to applied N plus soil NO5~
based on coefficients of determination. Lint yield values were
normalized to percentage of the highest yielding applied N plus
soil NO;~ category. Lint yield at locations with clay loam (36%
increase) and loam (75% increase) soil types responded more to
applied N. Lint yield from sites with sandy loam, silt loam, and
silty clay loam soil responded to applied N plus soil NO;~ levels
however, the response ranged from al6 to 22% increase.

Seed and Fiber Properties

Significant effects of N application rate on mean fuzzy seed
weights, gin turnout, fiber strength, fiber length uniformity,
and micronaire were found (Table 2). Increasing N rates
increased mean fuzzy seed weight compared to the 0 kgN ha™!
rate. Although such an effect is familiar to many cotton
researchers, these are the first data of which we are aware that
definitely establish this relationship over multiple environments.
Algebraically, an increase in mean seed weight would be
expected to decrease lint percentage, and such a result was
confirmed when applying 90 or 134 kg ha™! N decreased gin
turnout. Plant vigor associated with good N management may be
expected to positively influence fiber strength and an increase in
strength was found when N was applied. Similarly fiber length
uniformity also increased with increasing N rate. However,
fiber micronaire decreased. Micronaire is an indirect measure
influenced both by fiber fineness and fiber maturity, the latter
being the degree of deposition of cellulose in the secondary cell
wall inside the microfibril encasing the fiber lumen (DeLanghe,
1986). In this instance, we propose that the decrease is primarily
due to the decrease in fiber maturity associated with the increase
in late-season growth caused by abundant N nutrition (Boman
and Westerman, 1994). Small differences in fiber properties were
detected for the differing planting seed sizes. However, these
differences are likely due to genetic differences among varieties
rather than seed size.

As anticipated, higher applied N rates increased seed protein,
but the effect was small. Conversely as seed protein increased,
seed oil content decreased (Fig. 4). Similar effects were observed
when data was analyzed for applied N plus soil NO;~ (data not
shown). No differences were noted for seed protein or seed oil
content for varieties of different seed sizes. This indicates that
while seed protein and seed oil content can be affected by N
application, the concentrations remain relative to seed mass.

DISCUSSION

Residual soil NO;™ is present in Cotton Bele soils. When
N is applied cotton plants grow taller, develop more nodes,
and the time to crop maturity was increased in these trials.
Cotton planting seed size did not interact with applied N rates.
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Increasing applied N rate increased seed index, fiber length, fiber
length uniformity, fiber strength while lint percentage and fiber

micronaire decreased.
Cotton lint yield responded to applied N in 11 of 20

environments included in this data set. Lint yield was increased at
responsive locations by 45 kg N ha! compared to plots receiving
0kgN ha L. Similarly applications of 90 and 134 kg N ha!
increased lint yield compared to the response with 45 kg N ha™L.
When applied N plus residual soil NO;™are considered, locations

that had a response to applied N maximized lint production near
150 kg applied N plus soil NO;~ haL. This response translates

to an N requirement of 23 kg ha™! for each 218 kg bale of lint
produced. This research indicates that measuring soil residual
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Fig. 4. Response of cottonseed protein and oil concentration to applied N.

While the data cannot be extrapolated to every cotton
variety, we conclude that these data are sufficient to make an
N recommendation of 23 kg N ha! per bale of expected yield

NO;~ could help reduce N input costs and reduce N loading in
the environment while maintaining high levels of productivity.
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including applied N plus residual soil NO;~ measurements
immediately before planting. This recommendation should
be sufficient for contemporary cotton varieties in the absence
of other data to the contrary for an individual variety. Future
research should focus on N utilization efficiency of varying
Gossypinm genetics to identify germplasm that may lead to
reduced N application and maintain lint yield potential.
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