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ABSTRACT

The Texas High Plains (THP) is a major cotton-producing region in the United States. Sustaining cotton pro-
duction under declining groundwater availability in the underlying Ogallala Aquifer and changing climate re-
mains a key challenge for stakeholders in this region. The objectives of this study were to assess climate change
impacts on cotton yield and irrigation water use, and evaluate six ideotypes for adaptation. In this study, we used
the DSSAT-CSM-CROPGRO-Cotton model for simulating cotton production under 18 projected future climate
scenarios and with six potential adaptation ideotypes at Bushland, Halfway and Lamesa in the northern, central,
and southern parts of the THP region, respectively. Seed cotton yield and irrigation water use between baseline
(1976-2005) and future periods (mid-century:2036-2065 and late-century: 2066-2095) were compared. The
irrigated seed cotton yield is expected to increase by 12-21 % at cooler northern sites, and decrease by 2% at the
warmer southern site, in the mid-century compared to the baseline. For the same period, seasonal irrigation
water use is expected to increase by 6-11 % and dryland seed cotton yield is expected to change by +6 % to —11
% across the locations. The increases in irrigated seed cotton yield were attributed to increased vegetative growth
under elevated CO,, while the decline in dryland seed cotton yield was due to poor boll retention at high growing
season temperatures. Six potential climate change adaptive ideotypes with greater drought and heat tolerances,
higher yield potential, and longer maturity were designed and compared to the reference cultivar. For irrigated
conditions, increasing area of full leaf and enhancing partitioning of assimilates to reproductive growth (high
yield potential) were preferred, because these characteristics increased seed cotton yield substantially (by 3-9 %)
with a marginal change in irrigation water use (by —1 to 3 %). For dryland production, a long maturity ideotype
with longer boll filling duration was the most effective ideotype with a substantial increase in seed cotton yield
by 11-45 %. The results from this study will be useful to THP cotton producers and water managers in making
appropriate decisions for adapting cotton production to projected changes in future climate and groundwater
availability.

1. Introduction

(USDA-NASS, 2018). Irrigating such a large area of cotton, about 0.3
million ha, may not be feasible in the future because the Ogallala

Cotton [Gossypium hirsutum L.] producers in the Texas High Plains
(THP) region face challenges from the declining irrigation water sup-
plies and changing climate. The THP region encompasses about 35 % of
the total upland cotton acreage in the United States. Approximately 43
% of this area is irrigated, according to 2010-2018 annual average

Aquifer, which is the primary source of irrigation water, has been
depleting rapidly (Chaudhuri and Ale, 2014). In addition, projected
future increases in temperature, rainfall variability and extreme weather
conditions under a changing climate (Coumou and Rahmstorf, 2012;
IPCC, 2014; Wuebbles et al., 2017), could affect cotton production in the
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THP. Using data from regional climate models based on the Coupled
Model Intercomparison Project 3 (CMIP3) simulations, Modala et al.
(2017) projected an increase in the maximum temperature (between 2.0
and 3.2 °C) and a decline in annual rainfall (between 30 and 127 mm) in
a majority of the counties in the THP region in the future (2041-2070)
compared to the baseline (1971-2000) period. Therefore, it has become
essential to adapt cotton production to the anticipated changes in irri-
gation water availability and weather conditions during the growing
season.

Limited literature exists on climate change adaptation strategies for
cotton production. Some researchers (Gérardeaux et al., 2018; Loison
etal., 2017) have used simulation models for evaluating potential cotton
ideotypes for climate change adaptation; however, such efforts are
lacking for the THP region. Loison et al. (2017) evaluated several crop
parameters for climate change adaptation in Cameroon, Africa, using
the DSSAT-CROPGRO-Cotton model. They found that ideotypes with
early flowering and longer reproductive periods were best suited under
climate change. Similarly, Gérardeaux et al. (2018) found that longer
maturity and thicker leaves were potential traits for cotton production in
Sub-Saharan Africa. Most researchers tested cotton genotypes for
dryland conditions and there is little published data on potential adap-
tations for irrigated conditions, keeping in view both yield and irrigation
water use. Farmers and planners in the THP region could benefit from
better understanding of potential climate change impacts and adapta-
tions for cotton production.

Although research on climate change adaptation for cotton is
limited, many researchers have assessed climate change impacts on
cotton production in controlled-environment and simulation studies
(Adhikari et al., 2016; Gérardeaux et al., 2018; Kimball et al., 2002). Air
temperature, rainfall, and atmospheric carbon dioxide concentration
[CO;] are key drivers of crop response to climate change (Parry et al.,
2004). Cotton is a C3 plant, which shows a substantial increase in
photosynthesis rates at elevated [CO2] level (Kimball et al., 2002). Re-
searchers in Maricopa, AZ, reported a 43 % increase in harvestable
cotton yield in a Free Air CO, Enrichment (FACE) experiment at ambient
temperature with an elevated [CO3] level of 550 ppm (Mauney et al.,
1994). In another study in Richmond, Australia, Broughton et al. (2017)
grew cotton in a greenhouse under two [CO3] (400 ppm and 640 ppm),
and two day/night temperature regimes (28/17 °C and 32/21 °C) and
reported that elevated [CO,] increased vegetative biomass at lower
temperatures, but not at higher temperatures. The water use of cotton
increased by 7% under elevated [CO;] treatments for both temperature
treatments. Researchers at Mississippi State University, Mississippi, used
naturally lit controlled environment plant growth chambers or
Soil-plant-atmosphere-research units (Reddy et al., 1995), and reported
that COy enrichment increased the boll count by 28 %, but it did not
affect the boll weight at optimum temperatures. At higher temperatures
(>35.5°C), no bolls were produced in any [CO5] treatment. Reddy et al.
(1999) found boll retention to be the most temperature-sensitive char-
acteristic and identified 32 °C temperature as the maximum temperature
for cotton boll survival. These studies show that the positive effects of
CO, fertilization on cotton yield depend on the air temperature.
Therefore, studying interactive effects of these two parameters, [CO]
and temperature, under a wide range of climate regimes, which is
difficult to achieve in a controlled environment setting, would be
beneficial in developing climate change adaptation strategies for cotton
growth.

The CSM-CROPGRO-Cotton model of the Decision Support System
for Agrotechnology Transfer (DSSAT) is a process-based cropping sys-
tem model (Hoogenboom et al., 2019; Jones et al., 2003) and it has been
widely used to simulate cotton growth under climate change. Adhikari
et al. (2016) assessed the impacts of CO; fertilization on cotton yield in
the THP region and reported a 14-29 % increase in seed cotton yield in
2041-2070 when compared to the 1971-2000 yield under non-water
limiting conditions. Anapalli et al. (2016) also reported an increase in
irrigated seed cotton yield under climate change in the Mississippi Delta
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region under moderate temperature rise; but yields decreased beyond
2050 under extreme temperature rise (2.6-4.6 °C). In contrast, in
another study in Punjab, Pakistan, Rahman et al. (2018) reported a
decrease in seed cotton yield by 12 % in 2030s (+1.8 °C temperature
rise) and 30 % in 2060s (+3.5 °C temperature rise). All these studies,
which used CSM-CROPGRO-Cotton show that this model is useful for
assessing climate change impacts on cotton production, but the direction
of change in the future seed cotton yield varied in those modeling
studies.

The overall goal of this study was to evaluate potential climate
change adaptation strategies for cotton production in the THP region.
The specific objectives were to: (a) assess climate change impacts on
cotton yield and irrigation water use at three locations in the THP re-
gion; and (b) evaluate six ideotypes with different genotype specific
traits, for climate change adaptation at those study sites, using the CSM-
CROPGRO-Cotton model.

