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Abstract: The SWAT model equipped with an improved auto-irrigation function was used to assess
the impacts of cultivation practices on irrigated and dryland cotton yield and water conservation
in the Texas Panhandle. Results showed the largest irrigation depth led to reductions in irrigation
and crop evapotranspiration (ETc) with slightly increased cotton yields compared to the baseline
scenarios under different hydroclimatic regimes. However, soil water content and surface runoff
values were increased when using the largest irrigation depth. The opposite results were observed
for the small irrigation depth. Early planting of cotton resulted in decreased irrigation and ETc, and
increased cotton yields under both irrigated and dryland conditions, particularly in normal and wet
years. By contrast, the late planting scenarios indicated the opposite for those variables. Simulated
hydrologic variables were relatively stable using various maturity cultivars. Nevertheless, greater
than 10% reductions in irrigated cotton yield under diverse hydroclimatic years and dryland yields
during normal and wet years were identified in the long-season cotton. The opposite was determined
for the short-season cotton. These outcomes suggest that a larger irrigation depth, earlier planting
date, and short-season cultivar are promising cultivation practices for improving cotton yield and
water conservation in the Texas Panhandle.

Keywords: Soil and Water Assessment Tool (SWAT); irrigation application depth; planting date;
cultivar maturity; precipitation regimes

1. Introduction

Upland cotton (Gossypium hirsutum L.) is an economically significant fiber crop in
Texas, United States (U.S.). According to the National Agricultural Statistics Service [1], the
total value of cotton lint and seed production is approximately 2.1 billion USD per year
in Texas. The semi-arid Texas Panhandle is one of the most essential cotton production
regions in the U.S. This region holds enormous potential for growing both irrigated and
dryland cotton, where cotton was grown on ~1,755,000 ha in 2019, which accounted for
approximately 32% of the U.S. total cotton acreage [1]. However, cotton growth and yield
in this region are often negatively affected by many abiotic factors such as drought, extreme
weather events, and irrigation water availability.

Climate and cultivation practices are treated as two major drivers affecting water
conservation and crop production in the Texas Panhandle. Cultivation practices that
maintain or improve the resilience of the agroecosystem, typically at a basin or regional
scale, are promising in this challenging semi-arid environment [2,3]. Pursuing high cotton
yield has driven the extensive use of the southern Ogallala Aquifer, which has resulted
in a significant decline in the groundwater level with minimal recharge [4,5]. Decreased
groundwater levels have led to changes in cultivation practices that reduce water pumping
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from the southern Ogallala Aquifer while maintaining cotton profitability. Therefore,
recommendations on alternative cultivation practices for cotton production, including
using different maturity cultivars [6,7], irrigation application depths (per application) [8],
and planting dates [9,10], are necessary to explore, which are also relatively easy ways for
growers to incorporate into an agricultural production system.

Genetic advances in cultivar maturity have the potential to preserve profitable yields
under water and temperature stresses. The rationale for short- and long-season cultivars
aims to take advantage of increased growing season precipitation and decreased tem-
perature stress (heat or cold stress) during major growth stages depending on regional
hydroclimatic conditions [11]. Similar to the short- and long-season cultivars, alternative
planting dates may provide an opportunity to reduce the period of crop stress according to
the local environment [9,12,13]. In the semi-arid Texas Panhandle, cotton is an important
cash crop managed under both irrigation and dryland conditions [1]. Cotton is generally
seeded in mid-May and harvested around the end of October. Early or late planting dates
offer a window to make full use of in-season precipitation and optimum temperature
according to hydroclimatic variability between years. Regarding irrigation management,
changes in irrigation application depth have shown positive effects on water conservation
in semi-arid agriculture [8,14].

The Soil and Water Assessment Tool (SWAT) model has been used to conduct effects
studies for agricultural cultivation practices [15,16]. However, little comprehensive infor-
mation is available for the effects of cultivation practices concerning water conservation
and crop production in an intensively irrigated region. The objectives of this study were
therefore to: (1) assess the impacts of irrigation application depths on water conservation
for irrigated cotton in the Double Mountain Fork Brazos (DMFB) basin; and (2) evaluate the
effects of alternative planting dates and maturity cultivars on water balances and cotton
yield under both irrigation and dryland conditions. The widely used agro-hydrologic
model, the SWAT [17], was chosen in this research [18–20]. The SWAT model, equipped
with the more physically-based management allowed depletion (MAD) auto-irrigation
function [21], was selected to assess the cultivation practices on water conservation and
cotton yield in the DMFB basin in the Texas Panhandle.

