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Introduction: Soil moisture, temperature, and salinity critically constrain cotton
production in saline soils. Understanding how cotton photosynthetic
characteristics and yield respond to seasonal water-heat-salt dynamics is
essential for improving management practices in these challenging environments.

Methods: A two-year field study (2015-2016) was conducted comparing cotton
growth, photosynthetic characteristics, and yield in mildly, moderately, and
severely salinized fields. Seasonal soil water-salt dynamics in the 0-200 cm
layer were monitored.

Results: seasonal rainfall and temperature fluctuations significantly influenced
soil water-salt dynamics in the 0-140 cm layer. During spring (April-May),
drought maintained soil salinity above 3 g/kg, while low temperatures delayed
cotton germination by over a day. In rainy season (July-August), rainfall leached
salts from topsoil (0-40 cm), reducing salinity to below 5 g/kg and alleviating salt
stress. Mildly saline fields exhibited superior photosynthetic performance, with
leaf area index, chlorophyll content, and canopy photosynthetic rate being 1.2—
1.5 times higher than in moderate/severe fields. These fields also showed
extended "source-sink” organ development periods (16—-28 days for "source,”
4-24 days for "sink”) and 13.8%—18.8% greater boll weight, ultimately achieving a
seed cotton yield of 3,303 kg/ha—34.3%-120.7% higher than yields from
moderate/severe fields.

Discussion: Our results indicate that excessive soil salinity primarily impairs
photosynthetic capacity and disrupts photosynthate allocation to bolls.
Strategic interventions like drip irrigation could mitigate salt stress while
improving photosynthetic efficiency and yield, providing practical solutions for
cotton cultivation in saline fields.

KEYWORDS

cotton cultivation, saline-alkali land, photosynthetic characteristics, water-heat-salt
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1 Introduction

The utilization of saline-alkali soil has long been a critical concern
in global agriculture, particularly in regions with limited arable land
resources. China alone possesses nearly 100 million hectares of saline-
alkali land, approximately 40% of which is located in coastal areas.
These coastal saline-alkali soils, characterized by annual precipitation
exceeding 500 mm, exhibit significant agricultural potential (Gang
et al., 2024). However, soil salinization in these regions severely
disrupts physicochemical properties, leading to constrained crop
productivity (Rengasamy, 2010). Given China’s pressing need to
ensure food security amid dwindling fertile land, the rational
exploitation of saline-alkali soils is imperative.

Elevated soil salinity remains the primary constraint to
agricultural productivity in these areas, as it directly influences
water and salt dynamics through interactions with environmental
factors such as temperature, rainfall, and wind. For instance, seasonal
variations significantly modulate salt movement: intense evaporation
during arid springs exacerbates surface salt accumulation, while
summer rainfall facilitates downward leaching of salts from the
root zone (Li et al, 2022). Such dynamics underscore the
importance of understanding water-salt transport mechanisms in
saline soil management (Rengasamy, 2010). Current reclamation
strategies—including engineering, chemical, and biological
approaches—have predominantly focused on mitigating soil
salinity. Among these, biological methods, particularly the
cultivation of salt-tolerant plants, have gained prominence due to
their ecological sustainability (Xu et al., 2023).

Soil salinity adversely affects plant growth by inducing osmotic
stress, ion toxicity, and oxidative damage, which in turn disrupts
essential physiological and biochemical processes such as root
development, secondary metabolite synthesis, and photosynthesis
For example, studies have demonstrated that salt stress reduces root
hydraulic conductivity, thereby limiting water uptake and biomass
accumulation (Fahad et al,, 2015). Simultaneously, salinity activates
stress-responsive genes and signaling pathways, inducing protective
enzymes and metabolites like proline and antioxidants (Joshi et al.,
2022). Photosynthesis, a cornerstone of crop productivity, is
particularly vulnerable to salinity; salt-induced stomatal closure,
chlorophyll degradation, and photoinhibition collectively suppress
photosynthetic efficiency (Chaves et al., 2009).

Cotton (Gossypium hirsutum L.), a globally significant cash
crop, is renowned for its moderate salt tolerance and is often
regarded as a pioneer species for reclaiming saline-alkali soils
(Abdelraheem et al., 2019). Given that cotton fiber—a
carbohydrate derived from photosynthetic products—represents
its primary economic yield, it is essential to understand the
photosynthetic responses to salinity (Zhang et al., 2017). Previous
studies have established that salinity reduces net photosynthetic
rates, alters chlorophyll fluorescence parameters, and diminishes
leaf area index (LAI) in cotton (Huang et al., 2015). However, these
investigations often overlook the dynamic interplay of annual
variations in water, heat, and salinity, as well as their spatial-
temporal heterogeneity in coastal saline-alkali ecosystems.
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Notably, the coastal saline-alkali environment is characterized
by typical fluctuations in soil moisture, temperature, and salt
content across seasons, leading to complex stress interactions (Jia
et al., 2024). Although isolated effects of salinity or drought on
cotton physiology have been documented (Rehman et al,, 2021), a
holistic analysis of how multi-factor annual cycles influence
photosynthetic performance and yield formation remains few.
These hinder the development of targeted strategies for
sustainable cotton cultivation in these marginal lands.

To address this, our study investigated the response of cotton’s
photosynthetic characteristics and yield to annual variations in water,
heat, and salinity across naturally saline-alkali soils in a coastal region.
Over a two-year field experiment, we systematically monitored (a)
seasonal dynamics of rainfall and temperature, (b) spatiotemporal
shifts in soil moisture and salinity, and (c) their cumulative impacts
on cotton growth stages. Key photosynthetic parameters—including
canopy photosynthetic rate, respiration rate, chlorophyll content,
LAIL and photoassimilate partitioning etc.—were analyzed to
elucidate mechanistic linkages between environmental stressors and
yield limitations. By integrating temporal and spatial dimensions of
water-salt-heat interactions, this work aims to advance strategies for
optimizing cotton productivity in saline-alkali agroecosystems.

2 Materials and methods
2.1 Description of the test site

The experiment was conducted from 2015 to 2016 at the state-
owned Haixing Farm located in Hebei Province (latitude 38°21" N,
longitude 117°31" E), which has consistently employed a
monoculture system for cotton production. This region is located
in the southeastern part of Hebei Province, on the western shore of
Bohai Bay, and is characterized by a typical temperate monsoon
climate with mean annual temperatures of 12-13°C and annual
precipitation averaging 500-600 mm, predominantly concentrated
in July and August (above 60% of total rainfall). The area receives
about 2,600 annual sunshine hours, providing sufficient light for
agricultural activities. The predominant soil types are gley soil and
saline-alkali soil, with more severe salinization occurring along
coastal areas. According to the salinity levels in the plow layer (0-
20 cm depth) during the second half of April, three distinct zones
were selected: mild, moderate, and severe saline-alkali regions; each
zone covers an area exceeding three square kilometers. Detailed
information regarding the salt content and nutrient composition of
the plow layer soils across these three zones can be found in Table 1.

