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A B S T R A C T   

Landscape pattern is vital for supplying ecosystem services, and demonstrating the interactions among landscape 
dynamics and multiple ecosystem services is a key scientific basis for ecosystem management. As a typical 
ecologically vulnerable region in China, the Three Gorges Reservoir Area (TGRA) suffers from both severe soil 
loss and non-point pollution. Although many ecological restoration projects have been implemented to control 
sediment and pollutants into the reservoir, it is still unclear whether and how reforestation improves both soil 
retention and water quality. Therefore, we proposed a conceptual framework to couple landscape dynamics and 
multiple ecosystem services, in which drivers could directly affect two ecosystem services or indirectly affect 
them by affecting landscape dynamics. Ecological models were applied to assess water purification and soil 
retention, and spatial analysis tools were adopted to demonstrate their spatial relationship. Structural equation 
model documented the effect values of the conceptual framework, meanwhile, relative importance analysis re-
ported the contributions of drivers to forest cover, water purification and soil retention. Our results showed that 
nitrogen loss and soil loss of the TGRA both decreased from 2001 to 2015, indicating an improvement in both 
water purification and soil retention. However, correlation analysis revealed significant spatial heterogeneity in 
their relationship, which may partly be explained by the district and county differences in human activities and 
development policies. Structural equation model documented the correlation coefficient between nitrogen loss 
and soil retention was − 0.71. Relative importance of forest cover to the nitrogen loss was more than 50%, 
indicating that water purification could mainly be explained by the effect of forest cover on nitrogen loss. Annual 
precipitation contributed 26.9% to soil retention, and the overall contribution of climate conditions was 52.1%, 
which indicated the direct and indirect effects of climate conditions are both important for soil retention. 
Moreover, the landscape plannings of vegetation restoration were suggested for these key ecological zones in the 
TGRA to synergistically improve two ecosystem services.   

1. Introduction 

Two-thirds of ecosystem services have declined over the past half- 
century, with serious negative impacts on human well-being (Jiang 
et al., 2018). Many scholars (such as Bao et al., 2018; Bai et al., 2019; Li 
et al., 2021a) have demonstrated that landscape dynamics significantly 
altered ecosystem service. It could affect the composition and configu-
ration of ecosystems, and ultimately their ability to provide ecosystem 
services (Bai et al., 2019). In this context, many ecological projects 
aiming to recover vegetation coverage have been implemented for 
reducing environmental risks (Strehmel et al., 2016; Singh et al., 2019). 

These ecological projects not only increased the vegetation cover in the 
project areas (Qi et al., 2019), but also gradually restored the damaged 
ecosystems and enhanced multiple ecosystem services such as promot-
ing regional water cycling, controlling land desertification and 
improving soil retention (Teng et al., 2019; Huang et al., 2020; Li et al., 
2021b). Although landscape regulation and management could 
contribute to enhancing multiple ecosystem services (Gao et al., 2017; 
Feng et al., 2020; Gou et al., 2021), it is still unclear whether and how 
landscape dynamics alter these ecosystem services simultaneously. 

Meanwhile, it is vital to demonstrate the relationship among multi-
ple ecosystem services for managing regional ecosystems and 
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maintaining the long-term supply of ecosystem services (Jiang et al., 
2018). Relationships between two ecosystem services were defined and 
classified as synergy and trade-off in many previous studies (Wang et al., 
2019; Feng et al., 2020; Gou et al., 2021). The former refers to two 
services both increase or decrease (Wang et al., 2019), and the trade-off 
occurs when one service is enhanced at the expense of reducing another 
service (Gou et al., 2021). In recent years, trade-offs and synergies of 
multiple ecosystem services were reported in different regions (Qiu, 
2019), but their driving mechanisms are still unclear, and the current 
knowledge is insufficient to allow us to properly balance the various 
ecosystem services (Feng et al., 2020). Bennett et al. (2009) suggested 
that the generation mechanisms of relationships among ecosystem ser-
vices may include interactions between services and potential co- 
influencing factors. Ecosystem responses to different drivers often 
occur at different spatial and temporal scales, resulting in trade-offs or 
synergies in ecosystem services (Qiu, 2019). In addition, landscape dy-
namics is the response of human activities to the natural environment, 
which often affects ecological processes and, in turn, the provisions of 
ecosystem services (Li et al., 2021a). Changing landscape patterns could 
affect multiple ecosystem services simultaneously, leading to trade-offs 
or synergistic effects (Qiu, 2019). Being aware of this, many scholars (e. 
g., Wei et al., 2020; Yohannes et al., 2021) have attempted to explore 
how and when the landscape composition and configuration affect 
ecosystem services and their interactions in recent years. Therefore, it is 
necessary to clarify the intrinsic linkages between landscape dynamics 
and multiple ecosystem services (Li et al., 2021a), and identify the 
important co-influencers to characterize trade-offs (Wang et al., 2019), 
so as to reduce or even eliminate trade-offs and achieve a win–win sit-
uation for economic construction and ecosystem service maintenance. 

Currently, many methods such as descriptive methods, correlation 
analysis, regression analysis, and radar plot analysis have been applied 
to identify relationships among multiple ecosystem services (Malinga 
et al., 2015; Chen et al., 2019; Wu and Li, 2019). Among them, corre-
lation analysis is most commonly used to determine the overall direction 
and magnitude of trade-offs and synergies (Jiang et al., 2018), as it does 
not ignore no-effect relationships. In addition, several sophisticated 
models for estimating and assessing trade-offs of ecosystem services 
have been developed (Xu et al., 2018), including the Integrated Valua-
tion of Ecosystem Services and Tradeoffs (InVEST) model, the Artificial 
Intelligence for Ecosystem Services (ARIES) model and the Social Value 
of Ecosystem Services (SolVES) model. Among them, the InVEST model 
is an open-source modeling environment, which has been widely 
adopted to estimate and map multiple ecosystem services at different 
spatial scales (Singh et al., 2019). The nutrient delivery ratio (NDR) 
module of the InVEST model combines the strengths of nutrient trans-
port models (e.g., SWAT and RHESSys) to assess the water purification 
services based on the mechanisms of vegetation and soil removing or 
reducing nutrients in runoff through storage and transformation 
(Redhead et al., 2018). Compared to process-based models (e.g., SWAT), 
the InVEST model is relatively simple, with relatively low data re-
quirements (Vigerstol and Aukema, 2011; Dennedy-Frank et al., 2016). 
Meanwhile, being more applicable to larger data scales than SWAT, 
InVEST facilitates the assessment of the impact of landscape dynamics 
on multiple ecosystem services within a relatively large watershed 
(Bagstad et al., 2013). The Revised Universal Soil Loss Equation (RUSLE) 
is commonly used to estimate regional soil erosion due to its simple 
model form and high accuracy and applicability (Tian et al., 2021). 
Nowadays, the InVEST and RUSLE models have been widely used to 
estimate regional nutrient loss and soil erosion (Singh et al., 2019; 
Mohammed et al., 2020), providing guidelines for developing conser-
vation plans and controlling water pollution and soil erosion under 
different land cover conditions. Consequently, we also utilized these two 
models to assess water purification and soil retention services, and then 
to explore their relationship. 