2. Materials and Methods
2.1. Study Region

The DMFB basin in the Texas Panhandle has a delineated area of approximately
6000 km2 (The values of elevation range from 495 to 1152 m, and the average value is
approximately 809 m.) (Figure 1). The long-term average annual precipitation across the
study basin ranges from 457 to 559 mm, and the long-term mean annual maximum and
minimum temperatures are approximately 24 ◦C and 9 ◦C, respectively. The topography of
the DMFB basin is relatively flat. There is a long history of cotton cultivation in the study
basin and cotton is grown in approximately 30% of the basin (Figure 1). The dominant
types of soil in the DMFB basin are Amarillo sandy loam and Acuff sandy clay loam [22].

Daily precipitation, minimum air temperature, and maximum air temperature data from
1990 to 2009 were obtained from seven National Oceanic and Atmospheric Administration-
National Centers for Environmental Information (NOAA-NCEI) weather stations within
and adjacent to the DMFB basin (Figure 1). Two U.S. Geological Survey (USGS) gages
within the DMFB basin (08079600 and 08080500; Gage I and Gage II) containing streamflow
data from 1994 to 2009 were accessed in this study.
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Figure 1. Location, land uses, weather stations, and stream gaging stations of the Double Mountain
Fork Brazos basin.

2.2. Descriptions of SWAT and SWAT-MAD

The SWAT model is a continuous-time, semi-distributed, process-based, and basin-
scale agro-hydrologic model [17]. The primary model components consist of hydrology,
crop growth, and water quality and the major data needed for setting up the model for
a basin are elevation, land use, soil, climate, and management practices [23]. The SWAT
model has been commonly used to simulate basin-scale best management practices on
hydrologic cycles and crop production worldwide [24–26]. Recently, a more representative
MAD auto-irrigation method was developed by Chen et al. [21] and integrated into the
SWAT model (hereafter referred to as SWAT-MAD). The MAD auto-irrigation method trig-
gers irrigation according to a pre-defined allowable depletion percentage of plant available
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water, determined by the crop-specific maximum rooting depth and soil-specific character-
istics [21]. The ArcSWAT (version 2012.10_2.19; revision 664; Stone Environmental, Inc.,
Montpelier, VT) for the ArcGIS 10.2.2 platform was used in this study. The SWAT Calibra-
tion and Uncertainty Procedures (SWAT-CUP 2012) with the Sequential Uncertainty Fitting
version-2 (SUFI-2) [27] was used for the model calibration and validation for streamflow
with the goal of maximizing Nash–Sutcliffe efficiency (NSE). The NSE [28], coefficient of de-
termination (R2) [29], and percent bias (PBIAS) [30] were used to evaluate the performance
of the SWAT-MAD model in the DMFB basin.

The SWAT-MAD model was calibrated and validated for streamflow data at two
USGS gages and county-level crop yields of both irrigated and dryland cotton. The SWAT-
MAD model was also evaluated by county-level seasonal irrigation requirements of cotton
and percolation amount. The calibrated parameter values for the SWAT-MAD model are
listed in Table S1. A detailed description of the SWAT-MAD model setup, calibration, and
validation for the DMFB basin is provided in the Supplementary Materials. The SWAT-
MAD model calibration and validation performance statistics for monthly streamflow at
the stream gages (Table 1) were well above the “satisfactory” range suggested by Moriasi
et al. [31]. The R2 and overall PBIAS were 0.21 and 2.3% when comparing SWAT-MAD
simulated and observed irrigated cotton lint yield in Lynn County [1] in the DMFB basin.
The simulated irrigation for cotton by the MAD auto-irrigation method (346.9 mm) was
very close to the local survey data [32]. The SWAT-MAD model simulated percolation
amount was also comparable with the values from local reports and literature [33].

Table 1. Performance statistics for monthly streamflow prediction on two USGS gages in the Double
Mountain Fork Brazos basin using the SWAT-MAD model.

