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Abstract: The widespread and complex formation of saline soils in China significantly affects the
sustainable development of regional ecosystems. Intense climate changes and regional land use
further exacerbate the uncertainties faced by ecosystems in saline areas. Therefore, studying the
distribution characteristics of typical halophytic vegetation under the influence of climate change and
human activities, and exploring their potential distribution areas, is crucial for maintaining ecological
security in saline regions. This study focuses on Tamarix chinensis, Tamarix austromongolica, and
Tamarix leptostachya, integrating geographic information systems, remote sensing, species distribution
models, and landscape ecological risk (LER) theories and technologies. An optimized MaxEnt model
was established using the ENMeval package, incorporating 143, 173, and 213 distribution records and
13 selected environmental variables to simulate the potential suitable habitats of these three Tamarix
species. A quantitative assessment of the spatial characteristics and the area of their potential
geographical distribution was conducted. Additionally, a landscape ecological risk assessment
(LERA) of the highly suitable habitats of these three Tamarix species was performed using land use
data from 1980 to 2020, and the results of the LERA were quantified using the Landscape Risk Index
(LERI). The results showed that the suitable areas of Tamarix chinensis, Tamarix austromongolica, and
Tamarix leptostachya were 9.09 x 10° km?, 6.03 x 10° km?, and 5.20 x 10° km?, respectively, and
that the highly suitable habitats for the three species were concentrated in flat areas such as plains
and basins. Tamarix austromongolica faced increasing ecological risk in 27.22% of its highly suitable
habitat, concentrated in the northern region, followed by Tamarix chinensis in 16.70% of its area with
increasing ecological risk, concentrated in the western and northern highly suitable habitats; Tamarix
chinensis was the least affected, with an increase in ecological risk in only 1.38% of its area. This study
provides valuable insights for the protection of halophytic vegetation, represented by Tamarix, in the
context of China’s national land development.
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1. Introduction

Soil salinization has become a major environmental and socio-economic issue world-
wide. With the intensification of climate change and human activities, this situation is
expected to worsen, severely impacting regional ecological security and sustainable de-
velopment [1]. Halophytes, which account for 1%—2% of all terrestrial plant species, play
a crucial role in sustaining regional ecosystems [2]. Salt-tolerant plants have adapted to
survive under saline conditions through special osmotic regulation mechanisms or salt
excretion systems, such as ion compartmentalization into vacuoles or the junction of roots
and stems to prevent ions from reaching above-ground parts. These adaptations allow
them to grow in high-salinity soil [3]. Halophytic vegetation is ecologically dominant
in arid and semi-arid environments. However, due to the fragile ecological conditions
in these regions and the impact of human activities, species loss is significantly higher
than in areas with more diverse vegetation [4]. In response to the challenges faced by
halophytic vegetation, various countries have enacted laws and allocated resources to
protect these plants [5]. At present, both establishing natural reserves focused on halo-
phytes and creating germplasm repositories are beneficial for their protection. In this
context, exploring the current distribution of halophytic vegetation and suitable habitats is
of practical significance.

Tamarisk is one of the few native shrub species widely distributed in arid and semi-
arid saline areas, commonly found along riversides, coastal regions, sandy lands, and
saline—alkali areas. It is considered an excellent halophyte for restoring saline soils and
is a key component of China’s “Southern Redwoods and Northern Willows” ecological
project [6]. To adapt to complex high-salt environments, Tamarisk has evolved specialized
salt-excreting structures—salt glands. These glands allow Tamarisk to secrete excess salt,
preventing excessive salt absorption [7]. Salt in the dead branches and fallen leaves often
adheres to sand grains, forming “Tamarisk sandbags”. Tamarisk exhibits characteristics such
as salt resistance, drought resistance, wind protection, sand fixation, and soil improvement,
playing a crucial role in maintaining the stability of saline—alkali land ecosystems [8].
Therefore, faced with increasing soil salinization and ecological security risks, exploring
the distribution patterns of suitable habitats for Tamarix in China and associated ecological
risks will aid in developing protection strategies for dominant halophytic vegetation and
conservation plans for germplasm resources, improving salinized soils, and maintaining
the ecological security of the environment.