The Three Gorges Reservoir Area (TGRA) is an important ecological 
functional area for soil and water conservation in China, and plays an 

important role in the ecological security of the middle and lower reaches 
of the Yangtze River. China’s Ecological Security Strategy states a 
comprehensive technical support model for enhancing multiple 
ecosystem services in the TGRA. Strategic emphasis of ecological 
restoration of the TGRA is to control sediment entering the reservoir and 
improve water quality. In recent years, China has implemented many 
ecological restoration projects, leading to significant landscape dy-
namics. Many scholars (e.g., Shao et al., 2013; Xiao et al., 2020; Xu et al., 
2022) have studied the ecological and environmental impacts of land-
scape dynamics in the TGRA. For example, Shao et al. (2013) and 
Strehmel et al. (2016) studied the spatio-temporal characteristics of 
landscape structure and function in the TGRA, and concluded that the 
construction of the Three Gorges project, population growth, socio- 
economic development and national macro policies were the driving 
forces for the landscape pattern evolution. Huang et al. (2019) also 
studied landscape pattern changes in the TGRA after water storage and 
its response to natural environmental factors. However, the responses of 
multiple ecosystem services on landscape dynamics are still unclear, and 
how to comprehensively improve the water purification and soil 
retention services still is a challenge for the TGRA. Therefore, 
researching the landscape dynamics and spatio-temporal evolution of 
key ecosystem services in the TGRA can help to optimize landscape 
patterns and synergistically enhance multiple ecosystem services. 

Here, we proposed a conceptual framework to couple landscape 
dynamics and multiple ecosystem services for the TGRA. In this frame-
work, drivers could directly affect two ecosystem services or indirectly 
affect them by affecting landscape dynamics. The InVEST and RUSLE 
models were applied to assess water purification and soil retention, 
while spatial analysis tools were adopted to demonstrate their spatial 
relationship. Structural equation model was used to explore the effect 
values of the conceptual framework, while relative importance analysis 
was applied to reflect the contributions of drivers to forest cover, water 
purification and soil retention. Our objectives are (1) to reveal the 
spatial and temporal characteristics of water purification and soil 
retention services in the TGRA, (2) to demonstrate the interactions 
among landscape dynamics and multiple ecosystem services, (3) to 
propose a landscape planning for enhancing water purification and soil 
retention synergistically, and provide a scientific basis for ecological 
security and regional landscape management for the TGRA. 

2. Material and methods 

2.1. The study area 

The TGRA is located in the middle and upper reaches of the Yangtze 
River (Fig. 1), between 28◦31′–31◦44′N and 105◦50′–111◦40′E. It in-
cludes 20 cities and counties of Chongqing and Hubei Province, with a 
total area of 57802 km2, directly affected by the construction of the 
Three Gorges Dam (TGD), the world’s largest dam. The TGRA has a high 
population density, but the limited farmlands and high proportion of 
sloping land lead to a serious land conflict between development and 
protection. In addition, the natural environment is complex and the 
main landscapes are mountains, low hills and river plains in the TGRA. 
Whereas more than 74 % of the region’s landform is mountainous, 21.7 
% is low hills, and only 4.3 % is a small plain next to river valleys. It has a 
humid subtropical monsoon climate characterized by variable weather 
in spring, hot and humid in summer, dry in autumn, and cold in winter 
(Xiao et al., 2017). Average annual precipitation is 1250 mm, mainly 
from June to September. Average annual temperature is 17 ℃–19 ℃. 
Soil type of TGRA at altitudes below 800 m is purple soil, at altitudes 
from 2000 to 2700 m is brown soil, and above 2700 m is mainly yel-
low–brown loam (Gou et al., 2021). 

The TGD construction and impoundment have brought some new 
environmental problems, which produced significant socio-economic 
impacts. Due to the combing effect of climate changes and human ac-
tivities, soil erosion and non-point source pollution have become the 
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most important ecological risks in the TGRA (Teng et al., 2019). Firstly, 
soil erosion may decrease land productivity and sediment accumulation 
in water bodies, and increase the frequency of floods and droughts. 
Secondly, the excessive discharge of domestic sewage, industrial waste, 
pesticides and fertilizers has brought serious water pollution to the 
TGRA (Xiao et al., 2017). To alleviate these problems, the Chinese 
government has adopted a series of regional-scale ecological restoration 
projects, such as the Return of Cultivated Land to Forests project, the 
Yangtze River Protected Forest Project, the Natural Forest Protection 
Project, and forestry projects along the Yangtze River (Huang et al., 
2019; Teng et al., 2019). 

2.2. Data source and preprocessing 

2.2.1. Data sources 
The study data include land use, topographic, climate, soil and socio- 

economic data (Table 1). Land use data were derived from Landsat TM/ 

ETM+/OLI images with a resolution of 30 m. We used supervised clas-
sification and artificial neural network methods to obtain land use maps 
for the TGRA in 2001, 2005, 2010 and 2015 (Huang et al., 2020). The 
overall classification accuracy of all periods was above 85 % (Huang 
et al., 2019), which met the needs of this study. 

The DEM data with 30 m resolution were derived from ASTER Global 
Digital Elevation Model V002 (http://www.gscloud.cn/). It is a key 
parameter of ecological model for assessing ecosystem services, and 
could be used to calculate the required topographical parameters 
including elevation, slope and surface height fluctuation in the ArcGIS. 

Climate data include annual precipitation (mm), monthly average 
temperature (◦C) and annual radiation (MJ/m2), obtaining from our 
previous studies (Huang et al., 2019, Huang et al., 2020). Considering 
the tremendous effect of topography on climate, the 30 m resolution 
precipitation and temperature maps were interpolated by using the co- 
kriging method (Salhi, 2022) based on the observation data of 29 
meteorological stations in or near the TGRA and DEM data. And 30 m 

Fig. 1. Location of the Three Gorges Reservoir Area (TGRA) in China.  
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resolution radiation maps were interpolated by using the ordinary 
kriging method to the radiation observation data of other 22 meteoro-
logical stations (Liao et al., 2020). 

We collected soil data including bulk density (g/cm3), soil total ni-
trogen (mg/kg) and soil organic matter (g/kg) from the China Dataset of 
Soil Properties for Land Surface Modeling provided by Cold and Arid 
Regions Sciences Data Center at Lanzhou (https://westdc.westgis.ac. 
cn/). It is a comprehensive 30 arc-second resolution gridded soil data 
(Wei et al., 2013), including physical and chemical attributes of soils 
derived from 8979 soil profiles and the Soil Map of China (1:1,000,000). 

Meanwhile, socio-economic data at the county level from 2001 to 
2015 were collected from statistical yearbooks. These data include total 
population (thousand person), GDP (billion yuan), grain yield (thousand 
tons), social investment (billion yuan), social consumption (billion 
yuan), resident deposit (billion yuan) and per capita net income of 
farmers (yuan). 

2.2.2. Study flowchart 
Our purpose is to demonstrate the relationship between water pu-

rification and soil retention of the TGRA (Fig. 2). The InVESET model 
was used to assess the nitrogen (N) loss rate, a negative indicator to 
reflect the water purification. Specifically, the lower the N loss rate, the 

higher the water purification, and vice versa. The RUSLE model was 
used to assess the actual and potential soil loss to generate soil retention. 
Meanwhile, the spatial variations of two ecosystem services in the TGRA 
were then analyzed by using the spatial analysis tool of ArcGIS software 
version 10.2. Finally, we used a structural equation model to quantify 
the effect values of various factors on landscape dynamics, water puri-
fication and soil retention. 

