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Abstract

Surface water-groundwater interaction zones are critical ecohydrological interfaces in arid
regions, yet quantitative spatiotemporal patterns and soil-vegetation responses under
coupled water-salt-heat gradients remain poorly documented. Based on a one-year moni-
toring period (August 2024–August 2025) at four sites along a river-to-desert transect (LW3:
25 m, LW2: 200 m, LW1: 300 m, LW4: 400 m from the Niya River) in the hyper-arid Tarim
Basin, this study reveals the following quantitative patterns. Groundwater depth increased
with distance from the river and followed an annual decrease-increase trend, with an
anomalous shallow peak in March 2025 (−20 cm) linked to precipitation recharge. Soil
temperature stability increased with depth: the 20 cm layer recorded the widest annual
fluctuation (e.g., −1.5 ◦C to 24 ◦C at LW1), whereas the 80 cm layer varied only between
approximately −0.2 ◦C and 28 ◦C. Proximity to the river dampened thermal extremes.
Shallow soil moisture was highly dynamic (with a coefficient of variation [CV] reaching
40–50% at LW1 and LW4), while deeper layers remained stable; LW3 near the river stayed
saturated year-round (CV = 0). Soil electrical conductivity (EC) decreased with distance
from the river: LW3 exhibited the highest surface values (5000–16,000 µS cm−1), whereas
LW1 recorded the lowest (1000–2700 µS cm−1). Vegetation performance was governed
by coupled water-salt conditions rather than moisture alone: P. australis at LW1 achieved
the tallest growth (>200 cm) and highest photosynthetic rates (20.25–37.38 µmol m−2 s−1),
outperforming LW3 (104 cm, winter photosynthesis dropping to 2.01) and LW4 (~100 cm).
Correlation analysis further showed strong vertical temperature coupling (r > 0.96 across
all depths) and depth-stratified water-salt relationships (e.g., EC-volumetric water content
r = 0.95 at 20 cm in LW4), reflecting spatial differentiation driven by freeze-thaw cycles,
evaporative enrichment, and homogeneous silt-textured soils (54–96% fine fraction). These
quantitative findings provide a detailed observational baseline for riparian ecohydrology in
hyper-arid inland rivers and underscore that sustainable vegetation management requires
balancing water availability against salinity stress.

Keywords: arid inland river; riparian ecotone; groundwater-soil-vegetation system;
water-salt-heat coupling; Phragmites australis; spatiotemporal pattern

1. Introduction
The surface water-groundwater interaction zone is a key hydrological interface linking

rivers with underground aquifers and serves as a core hub for matter cycling and energy
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exchange in terrestrial ecosystems. This interaction zone forms a unique eco-hydrological
gradient through a sequence of complex processes such as water exchange, solute transport,
and heat conduction, playing an indispensable role in sustaining watershed water resource
use, protecting biodiversity, and ensuring ecosystem service functions [1–3]. In recent years,
with the increasing frequency of extreme climate events and intensified human activities,
the hydrological connectivity and ecological functions of the surface water-groundwater
interaction zone have faced severe challenges. Globally, surface water-groundwater in-
teraction zones in arid and semiarid regions are generally under dual pressure from
climate change and human activities. Studies in Nevada, USA, show that nearly 40% of
monitoring wells exhibit significant groundwater level declines, and climate change will
further exacerbate drought stress and threaten the stability of groundwater-dependent
ecosystems [4]. Global-scale assessments indicate that more than 53% of groundwater-
dependent ecosystems in arid regions occur in areas with declining groundwater reserves,
with Asia, Europe, and North America being particularly prominent [5]. In the San Pedro
River in Arizona, groundwater decline has led to pronounced desertification succession
of riparian vegetation, with wetland indicator species coverage sharply decreasing when
groundwater levels exceed 0.25 m [6]. Four decades of monitoring in the Essaouira Basin
in Morocco reveal that groundwater levels in semiarid zones continue to fall by up to 8 m,
and water quality has shifted from the Na-Cl type to the Ca-Mg-Cl type [7]. These findings
indicate that the hydrogeochemical connectivity and ecological function degradation of
surface water-groundwater interaction zones in global arid regions are widespread.

Water, soil, and vegetation are important components of the Earth system [8]. The
dynamic coupling and interactions within the soil-vegetation-hydrology system are pro-
foundly influenced by human activities such as agricultural cultivation and mineral
resource development. Improper land-use practices readily lead to soil quality degra-
dation and vegetation community decline, which in turn have significant negative im-
pacts on the stability of regional agricultural production and the health of the ecological
environment [9–11]. At the same time, human disturbances can alter the natural hydrologi-
cal cycle of a watershed, causing noticeable changes in the temporal and spatial evolution
of key hydrological elements such as evapotranspiration and runoff [12–15].

As the largest inland river basin in China, the Tarim River Basin’s lower reaches and
the small rivers along its southern margin (including the Niya River, the Keriya River, and
the Cherchen River) constitute an important ecological barrier on the southern edge of the
Taklamakan Desert. This region is characterized by a typical temperate continental hyper-
arid climate, with an average annual precipitation of less than 50 mm, whereas potential
evapotranspiration exceeds 2756 mm. Water scarcity has therefore become the primary
bottleneck constraining the sustainable development of the ecosystem [16]. As an important
zone for the storage and transformation of limited water resources in arid regions, the
surface water-groundwater interaction zone plays a decisive role in maintaining regional
ecological security [17,18]. However, hydrological processes in arid-zone ecotones exhibit
pronounced spatiotemporal heterogeneity: seasonal fluctuations in groundwater levels not
only alter soil water availability, but also indirectly regulate vegetation nutrient uptake
efficiency by affecting the soil redox environment [19]. Meanwhile, the coupled transport
of soil water and salts forms a complex gradient of ecological stress, profoundly influencing
the distribution patterns and successional trajectories of vegetation communities [20].
In observational studies of the middle and lower reaches of the Tarim River, Hao et al.
(2010) used detrended canonical correspondence analysis (DCCA) to identify the optimal
groundwater depth for vegetation growth in desert riparian forests as 2–4 m, with an
ecological threshold of approximately 6 m; when the groundwater depth exceeds 8 m,
vegetation undergoes marked degradation [21]. This conclusion is consistent with the
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findings of Sousa et al. (2022) in the Amazon Basin, who showed that groundwater table
depth (WTD) can significantly affect forest biomass productivity and community dynamics
by regulating soil water availability [22]. In shallow water table environments (<2 m), plants
are prone to hypoxic stress and have relatively weak root anchorage, thereby exhibiting
higher mortality and lower productivity [22].

