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Abstract: Arid and semiarid wetlands, the core geographical unit of desert oases, significantly benefit
and improve the ecological environment. In this study, we systematically compared the spatiotempo-
ral dynamics and driving forces of natural and constructed wetlands in arid and semiarid regions of
northern China from 1995 to 2019. For these comparisons, we utilized a land-use transition matrix,
partial least-squares—structural equation model (PLS-SEM), and geographically weighted regression
(GWR) model. The results showed that (1) the area of wetlands as a whole showed an upward
trend, with natural and constructed wetlands increasing by 4.16% and 11.86%, respectively. The
increases mainly resulted from conversions of grassland and other lands (shrub, sparse vegetation,
and bare land). (2) The direct dominant factors that drove natural wetland changes were soil and
terrain, while those that drove constructed wetlands were human disturbances. Human disturbance,
by affecting soil, had a higher significant indirect effect on natural wetlands. Heat, by affecting
moisture, had the greatest indirect effect on constructed wetlands. (3) The sensitivity of natural and
constructed wetlands to the responses of different drivers showed significant spatial heterogeneity.
This study explores the interaction and driving mechanisms of human and natural attributes on natu-
ral and constructed wetlands and provides a scientific foundation for the restoration and sustainable
development of wetlands in arid and semiarid areas.

Keywords: wetland pattern; natural and anthropogenic factors; land-use change; PLS-SEM; GWR

1. Introduction

Wetlands comprise unique natural syntheses and complex land and water ecosystems;
hence, they are one of the most important animal habitats and ecological landscapes on
earth [1]. Wetlands supply a series of vital ecosystem services, such as climate regulation,
freshwater retention, material production, flood control and water storage, carbon fixation
and storage, water decontamination, and biodiversity maintenance [2,3]. The shrinkage
and disappearance of wetlands in recent times is indisputable [4]; according to some related
studies, over 50% of wetlands worldwide have transformed, degraded, or disappeared
over the past 150 years [5,6]. Despite the introduction of several protection policies, such
as the Ramsar Convention (an international treaty on wetland protection), the European
Habitat Directive and the Wetlands International global organization [7], existing wetlands
are still deteriorating [8]. Therefore, to inform future wetland management strategies and
ecological protection, the patterns and dynamics of wetlands should be quantitatively
assessed and the underlying drivers of change in wetlands should be further explored.

Natural factors and human activities are typically recognized the primary drivers
of wetland destruction [9]. Not only has rapid urban expansion invaded large areas of
wetlands, dams, highways, drainage canals, and other construction activities have also
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disturbed hydrological patterns within wetlands [10]. Meanwhile, with the expansion of
the population, growing numbers of wetlands are being drained by human actions, and the
conflict between wetland protection and agricultural development is prominent. Among
these factors, wetland drainage to create dryland farmland is the most common cause
of natural wetland loss [11]. Climate change is altering the hydrological cycle, thereby
damaging wetland functions via drought, flood, rising temperature, and increasing evapo-
transpiration [12]. Generally, soil quality is an important indicator of wetland ecosystem
health [13]. Soil texture, pH, and other related soil quality indexes affect primary plant
productivity and the nutrient cycle, and thus change the distribution of wetlands [14].
Terrain factors, such as elevation and slope, play an essential role in controlling the evo-
lution of wetlands. Wetlands typically move to low altitudes over time [15]. Wetland
plants, the primary producers of wetlands, interact with the abiotic environment (e.g., soil
and hydrology) and other wetland organisms, thus significantly affecting how wetlands
function [16]. The driving factors affecting wetland patterns are complex and variable.
Thus, quantifying the respective contribution of every factor and its impacts on wetland
patterns is challenging.

Currently, several aspects dominate research on the drivers of wetland change. First,
many studies use remote sensing images to monitor the impact of land-use/cover change
on wetlands [17-19]. Most of these studies concentrate on the dynamism of wetland area
changes and cannot effectively quantify the contributing factors to this phenomenon. Sec-
ond, other studies analyze wetland changes from specific perspectives, such as climate
change [20], environmental pollution [21], and hydrological changes [22]. These studies
often explore only one aspect of the causes of wetland changes. Finally, wetland ecological
risk assessment systems are constructed to reveal the driving mechanisms of wetland
change [23,24]. This kind of assessment is more focused on the possible risks posed to wet-
lands by a range of potential threats, including anthropogenic factors and natural hazards.
The results of the above studies do not reflect the interactions between various driving
forces, and a scientific evaluation of wetland changes from an integrated perspective is
needed. The partial least-squares—structural equation model (PLS-SEM) as a quantitative
research methodology that synthesizes factor analysis, regression analysis, and path analy-
sis to examine multifactorial causal relationships in complex systems [25]. Compared with
traditional analytical methods, this method can better distinguish the direct, indirect and
overall effects among factors. Therefore, the PLS-SEM was used to analyze the composite
factors and interactions that control wetland variation in this study. In addition, geographi-
cally weighted regression (GWR) was added to further identify localized spatial variation
in the primary influences.