2.2.3. Conceptual framework 
We construct a conceptual framework to link landscape dynamics to 

the relationship between water purification and soil retention (Fig. 3a). 
In this conceptual framework, 16 drivers (Table 2, Figs. S1–S4) were 
selected, which could directly affect two ecosystem services or indirectly 
affect them by affecting landscape dynamics. Due to a large number of 
drivers and their possible collinearity, the principal component analysis 
was used to reduce the dimensionality of the data, and we modified this 
conceptual framework to Fig. 3b. 

2.3. Ecosystem service assessment 

2.3.1. Water purification 
The TGRA is a relatively large scale and the data collection is diffi-

cult, limiting the process-based model usage. Therefore, we used the 
NDR module of the InVEST model to estimate the N loss rate. This model 
could describe the movement of nutrients in space, representing the 
long-term, steady-state flow of nutrients (Redhead et al., 2018). Spe-
cifically, nutrient sources across the landscape are derived from land-use 
change-specific nutrient loading rates and are primarily based on 
empirical data. It simulated the N flow through the grid cells in the 
simulation domain according to the mass balance equation, and the 
nutrient loads and nutrient transport were estimated. Where nutrient 
load indicates the source of nutrients across the landscape is determined 
by the land use map and associated loading rates (Redhead et al., 2018). 
In contrast, nutrient transport is calculated as a factor for each pixel 
based on the properties of the pixels belonging to the same flow path 
(Han et al., 2021). In this paper, pixel-scale N loss is characterized by the 
nutrient load and the nutrient delivery ratio (Eq. (1)), and N loss at the 
watershed scale is the sum of pixel-scale N losses (Eq. (2)). 

N losspixel = loadi × NDRi
(
Dup, Ddn, effdn

)
(1)  

N losswatershed =
∑

watershed
N losspixel (2)  

where Npixel and Nwatershed are the nitrogen loss (kg/year) at the pixel and 
watershed scales, respectively. The loadi is the N load (kg/year) for the i- 
th pixel. The NDRi is the nutrient delivery ratio of N for the i-th pixel, and 
is a function decided by the upslope area parameter (Dup), the downslope 
flow path parameter (Ddn), and the retention efficiency of land use type 
on the downslope flow path (effdn). 

The input data required for the NDR model include DEM, land use 
data, nutrient runoff proxy raster data and watershed boundary vector 
data. DEM and watershed boundary vector data are static, while pre-
cipitation data varied from 2001 to 2015 as the nutrient runoff proxy. 
Because regional land use would not change drastically in a short period 
and we do not have access to annual land use maps, land use maps of 
2001, 2005, 2010 and 2015 are used to determine the N load in 
2001–2003, 2004–2008, 2009–2012, and 2013–2015. In addition, a 
biophysical table and some parameters are the key inputs in this model 
(Han et al., 2021). We have used this model to explore the spatio- 
temporal variation of the N loss in the TGRA in the previous study 
(Huang et al., 2022), and the model description and these parameters 
settings are detailly described in the Annex (Appendix). 

2.3.2. Soil retention 
The RUSLE is commonly used to estimate annual soil loss rates for 

Table 1 
The description and data source in this study.  

Data Category Definition and description Data Source 

Land use data 30 m resolution land use 
maps in 2001, 2005, 2010 
and 2015. 

Derived from the previous 
study (Huang et al., 2020) 

Topographical 
data 

30 m resolution elevation 
map 

Derived from ASTER Global 
Digital Elevation Model V002 
(http://www.gscloud.cn/) 30 m resolution slope map 

30 m resolution surface 
height fluctuation map  

Soil data 30 arc-second resolution soil 
bulk density map 

Derived from Cold and Arid 
Regions Sciences Data Center at 
Lanzhou (https://westdc.westg 
is.ac.cn/) 

30 arc-second resolution soil 
total nitrogen map 
30 arc-second resolution soil 
organic matter map  

Climate data 30 m resolution annual/ 
monthly precipitation maps 
from 2001 to 2015 

Derived from the previous 
studies (Huang et al., 2019, 
2020) 

30 m resolution monthly 
average temperature maps 
from 2001 to 2015 
30 m resolution annual 
radiation maps from 2001 to 
2015  

Socio-economic 
data 

Total population at the 
county level from 2001 to 
2015 

Derived from statistical 
yearbooks of Hubei and 
Chongqing from 2001 to 2015 

GDP at the county level from 
2001 to 2015 
Grain yield at the county 
level from 2001 to 2015 
Social investment at the 
county level from 2001 to 
2015 
Social consumption at the 
county level from 2001 to 
2015 
Resident deposit at the 
county level from 2001 to 
2015 
Per capita net income of 
farmers at the county level 
from 2001 to 2015  
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sheet and hilly erosion (Tian et al., 2021). Soil loss of the TGRA is 
assessed by this model as Eq. (3) at the pixel scale and regional scale, 
which is a negative indicator for soil retention. Soil erosion control 
service in ecosystems is expressed by soil retention here. Referring to Fu 
et al. (2011), soil retention (Eq. (5)) is calculated as soil loss without 
vegetation cover and soil retention practice minus the actual soil loss 
(Eq. (4)). 

A0 = R × K × L × S × C × P (3)  

Ap = R × K × L × S (4)  

ΔA = Ap − A0 = R × K × L × S × (1 − C × P (5)  

where A0 and Ap are annual soil loss rates (t ha− 1 yr− 1) for actual soil loss 
and potential soil loss (without vegetation cover and soil erosion control 
practice); ΔA is soil retention (t ha− 1 yr− 1); R is rainfall erosivity factor 
(MJ mm ha− 1 h− 1 yr− 1); K refers to soil erodibility factor (t h MJ− 1 

mm− 1); L and S are slope-length factor and slope factor, respectively; C is 
vegetation cover factor; P is soil retention practice factor. 

This model has been used to explore the effects of climate, land use 
changes on soil loss in the TGRA in our previous studies (Teng et al., 
2019; Huang et al., 2020), and the six factors of this model are detailly 
described in the Annex (Appendix). 

2.4. Statistical analysis 

2.4.1. Trend analysis 
The least-square linear regression model (Eq. (6)) was used to 

analyze the temporal variation, and the change trend was described by 
the modelled slope. Meanwhile, the t statistic was applied to test the 
significance of the modelled slope, and the significance was documented 

by the p-value. 

y = ax+ b (6)  

where y is the ecological indicators, and x is the time (year). The a is the 
modeled slope, which could reflect the change trend of the ecological 
indicators. And the b is the intercept of the regression model. 

2.4.2. Spearman’s rank correlation 
Spearman’s rank correlation was used to identify the association 

among 16 drivers at the county scale. There was a significant correlation 
among 16 drivers (Fig. S5). Among topographical factors, elevation and 
slope were significantly correlated with a coefficient of 0.91. Among soil 
factors, soil total nitrogen and soil organic matter were significantly 
correlated with a coefficient of 0.94. Among climate factors, annual 
precipitation and annual radiation were significantly negatively corre-
lated with a coefficient of − 0.95. Meanwhile, there were significant co- 
linearity problems among 7 socio-economic factors compared to other 
drivers. 

