
Citation: Yang, J.; Zhang, X.; Song,

D.; Wang, Y.; Tian, J. Interspecific

Integration of Chemical Traits in

Desert Plant Leaves with Variations

in Soil Water and Salinity Habitats.

Forests 2023, 14, 1963. https://

doi.org/10.3390/f14101963

Academic Editor: Marta Pardos

Received: 4 August 2023

Revised: 17 September 2023

Accepted: 21 September 2023

Published: 28 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Interspecific Integration of Chemical Traits in Desert Plant
Leaves with Variations in Soil Water and Salinity Habitats
Jifen Yang 1,2,3, Xueni Zhang 1,2,3,*, Danhong Song 1,2,3, Yongchang Wang 1,2,3 and Jingye Tian 1,2,3

1 College of Ecology and Environment, Xinjiang University, Urumqi 830017, China; yangjf005@163.com (J.Y.);
sdh09290530@163.com (D.S.); wangyc526@163.com (Y.W.); jytian859@163.com (J.T.)

2 Key Laboratory of Oasis Ecology of Education Ministry, Urumqi 830017, China
3 Xinjiang Jinghe Observation and Research Station of Temperate Desert Ecosystem Ministry of Education,

Urumqi 830017, China
* Correspondence: xnzhang@xju.edu.cn

Abstract: Understanding the relationship between soil environmental conditions and the interspecific
integration of plant traits might shed light on how plants adapt to their environment. In order
to clarify the adaptation strategies of desert plants in the various habitats, this study calculated
interspecific trait integration (ITI) and plant trait networks (PTN) by selecting plants from high water-
salinity habitat (HSM) with salt stress and low water-salinity habitat (LSM) with drought stress in the
Ebinur Lake region. Eight different phytochemical traits were taken into consideration, including
carbon (C), nitrogen (N), phosphorus (P), sulfur (S), potassium (K), calcium (Ca), sodium (Na), and
magnesium (Mg). Six soil factors were chosen, including soil pH, water content (SVWC), electrical
conductivity (EC), soil nitrogen (N), phosphorus (P), and potassium (K). The results obtained are
shown below: (1) the relationship between plant leaf chemical traits was closer in HSM than in LSM,
and the correlation between C and other leaf chemical traits was significant in HSM and insignificant
in LSM; (2) the correlations between soil factors and ITI were not statistically significant; however, in
both soil water-salinity habitats, the strength of fit between SVWC and ITI was the greatest, while
the strength of fit between EC and ITI was the smallest; and (3) according to the PTN, C and Ca are
the two most central traits for the growth of desert leaf chemical plants in Ebinur Lake, which is
consistent with the results of the PCA. Coordination of plant leaf traits along water-salinity gradients
involves many different combinations of traits, and the use of ITI and PTN can quantify the complex
relationships between multiple traits to a greater extent, highlighting the multivariate mechanisms of
plant response and adaptation to soil habitats. This information will help expand and optimize our
ability to observe and predict desert plant responses to habitat change, providing powerful insights
for assessing desert plant survival strategies.

Keywords: plant leaf chemical traits; interspecific trait integration; soil water and salinity habitats;
plant trait network; desert plant

1. Introduction

Functional traits are measurable attributes of individual plants that determine how
they acquire and compete for resources and tolerate stressful conditions [1,2]. Ecology
has long faced challenges in comprehending the functional connections between plant
communities and their environments [3]. To investigate the relationship between traits
and the environment, community ecologists have mostly concentrated on the mean and
variance of traits at the species level [4]. Interspecific trait integration has not received
as much attention along local environmental gradients as trait mean values and other
metrics of functional diversity have [5]. The idea of trait integration stems from the
discovery that an individual’s or a species’ traits can vary in a coordinated way, favoring
some functions over others [6,7]. For instance, species adapted to severe conditions may
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prioritize resource acquisition functions over resource conservation activities, whereas
species adapted to softer habitats may follow the reverse strategy [8,9]. Understanding how
species’ multidimensional functional niches along environmental gradients, limitations,
and changes in resource supply affect plant adaptation patterns and community structure
requires research on trait integration. It also reveals ecological processes or key drivers of
community assembly [2,10].

