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Abstract: Evaluating the responses of ecosystem services (ESs) to local land-use changes is critical
for understanding the effects of ecological projects related to land planning. Change patterns in the
interrelationships between ESs delivered by land-use changes, which are helpful for formulating
future strategies, have not been well studied. In this study, we quantified four ESs, namely water yield
(WY), water and soil conservation, nonpoint pollution control, and carbon sequestration services,
based on the soil and water assessment tool model (SWAT) in the Zhangjiakou section of the Guanting
Reservoir watershed, a region with a high concentration of afforestation projects. The impacts of land-
use changes on changes in ESs and interrelationships of ESs were investigated by redundancy analysis.
The results showed that, along with afforestation, regional water conservation and soil organic carbon
content increased by 3.22% and 1.08%, respectively, whereas sediment output, WY, phosphorus
output, and nitrogen output decreased by 1.82%, 3.07%, 8.08%, and 12.51%, respectively. Significant
tradeoffs of regional ESs were observed between WY and other ESs, while synergies existed between
other ESs. Increased areas of evergreen and deciduous forests helped in conserving water, fixing
carbon, and regulating runoff. Evergreen forests tended to conserve more water than deciduous
forests. With the increase in grassland area, most of the ESs can be improved while introducing
fewer tradeoffs compared with those of most of other land-use types. This study provided a better
understanding of the effects of afforestation on ESs tradeoffs and benefits to develop better ecological
conservation strategies in afforestation regions.

Keywords: afforestation; land use; ecosystem service relationships; water yield; water and soil
conservation; nonpoint pollution control; carbon sequestration

1. Introduction

Ecosystem services (ESs) are the benefits that humans derive directly or indirectly
from ecosystems [1] that enhance human livelihoods and provide the basis for sustainable
development with rational exploitation [2,3]. According to the Millennium Ecosystem
Assessment Program, ESs can be classified into four main types, namely provisioning,
supporting, regulating, and cultural services [4]. ESs are not independent of each other,
and the two main kinds of relationships between different ESs are tradeoff and synergy [5].
A tradeoff usually enhances one ES over the consumption of other ESs [5,6]. Synergy,
as opposed to tradeoff, is a situation in which two ESs are enhanced or degenerated
simultaneously [5,7]. Regional development policies are guided by people’s demand for
ESs, which leads to impacts on other ESs while pursuing one or more ES [8]. Ignoring
relationships between ESs may threaten the stability and security of an entire ecosystem [9].

Forests 2022, 13, 232. https://doi.org/10.3390/f13020232 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f13020232
https://doi.org/10.3390/f13020232
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f13020232
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13020232?type=check_update&version=2


Forests 2022, 13, 232 2 of 24

Over the past 50 years, 60% of the world’s ESs have been degraded [10], with problems
such as soil erosion, desertification, and biodiversity loss. In the past four decades, a series
of ecological and environmental construction projects with huge investments and significant
contributions have been launched in China and the world, including notable afforestation
projects such as the Three North Shelter Forest Program, the Natural Forest Protection
Program, and the Grain for Green Project [11,12]. Zhangjiakou City is the frontier of the
Beijing–Tianjin–Hebei region and is facing the hazards of wind and sand; as such, it was
involved in all these projects. Moreover, it is located upstream of the Yongding River,
which is the main water source for Beijing. The quality and quantity of water resources in
Zhangjiakou are key factors to restoring the water system and supporting ESs of the Beijing–
Tianjin–Hebei region. However, irrational agricultural management in recent decades has
strongly affected regional water resources. The increase in irrigation area is accompanied
by an increase in fertilizer and pesticide application, which increases the risk of water
pollution in the watershed [13]. Previous research suggested that afforestation reduces the
water yield (WY) [14,15], but it could help to purify water by holding back nutrients from
entering the water system [16,17], and it also contributes to mitigating climate change by
fixing carbon [15]. However, some studies have suggested that forests may lead to tradeoffs
between ESs [18,19]. Recognizing the trade-off mechanism of ESs caused by afforestation,
in particular those related to the water system, is critical to the development of land-use
strategies for better ecological restoration in Zhangjiakou City and other regions with
overlapping afforestation and agricultural development.

Estimating the response of multiple ESs to ecoengineering implementation and es-
tablishing a sustainable balance between different ESs have emerged as a new research
field [20]. Studies are carried out on different processes, such as agricultural management
pattern change [21,22], urbanization [23,24], and ecological restoration [25,26]. The research
covers ecoengineering projects, such as agricultural land consolidation and the Grain for
Green Project (GFGP), all of which are effective in improving some ESs, but which have
exacerbated tradeoffs [18,27–31]. However, in some areas, ecoengineering implementation
can also enhance certain ESs without sacrificing others [32].