Ecological niche models (ENM) use algorithms to analyze species” actual distribution
areas and potential geographical locations by considering their current range and envi-
ronmental variables [9]. Among various species distribution models, the MaxEnt model
has higher accuracy in predicting results, less demand for sample size and environmental
variables, low sensitivity to sample bias [10], and has been proven to have better results
in recent years in practice [11-13]. Current research using the MaxEnt model primarily
focuses on natural factors such as climate and altitude, making it challenging to assess
the impact of human activities at the land-use scale. However, recent studies have shown
that human activities significantly affect Tamarix species” habitats, and these impacts must
be considered [4,14]. This study integrates the MaxEnt model with landscape theory to
comprehensively assess the spatiotemporal distribution patterns of Tamarix habitats. We
focused on three Tamarix species—Tamarix chinensis, Tamarix austromongolica, and Tamarix
leptostachya—incorporating recent research and using machine learning methods and land-
scape ecology principles to support Tamarix conservation. The specific objectives are as
follows: (1) to analyze the spatial patterns of potential suitable habitats for the three Tamarix
species and quantify the core suitable habitats; (2) to assess the ecological risk of these habi-
tats and identify risk areas; and (3) to analyze the characteristics of the spatial distribution
of risk areas in the highly suitable areas for three types of Tamarisk based on the landscape
ecological risk index.
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2. Materials and Methods
2.1. Data Collection and Preprocessing
2.1.1. Acquisition and Selection of Species Location Information

This study examined three species of Tamarix plants: Tamarix chinensis, Tamarix aus-
tromongolica, and Tamarix leptostachya. The location data was collected through (1) field in-
vestigations conducted in the Taklimakan Desert, Xinjiang from 2023 to 2024; (2) a review of
relevant literature and a collection of Tamarix distribution records [15-18]; and (3) searches
of the Global Biodiversity Information Facility database (https://www.gbif.org/ (accessed
on 13 March 2024) GBIF Occurrence Download https://doi.org/10.15468/dl.hc4hhd), Na-
tional Specimen Platform ((Accessed 13-15 March 2024) http:/ /www.nsii.org.cn), Chinese
Virtual Herbarium ((Accessed 15-18 March 2024) https://www.cvh.ac.cn), and China
National Specimen Museum ((Accessed 19-21 March 2024) https:/ /cfh.ac.cn).

These methods produced 56, 118, and 386 records of occurrence locations for the
three Tamarisk species, respectively. For specimens lacking precise geographic coordinates,
the longitude and latitude were determined using specimen location information and
Google Earth, removing distribution points with vague descriptions or duplicate coordi-
nates. Spatial sparsity methods were employed to minimize the spatial autocorrelation
between the sample points, and records before 1980 were excluded. This process resulted
in 213 records for Tamarix chinensis, 173 for Tamarix austromongolica, and 143 for Tamarix
leptostachya (Figure 1).
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Figure 1. Distribution records of the three species of Tamarix L. we screened for.

2.1.2. Data Sources and Preprocessing

Initially, 127 environmental variables were selected for analysis, including bioclimatic,
soil, topographic, and sunshine duration data (Table 1). The bioclimatic and elevation data
were obtained from the WorldClim dataset version 2.1 ((Accessed 11 March 2024) https:
//worldclim.org/) [19], with a spatial resolution of 1 km and including 19 variables such as
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temperature and precipitation. The high-resolution national soil information grid for China
was sourced from the Tibetan Plateau Data Center (2010-2018; (Accessed 9 March 2024)
https://data.tpdc.ac.cn/). The China land use dataset and administrative boundary data
were obtained from the Resource and Environmental Science and Data Center ((Accessed
12 March 2024) https:/ /www.resdc.cn/). Road and water system data were acquired from
the OpenStreetMap data platform ((Accessed 12 March 2024) https:/ /openmaptiles.org/).

Table 1. Research data.