Trait integration indicates how multiple traits differ from one another [11], providing
useful insights into the functional tradeoffs underlying biodiversity patterns [8]. On a
local or small scale, topographic and soil factors determine the distribution of traits [12].
Delhaye et al. proposed that the increase in trait integration with soil metal toxicity
in plant communities supports the idea that highly constraining environments select
increasingly coordinated sets of functional traits, possibly driving the decrease in species
richness [2]. According to this, abiotic gradients may have a direct or indirect impact on
species richness [13], and trait integration and how it responds to the environment may
not only reflect a plant’s strategy for adaptation but also have an impact on changes in
the variety of a community. Gianoli and Palacio-Lopez came to the conclusion that, in
some situations, flexibility and integration could be additional coping mechanisms for
stress [14]. Some academics think that a trait’s plasticity may vary depending on how
well it integrates in various situations [15]. In other words, integration qualities have
more similar plasticity than non-integration traits, and their similarity in plastic responses
predicts their integration in the environment [16]. The leaves are the primary site of
photosynthesis and a vital organ for plants to keep the hydrological system in balance.
They are quite plastic and sensitive to environmental changes [12]. Multiple components of
plant fitness help mechanically determine the environmental distribution of the species.
They are therefore often used to explore plant adaptation strategies to the environment.
The correlation and integration between attributes may indicate the adaptation methods
of plants in arid settings, according to Yang et al.’s study of leaf traits in typical small
tree and shrub plants in arid regions of northwest China [17]. Over the course of their
long-term evolutionary history, these dominant species have gradually evolved a number
of unique morphological and physiological adaptation traits in response to droughts [18].
Through the trait integration approach, we can understand how the interrelationships
between multiple traits change [11]. Trait integration can be greatly changed by changing
the external environment [6]. In order to better understand the community trait space
and the ecological processes that shape it, trait integration analysis is a complementary
method [2].

It is still challenging to effectively describe and integrate diverse social structures and
predict ecosystem-level responses to environmental disturbance using trait assessments
at the individual level [19]. Recently, some scholars have studied the interdependence
between network analyses and traits by constructing plant trait networks to quantify
their parameters. Using network analyses, they can visualize and quantify trait integra-
tion [7,20,21]. Burton et al. found a small clustering of a priori trait characteristics when
employing network analyses to explore trait integration and functional differences within
coexisting species of plants [22]. Biogeochemical cycles in desert ecosystems are often
slower than those in forest and aquatic ecosystems, which leads to arid soils and poor net
primary productivity [23]. Gao et al. improved our comprehension of how vulnerable arid
ecosystems are to environmental change by building functional trait networks that included
leaf, root, and component biomass in desert ecosystems in China. These networks revealed
the complex relationships between the three and the key traits of the ecosystem [24]. Desert
plants are a type of zonal vegetation that thrives in arid regions and has special functional
characteristics. The building of desert plants’ communities is significantly influenced by
the trade-off relationship between their functional traits and adversity strategies [25]. In
order to compare phenotype-based tactics among different species, Westoby recommended
the use of trait-based dimensions. A collection of associated traits known as the trait
dimension reflects the limitations and trade-offs that make up the plant phenotype [26].
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The “leaf economic spectrum (Leaf economics spectrum, LES)”—a well-known relation-
ship among an established group of leaf economic features such as specific leaf area, leaf
nitrogen concentration, leaf longevity, and net photosynthesis—is a prime example [27].
The leaf economic spectrum arranges plants on a specific axis, and one end represents a
fast investment-return strategy larger than the leaf surface, higher leaf nitrogen content,
faster photosynthetic and respiratory rate, and short leaf life, while the other end represents
a slow investment-return strategy opposite to the above characteristics [28]. However,
individual plant traits are usually combined into multiple functional systems for growth
and adaptation to stressful environments. Recent studies have proposed how the leaf eco-
nomic spectrum, which simplifies the relationship between traits, blurs the overall pattern
of plant adaptation [29,30]. Therefore, shifting the trait-based ecology perspective from
axis to network view provides a better understanding of the interdependence of multiple
physiological functions, which is essential to understanding the ecology and evolution of
plant morphological and functional diversity [21].

