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ABSTRACT

Nitrugen recormmendations for Upland cotton (Gessypium hirsu-
i L) in the western USA pre based on spring soil NOT-N tests,
In-seasen moenitoring of planmt N ststus is another approach. Our
primary objective wus lo test speciral reflectance and chlorophyll
meler measurements a5 in-senson N decision aids for irrignied cotton,
and to compare these with soil test-based N manngement. The second-
ary objective way to determine the fate of *N ns affected by N manage-
menf and irrigation modes. Urea nmmonium niteade was applied with
I energy precision (LEPA) center-pivol, surface drip, ond subsur-
face drip irrigation. Micraplots received 3 atom% “N. Soil test N
application wos bosed on 0- to 60-cm soil NO7=N nnd 1400 kg lint
ha~* expected yield, Thirty-four kilograms of N per hectare was np-
plied when green vegetative index (GVI1) or chiorophyll meter rend-
ings relative to well-fertilized plats were <<(0.95, Lint yield responded
to N ot Lubbock in Z000 snd 2001, bui not at Ropesyilie, Nitrogen
upplied with in-senson monitoring in 2000 ot both sites was 34 to 101
kg N o™ less than sofl test N epplieation of 134 kg ha™, with similor
yields, In Lubbock, 2001 lint yields were neor the expected yield,
und in three of four cuses, N applications with in-senson monitoring
equuled soil fest N npplications of 101 kg ho~\. Nitrogen-15 recovery
in plunts ranged from 19 1o 38%, vad was sffected by N management
in twa of three site-years, but not by irtigation. This study indicntes
that bosing N applications on in-sesason moenitoring can seduce N
spplications in low yielding seasons and match the yield polentiot in
high-yielding seasons, -

IRRIGATED UPLAND COTTON is grown on about half of
the 1.1 million ha cotlon area in the Southern High
Plains of Texas (Texas Agricultural Statistics Service,
1998}, where water and N are the major constraints of
the region (Morrow and Krieg, 1990). The best manage-
ment practice for cenler-pivols in the Southern High
Plains is low energy precision application (LEPA)
where waler is delivered to alternate [urrows through
drop socks that reach the ground (Lyle and Bordovsky,
1981). Furrow-dikes are made in the irrigated “wet”
furrows to reduce run-off and further increase water-
vse effliciency (Lyle and Bordovsky, 1983). Subsurface
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drip irrigation systems can convey water lo the root
zone with a greater efficiency than LEPA, and have
been increasingly adopted in the Southern High Plains
(Bordovsky and Lyle, 1998; Bordovsky, 2001). Due to
the lmited capacity of irrigation wells in the region
that draw from the declining Ogallala aquifer. cotton is
deficit irrigated (High Plains Underground Water Con-
servation District No. 1, 1998). The optimal irrigation
amount for cotton production under LEPA-irrigation
is about 0.8 base irrigation amount (estimated crop
evapotranspiration [ET] mious rain) (Bordovsky and
Lyle, 1999). The optimal irrigation frequency for cotlon
in LEPA-irrigation is 3 d compared with the higher
volume and infrequent irripations of furrow-irrigation
(Bordovsky et al., 1992; Bordovsky and Lyle, 1999).

Nutrienl management in these irrigation systems has
uot received as much attenlion as water management.
Nitrogen [ertilizer is usually delivered with irripation
water through LEPA or subsuriace irrigation systems.
Morrow and Krieg (1990) and Bronson et al. {2001)
demonstrated that N supply should increase s irrigation
capacily increases [or cotton in the Soulthern High
Plains, Over-fertilization however, can result in NOy-N
buildup in the subsoil, even at high irrigation rates
(Bronson et al.,, 2001). Depth to ground water in the
Southern High Plains generally ranges from 30 to 90 m
{High Plains Underground Waler Conservation District
No. I, 1998) and it is not clear how much subsail
NO7-N Irom fertilizer leaches to the ground water.
However, the NOy-N levelsin the irrigation wells south
of Lubback are increasing, such that 20% have NOy-N
levels >10 pp mL.~! (Hopkins, 1993).

Nitrogen-13 is useful for determining the [ate of
added N to crop-soil systems, but few "N balance studies
have been conducted in cotton (Torbert and Reeves,
1994: Karlen et al., 1996; Rochester el al., 1997). Recov-
eries of "N by cotlon crops in these studies have been
reported to be low, that is, <50% of added N. Cotton,
therefore, may need improved approaches {or determin-
ing amounts and timing of N lertilizer applications.

Spring soil NOy-N tests have traditionally been the
basis for N [ertilizer recommendalions for cotton in the
western USA (Zelinski, 1985: Zhang et al., 1998). Soil

Abbrevintions: ANA-MS, sutomated N analyzer-muss spectromeier;
ET, evapotranspiration; GNDVI. green normalized difference vepeta-
tive index; GVI, green vegetative index: LEPA, low energy precision
application irrigation: LSD, least significant difference ND V1, normal-
ized difference vegetative index; NIR, near infrared: RNDVI, ted
normalized difference vegetative index: RVI, red vepetative index.
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NO;-N measured in lale winter or early spring, how-
ever, may be leached or denitrified before a crop is
planted. Mineralization of organic matter, on the other
hand, ean increase the supply of N Lo the next crop. In-
season monitoring of planl N status may be a better
approach in ensuring that N is applied on an as-
needed basis.

The chlorophyll meler provides a quick and nonde-
structive diagnosis of plant N status and has been widely
tested for crops such as rice (Oryza sativa L.), com
{Zea mays L.}, wheat (Triticiun aestiviun L.), and cotton
{Turner and Jund, 1991; Peng et al., 1996, Hussain et
al.. 2000; Peterson el al., 1993; Varvel et al., 1997, Bijay-
. Singh et al., 2002; Follett et al., 1992; Wood et al., 1992;
Wu et al.. 1998; Bronson el al.. 2001). Bronson el al.
(2001} reported (hat in-seasen chlorophyll meter mea-
surements of cotton correlated with petiole NOy-N,
leaf N, and lint yield, Wood et al. (1992) observed that
chlorophyll meter measurements correlated with col-
tonseed yield better than petiole NOj-N concentra-
tions. Using the chlorophyll meter as a guide to in-
season N {ertilization is often based on a sufficiency
index. or chlorophyll meter readings divided by the
readings of a well-lertilized relerence (Varvel et al.,
1997; Hussain el al., 2000). In-season N is applied when
the sufliciency index <<95%. The sufficiency index ap-
proach allows the chlorophyll meter to be used in dilfer-
enl environments and with different varieties, lactors
that alfect raw chiorophyll meter readings (Peterson et
al., 1993).

