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1 | INTRODUCTION

Alison Thompson |

Kelly Thorp

Abstract

Cotton (Gossypium hirsutum L.) reproductive development is affected by irrigation
management and reduced soil moisture, leading to yield impacts. This study was
conducted to determine how irrigation timing and reduced soil moisture affects the
distribution of cotton reproductive structures throughout the canopy. Reduced soil
moisture was achieved through varied irrigation amounts based on recommendations
from an agroecosystem model. Plants from each irrigation treatment were destruc-
tively sampled bi-weekly and squares, green bolls, and abscissions were counted on
mainstem fruiting branches. Plant height, leaf area, and dry weights of squares, flow-
ers, and green bolls were measured. Reduced irrigation from first square to peak
bloom reduced the number of green bolls in the lower middle quarter of mainstem
nodes, where most bolls are located. Reproductive development and growth were
most sensitive to reduced soil moisture treatments and irrigation rates from squaring
to peak bloom, whereas the period from peak bloom to 90% open boll was unaffected

by irrigation rates.

now threatened by ongoing drought and competition from
the urban sector. Previous studies have shown that reduced

Cotton (Gossypium hirsutum L1.) provides a renewable
natural fiber resource for textile production. The rise in the
global population has increased the demand for fiber to meet
textile manufacturing needs. To meet increased fiber produc-
tion demands, U.S. cotton breeders have focused on increasing
cotton fiber yields. However, meeting the increasing fiber
needs is complicated due to global climate uncertainty.
Increasing cotton fiber yields is a complicated endeavor when
considering the future global climate that plants will be grown
in and requires breeders to increase yield in conditions that are
projected to limit yield.

Future climate predictions include reduced rainfall; water
supplies for irrigation in many cotton production regions are

Abbreviations: DAP, days after planting.

soil moisture negatively influences crop growth, develop-
ment, and yield (Basal et al., 2009; Gerik et al., 1996; Grimes
et al., 1969; Lokhande & Reddy, 2014; McMichael & Hes-
keth, 1982; Pettigrew, 2004). Cotton fiber yield is positively
related to the number of bolls per plant (Grimes et al., 1969).
Reduced soil moisture has been shown to impact the number
of bolls and can vary from being as low as 3.9 bolls per plant
to as high as 7.7 bolls per plant, resulting in fiber yield loss
(Basal et al., 2009; Lokhande & Reddy, 2014; Wang et al.,
2016). The number of bolls per plant is a complicated metric
affected by management decisions and environmental condi-
tions at every reproductive stage. To better understand how
cotton is affected by reduced soil moisture, additional infor-
mation is required to discern how the number of bolls per plant
is affected. Understanding how cotton fiber yield is affected
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by reduced soil moisture is further affected by the severity and
timing of the reduced soil moisture.

The impact of reduced soil moisture on cotton yield
depends on the developmental stage during which the reduced
soil moisture occurred, in addition to the severity and duration
(Bray, 2004; Loka et al., 2012). Early stages in cotton’s repro-
ductive cycle have been shown to be sensitive to reduced soil
moisture (Ungar et al., 1989). Square development, beginning
approximately 25 days after planting (DAP), has been shown
to be reduced and bud shedding to be increased in response to
reduced soil moisture (Ungar et al., 1989). Flowering, begin-
ning between 56 and 63 DAP, has been shown to be reduced
in response to reduced soil moisture (Orgaz et al., 1992).

The severity of reduced soil moisture has varied effects on
the number of bolls per plant. Basal et al (2009) observed, on
average, 3.85 fewer bolls on cotton plants that received half
of the required irrigation amounts to return the soil moisture
level to field capacity. Lokhand and Reddy (2014) observed
a reduction of 7.7 bolls per plant with 60% of the required
irrigation amount to replace soil water lost by evapotranspira-
tion. Grimes et al (1970) reported that water deficits during
flowering impacted the number of bolls per plant and was
associated with reduced fiber yield. Therefore, more attention
must be given to the timing and severity of reduced soil mois-
ture and how these impact cotton fiber yield. Additionally,
many studies do not report how reduced soil moisture treat-
ments affect reproductive developmental stages; this requires
further scrutiny.

Cotton has been shown to preferentially retain and lose
bolls at different canopy levels in response to abiotic stress,
including water deficit. Higher fruiting branches and fruit-
ing positions further from the main stem have been shown
to have fewer bolls with reduced soil moisture (Pettigrew,
2004; Snowden et al., 2014), whereas the lower canopy levels,
where most bolls are located, are more likely to be retained in
response to reduced soil moisture (Wang et al., 2016). Stud-
ies that reported boll distribution in response to reduced soil
moisture did not incorporate irrigation timing treatments to
test responses to soil moisture deficit during sensitive repro-
ductive stages. Understanding how varied irrigation timings
affect boll distribution could provide valuable information to
better inform cotton management decisions. Opportunities to
reduce irrigation management can be identified at times when
boll retention is less impacted, which could improve cotton
water productivity.

To provide information about how cotton responds to
reduced soil moisture timing and severity, a field experi-
ment was undertaken at the University of Arizona’s Maricopa
Agricultural Center in 2016, 2017, and 2018. The effects
of the irrigation amounts and timings on yield, water pro-
ductivity and fiber quality were previously reported (Thorp
et al., 2020). However, the report did not present or analyze
the cotton plant mapping data, which shows the impact of

Core Ideas

* A 60% irrigation rate from squaring to 90% open
boll was most impactful on growth and develop-
ment.

