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Scientists have paid attention to assessing the change in ecosystem service risk under human
activities, yet few works have focused on the water yield risk induced by land-use and climate
change. In this study, a framework combining water yield with ecological risk for service
enhancement and human adaptation was established. The framework was applied to explore
the spatiotemporal variation in water vield service and its ecological risk via land-use and
climate change scenarios in the Ziwuling Mountainous Region (ZMR), China, using INVEST,
CA-Markov, and TOPSIS models. The water yield service decreased from 69.19 mm in 1990
to 47.72 mmin 2017 in the ZMR. The water yield service in the southeast ZMR was larger than
that in the northwest. The water yield service risk was high and increased first, then decreased
from 1990 to 2017 in the ZMR. The high-risk and higher risk subareas were distributed in the
middle and north of the ZMR. The water yield service is the highest under the EC126 scenario
(48.09mm in 2050 and 43.73mm in 2100) and the lowest under the EP585 scenario
(43.52 mm in 2050 and 40.62 mm in 2100). The water yield service risk of the EP558 scenario
is the largest one, with an area ratio of the high risk of 83.95% in 2050 and 85.33% in 2100. We
suggest developing water-saving agriculture and high-efficiency industrial systems, as well as
ecological restoration and integrated forest social-ecological management for risk alleviation,
service enhancement, and sustainable development.

Keywords: water yield, spatiotemporal change, ecological risk, scenario analysis, I"'WEST model, TOPSIS model

1 INTRODUCTION

Global climate change, population explosion, and the unreasonable use of natural resources have
caused intense pressure and risks to the self-regulation and restoration ability of the ecosystem,
which will eventually lead to the loss and degradation of ecosystem services (ESs) (Zhou and Zhao,
2013; Li et al,, 2019; Gacheno and Amare, 2021). Managing and avoiding ecological risks is an
essential prerequisite for achieving harmonious development between humankind and nature (Chen
F. et al., 2019). Ecosystem service and ecological risk assessment have become the focus of global
environmental change and sustainable development (Chen T. et al., 2019; Leal Filho et al., 2021). It is
helpful to ensure regional sustainable development by evaluating ecological risk scientifically and
formulating management policy to protect/restore the environmental system.
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Ecosystem services (ESs) are the natural conditions and
functions on which the formation of the ecosystem and
ecological process, and the maintenance of human survival
depend (Millennium Ecosystem Assessment, 2005; Costanza
et al., 2014). As a vital component of ESs, water yield service
plays an essential role in maintaining ecosystem stability and
human well-being to achieve the sustainable development
goals (SDGs) by the United Nations (e.g., SDG6: Clean
Water and Sanitation, SDG 15: Life on Land) (UN, 2015;
Bai et al,, 2019; Wang et al., 2019; Dai and Wang, 2020).
On the one hand, water yield service directly affects human
well-being by providing adequate water for production and
living and plays a key role in its entertainment and esthetic
values (Sdnchez-Canales et al., 2012). On the other hand, the
water yield service can indirectly affect the welfare of human
beings and the SDGs through the trade-off and synergistic
relationship with other services (UN, 2015; Ajaz et al., 2017). It
is of great significance to explore the spatiotemporal change of
water yield services and its influencing factors for rational
water resource use and sustainable development of the
ecosystem. The methods widely used for water yield service
evaluation include the InVEST (Integrated Valuation of
Ecosystem Services and Trade-offs Tools) model, the SCS
(Soil Conservation Service) model, and the SWAT (Soil and
Water Assessment Tool) model (Lv et al.,, 2015; Yang et al,,
2020). All these methods have their own advantages and
disadvantages. For example, the SCS model has a simple
structure, requires fewer parameters, and takes a long time
to apply (Liu et al., 2010; Zhang et al., 2021). However, it has
only one parameter and does not consider the time variable,
and the model accuracy is greatly affected by time variation.
The SWAT model has great computing capability and can
simulate continuously and efficiently (Choudhary and Athira,
2021). Still, it has high requirements on input parameters and
has great uncertainty of parameters, and it is difficult to obtain
long time-series data with low accuracy (Choudhary and
Athira, 2021; Aragaw and Mishra, 2022). The InVEST
model was widely used due to its advantages of few
parameters needed, low data required, and a wide
application range (Redhead et al.,, 2016; Yang et al., 2020).
Moreover, the input and output data are spatial raster forms,
which can show the spatial visualization of ESs (Liu Y. X. et al.,
2021). Furthermore, the results are precise and can directly
serve for natural resource protection and ecological
management. For example, Guerry et al. (2012) found that
the InVEST model is a useful tool to assess (i.e., map, model,
and value) multiple services provided by marine ecosystems.
Benra et al. (2021) found that the InVEST Seasonal Water
Yield Model (SWYM) performed well on the annual scale
rather than the monthly scale in southern Chile with a
potential for water ES assessments. Terrado et al. (2014)
found that the InVEST model could provide a more general
picture of ESs with easy accessibility to nonexperts and in a
spatially explicit manner in a humanized Lobregat River basin
in NE Spain. Ding et al. (2022) found that the InVEST model
worked well on water yield evaluation in the Qinghai Lake
Basin, China, with the simulation results close to the real
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situation. Dai and Wang (2020) and Wang et al. (2020)
simulated the spatial distribution of water yield via the
InVEST model and conducted quantitative attribution
analysis for various geomorphologic and climatic zones in
the Hengduan Mountain Region via the geodetector
method. All these studies showed that the InVEST model
was an easy and a spatially explicit tool with high reliability
in evaluating water yield and spatial heterogeneity (Sharp et al.,
2020).