2.2 Cotton cultivation and management
Cotton variety “Jimian 228,” jointly cultivated by the Cotton
Research Institute, Hebei Academy of Agricultural and Forestry

Sciences, and the Biotechnology Research Institute, Chinese
Academy of Agricultural Sciences (Approval No. 2008003), was
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TABLE 1 Soil nutrient status of the cotton fields with differently salinized levels.

Salt content of Saline- Organic Total
plow-layer alkali level matter nitrogen

a/kg = a/kg g/kg
5.0~10.0 Severe 7.67 + 0.31° 0.44 + 0.02°
3.0~5.0 Moderate 8.88 + 0.44" 0.71 + 0.03"
1.0~3.0 Mild 10.27 + 0.50° 0.82 + 0.03*

Alkali
hydrolysablenitrogen

Available
phosphorus

Available
kalium

mg/kg mg/kg

mg/kg

20.06 + 1.00° 3.88 + 0.15° 215.54 + 9.27°
2571 + 1.26° 9.62 + 0.38" 198.63 + 9.31°
3543 + 1.47° 11.71 + 0.48° 173.88 + 6.69°

Different letters in the same column indicate a significant difference at the 0.05 probability level.

sown in April 2015 and April 2016, following rainfall. Cultivation
followed local conventional practices, as illustrated in Figure 1. Pre-
planting fertilization employed a split nitrogen (N) application
strategy, wherein 60% of the total urea (270 kg N/ha) and
superphosphate (750 kg/ha) were incorporated as basal fertilizers.
The remaining 40% (180 kg N/ha) was applied as topdressing
during the peak flowering-boll formation stage in July. This staged
nitrogen management was designed to align with critical growth
phases of cotton, thereby minimizing leaching and volatilization
losses. Following fertilization, plastic film mulching was
implemented. Topping was completed by July 20, accompanied
by an additional urea topdressing of 150 kg/ha. This adjustment was
made in real-time based on soil moisture levels and canopy nitrogen
status, utilizing a SPAD-502 chlorophyll meter (SPAD-502,
Minolta, Tokyo, Japan) with a threshold of SPAD set at <37.5 to
ensure precision in nutritional management. Field management
measures such as pruning, chemical control, and pest disease
prevention were implemented according to conventional
agricultural practices in the region.

-

2.3 Data collection

Cotton developmental stages were monitored post-sowing,
including germination (field emergence rate >50%), seedling
(coverage 250%), squaring (first flower bud visible in 50% plants),
flowering (first flower opened in 50% plants), and boll opening
(50% bolls split). Meanwhile, seasonal rainfall and temperature data
during the cotton growing season (from April to October) were
recorded. For soil analysis, six sampling points per field were
established. Soil samples (0-200 cm depth, 20 cm intervals) were
collected regularly on the middle of each month, homogenized by
layer, and analyzed for moisture and salinity. Furthermore, various
photosynthetic related indicators such as relative chlorophyll
content (SPAD), leaf area index (LAI), canopy apparent
photosynthesis rate (CAP), canopy respiration rate (CR), and dry
matter accumulation and allocation were measured at key
developmental stages—including squaring stage (after emergence
around 60 days), flowering period (after emergence around 90
days), pre-boll opening stage (after emergence around 120 days),
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FIGURE 1
Cotton cultivation and design.
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mid-boll opening stage (after emergence around 160 days), and
post-boll opening stage (after emergence around 190 days). Finally,
at harvest time for the cotton crop, yield measurements were taken.
The specific measurement methods for the aforementioned
indicators are detailed in the following section.

2.4 Methodologies for indicator detection

For the determination of soil moisture and salt contents, fresh
soil samples were dried in an oven at 105°C for a duration of 6 hours
firstly. The soil moisture content was assessed by measuring the
weight of water lost relative to the dry soil mass, while soil salinity
was calculated based on the weight of total soluble salts present in
the soils compared to that of the dry soil. Detailed methodologies
are described in reference (Zhang et al., 2017).

The Leaf Area Index (LAI) was directly measured using the
LAI-2200 canopy analyzer (LI-COR, Lincoln, NE, USA) during
early morning when there was no direct sunlight (Noor et al., 2023).

The canopy apparent photosynthesis (CAP) and canopy
respiration rates (CR) were measured in the field using an
infrared CO, analyzer (GXH-305, Changchun Lepu Technology
Co., Ltd.). Measurements were taken during stable light conditions
of 1200~1400 pmol/m?*/s on sunny days (9:00~11:00 Beijing time),
with each measurement lasting 60 seconds. Simultaneously, soil
respiration rates for each plot were recorded to calibrate CAP and
CR values. For detailed descriptions, refer to literature (Noor et al.,
2023; Noor et al., 2024).

To account for spatial heterogeneity and ensure representative
sampling, three random points were systematically selected in each
cotton field using a stratified grid approach. At each point, 10 fully
expanded leaves from the upper canopy (4™ leaf of the main stem
pre-topping; 2™ leaf post-topping) were collected to balance
statistical robustness and operational feasibility. SPAD values were
measured in situ using a calibrated SPAD-502 chlorophyll meter
(Minolta, Tokyo, Japan), following the manufacturer’s protocol. This
methodology aligns with standardized practices for non-destructive
chlorophyll estimation in field crops (Feng et al., 2014).

Dry matter accumulation and allocation. To ensure sample
representativeness, six well-developed cotton plants were selected
from each field, and were dissected into leaves, stems, buds, and
bolls. These tissues were dried in an oven at 105°C for 30 min, then
at 80°C until constant weight. A logistic model y=a/(1+be™ ) was
used to simulate the dry matter accumulation process of “sources”
(leaves + stems) and “sinks” (buds + bolls), where y represents
weight of dry matter accumulation and x represents days after
sowing (Feng et al., 2014).

Yield component quantification. At physiological maturity
(prior to harvest in late October), six representative sampling
plots (30 m* each) were established per field using a stratified
random sampling design to capture field variability. Plot size and
number were determined based on previous optimization trials to
achieve a coefficient of variation <15% (Zhang et al., 2017). Plant
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density (plants/m®) and total boll count per plot were quantified to
calculate boll retention rate (bolls/plant) and boll density (bolls/m?).
Post-harvest, 50 intact bolls per plot were oven-dried at 65°C for 48
h to constant mass for determination of mean single-boll weight (g).
Seed cotton yield (kg/ha) was computed by integrating boll density,
boll weight, and harvest index (0.35). For full methodological
details, refer to Zhang et al (Zhang et al., 2017).

2.5 Data analysis

Data was subjected to analysis of variance (one-way ANOVA)
with the SPSS 16.0 software package (SPSS Inc., Chicago, IL, USA).
Mean separation was analyzed using Duncan’s Multiple Range Test
(DMRT) at p < 0.05 or 0.01. All figures were created using Origin
8.0 software (OriginLab Corporation, North-ampton, MA, USA).

