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A B S T R A C T

Deficit irrigation is a common strategy to reduce water use and improve the sustainability of cotton production.
However, the effects of water deficits on crop productivity and quality are subject to genotype by management by
environmental interactions. This study investigated effects of water deficits and frequency of irrigation on cotton
performance grown in semi-arid region, Xinjiang, the main cotton-growing area in China. Two field trials (2020
and 2021) with split experimental design, including main factors of three irrigation levels (moderate-deficit,
mild-deficit and full-irrigation) and split factors of three irrigation frequencies (4, 8 and 12 days) were con-
ducted. Results from two trials both showed little negative influence of irrigation levels on yield, and higher
irrigation frequency improved yield under same irrigation level. Significant effects of irrigation levels on yield
components were found in 2021, with a 22 % increase in boll number and an 18 % reduction in boll weight under
moderate-deficit irrigation compared with those under full-irrigation. Interactions between irrigation levels and
frequencies significantly affected harvest index (HI), showing that reduced irrigation might be beneficial for
improving HI. However, decreased fibre length while increased fibre micronaire were found under deficit irri-
gation. A strong association between radiation use efficiency (RUE) and boll growth rate was observed, sug-
gesting that RUE might be the driving force of yield formation. A tight correlation between both biomass and
transpiration efficiency versus delta temperature between air and canopy (ΔTair-canopy) was observed, sug-
gesting ΔTair-canopy could be used as an efficient tool to assess plant production under deficit irrigation. This
study provided an improved understanding of the physiological basis of cotton yield formation and further
identified a high-throughput and instantaneous method to monitor effects of deficit irrigation on crop
productivity.

1. Introduction

Water shortage which steadily reduces water allocation to agricul-
ture, is limiting crop production particularly in the semi-arid and arid
areas in the world (Datta et al., 2019; Tsakmakis et al., 2017). At the
same time, an approximately 70 % improvement in agricultural pro-
duction will be required to meet the world’s need for basic food and fibre

by 2050 (Webb, 2005). Water scarcity, in addition to erratic precipita-
tion and drought, has become one of the major challenges to global food
security and sustainable agricultural production. To face the increasing
challenges of insufficient water supply for agriculture and food security,
deficit irrigation has been adopted in dry areas (Grimes et al., 1969;
Fereres and Soriano, 2007; Geerts and Raes, 2009). Deficit irrigation is
defined as the deliberate under-irrigation of a crop such that it receives

Abbreviations: ΔTair-canopy, Delta air and canopy temperature; DAS, days after sowing; EAT, effective accumulated temperature; HI, harvest index; NumFB,
number of fruiting branches; PAR, photosynthetically available radiation; RUE, radiation use efficiency; TE, transpiration efficiency; WUE, water use efficiency.
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less water than the crop evaporation needed to achieve maximum yield
(Zhang et al., 2016).

Numerous studies have explored relationships between water
application and crop productivity (Doorenbos and Kassam, 1979; Ertek
and Kanber, 2003; Du et al., 2006; DeTar, 2008; Ermanis et al., 2021;
Cheng et al., 2021). It has been reported that deficit irrigation could save
up to 50 % water and enhance water use efficiency (WUE) by 20–30 %
with little penalty on crop production (Bramley et al., 2013). A 12-year
drip irrigation experiment with a wide range of water application rates
showed an only 2.6 % averaged yield loss by reducing water applications
by 20 % compared with the water used to achieve maximum yields
(Wanjura et al., 2002). Researchers also found no significant variation in
yield among different irrigation levels and frequencies, however, in a
low-yielding season, a significant reduction in yield was found under
low irrigation levels (Ertek and Kanber, 2003). This means the impact of
different deficit irrigation treatments on crop production varies from
year to year. Therefore, a better understanding of the underlying
physiological determinants that limit yield under different irrigation
strategies is needed. Crop yield is the product of cumulative photosyn-
thetically active radiation (PAR) intercepted by the crop canopy during
the growing season (Evans, 2013), the efficiency with which a crop
converts PAR into biomass (radiation use efficiency, RUE), and the
percent of total biomass allocated to economical yield (harvest index,
HI). Crop yield is further determined by water consumption, transpira-
tion efficiency (TE) and HI, under water-limiting conditions (Passioura,
1996). Studying the effects of deficit irrigation with regard to these in-
dividual yield determinants will therefore provide us with a better un-
derstanding of the physiological mechanism underpinning the response
on yield and may provide us with a way to monitor crop performance
under different irrigation regimes.

Cotton (Gossypium hirsutum L.), as an important industrial crop for
fibre, plays an important role in the economy of many countries (Khan
et al., 2020). Cotton is relatively drought-tolerant (DeTar, 2008), how-
ever, deficit irrigation could substantially limit potential seed cotton
yield, which is usually associated with a decline in boll number per land
area (Hu et al., 2018). Fibre quality has also been reported to be reduced
by water stress due to increased fibre micronaire and decreased length
(Hu et al., 2018). Different amounts of water are required at different
growth stages, varying from 2.5 mm per day at the seedling stage to the
peak of 6.2–10 mm per day during flowering, when about 40 % of total
seasonal water is consumed (Datta et al., 2019). Water stress during the
most critical growth stages of flowering and boll opening is most
detrimental and can result in about 50–80 % yield loss in cotton (Datta
et al., 2019). Exploiting various water-efficient techniques is therefore of
great importance to maintain high yield and quality of cotton in China,
particularly since water resources are extremely scarce in Xinjiang, the
primary cotton growing area in China.

Therefore, the objectives of this study were to explore sustainable
irrigation strategies to improve cotton performance in semi-arid areas,
by using deficit irrigation methods. A two-year field trial was conducted
in Xinjiang to investigate the effects of irrigating at three different levels
(deficit irrigation: 3200 and 3700 m3 ha− 1, and full irrigation: 4200 m3

ha− 1) and three irrigation frequencies (every 4, 8 and 12 days) on seed
cotton yield, HI, fibre quality, critical physiological traits and canopy
thermal response.