Ecological risk assessment evaluates the possibility of adverse
environmental effects that may occur or are occurring of the
exposed risk receptors (Liu et al., 2020). Previous ecological risk
assessment was mostly explored via the ecological entity
characteristics, such as point source threat and regional
landscape pattern change, and ignored the factors related to
human well-being (Chen F. et al, 2019). Moreover, the
ecological risk assessment combined with ESs mostly focuses
on theoretical analysis and conceptual models. There are few
studies that documented the ecological risk change via ES
evaluation, mainly due to the lack of risk characterization
methods based on ESs. More and more studies have begun to
integrate ESs into ecological risk evaluation and build an
ecological risk assessment framework based on ESs, which has
become one of the research hotspots (Gong et al., 2021; Qian
et al,, 2022).

Some studies have shown that water yield service is affected
by climate change and land-use/cover change (LUCC) (Pan
et al,, 2013; Sun et al., 2015; Xu et al., 2015, Xu X et al.,, 2016;
Mo et al., 2021; Pei et al.,, 2022). Climate change can affect
water yield service by changing the precipitation and
evapotranspiration (i.e., solar radiation, temperature, and
precipitation) (Legesse et al., 2003; Pei et al., 2022). LUCC
will influence the watershed water cycle, affect the
evapotranspiration, infiltration process, and water-holding
capacity, then impact the water yield service (Zhao et al,
2019; Ge et al,, 2020; Sharp et al, 2020). The impacts of
climate change and land use on the future water yield
service can be simulated via scenario analysis of the
ecological risks on the potential water yield to put forward
targeted management and control suggestions for regional
sustainable development. Currently, various methods are
applied to simulate trends of growth and changes in the
LUCC (Ghosh et al, 2017). Several studies have used
traditional models, such as cellular automaton (CA) models
and logistic regressions (Xu J. et al., 2016) to simulate and
predict future changes. Other studies apply integrated models
such as CA-Markov models (de Freitas et al., 2018) to obtain
precise and realistic results. Due to the advantage of the
integration of the geospatial and remote sensing data, and
biophysical and socioeconomic data for the accurate
simulation (Weng, 2002; Cunha et al, 2020), the
CA-Markov model is widely used to simulate land-use
changes (Hyandye and Martz, 2017; Maviza and Ahmed,
2020), including Zaria in Nigeria (Koko et al., 2020),
Baiyangdian Basin (Gao et al, 2021) and the Gaborone
Dam Catchment (Matlhodi et al., 2021), Hainan Island (Liu
Q. et al,, 2021), the Majang Forest Biosphere Reserves of
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Gambella, Southwestern Ethiopia (Tadese et al., 2021), and  in the CLP as an example. Specifically, we aimed to: 1) develop an
southwestern Iran (Marzieh et al., 2021). However, studies on  ecological risk assessment framework by integrating water yield
LUCC prediction and impacts on water yield service in the  service, and land-use and climate change; 2) discern the spatial
Chinese Loess Plateau are still scarce and constrain  pattern and temporal change in water yield service, as well as the
its management application for water yield and human  ecological risk; 3) simulate the potential change in the water yield
activities. service risk via land-use and climate change scenarios; and 4) put
The Chinese Loess Plateau (CLP), a critical fragile  forward management suggestion for water yield service and
ecological area with many environmental issues, has  human adaption to climate change.
attracted much attention of scientists and governors. With
the combined impacts of climate change and human
socioeconomic  activities, some environmental issues 2 METHOD AND STUDY AREA
increasingly occurred in the CLP. For example, Zhang et al. .
(2022) found that the overall ecological vulnerability was 2.1 Research Flowchart and Its Brief
moderate to high in the CLP from 2000 to 2015, and their  Introduction
area accounted for more than 60%. Fu et al. (2017) reported ~ Figure 1 shows the research flowchart of the method used in
that some local soil erosion had been successfully controlledin  this study. Based on the land-use map, meteorological data,
the CLP, but the regional ecosystem remains fragile. Ensuring  digital elevation model (DEM), and geographic vector data, the
its water ecological security is of great significance for the  InVEST model is applied to evaluate water yield services in the
sustainable development of the CLP. The Ziwuling ZMR. Then, the TOPSIS model is used to assess the ecological
Mountainous Region (ZMR), the only entirely preserved  risks of water yield in the ZMR. The CA-Markov model was
natural secondary forestry located in the hinterland of the  used here to set different land-use and climate scenarios, to
CLP (Li et al., 2011), plays an essential role in soil retention, = compare the selected climate model data with the CMIP6
water conservation, and climate regulation. Meanwhile,  scenario model to predict the water yield services and its
intensive human activities and the fast recovery of forests  risk under different climate and land-use scenarios in the
and grassland have changed the local social-ecological =~ ZMR. Finally, we put forward some management
systems in the last decades. However, there are still a few  suggestions to alleviate the water yield service risk in the
studies on the ecological risk of water yield service in the CLP. ~ future (Figure 1). Based on the CA-Markov module of the
More efforts are needed to face these challenges and to pay for =~ IDRISI Selva 17 software, this study set three different
the harmonious development of humans and nature. development scenarios of natural development, ecological
The main objective of this study was to propose and test a  protection, and economic construction to simulate the
methodological framework for assessing the water yield service  future land-use change. At the same time, this study applied
risk via scenario analysis of land-use and climate change. The  two extreme climate scenarios, the high forcing unsustainable
spatial-temporal change in water yield and ecological risk and the ~ scenario (SSP5-8.5) and the sustainable low forcing scenario
potential trends were comprehensively analyzed using the ZMR ~ (SSP1-2.6), to obtain the possible climate change range.
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FIGURE 1 | Research flowchart.
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Finally, we predict the water yield service and their risk under
different climate and land-use scenarios in the future and put
forward some suggestions for water yield service risk control
and management (Figure 1).