Streamflow
Gage I (08079600) Gage II (08080500)

Calibration
(1994–2001)

Validation
(2002–2009)

Calibration
(1994–2001)

Validation
(2002–2009)

Nash-Sutcliffe efficiency
(NSE)

0.86
(Very good #)

0.59
(Satisfactory)

0.63
(Satisfactory)

0.64
(Satisfactory)

R2 0.88 0.71 0.67 0.75

Percent bias (PBIAS; %) 14.6
(Good)

8.5
(Very good)

12.9
(Good)

−12.6
(Good)

# General model performance ratings suggested by Moriasi [31] for monthly predictions of streamflow.

2.3. Scenario Development

The primary management practices of irrigated and dryland cotton under the baseline
scenario in the DMFB basin are listed in Table 2. A flowchart of the modeled cultivation
practices in the Texas Panhandle is shown in Figure 2. As for the classification of hydrocli-
matic years, if the precipitation of an individual year was 25% lower than the long-term
average (1994–2009) annual precipitation of 517 mm, it was identified as a dry year. Like-
wise, if the precipitation of an individual year was 25% higher than the long-term average,
it was treated as a wet year. The remaining years were considered normal years. According
to the aforementioned classification of the hydroclimatic regimes, the dry years were 1994,
1998, and 2003. The wet years were 1997, 2004, and 2007. For the scenario development of
alternative cultivation practices, ten scenarios were simulated under each hydroclimatic
condition in this study, including two alternative irrigation application depths of 12.7 mm
(0.5 inch) and 38.1 mm (1.5 inches) per application for irrigated cotton, two alternative
planting dates of early planting (a half month ahead) and late planting (a half month delay)
for irrigated and dryland cotton, and two alternative maturity cultivars of short-season
cotton (5% less accumulation of heat units to maturity) and long-season cotton (5% more)
(Table 3). The selected irrigation application depths represent associated irrigation man-
agement by local growers across the Texas Panhandle due to diverse well capacities and
soil water holding capacities. The alternative planting dates chosen in this study cover the
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usual cotton planting window in this region. The short- and long-season cotton cultivars
are commonly used locally in response to the changing climate and management needs.

Table 2. Management practices for irrigated and dryland cotton production under the baseline
scenario in the Double Mountain Fork Brazos basin.

No. Operations Description Management Information

Irrigated cotton (generic variety)
1 Tillage (Tillage on 1 April)

TILL_ID Tillage ID Generic spring plowing #
2 Fertilizer application (1 May)

FERT_ID Fertilizer ID Urea
FRT_KG Amount of fertilizer applied 300.7 (kg ha−1) #

3 Begin growing season (Planting on 15 May) Default
Accumulation of heat units to maturity 2354 ◦C-day ξ

4 Auto irrigation (Start date: 15 May; End date: 15 September)
WSTRS_ID Water stress identifier Management allowed depletion
AUTO_WSTRS Water stress threshold 0.75
IRR_MX Irrigation application depth 25.4 mm (1 inch)

5 Harvest and kill (Harvest and kill on 31 October) Default

Dryland cotton (generic variety)
1 Tillage (Tillage on April 1)

TILL_ID Tillage ID Generic spring plowing #
2 Fertilizer application (1 May)

FERT_ID Fertilizer ID Urea
FRT_KG Amount of fertilizer applied 150 (kg ha−1) #

3 Begin growing season (Planting on 15 May) Default
Accumulation of heat units to maturity 2354 ◦C-day ξ

4 Harvest and kill (Harvest and kill on 31 October) Default
# The management methods and parameters were based on published reports and local expertise. ξ Accumulation
of heat units to maturity for cotton was estimated using the SWAT-PHU program (https://swat.tamu.edu/
software/; accessed on 24 December 2021).
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Table 3. Descriptions of simulated scenarios in the Double Mountain Fork Brazos basin.