Remote sensing of spectral reflectance is another op-
tion 1o assess crop N status, and has the additional ad-
vantage of sensing crop biomass. Usually, vegetative
ratio indices of reflectance at near inlrared (NIR)/red
reflectance {or green) are calculated. Tucker (1979) pro-
posed the normalized difference vegetative index or
NDVI as (Rum - R,m)/(RNm + chd)a where RM}( and
R, are reflectance in the NIR and in the red regions,
respectively. The NDVI has been correlated with leaf
area index, canopy cover, and chlorophyll concentration
in cotlon (Thomas and Gausman, 1977; Maas, 1998;
Huete and Jackson, 1988).

Recently, research has been conducted on “proximal™
sensing of spectral reflectance of crop canopies. Bausch
and Duke (1996) measured refleclance of corn under a
center pivot at a 10-m height, and [ound that Ryu/Rycen
{Run and Rg., are reflectance in the NIR and in the
green repions, respectively) related to leaf N. Research-
ersin Oklahoma developed a ground-based spectroradi-
omeler wilh upward and downward facing NIR and red
sensors directly over the row in wheat. They related N
uplake, biomass (Solie et al., 1996; Stone et al., 1996)
and yield {Raun et al., 2001) wilh NDVI. Ma el al.,
{2001) estimated soybean (Glycine max {1..) Merr.) yield
with NDVTI calculations of in-season measurements of
spectral reflectance 2 m abave the ground. Li et al.
{2001) measured spectral reflectance from 3 m above
the ground and reported that NDVT and red vegetative
index were posilively correlated with cotton biomass,
N accumulation, and lin yield. Leal N was negatively
correlated with blue reflectance in the Li et al, (2001)

study. Spectral reflectance and the chlorophyll meter
therelore may help determine N fertilizer needs in col-
ton, regardless of soil test NOy-N resolts.

The objectives of this study were to: (i) delermine
colton response ta N lertilizer with LEPA, surface drip,
and subsurface drip irrigation systems, (it} test spectral
reflectance and chlorophyll meter measurements as in-
season N decision aids [or irrigated cotton, and compare
them with soil test-based N management, and (iii) deter-
mine the balance of added “N in cotton and soil as
affected by irrigation system and N management.

MATERIALS AND METHODS

The study was conducted at the Texas A&M University
Research and Extension Center near Lubbock, TX (101° 49°
W. long., 33° 41" N. Ial.} and on a farmer’s field near Ropes-
ville, TX (102°5' W, leng., 33° 26" N. Iat.). The soil at Lubbock
is an Acuff sandy clay loam (fine-lonmy, mixed, superactive.
thermic Aridic Paleusiolls) and the soil at Ropesville is an
Amarillo sandy loam (fine-loamy. mixed, superactive, thermic,
Aridic Paleustalf). Key physical and chemical properties of
the soils are shown in Table 1. The sites were grown with a
rye (Secale cerenle L.) winter cover crap that was terminated
with glyphosate (Monsanto Co., 51, Louis, MQO)[isoprophy-
lamine salt of N-{phosphomonomethy!} glycine] 2 to 3 wk
belore planting of cotton. The experimental design was a split-
plot with three replications. Al the Lubbock site, subplots
(7.2 m long by eight 1-m rows) were in north-lo-south [ucing
rows, and had alternate wet (drip lape-irrigated) and dry fur-
rows. Al Ropesville, all subplots (12 1o 17 m long by eight
1-m rows) were under cenler-pivot irrigation. Uneven plot
lenpths were due to the circular rows. The main plots had two
waler regimes: surface and subsurface drip al 75% estimated
ET replacement for Lubbock: and LEPA at 84 and 105%
estimaled ET replacement at Ropesville. Al Lubbock. irriga-
tion water in both surface and subsurface systems was deliv-
ered through drip tape in alternate furrows with emitters
spaced at 60 cm. Water was supplied through the surface drip
system at 6.4 L h™! every 3 d at 0.05 1o 0.07 MPa. In the
subsurface (30-cm depth) drip system, water flowed daily at
1.0 L h™' at 0.07 ta 0.10 MPa pressure. In the LEPA syslem
at Ropesville, water was supplied to alternate furrows through
drop tubes each equipped with a sock that reached the ground
{Bordovsky and Lyle, 1998). Waler flow at Ropesville was
100 L b~', and the irrigation frequency was every 3 d. Polential
ET was estimated at both sites with a modified Penman-Mon-
teith equation from daily on-site wealher data (Lascano and
Salisbury, 1993). Cotton crop coefficients, related to develop-
menl stages, were used Lo adjust poteniial ET to eslimated

Table 1. Chemical and physical churacteristics of soils a1 study
sites in Spring 2000.

Properly Ropesville Lubbock
Cloy, ¢ kg~'t 196 21y
Silt, g kg™'¥ 141 177
Sand, g kg ¥ 663 604
Total N, g kg 'f : 0.5 0.6
pH {1:1 soil/waten) t 83 : 8.1
CEC, emul, kg% 14 18
K.opgp % 285 400
Mehlich 3-P, myp kg~ 't 1 29
NO&~N, kg ha '3 48 37
MNO-N; kg ho '8 8 Pls]
T -15 en.

£ 0-60 cm.

§ 0-90 em,
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ET for the ET replacement irrigation treatments (Bordovsky
et ak., 1992). Irrigation was terminated at 2000 cumulative heat
units (hase £3°C) or 23% open holl for all three sile-years
{Hicks eq al., 2000).

Twenly-lwa and 14.6 kg P ha™' was applied just before
planting in 2000 and 2001 at Ropesville, and Lubbock, respec-
tively. These P rates were based on Mehlich-3-P kg ™' (Tabie 1}
in so0il and the recommendations of Zhang et al. {1998). Phos-
phorus fertilizer was blankel-applied lo the enlire areas ag
148.3 1 H;PO,~P kp™* with a liquid fertilizer applicator, fitted
wilh spoke injectors. Placement of P was 10 cm from the seed
row and 10 em deep, on one side of Lhe row.

The subplots at both sites had five N managemeni treat-
ments: zero N, soil lest-based, chlorophyll meter-based, reflec-
jnnce-based, and well fertilized. In each subplot, ¥N microplots
1.8 m long by two 1-m rows (separated by a wel furrow)
were installed. Microplot localions were changed within the
subplots between 2000 and 2001, ‘Paymaster Round-up Ready
2326° (Delia and Pine Land Co., Scott, MS) cotton was seeded
in 1-m heds at rates of 70 000 and 100 000 seed ha™* at Ropes-
ville and Lubbock, respectively. Seeding dates were 6 May
2000 in Ropesville, 25 May 2000 in Lubbock, and 1 May in
Lubbock in 2001. Cotton planted at Ropesville on 2 May 2001
was destroyed by hail on 30 May, so anly Year 2000 Ropesville
resulls are presented.