2.2 Research Area

The Ziwuling Mountainous Region (ZMR) (34°40'-3725'N,
107°30'-110°20E) is referred to the Ziwuling National Nature
Reserve and its surrounding areas in this study (Figure 2). The
ZMR is located in the hinterland of the CLP (Figure 2), including
16 counties/districts, such as Huachi, Heshui, Ningxian,
Zhengning, Wugi, Zhidan, Ansai, Baota, Ganquan, Fuxian,
Huangling, Yijun, Wangyi, Yintai, Yaozhou, and Xunyi. The
ZMR belongs to a temperate continental monsoon climate
with an elevation of 534-1,856m. The annual average
temperature is about 7.4°C, and the average yearly
precipitation is 587 mm. The rainfall mainly occurred from
July to September, and the intensive rainstorm events often
lead to water and soil loss disasters.

The ZMR has a long history of human activities. Since the
Ming and Qing Dynasties, the vegetation has undergone a
succession of destruction, restoration, destruction, and
restoration cycle. The region is rich in natural resources
(such as coal, oil, and gas) and cultural tourism, with great
efforts in mining and development. Meanwhile, the population
and economic density keep growing, with the expansion of
urban and transportation construction land. Although
economic growth was promoted, it also resulted in natural
disturbance and environmental pressure. As the only entirely
preserved natural secondary forest in the CLP (Li et al., 2011),
the forest in the ZMR plays a vital role in water
conservation, climate regulation, and biodiversity (Sun,
2018). Therefore, ensuring ecological security in the ZMR is

Water Yield Variation and Risk

of great significance to the sustainable

development of the CLP.

maintaining

2.3 Data Resource and Data Processing

The land-use maps of 1990, 2000, 2010, and 2017 with a 30-m
spatial resolution were downloaded from the Chinese
Academy of Sciences (https://www.resdc.cn/). Land-use
types included farmland, forestland, grassland, water,
constructed land, and unused land according to the
“Chinese Classification Criteria of Current Land Use” (GB/
T21010-2017). The overall accuracies in 1990, 2000, 2010, and
2017 were all greater than 88%, which is acceptable for land-
use change analysis. The digital elevation model (DEM) data
with a spatial resolution of 30 m were obtained from the
Geospatial Data Cloud platform (http://www.gscloud.cn/),
which was used to extract the vector boundary of watershed
and subwatershed and obtain topographic factors. The data of
meteorological stations were obtained from the China
Meteorological Data Service Center (http://data.cma.cn/)
and the Chinese Academy of Sciences (https://www.resdc.
cn/). To avoid the impact of extreme meteorological events
on the study results, the annual average values of
meteorological data from 1981 to 1990, 1991 t02000, 2001
to 2010, and 2011 to 2017 were calculated, respectively. The
Anuspline, one of the professional meteorological
interpolation software, was used for spatial interpolation.
The processed meteorological data were used to estimate
rainfall erosivity factors and evapotranspiration potential.
Solar radiation data were obtained from the global
meteorological database (https://worldclim.org/data/). The
data are monthly grid data with a resolution of 1km. After
downscaling and averaging, the annual-scale data with a 30-m
resolution were obtained to calculate the evapotranspiration
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FIGURE 2 | Location of the Ziwuling Mountainous Region (ZMR) (A) and land-use map in 2017 (B).
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potential. Soil data were obtained from the Soil Information
System of China (http://www.issas.ac.cn/kxcb/zgtrxxxt/) to
estimate soil erodibility factor, soil depth, and maximum
root restriction depth. The data of the Scenario Model
Intercomparison Project (ScenarioMIP) in Coupled Model
Intercomparison Project Phase 6 (CMIP6) were obtained
from the website of the Earth System Grid Federation
(ESGF) (https://esgf-node.llnl.gov/projects/esgf-1Inl/). The
prediction data were obtained from the National Climate
Center (Beijing Climate Center Climate System Model
version 1, BCC-CSM2-MR). More details on the data can be
found in Section 2.5.3.

2.4 Main Methods

2.4.1 Water Yield Service

The water yield service was calculated via the InVEST module.
The module integrates relevant parameters such as soil depth, soil
permeability, and root depth in the calculation process and
modifies them locally based on Budyko’s hydrothermal
coupling balance principle (Wu et al, 2017). The InVEST
model has been widely used in water yield service studies of
different scales and regions due to its minor limitations on data
acquisition and strong visibility of results (Dai and Wang, 2020;
Lietal., 2020; Liu J. et al., 2021; Yang et al., 2020). The calculation
formulations are as follows:

< AETX>
Y.=|1- X P,
P,

AETy 1+ wR,

P.  1+w.R, + YR
_ ki x ET,
==
AWC,

R,

w,=2 +1.25

X

AWC, = min(MaxSoil Depth_, Root Depth_) x PAWC,

where Y,, AET, and P, are the annual water yield (mm), actual
annual evapotranspiration (mm), and annual precipitation
(mm) at pixel x, respectively. R,, K, and ET, are the
dryness index, vegetation evapotranspiration coefficient, and
evapotranspiration potential at pixel x, respectively. w, is a
linear function (dimensionless) affected by the precipitation
and soil properties. Z is the seasonal constant, which is 4 in this
study. AWC, is the available volumetric water content (mm) of
plants, Max Soil Depthy, Root Depth,, and PAWC, are the
maximum depth of soil, the maximum root depth of
vegetation-covered land, and the available volumetric water
content of the plants, respectively.

2.4.2 Ecological Risk Assessment Based on
Ecosystem Services

The TOPSIS model (Technique for Order Preference by
Similarity to an Ideal Solution) is a nonlinear evaluation
method, and its evaluation value can reflect the advantages
and disadvantages of the evaluation object (Yu et al., 2020).
The TOPSIS model can effectively use the original data and
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accurately reflect the gap between the evaluated objects. As there
are no special requirements for the data distribution,
indicators, and sample number of evaluation indicators, the
TOPSIS model is flexible and widely used, for example, in
urban land resource evaluation, regional water resource
assessment, and cost scheme decision-making (Dehdasht et al.,
2020).