Datasets Description and Variables Spatial Resolution (m) Available Period
WorldClim is a climate dataset widely used in
WorldClim 2.1 ecological modeling research, which includes 1000 1970-2000

Basic soil property dataset
of high-resolution China
Soil Information Grids

Copernicus DEM

China Multi-period Land
Use Remote Sensing
Monitoring Data Set

(1980-2020)

HydroRIVERS

19 indicators related to temperature
and precipitation.
The dataset consisted of (0-5 cm, 5-15 cm,
15-30 cm, 30-60 cm, 60-100 cm, and 100-200 cm)
soil organic carbon, pH, total nitrogen, total
phosphorus, total potassium, cation exchange, 1000 2010-2018
gravel content (>2 mm), sand, silt, clay, soil
texture type, bulk weight, and soil body
thickness, and 105 other variables.
Based on the COP-DEM data, the topographic
metrics (e.g., slope gradient and slope direction)
were extracted. Other topographic properties(i.e., 30 ~
slope, aspect, hillshade)were calculated in
ArcGISPro3.1.

The CNLUCC dataset was based on Landsat
remote sensing images and was constructed
through manual vision of land use in China. The
land use is classified into six primary categories:
cultivated land, forest land, grassland, water
area, construction land, and unused land.
The HydroRIVERS dataset is the vector data of
the global river network, including features such
as river order and river reach length. Generation
of distance to river data based on ArcGISPro3.1.

1000 1980-2020

To address potential issues of autocorrelation and multicollinearity among different
variables, this study employed the Pearson correlation coefficient and the jackknife method
for variable selection [20]. Variables with a correlation coefficient below 0.8 and a high
contribution to the model were selected for further analysis [21].

2.2. Research Method

In this paper, we assessed the habitat suitability of three Tumarisk species based on
the MaxEnt model using rainfall and administrative data as constraints to delineate the
highly suitable habitats for each Tamarisk species; based on this, we carried out a landscape
ecological risk assessment, analyzing the ecological risk of the three Tamarisk species in
each core area through trend analysis and significance tests.

2.2.1. Model Analysis and Verification

The model data were resampled using the nearest neighbor method with a uniform
raster data resolution of 1 km. During the MaxEnt modeling process, we used 25% of the
species distribution points as the test set and 75% as the training set. To avoid overfitting,
we optimized the MaxEnt model using 60 sets of regularized multipliers (RM) and feature
combinations. The RM values ranged from 0.5 to 6 with an increment of 0.5, and we used
five feature combinations (FC): L, LQ, LQH, LOHP, and LOHPT (linear (L), quadratic (Q),
hinge (H), product (P), and threshold (T)) [22]. During the MaxEnt model building process, the
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average of 10 model runs was taken, with the importance of each variable assessed using the
jackknife method, and the response curves were generated [23]. Based on expert knowledge,
the suitability results for the Tamarix habitats are categorized into four groups: unsuitable
(<0.2), low suitability (0.2-0.4), medium suitability (0.4-0.6), and high suitability (0.6-1) [24].

The receiver operating characteristic (ROC) curve is a key method for evaluating
potential species distribution models [25]. The area under the curve (AUC), which ranges
from 0 to 1, is used to assess the model’s predictive performance. A larger area under the
ROC curve indicates better predictive ability [26]. The AUC evaluation criteria are not
significant (0 < AUC < 0.5), poor (0.5 < AUC < 0.7), moderate (0.7 < AUC < 0.8), good
(0.8 < AUC < 0.9), and excellent (0.9 < AUC < 1).

2.2.2. Landscape Pattern Index

To conduct a LER], it is first necessary to delineate landscape boundaries. When
studying suitable habitats for three Tamarix species, challenges include overlapping suitable
habitats for different species and excessively large geographical unit ranges for the habitats
of a particular species. To address this, we will us the high suitability areas predicted by
the MaxEnt model as a baseline, apply precipitation and administrative boundaries as
constraints to delineate suitable habitats, and compare raster values where habitats for
different Tamarix species overlap. This process helps to delineate overlapping areas and
ultimately identify potential core suitable habitats for each species.

