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Abstract: Maize production in the arid and semi-arid regions of northwest China is limited
by water scarcity, while the abundance of brackish water highlights the opportunity for its
effective and sustainable utilization. A 2-year field experiment (2022–2023) was conducted
in the Shiyang River Basin to investigate the impacts of deficit irrigation with brackish water
on soil moisture, salinity, temperature, crop growth index, yield, and water productivity.
Six treatments were implemented, consisting of two irrigation levels (W1: 75%I, W2: 100%I)
and three water quality gradients (S0: 0.7 g L−1, S1: 3.7 g L−1, S2: 5.7 g L−1 in 2022
and 7.7 g L−1 in 2023). Results indicated that brackish irrigation (except S0) increased
soil salinity, keeping the soil water storage at higher levels, while decreased maize yield,
and water productivity (WP). Compared with full irrigation at the same salinity level,
deficit irrigation decreased soil salinity, keeping the soil water storage at lower levels,
while increasing soil temperature, which led to lower maize yield but resulted in higher
WP. Path analysis of soil hydrothermal salinity and crop growth indicators demonstrated
that soil salinity changes play a crucial role in determining maize plant height and yield.
S0W2 (100% irrigation, 0.7 g L−1) achieved the highest maize yield, with S0W1 yielding
5.15% less. However, the water productivity (WP) of S0W1 was 17.66% higher than that of
S0W2. Therefore, considering the combined factors of maize yield, water productivity, and
water-saving benefits, the use of S0W1 (75% irrigation, 0.7 g L−1) is recommended.

Keywords: saline water irrigation; deficit irrigation; soil water–heat–salt; maize growth;
yield; water productivity

1. Introduction
Agricultural production in arid and semi-arid regions faces profound challenges under

the pressures of global climate change and escalating water scarcity. This is particularly
evident in northwestern China, where both severe water shortages and soil salinization
critically undermine crop stability and sustainable development [1–3]. Although advanced
water-saving irrigation systems and efficient water use technologies have been introduced
to curtail agricultural water consumption, they remain inadequate to address the intensi-
fying water demands driven by agricultural expansion [4]. As a compensatory measure,
brackish water is increasingly employed to mitigate water scarcity and alleviate the grow-
ing imbalance in freshwater availability [5–7]. However, improper application of brackish
water for irrigation accelerates soil salinity accumulation and exerts detrimental effects on
crop health and productivity [8]. Thus, mitigating the adverse impacts of soil salinity on
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crop growth and yield while simultaneously enhancing water use efficiency has emerged
as a paramount priority in agricultural research.

Maize is a cornerstone of global food security, with China ranking as the second-largest
producer and the largest consumer worldwide [9]. In arid and semi-arid regions, irrigation
is indispensable for managing soil salinity and sustaining crop growth under challenging
environmental conditions. Well-designed irrigation regimes not only enhance maize pro-
ductivity but also reduce soil salt accumulation, alleviate water–salt stress interactions,
and optimize yield outcomes [10,11]. Among these methods, film-mulched drip irrigation
has gained widespread recognition for its ability to elevate soil temperature, conserve
soil moisture, and minimize deep percolation losses, making it a transformative water
conservation technology in resource-limited regions [12].

Recent years have seen a growing focus on combining film-mulched drip irrigation
with brackish water [13–15]. Ren et al. (2021) recommended using saline water at 3 g L−1

for cotton irrigation, as it enhances transpiration, net photosynthesis, yield, and provides
optimal water conditions [16]. Wang et al. (2015a) analyzed how irrigation water quantity
and salinity impact winter wheat yield and soil salinity distribution, identifying a quadratic
relationship between yield and water quantity [17]. Yuan et al. (2019) observed that irri-
gation water quality and quantity significantly influence soil salinity distribution. They
found that when salinity was below 3 g L−1 and irrigation volume was 370 mm, maize
water productivity improved without significantly reducing yield [18]. Qiu et al. (2021)
showed that deficit irrigation with brackish water significantly affects the dry matter and
water productivity of alfafa due to water and salt stress. They also established a linear
relationship between mean ECe (electrical conductivity of the saturated paste) and total
biomass, indicating ECe as a reliable predictor for alfalfa yield in saline regions [19]. Al-
though short-term brackish water irrigation does not cause significant reduction in yield,
prolonged irrigation with brackish water reduces soil organic matter, decreases soil fertility,
and increases soil salinity, especially in arid areas with high evapotranspiration rates like
northwest China [20,21]. Previous studies have investigated the impact of brackish water
irrigation on the soil water and salinity conditions and crop yield across different crop
species, with various irrigation salinity thresholds proposed for different crops. Crop
phenology is a critical determinant of plant growth and reproductive success, and exten-
sive research has highlighted the significant influence of air temperature on phenological
development [22,23]. In certain instances, soil temperature provides a more accurate ex-
planation of crop phenology than air temperature [24]. However, further investigation is
necessary to elucidate the interactive effects of water quality and irrigation volume on soil
water, heat, and salt distribution, as well as on maize growth and yield. Gaining a deeper
understanding of these interactions will aid in the development of optimal drip irrigation
strategies under plastic film across varying water quality conditions.