Due to its role in offering mechanical stability and the supply of nutrients for plants [12],
soil is thought to play a significant role in affecting leaf functional traits on an isolated
regional scale [18]. The ecological environment in arid desert areas is extremely fragile, and
desert plants are usually under stressful conditions of drought, salinization, and nutrient
depletion [31]. Environmental elements such as soil pH, moisture, salinity, and nutrients,
which change plant stoichiometric ratios through plant-soil feedback, typically have a
major impact on a plant’s functional traits [32]. Phylogenetically more stable than forms
that are frequently tested, phytochemical elements might possibly be more directly related
to ecosystem function [33]. For plant growth and the regulation of several physiological
processes, the elements C, N, and P within leaves are essential [34]. By blocking sodium up-
take, encouraging the absorption of K, Ca, and nitrate ions, boosting the exocytosis of Cl−,
and causing the synthesis of anti-salt compounds, Ca can improve plant salt resistance [35].
As crucial osmoregulatory components, potassium (K) and sodium (Na) aid desert plants
in their tolerance to both drought and salinity stress [36]. The grouping and structure of
plant groups can be revealed by analyzing the variance of plant leaf features in desert
settings. This research also aids in understanding how plants react to local changes in the
environment [12]. Numerous studies have shown that higher interdependence between
traits allows plants to effectively acquire and mobilize resources [37], and resource-poor
plants may face stronger choices and therefore tend to have tighter trait correlations and
trade-offs [38]. Although it is commonly established that gradients in the environment
affect average trait values, it is less clear how these gradients affect local populations’
levels of trait integration [13]. In general, higher-stress circumstances are likely to result
in an increase in trait integration [39]. It is possible to quantify the strategies that plants
employ using a relatively limited number of traits, according to the integration of traits and
trait spectra across resources (such as light, water, carbon, and nutrients) and organs [40].
In this study, we hope to study the relationship between plant leaf chemical traits and
soil habitats by constructing ITI and PTN, to understand the mechanism of promotion
or inhibition of different habitats on desert plants, and to comprehensively elaborate the
adaptive responses of plants to their environments from a systematic perspective. Based
on this, we are focusing on the following questions: (1) Which soil-water-salinity habitat
has a stronger positive correlation between ITI and soil factors? We hypothesized that ITI
is more closely correlated positively with soil factors in low-soil water-salinity habitat than
in high-soil water-salinity habitat because interspecific trait integration is facilitated by
environmental stress. (2) Is there a significant variation in PTN between the two habitats
in terms of soil, water, and salinity? Because interplant trait connections might exhibit
considerable changes as impacted by environmental conditions, we hypothesized that
the differences in PTN complexity and central traits between the two-soil water-salinity
habitats were significant. By testing the above hypotheses, this study hopes to reveal the
adaptation strategies of desert plants to stressful environments from the perspective of
interspecific trait integration and network formation.
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2. Materials and Methods
2.1. Study Area

The Ebinur Lake Wetland National Nature Reserve (44◦30′–45◦09′ N, 82◦36′–83◦50′ E) is
located in northwest Jinghe County, Bortala Mongolian Autonomous Prefecture, Xinjiang,
China, in the lowest depression in the southwest margin of Junggar Basin and the water
and salt collection center [41]. The climate is hot and dry throughout the year and is
influenced by the normal temperate continent’s dry climate. The highest and lowest
recorded temperatures are 41.3 ◦C and −36.4 ◦C, respectively, with an annual average
temperature of 7.8 ◦C. The yearly sunshine hours are 2699.87, the annual evaporation is
2221.3 mm, and the annual precipitation is 105.17 mm. One of the water sources for Ebinur
Lake is the Aqikesu River, which flows through the study area and is situated on the east
side of the lake. The soil around riverbanks had a high water and salt content, which
gradually decreased as one moved further away from the river. Depending on how far
away from the river you are, the area’s vegetation mix differs. Major plant species close to
the river channel are shrub plants Lycium ruthenicum, Halostachys capsica, and herbaceous
plants Salsola aperta, licorice, Glycyrrhiza uralensis, etc. Away from the river, the main
distribution of small trees is Tamarix ramosissima, shrubby Kalidium foliatum, herbaceous
Salsola collina, Halocnemum strobilaceum, Salsola ruthenica, etc. The common species in both
habitats are Arbor Populus euphratica, Haloxylon ammodendron, Nitraria sibirica, and Apocynum
venetum. The herbaceous plants are Phragmites australis, Suaeda microphylla, Halimodendron
halodendron, Suaeda salsa, Reaumuria soongorica, Alhagi sparsifolia, Suaeda glauca, and Karelinia
capsica [41].

2.2. Plot Setting

In the Ebinur Lake Wetland National Nature Reserve, the experimental area is situated
on the north bank of the Aqikesu River. The vegetation in this location is typical of the
desert; the climate and surroundings are the same. The slope and appearance are the
same at the same moment. There is no influence from the landscape because the height
difference is so modest (between 290 and 310 m). In addition, the study area is not a human
activity area and is not disturbed by human beings. According to previous studies, there is
a significant gradient change of soil water and salt in the direction perpendicular to the
Aqikesu River in the experimental area. Therefore, the transect of water and salt change is
selected for investigation and experimentation.

The precise transect and plot layout approach is as follows: The Aqikesu River is
divided into three transects, each with a 5 km interval. The soil water and salinity along
the transects gradually decreased with distance from the river, and the transects were not
susceptible to human disturbance. Ten to twelve 10 m× 10 m samples (n = 32) were created
across each transect, with 0.5 km between each sample. The number of cultivated species
in two sample plots is too small, which affects the subsequent analysis; therefore, this study
selected 30 sample plots for later analysis.

2.3. Sample Collection

Soil sampling: In accordance with the idea of random and uniform sampling, three
sites were chosen in each sample plot, and soil samples were collected from these three
locations for each sample plot. This was undertaken in order to accurately reflect the soil
water, salt, and nutrient status of the sample plots. Following the removal of the litter layer,
soil samples ranging from 0 to 15 cm were collected. Soil samples were quickly mixed and
homogenized before being placed in self-sealing bags and given a number. In the area of
sampling points, soil volumetric water content (SVWC) was measured using time-domain
reflectometry (TDR, Field Scout TM TDR 300, Spectrum Technologies, Inc., Plainfield, IL,
USA). For different indices, other samples were naturally dried in the air.