Using a grid as an evaluation unit is a viable method for LERI. Based on previous
research and comparative experiments, we will divide the study area into 10 km x 10 km
grid cells specifically for LERI research [27]. Formula (1) was used to determine the LERI
for each risk grid and assign the centroid values to the grids. Then, Kriging was used to
interpolate these values to generate a continuous geographic spatial distribution of LERL
LERI is closely related to the region’s ability to resist external disturbances [28]. In simple
terms, a higher LERI value indicates weaker resistance to disturbances, while a lower risk
value signifies stronger resilience of the landscape. Given this, we plan to use the landscape
vulnerability index and landscape disturbance index to calculate the LERI of the study
area [29], with the formula as follows:

A .
LERI=Y " A—’: x R; (1)

In this formula, n represents the number of landscape types within the study unit; Ay,
denotes the area of landscape type i in study unit k; Sy represents the area of study unit k;
and R; is the landscape loss index.

Ri=VixE 2)

Vi represents landscape vulnerability, which is used to describe the stability within the
landscape; E; is the disturbance index, which describes the landscape’s resistance to dis-
turbances. Combining the actual conditions of the study area, this study has ranked the
vulnerability of different land use types from low to high as follows: construction < wood-
land < grassland < cropland < water < unused, and assigned values of 1, 2, 3, 4, 5, 6,
respectively. Different land use types are normalized according to these assigned values to
obtain the weights of each land category. E; is obtained by calculating the weighted average
of the landscape fragmentation (C;), landscape separation (S;), and landscape dominance
(D;) of landscape type i:

E; = aC; + bN; + cF, (3)
n;
- 4
Ci=4 @
A ;
Nj= == x /2L (5)
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In this formula, a, b, and ¢ represent the weights of C;, N;, and F;, respectively, and their
values are set to 0.5, 0.3, and 0.2 based on existing research and the actual conditions of the
study area [30]; N; is the number of patches of landscape type i and A; is the total area of
landscape type i.

(6)

2.2.3. Trend Analysis and Significance Testing

The Theil-Sen Median method is a robust linear regression method. This method is
highly stable and computationally efficient, and it can reduce the influence of outliers on
the results. It is a non-parametric technique used to estimate linear trends [31]. The formula
is as follows:

B =Median(*] ), 1<i<j<n @)
In this formula, x; to x; represents the values of LERI in different years and median()
represents the median operation. If § is less than 0, it indicates that LERI shows a decreasing
trend over time; conversely, it signifies an increasing trend.
The Mann—Kendall (MK) test is a non-parametric method used for detecting trends in
time series data. It is not affected by missing values and outliers, which makes it beneficial
for significance testing in long-term time series data [32]. The formula is as follows:

n—1 n
S=3 i Zj:k+1 Sgn(x;j — x;) (8)

The Sgn() calculation formula is as follows:

1,xj—xk >0
Sgn(xj—xk) = O,X]'—Xk:O (9)
—1,xj—xk <0

The formula for the standard normal statistic Z is as follows:

4, S>0
Var(S)
Z= 0, S=0 (10)
S+1 S<0
Var(S)’

The S statistic is as follows:

n(n—1)x (2n+5)

Var(S) = 18

(11)

Using this formula, with a confidence level of « = 0.05 and a critical threshold of the statistic
Z =1.96, we will determine whether the trend of LERI is significant. When Z > 1.96, it
indicates a significant change; when Z < 1.96, it indicates a significant change, the LERI
change trend is divided into five types. That is, when g > 0 and Z > 1.96, it indicates
a significant improvement in LERL; when 8 < 0 and Z > 1.96, it indicates a significant
degradation of LERL; when 8 > 0 and Z < 1.96, it indicates a slight improvement in LERI;
when § <0 and Z < 1.96, it indicates a slight degradation of LERI; other situations indicate
that the change in LERI is not significant.