2. Materials and methods
2.1. The DSSAT-CSM-CROPGRO-Cotton model

We used the CSM-CROPGRO-Cotton model within the DSSAT v4.6
crop modeling platform (Hoogenboom et al., 2015). The CROPGRO crop
model, initially developed for grain legumes (Boote et al., 1998), com-
putes crop growth processes based on species traits and cultivar pa-
rameters (Jones et al., 2003). Cotton was integrated into the CROPGRO
model using parameterization data from the published studies (Messina
et al., 2004; Pathak et al., 2007). In the CROPGRO model, crop devel-
opment stages are predicted, based on temperature, photoperiod, and
water deficit (Boote et al., 1998; Hoogenboom et al., 1992). If all the
three conditions are optimal on any given day, it is counted as one
physiological day; and once the accumulated physiological days reach
the required count, the crop development phase is completed. Photo-
synthesis is computed using the hedgerow light interception model and
leaf related parameters, with adjustments for [CO3], row spacing, and
cultivar specific photosynthesis rate (Boote and Pickering, 1994). The
daily carbon assimilation rate has an asymptotic response to [COz]. An
overview of CROPGRO model and the photosynthesis response to [CO-]
can be found in Boote et al. (1998) and Alagarswamy et al. (2006),
respectively. The daily canopy assimilation response to [CO3] is based
on three species parameters: CCMP (80 ppm), which indicates canopy
compensation point at which daily gross photosynthesis is zero; CCMAX
(2.09) which indicates maximum daily canopy photosynthesis rate
relative to the photosynthesis rate at 350 ppm [CO2]; and CCEFF
(0.0105), which represents relative efficiency of [CO5] assimilation used
to adjust canopy photosynthesis with [CO2] (Saseendran et al., 2010).
The elevated [CO;] also affects evapotranspiration (ET) through a
parameter ETRATIO, which is defined as the ratio of ET under elevated
[CO2] to the ET under base climate, which is computed using temper-
ature, wind speed, leaf area index (LAI), and [CO3] (B. Curry et al.,
1990). In summary, the daily canopy assimilation rate increases
asymptotically with increasing [CO-], and it can be as high as 2.09 times
of that at 350 ppm [CO3]. The ETRATIO accounts for stomatal closure
under elevated [CO3] (Hoogenboom et al., 1995). The minimum inputs
required for crop growth simulation include soil properties, weather
data, crop management data, and initial conditions (Hoogenboom et al.,
2012).

2.2. Study sites and model inputs

Three sites within the THP region were chosen for this modeling
study: Bushland (35°11° N, 102°6° W, 1170 m aMSL), Halfway (34 ° 11°
N, 101 ° 56’ W, 1071 m aMSL), and Lamesa (32°46’ N, 101 ° 56° W, 915
m aMSL). These three sites represent weather conditions in the northern,
middle, and southern parts of the region (Fig. 1). There is a temperature
gradient from north (cooler) to south (warmer), but the average annual
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Fig. 1. Map of Texas with the study sites and county-wise average (2000-2019) cotton lint yield under dryland conditions (USDA-NASS, 2018).

rainfall is comparable at the three sites. Soils at Bushland and Halfway
site are fine textured (Pullman clay loam - fine, mixed, superactive,
thermic, Torrertic Paleustolls), whereas that at Lamesa site is coarser
(Amarillo fine sandy loam - fine-loamy, mixed, superactive, thermic,
Aridic Paleustalf). These two soil series represent the most common soils
in the THP region (McMichael and Lascano, 2003). We obtained most of
soil data from field measurements (Adhikari et al., 2016), and generated
the remaining parameters using the SBuild tool in DSSAT. Measured soil
inputs included percentages of sand and clay, pH, nitrogen and organic
carbon, and cation exchange capacity. The upper 180 cm soil profile had
36 % clay and 22 % sand at Bushland, 29 % clay and 47 % sand at
Halfway, and 10 % clay and 75 % sand at Lamesa.

The CSM-CROPGRO-Cotton model parameters, calibrated previously
(Kothari et al., 2019b) against field data from the Halfway site, were
used for performing scenario analyses at all three sites. Measured data
used for calibration were obtained from field experiments conducted at
Halfway over eight growing seasons and three irrigation experiments.
Systematic adjustment of genotype parameters related to phenology,
growth, and yield resulted in a close match between simulated and
observed onset of growth stages and yield. The calibration results
related to phenology and seed cotton yield were reported in Kothari
et al. (2019b). We have performed additional model evaluation by
comparing simulated soil water with measured volumetric soil water
from the top 1.4 m soil profile reported in Bordovsky et al. (2011) from
similar cotton-grain sorghum rotation experiments and similar irriga-
tion treatments in adjacent plots under the same center pivot irrigation
system. We have also compared simulated reference ET during the
cotton growing season with the standardized reference ET estimated by
Bushland ref-ET software (Gowda et al., 2016). The ref-ET software uses
the American Society of Civil Engineers (ASCE) Standardized Reference
ET equation proposed by Walter et al. (2000), and provides standard ET

results that can be compared with other ET methods, as was done in
previous studies (Adhikari et al., 2016; DeJonge and Thorp, 2017).
These additional checks for soil water and reference ET prediction were
done in this study to ensure that the simulated soil water balance and
crop water use were reasonable.

Weather data projected by nine global climate models (GCMs),
which were bias corrected and statistically downscaled using the
Multivariate Adaptive Constructed Analogs (MACA) method (Abatzo-
glou and Brown, 2012) and METDATA gridded training data (Abatzo-
glou, 2013), were used. The daily climate forcings from the Coupled
Model Intercomparison Project 5 (CMIP5) GCMs were obtained from the
MACAV2-METDATA dataset (https://climate.northwestknowledge.net/
MACA/index.php). We used future climate projections from nine
GCMs and two representative concentration pathways (RCPs) (Kothari
et al, 2020). The GCMs used were BCC-CSM1-1, CCSM4,
CSIRO-Mk3-6-0, GFDL-ESM2M, CNRM-CM5.1, IPSL-CM5A-LR,
MIROC5, MRI-CGCM3, and NorESM1-M. The RCPs used were RCP 4.5
(moderate emissions scenario) and RCP 8.5 (high emissions scenario)
(Van Vuuren et al., 2011). The [CO3] was changed annually from 332
ppm in 1976 to 540 ppm and 875 ppm in 2095 under RCPs 4.5 and 8.5,
respectively (IPCC, 2014). More details about the GCMs and climate
change scenarios are given in Kothari et al. (2020) and Kothari et al.
(2019a).

Crop management inputs were obtained from field experiments
conducted at Halfway and the reported values from literature (Adhikari
et al., 2016; Bordovsky et al., 2015; Bronson et al., 2009; Segarra et al.,
1991). Cotton was planted on May 11th at 13 seeds m 2 (Bordovsky
etal., 2015). Seeds were planted at a 3.8 cm depth with a row spacing of
1.02 m. Fertilizer was applied at the rate of 120 kg N ha~! and 52 kg N
ha™! for irrigated and dryland cotton, respectively, based on average
values from field experiments at Halfway (Bordovsky et al., 2011). For
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dryland cotton, the fertilizer amount was halved and applied at 35 and
60 days after planting (DAP), whereas for irrigated cotton, the fertilizer
amount was split into three equal doses and applied at 35, 60, and 70
DAP. The fertilizer application in the case of irrigated cotton roughly
corresponded to the first square, first bloom and mid bloom growth
stages, respectively, as suggested by Bronson and Bowman (2009).
Tillage practices included using field cultivator (on 25-Jan), bed roller
(on 1-Mar) and rotary hoe (31-Mar), similar to Bordovsky et al. (2015).
Irrigation was simulated using the “auto-irrigation” feature of DSSAT,
assuming 90 % irrigation efficiency. Irrigation was applied to replenish
plant available water content, the difference between field capacity and
permanent wilting point, in the top 30 cm profile (default) to 100 %
whenever it dropped to 50 %. The initial soil water was assumed as 100
% and 75 % of plant available water content for irrigated and dryland
conditions, respectively. Initial soil nitrogen in the top 210 cm profile for
irrigated conditions was set at 120 kg N ha™!, which was close to the
measured value in Lubbock, Texas (Bronson et al., 2001), and within the
range of values reported at eight cotton fields across the southern THP
(Bronson et al., 2009). For dryland cotton, initial soil nitrogen was
assumed to be 52 kg N ha™!. The simulations were initiated on January
1 each year, and the initial conditions were updated at the beginning of
each year.