Plant sampling: Using GPS, the latitude and longitude of the centers of each square
were recorded, along with the names of each species that was present and the number of
individuals that were there. Choose the primary plant species in the location of the samples,
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choose three individuals at random from each species, and note the plant height, crown
width, and DBH (base) values of each individual; three identically sized mature leaves
that were healthy, unharmed, and from three distinct individuals were flattened with clear
plastic plates before being photographed. Twenty to thirty leaves, weighing about twenty
grams, were collected from each of the above three individual plants using twig clippers,
placed in an envelope bag, and returned to the laboratory for subsequent testing.

2.4. Sample Processing and Testing

The soil was dried, and other soil factors were determined indoors. Soil pH was
determined using the acidimeter method (PHS-3C, Shanghai Yidian Scientific Instrument
Co., Ltd., Shanghai, China), and soil electrical conductivity (EC) was determined using a
conductivity meter (DDS-307, Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai,
China), with a soil-to-water ratio of 1:5. Kjeldahl nitrogen determination, HClO4–H2SO4
molybdenum–antimony colorimetry, and atomic absorption spectrometry (HITACHI Z-
2000) were each used to measure soil nitrogen, phosphorus, and potassium.

Leaf samples were pulverized and screened for leaf traits after being dried in a 75 ◦C
oven for 48 h. Leaf C content by potassium dichromate-sulfate oxidation method; leaf N by
Kjeldahl method (with H2SO4 used to speed up digestion); leaf P by first absorbing nitroge-
nous and perchloric acids and then using the molybdenum antimony colorimetric (Z−2000,
Hitachi High-Technologies Trading (Shanghai) Co., Ltd., Shanghai, China) method; leaf S
content by BaSO4 turbidimetry; and leaf Ka, Na, Mg, and Ca content by atomic absorption
spectroscopy. Specific experimental methods are described in the literature [42].

2.5. Data Processing and Analysis

Prior to completing numerical and statistical analysis, all trait indicators for each
species were averaged. The Shapiro–Wilk test and Levene’s test were then used to analyze
all variables for normality and the chi-square hypothesis, respectively. By using cluster
analysis (class average method), the habitat for soil water and salinity was identified. The
30 samples were then divided into two habitats: habitats with more water and salinity are
more strongly stressed by salinity and are defined as high water-salinity habitat (HSM),
and habitats with less water and salinity are defined as low water-salinity habitat (LSM).
We utilized one-way analysis of variance (one-way ANOVA) to assess the variation in
plant characteristics and soil physicochemical components according to water and salinity
gradients. Both Pearson correlation analysis and principal component analysis (PCA)
were used to investigate the association between plant leaf chemical characteristics in
habitats with high and low soil water and salinity. The variance in interspecific trait
integration (ITI) along the gradient was then explored using the range of eigenvalues
(i.e., the difference between the eigenvalues of the first and last principal component axes)
for each PCA. The variation in ITI was analyzed in relation to soil factors using a one-
dimensional linear regression method. Finally, the topology of trait relationships was
visualized using the IGRAPH package in R to form a plant trait network [28]. Leaf chemical
traits are shown as nodes, while the correlations between them are shown as edges. The
adjacency matrix A = [ai,j], where ai,j ε [0, 1], was generated by assigning associations above
the significance threshold as 1 and relationships below the significance threshold as 0. We
defined significance thresholds of |r| > 0.2 and p < 0.05 [21,43]. For each characteristic, two
measures of network centrality were computed: degree (D), which is the number of edges
on a node, and weighted degree (Dw), which is the total of a node’s significant correlation
coefficients [44]. Excel 2016, Origin 2023, and R 4.1.0 were used for data collection and
statistical analysis.
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3. Results
3.1. Leaf Chemical Traits and Their Relationships in Response to High and Low Soil
Water-Salinity Habitats

With the exception of soil phosphorus (P) and potassium (K), soil factors were signif-
icantly higher in high soil water and salinity habitat than in low soil water and salinity
habitat (p < 0.05) (Table 1). In the high and low soil water-salinity habitats, respectively,
there were 16 and 17 plant species present. Since many of the plants in the two habitats
shared characteristics, a total of 23 plant species were identified in the two habitats. Plants
in the low soil water-salinity habitat had significantly greater K and Na contents than those
in the high soil water-salinity habitat, whereas the high soil water-salinity habitat had
significantly higher Ca contents than the low soil water-salinity habitat.

Table 1. Soil properties and plant leaf chemical traits (mean ± standard deviation).