3. Results
3.1. Model Result Analysis

Modeling suitable habitats for three Tamarix species was conducted using 143, 173,
and 213 distribution records and 13 filtered environmental variables. Spatial sparsity tools
were applied to reduce spatial autocorrelation in the data. The ENMeval package was used
to select the optimal feature combination and tuning parameters. Simulation prediction



Forests 2024, 15, 1757

7 of 15

results were evaluated using both AUC and TSS values. The results showed (Table 2) that
for T. chinensis, T. austromongolica, and T. leptostachya, the AUC values ranged between
0.9 and 1.0, and the TSS values ranged between 0.8 and 0.9, indicating a high degree of
reliability in the predictions.

Table 2. Model accuracy evaluation.

Species AUCain AUCest TSS

T. chinensis 0.933 0.901 0.846

T. austromongolica 0.961 0.943 0.885
T. leptostachya 0.974 0.964 0.862

3.2. Three Types of the Suitable Tamarix Habitat Spatial Pattern Characteristics

The analysis of Tamarix habitat areas under current climate models (Figure 2) showed
that highly suitable habitats for T. chinensis, T. austromongolica, and T. leptostachya cov-
ered 16.83%, 13.29%, and 6.93% of their respective areas, with sizes of 1.88 x 10° km?,
1.34 x 10° km?, and 0.78 x 10° km?, respectively. There was a decreasing trend in highly
suitable habitats from east to west, which also applied to moderately and poorly suitable
habitats. Unsuitable habitats showed the opposite trend, with T. chinensis having the lowest
proportion of unsuitable habitat at 18.69% and T. leptostachya having the highest proportion
at 53.75%. This trend reflected the gradual deterioration of the living environment for these
species from east to west in northern China. Figure 3b—d showed the potential distribution
simulations of T. chinensis, T. austromongolica, and T. leptostachya under the current climatic
conditions, using the MaxEnt model. T. chinensis had highly suitable habitats in the Weihe
Plain of Shaanxi Province, the Yuncheng Basin-Taiyuan Basin line in Shanxi Province,
the northeastern Huang-Huai Plain in Henan Province, the eastern coastal areas and the
plain east of the Taihang Mountains in Hebei Province, the southwestern part of Beijing,
the central eastern part of Tianjin, the northwestern part of Shandong Province along the
Yellow River, and the southern coastal areas of Liaoning Province (Figure 3b). The highly
suitable habitats for T. austromongolica were located in southern Gansu Province, along the
Hexi Corridor, the Hetao Plain, the Heihe River Basin in northwest Inner Mongolia, and
the Qaidam Basin in northwest Qinghai Province (Figure 3c). The highly suitable habitats
for T. leptostachya were found in the northeast and west of the Tarim Basin, with highly
suitable areas in the south of the Tarim Basin, distributed along major rivers (Figure 3d).
These observations suggested that the suitable habitats for T. chinensis, T. austromongolica,
and T. leptostachya were primarily in flat terrains such as plains and basins, indicating a
survival advantage in these environments.

T chinensis 18.69% 27.18% 37.30%
~ (2.09) (3.04) (4.17)
T austr li 40.00% ] 25.42% 21.28%
.austromongolica (4.02) (2.55) (2.149)
T lentostach 53.75% 15.67% 23.65%
~cptostachya (6.05) (1.76) (2.66)

[ ] Unsuitable

[ ] Low suitable

(x10°km?)

[ Highly suitable [ ] Moderately suitable

Figure 2. Suitable habitat and proportions of three Tamarix L. species.
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Figure 3. Core potential habitats of the three Tumarix species (a); and habitat distribution of T. chinensis
(b), T. austromongolica (c), and T. leptostachya (d).

3.3. Suitable Habitat Ecological Risk Assessment

This study has constructed the LERI based on land use data from the years 1980, 1990,
1995, 2000, 2005, 2010, 2015, and 2020. Ecological risk values for the core suitable habitats of
T. chinensis, T. austromongolica, and T. leptostachya were interpolated using ordinary kriging,
and the results were normalized. Using cross-validation with ordinary kriging and simple
kriging, the research area LERI for the 1990 dataset was classified into five levels: low-risk
area, relatively low-risk area, medium-risk area, relatively high-risk area, and high-risk
area, employing the natural breakpoint classification method. For mapping purposes,
ecological risk indices from five different periods were selected.