2.3. Adaptaion scenarios

The genotype specific parameters of the cultivar used for climate
change impact assessment in this study were calibrated in a prior study
(Kothari et al., 2019b), and is referred to as the ‘reference cultivar’. For
evaluating cultivars for climate change adaptation, some of the geno-
type specific parameters and species coefficients of the reference
cultivar were modified, and the modified cultivars are referred to as
‘ideotypes’. The adjusted values of genotype specific and species pa-
rameters were decided based on published field experiments and
modeling studies. The methodology used in this study was built upon the
approach used by Singh et al. (2014b) for sorghum and Loison et al.
(2017) for cotton. A total of six ideotypes were evaluated in this study,
including two types of drought tolerant ideotypes with modified root
physical and soil hydraulic properties, two heat tolerant ideotypes with
increased range of optimal temperatures for boll addition and parti-
tioning to boll, one high yield potential ideotype with bigger leaves and
greater partitioning to seed growth, and one longer maturity ideotype
with earlier flowering and longer reproductive phase, relative to the
‘reference cultivar’. These ideotypes are described in detail in the
following sub-sections.

2.3.1. Drought tolerance I and II ideotypes

Some of the characteristics of drought tolerant cotton are efficient
and vigorous root system, smaller and thicker leaves, lower transpira-
tion, and higher photosynthetic rates than non-drought-tolerant vari-
eties (Igbal et al., 2013; Levi et al., 2009; Ullah et al., 2017). These
characteristics were incorporated by changing relevant species and
cultivar parameters. Drought tolerant I ideotype was created by
increasing parameters RFAC1 (root length per unit root weight, cm/g),
RWUMX (Maximum Water Uptake per unit root length, constrained by
soil water (cm®[water] / cm[root]) and LFMAX (Maximum Leaf
Photosynthesis rate), and decreasing RWUEP1 (soil water supply to
potential transpiration ratio). The RFAC1 parameter was increased from
12000 (default) to 17000 (value used in a cotton root-knot nematode
modeling study in Tifton, Georgia (Ortiz et al., 2009)). This is also in
accordance with a field study in Pakistan (Riaz et al., 2013), where re-
searchers reported that the most drought tolerant cotton line had the
highest root length to root weight ratio, among the six lines studied. The
RWUMX parameter was increased from 0.04 (default) to 0.08 (cali-
brated for Northern Cameroon under current climate conditions (Loison
et al.,, 2017)). The LFMAX parameter was increased from 1.3 (cali-
brated) to 1.4 and the RWUEP1 parameter was reduced from 1.5
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(default) to 1.2 (Loison et al., 2017). Drought tolerant II ideotype was
designed in the same way as drought tolerant I, except that RWMUX was
decreased from 0.04 to 0.02.

2.3.2. Heat tolerance I and II ideotypes

Heat stress can negatively affect seed cotton yield by reducing boll
retention and boll size (Lokhande and Reddy, 2014; Singh et al., 2007).
A heat tolerant ideotype is therefore expected to have better boll
retention at a higher temperature (Liu et al., 2006). In order to incor-
porate heat tolerance, the upper optimum and failure temperature
thresholds of boll addition rate (FNPDT) and partitioning to boll
(YXFTEM) were increased (Fig. S1). These thresholds were increased by
2 °C and 3 °C in Heat Tolerant I and Heat Tolerant II ideotypes,
respectively. This methodology is a modified version of the approach
used by Singh et al. (2014a) for chickpea.

2.3.3. High yield potential ideotype

A high yielding ideotype was designed by targeting yield related
parameters. The maximum size of full leaf (SIZLF) was increased from
250 cm? to 275 cm?; the maximum fraction of daily growth that is
partitioned to seed + shell (XFRT) was increased from 0.8 to 0.88; and
the threshing percentage THRSH (maximum ratio of (seed/(seed +
shell)) at maturity) was increased from 70 to 72.

2.3.4. Long maturity ideotype

Early flowering and longer reproductive phase could optimize crop
yields under climate change, as suggested by Loison et al. (2017). A long
maturity ideotype was created by lengthening the crop cycle by
approximately 10 % (as implemented by Singh et al. (2014a)), and
inducing earlier flowering. The parameter EM-FL (the duration between
emergence and first flower appearance, photothermal days) was
decreased from 38 to 34; and SD-PM (the duration between first seed
and physiological maturity, photothermal days) was increased from 40
to 51.

2.4. Statistical analysis

We simulated cotton growth at three locations for two RCPs, nine
GCMs and three time intervals: baseline (1976-2005), mid-century
(2036-2065), and late-century (2066-2095). The projections of yield
and irrigation water use were visualized separately for each location,
GCM, RCP, and future time intervals. This was done by averaging the
model outputs of the 30-year periods for the baseline and future periods,
and calculating the difference between the baseline and future yield and
irrigation water use. The changes in yield/irrigation water use are
further plotted against the changes in growing season temperature,
rainfall, aboveground biomass, boll count at maturity, growing season
length, and maximum Leaf Area Index (LAI) wherever applicable. These
relationships are plotted as scatter plots with a linear regression fitted to
the simulated points and the coefficient of determination (R?) is
computed to relate the pair of variables plotted. The statistical signifi-
cance of the difference in the 30-year average yield/irrigation between
the reference cultivar and an ideotype was tested using the two-sample t-
test for unpaired data at 95 % confidence interval (Welch, 1938).

For evaluating ideotypes for climate change adaptation, we repeated
the simulations (for three locations, two RCPs, two RCPs, nine GCMs,
and two future periods) with six ideotypes comprising different geno-
type specific and species parameters. For evaluating the ideotypes for
climate change adaptation, the difference in yield/irrigation water use
between an ideotype and the reference cultivar was obtained for each
year. All the differences between an ideotype and the reference cultivar
for 30-years are plotted using box and whisker plots, and are shown
separately for each location, RCP, GCM, and future period. To improve
legibility of boxplots developed for presenting climate change adapta-
tion results, only six out of nine GCMs are shown. Out of the six selected
GCMs, three GCMs (MRI-CGCM3, CNRM-CM5.1, and GFDL-ESM2M)



K. Kothari et al.

projected milder temperature rise and wetter growing season in the
future than the baseline climate, while the other three GCMs (CCSM4,
BCC-CSM1.1, and IPSL-CM5A-LR) projected greater temperature rise
and drier climate than the baseline. The remaining three GCMs, which
were not shown in boxplots, projected temperature and precipitation
changes that were intermediate to the selected six GCMs. The relation-
ship between the changes in yield/irrigation and the changes in key
model outputs (biomass, boll count, unit boll weight, crop ET, and
growing season length) are plotted for all six ideotypes to understand
possible relationship between the pair of variables. To aid comparison
between different scenarios, the model outputs (yield and seasonal
irrigation) were averaged for 30 years within a GCM of a specific future
scenario, and the differences between the 30-year average yield/irri-
gation under an ideotype and the reference cultivar are presented as
percentage in supplementary tables.

3. Results
3.1. Model evaluation

As reported in Kothari et al. (2019b), the CROPGRO-Cotton model
simulated seed cotton yield with an acceptable percent error of 3.4 %
during calibration and —10.5 % during evaluation, relative root mean
square error (RMSE) of 15.5 % during calibration and 25.9 % during
evaluation, and index of agreement of 0.90 during calibration and 0.94
during model evaluation. Measured data from the high irrigation level,
treatments were used for model calibration, while model evaluation was
performed with measured data from the medium and low irrigation level
treatments, all under eight environments (growing season and field).
The simulated and measured volumetric soil water in the top 1.4 soil
profile matched closely with mean absolute error (MAE) less than 0.01
m® m~3, and RMSE ranging from 4.4 % to 11.7 % (Fig. S2). The simu-
lated reference crop ET during the seven cotton growing years, calcu-
lated from the planting to harvest matched closely with the reference ET
obtained from the standardized ET method (Gowda et al., 2016), with
MAE of 0.27-0.5 mm d~! and RMSE of 6.0-8.1 % (Fig. $3). Overall, the
comparison of measured and simulated phenology, seed cotton yield,
and soil water under different irrigation levels indicated a fair model
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performance (as per RMSE < 30 % criteria suggested by Bannayan and
Hoogenboom (2009)). An additional check for reference ET gave further
confidence in the model for simulating crop water use and running
long-term climate change scenarios. However, the model calibration did
not include in-season biomass and leaf area index due to unavailability
of measured data from the field experiments, and this is one of the
limitations of the study.