2. Materials and methods

2.1. Experimental site and design

A two-year field trial was conducted in 2020 and 2021 at the Alar
Station (40, 36’N, 81, 19’E) of the Institute of Cotton Research of the
Chinese Academy of Agricultural Sciences. A split plot design with three
replications was used, including main plot factors of irrigation levels
(3200, 3700, 4200 m3 ha− 1) and split plot factors of irrigation fre-
quencies (every 4, 8, 12 days), resulting in nine treatments in total

(Table 1). According to local planting practices and previous studies
(Chai et al., 2015; Yang et al., 2015; Zhang et al., 2016), 4200 m3 ha− 1 is
the conventional amount of drip irrigation for cotton in this area
(well-watered), and the other two levels are mild deficit (3700 m3 ha− 1)
and moderate deficit (3200 m3 ha− 1). Drip irrigation was implemented
using a customized irrigation system, featuring 16 mm tape with drip
emitter spaced 30 cm apart, and a flow rate of 2.6 L h− 1. The two field
trials were sown on 20 April 2020 and 19 April 2021. A commonly used
cotton variety, SCRC619, was planted at a density of 90,000 plants ha− 1

and in both trials each plot consisted of four rows (Fig. 1A). Meteoro-
logical conditions (average monthly temperature and precipitation,
Fig. 2) were recorded by a weather station near the site during the two
seasons. The site has a warm-arid desert climate and mainly sandy loam
soil. Prior to planting, the top 20 cm of soil contained 10.58 g kg− 1

organic matter, 84.87 mg kg− 1 alkalihydrolyzable nitrogen, 0.64 g kg− 1

total nitrogen, 25.38 mg kg− 1 available phosphorus, and 190.5 mg kg− 1

available potassium with a pH of 7.7. For medium-term management,
mechanical cultivation methods were used, including weeding, along
with spraying pesticides and plant growth regulators. Additionally,
chemical control methods were employed to manage pests and diseases.
In both trials, all plots had good establishment and no nutrient stress was
observed. And all the plots were hand-harvested after reaching physical
maturity on 6th October in 2020 and 8th October in 2021.

2.2. Data collection

2.2.1. Plant growth associated traits
To investigate the effects of different irrigation levels and fre-

quencies on plant growth and development, leaf gas exchange, biomass,
and number of fruiting branches (NumFB) were determined. Gas ex-
change measurements were performed on the third last leaf of one
randomly selected plant in each plot by using a LI-6800 (LI-COR, inc.,
Lincoln, Nebraska USA) with the 6800–01 A light source which has a
chamber size of 6 cm2, at 87 days after sowing (DAS), flowering stage, as
which is the most critical growth stage for cotton yield formation. For
biomass harvesting, two plants with even stands and selected randomly
were dug out in the middle two rows of each plot every 15 days from 57
DAS in 2020 and 58 DAS in 2021 (seedling stage). The plants were then
separated into roots, stems, leaves and bolls, and then dried in an oven
(80 ℃) until constant weight. The NumFB as a good indicator of yield
potential was determined on two plants selected randomly in each plot
at 160 DAS in 2020 and 153 DAS in 2021 (boll-opening stage).

2.2.2. Canopy light interception, soil moisture content and canopy
temperature

A spatial grid method was used to investigate variations in canopy
light interception and soil moisture content among different treatments
as sampling points in vertical and horizontal directions shown in Fig. 1 .
A customized rack, equipped with 30 photosynthetically available ra-
diation (PAR) sensors (LI-190R, Licor, inc., Lincoln, Nebraska USA) at an
interval of 20 cm in both vertical and horizontal directions was used to
determine canopy light interception in one plot of each treatment.

Table 1
Details of treatments in two field trials.

Main plot
Irrigation level (m3 ha− 1)

Split plot
Frequency (days)

Abbreviation of treatment

3200 (moderate-deficit irrigation) 4 3200–4
8 3200–8
12 3200–12

3700 (mild-deficit irrigation) 4 3700–4
8 3700–8
12 3700–12

4200 (full-irrigation) 4 4200–4
8 4200–8
12 4200–12

X. Zhi et al.
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Incident PAR at each sampling point throughout the canopy was
recorded by a customized data logger to calculate light interception of
the whole canopy (Zhi et al., 2014, 2019).

Soil moisture content (m3 m− 3) was recorded continually at an in-
terval of one hour over the growth seasons in two trials, using 30 water
content sensors (5TE, Decagon Devices Inc., Pullman, WA) distributed
aligned to the under-ground sampling points (solid triangle points in

Fig. 1 ) following the method reported previously (Wu et al., 2022).
Throughout the two seasons, the soil moisture content in the top layer
(0–20 cm), averaged across the main factors (irrigation levels), split
factors (irrigation frequencies) and their interactions were shown in
Figure S1.

Canopy temperature of each plot was determined during the cotton
critical growth stage, by averaging two values from two infrared

Fig. 1. Layout of four rows in each plot of both trials with diagram of sampling points for canopy light interception and soil moisture content (A), and image showing
sensor setup for canopy temperature measurements (B). Note: Row spacing (10 and 66 cm) and intervals (20 cm in both vertical and horizontal directions) of
sampling points above- (solid circles) and under-ground (solid triangles) (A); circles between two narrow rows show drip irrigation tapes (A). A solar panel powered
system for continuously recording canopy temperature is shown (B).

Fig. 2. Monthly average temperature and total precipitation during cotton growth duration in 2020 and 2021. Note: The dash lines indicate the growing season from
20th April to 6th October in 2020 and 19th April to 8th October in 2021.

X. Zhi et al.
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radiometers (SI-411, Apogee Instruments, USA). This sensor is only
sensitive from 8 to 14 µm (atmospheric window), which is beneficial for
minimizing the influence of water vapor and CO2 on the measurements.
It is therefore typically used to monitor plant canopy temperature to
estimate plant water status (Drew et al., 2019; Huang et al., 2022;
Mira-García et al., 2022). The sensor has a single 22◦ half-angle field of
view option and a response time of 0.1 seconds, with a measurement
uncertainty of ± 0.5 ◦C from 0 to 50 ◦C. Sensors as shown in Fig. 1 were
mounted to customized solar panel platforms which were used to power
the dataloggers for continuous output. Two digital values including
target temperature (canopy) and detector temperature were output by
each sensor. The detector temperature was defined as air temperature to
evaluate differences between air and canopy temperature
(ΔTair-canopy), given detector temperature is reported to be very near
to air temperature.