Features
Habitat

HSM LSM

Number of plant species 16 17
Electrical conductivity/(mS/cm) 12.02 a ± 4.93 1.96 b ± 1.27

Soil volume water concentration/% 16.64 a ± 2.89 2.86 b ± 2.35
pH 8.64 a ± 0.28 8.06 b ± 0.24

Soil N concentration/(g/kg) 0.46 a ± 0.18 0.16 b ± 0.10
Soil P concentration/(g/kg) 0.46 a ± 0.26 0.39 a ± 0.17
Soil K concentration/(g/kg) 17.37 a ± 5.90 16.34 a ± 5.61

Leaf C content 432.32 a ± 87.76 439.03 a ± 109.01
Leaf N content 19.66 a ± 5.28 19.25 a ± 4.66
Leaf P content 0.98 a ± 0.58 0.88 a ± 0.28
Leaf S content 18.52 a ± 13.15 16.28 a ± 12.49
Leaf K content 10.80 b ± 5.65 16.51 a ± 7.45
Leaf Ca content 21.48 a ± 11.52 14.55 b ± 6.85
Leaf Na content 20.13 b ± 25.83 39.79 a ± 40.73
Leaf Mg content 6.35 a ± 4.63 6.97 a ± 4.69

Note: a, b—different letters indicate significant differences in trait indicators among different soil, water, and
salinity habitats (p < 0.05).

3.2. Relationship between Plant Leaf Chemical Traits under Different Soil Water and Salinity Habitats

Overall, trait correlations were slightly higher in high soil water-salinity habitats
than in low soil water-salinity habitats (Figure 1). In high soil water and salinity habitat,
C showed significant correlations with other chemical traits except S and P, significant
positive correlations with Ca, and significant negative correlations with Mg, Na, N, and K.
In low soil water and salinity habitat, C has a weak correlation with other chemical traits
except Ca. Na showed significant positives with S and N, and it was significantly negative
with Ca.
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The first two principal components (PC) of the high soil water-salinity habitat ex-
plained 44.88% and 19.29% of the total variance, respectively (Table 2). PC1 mainly repre-
sented Na, N, K, C, and Ca. S explained the least for PC1, and the first principal component
axis showed a large negative correlation between C, Ca, and other chemical traits. PC2
mainly represents P, S, and Mg, with C explaining the least for PC2 (Figure 2).

Table 2. Eigenvalues and explained variance (%) of high and low soil water and salinity habitat.

Habitat PC1 PC2 PC3 PC4

Eigenvalues HSM 3.59 1.54 1 0.78
LSM 2.84 1.83 1.48 0.81

Explained
variance (%)

HSM 44.88 19.29 12.53 9.79
LSM 35.52 22.83 18.5 10.07

Note: HSM-high soil water and salinity habitat; LSM-low soil water and salinity habitat.
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Figure 2. Principal component analysis of plant leaf chemical traits in high and low soil water
and salinity habitat. (a) high soil water and salinity habitat; (b) low soil water and salinity habitat.
Als—Alhagi sparsifolia; Ags—Agriophyllum squarrosum; Apv—Apocynum venetum; Cam—Calligonum
mongolicum; Hou—Horaninowia ulicina; Glu—Glycyrrhiza uralensis; Hac—Halostachys caspica; Hah—
Halimodendron halodendron; Has—Halocnemum strobilaceum; Kac—Karelinia caspica; Kaf —Kalidium
foliatum; Nit—Nitraria tangutorum; Pha—Phragmites australis; Res—Reaumuria songarica; Saa—Salsola
aperta; Sac—Salsola collina; Sum—Suaeda microphylla; Sup—Suaeda prostrata; Sar—Salsola ruthenica;
Tar—Tamarix ramosissima; Sus—Suaeda salsa; Haa—Haloxylon ammodendron; Sup—Suaeda prostrata.

The first two principal components (PC) of the low soil water-salinity habitat explained
35.52% and 22.83% of the total variance, respectively. PC1 mainly represented Na, N, C, and
Ca; K explained the least for PC1 (Table 2). All chemical traits were positively correlated
with PC1, except Na, N, and S, which were negatively correlated with PC1. PC2 mainly
represents K and P. Na and Mg have the least explanation for PC2. Shrub plants, Haloxylon
ammodendron and Populus euphratica, were distributed around P in both high and low soil
water and salinity habitat, and the distribution of trees and herbs is not irregular (Figure 2).