Based on the TOPSIS model, this study constructed an
ecological risk assessment model based on ESs in the ZMR.
The basic principles are as follows: Firstly, the sample units
with the maximum and minimum ESs at grids or polygons in
a certain space were selected as the positive ideal sample points
and negative ideal sample points, respectively. The ES value at the
positive ideal sample points was considered as the risk threshold.
The Euclidean distance of the positive and negative sample points
was used to represent the maximum loss of regional ESs. Then,
the ecological risk index was calculated, which is the ratio
between the Euclidean distance of the positive ideal sample
point and the maximum loss of ESs at each unit in
space. More details on the ecological risk assessment are
shown below.

(1) Normalization of the ecosystem services: The maximum and
minimum normalization method was used to linearly
transform the original values of various ESs to eliminate
the impact of data dimension and magnitude on the data.

L ESuu;~ ES,
Y Esmax j_ESminj

where r;; is the normalized value of j ecosystem service at pixel i,
ES;; is the value of j ecosystem service at pixel i, and ES,,,4x j and
ES,.in j are the maximum and the minimum pixels of j ecosystem
service.

(2) Identification of the positive ideal sample points and negative
ideal sample points:

+
Y = |Tmax j-1  Vmax j-2 Vmax j—n
J J J

)’_ = [rmin j-1 Vmin j-2 Vimin j—n]

where y" is the set of positive ideal samples, which are the sample
units with the normalized maximum value of various ESs; y" is the
set of negative ideal samples, which are the sample units with the
normalized minimum value of various ESs; and 7,,qy j and 7, ;
are the normalized maximum value and the normalized
minimum value of j ES in the study area.

(3) Calculation of the degree of ecosystem service loss:

n
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where S; is the Euclidean distance between pixel i and the
positive ideal sample, and the larger its value, the larger the
ecological risk; and S, is the Euclidean distance between the
positive ideal sample and the negative ideal sample, indicating the
loss of ESs in a certain area.

(4) Calculation of ecological risk index:
s
S+

max

ESR; =

where ESR; is the comprehensive ecological risk index at pixel i,
and its value is between 0 and 1. The value 1 represents the
maximum relative loss of ESs and the highest ecological risk, and
the value 0 represents the minimum relative loss of ESs and the
lowest ecological risk.

(5) Ecological risk grade classification: Considering the fairness
of the ecological risk time-series analysis process and the
consistency of risk classification standards, the equal interval
classification method was applied to classify the ecological
risk in different periods. The ecological risk in the study area
was divided into five levels: the low risk (0-0.2), lower risk
(0.2-0.4), medium risk (0.4-0.6), higher risk (0.6-0.8), and
high risk (0.8-1).

2.5 Scenario Simulation of the Land-Use
and Climate Change

The CA-Markov model and Scenario Model Intercomparison
Project (ScenarioMIP) were used to set different scenarios on
climate and land-use change to predict the ecological risk of the
ZMR in 2050 and 2100, respectively.

2.5.1 Land-Use Scenario Simulation Based on the
CA-Markov Model

Based on the CA-Markov module of the IDRISI Selva 17
software, this study set three different scenarios of natural
development,  ecological  protection, and  economic
development (Table 1) to simulate future land-use change. A
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brief introduction of the three scenarios on land-use simulation is
shown in Table 1.

2.5.2 Accuracy Test of Land-Use Simulation Results
The simulated and the actual land-use maps in the study area
were cross-checked, and the accuracy of the simulation results
was obtained. Using the CROSSTAB tool under IDRISI Selva 17
software in GIS analysis, the simulated land-use raster map and
the actual land-use map in 2017 were input to test and calculate
the kappa coefficients and the overall kappa of the land-use types,
respectively. The kappa value is calculated using the following
formula:

K. PO_PC(P nlp 1)
appa = o= ol =7
pp P,-P, n

N

where 7 is the total number of land-use pixels, n; is the number of
correct pixels for the simulation, N is the number of all land-use
types, P, is the proportion of correct pixels for the simulation, P,
is the proportion of pixels expected to be simulated correctly, and
P, is the proportion of correct pixels for the simulation under the
ideal conditions. The kappa coefficient of all land-use types was
greater than 0.5, and the overall simulation accuracy was high,
with a Kappa coefficient of 0.937.

2.5.3 Climate Scenario Simulation Based on the
CMIP6

Based on the climate model data of the Scenario Model
Intercomparison Project (ScenarioMIP) in the Coupled Model
Intercomparison Project Phase 6 (CMIP6), this study simulated
and forecasted the future climate in the ZMR. The climate
prediction scenario of the ScenarioMIP is a rectangular
combination of different SSPs and the radiative forcing
(representative concentration pathway, RCP) (Zhang et al,
2019). SSPs (the shared social-economic pathways) described
the possible development of society in the future without the
impact of climate change or climate policies, including SSPI,
SSP2, SSP3, SSP4, and SSP5, which represented five different
paths of sustainable development, moderate development, local
development, unbalanced development, and conventional
development, respectively (Fujimori et al., 2014; Weng et al,

TABLE 1 | Brief introduction of the three scenarios on land-use simulation.