* Reduced irrigation impacted the middle of plant
canopy, which reduced fiber yield.

* Management can avoid these losses with 20%
irrigation savings from square to peak bloom.

irrigation management treatments on flower and boll distri-
bution. The goals of the present work were to (a) determine
the effects of irrigation management that include first square,
peak bloom and 90% open boll on cotton biomass develop-
ment; (b) identify reproductive stages and square and boll
development patterns that were impacted by the irrigation
management variability that include first square, peak bloom
and 90% open boll; and (c) determine how irrigation manage-
ment that include first square, peak bloom and 90% open boll
impacted boll distribution in primary boll distribution areas.

2 | MATERIALS AND METHODS

2.1 | Field experiment

As described by Thorp et al. (2020), a cotton field study was
conducted during the summers of 2016, 2017, and 2018 at
the Maricopa Agricultural Center near Maricopa, Arizona
(33.079° N, —111.977° W, 360 m asl). Briefly, a randomized
block design was used with four replications of each block
and 16 total irrigation treatments per block. Irrigation rates
included a combination of four irrigation rates applied during
two distinct periods of the growing season, first square to peak
bloom and peak bloom to 90% open boll. The cotton genotype
used for the study was Deltapine 1549 B2XF (Monsanto). Irri-
gation rates were 60, 80, 100 and 120% of the recommended
irrigation amount from the CSM-CROPGRO-Cotton agroe-
cosystem model (Thorp et al., 2017). The environment was
hot and dry with daily minimum and maximum temperatures
regularly exceeding 25 °C and 40 °C, respectively, and rainfall
never exceeded 10% of the total water received. To address the
objectives of the present study, treatment combinations from
Thorp et al. (2020) that aligned with the present objectives
were used (Table 1). Plant sampling data were aggregated
among three irrigation treatment strategies, which varied irri-
gation rates at different times: (a) irrigation strategy 1 varied
irrigation rates (60, 80, 100 and 120%) from first square to
peak bloom and received the 100% irrigation rate from peak
bloom to 90% open boll; (b) irrigation strategy 2 received the
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TABLE 1 Timing of irrigation treatments for three irrigation strategies
Irrigation models
Emergence till Day after peak
first square First square Peak bloom bloom 90% open bolls
%

Strategy 1 100 60 60 100 100
100 80 80 100 100
100 100 100 100 100
100 120 120 100 100

Strategy 2 100 100 100 60 60
100 100 100 80 80
100 100 100 100 100
100 100 100 120 120

Strategy 3 100 60 60 60 60
100 80 80 80 80
100 100 100 100 100
100 120 120 120 120

100% irrigation rate during first square to peak bloom and var-
ied irrigation rates from peak bloom to 90% open boll; and (c)
irrigation strategy 3 received one of the four irrigation rates
consistently from first square to 90% open boll (Table 1).

2.2 | Plant sampling and mapping

Cotton plants were destructively sampled on a 2-wk schedule.
Three plant sampling locations in each plot were randomly
selected and flagged at the beginning of the season. On each
sampling date, the tenth plant along the row from each sam-
pling flag was cut at the soil surface, yielding three plants
total per plot. The sampling flag was then moved to mark
the current sampling location, from which the tenth plant
was collected on the next sampling date and so on. Sampled
plants were bagged and placed on ice in coolers prior to trans-
port to cold rooms at the laboratory facilities to await further
processing.

Leaves were removed from each of the three plants per plot
leaving the petioles intact on the stems. The total leaf area
of each sample was measured on a leaf area meter (model
3100, Li-Cor). The numbers of total mainstem nodes and pre-
fruiting nodes were counted on each plant. Plants were then
mapped by specifying the order of squares, white flowers,
green bolls, mature bolls, and abscised sites on each fruit-
ing branch for each node. Following plant mapping, the plants
were further dissected to separate stems, squares, green bolls,
and mature bolls per plot. Plant parts were bagged and oven-
dried at 65 °C with ventilation until constant weight was
achieved. Dry weights of each sample were measured and
recorded.

To conduct the present analysis, the mapping data was used
to count each type of reproductive structure on each fruit-
ing branch, giving information on the vertical distribution of
reproductive structures as impacted by the water management
treatments. Nodes above white flower was recorded to track
maturity (Supplemental Table S1) (Bourland et al., 2001). The
counts of reproductive structures from two nodes for a total
of 16, 17, and 16 levels from 2016, 2017, and 2018 respec-
tively. Until all nodes in a level were present, no data were
specified.

2.3 | Statistical analysis

Data for the three plants sampled were averaged to represent
each irrigation rate X irrigation strategy for each DAP in all
growing seasons. For each trait (height, total nodes, weights of
squares, flowers, green bolls, or mature bolls, and node levels
for number of squares, abscissions, and green bolls), a linear
model was fitted to the data using SAS v9.4 (SAS Institute).
The model for each year was as follows:

Yijii = # + DAP; + Strategy; + Rate; + Rep,

+ (DAP; x Strategyj)ij + (DAP; x Ratey ),

+ (Strategy; X Ratek)jk + (DAP,; x Rep])l_l

(
+ (Strategyj X Rep,)jl + (Ratek X Rep,)kl
+ (DAP; X Strategy; X Ratek)l.jk
(

+ (Strategy; X Rate; X Repl)jkl + €ikim
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Rep and all interactions were treated as random