2.4.3. Principal component analysis 
Due to the serious co-linearity problems among 16 drivers, principal 

component analysis was used to reduce the dimensionality (Muhsina 
et al., 2020), and convert the 16 drivers into a set of uncorrelated var-
iables. The cumulative variance of first principal components of topo-
graphic, soil, climate, and socioeconomic factors were 64.80 % 
(Table A2), 64.12 % (Table A3), 73.28 % (Table A4) and 83.07 %, 
respectively (Table A5), which met our study requirement. Therefore, 
the first principal components of topographic, soil, climate, and socio-
economic factors were extracted and named as Ft, Fs, Fc, and Fse, 
respectively. Where the loading rates of Ft on elevation, slope and 

Fig. 2. Data processing flowchart of our study.  
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surface height fluctuation were 0.50, 0.50 and − 0.12, respectively 
(Table A6). The loading rates of Fs on soil bulk density, soil total ni-
trogen and soil organic matter were 0.10, 0.51 and 0.50, respectively 
(Table A7). The Fc loadings on annual precipitation, monthly average 
temperature and annual radiation were 0.95, 0.59 and − 0.98, respec-
tively (Table A8). The Fse had a loading rate of 0.16 for total population, 
0.17 for the variation of GDP, social investment, social consumption, 
resident deposit and per capita net income of farmers, and − 0.03 for 
grain yield (Table A9). 

2.4.4. Structural equation model 
Structural equation model is a statistical technique for explaining 

complex multivariate relationships. It compares a priori theoretical 
model with the data to derive a structural equation that represents the 
statistical dependence or association between the variables (Capmour-
teres and Anand, 2016). The model could include observed variables 
that we did not measure directly, as well as theoretical structures, which 
can reveal not only the relationship between explicit and latent vari-
ables, but also the relationship between all latent variables (Felipe-Lucia 
et al., 2015; Capmourteres and Anand, 2016). Therefore, we used it to 

Fig. 3. The conceptual framework (a) and modified conceptual framework (b) of linking landscape dynamics to two ecosystem services. Note: The driver can directly 
affect ecosystem service by the blue single arrow line, and also could affect landscape dynamic by the yellow single arrow line and then indirectly affect ecosystem 
service by the blue single arrow line between landscape dynamic and ecosystem service. The black double arrow line indicates the correlation between water 
purification and soil retention. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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reveal the intrinsic linkage between the latent variables such as forest 
cover, water purification and soil retention services, and the explicit 
variables such as topographical, soil, climate and socio-economic fac-
tors. Each latent variable has a linear function and a residual with its 
explicit variable, which were used to infer causal links between the 
variables in the conceptual model and interpret the results, thereby 
identifying the driving mechanisms among the ecosystem services. 

2.4.5. Relative important analysis 
The relative important analysis was performed by the R package of 

“relaimpo” (https://cran.r-project.org/web/packages/relaimpo/index. 
html) to identify the relative contributions of 16 drivers to two 
ecosystem services. First, the generalized linear model (GLM) was used 
to fit the ecosystem service and 17 independent variables (16 drivers and 
the forest cover). Then we selected the metric of “lmg” (R2 partitioned 
by averaging over orders) to quantify the contribution of the indepen-
dent variables to dependent variable in the relative important analysis. 
In the same way, we fitted the GLM and assessed the relative importance 
of 16 drivers on forest cover. 

In the conceptual framework, we hypothesized that 16 drivers could 
indirectly affect ecosystem service by altering the forest cover. Conse-
quently, the overall contribution of drivers consists of the direct and 
indirect contributions, and the sum of the indirect contributions of all 
drivers equals the contribution of forest cover. Therefore, we used the 
following equations to decouple the indirect contributions to 16 drivers 
from the effect of forest cover. 

e = dex1 + dex2 + dex3 +⋯+ dexi +⋯+ dex16 + efc (7)  

efc = iex1 + iex2 + iex3 +⋯+ iexi +⋯+ iex16 (8)  

exi = dexi + iexi (9)  

where, e is the contribution of all independent variables on dependent 
variable (the N loss or soil retention), which is equal to the R2 of the 
fitted regression model. The dexi and iexi are the direct and indirect 
contributions of xi on the dependent variable, respectively. The efc is the 
contribution of forest cover on the dependent variable, while the exi is 

the overall contribution of xi on the dependent variable. 

3. Results 

3.1. Temporal variations of N loss and soil retention during 2001–2015 

The estimated results of InVEST model showed that the N loss of the 
TGRA decreased from 8.72 × 106 kg in 2001 to 6.32 × 106 kg in 2015, 
with a change rate of − 0.19 × 106 kg/yr (Fig. 4a), indicating a signifi-
cant improvement of water purification service. The highest N loss 
occurred in 2003 with 8.83 × 106 kg and the lowest N loss occurred in 
2015 with 6.32 × 106 kg. In addition, the N loss over the past 15 years 
could be divided into four phases, namely, 2001–2003, 2004–2007, 
2008–2011 and 2012–2015. 

Actual and potential soil loss rates of the TGRA from 2001 to 2015 
were estimated by the Eqs. (3) and (4), presenting a decreasing trend 
(Fig. S5a) and an increasing trend (Fig. S5b), respectively. Then, we used 
the Eq. (5) to obtain the temporal variation of soil retention of TGRA 
(Fig. 4b), which showed an overall increasing trend with a change rate of 
0.22 × 1011 kg/yr. Soil retention was highest in 2007 with 26.48 × 1011 

kg, followed by 22.62 × 1011 kg in 2003. In contrast, soil loss was lowest 
in 2006 with 10.63 × 1011 kg, followed by 11.63 × 1011 kg in 2011. In 
terms of changes in each phase, the most significant changes were 
observed during 2005–2006 and 2006–2007. 

3.2. Spatial variations of N loss and soil retention in the TGRA 

The N loss exhibited a significant spatial heterogeneity in the TGRA 
(Fig. 5a1). Based on the trend analysis of the N loss rate from 2001 to 
2015, the middle regions had the highest N loss rate of 462 kg km− 2 

yr− 1, but had the larger annual change rate (Fig. 5a2). The N loss rate 
was relatively high in the southwestern regions such as Chongqing, 
Yubei, Banan and Jiangjin. The other areas performed best in terms of 
water purification services, as their N loss rates were essentially 0. 
Moreover, 84.5 % of the TGRA had no change in N loss over the past 15 
years (Fig. 5a3), which was mainly found in the southwestern and 
eastern regions. The N loss was significantly reduced in 15.1 % of the 
TGRA, which was concentrated in the middle regions with an annual 
change rate of − 38.32 (kg km− 2 yr− 1)/yr. In contrast, the area with a 
significant increasing trend of N loss was only 0.4 %. The increasing 
areas were mainly located in Jiangjin, with a maximum growth rate of 
34.83 (kg km− 2 yr− 1)/yr. 

Similarly, the variations of soil retention also exhibited a significant 
spatial heterogeneity (Fig. 5b1). The middle regions had the highest soil 
retention and the largest change rate with 12.73(t ha− 1 yr− 1)/yr 
(Fig. 5b2). Soil retention was unchanged during 2001–2015 in 89.8 % of 
the TGRA (Fig. 5b3), mainly located in the southwestern and eastern 
parts. 7.6 % of the TGRA was increasing in soil retention, while only 2.6 
% of the TGRA had a significant decrease in soil retention. In terms of 
soil erosion control, the southwestern regions and the eastern part of 
Yiling County performed the best. Most of the soil loss rates in these 
areas were slight (<5 t ha− 1 yr− 1) and low (5–25 t ha− 1 yr− 1) (Fig. S6a). 
In contrast, the middle of the TGRA experienced the most severe soil 
erosion, with most classes being high (50–80 t ha− 1 yr− 1), very high 
(80–150 t ha− 1 yr− 1), and severe (>150 t ha− 1 yr− 1). Meanwhile, the 
spatial variation of soil loss is similar to the soil retention (Fig. S6b). 