Scenario ID Scenario Description

(1) Irrigation application depth of 12.7 mm in irrigated cotton HRUs (Small
irrigation depth)

(2) Irrigation application depth of 38.1 mm in irrigated cotton HRUs (Large
irrigation depth)

(3) Accumulation of heat units to maturity for cotton reduced by 5%
(2236 ◦C-day) in irrigated cotton HRUs (Short-season irrigated cotton)

(4) Accumulation of heat units to maturity for cotton increased by 5%
(2472 ◦C-day) in irrigated cotton HRUs (Long-season irrigated cotton)

(5) Accumulation of heat units to maturity for cotton reduced by 5%
(2236 ◦C-day) in dryland cotton HRUs (Short-season dryland cotton)

(6) Accumulation of heat units to maturity for cotton increased by 5%
(2472 ◦C-day) in dryland cotton HRUs (Long-season dryland cotton)

(7) Planting date of 1 May and harvest date of 15 October in irrigated cotton
HRUs (Early planting of irrigated cotton)

(8) Planting date of 30 May and harvest date of 15 November in irrigated
cotton HRUs (Late planting of irrigated cotton)

(9) Planting date of 1 May and harvest date of 15 October in dryland cotton
HRUs (Early planting of dryland cotton)

(10) Planting date of 30 May and harvest date of 15 November in dryland
cotton HRUs (Late planting of dryland cotton)

3. Results and Discussion
3.1. Simulated Yearly and Monthly Water Balances in Dry, Normal, and Wet Years under the
Alternative Irrigation Application Depths

In the dry years, the seasonal cotton irrigation amount was 3.5% larger with a small
irrigation application depth of 12.7 mm as compared to the baseline irrigation depth of
25.4 mm. In contrast, a 1.8% reduction in seasonal cotton irrigation amount was simulated
for the large irrigation depth of 31.8 mm relative to the baseline depth (Table 4). Those
changes are a 3.6% increase and a 2.4% decrease for small and large irrigation application
depths, respectively, in the normal years (Table 4). However, less than 1% variation was
found using the alternative irrigation application depths during the wet years (Table 4),
when precipitation was relatively abundant.

An increase in seasonal irrigation amounts with the small irrigation depth led to the
increased ETc of 2.1%, 1.5%, and 0.2% in the dry, normal, and wet years, respectively,
compared to their respective baseline scenarios. In contrast, ETc decreased by 1.1%, 1.1%,
and 0.1% in dry, normal, and wet years, respectively, when using the large irrigation
application depth (Table 4). Increasing the irrigation application depth could reduce
irrigation frequency to supplement the seasonal water requirements of crops and reduce
evaporative water losses associated with irrigation events [34,35]. Evaporative losses
associated with irrigation events are greatest during crop vegetative growth periods when
incomplete canopy conditions exist. These losses are largely mitigated in quickly maturing
crops such as corn (Zea mays L.) [8]. However, cotton typically matures at a much slower
rate than other agricultural crops, extending the time that the soil surface is subject to
evaporative losses following irrigation. Furthermore, cotton may not reach full canopy
closure in certain years. As such, less frequent irrigation of greater depth are more likely to
result in reduced seasonal irrigation requirements for crops such as cotton.
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Table 4. Comparison of the average annual water balance parameters and cotton yield under three
hydroclimatic regimes using different irrigation application depths, planting dates, and maturity
cultivars in the irrigated cotton HRUs in the Double Mountain Fork Brazos basin.

Scenarios Irrigation
(mm) ETc (mm) Soil Water

Content (mm)
Surface

Runoff (mm)
Water

Yield (mm)

Cotton
Yield

(Mg ha−1)

Baseline dry years 493.4 825.9 32.9 0.0004 1.15 3.07
Small irrigation
depth 510.6 (3.5 #) 843.3 (2.1) 31.4 (−4.7) 0.0002 (−57.5) 1.12 (−2.7) 3.03 (−1.4)

Large irrigation
depth 484.4 (−1.8) 817.0 (−1.1) 33.7 (2.5) 0.0009 (115.4) 1.19 (3.3) 3.12 (1.6)

Early planting 491.4 (−0.4) 823.0 (−0.4) 33.3 (1.1) 0.0018 (332.0) 1.17 (1.3) 3.11 (1.3)
Late planting 502.2 (1.8) 835.2 (1.1) 34.1 (3.6) 0.0005 (29.1) 1.15 (−0.1) 2.63 (−14.4)
Short season 500.1 (1.4) 832.7 (0.8) 32.7 (−0.6) 0.0005 (22.2) 1.16 (0.8) 3.43 (11.6)
Long season 489.3 (−0.8) 822.0 (−0.5) 32.9 (−0.2) 0.0005 (18.0) 1.14 (−0.9) 2.69 (−12.3)