. _ _ 2
with €4, = Var (eijk,m) = o Cov (eijk[m’ 8ijklm)

po’, i # i’

where Y is the trait, p is the grand mean, DAP; is the effect
of the ith DAP, Strategy; is the effect of the jth irrigation strat-
egy, Rate, is the effect of the kth irrigation rate, Rep, is the
effect of the /th replication, (DAP; X Strategy;); is the inter-
action effect between the ith DAP and jth irrigation strategy,
(DAP; x Ratey);, is the interaction effect between the ith DAP
and kth irrigation rate, (Strategy; X Ratey);, is the interaction
effect between the jth irrigation strategy and kth irrigation
rate, (DAP; X Rep));; is the interaction effect between the ith
DAP and /th replication, (Strategy; X Repl);; is the interaction
effect between the jth irrigation strategy and /th replication,
(Rate; X Rep;); is the interaction effect between the kth irri-
gation rate and /th replication, (DAP; X Strategy; X Rate; ), is
the interaction effect between the ith DAP, jth irrigation strat-
egy and kth irrigation rate, (Strategy; X Rate; X Rep;);y; is the
interaction effect between the jth irrigation strategy, kth irriga-
tion rate, and /th replication, and €iikl is the random error term
following a normal distribution with mean O and variance
6°. The residual variance, &> Was modeled using a corre-
lated error variance structure that incorporated a constant,
non-zero, correlation term (p) among error terms to account
for correlation among the days on which measurements were
taken on the same experimental unit, the plots. All terms were
fitted as fixed effects. Tests of fixed effects were conducted
using the Kenward Roger approximation for the calculation
of degrees of freedom. Difference matrixes for each Year X
DAP x Timing are presented in supplemental material (Sup-
plemental Tables S1, S2, and S3). Only data with significant
differences (p < .05) between irrigation rates from at least 2
yr are presented.

3 | RESULTS
3.1 | Effects of irrigation strategy and rate
on square number in cotton canopy quarters

No irrigation strategy had a significant (p < .05) effect on
the number of squares in Levels 7 and below (Nodes 1-14)
or above Level 14 (Nodes 27 and 28). In 2017 and 2018 on
84 and 97 DAP, respectively, irrigation Strategy 1 had fewer
squares present in Level 8 (Nodes 15 and 16) with the 60%
irrigation rate than the 100% irrigation rate (Figure 1; Sup-
plemental Table S2). In 2017 and 2018 on 112 and 111 DAP,
respectively, irrigation Strategy 1 had fewer squares present in
Level 11 (Nodes 21 and 22) with the 60% irrigation rate than
the 120% irrigation rate (Figure 1; Supplemental Table S2).

In 2017 and 2018 on 112 and 125 DAP, respectively, irriga-
tion Strategy 1 had fewer squares present in Level 12 (Nodes
23 and 24) with the 60% irrigation rate than the 120% irriga-
tion rate. In 2016 and 2018 on 98 and 111 DAP, respectively,
irrigation Strategy 3 had fewer squares present in Level 10
(Nodes 19 and 20) with the 60% irrigation rate than the 120%
irrigation rate (Figure 2; Supplemental Table S2). In 2016
and 2017 on 112 and 112 DAP, respectively, irrigation Strat-
egy 3 had fewer squares present in Level 12 (Nodes 23 and
24) with the 60% irrigation rate than the 100% irrigation rate
(Figure 2; Supplemental Table S2). In 2016 and 2017 on 112
and 112 DAP, respectively, irrigation Strategy 3 had fewer
squares present in Level 13 (Nodes 25 and 26) with the 60%
irrigation rate than the 100% irrigation rate. In 2016 and 2017
on 126 and 126 DAP, respectively, irrigation Strategy 3 had
fewer squares present in Level 14 (Nodes 27 and 28 with the
60% irrigation rate than the 120% irrigation rate.

3.2 | Effects of irrigation strategy and rate
on number of abscissions in cotton canopy
quarters

No irrigation strategy had a significant (p < .05) effect on
the number of abscissions above Level 17 (Nodes 27 and 28).
In 2017 and 2018 on 84 and 83 DAP, respectively, irrigation
Strategy 1 had fewer abscissions present in Level 1 (Nodes 1
and 2 with the 60% irrigation rate than the 100% irrigation
rate (Figure 3; Supplemental Table S3). In 2017 and 2018 on
112 and 111 DAP, respectively, irrigation Strategy 1 had fewer
abscissions present in Level 8 (Nodes 15 and 16) with the
60% irrigation rate than the 120% irrigation rate (Figure 3;
Supplemental Table S3). In 2016 and 2018 on 140 and 146
DAP, respectively, irrigation Strategy 1 had fewer abscissions
present in Level 14 (Nodes 27 and 28) with the 60% irriga-
tion rate than the 120% irrigation rate. In 2016 and 2017 on
112 and 112 DAP, respectively, irrigation Strategy 2 had fewer
abscissions present in Level 10 (Nodes 19 and 20) with the
80% irrigation rate than the 120% irrigation rate (Figure 4;
Supplemental Table S2).In2016,2017,and 2018 on 112, 112,
and 111 DAP, respectively, irrigation Strategy 3 had fewer
abscissions present in Level 7 (Nodes 13 and 14) with the
60% irrigation rate than the 120% irrigation rate (Figure 5;
Supplemental Table S2). In 2016 and 2018 on 112 and 111
DAP, respectively, irrigation Strategy 3 had fewer abscissions
present in Level 8 (Nodes 15 and 16) with the 60% irriga-
tion rate than the 120% irrigation rate (Figure 5; Supplemental
Table S2). In 2016, 2017, and 2018 on 112, 112, and 111
DAP, respectively, irrigation Strategy 3 had fewer abscissions
present in Level 9 (Nodes 17 and 18) with the 60% irrigation
rate than the 120% irrigation rate. In 2016, 2017, and 2018 on
112, 112, and 111 DAP, respectively, irrigation Strategy 3 had
fewer abscissions present in Level 10 (Nodes 19 and 20) with
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2016 2017 2016 —o—50
2
1.5
#Squares 1
Lvi10 05
0
2
1.5
#Squares
l12
0.5
0
1.5
#Squares
Lvi13 05
0
0.8
0.6
#Squares 0.4
Lvi14
0.2
0 1 o o ~
32 60 91 121 152 32 60 91 121 15232 60 91 121 152