Path analysis identifies causal relationships and quantifies the direct and indirect
effects of variables on the dependent variable, enhancing the reliability and interpretability
of results. Xiao et al. (2023) applied pathway analysis to identify boll number as the primary
growth variable influencing cotton yield, with soil salinity having the most significant
impact on boll number [25]. Gong et al. (2020) identified net radiation as the primary
meteorological factor influencing crop ETc across different irrigation treatments using
pathway analysis [26]. Gao et al. (2024) used pathway analysis to identify ear grain number
as a key factor influencing maize yield [27]. Wang et al. (2024) applied pathway analysis to
examine energy partitioning and distribution pathways on farms [28].

In order to quantify the effects of irrigation water quality and quantity on soil water,
heat, and salt changes, and maize yield, and to identify the critical and limiting factors
influencing maize production, a 2-year field experiment was conducted with various
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irrigation water and salinity treatments, and based on the experimental results, we (1)
examined the effects of varying irrigation water quantity and quality on soil moisture,
temperature, and salinity distribution; (2) analyzed their impacts on maize growth, yield,
and water productivity; and (3) quantified the direct and indirect effects of soil water, heat,
and salts on growth indicators and their overall contribution to maize production.

2. Materials and Methods
2.1. Experimental Site

The field experiment was carried out from 2022 to 2023 at the National Field Scientific
Observatory for Efficient Water Use in Agriculture, located in Wuwei, Gansu Province,
China (37◦52′20′′ N, 102◦50′50′′ E; altitude 1582 m). The region experiences a temperate,
continental arid desert climate, characterized by over 3000 h of annual sunshine and a frost-
free period longer than 150 days. The average annual temperature is 8 ◦C, with 164 mm of
precipitation and 2400 mm of potential evaporation, underscoring a severe scarcity of water
resources. The average groundwater table is below 30 m [29]. Groundwater is the primary
source of irrigation in this region, with salinity levels ranging from 0.5 to 9 g/L, and in
some areas, it can reach up to 10 g L−1 [30]. The predominant cations in the groundwater
of this region are Na+ and Ca2+, while the main anions are Cl− and SO4

2− [31].

2.2. Experimental Design

There were six treatments including two irrigation levels and three water salinity
levels. Each treatment had three replicates, and 18 plots were arranged using a randomized
block design. Three water quality gradients were applied: 0.7 g L−1 (S0), 3.7 g L−1 (S1), and
5.7 g L−1 (S2). In the second year, the S2 treatment was adjusted to a higher salinity level
of 7.7 g L−1 to evaluate the potential value of brackish water. Freshwater was from local
groundwater, and the brackish water was prepared by mixing groundwater with NaCl
in a specified mass ratio [32]. Two irrigation levels, 100% (W2) and 75% (W1) of the full
irrigation, were applied, with equal irrigation amounts for both brackish and freshwater
treatments. The W2 treatment triggered irrigation when the average soil water content
(SWC) at 0~60 cm reached about 65~70% FC. The irrigation quota was calculated as the
difference between the mean SWC and the 95% of the mean FC of the root zone [33].
Deficit irrigation (W1) was applied concurrently with the W2 treatment, at 75% of the
W2 irrigation volume. The full irrigation amount for W2 in 2022 and 2023 was 270 mm
(5 times) and 370 mm (7 times), respectively (Figure 1). Each experimental plot measured
32.4 m2 (5.4 m × 6 m) and each treatment included three replicates. Plots were spaced over
2 m apart to minimize lateral interactions of water and salt migration. The fundamental
physical properties of the soil are presented in Table 1. The farmland was equipped
with a film-mulched drip irrigation system, where one piece of film (width: 140 cm)
and two lines of irrigation tube were placed for every four crop rows. As described by
Haraguchi et al. (2003) [34], 80% of the rainfall passes through emergence holes to reach
the crop root zone. The two lines were spaced 80 cm apart, with drippers positioned at
30 cm intervals and a flow rate of 2.5 L h−1. The crop rows were 40 cm apart, and in
each row the crops were planted at 25 cm intervals (Figure 2). The maize seeds of variety
“Xianyu 1225” were sown on 27 April 2022 and 27 April 2023, and they were harvested on
5 September 2022 and 15 September 2023.
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Figure 1. Daily maximum and minimum temperatures, precipitation, and full irrigation amount
during the growing seasons of maize in 2022 and 2023.