The response patterns of vegetation to water and salt stress involve complex physiolog-
ical and ecological processes. Plant responses to salt stress can be divided into two stages:
a rapid osmotic stress stage that inhibits the growth of young leaves, and a slower ionic
stress stage that accelerates the senescence of mature leaves [23]. In the Yangguan Wetland
of Dunhuang, P. australis can adapt to gradient changes in environmental factors such
as soil moisture by adjusting the spatial expansion strategy of clonal modules, including
morphological traits such as internode length and branching angle, as well as the spa-
tial distribution pattern of the population, while simultaneously regulating the allocation
characteristics of non-structural carbohydrates (NSC) [24]. Moreover, moderate salt stress
can promote the accumulation of photosynthates in P. australis through osmotic regula-
tion, whereas the combined effects of water and salt stress significantly inhibit its ramet
number and clonal growth [25,26]. These studies indicate that an in-depth analysis of the
spatiotemporal heterogeneity of water and soil environmental factors in the interaction
zone, as well as their synergistic relationship effects on Phragmites growth, is crucial for
understanding the patterns underlying the maintenance of ecosystem stability in extreme
arid regions. These studies highlight that clarifying the spatiotemporal heterogeneity
of soil-water environmental factors and their synergistic effects on P. australis growth is
essential for revealing ecosystem stability maintenance patterns in extreme arid regions.

So far, a variety of modeling approaches have been employed to assess the soil water-
salt thermal dynamics in arid regions. Physics-based models (such as HYDRUS-1D/2D/3D)
have been widely used to simulate the coupled transport of water, heat, and solutes in
unsaturated media [27]. For the shallow groundwater basins of arid regions, improved tools
for soil and water resources assessment (SWAT), including M-SWAT and SWAT-Salt, have
been developed to mechanistically simulate soil water-salt transport and its interactions
with shallow groundwater [28,29]. For cold, arid regions undergoing freeze-thaw cycles, the
SHAW (heat and water) model has also been improved to enhance the simulation of water-
heat-salt dynamics [30]. These modeling efforts help deepen understanding of water-salt
transport processes, irrigation management, and the interactions between vegetation and
groundwater. However, most existing studies rely on simplified basin-scale models of the
vertical soil profile or discrete sampling at limited depths and spacings. Consequently, the
synchronous, high-frequency co-evolution of water, salt, and temperature across different
soil depths and their layered coupling patterns has not been fully captured. This study
employs a novel multi-sensor, multi-depth (20–80 cm) continuous monitoring technique to
observe soil moisture, salinity, and temperature over an annual cycle. The design uniquely
reveals the coupling relationships among water, salt, and heat across depths, as well as
vegetation responses, which single-layer or discrete sampling cannot achieve, providing a
vertical-resolution foundation for ecohydrological research in arid riparian zones.

Against this background, this study focuses on the typical surface water-groundwater
interaction zone in the Niya River Basin, an arid inland river in the southern Tarim Basin.
By monitoring groundwater dynamics, soil-water-salt-temperature conditions, and P. aus-
tralis growth-physiological traits along a river-to-desert gradient, the objectives of this
study are: (1) to describe the spatiotemporal variations in groundwater, soil water, salt, and
temperature in the interaction zone; (2) to reveal the response patterns of soil properties and
vegetation under hydrological gradients; and (3) to explore the observed coupling relation-
ships of soil water-salt-heat and their associated characteristics with vegetation growth.
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This study is designed as a site-specific observational gradient analysis rather than a
study intended to derive generalizable patterns across arid regions. The results provide a
scientific basis for ecological conservation, water resource management, and vegetation
restoration in arid inland river surface water-groundwater interaction zones.

2. Materials and Methods
2.1. Study Area

This study was conducted in the Niya River Basin of Minfeng County, Hotan Pre-
fecture, Xinjiang Uygur Autonomous Region (37◦ N–38◦ N, 82◦ E–84◦ E), located on the
southern margin of the Taklamakan Desert at an elevation of approximately 1400 m. This
region has a temperate continental arid climate, with an annual mean precipitation of
approximately 30 mm, an annual mean temperature of 10.5 ◦C, an annual mean wind
speed of 1.2 m s−1, and an annual evaporation of about 2756 mm. Natural vegetation
predominates along the Niya River Basin, and the main vegetation type is common reed
(P. australis), representing the transition from the river to the desert. As shown in Figure 1,
LW3 is the closest to the river, located 25 m from the river on the floodplain; LW2 is located
200 m from the river in the near-river oasis zone; LW1 is located 300 m from the river in the
near-river oasis zone; and LW4 is located 400 m from the river at the edge of the transition
from the near-river oasis zone to the desert.

Figure 1. Location of the study area.

2.2. Sampling and Monitoring

The Niya River is a seasonal river, and the surface water-groundwater interaction
pattern varies across hydrological periods. Surface water recharges groundwater in the
wet season, while groundwater feeds surface water in the dry season. The Niya River
was selected as the study site because it encapsulates the defining hydrogeological char-
acteristics of hyper-arid inland rivers on the southern margin of the Tarim Basin, while
offering distinct advantages for observing surface water-groundwater interactions. Com-
pared with other rivers in the Tarim Basin—such as the Keriya River, Cherchen River,
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or the mainstream Tarim River—the Niya River exhibits a naturally preserved river-to-
desert transect with minimal anthropogenic disturbance (e.g., no large-scale irrigation
diversions or reservoir regulation along the studied reach). This allows for a clearer signal
of climate- and hydrology-driven soil-vegetation responses. Furthermore, the Niya River
features sharp lateral environmental gradients over a short distance (0–400 m from the
river): groundwater depth increases rapidly, soil texture transitions subtly but consistently
(dominated by silt), and vegetation shifts from near-river dense reed stands to desert edge
sparse coverage. Such compressed yet continuous gradients make it possible to capture
coupled water-salt-heat dynamics with a feasible number of monitoring sites. In contrast,
the mainstream Tarim River is heavily influenced by intermittent ecological water trans-
fers and complex irrigation return flows, which obscure natural interaction patterns. The
Keriya and Cherchen Rivers, while also arid, have less pronounced vertical soil profile
homogeneity and experience more sporadic surface flow, reducing the ability to isolate
groundwater-soil-vegetation feedbacks. Therefore, the Niya River serves as an ideal natural
laboratory for investigating spatiotemporal patterns of groundwater, soil water-salt-heat,
and Phragmites australis responses in a typical surface water-groundwater interaction zone
of a hyper-arid inland river system.

In the study area, a typical surface water-groundwater interaction zone exists where
four sampling points (monitoring sites) were established (The technical roadmap is pre-
sented in Figure 2). This study aims to investigate the dynamic changes in soil, water,
and vegetation within such an interaction zone. The area exhibits a pronounced vertical
ecohydrological gradient, primarily governed by the exchange processes between surface
water and groundwater. As illustrated in Figure 3b, the interaction between surface water
and groundwater is persistent and varies over different periods. During this interaction,
soil acts as an intermediate medium through which soil temperature, water content, and
salinity also vary and migrate. Furthermore, vegetation influences the transport of water
and salt, while water and salt migration, in turn, affects vegetation growth, thereby driving
the soil-vegetation response within the interaction zone.

 

Figure 2. Flowchart (This flowchart outlines the complete methodological workflow of the study,
organized horizontally to clearly illustrate the sequential and parallel relationships between different
phases. The process begins with defining the research problem and objectives, followed by study
area selection and the layout of monitoring sites along a river-to-desert transect. A multi-component
field monitoring system was then constructed, including soil sensors, groundwater wells, vegetation
quadrats, and soil sampling, all of which fed into a one-year continuous monitoring campaign. Raw
data were preprocessed to remove noise and ensure reliability, then analyzed through coefficient of
variation, correlation analysis, and visualization to address each research objective. These analyses
enabled the interpretation of groundwater dynamics, soil property variations, vegetation responses,
and water-salt-heat coupling patterns. Finally, the results were discussed in the context of ecohydro-
logical mechanisms, leading to the main conclusions. Each methodological step is logically connected,
ensuring that the workflow directly answers the research questions and achieves the study goals).
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Figure 3. (a) Sensor placement depths at different sites along the soil profile; (b) Conceptual diagram
of water, salt, and temperature interaction patterns among water, soil, and vegetation.