Afler emergence, at the two-leaf stage, the soil lest-based,
chlorophyll meler-based, and refleclance-based plots received
34 kg N ha”*, and the well-fertilized plots received 67 kg N
hat~'as uren smmonium nitrate (320 g N kg~ solution (Tables
2-4).The first N application in all three site-years was dribbled
abow 10 ecm away from Lhe seed row with a one-row push-
type liquid applicalor, followed immediately by incarporation
by hand hoeing. Subsequent applications al Ropesville in 2000
were dribbled onto the bottom of the wet furrow before irriga-
tions. In-season N applications al Lubbock were made during
irrigitions in the botiom ol the wet furrow by repeating syringe
injections every 60 cm al each emitter paoint for both the
surface drip tape and the subsurface drip tape. Our intention
with alt in-seasan N applications was to simulale fertigation,
Since the subsurface irrigation tape was buried at the 30-cm
depth, the N selution was applied into funnels in 30-cm-long
pelyvinylaccess tubes at each emitler. The microplots received
3.1 atom% "N-labeled urea ammonium nitrate al the same
rales and times as the corresponding subplots with a re-
peating syringe. .

Plant N stalus wus monilored in each subplol at early squar-

TFable 2. Uren simmonium nitraie-N rates applied at Ropesville
2000,

Trewlment TFLT ESE EB§ PBY Total
kg N ha ?
80% ET Replucementif
Woell fertilized fi7 67 67 ¢ 202
Soil 1esi 34 34 M EL] 134
Refeclance 34 it 0 i M
Chlorophyll meter 34 { 1 { 34
Zero 0 ) [ i 0
15% ET Replicement
Welt feriilized 67 o7 67 t 202
Seil 1es1 34 3 34 34 134
Reflevtance M 0 0 34 67
Chlorophyll meter 34 i 0 i kLl
Zern 0 3 1] 1 i

t TL, two-leaf.

3 ES, early squuring.

§ EB, vardy blonm,

1 PR, peak bleoo.

# ET. evapatranspiration.

Table 3. Uren ammonium nitrate-N rates applied at Lubbock
2000,

Treatmeni TL} ES; EBY PB1 Total
kg Nl !
Surfuce drip
Well fertilized () 67 07 0 2
Soil test 34 34 3 34 134
Refleclunce 34 1] 1} 34 67
Chlorophyll meder 34 1] 34 0 67
Zero 0 1] 0 0 1]
Subsurfnce drip :
Well fertilized 67 67 67 1] 212
Soil test 34 - M kl 34 134
Refectonee 34 i 0 0 34
Chlerophyll meter 34 i M 34 m
Zero ] i3 1] 0 ]

1 TL, two-leal,

1 ES, enrly squaring.
§ EB, carly bloom.
1 PB, peak blvom.

ing, early bloom, and peak bloom using a chlorophyll meler
and a hand-held multispectral radiometer, Growth stages werc
eslablished visuaslly when approzimately 50% of the plants in
the field were at the growth stage of interest. In pearly all
cases the prowth stages determined in this manner were within
a {few days of the growth stage suggested by Costerhuis {1990)
based on cumulative heat units (base 15°C). One SPAD 3502
chlorophyll meter (Minolta, Inc. Ramsey, NJ) reading was
taken from the uppermast, fully expanded leaf of 20 random
planis per subplot, One reflectance reading of the plant canopy
was taken on each of the four center rows of every subplot
using @ hand-held spectroradiometer (model MSR16R, Crop-
Scan, Inc. Rochester, MN). The radiometer has a sensor that
consists of 16 pairs of upward and downward facing interfer-
ence filters centered at wavelengihs: 450, 474, 500, 530. 35{},
570, 600, 634, 650, 670, 700, 780, 820, 870, 1600, and 1700 nm.
The filters have bundwidths ranging from 6.5 to 17.0 nm,
The sensor, which has s 258° [ield of view, was adjusted 1o
approximately 50 cm above the height determined by sight
to be the average plant height in the sludy on the day of
measurement. Rellectance readings were taken with the sen-
sor centered on the row on ull subplots between 2 h before
solar noon and 20 min before solar noon. Percentage of reflec-
lance was calculated for each waveband as reflecied irradi-
ancefincoming irradiance. The following ratio vegetative indi-
ces were calculated from the percentage of reflectance (R)
data: GV1 (Rua/Rye) (Bausch and Duke, 1996), green nor-

Table 4, Uren ammoninm nitrate-N rates applied at Lubbock
2001,

Trestment . TLt LS EBj B Toinl
kg N ha!
Surluce drip
Well lertilized o7 34 34 0 134
Soil test 34 34 34 0 mm
Refectunce 34 1] 34 34 m
Chloropliyll meter 34 0 ] 34 67
Zero # 1] 0 ] 1
Subsurface deip
Weil fertilized o7 34 3 0 134
Soil test 34 34 34 [¢] 1n
Reffectnnce 34 ] 34 34 m
Chilorophyll meter 34 0 kL 34 10
Zero 1] ] 0 [H] [H

1 TL, two-lenf,

1 ES, eurly squaring.
§ EB, early bloom,
1 PB, peak bloom.
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Table 5. Amounts of rain and irrigation water during the growing seasons for the three site years, and irrigation medes.

Ropesville 2000

Lubbock 206) Lubbock 201

LEPA*Y Surfoce Subsurface Surface Subsurloce
ET Replocement, %uf L] 105 75 73 73
Ruin, cnd .7 29.7 131 131 T4 T
Trrigotion, cm 17.8% 23.07] 16.2% 16.24 274%% 26,97
Total, cm 47.5 533 2493 29.3 3.4 330

+ LEPA is low energy precision application irrigation.
i ET is evapotrunspiration. ’

§ May to September, 75-yr average is 32 cm.

130 mg NO;-N L

484 mg NO;-N L

O mp NO, -N L %

malized difference vepetative index (GNDVI) (Rug — Rpea
(Rsin + Rgwa) (Gitelson et al., 1996), red vegetative index
{(RVI} (Run/Re), (Jordan, 1969) and red normalized differ-
ence vegclativc index (RNDV]) {RNIN - Rled)"(RNIR + le)
(Tucker, 1979). Twelve possible combinalions of each index
were caleulated using the percentage of refleclance readings
at three NIR (780, 820, and 870 nm), and four green {530,
550, 570, and 600 rnm) or four red {630, 650, 670, and
700 nm) wavebands.

At the three growih stages that chlorophyll meter and re-
flectance readings were taken, 1 m of row of aboveground
biomass was sampled. Dry weights (60°C) were recorded and
Jeaves were ground Lo 0.3 mm. A LECCO FP-528 Protein N
analyzer {LECO Corp., St. Joseph, MI} was used Lo analyze
leaves for N concentration. Biomass and leaf N data were
correlated with vepetative indices and chlorophyll meler read-
ings and are reporied in o companion manuscripl (Bronson
el al.. 2003).