Land-use Scenario descriptions

scenarios

Natural This scenario assumes that the land-use change trend remains the
development same as before (2010-2017)

Ecological This scenario emphasizes environmental protection and limits human
protection socioeconomic construction activities

Economic This scenario focuses more on regional economic development, and
construction ecological protection will pay less

Scenario setting methods

The local landscapes continue to evolve naturally according to the previous
period’s development speed and spatial layout

The transfer probability of forests, grasslands, and water to urban settlement,
rural settlement, and transportation lands was set as 0, and the transfer
probability of other lands to forests, grasslands, and water is increased by
20%. At the same time, the shady slope and sunny slope farmlands in which
the slopes are larger than 15° should be returned to forests and grasslands,
respectively

The transfer probability of other lands to urban settlement, rural settlement,
and transportation lands is increased by 30%, respectively, and urban
payment, rural payment, and transportation lands are made into buffer zones
within 300, 30, and 30 m, respectively, as a suitable development zone
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2020). In CMIP5, there were four emission scenarios, including
the RCP2.6, RCP4.5, RCP6.0, and RCP8.5. It meant that the
radiation forcing would be stable at about 2.6 W/m?, 4.5W/m?,
6.0 W/m?, and 8.5 W/m?, respectively, by 2100. On this basis, the
CMIP6 added three new RCPs, including RCP7.0, RCP3.4, and
RCPs below 2.6 to fill the gap between CMIP5 RCPs. A new
climate prediction scenario based on the integrated assessment
model (IAM) (Chen, 2021), the SSP1-2.6 updated RCP2.6
scenario, shows the combined effects of the low radiation
forcing, low vulnerability, and low mitigation pressure. This
scenario predicted that by 2100, the multimode average value
of global warming would be significantly lower than 2°C. By
analogy, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively,
represented medium, medium to high, and high levels of
development, with medium, higher, and high levels of
radiation forcing and vulnerability.

In this study, two extreme climate scenarios, the high forcing
unsustainable scenario (SSP5-8.5) and the sustainable low forcing
scenario (SSP1-2.6), were used to obtain the possible climate
change range in the ZMR, to clarify the possible impact range of
climate change on ESs.

The panoply software provided by NASA’s official website
(http://www.giss.nasa.gov/tools/panoply) was to read file
metadata information and was run in the MATLAB
software to decompress and read the NC file. Finally, we
obtained the required meteorological data through a series
of grid calculations and correlation analysis in the ArcGIS
software. As the resolution of the obtained data is only 100 km,
referring to relevant studies (Martinez-Harms et al., 2017; Lv,
2019), the change values of various climate elements in the
study area from 2017 to 2050 and 2017 to 2100 under the high
forcing unsustainable scenarios (SSP5-8.5) and sustainable low
forcing scenarios (SSP1-2.6) were calculated, respectively.
Then, based on the actual meteorological data of the ZMR

Water Yield Variation and Risk

in 2017, the change values of climate elements in the ZMR in
2050 and 2100 were obtained (Table 2).

2.5.4 Land-Use and Climate Scenario

Setting

Based on the CA-Markov module of the IDRISI selval7 software,
this study set three scenarios of natural development, ecological
protection, and economic construction to simulate the future land-
use change in the ZMR. Six development scenarios were generated
based on three land-use change scenarios and the two climate paths
SSP1-2.6 and SSP5-8.5 of the CMIP6 ScenarioMIP to assess the
ecological risks in the ZMR under different scenarios (Table 3).

3 RESULTS

3.1 Spatiotemporal Variation in Water Yield

Service in the ZMR From 1990 to 2017
The water yield service in the ZMR decreased from 1990 to 2017
(Figure 3), with an average annual rate of -0.79 mm. Water yield
service in the ZMR was 69.19 mm in 1990, the highest one in the
study period, mainly affected by precipitation and
evapotranspiration potential. The average rainfall was high
(562.85 mm), and the evapotranspiration potential was the
lowest (828.04 mm) in 1990. Water yield service in the ZMR
was 19.98, 31.32, and 47.72 mm in 2000, 2010, and 2017, showing
an increasing trend. The precipitation in 2000 was the lowest
(502.34 mm), and the evapotranspiration potential was the
highest (1016.25mm), and the actual water yield service
decreased in 2000. Then, the water yield service increased
after 2000.

The water yield service in the southeast ZMR was larger than
that in the northwest. The subareas with high value were mainly

TABLE 2 | Change values of climate elements in the ZMR under SSP1-2.6 and SSP5-8.5 scenarios in 2050 and 2100.

Year Precipitation (mm)
SSP1-2.6 2050 +0.920

2100 +1.554
SSP5-8.5 2050 +1.604

2100 +2.349

Average temperature

Average minimum Average maximum

(’c) temperature ('C) temperature ('C)
+0.518 +0.241 +0.439
+1.392 +0.527 +0.755
+1.021 +0.479 +0.638
+2.876 +1.107 +1.985

TABLE 3 | Land-use and climate scenario settings.

Comprehensive scenarios

Land-use scenarios

Climate scenarios

ND126 Natural development (ND) SSP1-2.6
ND585 Natural development (ND) SSP5-8.5
EP126 Ecological protection (EP) SSP1-2.6
EP585 Ecological protection (EP) SSP5-8.5
EC126 Economic construction (EC) SSP1-2.6
EC585 Economic construction (EC) SSP5-8.5

Note: ND, EP, and EC represent the natural development scenario, ecological protection scenario, and economic construction scenario of land use, respectively.
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located in the southeast ZMR, especially in Huangling, Yijun,
Yintai, Wangyi, Yaozhou, Xunyi, and Zhengning, with more
precipitation, lower evapotranspiration, more water surplus,
and higher water yield service. The subareas with low value
were mainly located in the northwest ZMR, especially in
Wugqi, Zhidan, Ansai, and Huachi (Figure 3), with a drier
climate, greater evaporation, and less water yield service.