3 Results

3.1 Interannual temperature variations
affect cotton growth stages in salinized
fields

Decreased temperature delayed cotton germination, while
increased soil salinity promoted early maturation. In 2015 and
2016, the daily temperatures during the cotton growth period both
ranged from 8 to 32°C, with an average of approximately 22.9°C, and
showed the same interannual variation trend. However, from April to
May, the average temperature in 2016 was slightly higher than in
2015. This was especially noticeable during the germination period,
with an average temperature of about 20.9 °C in 2016, an increase of
2.7°C from 2015 (Figure 2; Supplementary Table 1); however, from
May to June, it was somewhat lower. According to the data presented
in Table 2, temperature influenced both germination and seedling
stages: an increase in temperature shortened the germination time by
one day, while a decrease extended the seedling stage by more than
one day. Additionally, a reduction in soil salinity further prolonged
the seedling stage (Figure 2; Supplementary Table 1). Moreover,
increased soil salinity adversely affected seed germination and flower
bud formation; under severely salinized fields, germination time was
extended by over three days compared to mildly salinized fields. As
soil salinity decreases, both flowering and boll opening periods were
correspondingly prolonged (Table 2). Thus, it is evident that the
synergistic changes in temperature and soil salinity influence
cotton growth.

3.2 Rainfall and temporal and spatial
variation of soil moisture

The seasonal variation in rainfall directly affected soil moisture
changes combining Figures 3 and 4. In 2015 and 2016, the total
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rainfall during the cotton growth period primarily concentrated in
July and August, accounting for 63% and 63.5% of the total rainfall.
The lowest rainfall occurred from April to June and September to
October. Correspondingly, soil moisture in different soil layers
varied obviously (Figures 3, 4). Overall, soil moisture increased
with depth, stabilizing below 140 cm, with the highest moisture
content found in severely salinized soils.

From April to June, the soil moisture content in mildly salinized
fields at a depth of 0-80 cm ranged from 12.6% to 19.8%, showing
no significant difference compared to moderately salinized fields,
but was lower by 11.4% to 30.5% than severely salinized fields. From
July to August, the moisture content at a depth of 0-140 cm varied
between 14.1% and 24.5%, which was lower by 4.6% to 15.5% than
moderately salinized fields and by 9.6% to 33.7% than severely
salinized ones. By September to October, the moisture content for
this layer ranged from 13.9% to 24.4%, exceeding that of moderately
salinized fields by 4.7% to 12.8%, yet still falling short of severely
salinized fields by 4.2% to 29.8%.

3.3 Temporal and spatial variation of soil
salt content

The soil salinity in the 0-200 cm layer increased with depth and
affected by seasons. In 2015 and 2016, the highest and lowest
salinity levels occurred from April to June and July to August,
respectively. Overall, the salt content in the 0-140 cm layer of
mildly, moderately, and severely salinized fields ranged from below

TABLE 2 The duration of cotton growth stages.

Germination stage *  Seedling stage

Salinized field

3 g/kg to above 5 g/kg, while in the layer below 140 cm, it tended to
stabilize. Nevertheless, the salt content in each soil layer of the
severely salinized fields was obviously higher than that of the other
fields (Figure 5).

Rainfall and soil moisture also influenced leaching of soil salts.
From July to August, there was a significant reduction in salinity for
all saline soils within topsoil layer (0-40 cm). Additionally, salt
accumulation below 140 cm was significantly higher than in upper
layers, indicating some degree of leaching.

3.4 Photosynthetic characteristics of
cotton in differently salinized fields

3.4.1 Leaf area index and chlorophyll content

The leaf area index (LAI) and relative chlorophyll content of
cotton increased with growth, peaking in late August (pre-boll
opening stage) before declining; however, in more salinized cotton
fields, these indicators were lower and declined more rapidly
(Figure 6). In June and July (squaring stage and flowering
period), these indicators were significantly lower in moderately
salinized fields compared to mildly salinized ones. Prior to peaking
in late August, the differences between the two indices gradually
decreased and then narrowed rapidly. Mildly salinized cotton fields
maintained higher values for both indicators, with a slower decline
later on. The LAI ranged from 0.33 to 4.38, which was 105.3% to
290.0% higher than that of severely salinized fields, and 0.1% to
73.2% higher than moderately salinized ones. The SPAD value for

Squaring stage Flowering stage = Boll opening stage &

2015 2016 2015 2016 2015 2016 2015 2016 2015 2016
Severe 10 10 38 38 27 26 48 47 70 71
Moderate 9 8 40 41 30 29 52 54 62 59
Mild 7 6 44 47 26 25 49 49 67 66

ACotton was sown on April 21, 2015 and April 23, 2015, respectively; Values in the table represent the days after sowing; ®Cotton of the two years was harvested both on the end of October.
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relative chlorophyll content ranged from 34.8 to 49.6, exceeding
those of severely and moderately salinized fields by 23.5% to 54.3%,
and by 0.4% to 38%, respectively.

3.4.2 Canopy apparent photosynthesis and
canopy respiration rates

As the same pattern of LAI and relative chlorophyll content,
CAP and CR of all salinized fields increased with cotton
development, peaking in late August (pre-boll opening stage)
before declining (Figure 7). The variations were significant across
different salinization levels. severely salinized fields showed smaller
values and fluctuations for the two indices, while mildly salinized
cotton fields had higher values with a slower decline later on. In
June and July (squaring stage and flowering period), the two
indicators in moderately salinized fields were significantly lower
than those in mildly salinized fields but approached or exceeded
them after peaking in late August before rapidly decreasing.

The CAP of mildly salinized fields ranged from 21.8 to 38.6
pmol/m?*/s, which was 30.9% to 339.5% higher than that of severely
salinized fields and 7.4% to 183.6% higher than moderately
salinized fields. The CR ranged from 3.65 to 9.51 umol/m’/s,
exceeding severely salinized fields by 46% to 162.8%, while being
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higher than moderately salinized fields during squaring stage and
flowering period by 3.6% to 22.2%, but lower during the boll
opening stage by 16.2% to 25.3%.

3.4.3 Dry matter accumulation and allocation

In 2015 and 2016, the patterns of photosynthetic dry matter
accumulation and distribution in sources and sinks were similar.
Increased soil salinization led to reductions in total dry matter
accumulation from photosynthesis (TPA), duration of linear
growth (T;), maximum growth rate (V,,,,) and the corresponding
time (Ty), as well as the active period of photosynthesizing
substance accumulation (P). Additionally, salinization advanced
both the start (T,) and end (T,) of the linear phase of dry matter
accumulation (Table 3).