Since early August 2024, four representative sites were selected within 400 m of the
river in the study area, establishing a typical cross-sectional network perpendicular to
the river. Common reed (Phragmites australis) exhibits the highest vegetation coverage
along the Niya River. Therefore, four representative reed growth locations were selected
at different positions along the river-perpendicular transect. Soil moisture monitoring
stations (equipped with soil moisture, temperature, and electrical conductivity sensors)
were installed along soil profiles from 20 cm to 80 cm depth for long-term monitoring
(as shown in Figure 1). These stations continuously collect large volumes of data; thus,
data recorded at 12:00 noon each day were selected for subsequent analysis. During the
installation of the soil moisture monitoring stations, soil moisture at a depth of 40 cm
at site LW3 had already reached saturation; therefore, probes were installed only at the
20 cm and 40 cm depths at this site. For sites LW1, LW2, and LW4, probes were installed
at 20 cm intervals from 20 cm to 80 cm depth (as shown in Figure 3a). To investigate the
influence of soil texture differences on observations at each monitoring site, particle-size
distribution analysis was performed on soil samples collected from different sites. During
sample collection and field investigation, it was found that the soils along the transect in
the study area did not exhibit distinct horizon differentiation, and the overall soil structure
was relatively homogeneous. The field vegetation growth monitoring experiment was
primarily aimed at assessing the growth status of the surface ecosystem.

According to the Technical Specification for Ecological Environment Investigation and
Observation in Nature Reserves (HJ 1311-2023) [31], quadrats were established for typical
surface ecosystem vegetation (reed) in the Niya River Basin to monitor field vegetation
growth and physiological indicators. For the reed quadrats at the four sites, four 1 × 1 m
quadrats were established. A photosynthesis instrument (IN-GH2) was used to conduct
long-term monitoring of vegetation physiological indicators. Fifteen representative plants
were randomly selected within each quadrat to measure vegetation physiological parame-
ters such as photosynthetic rate and respiration rate, and plant height was measured with a
measuring tape. To ensure that the monitoring results were statistically meaningful, differ-
ent plants within the quadrats were selected for repeated measurements. The monitoring
frequency is shown in Table 1. Long-term groundwater observations primarily consisted of
groundwater table monitoring, which was conducted simultaneously with field monitoring
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of vegetation growth indicators. Groundwater table monitoring was mainly obtained by
manual drilling: a hand auger was used to drill vertically downward beside the vegetation
quadrat to observe soil moisture conditions, and the groundwater table was determined
based on the saturated soil state, and its depth was measured with a measuring tape.

Table 1. Table of field vegetation and groundwater monitoring times and frequencies.

Location

Plant Growth Indicators Plant Physiological Indicators Groundwater Table Depths

Plant Height Photosynthetic Rate, Respiratory Rate,
Stomatal Conductance

Monitoring Duration and Number of Samples per Monitoring Session

LW1 August 2024, October 2024, January
2025, March 2025, August 2025

(The number of samples per test is 15)

August 2024, October 2024, January
2025, March 2025, August 2025

(The number of samples per test is 15)

August 2024, October 2024, January
2025, March 2025, August 2025

(The number of samples per test is 1)

LW2
LW3
LW4

2.3. Data Analysis

In this study, Excel was used for preliminary data processing. SPSS v. 26 was employed
to analyze the coefficient of variation (CV) and to perform correlation and regression
analyses of soil temperature, moisture, and electrical conductivity. It should be emphasized
that Pearson correlation and regression only reflect the degree of linear covariation between
variables and cannot be used to infer causal relationships. Normality testing (Shapiro-Wilk),
homoscedasticity testing, and temporal autocorrelation analyses were not conducted in
this study. Therefore, the relevant analyses should be regarded as exploratory data analysis
rather than strict statistical inference. Advanced multivariate analyses such as PCA, RDA,
SEM, and PERMANOVA were not applied, which is a methodological limitation of this
study. Origin 2021, Python 3.11, and Matplotlib 3.8 were used for plotting and visualization.

3. Results
3.1. Changes in Groundwater Level in a Typical Surface Water-Groundwater Interaction Zone

As shown in Figure 4, groundwater depth also varied over time. During the period
from August 2024 to August 2025, it generally exhibited a pattern of initially decreasing
and then increasing. The closer to the river, the shallower the groundwater depth. An
anomaly of −20 cm in groundwater depth occurred in March 2025, which may have been
caused by recharge from atmospheric precipitation.

Figure 4. Changes in groundwater depth at different times (unit: cm).
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3.2. Particle-Size Fractionation Experiment

According to the particle-size analysis results of four representative soil samples
conducted in accordance with GB 50021-2009 [32], all samples were dominated by fine
particles (<0.075 mm, 54.3–95.9%) and classified as silt. The sand fraction (≥0.075 mm)
was low or absent across all sites. Although subtle differences in particle-size distribution
were observed along the transect, all sites exhibited uniformly fine-textured soils with no
major contrast in soil texture type. These modest differences may have some influence
on soil hydraulic properties, but supporting properties, including bulk density, porosity,
organic matter content, hydraulic conductivity, field capacity, or capillary behavior, were
not directly measured in this study.

3.3. Variations in Soil Temperature and Water-Salt Conditions in a Typical Surface
Water-Groundwater Interaction Zone
3.3.1. Variations in Soil Temperature and Water-Salt Conditions Along a Typical Transect
Perpendicular to the River

As shown in Figure 5, from August 2024 to August 2025, soil temperature at different
depths exhibited consistent seasonal fluctuations, with an overall pattern of first decreasing
and then increasing, and the temporal dynamics of soil temperature were significantly
correlated with depth. At the initial stage in August 2024, soil temperatures differed among
depths: the shallow layer (20 cm) had an initial temperature of approximately 22–23 ◦C,
lower than the 27–29 ◦C observed in the middle and deep layers (40, 60, and 80 cm).
Subsequently, until January 2025, soil temperatures at all depths declined continuously. The
20 cm depth exhibited the fastest cooling rate, reaching a minimum of −1.5 ◦C, the lowest
among all depths, whereas the deep layer (80 cm) cooled most gradually, with a minimum
temperature of approximately −0.2 ◦C, significantly higher than that of the shallow layer.
After January 2025, the system entered a warming phase, and the temperature gradually
recovered. The 20 cm depth still showed the fastest warming rate, rising to 21–24 ◦C from
July to August 2025. The middle and deep layers (40 and 60 cm) reached higher levels
of 26–32 ◦C during the same period, while the 80 cm depth warmed most slowly and
remained at 25–28 ◦C. Notably, the amplitude of soil temperature variation decreased with
increasing depth. The 20 cm depth showed the largest annual temperature range, whereas
the 80 cm depth had the smallest range. In addition, although the timing of extreme values
during the cooling and warming phases in deep soil was generally consistent with that
in the shallow layer, a slight lag effect in temperature response was evident. Overall, the
deeper the soil, the stronger the temperature stability. This characteristic is consistent with
the physical properties of soil heat conduction and reflects the more pronounced buffering
effect of deeper soil against changes in ambient temperature.