Table 1. Fundamental physical properties of soil.

Soil Depth

Soil Particle Size Distribution (%)

Soil Texture
Soil Bulk
Density
(g cm−3)

Field
Capacity

(cm3 cm−3)

Saturated
Water

Content
(cm3 cm−3)

Wilting
Point

(cm3 cm−3)
Sand

(0.05–2 mm)
Silt

(0.05–0.002 mm)
Clay

(<0.002 mm)

0–20 cm 27.15 63.58 9.27 Silty loam 1.53 0.28 0.42 0.074
20–40 cm 30.17 60.41 9.42 Silty loam 1.48 0.31 0.46 0.096
40–60 cm 17.92 71.12 10.96 Silty loam 1.46 0.34 0.47 0.075
60–80 cm 16.97 73.04 9.99 Silty loam 1.58 0.34 0.46 0.096
80–100 cm 35.17 57.07 7.76 Silty loam 1.50 0.36 0.51 0.097
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Fertilizer application methods were consistent across all experimental plots and years.
Before sowing, base fertilizers, including compound fertilizers and diammonium phos-
phate, were manually broadcasted at rates of 121.5 kg N ha−1, 98.85 kg P ha−1, and
22.35 kg K ha−1, followed by rotary tilling to incorporate the fertilizers into the soil. During
the jointing and tasseling stages, a total of two applications of nitrogen fertilizer (urea,
CO(NH2)2) were made at rates of 126 kg N ha−1 and 83 kg N ha−1, respectively, and
delivered to the crop’s root zone via drip irrigation.
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Meteorological data, including temperature and precipitation, were obtained from
the meteorological station (Hobo, Onest Cumputerdata Corp., Bourne, MA, USA) at the
experimental site, with total precipitation of 175 mm and 66.6 mm during the two growing
seasons (Figure 1).

2.3. Sampling and Measurement
2.3.1. Soil Physical Parameters

Soil samples were collected at depths of 0–20, 20–40, 40–60, 60–80, and 80–100 cm
using a soil auger before sowing, after harvest, and before and after each irrigation during
the maize growing seasons in 2022 and 2023. Soil mass water content was measured by an
oven drying method and converted to soil volumetric water content (SWC) by multiplying
the soil bulk density. The air-dried soil were sieved through a 1 mm mesh, and 10 g of the
sieved soil was weighed and mixed with deionized water at a soil-to-water ratio of 1:5 to
prepare a slurry. The electrical conductivity (EC1:5) of the resulting mixture was measured
using a FE38 conductivity meter (Mettler Toledo, Greifensee, Zürich, Switzerland). The soil
salt content (SSC) was then calculated using the equation S = 0.0275EC1:5 + 0.1366 [35]. Soil
temperature (ST) was recorded every 30 min using a soil temperature recorder (HZ-TJ1,
Beijing, China), with temperature probes buried at depths of 5, 20, 40, 60, 80, and 100 cm.
The rate of change in soil salinity (∆S) was calculated as the difference between soil salinity
at the end and the beginning of the crop growth period.

2.3.2. Determination of Maize Growth and Yield

Plant height (PH), stem diameter (SD), and leaf area index (LAI) were measured on
three randomly selected maize plants at the nodulation, staminate, irrigation, and maturity
stages. Aboveground dry matter accumulation (DMA) was determined by drying the
samples at 105 ◦C to inactivate enzymes and at 85 ◦C to a constant weight. At harvest,
1 m × 2.5 m sample plots were randomly selected for harvesting manually, and 100-kernel
weight, number of ears, and number of grains per ear were measured to calculate crop
yield. The harvest index (HI) was calculated as the ratio of crop yield to DMA.

Water productivity (WP) is calculated as follows:

WP = 100·Y/ET (1)

where WP is water productivity (kg m−3), Y is maize yield (t ha−1), and ET is crop evapo-
transpiration(mm).