For the source organs, the T; period lasted from mid-June
(squaring stage) to late July (late flowering stage), with the V..
occurring in early June (beginning of squaring stage). Increased salt
stress accelerated dry matter accumulation, while reduced salt stress
prolonged this process. In mildly salinized fields, the T; and T, of
the linear growth period and V,,,,, were delayed by 2-5 days, 28-30
days, and 16-17 days respectively compared to severely salinized

fields. The T3, V4 and P in mildly salinized fields exceeded those
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TABLE 3 Logistic equations for dry matter accumulation and allocation.

TPA

Vmax

Salinized fields Fitting equation R values T,(d) T,(d) Tz To (d
9eq (kgiha) 2@ Te@ Tl gz To@
=1625.7/(1 + 4 )
A an 26,0,1524:) 0.9996** 1645.0° 51¢ 69° 18° 48° 60° 42°
S 2015 =3 833.0/(1 +
ouree B Y115 Oe_olosgs,() 0.9938*% 3 899.5" 58° 100° 42° 580 78° 99
C y=4 799.3/(1 + 75.6¢ 0> 0.9997** 4822.8" 53° 99* 46° 69* 76* 105°
=1658.4/(1 +
A Y368 Ze_o_mf,sx) 0.9996** 1675.9° 46° 72° 26° 42° 59° 60°
S 2016 =3904.7/(1 +
ouree B Ym Ge,o_osilx) 0.9953%% 3 968.9° 55° 97° 42 61° 76° 97°
C y=4 929.9/(1 + 55.5¢ *9%*™) 0.9989** 4971.7* 51° 100° 50* 65" 76* 113°
A y=674.8/(1 + 203.2¢ %) 0.9905** 710.6° 51° 84° 33° 13¢ 67° 76°
=1417.0/(1 +
Sink 2015 Y252 96,0_07g3x) 0.9987** 1439.8° 60° 97° 37° 25° 79° 85°
=2 746.5/(1 . . . v . v
C "216 le,o_oéﬁsx;' 0.9980** 2762.4° 74 122° 48° 38° 98* 110°*
A y=687.4/(1 + 160.4¢ 075 0.9905** 723.9¢ 48° 81°¢ 33¢ 14¢ 64° 76°
=14347/(1
Sink 2016 "166 o ,0_0225,‘; 0.9961** 1465.5° 57° 97° 40° 24° 77° 90°
11 .Ue
=3 07L.1/(1
C "120 26_0‘0425,(; 0.9927** 3092.8° 75 131° 57° 36 103* 129

Source refers to the total dry weights of leaves and stems, while sink denotes the total dry weights of buds and bolls. Letter A, B and C represent severely, moderately and mildly salinized cotton
fields. For the equation, y represents weight of dry matter accumulation and x represents days after sowing, and R value is the correlation coefficient of the fitting equation. ** indicates a
significant difference at P<0.01 for R values. TPA, Vmax Ty, Ty, T, T3 and P are derived from logistic equations. TPA represents total dry matter accumulation from photosynthesis; V4 is the
maximum growth rate. T, and T, indicate the start and end of the linear phase of dry matter accumulation (days after sowing). T denotes the duration (T,—T,), while T marks when the
maximum growth rate occurs (days after sowing), and P signifies the active period of photosynthesizing substance accumulation (up to 90% of total accumulation). Different small letters signify

significant differences at the 0.05 probability level within the same classification and year in a column.

in severely salinized fields by 89.2% to 98.7%, 57.1% to 71.3%, and
89.2% to 149.3%, respectively; they also surpassed moderately
salinized fields by 6.0% to 16.9%, 8.0% to 18.1%, and 5.9% to 17.0%.

For the sink organs, the T period occurred from late June (late
squaring stage) to late July (late flowering stage), with the V.
reached in early July (beginning of flowering stage). Reducing salt
stress benefited dry matter accumulation and significantly extended
this process. In mildly salinized fields, the T; and T, of the linear
growth period, as well as the V,,,,,, were delayed by 24-27 days, 38—
50 days, and 31-39 days respectively compared to severely salinized
fields. However, they occurred earlier by 14-18 days, 25-35 days,
and 20-26 days compared to moderately salinized fields. The Ts,
Vinarw and P in mildly salinized fields exceeded those in severely
salinized fields by 44.3%-69.6%, 163.4%-182.1%, and 44.3%-69.6%
respectively; they also surpassed those in moderately salinized fields
by 28.7%-43%, 49.7%-50.6%, and 28.7%-43%.

3.5 Cotton yield component analysis

In 2015 and 2016, the yields of seed cotton and lint cotton varied
significantly across different salinized fields. As salinity increased,
cotton yields decreased notably. In mildly salinized fields, the average
seed cotton yield is 3303 kg/ha, with an average lint yield of 1274.9
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kg/ha. This yield is 90.3% to 120.7% higher than in severely salinized
fields and 34.3% to 38.5% higher than in moderately salinized fields.
The average lint yield in moderately salinized fields is 921.6 kg/ha,
exceeding that of severely salinized fields by 42.5% to 59.7%. Overall,
yields in various salinized fields were slightly higher in 2015
compared to those in 2016 (Table 4). Further analysis revealed that
mildly salinized fields exhibited significantly higher plant density, boll
density, and boll weight compared to moderately and severely saline
fields, with increases of 11.4%-44.8%, 10.9%-62.2%, and 13.8%-
18.8%, respectively. Moreover, the differences in boll weight
between severely and moderately salinized fields were not
significant; however, it was significantly lower than that observed in
mildly salinized fields. Therefore, the primary factors leading to
reduced cotton yield in saline fields were attributed to boll density
and boll weight from a “sink” perspective.

4 Discussion

4.1 Comparison to prior studies of water-
heat-salt interactions

The interplay of water, heat, and salt dynamics in coastal saline-
alkali soils creates a complex environmental matrix that profoundly
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TABLE 4 Cotton yields assessment.

10.3389/fpls.2025.1600293

Year Code Plant density. (x10*  Boll d4ensity _Boll S_eed cotton ITint cotton Lint
plants/ha) (x10™ -ha) weight (g) yield (kg/ha) yield (kg/ha) percentage (%)

A 3.80 + 0.17° 32,5 + 1.53° 5.58 + 0.20° 1733 + 48.9° 658.5 + 21.3° 38.0 + 1.86"
2015 B 4.57 +0.18" 475 +2.14° 5.51 + 0.23° 2 456 + 74.6° 9382 + 31.9° 382 + 1.84°

C 509 + 0.22° 5.7 + 2.48° 6.35 + 0.28° 3298 + 115.4° 12763 + 42.8° 387 +1.91°

A 3.48 + 0.16° 28.8 + 1.42° 536 + 0.24° 1499 + 49.8° 566.6 + 24.7° 37.8 + 1.68"
2016 B 4.29 +0.18" 44.7 + 2.15° 539 +0.21° 2388 + 66.6" 905.1 + 22.7° 379 + 1.74°

C 504 + 0.20° 52.8 + 2.49° 6.37 £ 0.26° 3308 + 103.6* 12735 + 40.7° 385 + 1.79°

Letter A, B and C represent severely, moderately and mildly salinized cotton fields. Different small letters in the same column indicate a significant difference at the 0.05 probability level.

influences crop productivity, particularly in cotton (Gossypium
hirsutum L.). This study demonstrates that soil salinization,
driven by seasonal fluctuations in water and heat, directly impairs
photosynthetic efficiency and yield formation in cotton. By
systematically analyzing the temporal and spatial interactions of
water-heat-salt dynamics, our findings corroborate and extend
prior hypothesis that these interactions of water-heat-salt
underpin soil salinization and its cascading effects on plant
physiology (Abiala et al., 2018; Sun et al, 2018; Li et al., 2022).
Below, we discussed our results within existing literature across
three aspects.