2.2.3. Yield, yield components and fibre quality
After physiological maturity, each plot was hand-harvested twice

within one week to avoid underestimation in both trials to determine
seed cotton yield. To determine yield components, 100 randomly
collected, fully opened bolls were used to determine lint percent and
individual boll weight. In addition, boll number per area was estimated
by seed cotton yield per plot and individual boll weight. A hundred bolls
from different parts of plants (bottom, middle and top) were taken at
random to determine fibre quality by using a High Volume Instrument
(HVI) from the Testing Center of Cotton Quality (Ministry of Agricul-
ture, Anyang, Henan).

2.3. Statistical analysis

2.3.1. Effects of irrigation treatments on yield, yield components, fibre
quality, harvest index, partitioning of dry matter allocation and
physiological traits

Variations in gas exchange measurements, yield, yield components,
HI and fibre quality among different treatments were analysed sepa-
rately for each trial by performing ANOVA using R open source language
(R Core Team, 2021). To analyse changes in biomass allocation, ratios of
root, stem, leaf and boll to total dry matter were analysed. For both
trials, the treatment factors were irrigation levels (3200, 3700, 4200 m3

ha− 1), irrigation frequencies (every 4, 8, 12 days) and their interactions
(irrigation level × frequency), while replications were set as random
factors. The HI was defined as the ratio of seed cotton (kg ha− 1) to total
biomass (kg ha− 1).

2.3.2. Relationships among boll growth associated traits, radiation use
efficiency and water use efficiency

Correlation analysis was performed for RUE, WUE, boll growth rate
and NumFB by using ‘performance’ package in R software (Lüdecke
et al., 2021). Log- or square-root transformation were used for variables
with a left or right skew, respectively, to make the data a better
approximation of the normal distribution. The RUE was calculated by
fitting the linear relationship between cumulative radiation received
(MJm− 2) and cumulative above-ground biomass (g m− 2) from sowing to
136 DAS in 2020 and 133 DAS in 2021 (George-Jaeggli et al., 2013;
Saleh Ravan et al., 2022). Accumulated biomass was calculated as the
difference in biomass between the first biomass sample taken at seedling
stage and another sample taken at different growth stages. For the same
period, cumulative PAR intercepted (MJm− 2) was calculated by the sum
of daily radiation obtained from the weather station nearby the site and
the fraction of incident PAR intercepted up to the time of each biomass
harvest date in both trials. The WUE (kg ha− 1 mm− 1) was calculated by
ratio of seed cotton yield (kg ha− 1) to total water evapotranspiration
(mm) of each plot which was determined by using a water-balance
equation over the seasons at the profile intervals (Fig. 1A). Boll
growth rate was defined as the initial slope of the linear relationship
between boll dry matter (g m− 2) and effective accumulated temperature

(EAT, ℃ d) from sowing to each sample taken (at 57, 72, 87, 131 and
149 Dai in 2020 and 58, 77, 102, 133 and 148 Dai in 2021). The EATwas
calculated by using temperature data accessed from the weather station
near the site. After taking the average of daily temperature, the base
temperature for cotton growth (15 ℃) was subtracted, resulting in the
heat units received that day. The EAT was then taken as total of the heat
units from sowing to a specific biomass sample taken.

2.3.3. Regressions of transpiration efficiency and biomass versus delta
temperature between air and canopy

To further evaluate the effects of different irrigation treatments on
water productivity,ΔTair-canopy were calculated throughout the cotton
critical growth stage, given it is a good indicator of plant water status.
Over the same time period, TE was calculated as the ratio of accumu-
lated biomass (kg ha− 1) to water evaporation (mm) in 2021. Subse-
quently, relationships of biomass (kg ha− 1) and TE (kg ha− 1 mm− 1)
versus ΔTair-canopy were investigated during the cotton critical growth
stage (from 60 to 90 DAS in 2021).

3. Results

3.1. Effects of irrigation treatments on yield, yield components and
harvest index

3.1.1. Changes in seed cotton yield under different irrigation treatments
Seed cotton yield was significantly affected by irrigation frequency,

however, there was no significant impact of irrigation levels on seed
cotton yield in both trials (Table 2). When averaged across the three
irrigation levels in 2020, a 19 % enhancement in seed cotton yield was
observed under irrigation frequency of 4 days compared with that under
irrigation frequency of 8 days (Table 2). Consistently, plants under
irrigation frequency of 4 days produced the highest seed cotton yield,
increased by 9 % in comparison with the lowest yield under irrigation
frequency of 12 days in 2021. In both trials, comparable seed cotton
yields were observed under irrigation frequencies of 8 days and 12 days
when averaged across irrigation levels (Table 2). Briefly, more frequent
irrigation yielded higher seed cotton for the same amount of irrigation,
but no significant negative impact of deficit irrigation (moderate-deficit
irrigation of 3200 m3 ha− 1 and mild-deficit irrigation of 3700 m3 ha− 1)
on plant production was observed.

3.1.2. Changes in yield components under different irrigation treatments
No significant effects of interactions between the three irrigation

levels and irrigation frequencies were found on yield components in
both trials (Table 2). For yield components in 2020, significant variation
was only found in boll number across different irrigation treatments,
suggesting 21 % increase under irrigation frequency of 4 days compared
with that under frequency of 8 days. For yield components in 2021, boll
number, boll weight and lint percent were significantly affected by
irrigation levels, while no significant differences were observed under
the three irrigation frequencies (Table 2). In 2021, there were 22 % and
8 % more bolls per area under moderate-deficit irrigation (3200 m3

ha− 1) than those under full-irrigation (4200 m3 ha− 1) and mild-deficit
irrigation (3700 m3 ha− 1), respectively. However, boll weight
increased by 18 % under full-irrigation, compared with that under
moderate-deficit irrigation in 2021. Similar boll weights were found
under mild- and moderate-deficit irrigation in 2021. However, about
17 % enhancement of lint percent was found under full-irrigation,
compared with that under mild-deficit irrigation in 2021. In summary,
increased boll number was associated with frequent irrigation (4 days)
in 2020 and deficit irrigation (3200 and 3700 m3 ha− 1) in 2021, how-
ever, reduced boll weight and lint percent were observed under the two
deficit irrigation treatments in 2021.