The reflectance and chlorophyll meter plots received in-
season N of 34 kg ha™' during or shorily before an trrigation
when the sulficiency index. relative to the well-fertilized plots
was <0.95 (Varvel et al,, 1997: Bronson et al., 2001) (Tables
2-4). The sufficiency index using cblorophyll meter readings
was determined at each growth stage by dividing the reading of
each chiorophyll meler plot by the average (by each irrigation
trestment) chlorophyll meter resding of the well-fertilized
relerence plots (Varvel et al., 1997). Using reflectance read-
ings, the sufficiency index was calculated at each growth slage
by dividing the GV1 (Ru/Rse. R is percentage of reflectance
at waveband indicated in subscript) of each reflectance plat
by the average (by each irrigation treatment) GV (Re/Ry)
of the well-ferlilized reference plols, The GVI (Ry/Riw) was
chosen instead of RVI1 beeause il was posiively correlated
with leaf N and N rate and was affected by N more [requently
and lo a greater depree than the RVI al both sites at early
squaring in 2000 (Bronson el al., 2003). The decision on what
vegeladive index to use was made before any in-season N was
added to the reflectance plots in 2000 and the GVI chosen
(Rl Rszn) was used for the reflectance plots in 20K as well,

Tatal N fertilizer rates applied to soil lest plots were calcu-
lated from the amount of N needed for an expected yield of
1400 kg lint ha™', 168 kg N ha™' minus the 0- to 60-cmt spring
soil NOy-N (Zhang et al., 1998). Nitrogen fertilizer for the
soll lest plots was applied in 34 kg N ha™! increments after
the 34 kg N ha™' application at the two-leafl stage (Tables
2-4). To establish a reference (reatment for the reflectance
and chlorophyil meter treatments, well-fertilized plots al both
sites received 1.5 Limes Lhe N fertilizer as the soi lest plots in
2000 {Tables 2 and 3). Al Lubbock in 2001, the well-fertilized
treatment received just 1.3 times more N Lhan the soil test
plots. due 1o buildup in residual NOy =N in the well-fertilized
plots. The objective ol the well-ferlilized treatment was lo
stimulate luxury uplake of N, so that the preenness of the leaf

reaches a maxirmum (Petlerson et al., 1993; Hussain et al,
2000). The amount of precipitation and irrigation for the entire
prowing season for each site-year is shown in Table 5.

Plani Sampling and Analyses

Aboveground biomass was sampled from 60 cm of both
rows in each microplot al first open boll (area = 1.25 m?).
Plants were separated into leaves, siems, burrs, lint, and seeds,
dried at 65°C and then weighed. Stems and burrs were coarsely
ground (1 mm} in a Wiley mill {Arthur C. Thomas Co,, Phila-
delphia, PA) and then ground to 0.25 mm in an ultra centrilu-
gal mill (ZM 100, Retsch GmbH & Co., Haan, Germany).
Leaves and seeds were ground directly 1o 0.25 mm. Lint was
neither ground nor analyzed [or N as checks indicated that it
was <1 g N kg~". Amounis of finely ground plant material
were weighed into Sn capsules so thal they contained approxi-
mately 150 pg N, Plant samples (capsules) were then analyzed
for %N and alom% "N with an automated Carlo-Erba CN
analyzer {CE Instruments, Milan, Italy) that was interfaced
ta a VG Isomass mass speciromeler (ANA-MS) (VG lsogas,
Middlewich, England).

Lint was harvested from four rows {2 m from each row.
aren = 32 m®) in ench subplot in October of each year. Lint.
seed, and burrs were harvested by hand and ginned. Seed and
lint weights were recorded.

Soif Sampling and Analyses

Before planting, lwo soil cores per subplot were sampled
to 90 cm in each of the following positions: dry furrow, wet
furrow, and seed row. The cores were sectioned into 0 to 15,
15 to 30, 30 1o 45, 45 to 60. and 60 10 90 cra. The upper 43-cm
soil layers were processed {resh, while the lower depths were
air-dried and crushed o pass through a 2-mm sieve. Soils were
extracted with 2 M KCI {1:10 soilfexiracl) and analyzed {or
NHF-N and NO7-N (Adamsen et al., 1985} on & Technicon
AutoAnalyzer 2 (Technicon Industrial Systems, Tarrytown, NY).

Soil sampling at harvest involved two arcs of 45-cm deep
cores reaching from dry furrow to dry furrow (2 m} in the
microplot. Each arc consisted of 10 cores that were sampled
using # Giddings soil-sampling machine (Giddings Machine
Co., Fort Collins, CO). The probe was lined with plasiic tubes
to prevent cross-contamination. Cores were seclioned into 0
to 15,15 to 30, and 30 to 45 cm and pooled by depth. Two
sail eores were sampled {rom the microplot al harvest 1o 90 cm

. from each position: dry furrow, wet furrow, and seed row.

Soils from these cores were pooled by depth and by position.
Similar to the spring soil samples, the upper 45 cm samples
were extracled fresh with2 M KCl and the lower depth samples
(45~60, and 60-90 cm) were extracted air-dry with 2 & KCI.
Atom% YN analysis of NH7-N + NO7-N was accaum-
plished by diffusing NH, from the soil extracts {volume that



1432 SO1L $CI. 50C. AM. )., VOL. 67. SEPTEMBER-OCTOBRER 2003

conlained approximaltely 100 pg N) in the presence of MgQ
and Devarda's alloy onto acidified glass fiber disks at room
temperature for 7 d (Brooks et al., 1989). The fiber disks were
then analyzed for atom% "N and N concentration by ANA-
MS. Analysis of the extracts revealed that >98% of the inor-
ganic N was in the NO7 form, and that <2% was in the
NH; form. For this reason, we shall refler fo extraclable N
as NO;—N ({rom here on.

Non-extractable "N in 0- to 15-, and 15- 10 30-cm surface
soil sumples was determined by leaching 2 g of air-dried soil
samples with 2 M KCI three times, followed by leaching with
de-ionized water. The leached $oil was then air-dried and
groind 1o 0.25 mm and then analyzed for %N and atom%
BN by ANA-MS, Seil samples taken from below 30 cm were
not lesched and analyzed {or non-extraclable N because the
N centent of these lower depihs were less than the detection
limit of the ANA-MS. Non-extractable N included fixed
NH{ in clay lattices, immobilized N in organic forms, and fine
roots <2 mm before prinding.

Percentage of ¥N recovery in plant or soil was calculated
using 1he formula of Hauck and Bremner (1976):

% “N Recovered = 100 X § X (c ~ b)f X (@ ~ b)

where § is the lotal N in plunt part or soil in kilogram per
hectare; a, b, and ¢ represent alom% "N in ferlilizer, soil or
plant part that did not receive the labeled fertilizer, and soil
or plant part that received the labeled fertilizer, respectively;
and ['was the rate af the labeled fertilizer applied in kilograms
of N per hectare (kg N ha™').