3.3. Interspecific Trait Integration and Trait Network Changes along Soil Water and Salinity Habitats

Under low soil water and salinity habitat, SVWC, N, and P were positively correlated
with ITI, with N having the highest strength of linear fit for ITI and K being negatively
correlated with ITI with a higher strength of linear fit. Under high soil water and salinity
levels, all soil factors except P were positively correlated with ITI, with SVWC having the
highest linear fit strength for ITI. Overall, SVWC had the strongest linear fit to ITI, and EC
had the weakest linear fit to ITI in both soil water-salinity habitats (Figure 3).
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Figure 3. The relationship between pH, SVWC (soil volume and water content), EC (electrical
conductivity), N (nitrogen), P (phosphorus), K (potassium), and ITI (interspecific trait integration)
under high and low soil water and salinity habitat.

The plant trait network showed a stronger association of plant leaf chemical traits in
high soil water-salinity habitats than in low soil water-salinity habitats, and not all chemical
traits were directly connected in the trait network (Figure 4). In high soil water-salinity
habitats, the greater correlations between K, Ca, Na, C, Mg, and N connected into a trait
network, with C serving as the central trait that connected all other chemical traits with the
exception of S and P. The central trait in the low soil water-salinity habitat was Ca; Na also
had the same degree as the central trait (D = 3), with a lower weighting than the central
trait (Table 3); and Mg was not connected to any other chemical traits in the trait network.
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Figure 4. Plant trait networks in high and low soil water and salinity habitat. (a) high soil water and
salinity habitat; (b) low soil water and salinity habitat. Black solid dashed line edges indicate positive
and negative correlations, respectively. Only significant relationships (p < 0.05) are displayed. The
traits denoted by black circles have the highest weighted degree (the total of all significant coefficients
of correlation for a node) centrality value.

Table 3. Parameters of plant trait networks in high and low soil water-salinity habitats.

Trait
HSM LSM

Dw D Dw D

N 1.64 3 1.23 2
P 0.00 0 0.60 1
S 0.00 0 0.56 1
K 1.82 3 0.60 1
Ca 2.17 4 1.97 3
Na 2.94 5 1.84 3
C 2.98 5 0.60 1

Mg 1.05 2 0.00 0
Overall network 12.60 22 7.39 12

Note: HSM-high soil water and salinity habitat; LSM-low soil water and salinity habitat. Dw, or weighted degree, is
the total of all significant correlation coefficients for a node; D, or degree, is the total number of edges for a node.

4. Discussion
4.1. Leaf Chemical Traits and Their Relationships in Response to High and Low Soil
Water-Salinity Habitats

During long-term natural selection, plants growing in different habitats can optimize
their resource allocation to cope with environmental stresses, and the differences in chemical
elements contained in plants are one of the manifestations [45]. The current investigation
demonstrated that the K, Ca, and Na contents of plants varied significantly in different
water and salinity habitats (Table 1). The Ca content of plants in the high soil water and
salinity habitat was significantly higher than in the low soil water and salinity habitat,
which is consistent with the findings of Zhang et al. In contrast to the habitat of Ebinur
Lake with high soil water and salinity, which has a higher content of soil powder and
clay particles, the low soil water and salinity habitat is primarily made up of desert sand
with a sandy texture [31]. At the level of Ebinur Lake plant arid plant groups, this led to a
large decrease in leaf Ca content with decreasing soil water salinity because soil conditions
have a strong impact on the variance of Ca content [46,47]. This suggests that plants
adapt to environmental change by changing their leaf chemical traits. C, N, and P are
vital nutrients that enable plant growth and are closely associated with crucial metabolic
processes [48]. The ratio of C:N:P in terrestrial plants can indicate how well-adapted
the plant is to the particular growth conditions in a given area [49]. In this study, there
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was a significant negative correlation between C and N (P), and both N and P showed a
significant positive correlation in high soil water and salinity habitat. This is in line with the
findings of the Sterner et al. study, which claims that one of the shared leaf chemical traits
of higher terrestrials is the substantial negative correlation between leaf C and N (P) and the
positive correlation between N and P [49,50]. This is one of the most basic characteristics of
plants and is also a strong guarantee for stable community growth and development [51].
However, compared to the above characteristics, the relationship between C and P in plants
with low soil water and salinity habitat is different. This may be because the plants get
their N and P directly from the soil [52]. Environmental changes will also lead to significant
differences in trait relationships, which are typically exhibited by a loss of trait correlation
in stressful environments [16]. This theory was supported by the relationship between
K and N, which showed that these two variables were significantly positively associated
in high soil water-salinity habitat but not in low soil water-salinity habitat. Furthermore,
different water-saline ecosystems support diverse plant species. Different trait correlations
within species and between species can result from the degree of individual access to
resources [53]. Ecological strategies that have evolved through evolutionary processes
include synergies and trade-offs between various functioning traits [54].