Baseline normal
years 341.9 812.9 58.6 4.37 5.59 2.68

Small irrigation
depth 354.0 (3.6) 825.4 (1.5) 56.4 (−3.7) 4.12 (−5.8) 5.32 (−4.9) 2.65 (−1.0)

Large irrigation
depth 333.5 (−2.4) 804.2 (−1.1) 60.3 (3.0) 4.56 (4.4) 5.81 (3.9) 2.70 (0.8)

Early planting 336.6 (−1.5) 806.0 (−0.9) 62.9 (7.3) 4.48 (2.5) 5.71 (2.0) 2.88 (7.6)
Late planting 327.0 (−4.4) 802.6 (−1.3) 51.3 (−12.5) 4.43 (1.4) 5.64 (0.8) 2.00 (−25.4)
Short season 350.1 (2.4) 820.5 (0.9) 58.7 (0.1) 4.33 (−0.8) 5.58 (−0.3) 3.10 (15.7)
Long season 334.5 (−2.2) 805.7 (−0.9) 59.4 (1.3) 4.42 (1.2) 5.64 (0.8) 2.27 (−15.4)

Baseline wet years 217.0 861.6 110.4 3.13 4.62 2.19
Small irrigation
depth 218.6 (0.8) 863.2 (0.2) 108.6 (−1.6) 2.80 (−10.7) 4.26 (−7.8) 2.17 (−1.2)

Large irrigation
depth 216.3 (−0.3) 860.5 (−0.1) 112.0 (1.4) 3.37 (7.5) 4.89 (5.7) 2.20 (0.5)

Early planting 181.4 (−16.4) 831.7 (−3.5) 114.1 (3.3) 3.72 (18.7) 5.18 (12.0) 2.31 (5.1)
Late planting 232.7 (7.3) 860.1 (−0.2) 115.7 (4.8) 4.59 (46.6) 6.12 (32.4) 1.61 (−26.4)
Short season 219.5 (1.2) 866.3 (0.5) 110.1 (−0.3) 3.11 (−0.8) 4.61 (−0.3) 2.62 (19.2)
Long season 209.1 (−3.6) 853.0 (−1.0) 111.6 (1.1) 3.31 (5.7) 4.79 (3.7) 1.79 (−18.3)

# The number in the parentheses is the percent change using an alternative scenario relative to the respective
baseline scenario.

Reductions in soil water content, surface runoff, and water yield (the total amount of
water leaving the field) were found for the irrigated cotton scenario with the small irrigation
application depth under different hydroclimatic regimes compared to the baseline scenarios.
However, opposite results were found for the large irrigation application depth scenario
under various hydroclimatic years. For instance, soil water content, surface runoff, and
water yield decreased by 4.7%, 57.5%, and 2.7%, respectively, with the small irrigation
depth, while those hydrologic parameters increased by 2.5%, 115.4%, and 3.3%, respectively,
with the large irrigation depth as compared to the baseline scenario in the dry years (Table 4).
It is evident that the smaller irrigation depth can result in relatively lower soil water content
and runoff. Under the alternative full irrigation management conditions, the cotton yield
only showed slight changes (Table 4). There was an increasing trend for cotton yield
under the large irrigation depth while a decreasing tendency under the small irrigation
depth in diverse hydroclimatic years. Therefore, maintaining/enhancing cotton yield while
reducing groundwater pumping from the Ogallala Aquifer in the Texas Panhandle could
be achieved using a large irrigation application depth.

The monthly balance analysis showed that the peak irrigation and ETc occurred in July
during the dry years (Figure 3a,b) and in August during the wet years (Figure 3d,e) in the
irrigated cotton land use. In the dry years of irrigated cotton, there was a high soil water
content during the cotton growing season from May to August (Figure 3c). Nevertheless,
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the soil water content was relatively low in the growing season, especially from July to
October during the wet years (Figure 3f). Generally, the smaller irrigation application depth
resulted in greater irrigation and ETc (Figure 3a,b,d,e). For example, the irrigation amounts
increased by 5.6% and 7.2% in June and July, respectively, in the dry years using the small
irrigation application depth compared to the baseline irrigation depth (Figure S1a). The
irrigation amount increased by 10.2% in May in the wet years (Figure S1d). The range of
increased ETc from May to August varied by 3.0–5.2% and 1.0–1.8% during the dry and wet
years, respectively, using the small irrigation depth (Figure S1b,e). The monthly soil water
content consistently decreased under the small irrigation depth relative to the baseline
irrigation depth in the dry and wet years (Figure 3c and Figure S1c). By contrast, the larger
irrigation depth maintained a higher soil water content compared to the baseline irrigation
depth (Figure 3f and Figure S1f). In the normal years, overall, the small irrigation depth
also led to an increase in irrigation and ETc while soil water content decreased (Figure S2).
However, the large irrigation depth caused reductions in irrigation and ETc and maintained
a high soil water content.