As shown in Figures 4 and 5a—e, the LERI of the core area of T. chinensis exhibits a
distribution pattern with higher values in the north and west, and lower values in the south
and east. Low-risk areas are primarily found along the Changbai Mountains, Yanshan
Mountains, Taihang Mountains, Lvliang Mountains, and Qinling Mountains, showing a
clear alignment with these mountain ranges. Relatively low-risk areas are mostly located in
the eastern plain agricultural regions. Medium-risk areas are mainly in urban and surround-
ing areas. Higher and high-risk areas are generally near inland wetlands, water bodies, and
coastal regions. In the core suitable habitat of T. chinensis, the high-risk area in region a; has
gradually increased and stabilized. This area, the Horqin Sandy Land, is ecologically vul-
nerable and suffers from severe desertification, which decreases the landscape’s resistance
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T chinensis

T austromongolica

T leptostachya

LUCC 1980

to interference. The low-risk area in region b; has continued to expand northeastward,
possibly due to Shandong Province’s afforestation plan. This predominantly mountainous
region, a core area for afforestation in Shandong, has seen reduced landscape fragmentation
and increased disturbance resistance. The low-risk area in region c; has also expanded due
to urbanization around Tai Lake, where construction has replaced original water bodies
and farmlands, leading to decreased landscape fragmentation. In region d;, the low-risk
area has become increasingly fragmented, with significant land use changes between 1980
and 2020 contributing to this fragmentation.

LUCC 1990 LUCC 2000 LUCC 2010 LUCC 2020

Legend

— — 0 1000
Cropland I rorest Grassland [l Water Impervious ["IBarren e km A

Figure 4. Land use patterns of T. chinensis (a—e), T. austromongolica (f-j), and T. leptostachya (k—o) from
1980 to 2020.

As illustrated in Figures 4 and 5f—j, the LERI of the core area of T. austromongolica
shows higher values in the southeast and lower values in the northwest. Low-risk areas are
concentrated in the eastern Qinghai-Tibet Plateau, east of the Hexi Corridor, and the plains
east of the Helan and Liupan Mountains. These low-risk areas are distributed contiguously
eastward. Medium-risk areas are primarily found in the northwestern plateau region and
southwestern basin areas. Higher- and high-risk areas are mainly located near wetlands and
water bodies in the southwestern region. In the core suitable habitat of T. austromongolica,
the low-risk zone in region e; has continued to expand northeastward. Over the past
40 years, increased forest area in this region has reduced landscape fragmentation and
improved resistance to disturbances. Region f;, dominated by grasslands, has faced threats
of overgrazing and desertification, leading to a reduction in low-risk areas. In region g;,
higher-risk areas have gradually been replaced by medium-risk areas, resulting in farmland
patches becoming more concentrated and continuous. Consequently, the regional LERI has
decreased rather than increased.
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Figure 5. Landscape risk indices for T. chinensis (a—e), T. austromongolica (f-j), and T. leptostachya (k-o).

As shown in Figures 4 and 5k-o, the Landscape Ecological Risk (LERI) in the core
area of T. leptostachya is lower near mountainous regions and higher in river areas. Low-
risk areas are primarily located near the Tianshan Mountains and the northern slopes
of the Kunlun Mountains. These lower-risk zones are found in deserts and mountains
with minimal human activity. Medium-risk areas are concentrated around cities with
frequent human activities. Higher and high-risk areas are mainly situated in central
lake regions. In the core suitable habitat of T. austromongolica, over the past 40 years,
regions h; and i; have gradually transitioned from grasslands to deserts. This transition
has fragmented the grassland landscape, resulting in a continuous reduction in low-risk
zones. The LERI in district j; has gradually decreased, with a shift from fragmented to
concentrated landscapes of cultivated land and water bodies, reducing fragmented patches
and increasing landscape dominance.