Wetlands in the arid and semiarid regions in northern China account for a large
proportion of wetlands in China [26]. The wetland ecosystems in this region are closely
related to other ecosystems and inhibit riparian deforestation, shrinking oases, grassland
degradation, and desertification [27]. Compared with humid areas, wetland ecosystems in
arid and semiarid areas are more vulnerable to external factors due to their more dispersed
nature, small patch sizes, and relatively scarce water resources [28]. For decades, the
combined effects of the human production activities and natural environment have caused
wetland ecosystems in arid and semiarid areas to become sensitive and fragile, and the
ecological functions and structure of these wetlands have been appreciably degraded [29].
Therefore, elucidating the spatiotemporal pattern and drivers of wetlands in this area is
crucial for their conservation and restoration.

Broadly speaking, wetlands are categorized into natural and constructed wetlands;
constructed wetlands are engineered systems that mimic natural wetlands [30] and are
closely related to natural wetlands, but their spatiotemporal dynamics and drivers may
vary. Previous studies have lacked comparative assessments of natural and constructed
wetland drivers, especially in large-scale arid and semiarid regions. Therefore, the primary
objectives of the study are as follows: (1) to compare the spatiotemporal dynamics and
evolution directions of natural and constructed wetland areas; (2) to quantitatively compare
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the direct and indirect effects of natural factors and anthropogenic interference on the
changes in natural and constructed wetlands; (3) to explore the spatial heterogeneity of
factors influencing the distribution of natural and constructed wetlands. The research
results contribute to the scientific basis for the conservation and management of wetlands
or oases in arid and semiarid areas.

2. Materials and Methods
2.1. Study Area

The arid and semiarid regions of northern China between 32°43' N-50°12" N and
73°30" E-121°51’ E have a total area of approximately 3,362,429 km? and include seven
provinces (Inner Mongolia, Hebei, Shanxi, Gansu, Qinghai, Ningxia, Xinjiang) (Figure 1). In
these regions, the landform is complex and changeable, and the topography is undulating
and changing, mainly composed of plateaus, mountains, and basins. The overall altitude
is high, with an average of 2077 m, but there are obvious differences within the regions.
The inland arid and semiarid areas have fewer sources of water vapor, and the climate
is very dry [31], while the eastern fringes of arid and semiarid regions are affected by
southwesterly and southeasterly monsoons. Overall, the climate types of the area mainly
consist of a temperate continental climate and plateau mountain climate. The average
annual rainfall is less than 400 mm, and the spatiotemporal distribution is inconsistent and
varies regionally and temporally. The evaporation rate is high, and the area is prone to
drought. Most of the study area lies in the inland area, with short rivers, flatland runoff,
mainly from temporary water flow formed by heavy rainfall, mountain runoff, mainly
recharged by rain and ice melt water, and many lakes, which are predominantly saltwater
lakes. The area has low vegetation coverage, severe desertification, and a fragile ecological
environment that is affected by terrain and climate [32]. Grassland and desert are the
dominant land-cover types [33], and saline—alkali soil is the main soil type.
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Figure 1. Locations of the arid and semiarid regions of northern China and reservoirs.

2.2. Data Sources

The datasets applied in the research include land-use, terrain, soil, moisture, heat,
biology, and human-disturbance data. Land-use data were obtained from the European
Space Agency (ESA) and include 6 land-use types: agriculture, grassland, forest, wetland,
settlement, and other lands (shrub, sparse vegetation, and bare land). In this study, wetlands
were categorized into natural and constructed wetlands; the constructed wetlands mainly
comprised medium and large reservoirs due to the extensive range of the study region
and the application of land-use data at a resolution of 300 m. The distribution locations
of reservoirs are shown in Figure 1. A total of 149 reservoirs were searched from the
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China Statistical Yearbook and Google Earth images. Natural wetlands are defined as all
wetland types except constructed wetlands. The terrain data, including the elevation and
slope, were generated from the Resource and Environment Science and Data Center, China
(RESDC), at a resolution of 1 km. The soil data, including the percentage of clay and silt,
organic carbon (OC), and pH, were collected from the Harmonized World Soil Database
(HWSD) v1.2. Soil moisture (SM) was obtained from the ESA. Moisture data containing
precipitation and wet day frequency (WDF) were collected from the Climatic Research
Unit (CRU), and runoff data were obtained from the Institute of Tibetan Plateau Research
(TPDC). Heat data, including temperature and evaporation, were obtained from CRU.
Biological data, consisting of the leaf area index (LAI) and normalized difference vegetation
index (NDVI), were collected from the RESDC. Human-disturbance data, including GDP
and population from the RESDC, arable land area, and urban area, were calculated from
the land-use data of the ESA, and water consumption data were collected from the Ministry
of Water Resources of China (MWR). In this research, except for the land-use data, the rest
of the data were reinterpolated to a resolution of 1 km. Detailed information on all data are
presented in Table 1.

Table 1. Data sources.