Siatistical Analyses

The effects of irrigation, N management, and irrigation %
N managemeni on first open boll biomass, first apen boll N
accurnulation, lint yields, seed yields, residual soil NO;-N,
and N sinks and balances were determined using the PROC
MIXED procedure in SAS (SAS [nstitute Inc., 19499) for each
site-year, Replicate and replicaie X jerigation effecls were

Tauble 6. Lint and seed yields, and biomass and N accumulation
at lirst open holl, ns affected by N management.

Roypesville 2000 Lubbock 2000

Treaiment Lubbock 2001

Lint Yield, kg ba !

Well fertilized 082 6 1485
Suil Test 05 168 1424
IteNectunce 687 1126 1344
Chlerophyll meter 623 1033 1395
Zero 7 447 1163
LSD (P = 0.05) NS 920 134
e Sl Vield, kg hn~!
Well fertilized 1283 1803 2434
Sot! Test 1259 1786 2352
Reflectonee 1219 1663 2121
Chlerophyll meter 115 1721 2288
Lero 1267 1476 124
LSD (P = (L5} NS 152 22(
———— Biomass, kg ha"t
Well fertilized 4303 3692 5mn
Soil Test 3764 5451 6181
Rellectance 4109 4679 5411
Chlorophyll meler 3704 5172 5447
Zero 37 4248 4234
LSD (P = 0.05) NS 762 872
—— N Accumulation, kg ha'
Well ferdilized 78 104 122
Soil Test 69 94 123
ReQectonee ii] 7 102
Chlorophyll meter 59 87 102
Zero 1] 68 !
LSD (P = 0.05) 15 13 19

considered random effects in the split-plot design. Nitrogen
management and N management X irrigation were considered

" fixed effects. Means were separated using Fisher’s protected

leas! significanl difference (LSD) at the 005 probability
level (P).

RESULTS
Nifrogen Rates Applied

In 2000, the scil test-based N management received
134 kg N ha™' at both sites, calculated as described
above (Table 2 and 3). The soil test N appiication was
reduced to 101 kg N ha™' at Lubbock in 2001 (Table 4},
because of the buildup in spring NO7-N in the upper
60 cm soil in that treatment to 66 kg N ha ™! (data not
shown). Among the three siie-years, reflectance and
chlorophyll meter treatments did not call for in-seuson
N unlil early or peak bloom stage (Tables 2, 3, and 4).
There were several cases within irrigation treatments
where there were differences in the amounts of N ap-
plied between the reflectance and chlorophyll meter
treatments. Thirty {our to 100 kg ha™' less N Tlertilizer
was applied to the in-season monitoring (chlorophyll
meler and refllectance) treatmenls compared with the
soil test plots in 2000 at Ropesville and Lubbock. Tn
2001 at Lubbock, three of the four in-season monitoring
by irrigation combinations demanded the same amount
of N as the soil test treatments. Among the three sile-
years of the study, less N was applied with the chlaro-
phyll meter and reflectance treatments than with lhe soil
test plots in nine of 12 cases (i.e., in-season monitoring-
irrigation site-year combinations).

Lint and Seed Yields

In both years at Lubbock, irrigation mode did nol
affect lint or seed yields. Similarly, al Ropesville, irriga-
tion level did not affect lint or seed yields. There was
no N management X irrigation interaction. Lint and
seed yields for the three site-years are therefore pre-
sented averaged across irrigation treatments {Fable ).
Lint yield had a strong positive correlation wilh seed
yield in all site-years (» = 0.97 to 0.98). For this reason,
only lint yields will be discussed lor the remainder of
this manuseripl.

Lint yields at Ropesville were low (average 681 kg
ha~'} and did not respond to N {Table 6). A strong rain
and windstorm 2 wk after planting resulted in a reduced
stand and damaged seedlings from blowing sand, which
resulted in slow early growth. However, the remaining
plant population of 12 plants linear m™' (50 000 plaots
ha~'"} was still near the optimum population according
to local plant population studies (Franklin et al., 2000).
Root-knot nematode (Meloidogyne inconita) may have
contributed to slow early growth as well, because the
density in soil was greater than the damaging level of
1000 eggs 500 cm ™ suggested by Wheeler et al., {1999).
Low soil test P (11 mg Mehlich 3-P kg~', Table 1) may
have also limiled growth, despite P fertilization, as eariy
squaring leaf P was below the critical level of 3 g P kg™!
(data not shown) (Plank, 1979; Jones et al., 1991), High
insect pressure 2l Ropesville for 2 wk in August 2000
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probably contributed to low yields. Leaf area was re-
duced about 10% by cabbage loopers ( Trichoplusiu ni,
Hubner), and developing squares and bolls were dam-
aped beetl army worms (Spodoptera exigna, Hubner).
However, the economic threshold of 5600 small beet
army worm larvae ha™' was only briefly exceeded, and
[or the Southern High Plains there is no published eco-
nomic threshold [or cabbage loopers (Muegge el al.,
2001).

Nilrogen-fertilized treatments resulted in greater lint
yields than the zero-N plots in 2000 and 2001 at Lubbock
{Table 6). All N-fertilized treatments in Lubback were
statistically similar in 2000, Ounly in Lubbock 2001 was
the expected yield of 1400 kg lint ha™' met in the
N-treated plots. The finding that the in-season monitor-
ing treatments were similar to the soil test treatment is
notable, especially since less N was applied in all four
N [reatmenl-irrigation combinations in 2000, and in one
of the four combinations in 2001. The observation that
N applications in 2001 equaled the soil test N treatments
are reasonable given the potential for high vields that
occurred that year in Lubbock. Aithough there was light
insect pressure (cabbage loopers and beet army worms)
in Lubbock in 2000 (but less than in Ropesville), the
growing season in Lubbock in 2001 after early squaring
was [ree of insect pressures. There was early Thrips sp.
pressure in Lubbock, 2001 that slowed growth up to
early squaring. Final plant populations were 63 000 and
72000 plant ha™' for Lubbock in 2000 and 2001, respec-
tively.

Water inputl at Ropesville was greatest among the
three site-years (Table 5). However, most of a 13-mm
rain storm that occurred 2 wk alter seeding likely ran
off the 2% slope [ield at Ropesville because of the short
time period in which the rain fell. Seasonal water input
at Lubbock in 2001 was sliphtly greater than 2000, and
the proportion as irrigation was much larger in 2001,
The slope at Lubbock is ).2%. and runoff of rain there
is rare.

Biomass and Nitrogen Accumulation
at First Open Boll

Irrigation level or mode had no effect on first open
boll biomass among the three site-years, Similar to the
trend of lint and seed yields, biomass responded to N
in both years at Lubbock but not at Ropesville {Table 6).
No N management X irrigalion interaction was ob-
served. Within each sile year, biomass was similar
among ihe N-fertilized treatments. The ratio of lint o
hiomass ranged [rom (.16 to 0.27 and was similar Lo
reports from California {Bassett et al., 1970) and Ala-
bama (Mullins and Burmester, 1990).