3.4. Suitable Habitat Ecological Risk Trend Analysis

The Theil-Sen Median trend analysis and Mann-Kendall test were conducted on the
ecological risk data from 1980, 1990, 1995, 2000, 2005, 2010, 2015, and 2020 for the core
suitable habitats of T. chinensis, T. austromongolica, and T. leptostachya (Figure 6). Over
the 40-year period from 1980 to 2020, the core suitable habitat of T. chinensis showed a
significant upward trend in LERI in the western and northern regions, while areas with
significant declines were scattered in the eastern region (Figure 6a). In 1.83 x 10° km? of
the area, there was a significant increase in LERI (p < 0.05), with continuous forests and
grasslands being fragmented by cultivated and construction lands, increasing landscape
fragmentation and ecological risk. Conversely, 2.21 x 10° km? of the area showed a
significant decrease in LERI (p < 0.05), with reductions resulting in a shift from diverse
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land use patterns to dominant land use patterns, decreasing fragmentation, increasing
dominance, and enhancing resistance to disturbances. For the core suitable habitat of T.
austromongolica, areas where LERI increased are primarily in the northwest, with some
in the southwest. Regions where LERI decreased are patchily distributed in the east and
south (Figure 6b). In 2.68 x 10° km? of the area, there was a significant increase in land
use efficiency (p < 0.05), with deserts and Gobi being the dominant land use types. In
0.81 x 10° km? of the area, there was a significant decrease in land use efficiency (p < 0.05),
with a spatial aggregation trend of forest land, grassland, and cultivated land. For the
core suitable habitat of T. leptostachya, areas with rising LERI are mainly in the grassland
regions of central and northern areas. Patches with significantly declining LERI are located
in the Tianshan Mountains and Kunlun Mountains (Figure 6¢). In 0.15 X 10° km? of the
area, there was a significant increase in LERI (p < 0.05), indicating that grasslands were
being overtaken by desertification. Conversely, a significant decrease in LERI (p < 0.05) was
observed in 0.24 x 10° km? of the area, where deserts were being replaced by cultivated
land, thereby enhancing the landscape’s resilience to risks.
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Figure 6. Trends and significance of landscape risk indices for T. chinensis (a), T. austromongolica (b),
and T. leptostachya (c); area of significance statistics (d).

4. Discussion
4.1. Optimization of Species Suitable Habitats by LERI

The evaluation of species’ suitable habitats focuses on studying their geographical
distribution patterns and has made significant progress using current climate models and
predictions of future suitable habitats [33,34]. Despite variations in data sources, research
objectives, driving factors, and scales, most studies use species habitats as a benchmark, but
often overlook detailed analyses of suitable habitats under modern climate models [35,36].
Research shows that species’ distribution ranges can change rapidly, with a notable trend
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towards higher altitudes, latitudes, and inland regions [37,38]. Given the accelerating
biodiversity loss, examining the current state of suitable habitats can provide valuable
support for species conservation.

Ecological risk research is crucial for preventing ecological deterioration and promot-
ing sustainable development [39]. Although landscape changes are generally slow due to
high heterogeneity, spatial components can change at varying speeds and intensities when
disturbed. This allows for the assessment of ecological risks through changes in landscape
elements, such as risk receptor scope and hazard status [40,41]. Since landscape ecological
risk assessments focus on the impact of landscape patterns on ecological processes, they
can complement and refine the evaluation of suitable habitats for species [42]. Based on
summarizing and reflecting on existing research, we integrated habitat evaluation with
LERI. By analyzing LERI characteristics in the study area from 1980 to 2020, we refined
the spatial pattern of highly suitable habitats. This approach combines macro-scale habitat
evaluation with LERI, offering a more comprehensive assessment of highly suitable habitats
for T. chinensis, T. austromongolica, and T. leptostachya. The ecological risks of highly suitable
habitats in transition zones between agricultural and pastoral areas, as well as terrain
transition zones, require attention.