Category Data Resolution Year Data Resource
ESA_LUCC (https:/ /www.esa-landcover-cci.org/,
2 .
Wetland Wetland area (km*®) 300 m 1995-2019 accessed on 14 March 2022)
Terrai Elevation (m) 1km 2000 RESDC (http://www.resdc.cn/,
erraimn Slope (°) 1 km accessed on 22 May 2022)
Clay (%) 1km
Silt (%) 1km 2008 HWSD v1.2 (http:/ /www.fao.org/,
Soil pH 1 km accessed on 7 July 2022)
OC(%) 1 km
ESA_CCI_SM (http:/ /www.esa-soilmoisture-cci.org,
3 /3 _
SM(m®/m?) 25 km 1995-2019 accessed on 8 July 2022)
Precipitation (mm) 50 km CRU
1995-2019 (https:/ /data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.05/,
Moisture WDF(day) 50 km accessed on 10 July 2022)
Runoff(ms/s) 25 km 1995-2018 TPDC (https://data.tpdc.ac.cn/,
accessed on 12 July 2022)
Temperature (°C) 50 km . -
Heat CRU (https:/ /data.ceda.ac.uk/badc/cru/data/cru_ts/cru_ts_4.05/,
1995-2019
Evaporation (mm) 50 km accessed on 12 July 2022)
. NDVI 1 km 1998-2019 RESDC (http:/ /www.resdc.cn/,
Biology accessed on 20 July 2022)
LAI 1km 1995-2019 y
GDP (ten thousand 1 km
yuan/km?) RESDC (http://www.resdc.cn/,
Population 1k accessed on 22 July 2022)
, km?) m
Human Dis- A(Peglsoln/ g 1995-2019
turbance ra (ek;:;) area 300 m ESA _LUCC (https:/ /www.esa-landcover-cci.org/,
Urban area(km?) 300 m accessed on 14 March 2022)
Water MWR (http:/ /www.mwr.gov.cn/,
consumption(m3) 2000-2019 accessed on 28 July 2022)

2.3. Data Processing

To extract data on wetlands and related driving factors, a grid method was adopted.
According to the area thresholds of natural and constructed wetlands in the study area, cell
grids of 5 km x 5 km (natural wetlands) and 1 km x 1 km (constructed wetlands) were
generated in ArcGIS 10.2, and the wetland area, arable-land area, and urban area in each
grid were extracted separately. In the meantime, the average values of other driving factor
data in each grid were calculated. All the resulting datasets of dependent and independent
variables in each grid were used to construct the PLS-SEM model.
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2.4. Methods

In this study, natural and constructed wetlands were extracted via land-use data. Next,
ArcGIS 10.2 software first mapped the wetland distribution, then was combined with the
land-use transfer matrix method to quantitatively analyze the spatial and temporal changes
in the wetlands. In addition, SmartPLS 3.3.3 software was combined with wetland data
and driving factor data to build the PLS-SEM of natural and constructed wetlands, which
was used to systematically analyze the driving mechanism of wetlands. Finally, the GWR
model was employed to discuss the spatial nonstationarity of the driving factors of natural
and constructed wetlands. The detailed flow chart is presented in Figure 2.
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Y = = Biology
> ( VR 1 -
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Figure 2. Flowchart of the study.

Analysis of driving forces of natural wetlands and constructed wetlands

2.4.1. Land-Use Transfer Matrix and Dynamic Index

The land-use transfer matrix applies Markov models to land-use changes. It can
clearly reflect the transfer and change characteristics between divergent wetland types and
between wetlands and other land-use types in a specific period. The calculation formula is
expressed as follows [34]:

X1 X -0 Xyj

X1 Xnn - Xy
X=1. . . @

Xiq X oo Xj

where X;; means the area transferred from land-use typei toj.
The calculation formula of the land-use type dynamic index is as follows [35]:
u-u, 1

K= ——x = x100% 2
0 (T @)

where K represents the annual rate of change in a certain type of land-use during the study
period. U, and Uj, are the areas of a single land-use type at the start and end of the research,
respectively. T is the study period, and the unit is years.

2.4.2. PLS-SEM

The PLS-SEM is a structural equation model based on the partial least-squares method
and is used to assess causal effects between latent variables of construction. It typically
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consists of measurement and structural model. The partial least-squares algorithm can
handle the multicollinearity problem better than the traditional principal component anal-
ysis, ridge regression and least-squares method, which is helpful to achieve the research
purpose of this paper [36].

There are two types of variables in the PLS-SEM; namely, observed variables that can
be measured directly and latent variables. The measurement model joins the observed
variable (xj,) to its corresponding latent variable, also known as the external model. The
specific algorithm is as follows [37]:

Xih = AjnGjh + € 3)

where Aj; denotes the coefficient of the column vector (¢;) and ¢j, denotes the random error.
The structure model describes the causal relationship between different latent vari-
ables, normally expressed by a linear equation [38]:

& =) Biti+{; (4)
i#]

where fj; is the path coefficient among the latent variables. {; is the stochastic error term
that meets the forecast-specified condition in the above equation; that is, the residual
average value is 0, which is unrelated to ¢;.