Nilrogen accumulation in cotion is probably near the
maximum for the season at first open boll, when leaf
shedding beging (Halevy, 1976; Li et al., 2001). Gener-
ally, N accumulation reflected lint yields. However, N
fertilizer response in N accumulation was observed in
all three site-years (Table 6). Al Lubbock in 2000, N
accomulation was similar between the soil test plots and
the chlorophyll meter management. Reflectance plot N

accumulation, however, was lower than the soil test plot
N accumulation. Greater N accumulation was observed
in the soil test treatments than in the chlorophyll meter
or reflectance treatments at Lubbock, 2001, despite 101
kg N ha~' being applied to three of four of these N
treatment-irrigation mode combinations. This reflects
the greater amounts of preplant 0- {0 60-cm extractable
NO7—N in soil test plots (66 kg N ha™') compared the
chlorophyll meter (47 kg N ha™') and reflectance plots
{27 kg N ha™') (data not shown).

The ratio of lint yield to N accumulation was [1.1.
12.1, and 13.6 kg lint kg plani N™' for Ropesville, 2000,
Lubbock, 2000, and Lubbock, 2001, respectively, and
reflected the decreasing insect pressure for the three
site-years, These internal N use elficiencies (Witt et al,,
1999} compare well with the 12 kg lint kg plant N™!
reported by Constable and Rochester (1988) in Austra-
lia. Lower N utilization efficiencies ol 5, 6.7, 7.4, 8.3,
and 10 kg lint kg plant N7' were cited by Mullins and
Burmester (1990) in Alabama, Unrub and Silvertooth
(1996) in Arizona, Bassel et al. (1970) in California,
Boquet and Breitenbeck (2000) in Louisiana, and Ha-
levy {1976) in Israel, respectively. Relatively high physi-
ofogical (internal) N use efficiency in Southern High
Plains cotton may be a result of breeding for low plam
height as well as the deficit irrigation.

Harvest indices (seed plus lint/fopen boll hiomass) for
the three site-year were 0.52, 0.54, and 0.67 for Ropes-
ville, 2000, Lubbock. 2000, and Lubbock, 2001, respec-
tively. The lwo sites in 2000 had statistically similar
harvest indices despite the non-N related lactors that
reduced growth and yields al Ropesville. Cotion harvest
indices reported in other regions include (.34 by Halevy
(1976) in Israel, 0.32 by Boguel and Breitenbeck (2000)
in Louisiana, and 0.33 to 0.52 by Mullins and Burmester
(1990) in Alabama. However, those studies cited sub-
stantially greater biomass production (12000 kg ha™'
in Israel and Louisiana, and 6900 to 7900 kg ha™' in
Alabama) than we report here in our studies in the
Southern High Plains.

Residual Soil Nitrate

Irrigation level at Ropesville had no effect on soil
profile NOy-N at harvest. The effecl of irrigation mode
on residual NOy-N by depth at Lubbock was inconsis-
tenl (data not shown). In Lubbock 2000, the subsurface
drip resulted in higher residual NOy-N than surface drip
at the 13- to 30-cm depth. Conversely, the surlace drip
had higher residual nitrate than subsurface drip at the
30- to 45-cm depth. These trends however were not
observed in 2001.

Residual soil profile NOy-N at harvest in all site-
years was strongly affected by N management (Table 7).
Buildup in soil profile NO;y-N at Ropesville in the soil
test treatment above that of the in-season monitoring
plots confirms that the 134 kg N ha™' rate was excessive
for the growing conditions of that crop. At Lubbock in
2000, the in-season monitoring treatments had similar
profile NOy-N to the soil test plots. The 90-cm soil
profile at Lubbock 2001 coniained less NOy -N with the
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Tuhle 7. Soil extractuble NO7T-IN af harvest of eotton, ns affecied
Hy N management.

Ropesvitle 2001

Trentmend Lubbock 2000 Lublock 2001

kg ha !

-6 cm
Well fertilized 152 159 111
Suil test 119 n 98
Heflectunce 43 65 ksl
Chlorophiyll meter 46 8l T
Zern 36 44 k¥
LSD (P = [LI}5) 24 28 25

{01t em
Well lestilized 43 202 132
S0il test 17} 127 115
Reflectee H3 105 86
Chlorophyll meter ot 107 #3
Zero 66 K] 46
LSD (P = ILU5) 29 3 24

chlorophyll meter and reflectance plots than soil test
plots, but the 60-cm NOy—N profiles were similar. Bron-
son el al. (2001} also reported thal residual 0- to 90-cm
s0il profile NOy-N was positively related to N fertilizer
rate al the Lubbock site with 75% ET surlace drip irri-
gation,

Mineralization of N from residues and soil organic
matter probably affected soil NOy N during the season.
Nitrote-N addilions in irrigation water at Lubbock were
significant as well, especially in 2001 (23 kg NO7-N
ha . calculated [rom Table 5). Bronson et al. (2001)
estimated that the Aculf soil al the Lubbock site miner-
alizes about 50 kg N ha™! per growing season of irrigated
cotion. Examining the 90-cin profile NOy-N levels in
the zero-N plots of our study gives similar eslimates.
Starting with Spring 2000 NO;7-N at Lubbock {96 kg
N ha™', Table 1) and subtracting the NOy-N level at
harvest in the zero-N plots (74 kg N ha™!, Table 7) gives
22%kg N ha~'. Adding this number to the N accumulation
of 68 kg N ha™'in zero-N plots (Table 68) and subtracling
irrigation water N of 13 kg N ha™' (calculated [rom
Table 5) gives an estimated net mineralization of 33 kg
N ha~!'. Repeating this calculation for Lubbock, 2001
with the spring 0- 1o 90-cm soil prolile NOy-N level in
zero-N plots ol 43 kg N ha™' results in net mineralization
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of 51 kg N ha~'. The same estimation procedure for the
Ropesville 2000 data yields 12 kg N ha™' of net mineral-
ization.

Nitrogen-15 Balance

Plant "N recoveries ranged from 19 to 38% among
the three site-year (Table 8). These values are within
the range of plant "N recoveries previously reported
for cotton by Torbert and Reeves {(1994) in Alabama,
Karlen et al. (1996) in South Carolina, and Rochesler
et al. (1997) in Australia. There was no effect of irriga-
tion or irrigation X N management on "N recovery in
plant among the three site-years. At Ropesville in 2000,
recovery of "N in plants was significantly less with Lhe
well [erlilized and soil test plots than with the rellectance
and chlorophyll meter plots. The trend was similar in
Lubbock, 2000, except that N plant recovery was simi-
far belween the soil tesl and reflectance plots. There
was no effect of N management on plant "N recaovery
in Lubbock, 2041.