Evapotranspiration (ET) is calculated based on the water balance of the root zone
(0–100 cm):

ET = P − ∆P + U + I − D − R − ∆W (2)

where P is the precipitation during the reproductive period (mm), ∆P is precipitation
retention (mm), including both canopy and ground cover retention, U is the upward flow
from the bottom of root zone rise (mm), I is the total irrigation water applied (mm), D is the
deep percolation (mm), R is the runoff volume (mm), and ∆W is the increase in soil water
storage from pre-sowing to the post-harvest stage for the root zone (mm), with a positive
value indicating an increase. Soil water storage in the root zone was obtained based on
the area weighted value of the measured soil water content (0–100 cm) in the bare soil and
under the mulch. U, D, and R can be considered negligible due to the small single irrigation
volume and deep groundwater table.
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2.4. Path Analysis

In multivariate response systems, the relationships between variables are often com-
plex, with potential correlations between any two variables. Accurately explaining the
relationship between two variables is often difficult by merely calculating their simple
correlation coefficients. The pathway analysis method, based on correlation and regression
analysis, decomposes the correlation coefficients into direct and indirect effects to reveal the
influence of each factor on the dependent variable. The calculation assumes the existence
of p independent variables (x1, x2, . . ., xp) and a dependent variable, y. The correlation
coefficients between each pair of independent variables are defined as rij (i = 1, 2, . . ., p;
j = 1,2,. . ., p). These coefficients, along with the simple correlation coefficients between rij

and y, are used to construct the normalized equations for calculating the path coefficients.
r11ρ1 + r12ρ2 + · · · r1pρp = r1y

r21ρ1 + r22ρ2 + · · · r2pρp = r2y
...

rp1ρ1 + rp2ρ2 + · · · rppρp = rpy

(3)

where ρ1, ρ2, . . ., ρp are the direct path coefficients from xi to y. Let the matrix in Equation (4)
be denoted as r. Then, ρi (i = 1, 2, . . ., p) can be obtained by calculating the inverse matrix
(c) of r, expressed as: 

ρ1

ρ2
...

ρp

 =


c11c12 · · · c1p

c21c22 · · · c2p
...

cp1cp2 · · · cpp




r1y

r2y
...

rpy

 (4)

where c is the inverse matrix of the correlation coefficient matrix, r. The indirect coefficients
are derived from the product of the direct path coefficients and the correlation coefficients.
Additionally, we introduce the decision coefficient, R2(i), which reflects the integrated
determination of the correlation network from xi through x1, x2, . . ., xp, and xi to y.

2.5. Statistical Analysis

Analysis of variance(ANOVA) was performed using IBM SPSS Statistics 21, with Dun-
can’s multiple range test applied at a significance level of p < 0.05. Pass-through analysis
was conducted using the entry method. Graphs were plotted using Origin 2024 software.

3. Results
3.1. Soil Water Storage

Figures 3 and 4 show the evolution of soil water storage below the drip line and bare
soil during crop season under varying irrigation volumes and salinities in 2022 and 2023.
Figure 3 demonstrates that soil water storage exhibits significant yearly variation, with
inconsistent trends observed between 2022 and 2023. Under the same irrigation level, the
treatment with higher irrigation salinity showed a higher level of soil water storage in
2022, especially during the early reproductive stage. The average soil water storage values
over the entire reproductive period for S1 and S2 were 10.46% and 14.61% higher than S0,
respectively, compared to 8.44% and 9.88% for the bare soil location. In 2023, under fully
irrigated conditions, S2 was higher than S0, while the difference between S0 and S1 was
insignificant. Under W1 conditions, freshwater irrigation (S0) outperformed brackish water
irrigation (S1 and S2). In the whole crop season, the averaged soil water storage for S1 and
S2 was 8.21% and 4.50% lower than S0, respectively, compared to 7.63% and 2.66% for the
bare soil location. The changes in soil water storage were similar for both bare soil and drip
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line. Figure 4 shows that soil water storage increased with higher irrigation water at the
same salinity level. The average soil water storage at three irrigation salinities showed that,
in 2022, W2 at the drip line was 7.77% higher than W1, while the bare soil location was
7.39% higher. In 2023, the values were 4.11% and 4.20%, respectively.

Agronomy 2025, 15, x FOR PEER REVIEW  8  of  24 
 

 

. 

Figure 3. Soil water storage at different irrigation salinities with the same irrigation amount for drip
line and bare soil (0–1m). (SWSFC, soil water storage at field capacity; SWSPWP, soil water storage at
permanent wilting point).
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permanent wilting point).