The PLS-SEM evaluation mainly tests for reliability and validity. Composite reliability
(CR) and Cronbach’s alpha are commonly used to verify the reliability of internal consis-
tency. Generally, Cronbach’s alpha and CR values above or equal to 0.6 are acceptable, but
if above or equal to 0.7, the calculated results are satisfactory. The measure used to evaluate
the convergence effectiveness of a structure is the average variance extraction (AVE) of all
terms on each structure [39], and an AVE typically needs to be greater than 0.5; rho_A is
also an indicator for model validation, and its value must be greater than 0.7.

2.4.3. GWR Model

The GWR model as a reformulation of traditional linear regression that addresses
spatial heterogeneity using local smoothing [40]; it effectively reveals the spatial nonsta-
tionarity of the relationship among variables. In this study, GWR was applied to quantify
the spatial heterogeneity between wetlands and the driving factors. The expression for the
GWR model is as follows [41]:

k
yi = Bo(ui,v1) + ) Bj(ui, vi)xij + e @)
j=1

where y; represents a dependent variable denoting the wetland area in the ith unit, x;;
represents the jth independent variable at location (u;, v;), which is the driving factor,
Bj(ui, v;) is the intercept at position (u;, v;), k is the sum of the factors, while ¢; represents
the random error term.

3. Results
3.1. Spatiotemporal Variations in the Wetland Area in Arid and Semiarid Regions of
Northern China

From 1995 to 2019, the area of wetlands showed an overall upward trend (Figure 3).
Natural wetlands continued to rise, except for a slight decline in 2000, increasing by
1423.71 km? by the end of 2019, with a change rate of 4.16% and an annual change rate (K)
of 0.17%. The period with the largest rate of change was from 2015 to 2019, at 1.44% and
with a K of 0.29% (Table 2). Although constructed wetlands increased by only 191.61 km?
from 1995 to 2019, their overall growth rate of 11.86% was much higher than that of natural
wetlands. Since 2000, the rates of change in constructed wetlands have continued to
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decrease. From 2015 to 2019, the rate of change was the lowest, at 0.26%, and the K was
only 0.05% (Table 3).
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Figure 3. Spatial patterns of wetlands in the study area.

Table 2. Changes in the area of natural wetlands during different stages from 1995 to 2019.

Year Wetland (km?) Stage Change Area (km?) Change Rate (%) K (%)
1995 34,243.92 1995-2000 —93.78 —0.27% —0.05%
2000 34,150.14 2000-2005 322.11 0.94% 0.19%
2005 34,472.25 2005-2010 464.22 1.35% 0.27%
2010 34,936.47 2010-2015 226.35 0.65% 0.13%
2015 35,162.82 2015-2019 504.81 1.44% 0.29%
2019 35,667.63 1995-2019 1423.71 4.16% 0.17%
Table 3. Changes in the area of constructed wetlands during different stages from 1995 to 2019.
Year Wetland (km?) Stage Change Area (km?) Change Rate (%) K (%)
1995 1614.96 1995-2000 18.45 1.14% 0.23%
2000 1633.41 2000-2005 65.43 4.01% 0.80%
2005 1698.84 2005-2010 59.49 3.50% 0.70%
2010 1758.33 20102015 43.47 2.47% 0.49%
2015 1801.80 2015-2019 4.77 0.26% 0.05%
2019 1806.57 1995-2019 191.61 11.86% 0.49%

Concerning spatial pattern changes from 1995 to 2019, the stable and unchanging
areas of natural and constructed wetlands were widely distributed at 30,661.11 km? and
1291.50 km?, accounting for 78.12% and 60.63% of their total area, respectively. In addition,
the reduced natural wetland area was small, at 3782.81 km?, accounting for only 9.13%,
with a scattered distribution. The reduced area of the constructed wetland was 323.46 km?
or 15.19% of the overall area, and was primarily distributed as small patches in the margins
of reservoirs. The natural wetland area increased to 5006.52 km?, accounting for 12.76%
of the total area; it was primarily centered in the central and northwestern parts of the
study region. The increased area of constructed wetlands was dispersed and increased to
515.07 km?, accounting for 24.18% of the overall area (Figures 3 and 4).
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Figure 4. The spatial distribution map of natural and constructed wetland dynamics from 1995 to 2019.

3.2. Evolution of Wetland Areas in Arid and Semiarid Regions of Northern China

From 1995 to 2019, the increased area of natural wetland mainly resulted from the trans-
formation of grassland and other lands, with net increases of 669.60 km? and 858.06 km?,
respectively. The decrease in natural wetland area was primarily due to transformation
into agricultural land, with a corresponding net decrease area and rate of 151.38 km? and
—10.63%, respectively (Table 4). During this time period, the increased area of constructed
wetlands was largely caused by the transformation of grassland and other lands, among
which grassland was the greatest, with a net transformed area of 138.33 km?, almost twice
that of other lands. In addition, the conversion of constructed wetlands to other lands
was relatively small; the net conversion rate of agricultural land, which saw the most
conversion, was only 3.19% (Table 4). The amount of conversion between natural wetlands
and constructed wetlands was also very small. Only 8.28 km? of natural wetlands were
transferred to constructed wetlands, and only 21.24 km? of constructed wetlands were
converted to natural wetlands (Table 4).