3.2. Changes in projected cotton growing season climate

The typical growing season (May—October) rainfall at the study lo-
cations during the baseline period (1976-2005) was comparable with an
average value of 345 mm. The projections from nine GCMs showed
mixed trends for the future rainfall with the change in the growing
season rainfall between the future and baseline periods varying from
—78 to +66 mm in 2050s and from —99 to +66 mm in 2080s across
locations (Fig. 2). Almost half of the selected GCMs consistently pro-
jected an increase in the rainfall, while the remaining half projected a
reduction in the growing season rainfall. Based on the rainfall deviation
in 2050s from the baseline period under RCP 8.5, the GCMs projecting
an increase in rainfall were GFDL-ESM2M (24-64 mm increase
depending on the location), CSIRO-Mk3-6-0 (9-66 mm), MIROC5 (8-33
mm), and MRI-CGCM3 (12-29 mm), and GCMs projecting rainfall
reduction were IPSL-CM5A-LR (5-45 mm decrease depending on the
location), CCSM4 (33-49 mm), BCC-CSM1-1 (16-26 mm), and
NorESM1-M (20-25 mm). The rainfall projections differed largely
among the GCMs and were similar for the three study locations and
showed no specific patterns between RCPs or future periods.

The minimum/maximum temperatures during the growing season
(May-October) of the baseline period varied across the three locations,
Bushland (13/29 °C), Halfway (14/30 °C), and Lamesa (16/31 °C). The
average growing season temperature gradient from north to south also
varied from Bushland (21 °C), to Halfway (22 °C), and Lamesa (24 °C).
The average growing season temperature increased under all future
scenarios. The temperature rise varied among GCMs, with milder tem-
perature increases typically projected by GFDL-ESM2M and MRI-
CGCM3, and greater temperature increases projected by CSIRO-MK3.6
and IPSL-CM5A-LR (Fig. 2). Temperature rise was greater under RCP
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8.5 than RCP 4.5, and greater in 2080s than in 2050s. The increase in
temperature from the baseline period varied across the GCMs from 1.2 to
3.1 °Cunder RCP 4.5 to 1.6-3.6 °C under RCP 8.5 in 2050s, and from 1.7
to 3.6 °C under RCP 4.5 to 3.7-6.3 °C under RCP 8.5 in 2080s.

3.3. Climate change impact assessment

3.3.1. Changes in irrigated yield

The irrigated yield increased in all scenarios at Bushland and
Halfway, but it decreased in most of the scenarios at Lamesa (Fig. 3). For
example, under RCP 8.5 in 2050s, the irrigated seed cotton yield
increased by 18-23 % at Bushland and 8-21 % at Halfway, while it
changed by —10 % to 11 % at Lamesa. To understand the temperature
rise effects on irrigated yield, the changes in irrigated yield under
different scenarios were studied against the changes in growing season
(planting to harvest) minimum/maximum temperature (Fig. 4). The
correlation between the changes in growing season minimum and
maximum temperature with yield change was weak (coefficient of
determination, R> < 10™%) when data for all locations were pooled
together (Fig. 4a-b), but it was stronger and negative when plotted for
Lamesa site alone (R2 = 0.42 for minimum and 0.55 for maximum
temperature). This indicated that the pattern of yield change could be
related to the projected changes in growing season temperature at
Lamesa but not at other two locations. The variation in growing season
temperature is different at the study sites because they have different
baseline temperatures. We therefore studied the correlation between
absolute temperatures and yield changes for all locations together
(Fig. 4c—d), which showed that the yield changes had a negative cor-
relation with absolute growing season average temperature values (R? =
0.49 for minimum and 0.51 for maximum temperature).

To further explore the relationship between yield and average
growing season temperature, which varies from year to year, we
analyzed the yield and growing season temperature data from all sites
and for all simulated years, across GCMs, RCPs, and periods (Fig. 5). The
yield-average temperature relationship appeared to be quadratic with
an increase in yield with increasing temperature up to an optimal tem-
perature followed by a decline in seed cotton yield. The temperature
response curves in DSSAT-CROPGRO-Cotton also follow a similar trend
with an optimal temperature range for boll addition rate as 28.2-30 °C,
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and that for partitioning to boll as 17-26 °C (Fig. S1).

Possible reasons behind the differences in yield responses across the
sites and among GCMs were further studied by analyzing additional
model outputs such as the aboveground biomass, boll count at maturity,
and growing season length (Fig. S4). Under RCP 8.5 in 2080s, the
aboveground biomass at maturity increased by 37-50 % at Bushland,
30-35 % at Halfway, and 15-26 % at Lamesa, depending on the GCM
(Fig. S4a). The changes in biomass were correlated reasonably well with
the changes in seed cotton yield (R2 =0.51), but the correlation between
seed cotton yield and boll count was much better (R?=0.84) (Fig. S4b).
Under RCP 8.5 in 2080s, the boll count at maturity deviated from the
baseline period by 5%-24% at Bushland, —6% to 5 % at Halfway, and
—21 % to —2 % at Lamesa, depending on the GCM (Fig. S4b). The
growing season length was shortened under climate change since a
warmer temperature hastened development and reduced the growing
period (Reddy et al., 2002). The changes in irrigated yield and growing
season length showed a weaker and negative correlation (R% = 0.21)
when plotted for all three sites together, but the pattern for Lamesa
alone showed a stronger and positive correlation (R? = 0.48, Fig. S4c).

3.3.2. Changes in dryland yield

Dryland seed cotton yield showed a mixed response across the nine
GCMs, with a reduction in dryland yield simulated in 70 out of 108
future scenarios (Fig. 3). Under RCP 8.5 in 2050s, the dryland seed
cotton yield deviated from baseline by —30 % to 40 % at Bushland, —35
% to 57 % at Halfway, and —41 % to 19 % at Lamesa. Based on the
dryland yield deviation in 2050s from the baseline under RCP 8.5, the
GCMs projecting yield increase were GFDL-ESM2M (19-57 % increase
depending on the location), and CSIRO-Mk3-6-0 (5-8 %); and the GCMs
projecting yield reduction were IPSL-CM5A-LR (6-16 % decrease
depending on the location), CCSM4 (28-35 %), BCC-CSM1-1 (18-41 %),
and NorESM1-M (5-23 %). Typically, the GCMs that projected milder
temperature increase and wetter future tended to project an increase in
dryland yield, while the GCMs that projected warmer and drier future
tended to project a decline in dryland yield.

To understand the dryland yield changes with respect to other key
variables, we compared the changes in dryland yield with the changes in
growing season temperature, rainfall, biomass, boll count at maturity,
and growing season length (Figs. 6 and S5). The change in dryland yield
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had a negative correlation with the changes in the growing season
minimum/maximum temperature (Fig. S5a-b) and the average growing
season temperature (Fig. S5c—d). The correlation of change in dryland
yield was slightly higher with the maximum temperature (R? = 0.25)
than with the minimum temperature (R? = 0.13) during the growing
season. Overall, the dryland yield changes were better explained by the
changes in growing season rainfall (R? = 0.53, Fig. 6a) than the tem-
perature. The correlation between the changes in the dryland yield and
the growing season length was weak when plotted for all locations
together (R? = 0.08), but increased substantially when plotted for one
location at a time, for example for Lamesa (R2 = 0.39, Fig. 6b). Like the

trends in irrigated yield, the changes in dryland yield closely followed
the change in boll count at maturity (R? = 0.81, Fig. 6d), and the change
in the total aboveground biomass R? = 0.54, Fig. 6¢).