3.2. Soil Salinity

Figures 5 and 6 show the soil salinity at the drip line and bare soil during the crop
growth stages under varying irrigation volumes and salinities in 2022 and 2023. Figure 5
illustrates that soil salinity fluctuated significantly between years, showing similar trends
in 2022 and 2023 for the drip line, but with a distinct difference at the bare soil. Under
the same irrigation volume, salt accumulation was more pronounced at the drip line
under deficit irrigation (W1) with freshwater (S0) during the early growth stage, while soil
salinity gradually increased with higher irrigation salinity in the late growth stage. Under
full irrigation (W2), soil salinity increased throughout the growing season with higher
irrigation salinity. At the bare soil, under deficit irrigation in 2022, soil salinity decreased
with increasing irrigation salinity. In the early growth stage of 2023, salt accumulation
was higher with freshwater irrigation compared to brackish water irrigation, while in the
late growth stage, salt accumulation increased with higher irrigation salinity. Under full
irrigation (W2), soil salinity at the bare soil increased with higher irrigation salinity, and salt
accumulation was greater in 2023 than in 2022. As shown in Figure 6, at the same irrigation
salinity, soil salinity decreased with increasing freshwater irrigation volume. In contrast,
with brackish water irrigation, soil salinity increased with higher irrigation volume. The
trends at the bare soil and drip line were similar.
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Figure 7 illustrates the distribution of ∆S across different soil layers and locations. In
2022, the desalination depth in the S0 irrigation zone under drip irrigation was 0–80 cm,
including both W1 and W2 treatments. For all brackish water irrigation, desalination
occurred at depths of 0–20 cm, with slight salt accumulation observed between 20 and
60 cm. The S2W2 treatment exhibited the most significant salt accumulation. In the bare soil
area, all treatments showed desalination within the 0–20 cm range, while salt accumulation
was evident at 20–40 cm. In 2023, the S0W2 treatment showed desalination across the
entire 0–100 cm depth in both the drip irrigation zone and bare soil. In contrast, S0W1
exhibited desalination in the drip irrigation zone and bare soil to a depth of 60 cm, with
salt accumulation occurring from 60 to 100 cm. Other treatments showed salt accumulation
within the 0–100 cm range, with the most pronounced accumulation observed in the bare
soil area under S2W1.
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3.3. Soil Temperature

Figure 8 shows the variation in soil temperature at different layers under various
irrigation water quantity and salinity treatments, While Figure 9 illustrates the changes in
average soil temperature during crop growth. In the crop root zone, the average tempera-
ture of each soil layer decreased by 1.14% in 2022 and 1.65% in 2023 under full irrigation
(W2) compared to deficit irrigation (W1). In the bare soil area, the average temperature
of each soil layer increased by 2.09% in 2022 and decreased by 1.03% in 2023 under full
irrigation (W2) compared to deficit irrigation (W1). In 2022, for light saline irrigation (S1),
the average soil temperature increased by 0.45–1.60% in the 0–60 cm layer compared to
freshwater irrigation (S0), whereas in the 80–100 cm layer, it decreased by 0.60–1.24%.
Under moderate saline irrigation (S2), the temperature increased by 1.59% at 5 cm and
decreased by 1.32–3.25% at 20–100 cm compared to freshwater irrigation (S0). In 2023,
light saline irrigation (S1) and moderate saline irrigation (S2) increased soil temperature
by 3.73–9.19% and 0.30–6.97%, respectively, compared to freshwater irrigation (S0). The
trend of soil temperature change over time was similar for all treatments at different depths,
with temperatures being higher in the early reproductive stage and gradually decreasing
thereafter. Soil temperature fluctuation also decreased with increasing soil depth. The
temperature fluctuation in bare soil was greater than that in the root zone. The highest
average soil temperatures in both 2022 and 2023 occurred in the S1W1 treatment.
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3.4. Maize Growth

Figure 10 presents data on PH, SD, LAI, and DMA for 2022 and 2023. PH decreased
with increasing irrigation salinity but increased with higher irrigation volume. PH signif-
icantly decreased with increasing irrigation salinity, except under deficit irrigation (W1)
conditions in 2022, where no significant difference was observed in the effect of salinity
on PH. The highest PH was observed in the S0W2 treatment. In 2022, brackish water
treatments (S1, S2) resulted in decreases of 3.36% and 6.60%, respectively, compared to
freshwater irrigation (S0). Deficit irrigation (W1) reduced PH by 2.18% compared to full
irrigation (W2). In 2023, brackish water treatments (S1, S2) decreased PH by 32.24% and
36.26%, respectively, compared to freshwater irrigation (S0). Deficit irrigation (W1) resulted
in a 5.90% decrease in PH compared to full irrigation (W2). No significant difference in SD
was observed in 2022. In 2023, brackish water treatments (S1, S2) significantly reduced SD
compared to freshwater irrigation (S0), with reductions of 6.10% and 4.08%, respectively.
The maximum LAI was observed in the S0W2 treatment, with no significant differences
between treatments in 2022. In 2023, irrigation salinity significantly reduced LAI, with re-
ductions of 21.22% and 24.2% in brackish water treatments (S1, S2) compared to freshwater
irrigation (S0). DMA was highest in the S0W2 treatment, with no significant differences
between treatments in 2022. In 2023, irrigation salinity significantly reduced DMA, with a
reduction of 25.89% in brackish water treatments (S1, S2) compared to freshwater irriga-
tion (S0) and 38.59% overall. Overall, PH, SD, LAI, and DMA decreased with increasing
irrigation salinity but increased with a higher irrigation volume.