From August 2024 to August 2025, soil temperature in reed plots at different dis-
tances from the river exhibited pronounced seasonal fluctuations, generally following a
“decrease-then-increase” pattern, and the dynamic characteristics of soil temperature were
closely associated with distance from the river. Among them, LW3, the plot closest to the
river, had a relatively high initial soil temperature (approximately 28–29 ◦C in August
2024). Its cooling phase, extending to January 2025, proceeded at a relatively moderate rate,
with a minimum temperature of about −0.3 ◦C. Thereafter, temperature increased steadily,
remaining at 26–30 ◦C during July–August 2025, with comparatively small annual fluctua-
tions. LW2, which was second closest to the river, had a slightly lower initial temperature
(approximately 27–28 ◦C in August 2024) than LW3, and both its cooling and warming
rates were moderate, with a minimum temperature of about −0.5 ◦C. During July–August
2025, its temperature ranged from 26–32 ◦C, and its fluctuation range was intermediate
between those of LW3 and LW1. LW1, located farther from the river, had the lowest initial

https://doi.org/10.3390/su18136463

https://doi.org/10.3390/su18136463


Sustainability 2026, 18, 6463 9 of 25

temperature (approximately 22–23 ◦C in August 2024) and the fastest cooling rate, with
the minimum temperature reaching −1.5 ◦C in January 2025, the lowest among all plots.
Its warming phase was marked by a pronounced increase, and temperatures recovered to
21–24 ◦C during July–August 2025, showing the largest fluctuation range. LW4, the plot
farthest from the river, had an initial temperature (approximately 28–29 ◦C in August 2024)
similar to that of LW3 and LW2, but its cooling phase was more gradual, with a minimum
temperature of about −0.2 ◦C, the highest among all plots. Its warming phase was also the
mildest, with temperatures maintained at 25–28 ◦C during July–August 2025, resulting in
the smallest fluctuation range. Overall, the closer a plot was to the river, the more moderate
the seasonal fluctuation in soil temperature, the higher the minimum temperature during
the cold period, and the stronger the thermal stability. This phenomenon may be related to
the river’s thermal regulation effect: through moisture evaporation and heat conduction,
the river buffers temperature changes in surrounding soils. As the distance from the river
increases, this buffering effect weakens, making soil temperature more sensitive to climatic
conditions and resulting in larger fluctuations.

Figure 5. Temperature variations at different depths and different monitoring sites.

As shown in Figure 6, dynamic monitoring of soil moisture in representative profiles
at different depths revealed pronounced vertical differentiation and temporal response
characteristics, with a clear association with distance from the river. In the shallow profiles
at 20 cm and 40 cm, LW3, which is closest to the river, consistently maintained soil moisture
above 40%, demonstrating a strong capacity to retain shallow soil water. LW2, which is
second closest to the river, showed a continuous increase in soil moisture at 40 cm depth
from 18% to 40% before stabilizing, with only brief fluctuations at the 20 cm depth in
the early stage. For the more distant LW1 and LW4, shallow soil moisture fluctuated
more markedly during the initial monitoring period (August 2024 to February 2025),
with soil moisture at 20 cm depth in LW1 dropping to a minimum of approximately
5% before rapidly recovering to around 38% after March 2025. In the deeper profiles at
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60 cm and 80 cm, the overall stability of soil moisture improved across all communities.
LW2, which is closer to the river, maintained soil moisture at approximately 40% at both
60 cm and 80 cm depths, with only a temporary decline at 60 cm during January–February
2025. In contrast, soil moisture at 60 cm depth in LW1, which is farther from the river,
dropped rapidly to 22% after June 2025, whereas at 80 cm depth it first decreased and
then increased, eventually recovering to a range of 30–35% in the later stage. Overall,
shallow soil moisture was more sensitive to environmental factors such as precipitation and
evaporation, whereas communities closer to the river exhibited smaller fluctuations and
stronger moisture retention due to more stable groundwater recharge. Deep soil moisture,
by contrast, showed stronger buffering capacity, and the effects of differences among reed
communities on soil moisture displayed differentiated stability patterns with increasing
profile depth and changing distance from the river.

Figure 6. Volume moisture content variations at different depths and different monitoring sites.
(Volumetric water content at monitoring sites LW3, 20 cm and 40 cm soil depths maintains long-term
saturated conditions.).

Dynamic monitoring of electrical conductivity at reed monitoring sites located at 20 cm,
40 cm, 60 cm, and 80 cm in typical profiles was conducted over a complete annual cycle.
As shown in Figure 7, the results indicate that electrical conductivity exhibited pronounced
spatiotemporal differentiation and was closely associated with distance from the river.
At the profile-depth scale, electrical conductivity at all depths showed distinct phase
fluctuation patterns, and these fluctuations were jointly related to profile depth and the
distance of the plants from the river. At 20 cm and 40 cm depths, which included LW1–LW4,
LW3, the closest to the river, maintained the highest electrical conductivity at both depths,
with ranges of 5000–11,000 µS/cm and 4000–16,000 µS/cm, respectively. It showed initial
fluctuations between increases and decreases, mid-stage stability at a relatively high level,
and a gradual decline in the later stage; moreover, the 40 cm samples exhibited several
abrupt peaks during July–August 2025. At 60 cm and 80 cm depths, where LW3 was not
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included, LW2, the second closest to the river, displayed the highest electrical conductivity,
reaching 6000–19,000 µS/cm and 4000–16,700 µS/cm, respectively. This pattern presented
a trend of rapid increase in the early stage, high-level fluctuation in the middle stage,
and declining fluctuations in the later stage, with pronounced anomalously high values
occurring in June or August 2025. In terms of the coupling relationship with distance from
the river, electrical conductivity generally showed a negative correlation with river distance:
from near to far, LW3, LW2, LW1, and LW4 exhibited sequentially decreasing conductivity
levels. Notably, LW1, located in the middle section perpendicular to the river, did not
exhibit the lowest electrical conductivity at all monitored depths. Its conductivity values
were concentrated within the range of 1000–2700 µS/cm, and the fluctuation amplitude was
distinctly weaker compared with the other sampling points. By contrast, LW4, which was
also among the farthest sites from the river, consistently had conductivity values between
those of LW1 and LW2, showing a trend of continuous increase in the early stage, stability
in the middle stage, and fluctuating decline in the later stage at all depths, remaining
within a relatively stable range during July–August 2025. In terms of temporal dynamics,
electrical conductivity at all reed sites exhibited a consistent seasonal pattern: an upward
trend from August to December 2024, predominantly high-level stability from January to
March 2025, and a gradual fluctuating decline after March–April 2025, with slight recovery
observed at some sites in the later stage. These findings suggest that the spatiotemporal
differentiation of reed electrical conductivity results from the combined effects of profile
depth and distance from the river. This differentiation reflects heterogeneous responses of
reeds at different positions to environmental factors such as soil moisture and salt transport,
and differences in water and salt supply associated with river proximity may be the key
driver of electrical conductivity differentiation.