The PCA revealed synergies or trade-offs between desert plant leaf chemical traits in
both soil water and salinity habitats. Na, N, C, and Ca had the largest explanations of PC1
in the two-soil water and salinity habitats, and C and Ca showed a negative correlation
with PC1. This suggests that Na, N, C, and Ca are relatively significant leaf chemical traits
of desert plants in Ebinur Lake. Ca is a crucial nutrient element and messenger substance
that plays a crucial role in both nutrient and signal transduction as an important biogenic
element [33]. Osmoregulation is a crucial physiological defense mechanism for plant
drought resistance in arid and desolate desert regions, and Na is a crucial osmoregulation
ingredient for plants to adapt to an arid environment [55]. These chemical traits have
special biochemical functions in plant growth, development, and reproduction [56]. Due to
water scarcity and low nutrient levels, perennial herbs, shrubs, and trees of various kinds
dominate the structure and functionality of desert ecosystems in the Ebinur Lake area. It
happens frequently that various species respond differently to environmental stress [57].
The importance of elemental P for shrubs was demonstrated by PCA, which revealed that
the shrub species Haloxylon ammodendron and Populus euphratica had high P content in both
high and low soil water and salinity habitat. The amount of P in a leaf indicates how well a
plant can absorb nutrients from the soil and is a crucial component of many proteins and
genetic materials [58]. Desert plants have undergone long-term deductive evolution that
has produced distinctive adaptive traits and functional countermeasures [59]. However,
PCA failed to identify any distinct patterns in the distribution of trees and herbs. This is
likely because changes in plant functional traits are impacted by a mix of environmental
screening and biological interactions, which results in a convergence of traits that adopt
the same growth strategy.

4.2. Relationship between ITI and Various Soil Physical and Chemical Factors

Interactions between different functional traits produce complex relationships, which
are reflected in the synergistic response of different functional traits to environmental
changes [60]. In our investigation, soil SVWC and N had the strongest relationships with
ITI, which also tended to rise in both soil water-salinity habitats. The effect of pH on ITI
was not significant in both soil water-salinity habitats. This may be due to the fact that
in the Ebinur Lake area, plants have adapted to salinity habitats through physiological
adaptations, and therefore leaf chemical traits are not significantly affected by pH. Nitrogen
(N) and phosphorus (P) are the two nutrients that most often limit plant growth in terrestrial
ecosystems [52]. According to this study, N is the main factor limiting plant growth and
yield formation in habitats with low soil water and salinity, probably because saline plants
have higher N uptake efficiency under low N conditions [61]. N supply and drought
stress had similar interactions on plant growth [62], which could explain the positive
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correlation and high fit of soil SVWC and N with ITI in both soil water-salinity habitats.
P was positively correlated with ITI in low soil water-salinity habitats, but ITI tended to
decrease in high soil water-salinity habitats. One of the causes of the decline in ITI in high
soil water-salinity habitats may be the accumulation of soil carbonate and a rise in soil
alkalinity, which might result in the underutilization of P [24]. Additionally, P becomes
insoluble in alkaline soils when it mixes with Ca, Mg, and other alkaline earth metals [63].
This can also result in a decrease in ITI since it makes it harder for plants to absorb and
use P from the soil. The effect of potassium (K) on ITI was different in the two-soil water-
salinity habitats, with a stronger negative correlation between K and ITI in the low soil
water-salinity habitat. This may be due to the reduced mobility of K+ under drought and
saline habitats in low soil water-salinity habitats, where the efficiency of K+ diminishes
with lowering soil water content [62]. Soil water content and salinity have been established
in earlier studies to be important environmental variables affecting desert plants [41]. In
our study, ITI was positively connected with SVWC in both soil water and salinity habitats,
and the association between ITI and SVWC was more significant in desert plants than EC.
Studies have indicated that the main factor restricting the proper growth and development
of desert plants in arid locations is the soil water content [12,64]. By limiting nutrient
availability through mineralization as well as by reducing nutrient diffusion and mass
movement in the soil, drought stress and the associated reduction in soil moisture can
lower plant nutrient uptake [65]. Small variations in water will show up in the soil and
vegetation, especially in arid and semi-arid areas. In order to adapt to drought stress in
various water and salinity ecosystems, plants therefore chose combinations of diverse traits,
or drought adaptation strategies [66]. According to the findings of PTN, where the network
structure is more complex in high soil water and salinity habitat than in low soil water and
salinity habitat, indicating more combinations between leaf chemical traits, the difference
in the strength of fit between ITI and SVWC in high and low soil water salinity habitats
may be caused by differences in the selected chemical trait combinations. The ITI and
SVWC fits were higher in high soil water and salinity habitat because trait integration is the
combination of individual qualities at progressively more sophisticated levels to determine
the fitness and ultimate ecological processes of an organism [67]. The association between
EC and ITI varied between the two soil water and salinity habitats, and neither habitat
had a strong linear fit. In high soil water and salinity habitat, ITI was positively connected
with EC, whereas in low soil water and salinity habitat, it was negatively correlated.
This may be because soil salinity stress can limit plant growth by altering processes like
photosynthesis, oxidative stress, osmotic stress, and ion imbalance [68]. For instance, too
much Na+ in the soil might affect how plants use and process K+, changing plant growth,
mineral distribution, and photosynthetic rates [69]. Light stress and salt stress are the
main environmental factors limiting photosynthetic efficiency, and salt stress has short- or
long-term effects on photosynthesis [70]. Although salt stress has been reported to inhibit
photosynthesis [71], it has also been reported that photosynthesis is not slowed down
by salinity and is even stimulated by low salt concentrations [72]. Therefore, salt stress
limits photosynthesis, which results in less combination and integration of leaf chemical
traits, which may explain why ITI declines with rising EC in low soil water and salinity
habitat. Additionally, there are several plant species in two soil water-salinity habitats, and
plant species vary widely in how salinity affects their ability to flourish [73,74], which also
influences the ITI among plants.