3.3. Spatial relationship between water purification and soil retention 

Correlation analysis was used to document the spatial relationship 
between water purification and soil retention at the pixel scale (Fig. 6a). 
In the eastern part of the TGRA, two ecosystem services mainly exhibited 
a synergistic relationship, with a maximum correlation coefficient of 
0.99. Similarly, there was also a synergistic relationship between water 
purification and soil retention in Chongqing, Yubei, Banan, Wulong, 
Fengdu and Shizhu, but the correlation was weaker than that in the 

Table 2 
The description and spatial map of the 16 drivers at the county scale.  

Variable Category Variable Definition and description Spatial 
map 

Topographical 
factor 

x1 Elevation (m) Fig. S1 
x2 Slope (◦) 
x3 Surface height fluctuation  

Soil factor x4 Soil bulk density (g/cm3) Fig. S2 
x5 Soil total nitrogen (mg/kg) 
x6 Soil organic matter (g/kg)  

Climate factor x7 Annual precipitation (mm) in 2015 Fig. S3 
x8 Monthly average temperature (◦C) 

in 2015 
x9 Annual radiation (MJ/m2) in 2015  

Socio-economic 
factor 

x10 Total population (thousand 
person) in 2015 

Fig. S4 

x11 GDP (billion yuan) in 2015 
x12 Grain yield (thousand tons) in 

2015 
x13 Social investment (billion yuan) in 

2015 
x14 Social consumption (billion yuan) 

in 2015 
x15 Resident deposit (billion yuan) in 

2015 
x16 Per capita net income of farmers 

(yuan) in 2015  
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eastern part of the TGRA. However, there were also some areas (e.g., 
Wanzhou, Zhongxian and Changshou) with a strong trade-off relation-
ship, whose correlation coefficient was − 0.98. 

There were 1091.02 km2 of the TGRA with synergistic increases in 
water purification and soil retention (Fig. 6b), with only 9.89 km2 where 
these services were synergistically decreasing. In contrast, the area 
within the TGRA where the two ecosystem services exhibited a trade-off 
relationship was only 183.76 km2 (Fig. 6b). In addition, the pixels with a 
synergistic relationship between water purification and soil retention 
were highly clustered in the middle of TGRA (Fig. 6c), such as Fengjie, 
Yunyang, Wushan and Shizhu. And the pixels with a trade-off relation-
ship between water purification and soil retention were scattered within 
each district and county, with Yiling, Zhongxian and Fuling the most 
obvious (Fig. 6d). 

3.4. Driving mechanisms of water purification and soil retention 

Effect values were illustrated by the structural equation model 
(Fig. 7). The residual errors of the partial least squares path models for 
forest cover, N loss and soil retention were 0.21, 0.41 and 0.22, 
respectively. The conceptual framework demonstrated that the four 
principal components could affect ecosystem services directly, or indi-
rectly by affecting forest cover and thus affecting ecosystem services. 
Specifically, the effects of Ft, Fs, Fc, and Fse on forest cover were, 0.74, 
0.70, − 0.82 and − 0.33, respectively. The effects of four principal 
components were − 0.03, − 0.09, − 0.09 and − 0.16 for N loss, while the 
effect of forest cover was − 0.91. The effects of four principal compo-
nents were 0.40, 0.10, − 0.24 and − 0.21 for soil retention, while the 
effect of forest cover was 0.70. Moreover, the correlation coefficient 
between the N loss and soil retention was − 0.71. 

Relative importance analysis documented that forest cover contrib-
uted about 51.3 % to controlling N loss (Fig. 8a) and 11.9 % to soil 
retention (Fig. 8b). Meanwhile, climate conditions (the sum of annual 
precipitation, monthly average temperature and annual radiation) have 
the greatest relative importance for soil retention. The relative impor-
tance of annual precipitation and monthly average temperature were 
14.2 % and 8.5 % for controlling N loss, and 26.9 % and 17.0 % for soil 
retention. 

Moreover, the relative importance analysis of forest cover (Fig. 8c) 
was conducted to decouple the contribution of forest cover into 16 
drivers for controlling N loss (Fig. 8d) and soil retention (Fig. 8e) 

according to the Eqs. (7)–(9). Climatic conditions had the largest overall 
contribution to the two ecosystem services, with 40.1 % and 52.1 % 
relative importance for controlling N loss and soil retention, 
respectively. 

4. Discussion 

4.1. Spatio-temporal variations of two ecosystem services 

4.1.1. N loss 
N loss rate of the TGRA decreased from 154.49 kg/km2 in 2001 to 

108.81 kg/km2 in 2015, presenting a significant downward trend 
(Fig. 4a). InVEST model was used to assess the non-point source pollu-
tion. Due to the complex composition of point source pollution such as 
industrial pollution and human domestic pollution, as well as the lack of 
accurate data, these pollutions were not considered. It is challenging to 
obtain the measured data of the N loss at the regional scale by field 
surveying, but the N loss change trend of the TGRA is supported by 
relevant studies (such as Liu et al., 2013; Zhong et al., 2020). Mean-
while, InVEST model parameters have been calibrated for the TGRA in 
our previous study (Huang et al., 2022), and scholars accept the esti-
mated N loss by the InVEST model. Moreover, we compared the esti-
mated results with annual agricultural N loss of the TGRA reported by 
the Three Gorges Project Ecological and Environmental Monitoring Bulletin 
(Table A10). Although our estimated results are smaller than the re-
ported data, the change trends of N loss are same in the two data. 
Therefore, despite the lack of experimental validation, our estimated N 
loss is acceptable and its change trend is reliable, indicating that water 
purification service in this region has improved. 

Due to the huge environmental differences in geology, geo-
morphology and human activities (Xiong et al., 2017; Xia et al., 2018), N 
loss exhibited a significant spatial heterogeneity. The middle of the 
TGRA (e.g., Kaixian and Yunyang) had the highest N loss, followed by 
the southwestern part of the TGRA (e.g., Chongqing, Yubei and Banan) 
(Fig. 5a1). This was mainly influenced by the topography and land use 
type in these areas. There are low hills and mountains, whose main land 
use types are agricultural land and artificial construction land with high 
intensity of human activities. The excessive application of fertilizers and 
the increase of pollutants and wastewater on impervious surfaces have 
exacerbated water quality deterioration and environmental pollution 
(Chen et al., 2019a; Zhang et al., 2020). Meanwhile, land use change 

Fig. 4. Temporal variations of nitrogen (N) loss (a) and soil retention (b) of the TGRA from 2001 to 2015. Note: The least-square linear regression model was used to 
analyze the temporal variation, and the change trend is described by the modelled slope. Meanwhile, the t statistic was applied to test the significance of the modelled 
slope, and the p value was used to document the significance. The red line indicates the linear model fit, and the gray region is the 95% confidence intervals of the 
linear model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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could partly explain the spatial heterogeneity of the N loss change. 
Cultivated land has a negative effect on N loss, while forestland has a 
positive effect on N loss (Hou et al., 2013). N loss decreased significantly 
in the middle of TGRA, which may be caused by the landscape dynamics 
such as afforestation and reforestation in sloping croplands (Xiong et al., 
2017). 