3.3.3. Changes in irrigation water use

Seasonal irrigation increased under most climate change scenarios,
85 cases out of 108 scenarios (Fig. 7). Under the baseline 30-year sim-
ulations, the average seasonal irrigation varied across locations: Bush-
land (372 mm), Halfway (423 mm), and Lamesa (399 mm). Under RCP
8.5 in 2050s, the irrigation water use among GCMs changed by —11 % to
36 % at Bushland, —9% to 24 % at Halfway, and —2% to 23 % at Lamesa.
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Most of the scenarios that projected a reduction in seasonal irrigation
water use in the future (Fig. 7) corresponded to the GCMs that had
projected an increase in May-October precipitation (Fig. 2). Based on
the seasonal irrigation water use deviation in 2050s from the baseline
under RCP 8.5, the GCMs projecting reduction or modest increase in
seasonal irrigation were GFDL-ESM2M (—11 to —2% change depending
on the location), CSIRO-Mk3—6-0 (—2 to 0 %), and MIROC5 (—4 to +4
%), and GCMs projecting a substantial increase in seasonal irrigation
were IPSL-CM5A-LR (7-20 % increase depending on the location),
CCSM4 (20-36 %), BCC-CSM1-1 (14-18 %), and NorESM1-M (23-35
%). The changes in seasonal irrigation were strongly correlated with the
changes in growing season rainfall (R? = 0.69, Fig. 8e), and somewhat
correlated with the changes in growing season maximum temperature
R? = 0.34, Fig. 8c), but the correlations between seasonal irrigation
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water use and other factors (biomass, maximum LAI, season length, and
minimum temperature, Fig. S6) were small (R2 <0.14).

We further analyzed the effect of climate change on daily irrigation
water use, estimated by dividing the seasonal irrigation water use with
the growing season length (Fig. 7). Unlike the mixed response of sea-
sonal irrigation water use across GCMs, the daily irrigation water use
was projected to increase in most future scenarios (103 out of 108 sce-
narios). The daily irrigation water use increased by a greater extent in
case of drier GCMs (IPSL-CM5A-LR, BCC-CSM1.1, CCSM4, and
NorESM1-M) than the wetter GCMs (GFDL-ESM2M, CNRM-CMS5.1,
CSIRO-Mk3-6-0, and MIROCS5), by a greater extent in 2080s than in
2050s, and by a slightly greater extent at Bushland than Halfway and
Lamesa (Fig. 7). The daily irrigation water use was comparable for the
three locations under baseline period: Bushland (2.3 mm), Halfway (2.7
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mm), and Lamesa (2.8 mm). Under RCP 8.5 in 2050s, the daily irrigation
water use among GCMs changed by —3% to 58 % at Bushland, —1% to
44 % at Halfway, and 4%-34% at Lamesa. The changes in daily irriga-
tion water use were strongly correlated with the changes in growing
season rainfall (R* = 0.72, Fig. 8f) and maximum temperature (R? =
0.56, Fig. 8d), and partially related with the minimum temperature (R?
= 0.33, Fig. 8b) and growing season length (R% = 0.32, Fig. $6b). There
was generally a positive trend of increasing daily irrigation water use
with increasing vegetative growth (biomass and maximum LAI), but the
correlation was not strong (R? = 0.16), most likely because of the var-
iable seasonal irrigation water use responses among GCMs (Fig. S6).

3.4. Climate change adaptation

3.4.1. Irrigated production

Under the drought tolerant I ideotype, the yield deviation from the
reference cultivar was almost similar during the future 30-year periods
at Bushland, slightly variable at Halfway, and varied greatly at Lamesa
(Fig. 9). For example, under RCP 4.5 in 2050s, considering all GCMs, the
yield deviation between the reference cultivar and this ideotype over the
30 years varied by 2-12 % at Bushland, —2% to 18 % at Halfway, and
—10 % to 27 % at Lamesa. When averaged over 30 years, there was an
overall yield gain from using the drought tolerant I ideotype as
compared to the reference cultivar and this was generally not affected by
RCP or future period or study location (Table S1). These results suggest
that by using drought tolerant I ideotype, the seed cotton yield would
increase by almost the same extent across RCPs, future periods, and
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GCMs (5-7% in Bushland and 5-10 % yield gain in Halfway and Lamesa,
Table S1), but the inter-annual variability in yield response depended on
the location as shown in Fig. 9. The yield benefits could also be attrib-
uted to increased vegetative growth as seen through the increased
aboveground biomass and maximum LAI, and increased crop ET
(Fig. S7).

The drought tolerant II ideotype that had the same properties as the
drought tolerant I ideotype, except a lower maximum water uptake per
unit root length, showed similar patterns across locations in terms of
inter-annual yield responses, which were stable at Bushland and varied
greatly depending on the year at Lamesa (Fig. 9). As an example of the
inter-annual variability, under RCP 8.5 in 2050s considering all GCMs,
the yield deviation between reference cultivar and this ideotype varied
by 0-7% at Bushland, —8% to 9% at Halfway, and —10 % to 23 % at
Lamesa. When averaged over the 30 years, there was a marginal yield
gain from using the drought tolerant IT ideotype than using the reference
cultivar and this was generally not affected by RCP or future period
(Table S1). Like drought tolerant I ideotype, the yield gains could be
attributed to increased biomass and seasonal crop ET (Fig. S7), but the
yield gains were smaller with drought tolerant II than the drought
tolerant I ideotype.

Under the heat tolerant I ideotype, the irrigated seed cotton yield was
higher than the reference cultivar, the inter-annual variability in yield
response tended to be higher for the warmest scenarios. For example, the
yield deviation between the reference cultivar and this ideotype at
Bushland over 30 years under RCP 8.5 in 2050s ranged from —3% to 18
% and this range expanded to —9% to 54 % in 2080s at Bushland (Fig. 9).
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The 30-year average yield values also showed a similar trend; an overall
yield gain from using the heat tolerant I ideotype than using the refer-
ence cultivar and the yield benefits were higher for warmer scenarios
(Table S1). These results suggest that by using heat tolerant I ideotype,
the seed cotton yield would increase depending on the heat stress under
the simulated scenario, with greater benefits under the warmest sce-
narios than in a scenario with milder temperature rise. Heat tolerant II
ideotype showed similar irrigated yield response as the heat tolerant I
ideotype, except that the yield benefits were greater with type II (Fig. 9),
and the overall yield benefits shifted towards a 1-3% increase at
Bushland and Halfway, and a 1-7% increase at Lamesa (Table S1). The
yield benefits under heat tolerant I and II ideotypes were associated with
an improved reproductive growth as seen from an increase in boll
number at maturity (Fig S7).

The long maturity ideotype simulated greater yield than the refer-
ence cultivar in most scenarios (Fig. 9). Under RCP 8.5 in 2080s, the
yield deviation across all GCMs between the reference cultivar and this
ideotype varied from 5% to 12 % at Bushland, 5%-10% at Halfway, and
7%-14% at Lamesa (Table S1). On an average, there was a yield gain
from using the long maturity ideotype than using the reference cultivar
and this was generally not affected by RCP or future period, except for
Lamesa where yield benefits tended to be greater under RCP 8.5 in
2080s (Fig. 9). The yield benefits of long maturity ideotype could be
associated primarily with increased boll count at maturity, which was
due to a longer reproductive phase (Fig. S7). The vegetative growth,
however, showed mixed response likely due to advancing the flowering,
which might have shortened the period of vegetative growth.
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The high yield potential ideotype simulated yield gains across all
scenarios (Fig. 9). The yield deviation considering all GCMs over 30
years for the RCP 8.5 at Lamesa ranged from —2% to 21 % in 2050s and
—11 % to 31 % in 2080s. Overall, there was a yield gain from using the
high yield potential ideotype than using the reference cultivar and this
was generally not affected by RCP or future period or location (Fig. 9 and
Table S1). The differences between the 30-year average yields of the
high yield potential ideotype and the reference cultivar varied between
6% and 9% among the GCMs at Bushland, 5-9% at Halfway, and 3-8%
at Lamesa considering all RCPs and future periods (Table S1). These
results suggest that the RCPs, GCMs, and future periods had minor effect
on the yield response of high yield potential traits. The yield benefits of
high yield potential ideotypes could reach up to 31 % in a year and 30-
year average yield benefits with this ideotype ranged from 3% to 9%.
The yield benefits due to high yield potential ideotype could be associ-
ated partly with the increased unit weight of boll at maturity and
increased boll count at maturity (Fig. S7).