Afforestation projects contribute to regional sustainable development by changing
regional land use and altering ecosystem patterns and processes, which lead to ES optimiza-
tion [20,33]. The quantified expression of ecosystems and the analysis of ESs’ relationships
are a guarantee for the development of scientific management policies [34]. Therefore, ES
assessment and relation analysis are widely used in land-use policy development and man-
agement practices [35–37]. Quantification and trade-off analysis of ESs are key techniques
used before land-use planning, management, and decision making [27,29,31]. Ecosystem
process models, combined with the remote sensing technique, provide the basis for quanti-
tative spatial representation of ESs and can be used to study the effects of future land-use
change on a series of ESs interrelationships [38–40].

To help decision-makers develop regional land-use planning schemes, numerous stud-
ies have recently started to explore the impact of ecological projects, such as reforestation,
on ESs and their relationships. The two main research methods are as follows: (1) Field
surveys in different regions or building ecosystem models to obtain ES characterization
indicators; the ability of different land uses contributing to ESs and the impact on ES
relationships are analyzed according to the natural environment [19,41]. This is a static
method. (2) The ecosystem model is used to simulate ESs under baseline and different
optimization scenarios to find the one with the most significant ecosystem enhancement
effect and the fewest tradeoffs to use as a reference for future land-use planning [42]. This
approach is a pseudo-dynamic approach, which compares various static scenarios and
draws conclusions. In reality, land-use change and changes in ESs and their interrelation-
ships are dynamic; such dynamics can rationally be reflected through the analysis of the
relationship between land-use change and ES change. Current research focuses only on
finding the scenario that achieves more ecological benefits, not on changes in ESs and
their relationships when scenarios are switched; such a method cannot determine what
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kind of land-use change scenario, or combination of scenarios, can improve the regional
ecological environment. Finding land-use change patterns that are conducive to ecological
development is a necessary step in determining land-use optimization scenarios.

The following three questions were addressed in this study: (1) Has the current plan-
ning program for land use in the study area improved the regional ecological environment?
(2) How has the change in land use affected ESs and their relationships? (3) Is there
a land-use change pattern that enhances ESs without tradeoffs? If not, what land-use
planning scheme would satisfy the different ecological improvement needs? To address
these questions, we quantified four ESs (WY, water conservation and soil conservation,
nonpoint pollution control, and carbon sequestration) using the soil and water assessment
tool (SWAT) model; next, we clarified relationships, in particular tradeoffs between ESs
that affect the sustainability of regional ecosystem development. Finally, we dynamically
investigated the relationship between changes in ESs and their interrelationships with
land-use changes, and we discussed the implications for future land-use management. The
integrated dynamic analysis of ESs relationships will provide references for the evaluation
of regional afforestation projects and the formulation of future land-use policies under
different demands.

2. Material and methods
2.1. Study Area and Data Source

The spatial location of the study area is shown in Figure 1. Zhangjiakou (113◦50′–
116◦30′ E, 39◦30′–42◦10′ N) is adjacent to Beijing in the southeast. There are two rivers,
Sangan and Yang, in the administrative region, with a total area of 3.68 × 104 km2. The
region is semiarid, under the Eastern Asia continental monsoon climate. The average annual
temperature is 7.6 ◦C, and the annual precipitation is 330–400 mm. As a part of the GFGP, a
large-scale vegetation restoration project has been implemented in the Zhangjiakou area
since 1999. At the same time, as the host of the 2022 Winter Olympic Games, the regional
urbanization process has accelerated. These two projects have dramatically changed the
regional land-use type and resulted in significant changes in ESs in the region. Because the
delineation of watersheds differs from that of the administrative boundaries, all subbasins
within the overlapping area of the administrative area are taken as the study area, which
can simultaneously reflect the characteristics of land-use change and quantify the regional
hydrological processes without interrupting the watershed boundaries.

The input data of this study were meteorological, hydrological, statistical, and spatial.
The spatial data included topographic data, land-use data, and soil-type data.