3.2 Spatiotemporal Variation in the Water
Yield Service Risk in the ZMR From 1990 to
2017

The risk level of water yield service in the ZMR first increased and
then decreased from 1990 to 2017, mainly belonging to the high-
risk level (Figure 4). The areal ratio of the high-risk subareas in
the ZMR was the largest one in 1990, 2000, 2010, and 2017,
accounting for 72.70%, 86.65%, 83.06%, and 83.01%, respectively
(Figure 4). The areal ratio of the low-risk subareas was the

smallest one (Figure 4), accounting for 2.36%, 0.27%, 0.41%,
and 0.83%, respectively. The areal ratios of the lower, medium,
and higher risk subareas of water yield service in the ZMR were
5.20%, 10.42%, and 9.32% in 1990. Compared with 1990, the areal
ratios of the lower, medium, and higher risk subareas of water
yield service in the ZMR decreased in 2000, increased in 2010, and
then increased in 2017.

The spatial distribution pattern of water yield service risk in
the ZMR was found to have no apparent changes during the study
period (Figure 4). However, the subareas with high and higher
risk were mainly concentrated in the middle and north ZMR,
especially in Wugqi, Zhidan, Ansai, Baota, Huachi, Ganquan,
Heshui, and Fuxian. The spatial distribution of the subareas of
the lower and low risk was mainly located in the southern ZMR,
such as Huangling, Xunyi, Yaozhou, Yintai, and Yijun. The
subareas of high risk of water yield service were expanded to
the south ZMR, and the subareas of low risk continued to
decrease from 1990 to 2017.

1990 2000

Water yield service risk
I High risk [T Higher risk

[ IMedium risk

I Lower risk

FIGURE 4 | Spatiotemporal variation in the water yield service risk in the ZMR from 1990 to 2017.
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3.3 Scenario Simulations of the Water Yield
Service Risk Based on Land-Use and
Climate Change

3.3.1 Spatial Variation in Water Yield Service in the
ZMR Under Different Scenarios in 2050 and 2100

There are apparent differences in water yield service in the ZMR

under different land-use and climate scenarios (Figure 5). The
water yield service in 2100 under different land-use and climate
scenarios is lower than in 2050, with a similar overall pattern
(Figure 5). Under the SSP1-2.6 climate scenario, the water yield
service in the ZMR was 48.09 mm, 47.31 mm, and 46.46 mm
under economic construction (EC), natural development (ND),
and ecological protection (EP) land-use scenarios in 2050,
respectively (Figures 5A-C), and it was 43.73 mm, 42.86 mm,
and 41.91 mm under EC, ND, and EP, in 2100, respectively
(Figures 5G-I). Under the SSP5-8.5 climate scenario, the
water yield service in the ZMR was 45.11 mm (EC), 44.36 mm
(ND), and 43.52 mm (EP) in 2050 (Figures 5D-F), and it was
42.41 mm (EC), 41.57 mm (ND), and 40.62 mm (EP) in 2100
(Figures 5J-L). In conclusion, the variation pattern of water yield
service under different climate scenarios is the EP scenario > the
ND scenario > the EC scenario. The water yield service is the
highest one of the EC126 (48.09 mm in 2050 and 43.73 mm in
2100) and the lowest of the EP585 (43.52 mm in 2050 and
40.62 mm in 2100). Under the same land-use scenario, the
water yield service of the SSP1-2.6 climate scenario is higher
than that of SSP5-8.5.

The spatial distribution pattern of water yield service under
different scenarios decreases from the southeast to the northwest

Water Yield Variation and Risk

in the ZMR in 2050 and 2100 (Figure 5). The water yield service
in the ZMR is generally low except for a small part of the ZMR,
with apparent spatial distribution differences. The subareas with a
high value are mainly located in the southeast of the ZMR, such as
Huangling, Yijun, Yintai, Wangyi, Yaozhou, Xunyi, and
Zhengning. The subareas with a low value are mainly located
in the northwest of the ZMR, such as Wugqji, Zhidan, Ansai, and
Huachi (Figure 5).

3.3.2 Spatial Variation in Water Yield Service Risk in
the ZMR Under Different Scenarios in 2050 and 2100
The water yield service risk in the ZMR in 2100 is larger than in
2050. Under the SSP1-2.6 climate scenario in 2050 and 2100, the
areal ratio of the high-risk subareas of water yield service in the
ZMR accounts for 83% and 84%, respectively, followed by the
higher and medium-risk, the lower risk, and low-risk subareas
(Figure 6A-C, G-I). Under the EP scenario, the areal ratio of the
high-risk and higher risk subareas is 90.86% and 91.73% of the
ZMR, respectively (Figures 6B,H). Under the ND scenario, the
areal ratio of the high-risk and higher risk subareas is 90.77% and
91.68%, respectively (Figures 6A,G). Under the EC scenario, the
areal ratio of the high-risk and higher risk subareas is 90.57% and
91.49%, respectively (Figures 6C,I). On the contrary, the areal
ratio of the low-risk and lower risk subareas is the largest one,
3.74% in 2050 and 3.10% in 2100 under the EC scenario, followed
by the ND scenario (3.65% in 2050 and 3.04% in 2100) and the EP
scenario (3.62% in 2050 and 3.03% in 2100).

The water yield service risk of the ZMR under the SSP5-8.5
climate scenario in 2050 and 2100 is slightly higher than that
under the SSP1-2.6 climate scenario (Figure 6). Under the EP
scenario, the areal ratio of high-risk and higher risk subareas is

ANDI26 B rpri2s

C =ecize

water yield (mm

.727 40
0

SSP5-8.5.