Reduced density, dwarf plants, changes in species mix, simplistic structures, and
poor water quality will eventually result in decreased production and the deterioration of
ecosystem function. Therefore, HSM is more suited to the survival of desert plants than
LSM. The data presented above contradict hypothesis (1), which states that ITI under LSM
should be higher than LSM and more closely tied to the soil habitat. This could be due to two
factors. The first is because there is not a strong enough environmental gradient for selection.
Delhaye et al. additionally stated that an extreme environmental gradient is necessary for
ITI research [2]. The second reason may be that this study selected only chemical traits
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and not traits like morphology and physiology. Because the environmental filter chooses
particular combinations of traits rather than individual trait values, as shown by a greater
ITI between some traits at the community level, for instance, a decrease in soil water may
have a negative impact on the levels of phosphate and nitrogen in the leaves [44]. As a
result, the relationship between leaf N and P in the LSM is inconsistent with the study by
Sterner et al. [50]. Reich et al. also argued that which function is optimized, or the extent to
which traits are coordinated, is usually determined by the biophysical, evolutionary and/or
prevailing environmental constraints operating under a particular selection regime [8,60,75].
The ITI of leaf chemical traits along a weaker environmental gradient was investigated
in this work. The drawback of this study stems from the conclusion that there was little
association between soil factors. Future investigations should use plant morphological,
physiological, and chemical traits to evaluate ITI on a stronger environmental gradient.
To analyze changes in plant functional strategy, ITI can potentially be used with other
functional diversity indices. In addition, selection for plant leaf chemical traits affects
the complexity of plant trait networks and central traits [28]. The central leaf chemical
traits of high and low soil water and salinity habitat are C and Ca, respectively, and Na
also had the same degree as Ca, further confirming the results of the PCA. C, Ca, and
Na are relatively important chemical traits of desert plant leaves in the Ebinur Lake area.
This is in line with hypothesis (2) that distinct water and salinity habitats have different
central leaf chemical traits. Highly connected traits are expected as a result of biophysical
and/or selection processes that favor the efficient use and acquisition of resources within
and between plant tissues [40]. It is important to take into account plant community
composition, growth type (or functional group), and strategic variations brought on by
certain landforms (such as deserts) when considering plant growth trade-off strategies at
the regional scale [12]. The results indicate a more complex network structure and more
leaf chemical trait connections in high soil water and salinity habitat than in low soil water
and salinity habitat. The studies suggest that communities with less species diversity in
relatively cold and arid climates have less trait connectivity, simpler trait network topology,
and lower trait correlations [56]. Resources become more scarce, and abiotic circumstances
become more harsh or varied as habitats change from benign to stressful or from high to low
productivity ecosystems, reducing the size of the community’s possible niche space [13]. A
complex network of trait correlations reflecting numerous concurrent selective processes
in adaptation or community construction will develop from adaptation across resource
gradients [76]. To ascertain which traits are required to represent ecological strategies, it
is also vital to comprehend the link between traits and functional differentiation among
species within local groups.

5. Conclusions

In this paper, eight plant leaf chemical traits were selected based on the analysis of two
habitats in the Ebinur Lake area, but the plant species were not identical under different
soil, water, and salinity habitats. The relationship between plant leaf chemical traits was
closer in HSM than in LSM, and the relationship between C and other leaf chemical traits
was significant in HSM but not in LSM. Indicating that stressful habitats may lead to the
loss of correlations among chemical traits, in both soil water-salinity habitats, the strength
of fit between SVWC and ITI was the greatest, while the strength of fit between EC and
ITI was the smallest. Contrary to hypothesis (1) of this study, the relationship between soil
factors and ITI in both habitats was not statistically significant. This could be the result of
selecting only chemical traits and not traits like morphology and physiology, as well as
insufficient gradients in the habitats. The plant trait network determined that C and Ca
were the two central leaf chemical traits for desert plant growth in Ebinur Lake. This agrees
with both hypothesis (2) and the PCA findings.
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