3.4.2. Dryland production

The highest advantage in dryland seed cotton yield among the
simulated ideotypes was found with the long maturity ideotype followed
by heat tolerant ideotypes (Fig. 10 and Table S2). Under the drought
tolerant I ideotype, the dryland seed cotton yield showed mixed
response across locations, typically decreasing at Bushland and Lamesa
and increasing at Halfway (Fig. 10 and Table S2). Under RCP 4.5 in
2050s, the difference between 30-year average yield of drought tolerant
I ideotype and the reference cultivar varied from —11 % to —1% among
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the GCMs at Bushland, 2%-9% at Halfway, and —5% to 0% at Lamesa
(Table S2). The reduction in dryland yield with altered root properties
was likely due to higher root water uptake and faster exhaustion of
stored soil water earlier in the season. The reduced availability of water
later in the season especially during reproductive stages likely led to the
reduced seed cotton yield. This is indicated by the increased vegetative
growth or biomass in all scenarios and locations, but mixed response of
boll count at Bushland and Lamesa (Fig. S8).

Under the drought tolerant II ideotype, the dryland seed cotton yield
showed mixed response across locations, typically decreasing at Lamesa,
and increasing at Bushland and Halfway (Fig. 10). For example, the
drought tolerant II ideotype increased yield on average (of 30 years) by
5-14 % at Bushland, 4-9% at Halfway, but it decreased yield by 0-5% at
Lamesa for the RCP 8.5 scenario in 2050s (Table S2). Under both
drought tolerant ideotypes, vegetative biomass and crop ET increased
while boll count at maturity and yield showed mixed responses (Fig. S8).
While Bushland suffered yield loss with drought tolerant I ideotype,
yield gains were simulated with drought tolerant Il ideotype. At Lamesa,
which has the lowest soil water holding capacity, neither of the two
drought tolerant ideotypes showed yield gains. These results suggest
that care should be taken while designing ideotypes for dryland pro-
duction based on root hydraulic properties.

The dryland seed cotton yield generally increased with heat tolerant
ideotypes at all locations (Fig. 10). Overall, 30-year average dryland
yield increased with the heat tolerant I ideotype as compared to the
reference cultivar under all scenarios at all locations, and the yield
benefits were generally greater for warmer scenarios (RCP 8.5 in 2080s)
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and warmer location (Lamesa) (Fig. 10). The yield benefits for Bushland
ranged from 2% to 7% in 2050s, which increased to 7-14 % in 2080s
under RCP 8.5 (Table S2). The yield benefits could be associated with
increased resource allocation for the reproductive growth as seen from
the increased boll count at maturity (Fig. S8).

Under the heat tolerant II ideotype, the dryland seed cotton yield
showed similar response as heat tolerant I ideotype, except that the
inter-annual variability was greater and the overall yield benefits were
slightly higher under type II (Fig. 10). Under RCP 8.5, the yield
increased by 2-8% at Bushland, and by 8-16 % at Lamesa in 2050s, and
by 12-24 % at Lamesa in 2080s (Table S2). Like the heat tolerant I
ideotype, the yield benefits were associated with enhanced reproductive
growth under higher temperatures that increased boll count at maturity
(Fig. S8).

The dryland seed cotton yield increased under all scenarios across
locations with the long maturity ideotype (Fig. 10). Considering the RCP
4.5 in 2080s, the dryland yield increased by 17-30 % at Bushland, 11-24
% at Halfway and 19-31 % at Lamesa (Table S2). These trends were
generally not affected by RCP or future period (Fig. 10). The yield
benefits were associated with increased growing season length, which
led to greater vegetative and reproductive growth (Fig. S8).

The dryland seed cotton yield trends with the high yield potential
ideotype showed mixed responses across locations and among GCMs at
Bushland (Fig. 10). Overall, based on the 30-year average seed cotton
yields, the high yield potential ideotype simulated yield gains. For
example, under RCP 8.5 in 2080s, the yield was projected to increase by
0-5% at Bushland, by 3-8% at Halfway, and by 6-10 % at Lamesa
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(Table S2). This was most likely due to simultaneous modification of boll
count and boll weight related parameters (Fig. S8). In future research, it
is recommended to test one parameter at a time to tease apart the effect
of greater partitioning to, or increasing potential weight of, cotton bolls.

3.4.3. Irrigation water requirement

Under the drought tolerant I ideotype, the seasonal irrigation
increased under most scenarios (Fig. 11 and Table S3). On an average,
there was an overall increase in seasonal irrigation water use from using
the drought tolerant I ideotype than using the reference cultivar and this
was greater for Lamesa followed by Halfway (Table S3). The results
suggest that seasonal irrigation water use could increase from 1% to 12
% depending on the location and GCM. Under RCP 8.5 in 2080s, the (30-
year) average seasonal irrigation water use was simulated to increase by
1-3% at Bushland, 3-4% at Halfway, and 5-12 % at Lamesa (Table S3).
The increase in seasonal irrigation water use was associated with
increased vegetative growth (Fig. S9) which led to higher crop ET
(Fig. S9).

The seasonal irrigation water use under drought tolerant II ideotype
showed mixed responses at Bushland and Halfway, while at Lamesa, it
showed an increasing trend in most years (Fig. 11). When averaged over
30 years within a GCM, the seasonal irrigation water use changed
marginally at Bushland (—2% to +1%) and Halfway (—1% to +5%), and
increased by a greater extent at Lamesa (4-10 %) (Table S3). The in-
crease in seasonal irrigation water use was once again due to an
increased vegetative growth similar to drought tolerant I ideotype
(Fig. S9). The reduction in seasonal irrigation water use in some cases,
which occurred on more instances at Bushland could be due to con-
straining the maximum water uptake per unit root length. However, this
trait did not prove to be a limiting factor at Lamesa where seasonal
irrigation water use and vegetative biomass increased by a greater
extent than at the other two sites.

The seasonal irrigation water use under heat tolerant I and II ideo-
types was almost the same as that under the reference cultivar under all
scenarios and years at Bushland and Halfway (Fig. 11 and Table S3), and
it slightly reduced at Lamesa. The change in seasonal irrigation water
use between the reference cultivar and the heat tolerant I ideotype
varied from —1% to 0% at Bushland and Halfway; and from —2% to
—1% at Lamesa, considering 30-year average across all GCMs, RCPs, and
future periods (Table S3). The response was similar for the heat tolerant
II ideotype with 30-year average seasonal irrigation water use being
reduced at most by 3% (Lamesa in 2080s). Negligible changes or minor
reductions in seasonal irrigation water use with the heat tolerant I and II
ideotypes could be due to enhanced partitioning to reproductive growth
as seen in the increased number of bolls (Fig. S9), which suppressed
vegetative growth to some extent (Fig. S9) and thereby reduced the crop
ET demand (Fig. S9).

Under the long maturity ideotype, the seasonal irrigation water use
increased substantially and showed high inter-annual variability for all
locations and scenarios (Fig. 11). These results suggest that the use of
long maturity ideotypes could alter the seasonal irrigation water use
between 5% and 12 % across future climate scenarios and locations. The
increase in seasonal water use was mainly due to increased length of the
growing season for which higher amount of irrigation water was
required (Fig. S9).