3.1.3. Changes in harvest index under different irrigation treatments
There were significant interactions between irrigation levels and

X. Zhi et al.
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frequencies for HI (fraction of harvestable biomass) (Table 2), suggest-
ing that reduced irrigation was potentially associated with increased HI
except in combinations with irrigation frequencies of 4 days in 2020 and
8 days in 2021 (Fig. 3). This might be attributed to changes in responses
of plants to irrigation at different growth stages, however, further
studies are needed.

3.2. Effects of different irrigation treatments on fibre quality

Significant effects of irrigation levels were observed on length,
strength and micronaire, and irrigation frequency significantly affected
fibre uniformity in 2020 (Table 3). In comparison with fibre length
under moderate-deficit irrigation of 3200 m3 ha− 1, a 2.8 % improve-
ment in fibre length was found under full-irrigation of 4200 m3 ha− 1 in
2020 (Table 3). For fibre strength, no significant differences were
observed between full-irrigation and two deficit irrigation levels
(Table 3). Additionally, fibre micronaire increased by 6.3 % and 3.0 %
under moderate-deficit irrigation of 3200 m3 ha− 1 compared with those
under full-irrigation of 4200 m3 ha− 1 in 2020 and 2021, respectively.
Moreover, fibre uniformity increased by 1.3 % under irrigation fre-
quency of 4 days when compared with the lowest uniformity (82.43)
from irrigation frequency of 12 days. Briefly, increased fibre micronaire
and reduced length were associated with both deficit irrigation levels,
and fibre uniformity was decreased with increase in irrigation
frequency.

3.3. Response of biomass allocation to different irrigation treatments

Variations in biomass allocation to root, stem, leaf and boll over
different growth stages are shown in Figure S2 and S3. There were

significant effects from interaction between irrigation levels and fre-
quencies on dry matter partitioning to bolls in 2020. However, signifi-
cant differences in ratio of dry matter to boll was found only across
different irrigation frequencies in 2021, with the highest ratio of dry
matter to boll occurring under an irrigation frequency of 12 days
(Table 4 ). In addition, for ratios of dry matter to root at squaring stage,
significant differences were found across irrigation levels in 2021,
indicating 24 % more dry matter partitioned to root under irrigation
level of 3200 m3 ha− 1 than under 4200 m3 ha− 1 (Table 4 ). While there
were no significant effects of irrigation levels and frequencies on ratio of
dry matter to root in 2020 (Table 4 ). In summary, deficit irrigation was
associated with higher ratio of dry matter to root at early stage and
potentially higher ratio of dry matter to boll at flowering stage, and
effects of interactions between irrigation levels and frequencies on dry
matter partitioning might confound other factors.

3.4. Variations in photosynthesis and transpiration among different
irrigation treatments

Significant differences in Ci were observed among the three irriga-
tion levels (main factor), suggesting 17 % increase under irrigation level
of 4200 m3 ha− 1 compared with that under 3200 m3 ha− 1. Photosyn-
thetic rate was significantly affected by three irrigation frequencies
(split factor), however, there were no significant differences in photo-
synthetic rate between irrigation levels (Table 5 ). Additionally, photo-
synthetic rate was slightly, but significantly greater in cotton plants
irrigated at the lower frequencies (particularly 8 days), compared with
that from the frequency of 4 days (Table 5 ). On another hand, there was
a significant interaction between effects of irrigation levels and irriga-
tion frequencies on transpiration rate (Fig. 4 ), with the lowest

Table 2
Effects of main and sub-plot factors on yield and yield components in 2020 and 2021.

Effects Seed Cotton (kg ha− 1) Boll Number (m− 2) Boll Weight (g) Lint Percent (%)

2020 2021 2020 2021 2020 2021 2020 2021

Main plot 3200 m3 ha− 1 4436 6097 88 101a 5.07 6.09b 47.63 49.27b
3700 m3 ha− 1 4582 5999 90 93a 5.06 6.49b 47.10 48.07b
4200 m3 ha− 1 4289 5901 85 79b 5.07 7.45a 47.56 58.07a

Split plot 4 days 4984a 6342a 100a 92 5.00 6.75 47.40 53.30
8 days 4038b 5888b 79b 90 5.14 6.63 47.39 53.10
12 days 4286b 5788b 84b 87 5.05 6.88 47.50 51.01

Source of variation main ns ns ns < 0.001 ns < 0.001 ns 0.007
split < 0.001 0.011 < 0.001 ns ns ns ns ns
main * split ns ns ns ns ns ns ns ns

Note: Values followed by the same letters are not significantly different at p < 0.05.

Fig. 3. Variation in harvest index among different irrigation treatments in 2020 (A) and 2021 (B). Note: Values followed by the same letters are not significantly
different at p < 0.05.

X. Zhi et al.
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transpiration rate (4.3 mmol H2O m− 2 s− 1) observed under the treat-
ment of 3700–8. This treatment was associated with a 36 % reduction in
transpiration rate compared with the highest transpiration rate
(6.7 mmol H2O m− 2 s− 1) which occurred under 3200–8 (Fig. 4 ).

3.5. Relationships between RUE, WUE, boll growth rate and NumFB

Relationships between RUE, WUE, boll growth rate and NumFB were
analysed for both trials (Fig. 5 ), showing significantly strong correla-
tions between RUE and boll growth rate (r = 0.68 and r = 0.75 in 2020

and 2021, respectively). There was a significant correlation between
RUE and WUE in 2020 (r = 0.62), however, this was not observed in
2021. This might be affected by differences in rainfall between 2021 and
2020 (Fig. 1 ). In addition, a significant and tight relationship was found
between RUE and NumFB in 2021 (r= 0.66), suggesting that RUE might
be associated with coordination between source and sink organs.
Moreover, NumFB was significantly correlated with boll growth rate (r
= 0.79) in 2020. In summary, RUE played an important role in boll
growth and development under different irrigation treatments in cotton.