4.1.1 Water-heat-salt interactions and soil
salinization

Our results align with global observations of seasonal salt
migration in saline ecosystems but provide novel insights into
coastal saline-alkali soils. The annual variations in rainfall and
temperature significantly modulated soil moisture and salinity
profiles (0-200 cm), as observed in the two-year field experiment.
Summer rainfall facilitated downward salt leaching, alleviating root-
zone salinity during critical growth stages (e.g., squaring and
flowering), whereas spring droughts coupled with high
temperatures exacerbated surface salt accumulation through
enhanced evaporation (Figures 4, 5). This pattern mirrors
findings in arid regions, where water deficits amplify salt
migration to upper soil layers (Rengasamy, 2006). However,
coastal saline soils exhibit unique dynamics due to higher annual
precipitation (>500 mm), which intensifies seasonal leaching-
reaccumulation cycles (Rengasamy, 2006; Gang et al., 2024; Jia
et al., 2024).

Notably, our study highlights synergistic temperature-salinity
effects on germination. Research indicates that under suitable
temperature conditions (25-30°C), cotton germination is typically
delayed by 4 to 5 days (Reddy et al., 2017; Malima et al.,, 2024).
Furthermore, studies have demonstrated that when soil salt content
exceeds 3 g/kg, the germination time may be postponed by 5 to 15
days, and the germination rate declines to below 50% (Ashraf, 2002;
Saboora et al., 2006). Here, a 2.7°C temperature increase in 2016
shortened germination by one day, even under elevated salinity,
suggesting that warmer springs may partially offset salinity-induced
delays—a phenomenon less explored in prior work. Additionally, as
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soil salinization increased, this accelerated germination effect
became more pronounced. This reflects a synergistic effect
between temperature and soil salinity. Furthermore, since this
study was conducted with spring sowing after rain and the use of
mulching measures, soil moisture did not have a significant impact
on germination and the seedling stage. Therefore, it can be inferred
that the combined effect of spring temperature and soil salinity
jointly affected the germination and early seedling stage of cotton.

Summer rainfall’s role in salt leaching further underscores the
significance of crop management practices in saline-affected
regions. Current research indicates that when soil salinity exceeds
3g/kg, cotton root water absorption is impaired and growth
restriction begins (Abdelraheem et al, 2019). However, research
also reports that drip irrigation effectively leaches salt, with an
optimal amount of 290 mm found for optimal yield, water use
efficiency, soil desalination, and desalination efficiency (Sun et al,
2017; He et al,, 2024). Our study found that topsoil (0-20 cm)
salinity remained above 6 g/kg in spring and autumn, but dropped
below 5 g/kg during the summer months of July and August,
coinciding with an average rainfall of 361 mm. This decrease in
soil salt content effectively alleviated salt stress. Particularly in
moderately salinized fields, maintaining soil salinity below 3 g/kg
supports the normal development of cotton (Figures 3, 4). This
aligns with the report that rainfall-driven leaching is a cost-effective
strategy for coastal saline soils (Abdelraheem et al., 2019). However,
our data reveal that even moderate salinity (3-5 g/kg) during critical
growth stages limits cotton development, necessitating precision
interventions beyond natural rainfall (Abdelraheem et al., 2019;
Shokri et al., 2024).

4.1.2 Salinity-induced constraints on
photosynthesis

Soil salinity critically impaired cotton’s photosynthetic
performance, as evidenced by reduced leaf area index (LAI),
chlorophyll content (SPAD), and canopy apparent photosynthesis
(CAP) in moderate-to-severe saline fields (Figures 6, 7; Table 3).
This result is consistent with global studies but with nuanced
mechanistic insights. The accumulation of Na* and compromised
K" homeostasis in cotton leaves under salinity likely induced
stomatal limitation by disrupting guard cell osmoregulation,
thereby restricting CO, assimilation despite maintained
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chlorophyll content (Farquhar and Sharkey, 1982; Chaves et al,
2009). Simultaneously, elevated antioxidant enzyme activities
(SOD, CAT etc.) under saline stress suggest a dual role of reactive
oxygen species (ROS) scavenging in mitigating photodamage at
PSII and ameliorating ionic toxicity through membrane
stabilization (Feng et al., 2014; Fahad et al, 2015; Huang et al,
2015). These interconnected mechanisms—ion imbalance-driven
stomatal limitation and reactive oxygen species-mediated
photoinhibition—jointly affect the physiological responses of
photosynthesis. In our study, severely saline soils reduced LAI by
105-290% compared to mild saline fields, exceeding the 25-50%
declines reported in non-coastal systems (Feng et al., 2014; Zhang
et al,, 2017), likely due to compounded osmotic and ionic stress in
dynamic coastal environments. However, the future research should
deeply investigate leaf ion contents and antioxidant enzyme
activities to clarify the physiological response pathways under
salt stress.

Seasonal salinity fluctuations further modulate photosynthetic
resilience. In summer (July-August), rapid increases in rainfall
effectively reduce surface soil salinity below 5g/kg, leading to peak
values in various photosynthetic indicators (Figures 6, 7). This
contrasts with arid regions, where salinity remains chronically high;
however, temporary alleviation of stress can occur through leaching
(Zhang et al, 2017). Temperature also plays a dual role: higher
temperatures improved photosynthetic efficiency during leaching
periods but exacerbated salinity stress during droughts (Singh et al,
2007). Such interactions emphasize the need for climate-adaptive
management in coastal zones, but rarely quantified (Rengasamy, 2010).

4.1.3 Dry matter partitioning and yield
Implications

The source-sink imbalance under salinity stress, widely
documented in crops, was starkly evident in cotton (Albacete
et al,, 2014). Cotton fibers, as the terminal storage form of
carbohydrates, exhibit a developmental process that is highly
dependent on the continuous supply and rational distribution of
photosynthetic products. Research indicates that photosynthetic
efficiency directly influences dry matter accumulation in cotton
bolls and fiber quality (Feng et al., 2014). The dynamic balance
between sources (leaves, stems) and sinks (cotton bolls, buds) is
central to yield formation: when source organs provide sufficient
carbon assimilates through photosynthesis, the development of sink
organs can be optimized; conversely, salt stress disrupts this balance
(Albacete et al., 2014). This study found that higher LAI, SPAD, and
CAP in mildly salinized fields supported a prolonged linear
accumulation period of dry matter (T5) and an increased the
maximum growth rate (Vi,..), thereby significantly enhancing
yield (Tables 3, 4). This finding aligns with the report that
moderate salinity may enhance the utilization efficiency of
photoassimilates (Chaves et al., 2009; He et al., 2022).