FIGURE 5 | Spatial variation in water yield service in the ZMR under different scenarios in 2050 (A-F) and 2100 (G-L). Note: ND-the natural development scenario
of land use, EP-the ecological protection scenario of land use, EC-the economic construction scenario of land use, 126-climate paths SSP1-2.6, 585-climate paths
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91.48% and 92.04% of the ZMR, respectively (Figures 6E,K).
Under the ND scenario, the areal ratio of high-risk and higher
risk subareas is 91.39% and 91.99%, respectively (Figures 6D,]).
Under the EC scenario, the water yield service risk is the
lowest one, and the areal ratio of high-risk and higher risk
subareas is 91.19% and 91.81%, respectively (Figure 6F,L). On
the contrary, the areal ratio of the low-risk and lower risk
subareas is the largest one (3.29% in 2050 and 2.92% in 2100)
under the EC scenario, followed by the NP scenario (3.20% in
2050 and 2.88% in 2100) and the EP scenario (3.18% in 2050 and
2.87% in 2100).

The variation in the water yield service risk under the SSP5-8.5
and SSP1-2.6 climate scenarios is the same in 2050 and 2100, the
EC scenario < the ND scenario < the EP scenario. The water yield
service risk is the lowest of the EC126 scenario, the areal ratio of
the high-risk subareas is the largest one (82.78% in 2050 and
84.22% in 2100), and the areal ratio of the low-risk and lower risk
subareas is 3.74% and 3.10%, respectively. The water yield service
risk is the largest of the EP558 scenario, the areal ratio of the high-
risk subareas is the largest one (83.95% in 2050 and 85.33% in
2100), and the areal ratio of the low-risk and lower risk is 3.18%
and 2.87%, respectively (Figure 6). The spatial distribution
pattern of the water yield service risk in the ZMR is almost
the same in 2050 and 2100 (Figure 6). The subareas with high-
risk and higher risk are mainly located in the middle and north of
the ZMR, such as Wuqji, Zhidan, Ansai, Baota, Huachi, Ganquan,
Heshui, and Fuxian. The spatial distribution with the low-risk
and lower risk subareas is mainly distributed in the intersection of
Huangling, Xunyi, Yaozhou, Yintai, and Yijun in the south ZMR
(Figure 6).

4 DISCUSSION

4.1 Spatiotemporal Variation in Water Yield

Service in the ZMR

This study found that the water yield service in the ZMR
decreased from 1990 to 2017 with a water yield of 69.19,
19.98, 31.32, and 47.72 mm, in 1990, 2000, 2010, and 2017,
respectively. The results are consistent with Zhuang (2020)
findings on the Loess Plateau; for example, Zhuang (2020)
found that the water yield service on the Loess Plateau in
1990, 2000, 2010, and 2015 was 122.41, 68.55, 87.59, and
95.85 mm, respectively, among which the water yield service in
1990 was the highest one. Meanwhile, water yield service is
affected by climate change and land-use/cover change (Pan
et al,, 2013; Sun et al, 2015; Xu et al,, 2015, Xu X et al., 2016;
Mo et al., 2021; Pei et al., 2022). Climate change can affect water
yield service by changing rainfall and evapotranspiration
potential (Legesse et al., 2003; Pei et al., 2022). Co-affected by
the precipitation and evapotranspiration potential, the average
precipitation in the ZMR was high (562.85mm), and the
evapotranspiration potential was the lowest (828.04 mm) in
1990. The precipitation was the lowest (502.34 mm), the
evapotranspiration potential was the highest (1016.25 mm),
and the actual water yield service decreased in 2000.
Moreover, Gao et al. (2016) found that increasing constructed
land will increase water yield. Constructed land expansion often
increases the area of impervious water surface, changes the water
balance, reduces precipitation infiltration, increases runoff, and
improves the regional water yield (Lang et al., 2017; Pei et al,
2022). Furthermore, Dou et al. (2019) found that the water yield
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of the constructed land and farmland is higher due to the impact
of climate change and land-use/cover change, while the water
yield of forests, shrubs, and grasslands is lower. The
evapotranspiration of farmland is similar to that of forest and
grassland, but the water infiltration is less than that of forests and
grasslands, so the water yield in farmland is higher than that of
forest and grassland. Forests and grasslands trap more surface
runoff, increase soil infiltration and evapotranspiration, and
control precipitation regulation, resulting in lower water yield
(Pei et al, 2022). Thus, returning farmlands to forests and
grasslands will reduce water yield service.

Our study found that the area of the building land, forest, and
grassland in the ZMR increased by 181.84, 549.28, and
785.53 km® respectively, while farmland decreased by
1520.32 km* from 1990 to 2017. Meanwhile, the decrease in
farmland area and the increase in forest and grassland caused
the reduction in water yield service in the ZMR. The simulation of
water yield service in the ZMR under different land-use and
climate scenarios showed that under the SSP1-2.6 climate
scenario in 2050 and 2100, the water yield service in the ZMR
was 48.09 and 43.73 mm (EC), 47.31 and 42.86 mm (ND), and
46.46 and 41.91 mm (EP). Under the SSP5-8.5 climate scenario in
2050 and 2100, the water yield service in the ZMR was 45.11 and
42.41 mm (EC), 43.52 and 41.57 mm (ND), and 46.46 and
40.62 mm (EP). The variation pattern of water yield under
different climate scenarios was consistent as the EC scenario >
the ND scenario > the EP scenario. The water yield service was
the highest under the EC126 scenario (48.09 mm in 2050 and
43,73 mm in 2100) and the lowest under the EP585 scenario
(43.52 mm in 2050 and 40.62 mm in 2100). This may be due to
the change in land-use types in the EP scenario; that is, compared
with the ND scenario and EC scenario, the conversion probability
of other lands into forests and grasslands has increased by 20%,
which increases the evapotranspiration, and results in water yield
service reduction in the ZMR.