4.1.2. Soil retention 
Soil retention of the TGRA increased from 11.63 × 1011 kg in 2001 to 

19.85 × 1011 kg in 2015 (Fig. 4b). Meanwhile, the actual annual soil loss 
rate of the TGRA fluctuated between 24.10 t ha− 1 yr− 1 and 54.92 t ha− 1 

yr− 1, but presented a downward trend at a rate of − 0.60 t ha− 1 yr− 1 

(Fig. S6 a). It is difficult to validate the accuracy of soil retention, but our 
estimated results revealed that average soil loss rate and soil retention 

rate during 2001 ~ 2015 are 38.07 t ha− 1 yr− 1 and 884.76 t ha− 1 yr− 1, 
which are similar with other studies (Table A11). Moreover, the actual 
soil loss rate and its trend in our study is supported by other studies 
based on field experiments at a catchment scale (Shen et al., 2010; Fang 
et al., 2011; Tang et al., 2014; Liu et al., 2016; Bao et al., 2018), sedi-
ment discharge rate observed by the Huanglingmiao hydrological sta-
tion (Teng et al., 2019) and ecological models at a regional scale (Wu 
et al., 2011; Xu et al., 2011). Meanwhile, many studies (such as Xiao 
et al., 2017; Teng et al., 2019; Huang et al., 2020) have demonstrated 
ecological restoration projects were effective in increasing forest cover, 
thus controlling soil erosion of the TGRA. 

Soil retention exhibited a distinct spatial heterogeneity according to 
the average soil retention rates during 2001–2015 (Fig. 5b1). The main 
reason is the differences in human activities such as population growth 

Fig. 5. Spatial variations of soil loss rate (a) and N loss rate (b) in the TGRA. Average (1), change trend (2) and change type (3) were calculated by the estimated 
results of N loss rate and soil loss rate from 2001 to 2015. Note: In the figure (a3) and (b3), No change documents that N loss rate or soil loss rate did significantly no 
change (the modeled slope is equal to 0 and p < 0.05) or changed but not significantly (the modeled slope is not equal to 0 and p ≥ 0.05). Sig increase documents N 
loss rate or soil loss rate increased significantly (the modeled slope is greater than 0 and p < 0.05), while Sig decrease documents N loss rate or soil loss rate decreased 
significantly (the modeled slope is <0 and p < 0.05). 
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and land reclamation, as well as ecosystem types within each district and 
county (Xiong et al., 2017). Additionally, increased soil retention mainly 
occurred in the middle of the TGRA (Fig. 5b2), which is consistent with 
Xiao et al. (2020). The implementation of afforestation policies after 
2000 returned cropland in the steeping slope regions to forests in the 
middle of the TGRA (Xiong et al., 2017), which contributed to improving 
soil retention service. Meanwhile, Wanzhou, Fengjie and Wushan in the 
eastern part of TGRA are mostly mountainous areas with dense natural 
forests and less human impact (Xiao et al., 2017; Xiao et al., 2019), so 
soil retention service is high, with insignificant change during 
2001–2015. However, soil loss risk increased in some regions such as 
Yiling and Kai Counties, which might be attributed to the interaction 
among land use changes, climate changes, and human activities. Some 
forests planted through vegetation restoration and other measures are 
still in the young forest stage, with low vegetation cover and weak soil 
erosion control, which cannot offset the negative effects of other factors 
(Teng et al., 2019). Overall, the spatio-temporal variations soil retention 
is complicated by the ecological vulnerability of TGRA, but soil loss risk 
is effectively controlled in most regions. 

4.1.3. Spatial relationship between water purification and soil retention 
Soil retention and water purification services in the eastern regions 

have a clear synergistic growth relationship (Fig. 6). Xiao et al. (2017) 
demonstrated that the eastern part of the TGRA (e.g., Fengjie, Wushan, 
Zigui and Yiling) was mostly mountainous area with high density of 
forests and less affected by human activities. Forests are known to 
reduce soil loss by intercepting rainfall, reducing erosion, and promot-
ing the restoration of ecosystem structure and function (Huang et al., 

2020). And it can promote nutrient absorption in the soil, thus 
improving soil fertility and reducing nutrient loss. This means that for-
ests have an important role in controlling soil erosion and N loss, and 
therefore biological projects (afforestation and reforestation) are 
considered as an effective method to synergistically reduce soil erosion 
and N loss, which is supported by other studies (Xiong et al., 2018; Wang 
et al., 2018). The restoration and reconstruction of forests not only in-
creases ground cover and protects the soil from erosion and degradation, 
but also increases its root secretions and biomass, accumulating more 
organic carbon and nitrogen for the soil (Wang et al., 2018). 

Water purification and soil retention in Chongqing, Yubei, Banan, 
Wulong, Fengdu and Shizhu also showed a synergistic relationship, but 
the main trend was a simultaneous decrease (Fig. 6). It may partly be 
explained by the high population density, frequent agricultural farming 
and rapid economic development (Xiao et al., 2017). On the one hand, 
rapid urbanization has led to vegetation degradation, which greatly 
counteracts the positive effects of ecological restoration (Gou et al., 
2021). On the other hand, rapid economic development has resulted in 
huge pollution inputs to the major tributaries and large urban centers in 
the TGRA, which has a serious negative impact on water quality in the 
study area (Li et al., 2019). In this context, people often choose to in-
crease the area of green space, whose function is similar to forests, in 
urban environments to mitigate the negative impact of economic con-
struction on water purification and soil retention. It not only increases 
vegetation cover and reduces surface runoff and soil erosion, but also 
purifies suspended matter and impurities from stormwater runoff. 

There were also some areas in the TGRA with a trade-offs relation-
ship between soil retention and water purification, such as Wanzhou, 

Fig. 6. Spatial relationship between water purification and soil retention. Figure (a) exhibited Spearman’s rank correlation between water purification (indicated by 
the N loss rate with the negative direction) and soil retention (indicated by the soil retention rate) at the pixel scale. Figure (b) derived Fig. 5a3 and Fig. 5b3. WP and 
SR are the abbreviations of water purification and soil retention, respectively. ↑ and ↓ indicate significant increase and significant decrease, respectively. Figure (c) 
exhibited the kernel density of grids with the significant synergy between two ecosystem services (the pixels of WP↑SR↑ and WP↓SR↓ in the Fig. 6b), while Figure (d) 
exhibited the kernel density of grids with the significant antagonism between two ecosystem services (the pixels of WP↑SR↓ and WP↓SR↑ in the Fig. 6b). 
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Zhongxian and Changshou (Fig. 6), where water purification increased 
while soil retention decreased. The likely reason is that most of these 
regions are rural. In recent years, the changes in agricultural production 
methods such as terracing, conservation tillage and balanced fertiliza-
tion have effectively contributed to water purification service. Since the 
slope of terraced fields is reduced, the erosion effect of water is weak-
ened (Arnáez et al., 2015). And the field ridge is slightly higher than the 
surface of terraced field, which can ensure that water and fertilizer do 
not easily flow out of the field and play a role in maintaining water and 
soil. Moreover, the terraces have better ventilation and light penetration 
conditions, which are conducive to crop growth and nutrient accumu-
lation (Chen et al., 2021). Reducing fertilizer application, changing 
fertilizer application methods, and adopting agricultural tillage methods 
such as crop rotation and no-till can significantly reduce soil leachable 
nitrogen and increase the effective uptake of nitrogen by field crops 
(Dimkpa et al., 2020; Alghamdi and Cihacek, 2022). However, agri-
cultural practices still can cause soil erosion and alter the carbon balance 

and feedback in the soil (Jiu et al., 2019). 