3.6. Regressions of biomass and transpiration efficiency versus delta air to
canopy temperature (ΔTair-canopy)

3.6.1. Relationship between ΔTair-canopy and biomass under different
irrigation treatments

As a good indicator of plant water status, the relationship between
ΔTair-canopy and total biomass was investigated under different irri-
gation treatments in 2021 (Fig. 6). There were significant- and tight-
negative relationships between ΔTair-canopy and biomass across
different treatments (p < 0.01 and r > 0.6), suggesting ΔTair-canopy
might be able to be used as a surrogate of dry matter productivity in a
high-throughput manner. Based on Pearson correlation coefficients,
stronger correlation tended to be associated with less irrigation (mod-
erate-deficit and mild-deficit irrigation) except for the treatment of
3700–4 (Fig. 6). For example, under irrigation frequency of 8 days, the
correlation coefficients between ΔTair-canopy and biomass were − 0.80,
− 0.75 and − 0.67 across irrigation levels of 3200, 3700 and 4200 m3

ha− 1, respectively (Fig. 6). In summary, significantly negative associa-
tions between biomass and ΔTair-canopy were observed during the
critical cotton growth stage in 2020, suggesting its potential to be a
surrogate for dry matter production in cotton in a high-throughput way.

3.6.2. Relationship between ΔTair-canopy and transpiration efficiency (TE)
under different irrigation treatments

To further investigate whether ΔTair-canopy could be a quick and
accurate indicator for water productivity in cotton, regressions of ΔTair-
canopy versus canopy TE were analysed across different irrigation
treatments (Fig. 7). Significantly and strongly negative associations
were observed between ΔTair-canopy and TE among irrigation treat-
ments with correlation coefficients ranging from − 0.67 to − 0.38 (p <

0.01). This suggested that ΔTair-canopy might be used as a surrogate for
the complex trait TE, however, their relationships varied across different
irrigation treatments. This might be attributed to the range of TE (from
0.8 to 3.3 kg ha− 1 mm− 1) and the greatest TE occurred in the treatment
of 3700–8 (Fig. 7) which also showed lowest leaf transpiration rate.

Table 3
Variation in fibre quality among different irrigation levels and frequencies in 2020 and 2021.

Effects Length
(mm)

Uniformity
(%)

Strength
(kN m kg− 1)

Micronaire
(Units)

2020 2021 2020 2021 2020 2021 2020 2021

Main plot 3200 m3 ha− 1 27.63b 28.99 82.80 84.78 28.14 28.50a 5.09a 4.92a
3700 m3 ha− 1 28.36a 29.41 82.83 84.81 28.43 27.76b 4.80b 4.78b
4200 m3 ha− 1 28.44a 29.52 83.22 85.17 27.82 28.38ab 4.77b 4.77b

Split plot 4 days 27.94 29.12 83.49a 85.12 28.53 28.14 4.80 4.83
8 days 28.17 29.43 82.92b 84.78 27.94 27.95 4.88 4.82
12 days 28.32 29.36 82.43b 84.85 27.91 28.56 4.97 4.82

Source of variation main 0.005 ns ns ns ns 0.046 < 0.001 0.036
split ns ns 0.001 ns ns ns ns ns
main * split ns ns ns ns ns ns ns ns

Note: Values followed by the same letters are not significantly different at p < 0.05.

Table 4
Partitioning of dry matter to root at square stage and to boll at flowering and boll
stage in 2020 and 2021.

Effects Partitioning of
dry matter to root

Partitioning of dry
matter to boll

2020 2021 2020 2021

Main plot 3200 m3 ha− 1 0.17 0.17a 0.11 0.09
3700 m3 ha− 1 0.16 0.14b 0.09 0.09
4200 m3 ha− 1 0.16 0.13b 0.08 0.10

Split plot 4 days 0.16 0.15 0.11 0.08b
8 days 0.16 0.16 0.10 0.09ab
12 days 0.17 0.17 0.08 0.11a

Source of variation main ns 0.007 < 0.001 ns
split ns ns < 0.001 < 0.001
main * split ns ns 0.003 ns

Note: Data of dry matter allocation to root shown is from 58 and 57 DAS in 2020
and 2021, respectively; and data of dry matter allocation to boll is from 72 and
77 DAS in 2020 and 2021, respectively; values followed by the same letters are
not significantly different at p < 0.05.

Table 5
Gas exchange measurements including inter-cellular CO2 concentration (Ci,
µmol CO2 mol− 1), transpiration rate (mmol H2O m− 2 s− 1), and photosynthetic
rate (µmol CO2 m− 2 s− 1) of different treatments in 2020.

Effect Ci Transpiration
Rate

Photosynthetic
Rate

Main plot 3200 m3

ha− 1
226b 5.11 34.03

3700 m3

ha− 1
243b 5.14 34.60

4200 m3

ha− 1
272a 6.01 35.60

Split plot 4 days 249 5.47 33.51b
8 days 253 5.65 36.59a
12 days 247 5.19 34.04ab

Source of
variation

main 0.001 0.003 ns
split ns ns 0.019
main * split ns 0.012 ns

Note: Values followed by the same letters are not significantly different at p <

0.05
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4. Discussion

4.1. Higher irrigation frequency was associated with higher yield potential
while deficit irrigation had negative influence on fibre quality

Enhancing yield and quality in cotton are needed with optimized
irrigation, especially in arid or semi-arid areas. It has been reported that
deficit irrigation could lead to decrease in fibre length and increase in
fibre micronaire (Zhang et al., 2016). In the present study, reduced
water application was associated with decreased fibre length and
increased fibre micronaire, while there was no significant effect of

irrigation frequency on these two parameters (Table 3). However, little
negative impact of two deficit irrigation levels on seed cotton yield was
observed in both trials, and more frequent irrigation yielded about
9–19 % higher seed cotton for the same amount of irrigation (Table 2).
Consistently, small amount but frequent irrigation have shown higher
productivity benefits in cotton than fewer large applications in sandy
soils (DeTar, 2008). In addition, seed cotton yield has been shown lin-
early correlated with boll number per area that is also linearly associated
with plant water application (Ertek and Kanber, 2003). In the current
study, the increased boll number coordinated high yield was indicated
across different irrigation frequencies, suggesting around 20 % more

Fig. 4. Effects of the interaction between main factor (irrigation levels: 3200, 3700 and 4200 m3 ha− 1) and split plot factor (irrigation frequencies: 4, 8 and 12 days)
on transpiration rate in 2020. Note: Values followed by the same letters are not significantly different at p < 0.05.