Soil extractable "NOy-N in the 0- 1o 60-cm layers
was nol affected by irrigation level al Ropesville. How-
ever, in the 60- to 90-cim layer, greater recovery of
BNO;-N was {found with the 105% BET irrigation level
(0.7% recovery) than the 80% ET irrigation (11.3% re-
covery) for the well-fertilized and reflectance treat-
ments (data not shown). At Lubbock, there was an
irrigation effect on recovery of extractable "N Q7 -N but
il was inconsistent between the lwo years (Fig. 1), In
2000, "N recovery as ex{raciable N in the 15- to 30-cm
soil was higher with subsurlace than surface drip irriga-
tion, but in the 30- to 43-cm soil, it was higher with
surface drip than subsurface drip irrigation (Fig. 1a).
However, irrigation had no effect on “N recovery lor
the entire 90-cm soil prolile {Table 8). In 2001. subsur-
face drip had greater extractable "NOy-N than surface
drip in the 0-to 13-cm surface layer only (Fig. 1b). Re-
covery of extractable "NQO; -N was negligible (i.e., <1 %
recovery) below 60 cm in all three site-years, Little water
movement below 60 em is to be expected at 75 and 80%
ET deficit irrigation levels.

Table 8 Nitrogen-15 balance in plant and s0il as affected by N management.

Extroctable-NOj-N

Nonexiroetable-N

Treatmenl -PMlant (0-90 em) {130} cin) Totnl
% Recovery
Well fertilized 18.9 4.5 11.8 74.1
Suil Test 23.7 30.6 13.8 67.4
Refectnnee 330 8.2 121 53.2
Chilorophyll meler 38.2 8.1 124 54.6
L5D (P = LS5} 6.7 4.8 NSt ilix]
Lulhock 200
Well fertilized 192 44.6 73 T1.1
Soil Test 2148 227 58 53
RefMectance 2.3 21,9 9.8 54.9
Chtarophyll meter 283 kI %0 8.2
LSD {P = [LO5) 54 NS NS NS
Lubbock 2001
Avernpe 30.5 26.1 Y8 064
LSD (P = 405} NS NS NS

NS

T Mot significunt.
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Fig. L. Soil extractable *NO;-N at hervest of cotton, os affected by irrigation mode, Lubbock 2000 and Lubbock 2001 (* and ** ore signilicantly

dilferent at £ = .45 and (L1, respectively).

Only in Ropesville, 2000 was there an effect of N
management on extractable "NO7 =N (Table 8). Recov-
ery of exiractable "N in soil decreased in the following
order: well-fertilized plots > soil test plots > reflectance
and chlorophyll meter plots.

The nonextractable "N represents the NH;-N held
within the clay fattice (Drury and Beauchamp, 1991;
Thompson and Blackmer, 1993), N immobilized in or-
ganic forms (Balabane and Balesdent, 1992; Balabane.
1996), and fine roots. Nitrogen-15 recovery for this pool
ranged from 5.8 to 13.8% (Table 8). There was no effect
al irrigation mode or level on nonextractable ¥N, Nitro-
gen treatmenti differences in nonextractable "N were
not present in any sile-year.

Total recovery of N in plant and soil or "N balance
(Table 8) among the three site-years had a similar range
(30-75% recovery). although Lubbock, 2001 had less
variation {mean 66% recovery). These values were in
the range of other reports {Torbert and Reeves, 1994;
Karlen el al., 1996, Rochester et al,, 1997).

DISCUSSION

Waler use efliciencies, or lint produced per centime-
ter of water input, are dilficull to compare for the irriga-
tion treatments due 1o the varying N additions. By re-
stricting the comparisons to the soil test treatments it
can be concluded thai the subsurface drip with daily
irrigation bad similar water-use efficiency (i.e., similar
yields wilh equal water input) to the surface drip on a
3-d cycle. However, subsurface drip systems oormally
do not have the option of being switched to a 2- or 3-d
cycle, because of the limits ol the system to deliver the
required waler in shorter time periods. Qur results were
in contrast to the work of Bordovsky and Lyle {1998)
who reported preatler lint yields with daily subsurface

irrigation than with LEPA on a 3-d interval. Surface-
applied irripalion is susceplible to evaporative losses,
which the subsurface-applied water is not. The lack of
a linl yield response to irrigalion level at Ropesville
2000 was probably because of other growth factlors he-
sides water (e.g., wind stress, insect damage, P defi-
ciency) that limited yield.

The in-season monitoring approaches tested in this
study led to reduced N application rates compared with
the spring soil test NO7—N guidelines in most cases.
The N savings appeared to be related to the growing
conditions and final lint yields of the crop. In the weath-
er- and insect-stressed seasan at Ropesville 2000, for
example, the lowest yields among the three site-years
were obtained, and the greatest N savings with the chlo-
rophyll meter and reflectance-based N management
were realized. However, since no N response was ob-
served at Ropesville 2000, any in-season N addition was
too much. By this standard, three of the {our in-season
monitoring treatments at Ropesville 2000 “correctly”
called for no in-season N additions {Table 2). Hunt et
al. (1998} reported reduced N applications with the use
of the GOSSYM/COMAX model to determine the need
for in-season N in subsurface-irrigated cotton in South
Carolina. Lint yields were similar with the GOSSYM/
COMAX approach compared to five equal splits ol N,
Stone et al. (1996) reported N fertilizer savings of 32
and 57 kg N ha~! with variable-rate N fertilization based
on spectral reflectance compared to fixed topdress N
rates in wheat in Oklahama.

The lack of differences in biomass or lint yields be-
tween the well-fertilized and the zero-N plots clearly
indicate that N was not limiling yields at Ropesville.
Lint yields at Lubbock in 2000 were intermediale be-
tween the lower Ropesville yields and the higher Lub-
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bock 2001 yields. Nitrogen fertilizer rasponse at Lub-
bock 2000 was perhaps related to the insect pressure
that was at less than economical threshold levels. It was
surprising thal ithe harvesl indices were similar between
Ropesville and Lubbock in 2000, considering the insect
pressure at Ropesville.