4.2 Spatiotemporal Variation in the Water
Yield Service Risk and lts Management

Strategies for Ecological Risk Alleviation

Water yield risk in the ZMR increased first and then decreased
from 1990 to 2017. The areal ratio of high-risk subareas in the
ZMR was the largest. The simulation of different land-use and
climate scenarios indicated that the risk of water yield service in
the ZMR is higher in 2050 than that under the SSP1-2.6 climate
scenarios in 2100, and they mainly belong to high-risk areas. The
spatial distribution pattern of water yield service risk in the ZMR
was found to have no apparent differences in 2050 and 2100. The
high-risk and higher risk subareas were mainly distributed in the
middle and north ZMR, especially in Wugqi, Zhidan, Ansai, Baota,
Huachi, Ganquan, Heshui, and Fuxian, with oil and gas
exploitation in the north ZMR. Therefore, the following
methods on “open source” and “reduce expenditure” should
be applied to reduce the water resource gap and develop a
water-saving society in the ZMR: strengthen the protection of
the water sources of the Ju River, Malian River, Silang River,
Malan River, and Shichuan River in the ZMR, strictly prevent
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pollution and the excessive use of water sources, and prevent
further degradation of water sources. Moreover, the following
water-saving production methods and industrial modes are
recommended to avoid unnecessary drainage and overflow to
increase the recycling of the limited water resources: enhance and
improve the construction of sewage treatment infrastructure.
Regional environmental protection should strengthen the
supervision and punishment of industrial sewage discharge
and purification treatment, to promote the recycling of water
resources; make reasonable planning to harvest water and
regulate flood, to achieve the storage and backflow of
rainwater to reduce evaporation loss, and to develop modern
and high-efficient agriculture; optimize the planting structure and
selection of the water-saving crops of wheat, corn, millet, beans,
and buckwheat, to adopt water-saving irrigation methods such
drip, sprinkler, and under-film irrigation for high water efficiency
in agricultural production; carry out environmental education
consistently to enhance residents’ awareness of water
conservation and ecological protection. Only if these suggestions
and management strategies have been well implemented, the risk of
water yield would decrease and the ecological quality and
ecosystem service would be enhanced and improved for the
human well-being and sustainable development in the Chinese
Loess Plateau and other similar mountainous areas.

4.3 Limitations and Outlook

Our work would be of value for regional ES risk control and
human governance, such as the analytical framework, method
and data, scenario simulation, risk management, and human
adaptation. However, although major progress in ecological risk
assessment, water yield valuation, and technology has been made
recently, ES risk mapping and forecast, especially by using the
land-use change model (i.e., CA-Markov model) and climate
change models (i.e., the Scenario Model Intercomparison Project,
ScenarioMIP; and the Coupled Model Intercomparison Project
Phase 6, CMIP6), are still facing significant challenges due to data
quality, availability, completeness, and uniformity (Yan, 2021;
Gong et al., 2022), especially for the poor and fragile areas that
lack basic and monitoring data. These factors will result in some
errors and uncertainty. Therefore, the methods need to be further
modified as experience and applications increase (Yan, 2021;
Gong et al.,, 2022). In addition, the InVEST model is widely used
for service evaluation and mapping with the advantages of few
parameters, low data requirements and spatial visualization
(Redhead et al., 2016; Yang et al., 2020; Liu J. et al, 2021).
The results are precise and focused, and they can directly serve the
local natural resource protection and ecological management.
However, there are great differences in natural systems such as the
temperature and precipitation, as well as human activities, due to
the large north—south span of the ZMR. The water yield service risk
was based on the maximum loss threshold of ESs, which may
enlarge the risk level of low-value subareas of water yield service.
More efforts are needed to calibrate the model parameters (i.e., the
InVEST, TOPSIS, CA-Markov, and the ScenarioMIP) based on
the natural ecological and socioeconomic conditions to improve
the assessment accuracy. Meanwhile, this study does not consider
the trade-off or synergy between water production services and
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other ESs, which may improve or reduce the risk level of this
service. In future research, more efforts are suggested to analyze a
variety of ESs and comprehensively evaluate the ecological risk
level of the study area.

5 CONCLUSIONS

Ecological risk assessment and management are of great
significance for human well-being and sustainable development.
In this study, we established a framework combining water yield
with ecological risk for service enhancement and human
adaptation. The spatiotemporal variation in water yield service
and its ecological risk was explored via land-use and climate
change simulations using InVEST, CA-Markov, and TOPSIS
models. The analytical framework can comprehensively evaluate
water yield service risk of land-use planning and climate change
scenarios on the complex forest social-ecological systems, and
services for risk control and service improvement.

The water yield service in the ZMR decreased from 1990 to
2017, with an average annual rate of -0.79 mm. Water yield
service in the ZMR was 69.19, 19.98, 31.32, and 47.72 mm in
1990, 2000, 2010, and 2017, respectively. Water yield service value
was the highest in 1990 and the lowest in 2000, and it differed
significantly between 1990 and 2000. Water yield service in the
southeast ZMR was larger than that in the northwest. Water yield
service risk increased first, then decreased from 1990 to 2017 in
the ZMR, mainly belonging to a high ecological risk level. The
subareas of high and higher risk were mainly concentrated in the
middle and north ZMR.

There are differences in water yield service under different land-
use and climate scenarios in the ZMR. The water yield service in
2100 under different land-use and climate scenarios is lower than
in 2050. The water yield service is the highest of the EC126
(48.09 mm in 2050 and 43.73 mm in 2100) and the lowest of
the EP585 (43.52 mm in 2050 and 40.62 mm in 2100). Under the
same land-use scenario, the water yield service of the SSP1-2.6
climate scenario is higher than that of the SSP5-8.5 climate
scenario. Under different scenarios, the water yield service will
decrease from the southeast to the northwest, and the subareas of
high water yield service were mainly located in the southeast of the
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