Days After Planting Days After Planting Days After Planting
Y.

FIGURE 2 Number of squares present in Levels (Lvl) 10, 12, 13, and 14 in 2016, 2017, and 2018 with irrigation Strategy 3. Data points
represent the mean value from each day of year X irrigation rate (n = 4) for each day of year and year
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the 60% irrigation rate than the 120% irrigation rate (Figure 6;
Supplemental Table S2). In 2016 and 2018 on 140 and 146
DAP, respectively, irrigation strategy had fewer abscissions
present in Level 11 (Nodes 21 and 22) with the 80% irriga-
tion rate than the 120% irrigation rate (Figure 6; Supplemental
Table S2).

3.3 | Effects of irrigation strategy and rate
on green boll number in cotton canopy quarters

No irrigation strategy had a significant (p < .05) effect on
the number of green bolls below Level 9 (Nodes 17 and
18). In 2016 and 2017 on 140 and 147 DAP, respectively,
irrigation Strategy 1 had fewer green bolls present in Level
15 (Nodes 29 and 30) with the 60% irrigation rate than the

120% irrigation rate (Figure 7; Supplemental Table 4). In
2016 and 2018 on 126 and 125 DAP, respectively, irrigation
Strategy 3 had fewer green bolls present in Level 9 (Nodes
17 and 18) with the 60% irrigation rate than the 120% irri-
gation rate (Figure 7; Supplemental Table S4). In 2016 and
2018 on 126 and 125 DAP, respectively, irrigation Strategy
3 had fewer green bolls present in Level 11 (Nodes 21 and
22) with the 60% irrigation rate than the 120% irrigation
rate.

3.4 | Effects of irrigation strategy and rate
on cotton plant height and node number

In 2016 on DAP 86 and 98, the plant height from plants that
received the 60% rate with irrigation strategy 1 was shorter
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than that for the 100 and 120% irrigation rates. In 2016 on
DAP 112, the plant height from plants that received 60% rate
with irrigation strategy 1 was shorter than that for the 120%
irrigation rate (Table 2). In 2017 on DAP 98 and 112, the plant
height from plants that received with the 60% rate with irri-
gation strategy 3 was shorter than that for the 100 and 120%
irrigation rates (Table 3). In 2018 on DAP 97, 111, and 125,
the plant height from plants that received the 60% rate with
irrigation strategy 1 was shorter than that for the 100% and
120% irrigation rate (Table 4). Irrigation strategy 2 resulted
in no differences in height among irrigation rates. In 2016 on

DAP 86, the plant height from plants that received the 60%
rate with irrigation strategy 3 was shorter than that for the
100 and 120% irrigation rate. In 2016 on DAP 98, 112, 126,
and 140, the plant height from plants that received the 80%
rate with irrigation strategy 3 was shorter than that for the
120% irrigation. In 2018 on DAP 97 and 111, the plant height
from plants that received the 60% rate with irrigation strategy
3 was shorter than that for the 100 and 120%. In 2018 on DAP
97, the plant height from plants that received that 80% rate
with irrigation strategy 3 was shorter than that for the 100 and
120% irrigation rates. In 2018 on DAP 111, 125, and 146, the



HERRITT ET AL.