3.5. Maize Yield and Water Productivity

Figure 11 illustrates the effect of varying irrigation water quantity and quality on maize
yield and WP. For the same irrigation volume, yield tended to decrease as the irrigation
water salinity increased in both 2022 and 2023. At the same irrigation water salinity level,
maize yield increased with higher irrigation volumes. The brackish water treatments (S1
and S2) resulted in a 3.35–35.1% and 4.32–40.9% reduction in yield, respectively, compared
to freshwater irrigation (S0). While deficit irrigation (W1) resulted in a 4.20–8.14% reduction
in yield compared to full irrigation (W2), The highest yield was observed in the S0W2
treatment. ANOVA results indicated that maize yield was significantly influenced by both
irrigation mineralization and inter-annual variability.

WP decreased with increasing irrigation salinity and irrigation volume, except for
deficit irrigation (W1) in 2022. In 2022, WP under deficit irrigation (W1) gradually increased
with increasing irrigation water salinity. This increase was 12.99% and 11.41% in S1W1 and
S2W1, respectively, compared to S0W1. In all treatments, Full irrigation (W2) resulted in
a 16.28% decrease in WP compared to deficit irrigation (W1). Brackish water treatments
(S1 and S2) increased WP by 1.96–2.57% in 2022 compared to freshwater irrigation (S0),
respectively. However, in 2023, they decreased by 23.89–31.34%, with the highest WP
observed in the S0W1 treatment. ANOVA results indicated that maize WP was significantly
influenced by irrigation water volume, water mineralization, and inter-annual variability.
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Figure 10. Plant height, stem diameter, leaf area index, and dry matter accumulation in 2022 and
2023 under different irrigation levels and salinity treatments. Note: ‘ns’ indicates non-significant, ‘*’
denotes significant (p < 0.05), and ‘**’ represents highly significant (p < 0.01), while other letters (e.g.,
a, b, c) represent different groups with varying significance levels.
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Figure 11. Crop yield and water productivity in 2022 and 2023. Note: ‘ns’ indicates non-significant,
and ‘**’ represents highly significant (p < 0.01), while other letters (e.g., a, b, c) represent different
groups with varying significance levels.

3.6. Direct Correlation Coefficients Between Maize Yield and Growth Indicators

The path analysis results of growth indicators and yield for different treatments are
presented in Table 2. The correlation coefficients of the four growth indicators with yield
were ranked as PH > SD > LAI > DMA. PH had the largest direct path coefficient, followed
by SD. LAI and DMA exhibited negative path coefficients, with DMA having the smallest
direct path coefficient but the largest indirect path coefficient, followed by LAI and SD.
The decision coefficients showed that, of all measured growth indicators, PH exhibited
the strongest relationship with yield, although other factors such as LAI, SD, and DMA
also contributed.

Table 2. Results of path analysis of maize yield in relation to plant height, stem diameter, leaf area
index, and dry matter accumulation.

Growth
Indicators

Pearson
Correlation
Coefficient

Direct Path
Coefficient

Indirect Path Coefficient Decision
CoefficientTotal PH SD LAI DMA

PH 0.843 0.886 −0.043 0.027 −0.080 0.010 0.709
SD 0.406 0.066 0.314 0.362 −0.046 −0.003 0.050
LAI 0.272 −0.168 0.440 0.424 0.008 −0.009 −0.120

DMA −0.192 −0.053 −0.138 −0.170 0.004 −0.028 0.018

The impact of soil water, heat, and salt conditions on growth indicators was also
analyzed. SSC showed a negative correlation with all four growth indicators. SSC exhibited
the largest direct path coefficient and the highest coefficient of determination for PH, LAI,
and DMA, indicating that soil salinity was the most significant factor affecting PH, LAI,
and DMA. SWC exhibited the largest direct path coefficient and the highest coefficient
of determination for SD, suggesting that SWC was the key determinant of SD. Therefore,
irrigation water quantity and quality play a crucial role in influencing maize growth in
arid regions.