Qur results in Lubback 2001 demonsirale that when
cotton yield potential is high, in-season spectral reflec-
tance or chlorophyll meter monitoring sufficiency indi-
ces were <(1.85, indicaling need of additional N com-
pared with the 2000 sites (Bronson et al., 2003). When
insect pressure was non-existenl afler early squaring in
2001, and the 1400 kg linl ha™' expected yield was
reached, the total amounts of N applied to the in-season
moniloring lreatments equaled the soil tesl treatment
of 11 kg N ha~!in three of four in-season moniloring-
irrigation treatment combinations (Table 4). The 23 kg
N ha™! addition with irrigation water at Lubbock 2001
and the apparent 31 kg net N mineralization can help
explain the greater yields in the zero-N plots compdred
with 2000. The similar N accumulation of the zero-N
plots at Lubbock between the two years however
{Table 6}, indicates the importance of an insect-free
reproductive growth stage in improved physiological
efliciency and N response in 2001. _

The reflectance and chlorophyll meter approaches
themselves resulled in similar amounts of N being ap-
plied (£34 kg N ha™') in 11 of 12 in-season monitoring-
irrigniion site-year combinations (Tables 2-4}. The one
exception was at Lubbock 2000 in the subsurface drip
treatment. when 34 and 101 kg N ha were applied to the
reflectance and chlorophyll meter plots, respectively.

There were few differences (four of 18 cases) among
all calculated green and red vegetative indices in the
prescribed decisions regarding in-season N applications
lor the reflectance plots at early squaring, early bloom,
and peak bloom (Bronson el al., 2003). However, the
green-based vepetative indjces correlated more often
wilh leal N concentration and leal N accumulation than
did the red-based indices (Bronson et al., 2003).

The 0.95 sufliciency level appeared to be a reasonable
critical level. However in looking at the normalized dif-
lerence vegelative indices, either GNDVI or RNDVI],
the sulficiency indices of the reflectance treatments
were rarely <<{0.95. Correlation was (.99 between nor-
malized vepetation indices and the simple ratio indices
using reflectance from the same two wavebands. It ap-
pears that the normalized indices can be used in caleulat-
ing sufficiency indices, but that the critical level with
GNDVI or RNDVI is greater. When the sulficiency
index calevlated from GVI or RVI was near (.95, the
GNDVI or the RNDVI was 0.97 or 0.98. Our companion
paper (Bronson et al., 2003) presents data and more
delails on how the various vegetative indices we calcu-
lated relate to leaf N and biomass, and includes more
data on sufficiency indices calculated with reflectance
from different combinations of wavebands.

It is notable that in two of the three site-years (Ropes-
ville 2000 and Lubbock 2001), residual profile (0-90 cm)
NOy-N was less with in-season moniloring treatments
than the soil test plots (Table 7). This was explained

previously [or Ropesville 2000 Lo over-fertilization ol
the soil test treatments. In Lubbock 2001, however, N
applied with the reflectance plots (and chlorophyll me-
ter plots in subsurface drip) equaled the 101 kg N ha™!
rate of the soil lest plots. Reduced residual NO7j-N
therefore, can likely be attributed to differences in tim-
ing of N applications, which was linked 1o N status
monitoring in the case of the refleciance and subsurface
drip chlorophy!ll meter treatments.

The large recoveries of extractable inorganic "N in
the well-fertilized and soil test plots in Ropesville 2000
indicate aver-fertilizalion (Table 8). Ropesville 2000
was the only site-year thai had a reduction in residual
BNQj-N recovery with the chlorophyll meter and re-
flectance plots, relative to the soil test plots. This again
indicates over-fertilization of the soil test plois [or the
low-yielding conditions of that site-year. Although re-
sidual "NO57 al harvest among the three site-year was
not significant below 60 cm, the 0- to 60-cm profile of
BNOjy is susceptible to leaching during fallow period
rains.

The {ale of the 25 to 50% of "N nol accounted for
in plant or soil is not clear {Table 8). Since basal “N
was incorporaied, and in-season "N was applied either
with or right before irrigation, it is not likely that “NH,
volatilization {from soil was signilicant, As stated above,
leaching of "N below 60 cm was negligible. Denitrifica-
lion in wel zones of the upper 30 cm soil therefore
appears 1o be the strongest possibility as a loss pathway
(Thompson et al., 2000). Comparing the extractable-
NO;-N levels in subsurface drip irrigation with surface
drip and LEPA does not give clear indications about
the extent of denitrification. Another possibility in addi-
tion to denitrification is that NH; was lost through the
cotton plants during the blooming and [ruiling stages,
This has been reported for wheat (Bashir et al., 1997),
rice (Norman et al., 1992), and soybean (Stutle et al,,
1979), but we are unaware ol any such reports in cotton.

The plant recovery efficiency of added "N in this
stundy was relatively low compared with studies with
other upland crops such as wheal (Qlson and Swallow,
1984; Bashir et al., 1997). or carn (Sanchez and Black-
mer, 1988: Walters and Malzer. 1990). To further exam-
ine plant recovery of added N, we also calculated plant
N fertilizer recovery efficiency by the difference
method as:

{N accumulation in N-[ertilized plols —
N accumulation in zero-N plots)/N rate

In 2000, the difference recovery elficiencies were similar
to those calculated by VN (14-40% [or Ropesville, 16-
23% for Lubback). AL Lubbock 2001, difference recov-
ery efficiencies (32-51%) were generally greater than

_ BN plant recoveries. Amaong the three sile-years, the

difference recovery estimates were much more variable
than the ¥N plant recoveries, and there were no irriga-
tion or N management treatment effects.

Nitrogen-15 plant recovery was greater with both in-
season monitoring (reatments al Ropesville and with
the chlorophyll meter at Lubbock 2000 compared with
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the soil test trealment. Rawun et al. {2002) also reported
enhanced N recovery efficiency in wheal with in-season
N applications based on proximal sensing of spectral
rellectance. The reason why this irend was nol observed
in 2001 at Lubbock is not clear.

Future research is needed to try to improve cotton
plant recovery efficiency of added N. Timing ol N appli-
cation is one possible management area thal could be
modified. Restricting N additions to the period of rapid
cotton growth, that is, between early squaring and peak
bloom. may result in greater recovery efficiency than
whal we reported in this study. In subsurface irrigation
systems, N can be added in small guantities {e.g., <1
kg N ha™'} daily. Setting up research with various N
timing and rate {reatments requires separate injection
stations for every treatmenl. We were limited in doing
true fertigation in this sludy because of the "N mi-
croplots. Another researchable issue for management
ol N in irrigated cotton in the Southern High Plains is
the depth of the spring soil NO7-N test. It is possible
that a 0- to 90-cm soil sample may predict N fertilizer
response better than the 0- to 60-cm sample Weslem
states are currently using.

SUMMARY

This study demonstrated the potential of proximal
reflectance measurements and chlorophyll meter read-
ings as indicators of need for in-season N in irrigated
colton. In growing conditions that limited yield potential
and N [ertilizer response, N applications, and residual
soil NOy—=N with in-season monitoring were less than
with N fertilization based on spring soil NO7-N Lests.
Nitrogen applications were similar between the N man-
agement approaches in bigh-yielding environments. Irri-
gation mode had no effect on lint vields or N recovery
in plants. Research on increasing the low recovery effi-
ciency of fertilizer N by cotton is needed. Candidate
sirategies may include avoiding N applications near
planting, and splitting in-season N applicalion into
smaller doses.
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