Table 4. Conversion matrix of land use area from 1995 to 2019.

2019 1995 VI:II::& 1:‘11 C%‘::f: :(t:led Agriculture Forest Grassland Settlement Others

natural wetland 29,177.10 21.24 984.06 98.55 2876.13 2.61 2460.6

constructed wetland 8.28 1407 .42 57.24 1.17 210.60 0.00 121.32
agriculture 1135.44 63.36 208,669.3 1262.61 58,546.26 54.27 31,838.85

forest 57.42 1.53 1600.65 20,894.13 8103.96 0.09 257.49
grassland 2206.53 72.27 56,454.03 5540.31 1,028,456.28 37.89 127,577.88

settlement 40.77 2.07 2535.12 8.82 3014.46 1179.27 977.13

others 1602.54 48.87 9731.25 397.53 97,664.58 19.35 1,653,423.66
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3.3. Driving Forces of Wetland Distribution Based on PLS-SEM
3.3.1. PLS-SEM Evaluation

The correlation reliability and validity test indicators Cronbach’s alpha, rho_A, and
CR of the PLS-SEM for natural and constructed wetlands were all above 0.7, and the AVE
values were all greater than 0.5 (Tables 5 and 6), which were all within the acceptable range,
proving that the model achieved good results and had certain reliability and applicability.
The p values for both the external and internal loads of the model were less than 0.05, and
were significant. The 3 values of biology, human disturbance, terrain, soil, moisture, and
heat factors and its interactive effects were also found to be statistically significant. In
conclusion, the aforementioned indicators basically met the ideal criteria, demonstrating
the reasonability and dependability of the evaluation model.

Table 5. Reliability and validity evaluation of the PLS-SEM of natural wetlands.

Latent Variables Cronbach’s Alpha rho_A Composite Reliability (CR) Average Variance Extracted (AVE)
biology 0.884 0.893 0.945 0.896
human disturbance 0.765 0.969 0.756 0.525
terrain 0.712 0.749 0.848 0.738
soil 0.745 0.757 0.837 0.565
moisture 0.725 0.765 0.846 0.650
heat 0.938 0.943 0.970 0.942

Table 6. Reliability and validity evaluation of the PLS-SEM of constructed wetlands.

Latent Variables Cronbach’s Alpha rho_A Composite Reliability (CR) Average Variance Extracted (AVE)
biology 0.809 1.148 0.903 0.824
human disturbance 0.718 0.745 0.721 0.502
terrain 0.700 0.815 0.824 0.705
soil 0.701 0.762 0.786 0.509
moisture 0.914 0.922 0.946 0.854
heat 0.958 0.958 0.979 0.960

3.3.2. Driving Forces of Natural Wetlands

The standardized coefficients for all latent and observed variables affecting the dis-
tribution of natural wetlands from 1995 to 2019 can be directly found in the PLS-SEM
(Figure 5). Soil, terrain, human disturbance, and heat were negatively correlated with
natural wetlands. Soil had the biggest negative impact, with a path coefficient of —0.610,
followed by terrain with a path coefficient of —0.417, which became the second largest
driving force affecting the natural wetland distribution. The path coefficient for human
disturbance was —0.100, and heat had no significant influence on natural wetlands because
the path coefficient was less than 0.1. It is worth noting that moisture and biology had
positive impacts on natural wetlands at path coefficients of 0.165 and 0.124, respectively.

Four indirect paths linked the distribution of natural wetlands. First, two indirect
paths were created by human disturbance: one was a positive indirect path with an effect of
0.154 through a negative impact on terrain (—0.369), and the other was a negative indirect
path with an effect of —0.252 through a positive impact on soil (0.413). Second, the indirect
pathway of moisture to natural wetlands was positive because it had a positive effect on
biology (0.309). Finally, the indirect effect of heat on natural wetlands through negative
effects on moisture was negative.
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natural wetlands.

3.3.3. Driving Forces of Constructed Wetlands

The PLS-SEM contained 7 latent variables and 17 observed variables, of which there
were a total of 6 direct paths (Figure 6). The results showed that the factors of soil, terrain,
and human disturbance had negative effects on constructed wetlands. Moreover, human
disturbance was the dominant factor affecting constructed wetlands, with a path coefficient
of —0.438. Additionally, both heat and moisture had positive impacts on constructed
wetlands, at path coefficients of 0.179 and 0.125, respectively. Biology had little influence.
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Figure 6. PLS-SEM diagram of the comprehensive influence of each variable on the change in
constructed wetlands.
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Three indirect paths had influence on the change in constructed wetlands. Human
disturbance indirectly and positively impacted the constructed wetlands through its neg-
ative effect on terrain (—0.215). On the other hand, human disturbance had an indirect
negative impact on the change in constructed wetlands via a positive impact on soil (0.191).
In addition, heat had a strong negative impact on moisture (—0.856), which led to the
strongest indirect negative path for constructed wetlands.