Crop Science

1566

1596 6208 60LY |£6194 y1°¢8 91°96 8¢S £0°8¥ 0°s¢ See £'6¢ 0'LT ELLT G €91 0'8¢CI €801
9¢€C6 189 8CIS L6TE 0,901 LY'SL ey 81°0¢ 8'9¢ 0'¢e £'6¢ 8'9¢ 0081 8oVl 0cel £'66
Ievee 7961 ¥8LI1 (394! 61°'LET 00881 89°¢€91 el'vel £Ce 8'0¢ 10¢ £'8¢ 8991 0¥l £'6Cl S0l
€L20C 0CSLT 080ST 0881 91 9¢9¢1 LU'TIT (ANt 9'8¢C 0'LT 1'9¢ £'6C (14! 8'90¢1 VLT 0°S6
20861 00€29 €011 Y2011 19°6C1 €G°LIT 0€°68 C6'SL e €1C ¥'€T £'TC LTI 8°CII1 9101 8'C8
20101 LY66 6L68 ELIL 9SS [489Y LS'LY 80°6¢ 86l 10T g6l 981 98 8°9L L 9°¢9
353 VL8C 118¢C 9¢se G891 9T Sl L9°ET 9Tl eVl 8¢l 6¢l 6¢l 1A44 601 8'8¢ 9°¢e
(497 L6y 196 SIS (! 9¢°1 81’1 99°'1 08 7’8 I'6 8L 0°¢I (Y 991 I'S1
S¥99 6208 11¢6 G8L9 818 9196 L9°9¢l STL6 8'¢ce gee Sve 8°0¢ 0691 G e91 SILT Svel
61788 1L89 08¢8 16L9 L6'86 LY'SL 9¢°¢01 0106 8'¢¢ 0ce 8'ee 8'ee 8VLI 8'9v1 SOLT 8CLI
969¢¢ 961 L98ST 18¢€0¢ 20°€0T 00881 ¥0°09C ¢SSIT 8'6¢ 8°0¢ 6'Ce L'1g 0'IS1 0¥l €091 8'6S1
£6¢eeT 0TsLT 86C81 r60¢ oLl 9¢9¢l 9L°0S1 8Y'ELI 9'8¢C 0'LT 8'LT 1'8¢C £'6el 8¢l 9LEL 8'evl
SLEST 00€29 yelel ¥L981 8101 €G°LIT orovt L1°8C1 L've (4 (9 74 L'vC 6'¢ll 8'CI1 L9T1 8'¢Cl
601 LY66 6L601 y1€01 €1'¢9 [48%Y cro9 86°9¢ 6l 10T €0¢ 661 L'LL 8'9L 6'6L 8'¢8
91+¢ ¥L8C 14593 88¢¢ 6911 9T Sl €181 00°LL gel 8¢l (41 0yl 1y 6'0¥ 8'CY 6'vy
2149 11914 €87 s 8L'1 961 961 €8l '8 '8 98 1'6 €SI (Y el L9l
1€0L 6208 IvL9 98LS LO'¥6 91°96 cTeL 69°LS 43 gee 8'1¢ 8'1¢ €791 Se91 0°Sel el
L9 189 £8¥9 RESY IeSL LY'SL ¥C0L LT8Y 8'¢ce 0¢e £ee ele 8961 8oVl 0°sel 8°CCl
0r0¢ 961 LOT61 9CL61 6C°661 00881 £9°¢91 6L°6V1 9'l¢ 8'0¢ 8'6¢ 8'6¢ 1"est 0¥l £6Cl 8'0¢CI
80L0C 0CSLT 10191 6LEE] ¥1°991 9¢9¢1 Y9811 9L°06 £'6¢ 0'LT §'9C ¥'ST L'9ET 8°90¢1 60l 8°001
89¢91 00€29 CISTI ISLOT 90011 €G°LIT 6L°18 96 VL 81C 4 TET 8'CC 6611 8°CIIT §'C6 G388
€6l LY66 6508 6C18 £€°¢9 [489Y 9L V¥ ILey €'0¢ 10T o6l 881 118 8'9L L'69 8'69
0S8¢ ¥L8C G80¢ 18¢¢€ €C1C 9T’ SI 0TSl 9Pl 0°SL 8¢l a4t 8¢l 8y 6'0% g'6¢ 98¢
(434 L6y ELY 8¢y LS'T 9¢°1 SS'I 9’1 €8 '8 8L i S Sl (Y ¢l 0¥l
[ 3 ON w
(1748 001 08 09 0cr 001 08 09 (1148 001 08 09 0cr 001 08 09
BAIR JBI JYSPM WIS SIpPON Y3y Jueld

orl
9¢l
(48!
86
98
1L
8¢
{974
ovl
9¢l
(41!
86
98
1L
8¢
(974
orl
9¢Cl
Cll
86
98
1L
8¢
1974

AR |

dvd

9107 ul (111) sajer uone3LuI %0z Pue ‘001 ‘08 ‘09 10J (dva) Sunuerd 19y sAep woiy (A391enS) ¢ pue ‘7 ‘1 so1391e)s UONEBSLIII WOoIJ BaIe Jed] pue Y31y jued sopou UedA

£39ensS

¢ H'TdVL



1567

Crop Science

HERRITT ET AL.