However, as salinity increases, the coordination between source
and sink organs significantly decreases. In fields with severe
salinization, salt stress leads to a reduction of 16-28 days in the
linear accumulation period of dry matter (T;) for source organs and
4-24 days for sink organs. The V},,,« declines by 30%-50%, while the
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active period of photosynthetic product allocation (P) is reduced by
44%-69%. This inhibitory effect aligns with the mechanism that salinity
disrupts phloem loading, resulting in a heightened sensitivity of
reproductive organs to salt stress (Chaves et al., 2009; Baker and
Baker, 2010). For instance, in severely saline fields, cotton boll density
and weight decreased by 62.2% and 18.8%, respectively, compared to
lightly saline fields, ultimately leading to a decline in seed cotton yield
ranging from 93.8% to 124.8% (Table 4).

This study confirms that the synergistic fluctuations of water,
heat, and salt in coastal saline-alkali soils indirectly influence the
source-sink relationship of cotton by regulating soil salinity
dynamics. Although the yield in mildly saline fields (3303 kg/ha)
is significantly higher than that in moderately to severely saline
fields, the leaching effect of summer rainfall— which reduces topsoil
salinity in severely saline-alkali soils to below 5 g/kg—remains a
critical period for alleviating salt stress. Future research should
further elucidate the molecular mechanisms underlying the
distribution of photosynthetic products in cotton under varying
salinity gradients and explore synergistic strategies that combine
precision irrigation (such as drip irrigation for leaching salts) with
breeding for salt-tolerant varieties to optimize cotton productivity
on marginally saline lands.

4.2 Adaptive strategies and management
implications

The study highlights the potential of mild saline soils for
sustainable cotton cultivation, as these conditions maintained
higher photosynthetic efficiency and delayed senescence. Similar
observations were reported by Hossain and Dietz, who noted that
moderate salinity can trigger stress-acclimation mechanisms, such
as osmolytes synthesis (e.g., proline) and antioxidant enzyme
activation, to mitigate oxidative damage (Hossain and Dietz,
2016). However, in severe saline soils, such adaptations are
insufficient to offset yield losses, necessitating integrated
management strategies (Rengasamy, 2010; Hossain and Dietz,
2016). Our research indicated that in severely salinized fields, the
plant density, boll density, and boll weight were significantly lower
than in mildly salinized fields, with reductions ranging from 10.9%
to 62.2%. These crucial indicators influence cotton yield. Therefore,
in moderate or severe saline-alkaline conditions, implementing
agricultural measures such as reducing soil salinity, improving
seedling emergence rates, and increasing plant density can
effectively ensure cotton production (Cao et al,, 2024). For
example, precision irrigation, tailored to seasonal rainfall patterns,
could optimize salt leaching during critical growth stages (Sun et al.,
2017; He et al., 2024). Furthermore, coupling soil amendments (e.g.,
biochar, gypsum) with water-saving irrigation may enhance soil
structure and salt leaching efficiency, as demonstrated in recent
trials (Shaygan and Baumgartl, 2022; Gang et al., 2024).
Additionally, breeding for salt-tolerant cultivars with enhanced
photosynthetic resilience—such as those with improved stomatal
regulation or Na* exclusion traits—could further mitigate salinity
impacts (Parida and Das, 2005; Shaygan and Baumgartl, 2022).
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5 Conclusions

This study, conducted over a two-year field experiment, elucidates
the response of cotton photosynthetic characteristics and yield to the
dynamics of water-heat-salt. The synergistic effects of water-heat-salt
influenced the soil salinization process, which in turn had a chain
reaction on cotton performance. The main conclusions are as follows:

5.1 Seasonal water-heat-salt dynamics
critically govern soil salinization and cotton
productivity in coastal saline-alkali
ecosystems.

Rainfall and temperature variations directly modulated soil
moisture and salinity profiles (0-200 c¢m), with summer
precipitation (July-August) facilitating salt leaching in the root
zone (0-140 cm). This seasonal desalination alleviated osmotic
stress during critical growth stages (squaring and flowering),
highlighting the importance of aligning irrigation practices with
natural rainfall patterns to optimize salt management.

5.2 Mild saline-alkali conditions (soil salinity
<3 g/kg) sustain superior photosynthetic
performance and yield.

Under mild salinity, cotton exhibited enhanced leaf area index
(LAI: 0.33-4.38), chlorophyll content (SPAD: 34.8-49.6), and canopy
photosynthetic rates (CAP: 21.8-38.6 umol/m?/s), which prolonged
the linear accumulation period of photosynthetic dry matter (TPA:
4,822.8-4,971.7 kg/ha) and improved sink organ development. This
resulted in a 34.3%-120.7% higher seed cotton yield (3,303 kg/ha)
compared to moderate or severe saline fields, underscoring the
viability of mild saline soils for sustainable cultivation.

5.3 Excessive salinity disrupts source-sink
coordination, severely limiting yield
potential.

Severe salinization (soil salinity >5 g/kg) reduced boll density by
62.2%, boll weight by 18.8%, and shortened the active photosynthetic
period (47-58 days for source organs,11-44 days for sink organs). The
yields of seed cotton and lint cotton in severely salinized fields were
33.3% to 51.1% lower than in moderately and severely salinized fields,
primarily due to reduced boll density and weight. These effects stemmed
from salt-induced inhibition of photosynthesis and impaired
translocation of assimilates to reproductive organs, emphasizing
salinity as a primary yield-limiting factor in coastal agroecosystems.

The increase of rainfall in summer promoted salt-leaching, but soil
salinity in severely salinized fields was still above 5 g/kg, which limited
cotton production. Thus, integrated management strategies are still
essential for cotton production in severely salinized fields. This study
advocates precision irrigation (e.g., drip systems) to synchronize salt
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leaching with summer rainfall, coupled with salt-tolerant cultivar
breeding. Future works should prioritize field trials that combine soil
amendments (such as biochar and gypsum) with water-saving
technologies to enhance the cotton production in saline fields.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

GF: Conceptualization, Methodology, Writing — original draft,
Writing - review & editing. QZ: Investigation, Methodology,
Validation, Writing - review & editing. YW: Investigation,
Software, Validation, Writing - review & editing. MD: Formal
analysis, Investigation, Validation, Writing — review & editing.
SW: Formal analysis, Investigation, Writing — review & editing.
ZW: Writing - review & editing. HQ: Conceptualization, Funding
acquisition, Project administration, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was funded
by the earmarked fund for CARS (Grant No. CARS-15-18),
National Natural Science Foundation of China (Grant No.
31701380), the Science and technology demonstration and service
projects and science and technology innovation projects of Hebei
Academy of Agriculture and Forestry Sciences (Grant No.
2022KJCXZX-MHS-6) and the High-level Talent Support Project
of Hebei Province (Grant No. C2024085).