3.4. Influential Factors of Wetland Distribution

Based on the PLS-SEM results of natural wetlands and constructed wetlands, eight
main indicators of elevation, slit, pH, arable land area, GDP, precipitation, temperature,
and NDVI were selected for the county-scale GWR analysis (Figures 7 and 8).
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Figure 7. Regression coefficients of the spatial distribution of the main drivers of natural wetlands
based on GWR. Input factor scores: (a) Elevation; (b) Slit; (c) pH; (d) Arable-land area; (e) GDP;
(f) Precipitation; (g) Temperature; (h) NDVI.
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Figure 8. Regression coefficients of the spatial distribution of the main drivers of constructed wetlands
based on GWR. Input factor scores: (a) Elevation; (b) Slit; (c) pH; (d) Arable-land area; (e) GDP;
(f) Precipitation; (g) Temperature; (h) NDVI.

3.4.1. Spatial Heterogeneity of Driving Factors of Natural Wetlands

The regression coefficient of elevation ranged from —0.6179 to 0.4632, showing a sig-
nificant negative impact in western Xinjiang and central and eastern Inner Mongolia, and a
positive effect in western Inner Mongolia, Gansu, Qinghai, Ningxia, and eastern Xinjiang
(Figure 7a). The regression coefficient of silt ranged from —0.0281 to 0.6155, with an overall
positive effect, and the largest positive effect in northeastern Inner Mongolia, western
Qinghai, and eastern Xinjiang (Figure 7b). The regression coefficient of pH was between
—0.3935 and 0.0715, showing a generally negative effect (Figure 7c). The regression coeffi-
cient of the arable land area ranged from —0.0389 to 0.7830, with a mainly positive effect
on wetlands, and the largest regression coefficient in eastern Xinjiang and western Qinghai
(Figure 7d). The regression coefficient of GDP was from —0.7201 to 0.1661, with a negative
effect that gradually increased from the middle to the periphery (Figure 7e). The precipita-
tion regression coefficient ranged from —0.6491 to 0.1502; only western Gansu and eastern
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Qinghai were positively correlated, and the remaining area was negatively correlated
(Figure 7f). The regression coefficient range of temperature was from —1.0451 to 0.2298;
eastern Xinjiang, western Gansu, and western Qinghai showed positive correlations, while
the remaining areas demonstrated negative correlations (Figure 7g). The regression co-
efficient of the NDVI ranged from —0.7842 to 0.0334, and its overall performance was
negatively correlated (Figure 7h).

3.4.2. Spatial Heterogeneity of Driving Factors of Constructed Wetlands

The regression coefficient of elevation was from —0.4008 to —0.1773, and the impact
on constructed wetlands gradually changed from positive in the west to negative in the east
(Figure 8a). The regression coefficient of silt was between 0.0000 and 0.2128, and all regions
had an overall positive impact, with the largest effects in southeastern Xinjiang and central
Qinghai (Figure 8b). The regression coefficient of pH was from —0.3933 to 0.1801, except for
western Xinjiang, which showed a positive correlation, and all other regions were negatively
correlated (Figure 8c). The regression coefficient of the arable land area was between
—0.0510 and 0.2180, with the largest positive impact in Xinjiang and the largest negative
impact in eastern Qinghai and southern Gansu (Figure 8d). The regression coefficient of
GDP was from —0.1968 to 0.0041, the overall impact on wetlands was negative, and the
largest negative correlation was in western Xinjiang (Figure 8e). The regression coefficients
of precipitation were between —0.5928 and 0.2334, and the impact on constructed wetlands
gradually shifted from negative in the west to positive in the east (Figure 8f). The regression
coefficient of temperature was from 0.0000 to 0.5568, with an overall positive correlation,
and the maximum correlation was reached in Xinjiang and western Qinghai (Figure 8g).
The distribution of regression coefficients of NDVI indicated positive effects in Xinjiang,
western Qinghai, western Gansu, and northwestern Inner Mongolia, and negative effects
in the remaining areas (Figure 8h).

4. Discussion
4.1. Spatiotemporal Changes in Wetlands

From 1995 to 2019, overall, wetland area in the arid and semiarid regions of north-
ern China presented an increasing trend, and the a growth rate of 4.5% (Figure 3). The
overall growth rate of natural wetlands was 4.16% (Table 2). This growth may be due
to the implementation of a number of ecological conservation and restoration initiatives.
Starting in 2000, the Chinese government started to substantially invest in the conservation
and restoration of natural capital; the National Action Plan for Wetland Conservation
was also developed in that year [42]. The National Wetland Conservation Engineering
Plan (NWCEP) 2002-2030 was approved in 2003 [43]. The area of constructed wetlands
continued to rise, with an overall growth rate of 11.86%, much higher than that of natural
wetlands (Table 3). This positive result is mainly due to the implementation of water
resource engineering [44,45]. However, it is important to note that, from 2000 onward,
the growth rate of artificial wetlands continued to decline (Table 3). This decline may
be attributed to the increased focus on water conservation and ecological construction in
modern water projects, and rather than a single-minded exploitation, the focus has shifted
to management and sustainability [46]. In addition, it can be observed from the land-use
transfer matrix that other lands have had the highest contribution rate to the increase in
natural wetland area, while the proportion of bare land in other lands was as high as 86.88%,
which reflects the long-term commitment of the Chinese government to desertification
control in arid and semiarid areas; these actions have achieved certain results over the
years [47]. Moreover, grassland had the greatest contribution to the increase in constructed
wetlands, suggesting that the expansion of reservoir areas drives land-use type transitions.
Water expansion inevitably led to an increase in land-cover types, such as grassland, which
developed directly by these water bodies.
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4.2. Driving Forces of Wetland Change
4.2.1. Direct Effects on Wetland Distribution