4.2. Three Types of Tamarisk Suitable Habitat Spatial Distribution Patterns

The highly suitable habitats for three species of Tamarix are primarily distributed in
northern China, with the salinized areas of North China and Northwest China serving as
their main distribution regions. T. chinensis habitats are predominantly in the North China
Plain and the Weihe Plain, while T. austromongolica is mainly found in the Hetao Plain,
Hexi Corridor, and Qaidam Basin. T. leptostachya habitats are concentrated on the edge
of the Tarim Basin. These Tamarisk species are often found in flat terrains with lowland
characteristics. LERI results show that most suitable habitats for T. chinensis are in areas
with lower or above-average risk levels, often near water, though some regions experience
soil salinization. Suitable habitats for T. austromongolica and T. leptostachya are mostly in
low-risk areas, with ecological risk requirements increasing from east to west. In the arid
and semi-arid desert regions of the west, Tamarix plants thrive due to their tolerance to cold,
drought, and salinity. In eastern regions, Tamarix chinensis dominates coastal wetlands and
tidal flats, such as in the Yellow River Delta, where it forms the main vegetation community.

Between 1980 and 2020, ecological risk in the core area of Tamarix chinensis showed
an increasing trend, with the main areas of concern being the transition zone between the
western mountain ranges and the plateau, as well as the northern agro-pastoral ecotone.
Complex ecological factors and human impact have exacerbated the risks in these areas,
leading to restrictions on the highly suitable habitats of T. chinensis. This issue is partly
related to the mountainous terrain of the western region and the intense competition among
forest trees. The highly suitable habitat of Tamarix austromongolica is limited to the northwest
desert area outside the Heihe River Basin, where ecological risk is also increasing. This
region is extremely arid, and although the genus Tamarix is drought-tolerant, its growth is
hindered in such extreme conditions. Similarly, the core area of Tamarix leptostachya shares
characteristics with T. austromongolica in terms of climate impact. However, the growth
of T. leptostachya, which occurs in the extreme arid regions outside the Tarim Basin’s river
basins, is suppressed. Field investigations have shown that vegetation in the Tarim Basin,
far from water sources, requires artificial irrigation to survive. This indicates that although
Tamarix species are highly adaptable to various ecological environments, their population
development is suppressed in areas where ecological risks continue to increase. The areas
of increased ecological risk in the core areas where three different types of tamarisks are
distributed encompass agricultural and pastoral transition zones with fragile ecological
environments, which may affect the regional industrial structure and the development of
the agricultural and pastoral industries.



Forests 2024, 15, 1757 13 of 15

4.3. Limitations and Prospects

Although we have discussed the spatial pattern of suitable habitats for three Tamarix
species through LERI assessments, human activities were considered less during the
MaxEnt modeling and LERI calculation processes, despite their significant role in the
ecosystem. Landscape ecological risk assessment relies on empirical parameters to classify
the vulnerability of different landscapes, which introduces some uncertainty. There is a
lack of quantitative methods to measure the contribution of these driving factors [43].

5. Conclusions

This study assessed the spatial patterns of suitable habitats for T. chinensis, T. aus-
tromongolica, and T. leptostachya based on LERI data from 1980 to 2020. The main findings
are (1) the high-suitability habitat areas of T. chinensis, T. austromongolica, and T. leptostachya
were 1.88 x 10° km?, 1.34 x 10° km?, and 0.78 x 10° km?, respectively, which were concen-
trated in the flat terrain of plains and basins, confirming their survival characteristics in
such environments; (2) the overall spatial pattern of the research area’s LERI has remained
relatively stable, but, due to changes in the ecological environment and land use practices,
ecological risk has increased in the western and northern core areas of T. chinensis and the
northwestern region of T. austromongolica, with an increase in area to 16.70% and 27.22% of
the core area, respectively, resulting in a need for strengthened assessment of the ecological
risks in these vulnerable zones; (3) areas with significantly increased landscape ecological
risks negatively impact the survival environment of Tamarix. The highly suitable habitats
are spatially separated from regions with increased landscape risks, indicating an urgent
need for attention and intervention.
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