3.2. Impacts of Planting Dates on Water Conservation and Irrigated and Dryland Cotton Yield

Simulated irrigation amount increased by 7.3% with late planting of cotton during wet
years relative to the baseline planting date (Table 4). However, early planting resulted in a
reduction in irrigation amount by 16.4% during the wet years. This reduction was mainly
caused by sufficient early season rainfall during the wet years in the Texas Panhandle.
The percentage changes in ETc were within ±4% under different hydroclimatic years and
planting dates (Table 4). A large variation was found in soil water content according to
the hydroclimatic years and planting dates. The absolute changes in surface runoff and
water yield were relatively small in the dry and normal years irrespective of the planting
dates (Table 4). However, the surface runoff increased by 18.7% and 46.6% in the case of the
early and late planting dates in the wet years, respectively. Simulated cotton yields were
decreased by 14.4%, 25.4%, and 26.4% for the delayed planting date in the dry, normal, and
wet years, respectively (Table 4). However, 1.3%, 7.6%, and 5.1% increase in irrigated cotton
yield was found with early planting date in the dry, normal, and wet years, respectively
(Table 4). Planting and harvesting dates impacted cotton growth and yield [36,37]. Early
planting dates could extend the growing season and help producers avoid inclement
weather in the late season [38]. Mauget et al. [10] also found that early planting could
increase cotton yield by maximizing growing season degree days and total cool hours in
the Texas Panhandle. Cotton requires accumulations of larger amounts of heat units to
maturity compared to corn and sorghum (Sorghum bicolor L.) [39]. Therefore, the early
planting of cotton might be feasible in improving yield and water conservation.

In the study basin, cotton is usually planted in the middle of May according to local
field studies. Planting of cotton a half month ahead caused a clear increase in irrigation
compared to the baseline planting date in May (54.5% and 24.3%) and July (10.7% and
15.6%) in the dry and normal years, and the late planting led to an apparent increase in
irrigation in September of 151.8%, 77.6%, and 81.5% during the dry, normal, and wet years,
respectively (Figure 4a,d and Figures S3a,d and S4a,b). A similar trend to irrigation was
detected for monthly cotton ETc from May to September using the alternative planting
dates under three hydroclimatic years (Figure 4b,e and Figures S3b,e and S4c,d). There were
clearly high soil water contents in September (146.4%, 37.6%, and 39.7%) with the delayed
planting of cotton for dry, normal, and wet years, which was associated with the increased
irrigation amounts with the late planting date (Figure 4c,f and Figures S3c,f and S4e,f).
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Figure 3. Comparison of average monthly irrigation (a,d), crop evapotranspiration (ETc) (b,e), and
soil water content (c,f) during dry and wet years using different irrigation application depths in the
irrigated cotton HRUs in the Double Mountain Fork Brazos basin.

The assessment of results from the dryland cotton HRUs provided a better comparison
because rainfall was the sole source of water input. Thus, the hydroclimatic years were
the dominant factors for water balances. Results indicated a negligible change in ETc with
the alternate planting dates under three hydroclimatic years (Table 5). An increase in soil
water content was found in the case of the early planting of dryland cotton under different
hydroclimatic regimes (Table 5). However, a decrease in soil water content was identified
for the late planting date. Generally, the late planting date resulted in reductions in surface
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runoff and water yield, particularly in the wet years. An evident increase in surface runoff
(42.4%) and water yield (28.5%) were also found for the early planting date in the wet years
(Table 5). The delayed planting of dryland cotton led to an evident reduction in cotton yield
of 9.8%, 21.1%, and 20.5% during the dry, normal, and wet years, respectively (Table 5).
Nevertheless, dryland cotton yields increased by 0.7%, 9.4%, and 5.4% during dry, normal,
and wet years, respectively, for the early planting date. Therefore, to increase both irrigated
and dryland cotton yields, early sowing may be warranted in the Texas Panhandle.