A comparison of the PLS-SEM of natural and constructed wetlands (Figures 5 and 6)
shows that the main driver of natural wetlands was clearly natural factors, but the main
driver of constructed wetlands was human factors.

Soil played a dominant role in the distribution of natural wetlands, indicating that
soil salinization and texture changes severely disturbed the ecological environment of
natural wetlands in arid and semiarid areas [48] by impacting soil nutrient loss, biological
community composition changes, and biological reduction; these impacts led to a strong
negative effect relationship between the soil and natural wetlands [49]. Compared with
natural wetlands, soil has a less negative impact on constructed wetlands, possibly be-
cause reservoir seepage raises the groundwater table downstream, which exacerbates soil
salinization in natural wetlands downstream of reservoirs [50]. In addition, GWR showed
that soil responded to natural wetlands more than constructed wetlands, though these
effects were localized in space. The central counties were the most sensitive in response,
a finding that may be due to higher population pressure in the middle of the study area,
which triggered anthropogenic soil erosion and land depletion [51].

The influence of human disturbance on wetlands is extraordinarily complicated. This
study showed that human disturbance was the dominant driving factor for the change in
constructed wetlands. With increased human activities, population growth, faster economic
development, and greater water demand, the water supply inevitably increases, and the
water area of constructed wetlands decreases [52]. Therefore, a strong negative correlation
exists between human disturbance and constructed wetland distribution. Contrary to the
driving mechanism of constructed wetlands, human disturbance had a weaker impact on
natural wetlands. However, previous research has demonstrated that human activity is the
major contributor to wetland loss [53-56]. This difference is because human beings have
not yet strongly exploited natural wetlands in arid and semiarid regions [57]. Furthermore,
natural wetlands were less likely than other regions to be converted into farmland and
construction land. Although the influence of human disturbances on natural wetlands was
not significant, it should not be ignored. According to the GWR results (Figures 7 and 8),
different regions have different degrees of response to human disturbance. However,
compared to other regions, the vast majority of wetlands in Xinjiang are less affected by
human disturbance and even experience positive impacts. This may be attributed to the
effective implementation of wetland protection policies in Xinjiang, which have been used
through Xinjiang to prevent damage from human activities; one example is the construction
of fencing to provide a solid protective barrier for wetlands [58].

In terms of terrain driving forces, some studies have demonstrated that flat and
low-lying terrain conditions are more conducive than other terrains to natural wetland
formation and development because these areas receive more water input from highlands
during snowmelt runoff or landfill overflow events in spring [59,60]. Therefore, terrain
elevation and slope are negatively correlated with wetlands. Notably, terrain has less
influence on constructed wetlands. The elevation and slope of the constructed wetlands did
not change greatly over time and have been more stable than the terrain of natural wetlands.
In addition, the natural wetland in the GWR model was more sensitive to elevation than the
constructed wetland, proving this point (Figures 7a and 8a). However, it is worth noting
that the wetlands in the northern part of the Tibetan Plateau were less sensitive to elevation
because, although the region is characterized by high elevation, the overall internal terrain
is relatively flat, and most of the wetlands are distributed in the basins and depressions of
the plateau region [61].

The results of this study indicated that the higher the temperature and evaporation, the
faster the wetland shrinks, which is consistent with [62], who show that high temperature
increases the rate of evaporation of wetland surface water and changes the wetland water
cycle; thus, many extreme weather events caused by global warming may pose a risk
to wetlands. Temperature and potential evapotranspiration have been increasing in the
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arid and semiarid regions of northern China for several decades, with more significant
changes in the eastern and western parts of the study area, which indicates that these areas
are significantly more sensitive to natural wetland response than those in the central part
of the region (Figure 7g) [63]. However, unlike natural wetlands, constructed wetlands
showed a positive correlation with heat in this study, which was consistent with the findings
of the national wetland resources survey in China concerning the relationship between
reservoir wetland area change and air temperature [64]; this result was confirmed by the
positive response of the constructed wetlands to temperature in each region of the GWR
(Figure 8g). Additionally, precipitation has a positive effect on wetlands, potentially because
precipitation affects the groundwater table in wetlands and provides recharge water [65].
Moreover, precipitation is the major driver of river runoff. The more precipitation there
is, the greater the inflow of the reservoir [66] Biological factors have little effect on both
natural and constructed wetlands. Some studies have revealed that the health of wetlands
is rarely correlated with aboveground biomass [67-69]. Perhaps more attention should
be given to underground biomass, but the characteristics of underground biomass cannot
be directly correlated with the surface reflectance from remote sensing [70]. Therefore, in
addition to remote sensing products such as NDVI and LAI, other indicators that can better
reflect underground biomass deserve further exploration.