Figure 7. Electrical Conductivity variations at different depths and different monitoring sites.
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3.3.2. Changes in Soil, Water, and Salinity Across Different Hydrological Periods

As shown in Figure 8, over the course of the year, the variation trends of the water-
salinity CV (coefficient of variation) were similar at each site, and the CV of VWC (volu-
metric moisture content) was consistently lower than that of EC (electrical conductivity);
however, the water-salinity CV trends differed among sites. Because the soil moisture at
LW3 remained saturated throughout the year, its CV was constantly zero, whereas the CV
of EC increased with increasing soil depth. For LW2, both VWC and EC initially increased
and then decreased with increasing soil depth; after 60 cm, they declined, with a reduction
of approximately 20–30, indicating a relatively large magnitude of change. For LW1, the
CVs of both VWC and EC decreased sharply with increasing soil depth, decreasing by
about 30 at the 40 cm depth, then gradually increasing thereafter. For LW4, the CVs of both
VWC and EC gradually decreased with increasing soil depth, with an overall decline of
about 50.

Figure 8. Annual Variation in the CV of Soil VWC and EC at Different Positions Perpendicular to
the River.

As shown in Figure 9, the patterns of variation in soil VWC and EC perpendicular to
the river differed across hydrological periods. As distance increased, during the wet season,
the CV of soil VWC at the same depth showed an increasing trend, whereas the CV of EC
first increased and then decreased. For LW2, VWC and EC differed markedly at the same
depth; for LW3, VWC and EC exhibited opposite trends with increasing depth; and for
LW4, VWC and EC showed the same trend with increasing depth. During the dry season,
however, the trends in EC and VWC were broadly similar. For LW2, as depth increased,
EC and VWC first increased and then decreased at 60 cm, with a variation range of 10–20.
For LW1, as depth increased, EC and VWC first decreased and then gradually declined at
40 cm, with the largest variation range of up to 40 between 20 and 40 cm. For LW4, the CV
gradually decreased with increasing depth, with a reduction range of 40–50.

As shown in Figure 10, differences in air temperature in the same month across
different years may be associated with higher photosynthetic rates. LW1 exhibited the
greatest fluctuations in photosynthetic and respiratory rates, and its values were higher
than those of the other three sites during most periods. From August 2024 to August
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2025, the photosynthetic rate and plant height of the four reed individuals in the typical
profiles showed different trends. LW1 showed the most pronounced growth performance:
its photosynthetic rate continued to rise after January 2025, reaching peak values of 20.25
and 37.38 in March and August, respectively. This strong photosynthetic capacity also
supported its consistently leading height growth, with plant height remaining above 200 cm
throughout the year, indicating vigorous growth. The photosynthetic rate of LW3 remained
at a relatively high level of 16–17 during the early period (August–October 2024) but
declined markedly in winter (January–March 2025), reaching a minimum of only 2.01,
before increasing again to 9.36 in August. This fluctuation was also reflected in its plant
height and growth cycle: after slow growth in the early period, growth slowed in winter,
and plant height stabilized at 104 cm in August. LW2 had a moderate photosynthetic
rate in the early period, but it briefly dropped to 0 in March 2025 before recovering to
11.83 in August. Correspondingly, its plant height increased steadily in the early period
and eventually stabilized at 134.6 cm. LW4 exhibited the weakest overall photosynthetic
performance, reaching only 10.87 in August 2024 before declining continuously, dropping
to 0 in March 2025, and recovering only to 3.18 in August. This directly resulted in the
lowest plant height throughout the year, which eventually remained around 100 cm.

Figure 9. Changes in the CV of Soil VWC and EC at Different Positions Perpendicular to the River
During Different Periods (Wet and Dry Seasons).

From August 2024 to August 2025, fluctuations in the respiration rate of reeds at
different locations showed a clear association with plant height growth. The respiration
rate of LW2 increased rapidly in March 2025, reaching a peak of 30.08. At this stage, its
plant height was also at a relatively high level after steady growth, indicating that active
respiratory metabolism provided energy support for growth; by August, the respiration
rate had declined. The respiration rate of LW3 remained at a low level in the early period,
rising only briefly to 5.75 in March 2025 before quickly declining again, while plant height
remained stable at 103–106 cm throughout the year. LW1 reached a small peak of 1.52 in
October 2024 before declining, dropped to 0 in March 2025, and remained at an extremely
low level in August; however, its plant height consistently remained above 200 cm, the
highest among all sites. The respiration rate of LW4 gradually increased after January 2025,
peaking at 7.80 in March, but its overall metabolic intensity remained low, consistent with
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its lowest plant height throughout the year, suggesting that limited respiratory capacity
was insufficient to support vigorous growth demands.

Figure 10. Changes in plant physiology and growth indicators.

From August 2024 to August 2025, fluctuations in stomatal conductance in the four
reed strains showed a pronounced association with plant height growth. The stomatal
conductance of LW1 remained at a relatively high level of around 1.19 from October
2024 to January 2025, ensuring active gas exchange, which was also associated with its
consistently leading plant height, remaining above 200 cm throughout the year. Although
stomatal conductance declined slightly later, plant height remained stable, indicating that
the photosynthetic products accumulated in the early period were sufficient to sustain
growth. The stomatal conductance of LW2 reached a peak of 1.19 in October 2024 and
then gradually declined, reaching a low of 0.85 in March 2025; this fluctuation was also
reflected in its plant height, which increased steadily in the early period and eventually
stabilized at 134.6 cm. LW3 had an extremely low stomatal conductance of 0.05 in August
2024, but it then rose rapidly to above 1.05 and remained stable, while plant height stayed at
103–106 cm throughout the year, demonstrating the growth-promoting effect of increased
stomatal conductance. LW4 maintained a relatively high stomatal conductance of 1.09–1.19
after October 2024, yet its plant height remained the lowest, indicating that although it
could maintain stable gas exchange, it may have been constrained by other metabolic
processes and thus failed to translate this advantage into more vigorous growth.