£149Y [95°14 6LLS (47433 L9 0¢'08 00°09 86 Sy S9¢ £Ce 0S¢ 8°0¢ eyl €8¢l 8'¢Cl €16
SSIL 2959 L009 SoLE 509 619 0c'6¥ ¥9°Ce 8'¢¢ £'6e 8'CE 0'6C 8l 8'1¢I OTTT £'8L
LT8LI VLOLT [4444! YLSOT 42141 6C el 9T’¢6 ¥L'99 00¢ I're 8'6¢ 96T ceel 6911 8°L6 L'SL
Yrorl L90T1 OLLTT L8SL 0S°'L6 SL'LL L8VL Y or 8'9¢ 6'6C £'6C £'¢T 6'¢6 1'€6 8L ¥'19
09¢8 LL66 G8¥8 981¢ 96°'SS ST'L9 6765 6¢°LE e 1'¢€C L'1T L0t LT SYL €99 £'6S
0s6y ores L1V §09¢T 0r're eL'ee 11°8¢C LI'VC 881 ¢8l €81 91 6'CS e1s '8y €'LE
8L9S L9V S8Y¢ 6¥61 8¢S 0€°08 YL'6E 8019 09¢ £'Ce gce 0'¢ce e1vl €8¢l 81l (SYAN!
€666 2959 8Cry 001§ 0T'Cs 619 8T 1Y 6981 8'¢ce £'6¢ ele £0¢ S orl 8'1¢CI G811 8¢l
eclol VLOLI §99¢1 6¢6¢l ge8Cl 6C el LEOIT L6101 ¥'6C I'1e 9°6C 8'6¢ 8911 6911 9801 8'66
Yrocl L90T1 15941 Syicl 9798 SLLL 08°L6 £8°98 8'¢¢ 6'S¢ €'LT L9t £'88 1'¢6 906 S'L8
9T6L LL66 6196 Seol1 60°CS ST'L9 60°S9 678 £'Ce I'ee (2 %4 LTt 899 SYL €CL 9CL
ocey ores 609t 8796 60°LC eL'ee G8'8¢ 19°1¢ VLT ¢81 €81 G8l g'ov €18 €8y 0s
6996 LY 9y 90194 0LYL 0€°08 YT LY 11°8% 8'6¢ & @e eLE £6¢e (14! €8¢l SIClI 8'6C1
(4219 2959 8IS §S6S 8CCS 619 (4544 88°CY 8'C¢E £6¢ g1e 8'1¢ eerl 8'1CI G811 S'LOT
yI8I1C VLOLT SY6S1 71971 P OLT 6T el S8 101 1978 e I're 8'6¢ 9°'LT L'LT1 6911 7’86 6'68
00191 L90C1 86€0I L68L 99°01T SLLL 6729 9T 1'LT 6'SC 8°6C 've €0l 1'¢6 7oL 819
cocel LL66 6785 0e8y 71°68 ST’L9 9¢°6¢ 9I've L€t I'ec £'6¢ 8’61 ¥'€8 SyL 1'6S e'Ly
LT9S ores I6lc 81I¢ce [E1e eLee ¥6°LC 08v1 €81 G8I1 8'LI 091 0'9¢ £1s 6°cy 8'¢ce
Ju 3 ON w
(1748 001 08 09 0cr 001 08 09 (1148 001 08 09 oct 001 08 09
BAIR JBI JYSPM WIS SOpPON Y3y Jueld

Lyl
9Cl
(48!
86
78
0L
Lyl
9Cl
41!
86
78
0L
Lyl
9Tl
(41!
86
78
0L

AR |

dvd

L10T Ul (11]) soye1 uoneSLLI %071 PUe ‘001 ‘08 ‘09 10} (dvQ) Sunuerd 19)ye sAep woij (A391enS) ¢ pue ‘z ‘1 so139)ens UoneSLLI WOl BaIe Jed] pue 1y31oy jueld sopou uedJy

£39ens

€ HTdVL



HERRITT ET AL.

Crop Science

1568

ey 9¢¢s eveS orey 9¢°0S 0r'ss LO°L9 Ly 81e gee 0ce 0ce 8°¢SI geel S601 8101
L868 £S6L 96C8 91786 98°C8 LOY8 0r'8L €166 6'6C 08¢ 0°6¢ €'LT 0°sel 6111 Y0l 616
1006 8CLS 8GL6 V8L 06'9L SLYL £8°¢8 61°'1L 0'6C 9'9¢ 9°¢C 6'CC I'Tel 1911 G'86 ¥'e8
9659 ¥L68 6588 G8¢C6 891 °e's9 S¥°69 $9°89 6'vC 09T o 8'1¢ 8¢Cl eVl 668 8T8
$S09 £€€9 9LIS 1S9 (SSa% SI'vy 96°8¢ SO Sy ¥'1c I'ic 0T 881 £'86 976 0'8L €99
Y6LE 6SSY G86¢ L81Y 8Y'¥C 6€°0¢ 91°6C 8¢°LT SLI SLT 8'LI 691 0yL L9 1’19 109
Soll1 99v1 GS81 80LT 89 20’6 €Tl 1S°01 el Vel 811 o€l 891 eey I'se 9°6¢
1294 el 44 l6¢ 16°1 19°1 SL'T 4! I'8 '8 6'8 €8 0'1¢ 6'1C 11 I'1ec
0s¢s 9¢¢s £06¢ 066¢ 9999 0r'ss w9Ys yecs 8'1¢ gee gee £0¢ 0cel eeel 8'LTI Sell
0688 £€S6L 81001 2698 Ye'8L LOY8 6196 ST'16 9°6C 08¢ ¥'6C §'6C 9¢ll 6111 I'ell 6°¢ll
9¢68 8CLS 118 CLEL 01'69 SLYL £6°69 91'8¢ 0LT 9'9¢ 69¢C 0'LT 7011 1911 6°L01 9¢ll
SETO V.68 8118 91¢8 569 e's9 6685 8679 0vc 09T 9°¢C §'se §'001 eyl G101 Sor1
€09 £€€9 Yevs 88L €6'CY Sl'vy 98°6¢ 96°'¢S I'iec I'1e 00T 8'1¢ 798 976 G'L8 166
66¥¢ 6SSY G8Y¢ €891 ¥6'¢C 6£°0¢ 19°¢C 81°CE 8'LI SLI 691 S'LT €'L9 ¥'L9 709 ¥'89
1971 9971 9401 6291 LL'6 206 809 86°01 6Tl el ¥l gel A% (4 g'6¢ Sy
(394 ey LTS 90t SL'1 19°1 [4%¢ 09°1 g8 g8 '8 7’8 §oc 6'1C £0¢ 661
99¢y 9¢¢s IL1S 798¢ 0s°cs 0SS L8°0L LS8y 09¢ gee 0ce 8 e o'ovl eeel €0l 0'8CI
19¢L £S6L 6168 68¢6 £8°89 LOY8 $6'88 IS°16 9'l¢ 08¢ €8¢ 1'9¢ sel 6111 $901 9'88
CSL8 8CLS £6001 9L 8789 SLYL 9¢'IL $9°¢9 9'8¢C 9'9¢ 9°9¢ 0T LTI 1911 9601 V18
9L8L V.68 156 8L8L 9619 °e's9 99°[L ¥9°09 6'vC 09T gee 8'1¢ GBI eVl 8'86 1'8L
CILY £€€9 12943 (499 9L'CE SI'vy YTy 90'¥1 I'ce I'ic £0¢ £'0¢ L6 976 198 VIL
6vey 6SSY S00¢ 86¢¢E CTL'8C 6€0¢ 8L°81 ye1c 0Ll SLT 181 691 8°¢L L9 £69 (%Y
1091 99771 LL8T GESI 501 206 Y0°Cl LT°6 8Tl el el et 9ty ey Sy A %3
06v el L09 9¢ey 761 19°1 0r'c LT 9'8 '8 7’8 98 8CC 6'1C 91T 981
Juo 3 "ON! W
0cr 001 08 09 (1748 001 08 09 0cr 001 08 09 (1748 001 08 09
BAJIE JBI| YoM WS SIpPON JYSY Juelq