4.2.2. Indirect Effects on Wetland Distribution

The PLS-SEM suggested that driving factors not only directly affect wetland dis-
tribution, but some factors even have opposite effects through indirect pathways, thus
sufficiently illustrating the complexity of the driving mechanism of wetlands.

This study showed that human disturbance accelerated the direct negative effect
of soil on wetland distribution through its positive influence on soil (Figures 5 and 6).
Human-related activities, for example urbanization building and land reclamation, lead to
an increase in clay and silt in soil [71], which then destroys the soil environment suitable for
wetland development. On the other hand, human disturbance positively impacts wetlands
through negative effects on terrain. Human activities have been recognized as a significant
geomorphic factor, and the resulting changes in land cover and geomorphology are global
issues [72]. For instance, the activities of agriculture, mining, quarrying, road building, etc.,
cause surface changes, resulting in changes in the elevation and slope of terrain in some
areas, thus affecting wetland distribution [73].

The results of the study also found that heat had an indirect negative impact on
wetlands through a pronounced negative effect on moisture (Figures 5 and 6). Previous
studies have also revealed that global-warming-induced increases in evaporation and
decreases in precipitation can destroy the wetland hydrological environment [74]. Water
is a key factor limiting plant growth in arid and semiarid regions [75]. Adequate water
replenishment maintains the wetland water level and affects wetland plant growth [76].
Hence, water indirectly improves the living environment of natural wetlands through its
positive effects on plants, which ultimately influences the distribution of natural wetlands.
In contrast, plants in constructed wetlands are not indirectly influenced by global-warming-
induced hydrological changes (Figure 6).

4.3. Implications for Wetland Management

Despite increases in global wetland degradation [77], wetlands in the arid and semi-
arid regions of northern China showed an increasing trend, which means that wetland
conservation in the region have achieved some success. Some important directions for
future wetland conservation in the region are indicated in this study. First, the PLS-SEM
showed that soil was the most important driving force of natural wetlands, implying that
the influence of soil factors should be given priority in the management of natural wetlands.
Corresponding soil protection and control measures can be taken, such as controlling soil
salinization, sanding and barrenness caused by overcultivation and overgrazing [78], and
mitigating the impact of artificial activities on soil quality. Furthermore, human disturbance
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caused the greatest negative effect on constructed wetlands. Thus, water extraction should
be strictly controlled to ensure that the ecological water needs of reservoirs in arid and
semiarid regions is met. In addition, ecological impacts should be taken seriously during
hydraulic project construction, with the harmony of people and water being a top priority.
In addition, long-term drought monitoring is necessary to prevent the adverse effects of
drought on wetlands [79]. More importantly, this study can help wetland ecosystem man-
agers further understand the adverse effects of the interactions among various influencing
factors on wetlands, such as human activities that can affect wetlands by modulating terrain
and soil. Moreover, the GWR visualized the spatial-scale responses of various driving
forces to county-level wetlands. For counties with a high sensitivity in the study area, GWR
can be targeted to provide credible guidance to regional wetland managers. Especially
for areas rich in agricultural production activities and that experience significant climate
change, the government should further increase the protection of wetlands. However, due
to the limitation of data sources, there is room for further improvement to indicator system
of drivers of wetland evolution; for example, pollution factors and natural-disaster factors,
which influence discharge into wetlands, can degrade wetland ecosystem functions [80].
In future research, various factors that effectively conserve and actively restore wetland
ecosystems should be considered, thus enabling the construction of a solid ecological
barrier for sustainable socioeconomic development in northern China.

5. Conclusions

This study explored the responses of wetlands to soil, terrain, human disturbance, heat,
moisture, and biology, and showed that these driving factors have different interactions
with different wetland types. The findings of the study indicated that, from 1995 to 2019,
natural and constructed wetlands increased by 1423.71 km? and 191.61 km?, respectively,
and the increases in both wetland types were mainly from grasslands and other lands. Soil
and terrain factors directly influenced the changes and distribution in natural wetlands,
while human disturbances directly influenced the changes and distribution in constructed
wetlands. In addition, the positive effect of human disturbance on soil exacerbated the
negative impact of soil on wetlands; the negative effect of human disturbance on terrain
weakened the negative effect of terrain on wetlands; the negative effect of heat on moisture
weakened the positive effect of moisture on wetlands; the positive effect of water on
biology enhanced the positive effect of biology on natural wetlands, though this effect
did not extend to constructed wetlands. The combination of the PLS-SEM and GWR
methods revealed the spatial heterogeneity and interaction of various driving factors in
the long-term evolution of wetlands and implied the complexity of causality in controlling
the distribution of wetlands; these results indicate that natural and constructed wetlands
should be targeted differently with different management and conservation measures. The
findings of the study are meaningful for exploring the driving mechanisms of wetlands in
arid and semiarid areas, and especially for providing insights into the comparative analysis
of influencing factors of different wetlands.
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