Acknowledgments

We sincerely appreciate Promsap Duangmanee for her
necessary materials support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1600293
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Feng et al.

Correction note

This article has been corrected with minor changes. These
changes do not impact the scientific content of the article.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

Abdelraheem, A., Esmaeili, N., O’Connell, M., and Zhang, J. (2019). Progress and
perspective on drought and salt stress tolerance in cotton. Ind. Crop Prod. 130, 118—
129. doi: 10.1016/j.indcrop.2018.12.070

Abiala, M. A., Abdelrahman, M., Burritt, D. J., and Tran, L. S. P. (2018). Salt stress
tolerance mechanisms and potential applications of legumes for sustainable
reclamation of salt-degraded soils. LDD 29, 3812-3822. doi: 10.1002/1dr.3095

Albacete, A. A., Martinez-Andujar, C., and Peérez-Alfocea, F. (2014). Hormonal and
metabolic regulation of source-sink relations under salinity and drought: from plant survival
to crop yield stability. Biotechnol. Adv. 32, 12-30. doi: 10.1016/j.biotechadv.2013.10.005

Ashraf, M. (2002). Salt tolerance of cotton: some new advances. Crit. Rev. Plant Sci.
21, 1-30. doi: 10.1080/0735-260291044160

Baker, D. N., and Baker, J. T. (2010). “Cotton source/sink relationships,” in
Physiology of cotton (Dordrecht: Springer), 80-96.

Cao, N, Hou, J.,, Hu, W,, Li, H,, Lin, J., Chen, G., et al. (2024). Optimum plant density
improved cotton (Gossypium hirsutum L.) root production capacity and
photosynthesis for high cotton yield under plastic film mulching. Agronomy 14,
1040. doi: 10.3390/agronomy14051040

Chaves, M. M., Flexas, J., and Pinheiro, C. (2009). Photosynthesis under drought and
salt stress: regulation mechanisms from whole plant to cell. Ann. Bot. 103, 551-560.
doi: 10.1093/aob/mcn125

Fahad, S., Hussain, S., Matloob, A., Khan, F. A, Khalig, A., Saud, S., et al. (2015).
Phytohormones and plant responses to salinity stress: a review. Plant Growth Regul. 75,
391-404. doi: 10.1007/s10725-014-0013-y

Farquhar, G. D, and Sharkey, T. D. (1982). Stomatal conductance and photosynthesis.
Annu. Rev. Plant Physiol. 33, 317-345. doi: 10.1146/annurev.pp.33.060182.001533

Feng, G.-y., Gan, X.-x,, Yao, Y.-d,, Luo, H.-h., Zhang, Y.-1, and Zhang, W.-f. (2014).
Comparisons of photosynthetic characteristics in relation to lint yield among F1
hybrids, their F2 descendants and parental lines of cotton. J. Integr. Agr. 13, 1909-
1920. doi: 10.1016/S2095-3119(13)60690-5

Gang, N, Gu, F., Burrill, H. M., Jianfang, L., Zhang, J., and Zhang, F. (2024). Saline-
alkali soil reclamation and utilization in China: progress and prospects. Front. Agric.
Sci. Eng. 11, 216. doi: 10.15302/J-FASE-2024551

He, J., Ng, O. W. ], and Qin, L. (2022). Salinity and salt-priming impact on growth,
photosynthetic performance, and nutritional quality of edible mesembryanthemum
crystallinum L. Plants 11, 332. doi: 10.3390/plants11030332

He, Z., Cao, H.,, Xing, X., Hu, Q., and Li, Z. (2024). Optimization of leaching level and

alternating drip irrigation start time improved water saving, yield enhancement, and
salt leaching. Ind. Crop Prod. 222, 119537. doi: 10.1016/j.indcrop.2024.119537

Hossain, M. S., and Dietz, K.-J. (2016). Tuning of redox regulatory mechanisms,
reactive oxygen species and redox homeostasis under salinity stress. Front. Plant Sci. 7,
548. doi: 10.3389/fpls.2016.00548

Huang, C.-J., Wei, G., Jie, Y.-C,, Xu, J.-J., Zhao, S.-Y., Wang, L.-C,, et al. (2015).
Responses of gas exchange, chlorophyll synthesis and ROS-scavenging systems to
salinity stress in two ramie (Boehmeria nivea L.) cultivars. Photosynthetica 53, 455-463.
doi: 10.1007/s11099-015-0127-0

Jia, Z., Zhu, L., Shi, Y., Liu, J., Zeng, J., Ma, S., et al. (2024). Effect of 3-year
amendment measures on coastal saline-alkali soil conditions during the growing
season. Can. J. For. Res. 54, 1399-1409. doi: 10.1139/cjfr-2023-0288

Joshi, S., Nath, J., Singh, A. K., Pareek, A., and Joshi, R. (2022). Ion transporters and
their regulatory signal transduction mechanisms for salinity tolerance in plants.
Physiol. Plant 174, €13702. doi: 10.1111/ppl.13702

Frontiers in Plant Science

13

10.3389/fpls.2025.1600293

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1600293/

full#supplementary-material

Li, W., Yang, J., Tang, C,, Liu, X,, Xie, W., Yao, R,, et al. (2022). The temporal-spatial
dynamic distributions of soil water and salt under deep vertical rotary tillage on coastal
saline soil. Water 14, 3370. doi: 10.3390/w14213370

Malima, M. C., Hacikamiloglu, M. S., and Kurt, O. (2024). Effect of germination
temperature on germination and seedling growth parameters in cotton (Gossiypium
hirsutum L.) varieties. Anadolu. Tarim. Bilimleri. Dergisi. 39, 623-636. doi: 10.7161/
omuanajas.1498795

Noor, H., Ding, P., Kausar, F., Noor, F., Wenbo, Z., Sun, M., et al. (2024).
Morphological and physiological root traits and expression of the gene relationship
with nitrogen uptake in Wheat (Triticum aestivum L.). Turk. J. Agric. For. 48, 1034—
1051. doi: 10.55730/1300-011X.3239

Noor, H., Ding, P., Ren, A., Sun, M., and Gao, Z. (2023). Effects of nitrogen fertilizer
on photosynthetic characteristics and yield. Agronomy 13, 1550. doi: 10.3390/
agronomy13061550

Parida, A. K., and Das, A. B. (2005). Salt tolerance and salinity effects on plants: a
review. Ecotoxicol. Environ. Saf. 60, 324-349. doi: 10.1016/j.ecoenv.2004.06.010