The seasonal irrigation water use under high yield potential ideotype
showed a mixed, but generally increasing tendency under most sce-
narios (Fig. 11). The difference between 30-year average seasonal irri-
gation water use of high yield potential ideotype and the reference
cultivar varied by 1-3% at Bushland, 0-2% at Halfway, and —1% to 1%
at Lamesa among GCMs under both RCPs and future periods (Table S3).
These results suggest that on using high yield potential ideotype, the 30-
year average seasonal irrigation water use could change between —1%
and 3% across future climate scenarios and locations. Relatively minor
change in projected seasonal water use with the high yielding ideotype
as compared to other ideotypes could be because the high yield potential
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ideotype was designed by targeting the reproductive growth (seed and
shell partitioning and size) and thus the response of this ideotype for
biomass, boll count and ET was mixed (Fig. S9).

4. Discussion
4.1. Climate change impacts on irrigated cotton production

Future irrigated seed cotton yield showed a mixed trend across the
study sites (Fig. 3), with a projected yield increase of 12-21 % at
Bushland and Halfway, and a yield decrease of 2% at Lamesa, in the mid-
century compared to the baseline. Based on the correlations between the
growing season temperature and yield change under climate change
scenarios (Fig. 4) and from the optimal temperature ranges set in the
model for boll addition and partitioning to reproductive growth
(Fig. S1), it seemed plausible that the growing season temperature at
Lamesa under future climate scenarios fell outside the optimal range,
which negatively impacted the reproductive growth. For other two sites,
the growing season temperature generally remained within the optimal
ranges and therefore the CROPGRO-Cotton model did not project any
reduction in yield. This is consistent with Hatfield et al. (2011), who
reviewed multiple studies and identified the optimal temperature for
cotton reproductive growth to vary between 25 °C and 26 °C. Previ-
ously, Reddy et al. (1999) had also reported that boll retention was
severely reduced when the average seasonal temperature was greater
than 26 °C, when they grew cotton in naturally lit plant growth cham-
bers at elevated temperatures in the mid-South U.S.

Interestingly, aboveground biomass increased under all scenarios at
all three locations (Fig. S4), unlike the projections for seed cotton yield
or boll count at maturity. This could be because the optimal temperature
range for cotton vegetative growth (28-30 °C) is typically higher than
that for the reproductive growth (Hatfield et al., 2011), which explains
why in our study the biomass increased under all scenarios while boll
count and seed cotton yield decreased for the warmer site (Lamesa). The
increase in yield at the cooler sites and biomass at all sites could be
attributed to the “CO, fertilization” effect, which has been shown to
increase cotton biomass by 34-37 % and yield by 44-46 % when [CO2]
was elevated from ~350 to 550 ppm in FACE studies (Mauney et al.,
1994). Lastly, with decreasing growing season length the irrigated yield
decreased at Lamesa, but the relation was weak for the other two loca-
tions (Fig. S4). This could be due to confounding effect of CO5 fertil-
ization that resulted in yield gains despite a shorter growing season at
Bushland and Halfway.

Our results suggest that irrigated cotton yield could benefit from
elevated CO, under climate change if the growing season temperature
remains below the optimal range for reproductive growth. Similar to our
results, in a recent simulation study using DSSAT, Ayankojo et al. (2020)
found a reduction in irrigated seed cotton yield in Maricopa, Arizona by
at least 40 % in the mid- and 51 % in the late-century periods, compared
to the baseline. The greater reduction in seed cotton yield in their study
compared to our results was primarily due to much higher growing
season temperature (30 °C) at Maricopa, Arizona. Like our results, they
reported a slight increase in the biomass and significant reduction in boll
count at maturity. Our results also agree with most of the results of
Adhikari et al. (2016) who reported an increase in seed cotton yield in
the THP. They found that the yield would increase at all sites in the THP,
northern and southern; however, in our study the yield decreased at the
southern site (Lamesa). It is worth noting that Adhikari et al. (2016)
used future climate forcings from three CMIP3-GCMs, while we used
climate forcings from nine CMIP5-GCMs. Their future data extended up
to year 2070, while our simulations were extended to year 2095. The
future [CO3] in their study was higher than the [CO3] level of RCP 4.5
but comparable to [CO2] of RCP 8.5 used in our study.

Overall, our results suggest that seasonal irrigation water use showed
mixed response to climate change, mostly due to variable future rainfall
projections across GCMs. On average, under RCP 8.5, the seasonal
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irrigation water use was projected to increase when averaged across
GCMs, between 7% (Halfway) to 11 % (Bushland) by mid-century and
from 14 % (Halfway) to 16 % (Bushland and Lamesa) by late-century.
These results are comparable to the results of Ayankojo et al. (2020),
who projected that seasonal irrigation water use at Maricopa, Arizona,
would increase by 10-13 % by mid-century and 14-24 % by
late-century. The daily irrigation water use was projected to increase
under most climate change scenarios partly due to increased growing
season maximum temperature and reduced growing season length, and
the extent of change depended on the future rainfall projections.

4.2. Climate change impacts on dryland cotton production

Dryland seed cotton yield showed mixed trend across GCMs in all
three locations (Fig. 3). Considering all the future scenarios, the yield
could change between +6% (average of GCMs at Halfway) to —11 % (at
Lamesa) by mid-century compared to the baseline. Overall, our results
suggest that dryland seed cotton yield is expected to decrease under
climate change, which could be partly explained by an increase in
growing season temperature and reduction in rainfall in the future in
case of some GCMs, and shorter growing season length (but this effect
was site-specific). However, under the GCMs that projected wetter
growing season in the future and temperature increases below the
optimal range of cotton reproductive growth, CROPGRO-Cotton model
projected increases in dryland yield at all three locations. It was inter-
esting to note that irrigated yield at Bushland and Halfway increased
under climate change for all GCMs, but it decreased under rainfed
conditions in case of some GCMs, this suggests that the beneficial effects
of elevated [CO;] were greater than the negative effects of temperature
increase under irrigated conditions, but the beneficial effects of elevated
[CO2] were suppressed due to water stress under rainfed conditions. Our
results are consistent with the findings of Gray et al. (2016), who
analyzed eight years of data from an open-air FACE facility in Cham-
paign, IL, USA and found that the yield gains for soybean, another C3
crop, diminished when drought was intensified.

4.3. Irrigated cotton production — climate change adaptation

Overall, irrigated seed cotton yield increased under all six simulated
ideotypes. Based on the yield change relative to the reference cultivar,
considering 30-year average yields across all locations, GCMs, RCPs, and
future periods (Table S1), the high yield potential (with 3-9% yield
gain), long maturity (3-14 %), and heat tolerant II (3-26 %) ideotypes
were found to be more effective. On the other hand, the drought tolerant
II ideotype (with 1-5% yield gain) was found to be the least effective
ideotype. The seasonal irrigation water use increased under the long
maturity ideotype, remained relatively less affected under heat tolerant
and high yield potential ideotypes, and showed mixed responses under
drought tolerant ideotypes depending on the location. Based on the
seasonal irrigation water use change relative to the reference cultivar,
considering 30-year average yields across all locations, GCMs, RCPs, and
future periods (Table S3), the heat tolerant I and II ideotypes (with no
change to 3% reduction in seasonal irrigation water use), and the high
yield potential ideotype (with small (-1%) reduction to minor increase
(3%)) were found to be among the more effective ideotypes. In contrast,
the long maturity (with 5-12 % increase in seasonal irrigation) and
drought tolerant I (with 1-12 % increase) ideotypes were found to be the
least effective ideotypes. Considering the seed cotton yield and seasonal
irrigation water use together, the high yield potential ideotype was
found to be the most desirable ideotype for the irrigated cotton pro-
duction in the THP region, since it resulted in a substantial increase in
irrigated yield without much increase in water requirements for irriga-
tion. The heat tolerant ideotypes also found beneficial under most sce-
narios. With a substantial increase in yield and marginal reduction in
water requirement, the heat tolerant ideotypes were found to be more
effective under warmer conditions. The drought tolerant ideotypes
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showed mixed responses across locations, depending on the type of soil,
with a substantial increase in irrigation water use in case of low soil
water holding capacity soils at Lamesa. Although the longer maturity
trait resulted in substantial yield gains, it is not advisable due to the
substantial increase in water requirements for irrigation.