4.2. Conceptual framework analysis 

Water purification and soil retention are significantly correlated 
(Fig. 7), which is consistent with other studies on the relationship be-
tween ecosystem services in the TGRA (Bao et al., 2018; Li et al., 2019). 
Soil retention can improve water quality because suspended sediment is 
an important nutrient source (Li et al., 2019), while soil erosion leads to 
agricultural productivity reduction and exacerbates the risks of floods 
and ecological disasters, leading to river sedimentation and water 
environment degradation (Jiu et al., 2019). The former focused on the 
role of soil and water conservation, while the latter mainly studied the 
effects of land use change on variations in these ecosystem services. 
Their relationship is more complex at the regional scale, which is also 
the reason for the significant spatial heterogeneity in the trade-off or 
synergistic relationship between water purification and soil retention in 

Fig. 7. Effects of independent variables (topographical, soil, climate, and socio-economic factors) on forest cover, N loss and soil retention were determined by 
partial least squares path modeling in the structural equation model. Note: The number around the line is the effect value, and “*” refers to the effect value is 
significant (p < 0.05). RE is the residual error of the path modeling. The sample size is 20 for statistical analysis (N = 20). 
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Fig. 8. Relative importance of 17 independent variables (16 drivers and the forest cover) on the N loss (a) and soil retention (b), and relative importance of 16 drivers 
on the forest cover (c), N loss (d) and soil retention (e) derived from the generalized linear regression analysis and the relative important analysis. Note: The metric of 
“lmg” (R2 partitioned by averaging over orders) is used to quantify the contribution of the independent variables to the dependent variable. Effect is the R2 of the 
generalized linear regression model. In the conceptual framework (Fig. 3), we hypothesized that the 16 drivers could indirectly affect the N loss or soil retention by 
altering the forest cover. Therefore, Fig.(d) was generated by combing Fig.(c) and Fig.(a) according to the Eqs. (7)–(9) for illustrating the overall contributions of 16 
drivers on water purification. In the same way, Fig.(d) was generated by combing Fig.(c) and Fig.(b). 
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the TGRA (Fig. 6). Therefore, a conceptual framework was proposed to 
link forest cover to the relationship between water purification and soil 
retention (Fig. 3). We hypothesize that driver could directly affect the 
two ecosystem services and indirectly affect them by altering the forest 
cover, and the effect values in structural equation model (Fig. 7) and 
relative importance analysis (Fig. 8) both documented the significance 
of forest cover for two ecosystem services. 

4.2.1. Driving mechanisms of forest cover 
Effects of topographic, soil and climate principal components on 

forest cover are positive (Fig. 7). Forests are mainly distributed in high- 
altitude and steep-slope regions, which has been reported in many 
studies (such as Teng et al., 2019; Wang et al., 2021). Therefore, the 
forest cover is positively related to the elevation and slope. Meanwhile, 
forests have high soil organic matter and biological activity which would 
affect almost all soil properties (Bienes et al., 2016; Zarafshar et al., 
2020). Ecological restoration projects in the TGRA have promoted a high 
accumulation of soil organic matter (Shao et al., 2019), which in turn 
promotes soil aggregation and prevents soil erosion. However, most of 
the population in the TGRA depends on agriculture, but the cultivated 
land in this region is dominated by purple soil and distributed in low- 
altitude and gentle-slope regions. Farming activities can accelerate the 
pollutants and nutrients such as organic N into water bodies (Chen et al., 
2019a), resulting in non-point source pollution. Moreover, precipita-
tion, temperature and radiation usually would promote vegetation 
growth (Ding et al., 2020), which supported the positive effect of climate 
principal component on forest cover (Fig. 7). However, socio-economic 
principal component had a negative impact on forest cover (Fig. 7), 
which may partly be explained by the rapid population growth and 
economic improvement leading to more and more land being used for 
food production (Gou et al., 2021). Meanwhile, continued population 
growth has increased the demand for built-up land. Urbanization de-
stroys the natural vegetation, leading to a decrease in forest cover. 

4.2.2. Driving mechanisms of N loss 
Relative importance of forest cover for the N loss is more than 50 % 

(Fig. 8a), indicating that the indirect contributions of these drivers were 
more than their direct contributions. Meanwhile, most direct effect 
values are insignificant in the structural equation model (Fig. 7). 
Therefore, the indirect effect could be documented by how factor affects 
forest cover and then how forest cover affects N loss. Since how the 
driver affects forest cover has already been discussed above, driving 
mechanisms of N loss could mainly be explained by how forest cover 
affects N loss. 

The control of N loss by forest cover is manifested in three main 
ways. First, forests are a key factor in reducing and controlling pollut-
ants and sediments carried by surface runoff (Zhang et al., 2020). 
Vegetation stems and leaves can dissipate the kinetic energy of rainfall, 
reducing the surface runoff rate and increasing the evapotranspiration 
rate, thus leading to more water infiltration and lower surface runoff 
(Zhang et al., 2000; Chen et al., 2018). Meanwhile, its roots can bind the 
topsoil and improve soil erosion resistance (Bao et al., 2018). Addi-
tionally, ground cover close to the soil surface (such as grass and leaf 
litter) can be more effective in preventing raindrop splash, help to 
maintain soil absorption capacity, and act as a filter to capture sediments 
and pollutants to reduce non-point source pollution (Chen et al., 2018; 
Zhang et al., 2019). Second, plant diversity and vegetation distribution 
patterns are the main factors affecting N loss and its spatial distribution. 
Compared to single-species communities, diverse vegetation commu-
nities are more advantageous in reducing surface runoff (Chen et al., 
2018). An appropriate species composition not only reduces competition 
with adjacent crops, but also maximizes the combined benefits of 
various vegetation types in reducing N losses (Chaves et al., 2021). Since 
there are obvious differences in the effects of various vegetation types on 
N loss, the differences in the distribution of various vegetation species 
are the main reason for the spatial heterogeneity of N loss. Third, 

forestland can absorb and assimilate N, thus creating an N sink, which 
helps to alleviate N loss (Yang et al., 2013). In contrast, even though crop 
cultivation can also increase the corresponding vegetation cover, a large 
number of inefficient fertilizers and pesticides commonly used in agri-
cultural production are the main source of N inputs (Xia et al., 2018). 
The resulting N losses are converted to pollutants and transported to 
water bodies through rainfall and irrigation, thus resulting in non-point 
source pollution (Xia et al., 2020). Therefore, the positive effect of forest 
cover on N loss was more significant than that of cropland. In general, 
areas with more forest cover have more forests and relatively less 
cropland. Combined with the above-mentioned role of forest cover on N 
loss, it can be concluded that the more vegetation there is, the less N loss 
there is. 