3.3.3. Interaction Between the Ecotone and Soil Water-Salt-Temperature Dynamics

As shown in Figure 11, soil temperature (TEMP) at different depths in the LW2 area
exhibited a very strong positive correlation (r > 0.96). It reflects consistent vertical variation
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trends and synchronized fluctuation characteristics of soil temperature across soil layers.
Vertical correlation of soil electrical conductivity (EC) displayed obvious stratified features.
The correlation coefficient reached 0.88 between 20 cm and 40 cm depths, and 0.87 between
60 cm and 80 cm depths, revealing high synchronous variation in EC within the top layer
(20–40 cm) and the deep layer (60–80 cm). The correlation values between the top and deep
layers ranged from 0.64 to 0.67, which demonstrated continuous variation along vertical
profiles and notable stratification differences. At identical depths, EC and soil volumetric
water content (VWC) showed a significant positive correlation, with coefficients of 0.67 at
20 cm, 0.71 at 40 cm, 0.56 at 60 cm, and 0.16 at 80 cm. Relatively close covariation existed
between EC and VWC in the 20–60 cm soil layer, while the correlation degree dropped
sharply at 80 cm depth. The correlation between EC and TEMP varied distinctly with soil
depth. Negative correlations were observed at 20 cm and 40 cm with coefficients of −0.35
and −0.20, and weak positive correlations occurred at 60 cm and 80 cm with coefficients
of 0.39 and 0.27, presenting varied correlation states along vertical soil profiles. Soil water
content also showed stratified vertical correlation. Correlation coefficients among the
20–60 cm layers ranged from 0.80 to 0.88, reflecting highly synchronized moisture variation
in the top and middle soil layers. By comparison, the correlation values between the
80 cm depth and other layers were only 0.16–0.44, meaning deep soil moisture varied
relatively independently and had a weak linkage with upper soil moisture. VWC and
TEMP maintained a significant negative correlation, with respective coefficients of −0.38
(20 cm), −0.46 (40 cm), −0.23 (60 cm), and −0.13 (80 cm). Soil moisture in the 20–40 cm
layer had the closest covariation with temperature fluctuation.

Figure 11. Heatmap of the correlations among soil moisture, temperature, and salinity across different
soil layers at the LW2 location.

As shown in Figure 12, soil temperatures (TEMP) at different depths in the LW1
area exhibited extremely strong positive correlations (r > 0.96), which reflected consistent
vertical variation trends and synchronized temporal fluctuations of soil temperature across
layers. Vertical correlations of soil electrical conductivity (EC) presented obvious stratified
traits. The correlation coefficient between EC at 60 cm and 80 cm reached 0.89, showing
strong synchronous variation in EC across deep soil layers. By comparison, EC values at
20 cm and 40 cm showed weak correlation with those at 60–80 cm, with coefficients ranging
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from −0.05 to 0.23, which demonstrated notable vertical differentiation. EC in the 60–80 cm
layers showed strong positive covariation with volumetric water content (VWC) and TEMP
at corresponding depths. Specifically, EC at 80 cm had correlation coefficients of 0.92 and
0.72 with local VWC and TEMP, respectively, revealing close concurrent variation among
these three indicators in deep soil. VWC at 40 cm displayed contrasting correlations with
deeper soil moisture. The coefficient was 0.60 between 40 cm and 60 cm VWC, while it was
−0.89 between 40 cm and 80 cm VWC, suggesting evident stratification of soil moisture
around the 40 cm layer. Correlations between VWC and TEMP differed greatly along
the vertical profile. VWC at 40 cm showed a strong negative correlation with TEMP at
all depths, with coefficients from −0.71 to −0.80. In contrast, VWC at 80 cm showed a
strong positive correlation with TEMP across depths, ranging from 0.80 to 0.88, presenting
divergent concurrent variation characteristics of middle and deep soil moisture against
temperature changes. VWC at 40 cm showed a strong negative correlation with deep-layer
EC (r = −0.80), while deep VWC shared prominent positive covariation with local EC, with
the coefficient reaching 0.92 at 80 cm. Such phenomena reflect distinct vertical matching
relationships between soil moisture and salt distribution. TEMP was positively correlated
with deep EC and VWC, and negatively correlated with VWC at 40 cm.

Figure 12. Heatmap of the correlations among soil moisture, temperature, and salinity across different
soil layers at the LW1 location.

As shown in Figure 13, soil temperature (TEMP) across different depths in the LW4
area exhibited extremely strong positive correlations (r > 0.98), reflecting consistent vari-
ation trends and synchronized fluctuations along the vertical soil profile. EC values at
40 cm, 60 cm, and 80 cm showed correlation coefficients ranging from 0.90 to 0.91, indi-
cating high synchronous variation in electrical conductivity in the middle and deep soil
layers. EC at 20 cm showed correlation coefficients of 0.45 to 0.68 with middle and deep
layers, revealing partial continuity alongside obvious vertical stratification characteristics.
At identical depths, EC displayed prominent positive covariation with volumetric water
content (VWC), with coefficients recorded as 0.95, 0.96, 0.83, and 0.82 at 20 cm, 40 cm,
60 cm, and 80 cm, respectively. The closest concurrent variation between water and salt
occurred at depths of 20–40 cm, and the association maintained a relatively high level in
deeper soil. The association between EC and TEMP varied by depth, with corresponding
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coefficients of 0.22, −0.38, −0.64, and −0.52 at the four layers. The negative correlation
strength gradually increased as soil depth increased, presenting differentiated correla-
tion patterns at different vertical positions. VWC at 40 cm, 60 cm, and 80 cm shared
strong synchronous variation, with correlation coefficients between 0.85 and 0.90. Moisture
at 20 cm had a relatively weak linkage with middle- and deep-soil water, with coeffi-
cients ranging from 0.41 to 0.57. Close covariation between VWC and EC dominated the
20–40 cm layer, and the correlation stayed high in deeper strata, suggesting strong overall
water-salt co-variation in this zone. VWC correlated negatively with TEMP at all depths,
with coefficients of 0.37, −0.30, −0.50, and −0.47, respectively. The negative association
intensified with increasing depth, following a similar variation tendency to that observed
between EC and temperature. TEMP maintained nearly perfect synchronous changes
throughout vertical layers, with correlation coefficients over 0.98, and many values close to
1.00, and no evident stratification was observed. Correlation patterns of TEMP with EC and
VWC presented clear vertical gradient differences, showing a weak positive association in
topsoil and a remarkable negative covariation in middle and deep layers, and the negative
correlation became more distinct at greater depths.

Figure 13. Heatmap of the correlations among soil moisture, temperature, and salinity across different
soil layers at the LW4 location.

4. Discussion
This study is designed as a gradient-based observational case study focused on the

specific hydro-ecological conditions of the Niya River riparian zone. It aims to characterize
the spatiotemporal patterns of groundwater, soil water-salt-heat dynamics, and vegetation
responses along a river-to-desert gradient. The results presented here reflect the unique
climatic, soil, and hydrological settings of this hyper-arid inland river basin. Accordingly,
this work does not attempt to provide universally generalizable patterns for surface water-
groundwater interaction zones across all arid regions. Instead, it offers detailed, site-specific
evidence to support the understanding of local ecohydrological processes.

4.1. Water and Salt Migration Patterns in the Interacting Zone of Arid Areas

Soil electrical conductivity (EC) at all sites showed notable seasonal fluctuations and
spatial heterogeneity, with synchronous changes observed around November (Figure 14).

https://doi.org/10.3390/su18136463

https://doi.org/10.3390/su18136463


Sustainability 2026, 18, 6463 18 of 25

At LW2, EC at different depths exhibited minor peaks in early November, whereas peaks at
LW1 were delayed. This phenomenon coincided with evaporation-related conditions; as
soil depth increased, the influence associated with evaporation gradually weakened [33].
Surface soil was more exposed to near-surface environmental influences, while deeper
soil was less disturbed. During periods of groundwater-river interaction, salts displayed
vertical movement tendencies, and deep-layer EC often reached high values in advance.
These observations are consistent with a descriptive pattern of “surface and deep-layer
accumulation” of salts in arid interaction zones.

Figure 14. Soil Salinity Response Diagrams at Different Locations.