Under the dryland cotton land use, changes in ETc were noticed in June (6.0% increase)
and July (6.4% decrease) with the early planting date in the dry years relative to the
baseline planting date (Figure 5a and Figure S5a). The opposite trends were found for
the late planting date in the dry years. In the normal years, considerable variation in
ETc was found in June (9.8% increase) and October (25.5% decrease) with early planting
of dryland cotton (Figure S6a,b). Relatively small absolute changes were noticed for the
delayed planting in the normal years. Notable changes in ETc were found in July (4.3%
increase) and August (4.5% decrease) for the early planting in the wet years (Figure 5c and
Figure S3c). By contrast, a 7.4% decrease and an 8.2% increase in ETc were detected in July
and August, respectively, for the late planting date in the wet years. The marked increases
in soil water content were only found in June (14.1%) and July (14.9% and 19.6%) during
the dry, normal, and wet years, respectively, for the late planting date. However, distinct
increases in soil water content were found from October to December and from October to
May with the early planting of dryland cotton during the dry years and the normal and
wet years, respectively (Figure 5b,d and Figures S5b,d and S6c,d).

Table 5. Comparison of the average annual water balance parameters and cotton yield under three
hydroclimatic regimes using various planting dates and maturity cultivars in the dryland cotton
HRUs in the Double Mountain Fork Brazos basin.

Scenario ETc (mm) Soil Water
Content (mm)

Surface
Runoff (mm)

Water
Yield (mm)

Cotton
Yield (Mg ha−1)

Baseline dry years 360.2 19.2 0.170 0.41 0.76
Early planting 360.8 (0.16 #) 22.0 (14.5) 0.167 (−1.9) 0.41 (−0.5) 0.76 (0.7)
Late planting 360.7 (0.14) 16.5 (−13.9) 0.160 (−5.9) 0.40 (−2.5) 0.68 (−9.8)
Short season 360.1 (−0.01) 19.2 (0.13) 0.169 (−0.2) 0.41 (−0.08) 0.79 (4.0)
Long season 360.2 (0.01) 19.2 (−0.03) 0.170 (0.2) 0.41 (0.09) 0.72 (−5.2)

Baseline normal
years 490.1 38.6 2.61 3.00 1.44

Early planting 491.0 (0.18) 46.9 (21.6) 2.68 (2.9) 3.08 (2.6) 1.58 (9.4)
Late planting 490.1 (−0.01) 31.5 (−18.5) 2.59 (−0.7) 2.98 (−0.6) 1.14 (−21.1)
Short season 490.1 (0.003) 38.4 (−0.4) 2.60 (−0.2) 3.00 (−0.2) 1.59 (10.1)
Long season 490.1 (−0.003) 38.7 (0.4) 2.61 (0.2) 3.01 (0.2) 1.30 (−10.1)

Baseline wet years 664.6 91.9 1.33 2.03 1.77
Early planting 660.7 (−0.58) 101.8 (10.8) 1.89 (42.4) 2.60 (28.5) 1.87 (5.4)
Late planting 664.6 (−0.002) 84.3 (−8.3) 1.14 (−14.1) 1.83 (−9.8) 1.41 (−20.5)
Short season 664.6 (0.004) 91.8 (−0.14) 1.32 (−0.5) 2.02 (−0.3) 1.95 (10.0)
Long season 664.6 (−0.003) 92.0 (0.15) 1.34 (0.6) 2.04 (0.4) 1.59 (−10.3)

# The number in the parentheses is the percent change using an alternative scenario relative to the respective
baseline scenario.
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soil water content (c,f) during dry and wet years using different planting dates in the irrigated cotton
HRUs in the Double Mountain Fork Brazos basin.
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Figure 5. Comparison of average monthly crop evapotranspiration (ETc) (a,c) and soil water content
(b,d) during dry and wet years using different planting dates in the dryland cotton HRUs in the
Double Mountain Fork Brazos basin.