4.2.3. Driving mechanisms of soil retention 
Annual precipitation contributed 26.9 % for soil retention (Fig. 8 b), 

followed by temperature (14.2 %) and forest cover (11.9 %). Mean-
while, the overall contribution of climate conditions is 52.1 % (Fig. 8 e), 
which indicated the direct and indirect effects of climate conditions are 
both important for soil retention. Precipitation is the hydrological 
driving force and the main source of water supply for vegetation in 
mountainous areas (Rodriguez-Iturbe et al., 2001; Stumpf et al., 2017), 
and climate factors can dictate plant growth, and indirectly regulate soil 
retention service (Guo et al., 2019). Although precipitation could be 
pivotal in controlling plant physiological processes in water-limited 
environments (Rodriguez-Iturbe et al., 2001), it has a negligible effect 
on plant growth in the TGRA, where annual precipitation exceeds 1,000 
mm. Consequently, precipitation contributes more to the physical pro-
cess of soil loss, and has negative impacts on soil retention service, 
which could explain the largest relative importance in Fig. 8 b. Apart 
from precipitation, temperature and radiation could influence soil loss 
by contributing to the growth and development of plants (Mohammad 
and Adam, 2010). 

Additionally, the direct effect of topographic principal component is 
0.40 in the structural equation model (Fig. 7). On the one hand, terrain 
slope gradient could alter soil loss, which has been reported in many 
studies (Xiong et al., 2018; Zhang et al., 2018). On the other hand, soil 
conservation practice is enforced to implement on sloping croplands. 
Recently, soil and water conservation measures or conservation tillage 
systems promoted in the high-altitude and steep-slope regions, which 
have reduced runoff and sediment production on slopes by increasing 
ground cover, subsurface roughness and infiltration (Chen et al., 2020). 
Meanwhile, it adjusted the topography and stand structure to effectively 
maintain or increase soil stabilization (Arnáez et al., 2015). 

4.3. Landscape regulating suggestions 

Over the past 15 years, rapid population growth and economic 
development in the TGRA occurred under the interaction of various 
policies such as dam impoundment, ecological restoration and migra-
tion projects. It has been demonstrated that landscape dynamics such as 
hydropower construction and rapid urbanization have significantly 
altered the ecosystem structures and functions (Gou et al., 2021). 
Although reservoirs play an important role in water supply, flood con-
trol, navigation, fisheries and power generation, the operation of the 
Three Gorges Hydropower Project since 2003 can also pose new chal-
lenges in preventing sediment and pollutants from entering the reservoir 
(Teng et al., 2019; Li et al., 2019). Because the reservoir is located in a 
densely populated area of China, many towns and other settlements 
along the river were flooded, which required the Chinese government to 
relocate over hundreds and thousands of residents, thereby having a 
dramatic socio-economic impact on the region (Huang et al., 2022). To 
mitigate these negative impacts, the Chinese government has initiated 
and implemented many positive policies (e.g., the Return of Cropland to 
Forests program, the Yangtze River Protected Forest Project, and the 
Natural Forest Protection Program), facilitating forest cover and 
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ecosystem restoration in the TGRA (Huang et al., 2019; Teng et al., 
2019). The implementation of these ecological projects has initially 
established an ecological security system based on reforestation (Xiao 
et al., 2020), which effectively protects the soil around the reservoir 
from erosion and reduces reservoir siltation. However, there are still 
some regions that were subject to the Western Development Policy and 
the New Socialist Countryside Construction Program, which focused on 
accelerating economic development and urban expansion (Huang et al., 
2020) thus posing regional ecological risks such as soil loss and water 
pollution. Topographical, soil and climate conditions are difficult to 
change in this region, but we can synergistically improve two ecosystem 
services by regulating landscape patterns and adjusting socio-economic 
conditions. Therefore, it is necessary to identify the key ecological zones 
to optimize landscapepatternsn. Meanwhile, it is also important to focus 
on achieving a win–win situation between ecological protection and 
economic development to ensure food security. 

Based on the above objectives, we proposed a landscape planning of 
vegetation restoration by combining our results (Fig. S8). Key ecological 
zones were identified according to the Technological Standard of Soil and 
Water Conservation (SL190-2007, issued by the Ministry of Water Re-
sources of China). Sloping farmland could be converted into terraces, 
economic forests or ecological forests. Sloping farmland <15◦ should be 
transformed into horizontal terraces. Soil conservation measures such as 
contour tillage, crop rotation, intercropping and hedging should be 
adopted to prevent soil erosion and water pollution. Farmland with a 
slope of 15-25◦ could be planted with economic forests, and configured 
with plant hedges to intercept the surface sediment, which would 
improve both economic and ecological benefits of soil and water con-
servation. Sloping farmland above 25◦ should be reforested to enhance 
ecosystem services. This will increase local incomes while controlling 
soil erosion. Meanwhile, riparian zone is another key ecological zone 
because the TGRA undergoes annual cyclic inundation and exposure. It 
frequently stops flowing during the rainy season and dries up completely 
during the dry season, with water levels fluctuating between 135 and 
175 m (Huang et al., 2022). We suggest to plant vegetation buffer strips 
along the river banks to mitigate the negative effects of the surrounding 
farmland, and plant grass to reduce soil erosion (Gao et al., 2017). 
Meanwhile, methods such as building multi-level vertical structures or 
planting vegetation covers can be adopted to protect the soil, thereby 
controlling soil and nutrient losses. Although urbanization is an irre-
versible process of rapid population and economic growth, it is neces-
sary to control the development intensity and agglomeration of 
urbanization and increase urban green spaces, thus mitigating the loss of 
ecosystem services (Gou et al., 2021). 

5. Conclusions 

Understanding the linkages among multiple ecosystem services is 
crucial for managing regional ecosystems and maintaining the long-term 
supply of ecosystem services, which can provide scientific reference and 
theoretical basis for optimizing landscape management models. There-
fore, we constructed a conceptual framework to link landscape dy-
namics to the relationship between water purification and soil retention, 
then used the TGRA to verify the framework. The InVEST model and the 
RUSLE were adopted to assess the water purification and soil retention 
services in the TGRA. Meanwhile, spatial analysis demonstrated their 
spatial relationship, while statistical analysis documented the effect 
values of the conceptual framework. The results indicated that both 
water purification and soil retention services in the TGRA increased 
significantly during 2001–2015, which proved the effectiveness of the 
government’s ecological projects in recent years. However, there were 
still some areas experiencing a decline in water purification service and 
soil retention service. In the conceptual framework, topographical, 
climate, soil and socio-economic drivers can not only directly affect two 
ecosystem services, but also indirectly affect them by influencing forest 
cover. The relative importance of forest cover to nitrogen loss is more 

than 50 %, indicating that water purification could mainly be explained 
by how forest cover affects nitrogen loss. Annual precipitation contrib-
uted 26.9 % for soil retention, and the overall contribution of climate 
conditions was 52.1 %, which indicated the direct and indirect effects of 
climate conditions are both important for soil retention. Moreover, 
structural equation model documented the correlation coefficient be-
tween nitrogen loss and soil retention was − 0.71, indicating an obvious 
interaction between water purification and soil retention. However, 
there was obvious spatial heterogeneity in their trade-off and synergistic 
relationships, which is mainly due to significant differences in major 
human activities and drivers among districts and counties. Based on our 
quantified results, we proposed a landscape planning of vegetation 
restoration for these key ecological zones in the TGRA to synergistically 
improve two ecosystem services. On the one hand, vegetation restora-
tion measures in sloping lands vary with terrain slope. On the other 
hand, vegetated buffer strips should be implemented in the riparian 
zone, which is a key ecological zone, since the TGRA undergoes annual 
cyclic inundation and exposure. Our findings could provide a scientific 
basis and reference for understanding the relationships among land-
scape dynamics and multiple ecosystem services, and provide decision 
support for ecological protection and sustainable development of 
ecologically fragile areas. 
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