In January, surface soil EC at LW3 and LW4 decreased noticeably, which coincided with
field-observed precipitation and snowmelt inputs during this period. Dilution associated
with seasonal water input coincided with reduced surface salinity, reflecting a synchronous
response between short-term hydrological events and surface salinity. However, continuous
quantitative data on precipitation, snowmelt, temperature, and evapotranspiration were
unavailable, so the relative contributions of these factors could not be distinguished.

The dynamic changes in soil volumetric water content (VWC) were closely coupled
with temperature and salt migration [34]. LW3, close to the river, maintained high soil
moisture throughout the year with low variability (Figure 15). In January, VWC and EC at
LW1 and LW4 declined simultaneously, coinciding with the period when soil temperature
fell below 0 ◦C. The reduction in liquid water coincided with downward movement of water
and salts in the profile, leading to synchronous decreases in surface VWC and EC. This
pattern coincides with the typical freeze-thaw-related water-salt movement observed in cold
arid regions but remains an interpretive inference rather than a directly verified pattern.
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Figure 15. Soil Moisture Response Diagrams at Different Locations. (Volumetric water content at
monitoring sites LW3, 20 cm and 40 cm soil depths maintains long-term saturated conditions.).

4.2. Water and Salt Migration Patterns in the Interacting Zone of Arid Areas

Vegetation growth conditions coincided with combined soil water, salinity, and en-
vironmental conditions. Reed height at LW1 was higher than at other sites, and plant
height generally increased with distance from the river. This pattern does not support a
simple “more water = better growth” relationship. At sites near the river (LW3, LW2), soil
moisture was high, but EC values were also elevated, and these conditions coincided with
relatively weak vegetation growth. With increasing distance from the river, lower EC and
moderate moisture coincided with more vigorous reed growth. These observations suggest
that vegetation performance coincided with a combined water-salt condition rather than a
single factor [35–37].

Soil temperature at all sites showed strong seasonal synchrony, and stability increased
with depth. Sites closer to the river exhibited smaller temperature fluctuations and higher
minimum temperatures during cold periods. These thermal patterns coincided with river
proximity and may relate to heat-related processes associated with high soil moisture and
water bodies [38,39]. However, direct verification of the “thermal buffering effect” was not
conducted, and this remains an interpretive statement.

Vertical coupling patterns among temperature, moisture, and salinity differed among
sites. At LW4, temperature was negatively related to EC and VWC in deeper layers. At LW1,
temperature was positively related to deep-layer EC. These different covariation patterns
coincided with contrasting vegetation growth status among sites, but causal relationships
were not established.
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4.3. Interaction Characteristics and Patterns Among Soil Water, Salinity, and Temperature in the
Interacting Zone
4.3.1. Spatial Differentiation of Water-Salt-Heat Coupling Driven by Soil Texture Variability

Water-Salt-Heat coupling patterns from near-river to far-river sites coincided with
differences in groundwater conditions, soil particle composition, and environmental dis-
turbance. At LW2, groundwater was shallow. Soil temperatures at different depths
were highly vertically synchronized, indicating efficient heat transfer. These character-
istics coincided with previous observations that finer soil particles correspond to higher
thermal conductivity [40].

Vertical EC structure at LW2 showed stratified synchronization: high correlation
within upper layers and within deep layers, and lower correlation between upper and deep
layers. This stratification coincided with vertical moisture movement patterns and may be
related to root-related water use processes, but it lacks direct root observation evidence [41].
The zero content of coarse and medium sand (Table 2) indicates a fine pore-dominated
structure (silt and very fine sand). This texture typically results in low saturated hydraulic
conductivity (due to increased flow resistance) and strong capillary rise (due to high specific
surface area). Consequently, water and salt movement along the transect was governed
by capillary rather than gravitational flow. This explains the persistently high moisture at
LW3 and the elevated surface electrical conductivity at near-river sites, as upward capillary
transport during evaporation exceeds downward leaching. The absence of coarse sand
also reduces deep percolation, reinforcing the observed water-salt accumulation patterns in
shallow soils near the river.

Table 2. Table of soil particle-size fractionation results.

No.
Particle Composition Percentage Soil Classification

Analysis
Gravel Coarse Sand Medium Sand Fine Sand Silt + Clay
>2 mm 0.5–2 mm 0.25–0.5 mm 0.075–0.25 mm <0.075 GB 50021-2009

LW1 0.0 0.0 0.0 18.3 81.7 Silt
LW2 0.0 0.0 0.0 22.0 78.0 Silt
LW3 0.0 0.0 0.0 32.8 67.2 Silt
LW4 0.0 0.0 0.0 45.7 54.3 Silt

4.3.2. Water-Salt Redistribution and Temperature-Related Patterns During the
Freeze-Thaw Process

Synchronous declines in surface VWC and EC at LW1 and LW4 in winter coincided
with seasonal freezing periods. During periods when surface soil was frozen, liquid
water content decreased, and water and salt displayed concurrent downward movement
tendencies. This pattern coincides with widely reported freeze-thaw water-salt behaviors
in seasonally frozen regions [42,43], but remains an interpretive inference.

Soil texture differences among sites coincided with different coupling strengths of
water-salt-heat. LW4 had a higher proportion of fine sand and showed relatively strong
coupling in deep layers. These vertical stratification patterns coincided with textural
effects on permeability and moisture-holding capacity, but without measured hydraulic
conductivity, capillary rise, or porosity, interpretive power is limited [40].

4.3.3. Biological Correlations of Vertical Water-Salt Distribution Through Root-Soil Interactions

Reed growth performance coincided with vertical water-salt distribution. At LW1,
where vegetation was most vigorous, the middle soil layer (20–40 cm) coincided with weak-
ened vertical EC correlation. This pattern may be related to root water uptake processes,
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but root distribution and activity were not directly measured. Thus, biological regulation
remains a plausible hypothesis rather than a confirmed pattern [41].

Deep soil (60–80 cm) at most sites exhibited high synchronization among EC, VWC,
and TEMP, which coincided with stable environmental conditions and uniform texture. The
sharp reduction in correlation between EC and VWC at 80 cm in some profiles coincided
with relatively stable deep moisture and slow movement, which may limit salt leaching
and transport.

4.3.4. Vertical Differentiation Characteristics of Temperature-Water-Salt Coupling

Temperature-EC relationships differed vertically: negative in upper layers and weakly
positive in deep layers. These patterns coincided with vertical differences in evaporation
intensity and groundwater influence. Upper layers were more affected by near-surface
heat and evaporation, while deep layers were more stable and less disturbed. These are
interpretive summaries of covariation patterns, not verified driving patterns.

4.4. Global Implications of Water-Salt-Heat Dynamics and Comparison with Regional and
Global Basins

The water-salt-heat coupling patterns and vegetation response thresholds observed in
this study can be compared with global basins to contextualize regional characteristics. In
the Amazon Basin, shallow groundwater (<2 m) coincides with reduced forest productiv-
ity, while 2–4 m coincides with favorable growth [19]. In our study, excessively shallow
groundwater near the river (<1.5 m) coincided with high salinity and weak vegetation
growth, while moderate depths (2–3 m) coincided with optimal performance. This consis-
tency suggests that 2–4 m may represent a broadly favorable groundwater depth range for
riparian vegetation across different climate zones [21,22].