Reddy, K. R,, Brand, D., Wijewardana, C., and Gao, W. (2017). Temperature effects
on cotton seedling emergence, growth, and development. Agron. J. 109, 1379-1387.
doi: 10.2134/agron;j2016.07.0439

Rehman, M., Bakhsh, A., Zubair, M., Rehmani, M. L. A,, Shahzad, A., Nayab, S., et al.
(2021). Effects of water stress on cotton (Gossypium spp.) plants and productivity.
Egypt. ]. Agrono. 43, 307-315. doi: 10.21608/agro.2021.89343.1272

Rengasamy, P. (2006). World salinization with emphasis on Australia. J. Exp. Bot. 57,
1017-1023. doi: 10.1093/jxb/erj108

Rengasamy, P. (2010). Soil processes affecting crop production in salt-affected soils.
Funct. Plant Biol. 37, 613-620. doi: 10.1071/FP09249

Saboora, A., Kiarostami, K., Behroozbayati, F., and Hajihashemi, S. (2006). Salinity
(NaCl) tolerance of wheat genotypes at germination and early seedling growth. Pak. J.
Biol. Sci. 9, 2009-2021. doi: 10.3923/pjbs.2006.2009.2021

Shaygan, M., and Baumgartl, T. (2022). Reclamation of salt-affected land: A review.
Soil Syst. 6, 61. doi: 10.3390/soilsystems6030061

Shokri, N., Hassani, A., and Sahimi, M. (2024). Multi-scale soil salinization dynamics
from global to pore scale: A review. Rev. Geophys. 62, €2023RG000804. doi: 10.1029/
2023RG000804

Singh, R. P., Prasad, P. V., Sunita, K., Giri, S., and Reddy, K. R. (2007). Influence of
high temperature and breeding for heat tolerance in cotton: a review. Adv. Agron. 93,
313-385. doi: 10.1016/S0065-2113(06)93006-5

Sun, J., Kang, Y., Wan, S., and Hu, W. (2017). Influence of drip irrigation level on
salt leaching and vegetation growth during reclamation of coastal saline soil having
an imbedded gravel-sand layer. Ecol. Eng. 108, 59-69. doi: 10.1016/
j.ecoleng.2017.08.004

Sun, H,, Liu, X, and Zhang, X. (2018). Regulations of salt and water of saline-alkali
soil: A review. Chin. J. Eco-Agricult. 26, 1528-1536. doi: 10.13930/j.cnki.cjea.180607

Xu, X., Guo, L., Wang, S., Wang, X., Ren, M., Zhao, P., et al. (2023). Effective
strategies for reclamation of saline-alkali soil and response mechanisms of the
soil-plant system. Sci. Total. Environ. 905, 167179. doi: 10.1016/j.scitotenv.
2023.167179

Zhang, H., Li, D., Zhou, Z., Zahoor, R., Chen, B., and Meng, Y. (2017). Soil water and
salt affect cotton (Gossypium hirsutum L.) photosynthesis, yield and fiber quality in
coastal saline soil. Agric. Water Manage. 187, 112-121. doi: 10.1016/j.agwat.
2017.03.019

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1600293/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1600293/full#supplementary-material
https://doi.org/10.1016/j.indcrop.2018.12.070
https://doi.org/10.1002/ldr.3095
https://doi.org/10.1016/j.biotechadv.2013.10.005
https://doi.org/10.1080/0735-260291044160
https://doi.org/10.3390/agronomy14051040
https://doi.org/10.1093/aob/mcn125
https://doi.org/10.1007/s10725-014-0013-y
https://doi.org/10.1146/annurev.pp.33.060182.001533
https://doi.org/10.1016/S2095-3119(13)60690-5
https://doi.org/10.15302/J-FASE-2024551
https://doi.org/10.3390/plants11030332
https://doi.org/10.1016/j.indcrop.2024.119537
https://doi.org/10.3389/fpls.2016.00548
https://doi.org/10.1007/s11099-015-0127-0
https://doi.org/10.1139/cjfr-2023-0288
https://doi.org/10.1111/ppl.13702
https://doi.org/10.3390/w14213370
https://doi.org/10.7161/omuanajas.1498795
https://doi.org/10.7161/omuanajas.1498795
https://doi.org/10.55730/1300-011X.3239
https://doi.org/10.3390/agronomy13061550
https://doi.org/10.3390/agronomy13061550
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.2134/agronj2016.07.0439
https://doi.org/10.21608/agro.2021.89343.1272
https://doi.org/10.1093/jxb/erj108
https://doi.org/10.1071/FP09249
https://doi.org/10.3923/pjbs.2006.2009.2021
https://doi.org/10.3390/soilsystems6030061
https://doi.org/10.1029/2023RG000804
https://doi.org/10.1029/2023RG000804
https://doi.org/10.1016/S0065-2113(06)93006-5
https://doi.org/10.1016/j.ecoleng.2017.08.004
https://doi.org/10.1016/j.ecoleng.2017.08.004
https://doi.org/10.13930/j.cnki.cjea.180607
https://doi.org/10.1016/j.scitotenv.2023.167179
https://doi.org/10.1016/j.scitotenv.2023.167179
https://doi.org/10.1016/j.agwat.2017.03.019
https://doi.org/10.1016/j.agwat.2017.03.019
https://doi.org/10.3389/fpls.2025.1600293
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Seasonal water-heat-salt dynamics in coastal salinized fields: impacts on cotton photosynthesis and yield
	1 Introduction
	2 Materials and methods
	2.1 Description of the test site
	2.2 Cotton cultivation and management
	2.3 Data collection
	2.4 Methodologies for indicator detection
	2.5 Data analysis

	3 Results
	3.1 Interannual temperature variations affect cotton growth stages in salinized fields
	3.2 Rainfall and temporal and spatial variation of soil moisture
	3.3 Temporal and spatial variation of soil salt content
	3.4 Photosynthetic characteristics of cotton in differently salinized fields
	3.4.1 Leaf area index and chlorophyll content
	3.4.2 Canopy apparent photosynthesis and canopy respiration rates
	3.4.3 Dry matter accumulation and allocation

	3.5 Cotton yield component analysis

	4 Discussion
	4.1 Comparison to prior studies of water-heat-salt interactions
	4.1.1 Water-heat-salt interactions and soil salinization
	4.1.2 Salinity-induced constraints on photosynthesis
	4.1.3 Dry matter partitioning and yield Implications

	4.2 Adaptive strategies and management implications

	5 Conclusions
	5.1 Seasonal water-heat-salt dynamics critically govern soil salinization and cotton productivity in coastal saline-alkali ecosystems.
	5.2 Mild saline-alkali conditions (soil salinity &lt;3 g/kg) sustain superior photosynthetic performance and yield.
	5.3 Excessive salinity disrupts source-sink coordination, severely limiting yield potential.

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Correction note
	Publisher’s note
	Supplementary material
	References