orl
9¢Cl
Cll
86
98
IL
8¢
9%
orl
9Tl
(41!
86
98
IL
8¢
9%
orl
9Cl
Cll
86
98
IL
8¢
9%

R |

dvd

Q10T Ul (11]) sejes uone3LLI %071 PUe ‘001 ‘08 ‘09 10} (dva) Sunued 10)ye skep woij (A391ens) ¢ pue ¢ ‘1 A391enS UONRSLLI Wolj (Zwd) vare Jed ‘(wo) Y31y jued sopou UeAl

£39eNnS

v H'1TdVL



HERRITT ET AL.

Crop Science 1569

2016

=

#Green Bolls

Lvi9 0.5

0

1

0.8

#Green Bolls 0-6

Lvi11 0.4
0.2 ﬁ ﬁ
0 —;—/
0.1
0.08
#Green Bolls0.06
Lvl1s 0.04
0.02 i
0
32 60 91 121 15232 60
Days After Planting
FIGURE 7

represent the mean value from each day of year X irrigation rate (n = 4)

plant height from plants that received the 80% rate with irri-
gation strategy 3 was shorter than that for the 120% irrigation
rate.

In 2016 and 2018 on DAP 98 and 125, respectively, with
irrigation strategy 1, the 60% irrigation rate resulted in fewer
nodes than the 120% irrigation rate (Tables 2 and 4). In 2016
and 2018 on DAP 112 and 111, respectively, with irrigation
strategy 3, the 60% irrigation rate resulted in fewer nodes
than the 120% irrigation rate. No significant differences were
identified between irrigation rates for irrigation strategy 2.

3.5 | Effects of irrigation strategy and rate
on biomass accumulation

Irrigation strategy 1, 2, and 3 had no consistent effects
between irrigation rates for weights of squares, flowers, green
bolls, or mature bolls. In 2016 and 2017 on DAP 98 and 98,
respectively, with irrigation strategy 1, stem weight was lower
with the 60% irrigation rate compared with the 120% irriga-
tion rate (Tables 2 and 3). In 2016 and 2017 on DAP 112 and
112, respectively, with irrigation strategy 3, the 60% irrigation
rate resulted in less stem weight than the 120% rate. Irrigation
strategy 2 had no differences between irrigation rates for stem
weight. In 2016 and 2017 on DAP 98 and 112, respectively,
with irrigation strategy 1, the 60% irrigation rate resulted in
less leaf area than the 120% irrigation rate (Tables 2 and 3). In
2016 and 2017 on DAP 112 and 112, respectively, with irriga-
tion strategy 3, the 60% irrigation rate resulted in less leaf area

—g 50

2017 2018

I

o

91 121 152 32 60 91 121
Days After Planting Days After Planting

152

Number of green bolls present in Levels (Lvl) 9, 11, and 15 in 2016, 2017, and 2018 with irrigation Strategy 3. Data points

for each day of year and year

than the 120% rate. Irrigation strategy 2 had no differences
among irrigation rates for leaf area.

4 | DISCUSSION
4.1 | Deficit irrigation impacts on cotton
reproductive development

Over the course of the season, cotton plants received one
of four irrigation rates that followed one of three irriga-
tion strategies. Irrigation rates were 60, 80, 100, and 120%
amounts based on irrigation recommendations from an irri-
gation scheduling model. Irrigation strategies were one of the
four irrigation rates from first square to peak bloom and then
100% for rest of the season (Strategy 1), 100% up to peak
bloom then one of four irrigation amounts from peak bloom
to 90% open boll (Strategy 2), and one of the irrigation rates
from first square to 90% open boll (Strategy 3).