Major differences arise from salinity and evaporative demand. Unlike the humid
Amazon, the Niya River Basin is characterized by strong evaporation and salt accumulation.
Vegetation performance coincided with water-salt balance rather than water alone. This
pattern is consistent with observations from other arid basins in Central Asia, where
salinity gradients strongly coincide with vegetation distribution [16,19]. These comparisons
highlight that in hyper-arid endorheic basins, water-salt-heat covariation replaces single
hydrological factors as a key descriptor of ecological conditions.

Freeze-Thaw Salinity Migration in Cold Arid and Permafrost Regions

The observed freeze-thaw-related water-salt movement coincides with patterns re-
ported in seasonally frozen regions of the Qinghai-Tibet Plateau and Central Asia, where
freezing coincides with downward water and salt movement [40,42]. However, the Niya
River area is not underlain by permafrost, and vertical flow is less restricted. The silt-
dominated soil and continuous groundwater recharge coincide with nearly complete
seasonal resetting of salinity profiles. This fills a descriptive gap between permafrost and
non-permafrost cold desert hydrology, but does not establish a new general pattern.

4.5. Comparison with Global Basins: Water-Salt-Heat Thresholds and Vegetation Responses

Our findings reveal several quantitative thresholds that can be compared with those
reported from other major river basins worldwide. Specifically, we observed that P. australis
achieved optimal growth (height >200 cm, highest photosynthetic rates) at groundwater
depths of approximately 2–3 m (LW1), while excessively shallow groundwater (<1.5 m
at LW3) combined with high salinity (EC up to 16,000 µS cm−1) coincided with reduced
growth (height ~104 cm). This pattern is broadly consistent with the Amazonian forests
studied by Sousa et al. [22], who found that water table depths <2 m reduced forest biomass
productivity due to hypoxic stress, whereas depths of 2–4 m supported favorable growth.
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Thus, a moderate groundwater depth range of 2–4 m appears to be a favorable condition
across biomes for riparian vegetation, from hyper-humid tropics to hyper-arid deserts.

However, a major discrepancy emerges when salinity is considered. In the Amazon,
where precipitation greatly exceeds evapotranspiration, salt accumulation is negligible,
and vegetation response is primarily governed by oxygen availability and root anchorage.
In contrast, our study site in the Tarim Basin experiences extreme evaporative demand
(potential evapotranspiration ~2756 mm vs. precipitation ~30 mm). Under such conditions,
salinity becomes a co-dominant driver that can override the positive effect of shallow
groundwater. For example, LW3 had the shallowest groundwater and highest soil moisture
but exhibited poor vegetation performance due to severe salt stress. This water-salt antag-
onism is rarely reported in humid basins but aligns with findings from other arid inland
basins in Central Asia, such as the Heihe River and the Tarim River mainstream, where
salinity gradients strongly correlate with vegetation distribution [18,20].

Regarding soil thermal regimes, our observed vertical damping of temperature fluctu-
ations (20 cm amplitude: −1.5 ◦C to 24 ◦C; 80 cm amplitude: −0.2 ◦C to 28 ◦C) is typical
of unsaturated zones globally. However, the river-proximity effect on thermal stability
(smaller fluctuations near rivers) has been quantified in only a few arid-zone studies.
This buffering capacity, likely linked to high soil moisture and latent heat exchange, is
comparable to observations in large tropical rivers (e.g., the Amazon), but its ecological
significance is amplified in cold deserts where freeze-thaw cycles affect root survival and
salt redistribution.

Finally, the freeze-thaw-driven downward migration of water and salt observed in
winter (surface EC and VWC synchronous decline at LW1 and LW4) is consistent with
seasonal freezing patterns documented in the Qinghai-Tibet Plateau and Central Asian
permafrost-affected regions [40,43]. Unlike permafrost sites, however, the Niya River
transect lacks persistent frozen ground, allowing near-complete seasonal resetting of the
salinity profile during the following warm season. This highlights a distinct hydrologic
behavior of non-permafrost cold arid interaction zones, which remains underrepresented
in global comparisons.

In summary, our study confirms that a groundwater depth of 2–4 m is favorable
for riparian vegetation across contrasting climates, but in hyper-arid endorheic basins,
water-salt-heat co-variation replaces single-factor hydrological control. This dual constraint
(water availability and salinity) should be incorporated into ecohydrological models and
groundwater management strategies for dryland regions worldwide.

4.6. Limitations of the Study

Several limitations should be acknowledged. First, the one-year monitoring period
(August 2024–August 2025) may not capture inter-annual climatic variability, which could
affect long-term soil and vegetation stability. Second, the absence of continuous groundwa-
ter chemical data prevents direct linkage between solute sources and surface soil salinity, as
well as quantification of geochemical processes. Third, only one transect perpendicular to
the river was established; multiple transects would be needed to strengthen spatial general-
ization. Additionally, we did not apply isotopic tracing to separate physical hydrological
processes from biological root uptake. These limitations provide clear directions for future
research involving multi-year monitoring, groundwater geochemistry, replicated transects,
and isotope-based partitioning.

5. Conclusions
(1) In the surface water-groundwater interaction zone of the Niya River Basin, ground-

water level, soil water, salinity, and temperature all exhibited pronounced spatiotemporal
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heterogeneity. Groundwater depth increased with distance from the river and showed
an overall “decrease-then-increase” trend from August 2024 to August 2025. The anoma-
lously shallow groundwater depth observed in March 2025 coincided with field-observed
atmospheric precipitation recharge. Soil temperature stability increased with depth, and
seasonal fluctuations were milder at sites closer to the river. Soil moisture fluctuations
decreased with increasing depth, and deep layers generally remained relatively stable. Soil
salinity was negatively correlated with distance from the river, with greater variability in
surface layers than in deep layers. The coefficients of variation (CV) of soil moisture and
salinity also differed noticeably between wet and dry seasons.

(2) Vegetation growth in the arid interaction zone was not related to water availability
alone. Reed growth corresponded to combined conditions of soil moisture, salinity, and
aeration. Sites farther from the river with more balanced moisture-salinity conditions and
better aeration corresponded to more favorable reed growth performance.

(3) Soil moisture, salinity, and temperature showed distinct spatial differences in
their correlation structures. At LW4, deep layers (40–80 cm) exhibited strong coupling
between salinity and moisture; shallow layers showed negative temperature correlations,
while deep layers showed positive correlations. At LW1, deep moisture and salinity
were closely correlated, and temperature was positively related to deep salinity. At LW2,
shallow moisture and salinity were highly consistent and positively correlated overall. Soil
temperature at all sites showed extremely strong vertical positive correlations, indicating
highly synchronized vertical temperature dynamics.

(4) Ecological patterns in the arid surface water-groundwater interaction zone are
characterized by coordinated changes involving groundwater, soil water, salt, heat, and
vegetation. Vegetation responses to soil and water conditions show clear spatial hetero-
geneity that corresponds to multiple environmental gradients. These findings provide a
site-specific observational basis for understanding riparian ecohydrological patterns in
hyper-arid inland rivers.
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