Fig. 5. Correlation among radiation use efficiency (RUE), water use efficiency (WUE), boll growth rate (BollGrowthRate) and number of fruit branching (NumFB) in
2020 (A) and 2021 (B). Note: To make data conform to normality, log-transformed RUE and NumFB were used in 2020, and square-root transformed WUE and
BollGrowthRate were used in both 2020 and 2021. The boxes in the upper right corner display the Pearson correlation coefficient between each variable plus
significance levels as stars (***, **, * correspond to p < 0.001, 0.01, 0.05, respectively).
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boll number per area under more frequent irrigation (Table 2). On the
other hand, increased seed cotton yield under reduced irrigation was
also associated with enhanced HI in both trials (Table 2). This is sup-
ported by previous studies showing that deficit irrigation is beneficial
for improving HI, which could be because of increased sinks (bolls)
resulting from deficit irrigation (Heuer and Nadler, 2000; Zhang et al.,
2016). However, the positive response of HI to deficit irrigation was less
obvious in combination with more frequent irrigation in the present
study (Table 2 and Fig. 3). Altogether, small amount and frequent irri-
gation, for example, treatments of 3700–8 or 3700–4, could be applied
in cotton farming in semi-arid areas, with benefits primarily attributed
to increased boll number per area and HI.

Physiologically, the increased yield under more frequent irrigation

was also associated with more assimilates partitioned to reproductive
organs (bolls) during the flowering stage, indicated in the current study
(Table 4) and previous studies (Dai and Dong, 2014; Zhang et al., 2016).
Another important physiological response to reduced water application
is related with stomatal opening or size, which affect uptake of CO2 for
photosynthesis and water loss through transpiration (Schroeder et al.,
2001). The lowest transpiration rate was obtained under the treatment
of 3700–8, suggesting that both irrigation amount and frequency could
affect it. In summary, frequent irrigation associated with high yield
potential was related to increased allocation of dry matter to bolls
during the critical growth stage and reduced transpiration rate.

Fig. 6. Regression between biomass versus delta temperature between air and canopy temperature (ΔTair-canopy) in 2021. Note: Data shown is from critical cotton
growth stages (60–90 DAS); equations show the linear relationships between biomass and ΔTair-canopy of different treatments; values of r and p show Pearson
correlation coefficient and significance level.
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4.2. Radiation use efficiency had strong influence on yield formation

The RUE, an important indicator of crop production, has been
defined as the relationship between accumulated biomass per amount of
light intercepted by the crop (Sadras et al., 2016). A strong relationship
between RUE and boll growth rate indicated that RUE might be the
determinant of seed cotton yield under different irrigation treatments in
the current study (Fig. 5 ). This is supported by the linear correlation
between crop growth rate and RUE shown previously (Monteith, 1972).
Additionally, significant correlation between RUE and WUE (r = 0.62)
was observed in 2020, suggesting RUE could be a good indicator of
water productivity under various irrigation treatments in cotton.
Therefore, enhancing RUE is of great value to improve plant growth and
development under deficit irrigation in cotton.

4.3. Delta temperature between air and canopy was related to water
productivity under varying irrigation conditions

The temperature of a water-stressed canopy is significantly higher
than that of an unstressed canopy (DeTar and Penner, 2007). In the
present study, we found a significant linear relationship between
ΔTair-canopy and TE, suggesting that the thermal response of canopies
could be used to assess cotton yield under deficit irrigation. The Crop
Water Stress Index derived from the relationship between canopy tem-
perature and transpiration has previously been used to estimate crop
production (Egea et al., 2017; Gonzalez-Dugo et al., 2014, 2019). For
comparative purposes, ΔTair-canopy rather than canopy temperature
per se was used to regress with TE and biomass in the current study,
however, the relationship between the two varied across different

Fig. 7. Regression between transpiration efficiency versus delta temperature between air and canopy temperature (ΔTair-canopy) in 2021. Note: Equations show the
linear relationships between TE and ΔTair-canopy; values of r and p show Pearson correlation coefficient and significance level.
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irrigation treatments (Fig. 7). This might be because of water stress
related stomatal closure and reduced cooling effect from transpiration
and thus increased temperature (Hsiao, 1973). Taking advantage of the
strong correlation between ΔTair-canopy and TE would provide a
non-destructive and high-throughput approach to estimate cotton yield
potential with low labour requirements. However, further studies are
needed to explore the benefits under different agricultural contexts, as
the correlation might vary depending on the crop type, its growth stage,
and the environmental conditions. In summary, results from the present
study have laid a solid basis for using canopy temperature and recent
remote sensing technologies to assess yield potential in cotton for water-
and labour-saving.

5. Conclusions

Deficit irrigation aims to maximize TE and stabilize rather than
maximize crop production and quality. The outcomes of this study
suggested that mild-deficit irrigation (3700 m3 ha− 1) under irrigation
frequency of 8 days was relatively favourable comparing with the other
treatments. A deficit irrigation-induced response is influenced by many
factors, such as the stages of crop growth when the deficit is applied, the
intensity and severity of the imposed deficit. This study has developed
an intelligent and sustainable irrigation management strategy with
insignificant negative effects on seed cotton yield and fiber quality.
Additionally, the underlying physiological responses indicated that RUE
played an important role in yield formation. Furthermore, this study
confirmed that difference between air and canopy temperature could be
beneficial for yield assessment at large scales in cotton, which thus
would significantly reduce labor consumption.
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Assessing a crop water stress index derived from aerial thermal imaging and infrared
thermometry in super-high density olive orchards. Agric. Water Manag. 187,
210–221. https://doi.org/10.1016/j.agwat.2017.03.030.

Ermanis, A., Gobbo, S., Snider, J.L., Cohen, Y., Liakos, V., Lacerda, L., Perry, C.D., Aaron
Bruce, M., Virk, G., Vellidis, G., 2021. Defining physiological contributions to yield
loss in response to irrigation in cotton. J. Agron. Crop Sci. 207, 186–196. https://doi.
org/10.1111/jac.12453.

Ertek, A., Kanber, R., 2003. Effects of different drip irrigation programs on the boll
number and shedding percentage and yield of cotton. Agric. Water Manag. 60, 1–11.

Evans, J.R., 2013. Improving photosynthesis. Plant Physiol. 162, 1780–1793. https://
doi.org/10.1104/pp.113.219006.