Reduced irrigation from squaring to peak bloom (Strat-
egy 1) reduced the number of squares present in the lower
middle quarter of cotton plants (Levels 5-8, Nodes 9-16).
Schaefer et al., 2018 showed a reduction in bolls from lower
nodes (below Node 8) in response to reduced irrigation prior
to flowering. Reduced irrigation from squaring to 90% open
boll (Strategy 3) reduced the number of squares present in
the lower middle, whereas the number of squares in the low-
est (Levels 1-4, Nodes 1-8) and upper middle (Levels 9—12,
Nodes 17-24) and uppermost (Levels 13—16, Nodes 25-32)
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quarters of cotton plants were unaffected by the irrigation
rates or strategies. Cotton yield was reduced with reduced
irrigation in early vegetative growth (Mitchell-McCallister
et al.,, 2020). However, the impacts of reduced irrigation
on reproductive development was not reported. Shedding of
squares by cotton in response to drought has been previously
reported (Bruce & Romkens, 1965; Eaton, 1955; Grimes
et al., 1970; McNamara et al., 1940). It is possible that repro-
ductive growth follows the nutritional theory of boll shedding,
where bolls that can be supplied with N, carbohydrates, and
other nutrients are kept on the plant (Eaton, 1955). Squares
in the lower middle quarter of the canopy can be priori-
tized and provided nutrients despite reduced irrigation early
in the season, and upper middle canopy squares are sacri-
ficed to ensure that lower squares continue to progress through
reproductive development. Gerik et al. (1996) concluded that
photosynthetic capacity may be the underlying reason that a
short-season cotton variety outyielded other varieties regard-
less of the water stress level. Reduced irrigation is likely
leading to reduced source strength, which limits the num-
ber of squares that can be provided an adequate supply of
nutrients and carbohydrates. As such, the full year of reduced
irrigation limited the amount of nutrients the cotton plants
could supply to reproductive growth, leading to the sacrifice
of even the lower middle canopy squares. When irrigation
was limited earlier in the reproductive development (Strategy
1), enough nutrients could still be provided to reproductive
growth lower in the canopy that were further along in repro-
ductive development. Reducing the source strength early in
reproductive development would limit the number of squares
that are generated and retained. Additional studies will be
needed to determine the effects of irrigation rates and tim-
ing on cotton flowering and how that affects flower abortion
and boll shedding. Reduced irrigation from first square to
peak bloom (Strategy 2) impacted cotton development at a
critical stage between squares and green bolls. These effects
were observed through developmental stages that never recov-
ered even when irrigation rates were returned to 100% of the
recommendation.

Overall, reduced irrigation reduced the number of green
bolls present in the lower middle quarter (Levels 5-8, Nodes
9-16) of cotton plants. Similar results have been reported
with full-year irrigation treatments (like irrigation strategy
3 herein), but without the within-canopy resolution of the
present study (Zhao et al., 2019). McMicheal et al. (1973)
reported that bolls were sensitive to reduced irrigation and
tended to be abscised during the first 14 d post anthesis.
It is likely that reduced irrigation during strategies 1 and 3
reduced source strength; therefore, reduced nutrients going to
the lower middle quarter of reproductive structures on plants.
The reduced nutrients led to less development of green bolls in
these canopy quarters, or increased abscissions of reproduc-
tive structures. Additional studies are required to determine

the critical periods of sensitivity to drought and the most influ-
ential reproductive stage on cotton yield loss under drought
stress.

Yield reduction was associated with the 60% irrigation rate
in Strategy 1 (Thorp et al., 2020). However, the 80% irrigation
rate maintained reasonable yields with Strategy 1. The results
in the present study indicate that the reduction in yield asso-
ciated with the 60% irrigation rate in timing Strategy 1 were
a result of reduced boll numbers in the lower middle quarter
of plants. The lack of yield impact of the 80% irrigation rate
with Strategy 1 and lack of impact on the number of green
bolls indicate that more finely timed irrigation rates during
the lower middle and upper middle plant canopy development
could provide additional water savings for cotton produc-
tion. The present study has reaffirmed the importance of boll
per plant for determining cotton yield and has expanded the
findings for four unique canopy levels.

4.2 |
growth

Effects of reduced irrigation on cotton

In general, plants that received less irrigation were smaller and
had fewer nodes (Figures 1 and 2). Reduced irrigation was
previously shown to reduce cotton height and node number
(Snowden et al., 2014). In the present study, plant height and
node number were not affected by irrigation strategy 2. When
drought occurred earlier in the season with younger plants
(Strategy 1), plant height and node number were reduced.
When drought occurred earlier and persisted for the rest of
the season (strategy 3), the effects on plant height were more
pronounced. Previous studies have shown that plant height is
sensitive to drought when drought occurs with younger cot-
ton plants (Desclaux et al., 2000; Snowden et al., 2014). A
previous study involving greenhouse-grown cotton found sim-
ilar results when irrigation was withheld from plants aged 38
d (Pace et al., 1999). Providing cotton with enough irriga-
tion early in the season to reach their full height potential is
critical to ensure maximum boll development later in the sea-
son. However, potential for boll development, because node
number was not affected by strategy 1, could lead to yield
maintenance. The effects of boll development and retention in
differing canopy architectures also needs to be investigated.

S | CONCLUSION

Irrigation rates at 60% of the recommendation from a cot-
ton irrigation model from squaring to peak bloom and from
squaring to 90% open boll were most impactful on cotton
growth and development. The 60% rate was most impact-
ful on boll development in the middle of cotton plants when
this occurred during first square to peak bloom. Reproductive
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growth was inhibited by the 60% irrigation rate and was pri-
marily in the middle of the plant canopy, leading to reduced
boll numbers, which was associated with reduced fiber yield.
Additional studies with irrigation treatments coinciding with
reproductive development stages are required to determine the
developmental stage that has the most impact on cotton fiber
yield. This can better inform irrigation decisions that lead to
additional water saving without impacting fiber yield.
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