4. Discussion
4.1. Effects of Brackish Water Deficit Irrigation on Soil Water Salinity

This study found that both irrigation water quantity and salinity play a crucial role
in the distribution of soil water and salt. Irrigation volume and salinity significantly
influenced soil water storage, with higher soil water storage induced by the increase in
not only irrigation volume but also soil salinity (Figures 3 and 4). These findings are
consistent with previous studies of [36,37]. The underlying mechanism is that brackish
water irrigation raises soil salinity, which in turn decreases the soil’s osmotic potential. This
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salt stress impairs root water uptake, leading to higher soil water retention at the root zone.
Irrigation salinity and volume significantly affected soil salinity. Under brackish water
irrigation, the increase in soil salinity was positively correlated with both irrigation salinity
and the amount of brackish water applied, whereas under freshwater irrigation, soil salinity
decreased with an increasing irrigation volume (Figures 3 and 4). Furthermore, we observed
differences in soil water and salinity distribution between the two years. The variation in
soil moisture between brackish water and freshwater irrigation was significantly higher
in 2022 than in 2023, while the difference in soil salinity was lower in 2022 than in 2023.
These differences can be attributed to variations in meteorological factors, with 175 mm of
rainfall in 2022 compared to 66.6 mm in 2023 (Figure 1), as well as the increased range of
irrigation water salinity in 2023. Soil water storage varied more in the drip irrigation zones
than in the bare soil areas, while soil salinity was lower in the drip irrigation zones. This
is because freshwater irrigation (S0) created a desalination zone in the mulched areas of
the shallow soil, while a salt accumulation zone formed in the bare soil. The desalination
zone expanded with increasing irrigation volume, as the film mulching reduced surface
soil moisture evaporation and inhibited the migration of salts to the surface, whereas salt
content increased in the uncovered areas. These results are consistent with those of [38,39].

The relatively large error bars in the soil water–salt data likely result from several
factors, including uneven distribution from the drip irrigation system, soil heterogeneity,
interactions between water and salt content, environmental fluctuations, and potential
issues with experimental design and sampling. We recommend optimizing the drip irriga-
tion system, increasing experimental replications, standardizing soil sampling methods,
and controlling environmental variations during data analysis in future studies to reduce
data variability and enhance the reliability of results.

4.2. Effect of Brackish Water Deficit Irrigation on Soil Temperature

Soil temperature is a crucial factor influencing crop growth. Our findings show that
irrigation water volume and salinity significantly influence soil temperature variations.
Irrigation water volume influenced soil water storage, showing that higher irrigation
volumes resulted in wetter soils with greater heat capacity, which slowed the rise in
soil temperature during the day, whereas lower irrigation volumes allowed for rapid
warming [40]. It is also related to the fact that the irrigation water comes from cooler
groundwater. Conversely, water deficit (W1) restricted crop growth, reduced canopy
cover, and allowed larger solar radiation to reach the soil, resulting in greater temperature
fluctuations compared to full irrigation (W2). Additionally, increased irrigation water
salinity raised soil salinity, causing salt stress and limiting crop growth. This promoted
rapid soil warming during the day, but the higher salinity also increased soil water storage,
leading to a slower temperature rise. This may account for the larger temperature increase
in S1 relative to S0 and the smaller difference observed with S2.

4.3. Effects of Brackish Water Deficit Irrigation on Growth, Yield, and WP of Maize

The results of this study indicated that both irrigation water quantity and salinity
significantly influenced crop growth and WP. PH, SD, LAI, DMA, and yield were highest
under full freshwater irrigation (S0W2), but irrigation water salinity significantly sup-
pressed these growth indicators (Figures 10 and 11). These findings are consistent with
patterns of crop growth under water and salt stress reported by [41]. This effect was more
pronounced in 2023, a dry year. In relatively dry years, irrigation plays a critical role in
maintaining crop growth, as it requires higher volumes of irrigation water, which increases
salt inputs. The combined pressures of water and salt stress lead to more pronounced
suppression of crop growth.
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Brackish water irrigation (S1, S2) significantly reduced maize yield and WP compared
with freshwater irrigation (S0), particularly in 2023. These results are consistent with [42]
reported findings on maize yield under saline irrigation. However, WP increased under
deficit irrigation with brackish water (Figure 11b). This can be explained by the fact that a
slight water and salt stress decreased evapotranspiration and increased WP via osmotic
adjustment and regulation of stomatal conductance. Additionally, soil water, heat, and
salt conditions may have coupled impacts on crop growth. For example, drought stress
is typically accompanied by heat stress on crops, and drought also often leads to salt
stress due to the upward migration of salts to the surface soil by strong evaporation effect.
Elevated soil temperatures, in turn, lead to higher crop transpiration, which exacerbates
water stress conditions. Increased salt concentration inhibits root water uptake, leading to
physiological drought in the plant, which ultimately reduces yield.