Fereres, E., Soriano, M.A., 2007. Deficit irrigation for reducing agricultural water use.
J. Exp. Bot. 58, 147–159.

Geerts, S., Raes, D., 2009. Deficit irrigation as an on-farm strategy to maximize crop
water productivity in dry areas. Agric. Water Manag. 96, 1275–1284. https://doi.
org/10.1016/j.agwat.2009.04.009.

George-Jaeggli, B., Jordan, D.R., van Oosterom, E.J., Broad, I.J., Hammer, G.L., 2013.
Sorghum dwarfing genes can affect radiation capture and radiation use efficiency.
Field Crops Res. 149, 283–290. https://doi.org/10.1016/j.fcr.2013.05.005.

Gonzalez-Dugo, V., Zarco-Tejada, P.J., Fereres, E., 2014. Applicability and limitations of
using the crop water stress index as an indicator of water deficits in citrus orchards.
Agric. . Meteor. 198–199, 94–104. https://doi.org/10.1016/j.
agrformet.2014.08.003.

Gonzalez-Dugo, V., Lopez-Lopez, M., Espadafor, M., Orgaz, F., Testi, L., Zarco-Tejada, P.,
Lorite, I.J., Fereres, E., 2019. Transpiration from canopy temperature: implications
for the assessment of crop yield in almond orchards. Eur. J. Agron. 105, 78–85.
https://doi.org/10.1016/j.eja.2019.01.010.

Grimes, D.W., Yamada, H., Dickens, W.L., 1969. Functions for cotton (Gossypium
hirsutum L.) production from irrigation and nitrogen fertilization variables: I. Yield
and evapotranspiration1. Agron. J. 61, 769–773. https://doi.org/10.2134/
agronj1969.00021962006100050035x.

Heuer, B., Nadler, A., 2000. Physiological parameters, harvest index and yield of
deficient irrigated cotton. J. Crop Prod. 2, 229–239. https://doi.org/10.1300/
J144v02n02_09.

Hsiao, T.C., 1973. Plant responses to water stress. Annu. Rev. Plant Physiol. 24, 519–570.
https://doi.org/10.1146/annurev.pp.24.060173.002511.

Hu, W., Snider, J.L., Wang, H., Zhou, Z., Chastain, D.R., Whitaker, J., Perry, C.D.,
Bourland, F.M., 2018. Water-induced variation in yield and quality can be explained
by altered yield component contributions in field-grown cotton. Field Crops Res.
224, 139–147. https://doi.org/10.1016/j.fcr.2018.05.013.

Huang, J., Wang, S., Guo, Y., Chen, J., Yao, Y., Chen, D., Liu, Q., Zhang, Y., Zhang, Z.,
Xiang, Y., 2022. Hysteresis between winter wheat canopy temperature and
atmospheric temperature and its driving factors. Plant Soil. https://doi.org/
10.1007/s11104-022-05509-y.

Khan, M.A., Wahid, A., Ahmad, M., Tahir, M.T., Ahmed, M., Ahmad, S.,
Hasanuzzaman, M., 2020. World Cotton Production and Consumption: An Overview.
In: Ahmad, S., Hasanuzzaman, M. (Eds.), Cotton Production and Uses: Agronomy,

X. Zhi et al.

https://doi.org/10.1016/j.agwat.2024.108960
https://doi.org/10.1007/978-3-642-37048-9_6
https://doi.org/10.1007/978-3-642-37048-9_6
https://doi.org/10.1007/s13593-015-0338-6
https://doi.org/10.1016/j.agwat.2021.107027
https://doi.org/10.1016/j.agwat.2021.107027
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref4
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref4
https://doi.org/10.1002/9781119385523.ch3
https://doi.org/10.1002/9781119385523.ch3
https://doi.org/10.1016/j.agwat.2007.08.009
https://doi.org/10.1016/j.agwat.2007.08.009
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref7
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref7
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref7
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref8
https://doi.org/10.1016/j.compag.2019.04.007
https://doi.org/10.1016/j.agwat.2006.01.010
https://doi.org/10.1016/j.agwat.2017.03.030
https://doi.org/10.1111/jac.12453
https://doi.org/10.1111/jac.12453
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref13
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref13
https://doi.org/10.1104/pp.113.219006
https://doi.org/10.1104/pp.113.219006
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref15
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref15
https://doi.org/10.1016/j.agwat.2009.04.009
https://doi.org/10.1016/j.agwat.2009.04.009
https://doi.org/10.1016/j.fcr.2013.05.005
https://doi.org/10.1016/j.agrformet.2014.08.003
https://doi.org/10.1016/j.agrformet.2014.08.003
https://doi.org/10.1016/j.eja.2019.01.010
https://doi.org/10.2134/agronj1969.00021962006100050035x
https://doi.org/10.2134/agronj1969.00021962006100050035x
https://doi.org/10.1300/J144v02n02_09
https://doi.org/10.1300/J144v02n02_09
https://doi.org/10.1146/annurev.pp.24.060173.002511
https://doi.org/10.1016/j.fcr.2018.05.013
https://doi.org/10.1007/s11104-022-05509-y
https://doi.org/10.1007/s11104-022-05509-y


Agricultural Water Management 301 (2024) 108960

11

Crop Protection, and Postharvest Technologies. Springer, Singapore, pp. 1–7.
https://doi.org/10.1007/978-981-15-1472-2_1.

Lüdecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P., Makowski, D., 2021.
performance: an R package for assessment, comparison and testing of statistical
models. J. Open Source Softw. 6.

Mira-García, A.B., Conejero, W., Vera, J., Ruiz-Sánchez, M.C., 2022. Water status and
thermal response of lime trees to irrigation and shade screen. Agric. Water Manag.
272, 107843 https://doi.org/10.1016/j.agwat.2022.107843.

Monteith, J.L., 1972. Solar radiation and productivity in tropical ecosystems. J. Appl.
Ecol. 9, 747–766.

Passioura, J.B., 1996. Drought and drought tolerance. Plant Growth Regul. 20, 79–83.
https://doi.org/10.1007/BF00024003.

Sadras, V.O., Villalobos, F.J., Fereres, E., 2016. Radiation Interception, Radiation Use
Efficiency and Crop Productivity. In: Villalobos, F.J., Fereres, E. (Eds.), Principles of
Agronomy for Sustainable Agriculture. Springer International Publishing, Cham,
pp. 169–188. https://doi.org/10.1007/978-3-319-46116-8_13.