Both the high yield potential and heat tolerant ideotypes that were
found to be the most desirable ideotypes in our study for irrigated
production were effective for the similar reason: increased dry matter
allocation to reproductive growth (Fig. S7). The high yield potential
ideotype was designed by increasing maximum size of full leaf and seed
size, and enhancing partitioning to seed and shell. These changes
resulted in an increase of either boll count or boll weight while
decreasing aboveground biomass and increasing or decreasing
maximum LAI In a recent field study comprising of three cotton culti-
vars in China, Nie et al. (2020) showed that the highest yielding cultivar
partitioned significantly greater proportion of photosynthate to inner
bolls and fiber than the lower yielding cultivars and thus this trait could
be useful in screening for high yielding ideotypes. Apart from selecting a
suitable ideotype, the partitioning of photosynthate to bolls could also
be maximized by adopting appropriate management practices such as
adjustment of sowing date to ensure optimal condition during boll
growth (Yeates et al., 2010). These field studies, which were conducted
under current climate conditions confirm that enhanced partitioning to
bolls is an important factor in deciding the final seed cotton yield. Our
results suggest that this trait could be effective in increasing cotton yield
under climate change as well, and with the similar efficacy across all
locations, GCMs and RCPs.

Similarly, the second most desirable ideotype in our study, the heat
tolerant ideotypes were designed by increasing optimal temperature
thresholds for boll addition and partitioning to bolls, which resulted in a
substantial increase in boll count at maturity (Fig. S7). With a temper-
ature rise of 1.6-3.6 °C as projected under RCP 8.5 in 2050s, the heat
tolerant ideotypes produced up to 10 % greater yield than the reference
cultivar under the future climate. Simulated seed cotton yield benefits in
our study are comparable with 13 % yield benefits of heat tolerant
ideotype simulated for chickpea at Nandyal, India (Singh et al., 2014a)
and slightly lower than that the 17 % yield benefits simulated for pearl
millet at Bikaner, India (Singh et al., 2017). In addition, like our study,
above studies reported no to marginal benefits of heat tolerant ideotypes
in cooler sites and under cooler climate scenarios. The heat tolerant
ideotype would thus provide greater benefit in the hotter southern THP
sites than the cooler northern THP site, and the yield benefits would
increase as the temperature rises for all sites under climate change
(Fig. 9). Our results suggest that the ideotypes that can retain cotton boll
under higher temperature would play a key role in sustaining cotton
production in the THP region under climate change. Cotton breeders
have used the boll retention percentage as an indicator for identifying
heat-tolerant genotypes (Abro et al., 2015), as reported in a recent re-
view study (Azhar et al., 2020).

The drought tolerant ideotypes were found unsuitable because either
yield benefits were marginal (in case of drought tolerant II ideotype), or
the seasonal irrigation water use increased (in case of type I ideotype).
For the site with lowest soil water retention properties (Lamesa), both
drought tolerant ideotypes resulted in substantial increase (up to 12 %)
in seasonal irrigation water use. The drought tolerant ideotypes were
designed by increasing the photosynthetic capacity, root length per unit
root weight, and raising the threshold before which the water stress is
imposed on leaf expansive growth (through RWUEP1 as described in
Saseendran et al. (2015)). These modifications increased aboveground
biomass and crop ET in almost all years (Fig. S9). These results suggest
that cultivars with higher photosynthetic capacity and capability to
maintain leaf expansion under water stress could help in increasing seed
cotton yield through increased vegetative growth, but they could also
lead to higher irrigation water use than the reference cultivar. In addi-
tion to these modifications, the drought tolerant I ideotype had a greater
capacity to take water per unit root length than the reference cultivar,
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which could also partly explain the increase in seasonal irrigation water
use. In summary, greater photosynthetic capacity, capability to maintain
leaf expansion despite water stress, and increased root water uptake per
unit length could serve as appropriate adaptation strategies in the re-
gions where irrigation water supply is not a limiting factor. However, in
the THP region, there are restrictions on the groundwater withdrawals
for irrigation (HPWD, 2015), and therefore ideotypes with greater sea-
sonal irrigation water use than the reference cultivar would not be
advisable.

4.4. Dryland cotton production — climate change adaptation

Overall, the dryland seed cotton yield increased under long maturity
and heat tolerant ideotypes while drought tolerant and high yield po-
tential ideotypes simulated mixed responses depending on the location.
Based on the yield change relative to the reference cultivar, considering
30-year average yields across all locations, GCMs, RCPs, and future
periods (Table S2), the long maturity (with 11-45 % yield gain) and heat
tolerant II (2-24 %) ideotypes were found to be among the more
effective ideotypes. On the other hand, the drought tolerant I ideotype
(with 2-9% yield gain at Halfway, but up to 17 % yield loss at Bushland,
and up to 8% yield loss at Lamesa) was found to be the least effective
ideotype. The high yield potential ideotype was found to be not suitable
for dryland production because the yield benefits (up to 10 % yield gains
at Halfway and Lamesa, and yield loss up to 3% at Bushland) were lower
than those for other ideotypes (long maturity and heat tolerant). The
longer maturity ideotype, which was considered as the most effective
ideotype for dryland cotton production, was characterized by earlier
flowering and longer reproductive phase than the reference cultivar.
These traits are similar to the traits of best yielding cotton ideotypes
under climate change in Northern Cameroon in Sub-Saharan Africa
(Gérardeaux et al., 2018; Loison et al., 2017). The effectiveness of heat
tolerant ideotypes was similar under rainfed conditions as in the irri-
gated conditions, with similar yield gains due to greater boll retention at
higher temperatures.

4.5. Drought tolerant ideotypes

The performance of drought tolerant ideotypes was highly depen-
dent on the location and therefore ideotype selection for drought
tolerance under dryland conditions needs to be examined carefully
based on soil water retention properties and rainfall patterns of the
location, similar to the findings of Singh et al. (2017) for pearl millet.
Despite an overall yield gain when averaged across 30 years, there were
some years with lower yield with the drought tolerant ideotypes than the
reference cultivar, and the number of years with yield loss was greater
for the drought tolerant II ideotype than the type I ideotype. The lower
benefits and higher probability of yield loss under type II ideotype was
due to constraining the maximum water uptake from the roots, which
likely led to inefficient use of auto-irrigation and thus the drought
tolerant type II ideotype is not recommended for irrigated production.

Another interesting point was that seed cotton yield slightly
increased with drought tolerant I cultivar under irrigated conditions, but
it decreased under rainfed conditions at Bushland. This was likely
because the biomass and leaf area or vegetative growth increased with
drought tolerant I ideotype under rainfed conditions, but the boll count
reduced (Fig. S8). The increased vegetative growth and suppressed
reproductive growth could be due to earlier exhaustion of stored soil
water under rainfed conditions. This is further confirmed by increased
dry matter productivity and reduced seed cotton yield productivity per
unit water used under drought tolerant I ideotype at Bushland (Fig. S10).
The soil water extractable at maturity also reduced by a greater extent
under ideotype I, which further attests the hypothesis about reduced
water availability during reproductive growth (Fig. S10).

15

Field Crops Research 271 (2021) 108261

5. Conclusions

We simulated cotton growth and yield under irrigated and dryland
conditions at three locations in the THP region, under 18 future climate
scenarios (two RCPs and nine GCMs). Our results showed that under
projected climate change, irrigated seed cotton yield could increase due
to CO fertilization if growing season temperatures remain below the
optimal limits. Seasonal irrigation water use was projected to increase
under most GCMs depending on the rainfall projections. Under the
dryland conditions, the beneficial effects of CO fertilization were not
only suppressed by temperature stress but also by water stress. We tested
six ideotypes for their resilience to climate change based on their yield
and seasonal irrigation water use relative to the reference cultivar. The
high yielding ideotype, which is characterized by higher potential leaf
size and increased partitioning to seed plus shell, was found to be
desirable for irrigated cotton production; while long maturity ideotype,
with earlier flowering and longer reproductive duration, was found
suitable for dryland cotton production. Heat tolerant ideotype would be
another safe choice, especially for the warmer southern THP region.
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