3.3. Effects of Different Cotton Maturity Cultivars under Both Irrigation and Dryland Conditions
on Water Balances and Cotton Production

The absolute differences in the studied hydrologic parameters were small when using
different maturity cotton cultivars under both irrigation and dryland management regard-
less of hydroclimatic years (Tables 4 and 5). However, the short-season cultivar produced
11.6%, 15.7%, and 19.2% higher irrigated cotton yield during the dry, normal, and wet years,
respectively, compared to their respective baseline scenarios. Those increases in dryland
cotton yields were 4.0%, 10.1%, and 10.0% in the dry, normal, and wet years. Similar percent-
age reductions were found with the long-season cultivar in various hydroclimatic regimes
under the irrigation and dryland conditions (Tables 4 and 5). Like alternate planting dates,
different maturity cotton cultivars highlighted the importance of heat unit accumulation for
crop development. The concept of heat units emerged from observations that plants do not
grow below a threshold temperature. This temperature for cotton is 15.6 ◦C. Cotton growth
and development are directly related to accumulated heat units when there are no other
environmental limiting factors [40]. Recently, Masasi et al. [41] also reported that under
adequate irrigation supply, cotton yield responds positively and strongly to the increase of
heat units using the AquaCrop model in the U.S. Southern Great Plains. As for the monthly
analysis, small recognizable changes in irrigation and ETc were found in June and July
in the dry years among diverse maturity cultivars (Figure 6a,b and Figure S7a,b,d,e). A
clear decrease in irrigation and ETc was found in July with the long-season cultivar in
the normal and wet years (Figure 6d,e and Figures S7a,b,d,e and S8a,b,c,d). In general, no
considerable changes were noticed in soil water content with the changes in maturity cotton
cultivars in the case of irrigated cotton under three hydroclimatic regimes (Figure 6c,f and
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Figures S7c,f and S8e,f). There was almost no influence of maturity cultivars on ETc and soil
water content under dryland cotton farming (Figure 7 and Figures S9 and S10). Although
the current climate in the Texas Panhandle is suitable for cotton production, short-season
cultivars are more promising for a yield increase. It is worth noting that the short-season
cultivar is crucial for dryland management as it can mature early and reduce water stress
duration relative to the full- and long-season cultivars in this semi-arid environment. There-
fore, the selection of appropriate maturity cultivars is necessary in view of the challenging
environment for cotton production in the Texas Panhandle.
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Figure 6. Comparison of average monthly irrigation (a,d), crop evapotranspiration (ETc) (b,e), and
soil water content (c,f) during dry and wet years using different maturity cultivars in the irrigated
cotton HRUs in the Double Mountain Fork Brazos basin.
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Figure 7. Comparison of average monthly crop evapotranspiration (ETc) (a,c) and soil water content
(b,d) during dry and wet years using different maturity cultivars in the dryland cotton HRUs in the
Double Mountain Fork Brazos basin.

4. Conclusions

An assessment of some potential cultivation practices on water conservation and
cotton production was performed in the DMFB basin in the semi-arid Texas Panhandle
region using the SWAT-MAD model. Modeling results indicated that using a relatively
small irrigation application depth for cotton resulted in increased seasonal irrigation
and ETc under various hydroclimatic years. By contrast, the large irrigation application
depth for cotton showed water-saving and yield-boosting effects. The early planting date
demonstrated the potential for water conservation and yield increase for cotton under both
irrigation and dryland conditions, which allowed for the accumulation of relatively high
heat unit totals for crop physiological maturity. It is intuitive that the early planting date
could favor a yield increase more in the normal and wet years compared to the dry years.
Similar to early planting, the short-season cotton cultivar highlighted great potential for
yield improvement under this climatic condition. In summary, larger irrigation application
depths for cotton could primarily support groundwater conservation. Early planting of
irrigated and dryland cotton might be considered for enhancing cotton yields and reducing
water consumption in the Texas Panhandle, especially in wetter years. Additionally,
using a short-season cultivar could be an option for further improving cotton production
capacity and narrowing the yield gap in the Texas Panhandle. In this study, we did not
completely consider the spatial variations in agricultural inputs/practices due to the limited
information available. In addition, the spatial inconsistency with the actual field boundaries
based on the HRU definition could result in some uncertainties. Therefore, the modeling
results have a certain level of uncertainty when representing the real world. For these
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reasons, producers should be cautious when interpreting our findings for decision making
in their specific fields.
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