Saleh Ravan, M., Rahemi Karizaki, A., Biabani, A., Nakhzari Moghaddam, A., Gholamali
Pour Alamdari, E., 2022. Radiation interception and radiation use efficiency
response to intraspecific competition in barley (Hordeum vulgare) cultivars. Gesund
Pflanz. 1–11. https://doi.org/10.1007/s10343-022-00708-0.

Schroeder, J.I., Kwak, J.M., Allen, G.J., 2001. Guard cell abscisic acid signalling and
engineering drought hardiness in plants. Nature 410, 327–330. https://doi.org/
10.1038/35066500.

Tsakmakis, I., Kokkos, N., Pisinaras, V., Papaevangelou, V., Hatzigiannakis, E.,
Arampatzis, G., Gikas, G.D., Linker, R., Zoras, S., Evagelopoulos, V., Tsihrintzis, V.A.,
Battilani, A., Sylaios, G., 2017. Operational precise irrigation for cotton cultivation

through the coupling of meteorological and crop growth models. Water Resour.
Manag. 31, 563–580. https://doi.org/10.1007/s11269-016-1548-7.

Wanjura, D.F., Upchurch, D.R., Mahan, J.R., Burke, J.J., 2002. Cotton yield and applied
water relationships under drip irrigation. Agric. Water Manag. 55, 217–237.

Webb, P., 2005. Water and Food Insecurity in Developing Countries:Major Challenges for
the 21st Century.

Wu, F., Yang, B., Guo, S., Huang, W., Lei, Y., Xiong, S., Han, Y., Wang, Z., Feng, L., Li, X.,
Wang, G., Chen, J., Li, Y., 2022. Adopting different cotton cropping systems may
regulate the spatiotemporal variation in soil moisture and affect the growth, WUE
and yield of cotton. Ind. Crops Prod. 186, 115259 https://doi.org/10.1016/j.
indcrop.2022.115259.

Yang, C., Luo, Y., Sun, L., Wu, N., 2015. Effect of deficit irrigation on the growth, water
use characteristics and yield of cotton in arid Northwest China. Pedosphere 25,
910–924. https://doi.org/10.1016/S1002-0160(15)30071-0.

Zhang, D., Luo, Z., Liu, S., Li, W., WeiTang, Dong, H., 2016. Effects of deficit irrigation
and plant density on the growth, yield and fiber quality of irrigated cotton. Field
Crops Res. 197, 1–9. https://doi.org/10.1016/j.fcr.2016.06.003.

Zhi, X., Han, Y., Mao, S., Wang, G., Feng, L., Yang, B., Fan, Z., Du, W., Lu, J., Li, Y., 2014.
Light spatial distribution in the canopy and crop development in cotton. PLOS ONE
9, e113409. https://doi.org/10.1371/journal.pone.0113409.

Zhi, X., Han, Y., Xing, F., Lei, Y., Wang, G., Feng, L., Yang, B., Wang, Z., Li, X., Xiong, S.,
Fan, Z., Li, Y., 2019. How do cotton light interception and carbohydrate partitioning
respond to cropping systems including monoculture, intercropping with wheat, and
direct-seeding after wheat? PLOS ONE 14, e0217243. https://doi.org/10.1371/
journal.pone.0217243.

X. Zhi et al.

https://doi.org/10.1007/978-981-15-1472-2_1
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref26
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref26
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref26
https://doi.org/10.1016/j.agwat.2022.107843
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref28
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref28
https://doi.org/10.1007/BF00024003
https://doi.org/10.1007/978-3-319-46116-8_13
https://doi.org/10.1007/s10343-022-00708-0
https://doi.org/10.1038/35066500
https://doi.org/10.1038/35066500
https://doi.org/10.1007/s11269-016-1548-7
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref34
http://refhub.elsevier.com/S0378-3774(24)00295-6/sbref34
https://doi.org/10.1016/j.indcrop.2022.115259
https://doi.org/10.1016/j.indcrop.2022.115259
https://doi.org/10.1016/S1002-0160(15)30071-0
https://doi.org/10.1016/j.fcr.2016.06.003
https://doi.org/10.1371/journal.pone.0113409
https://doi.org/10.1371/journal.pone.0217243
https://doi.org/10.1371/journal.pone.0217243

	Comprehensive analysis on investigating water-saving potentials of irrigated cotton in semi-arid area in China
	1 Introduction
	2 Materials and methods
	2.1 Experimental site and design
	2.2 Data collection
	2.2.1 Plant growth associated traits
	2.2.2 Canopy light interception, soil moisture content and canopy temperature
	2.2.3 Yield, yield components and fibre quality

	2.3 Statistical analysis
	2.3.1 Effects of irrigation treatments on yield, yield components, fibre quality, harvest index, partitioning of dry matter ...
	2.3.2 Relationships among boll growth associated traits, radiation use efficiency and water use efficiency
	2.3.3 Regressions of transpiration efficiency and biomass versus delta temperature between air and canopy


	3 Results
	3.1 Effects of irrigation treatments on yield, yield components and harvest index
	3.1.1 Changes in seed cotton yield under different irrigation treatments
	3.1.2 Changes in yield components under different irrigation treatments
	3.1.3 Changes in harvest index under different irrigation treatments

	3.2 Effects of different irrigation treatments on fibre quality
	3.3 Response of biomass allocation to different irrigation treatments
	3.4 Variations in photosynthesis and transpiration among different irrigation treatments
	3.5 Relationships between RUE, WUE, boll growth rate and NumFB
	3.6 Regressions of biomass and transpiration efficiency versus delta air to canopy temperature (ΔTair-canopy)
	3.6.1 Relationship between ΔTair-canopy and biomass under different irrigation treatments
	3.6.2 Relationship between ΔTair-canopy and transpiration efficiency (TE) under different irrigation treatments


	4 Discussion
	4.1 Higher irrigation frequency was associated with higher yield potential while deficit irrigation had negative influence  ...
	4.2 Radiation use efficiency had strong influence on yield formation
	4.3 Delta temperature between air and canopy was related to water productivity under varying irrigation conditions

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supporting information
	References