4.4. Effect of Soil Water–Heat–Salt Conditions on Growth and Yield of Maize

As shown in Table 2, pH had the most positive effect on crop yield, followed by
SD and DMA. In contrast, LAI showed a negative relationship with yield. This may be
due to the fact that PH directly determines the spatial distribution of leaves, and taller
plants tend to have a higher photosynthetic rate [43]. In contrast, a larger LAI indicates
that the crop undergoes more nutrient growth, which detracts from yield formation [44].
Irrigation water quantity and salinity affect soil water, heat, and salt conditions, which
varies significantly based on the irrigation method and frequency [45]. We found that
SSC was the primary factor affecting PH (Table 3), with maize being particularly sensitive
to and more affected by salt stress [46,47]. The reduction in transpiration rate was more
pronounced under salt stress than under drought stress [48]. Additionally, SSC was the
primary factor affecting LAI and DMA. Under drought stress, maize mitigates stress by
reducing stomatal conductance to limit transpiration [49]. In contrast, under salt stress,
the higher Na+ concentration in the soil decreased the soil osmotic potential, preventing
maize roots from absorbing water and inhibiting nutrient uptake, particularly for K+.
This disrupts the ionic balance within plant cells, leading to increased osmotic stress and
cytotoxicity [50,51]. The most influential factor on SD is SWC, as it directly affects cell
expansion pressure, which determines cell elongation and growth [52]. In contrast, salinity
influences plant growth indirectly by altering osmotic potential and ionic balance [53]
(Li et al., 2023a), while temperature affects the plant’s physiological metabolic rate [54]
(Taylor et al., 1998). This indicates that changes in soil salinity induced by deficit irrigation
with brackish water are the most critical factor affecting maize yield, with soil salinity being
influenced by both irrigation water volume and salinity. Therefore, when using brackish
water for irrigation in arid zones, its impact on soil salinity should be carefully considered.
Among crop growth indicators, PH is a key determinant of yield, with the nodulation
period being the critical fertility stage that influences maize plant height. Consequently,
brackish water irrigation during the nodulation stage is not recommended to maintain
stable maize yields. The highest yield was achieved with S0W2 (100%I, 0.7 g L−1), but
comprehensively considering water productivity, maize yield, and water-saving benefits,
we recommend the S0W1 (75%I, 0.7 g L−1) treatment. Specifically, the irrigation volume
was 75% of the standard, the salinity of the irrigation water did not exceed 3.7 g L−1, and
brackish water irrigation was applied after the jointing stage.
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Table 3. Results of path analysis on plant height, stem diameter, leaf area index, dry matter accumula-
tion, and soil water, heat, and salt conditions.

Growth
Indicators Factors

Pearson
Correlation
Coefficient

Direct Path
Coefficient

Indirect Path Coefficient Decision
CoefficientTotal SWC ST SCC

PH
SWC −0.451 −0.312 −0.139 0.081 −0.219 0.184

ST −0.362 −0.264 −0.098 0.095 −0.194 0.121
SSC −0.783 −0.576 −0.208 −0.119 −0.089 0.570

SD
SWC −0.544 −0.759 −0.265 −0.141 −0.124 0.250

ST 0.172 0.463 0.122 0.231 −0.109 −0.055
SSC −0.215 −0.325 −0.134 −0.289 0.156 0.034

LAI
SWC −0.339 −0.066 −0.379 −0.166 −0.213 0.040

ST 0.026 0.544 −0.168 0.002 −0.188 −0.268
SSC −0.520 −0.560 0.158 −0.025 0.183 0.269

DMA
SWC 0.103 0.251 −0.148 0.078 −0.226 −0.011

ST −0.533 −0.257 −0.276 −0.077 −0.200 0.208
SSC −0.585 −0.594 0.009 0.096 −0.086 0.342

5. Conclusions
In this study, we explored the response of soil water–heat–salt dynamics, maize growth

and yield, and water productivity to irrigation volume and irrigation salinity under film-
mulched drip irrigation in maize farmland of an arid region. Irrigation with brackish
water (S1 and S2) increased soil salinity, keeping the soil water storage at higher levels,
and it inhibited maize growth and reduced maize yield and WP. Deficit irrigation reduced
both soil salt inputs and soil water storage for brackish irrigation relative to full irrigation,
further inhibiting maize growth and yield but increasing WP. Path analysis indicated that
soil salinity condition was critical for crop plant height and were a major influence on
maize yield. A recommended irrigation rate of 75%I and irrigation salinity of no more
than 3.7 g L−1 as well as brackish water irrigation after the jointing stage will lead to
better-maintained maize yields and increased WP.
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