Meteorological data, which included the average temperature, precipitation, average
wind speed, relative humidity, and sunshine hours, were obtained from the daily dataset of
eight national meteorological stations provided by the National Meteorological Information
Center (http://data.cma.cn, 14 February 2019). The stations’ location information is shown
in Table 1. Hydrological data, which contained information about a total of 18 hydrological
stations, were obtained from the Hydrological Yearbook of the People’s Republic of China.
In addition, there are six reservoirs, namely the Dongyulin, Cetian, Zhenziliang, Huliuhe,
Youyi, and Guanting Reservoirs. Reservoir information (surface area and volume when
the reservoir is filled to the principal and emergency spillway, initial reservoir volume,
initial sediment concentration, and the year the reservoir became operational) was added
to the model according to the reservoir design index and the outflow data provided by
the hydrological yearbook and Zhangjiakou water authority. Yanchi station, the nearest
hydrological station downstream from Guanting Reservoir, was selected as the final outflow
station, and the measured data were used to calibrate the water quantity and sediment
yield. The measured ammonia and phosphorus data of the Bahaoqiao station, the water
quality station nearest the Yanchi station, were used to calibrate the water quality data. The
agricultural management data, containing irrigation and fertilizer application information,
were provided by the Zhangjiakou Academy of Agricultural Sciences and were input into
SWAT through the management module.

http://data.cma.cn
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Figure 1. Location of the Guanting Reservoir watershed and study area.

Table 1. Location Information of Meteorological Stations, Reservoirs, Hydrological Stations, and
Water Quality Stations.

Station Types Station Name Latitude (◦) Longitude (◦) Elevation(m) River System

Meteorological station

Yuxian 39.83 114.57 909.5 —
Zhangjiakou 40.77 114.92 772.8 —

Huailai 40.42 115.5 570.9 —
Jining 41.03 113.07 1419.3 —

Datong 40.08 113.42 1052.6 —
Tianzhen 40.43 114.05 1014.7 —

Youyu 40 112.45 1345.8 —
Shuozhou 39.37 112.43 1114.8 —

Reservoir

Youyi 40.87 114.05 1182.8 Yang River
Yanghe 40.52 115.18 1031.4 Yang River

Dongyulin 39.4 112.73 575.2 Sanggan River
Cetian 39.98 113.82 969.7 Sanggan River

Zhenziliang 39.58 113.35 1025.3 Sanggan River
Huliuhe 39.8 114.48 915.6 Sanggan River

Hydrological station Yanchi 40.03 115.88 — Yongding River

Water quality station Bahaoqiao 40.34 115.54 — Yongding River

Topographic data were obtained from the Shuttle Radar Topography Mission (SRTM)
90 m resolution Digital Elevation Model (DEM) data (Figure 2) provided by the China
Geospatial Data Cloud (http://www.gscloud.cn, 26 December 2018) and were used to
generate river-network and subbasin boundaries within the watershed. Additionally,
SWAT can overlay the river-network data on the DEM to assist in generating river channels,
which can improve the hydrologic segmentation and depiction of subbasin boundaries

http://www.gscloud.cn
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when DEM data quality is not very good. The river-network data were obtained from the
river-network dataset of Chinese watersheds provided by the Resource Environment Data
Cloud (http://www.resdc.cn, 18 April 2019). Finally, SWAT generated 53 subbasins in the
study area.
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Figure 2. DEM and distribution of soil types in the study area in 2016.

Soil data (Figure 2) were obtained from the Homogenized World Soil Database pub-
lished by the Food and Agriculture Organization, which provides a global map of soil types
at 1 km resolution and a database of the physical and chemical properties of different soil
types.

The land-use distribution was generated by China’s 1:250,000 land-cover data pro-
duced by the Aerospace Information Research Institute, the Chinese Academy of Sciences,
and reclassified according to the SWAT land-use input code (Figure 3). After reclassification,
it mainly includes six types of land use, namely forest, grassland, cropland, settlement,
water body, and barren land. Under each type, there are several subtypes, among which,
forest is divided into four types: evergreen forest (FRSE), deciduous forest (FRSD), mixed
forest (FRST), and shrubland (RNGB). Grassland is further divided into grassland (HAY)
and shrub grassland (RNGE); cropland (AGRL) is not divided into subtypes; settlement is
divided into urban (URHD) and township (URLD); water body is divided into wetlands
(WETL) and water (WATR); and barren land (BARR) is not divided into subtypes.

http://www.resdc.cn
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2.2. Assessment of Model Availability

In this study, the SWAT model was calibrated and validated in monthly steps. The
warm-up period was set from 2008 to 2009, the calibration period from 2010 to 2013, and
the validation period from 2014 to 2016. The Nash efficiency factor (NSE) [43], goodness of
fit (R2), and percentage error (PBIAS) were used to evaluate the error introduced by the
input data or the initial database of the model between simulated and observed values.
The three indicators were calculated as follows:

R2 =

[
∑n

i=1
(
OBSi −OBSi

)(
SIMi − SIMi

)]2
∑n

i=1
(
OBSi −OBSi

)2(SIMi − SIMi
)2 (1)

NSE = 1− ∑n
i=1(OBSi − SIMi)

2

∑n
i=1
(
OBSi −OBSi

)2 (2)

PBIAS = 100× ∑n
i=1 OBSi − SIMi

∑n
i=1 OBSi

(3)

where OBSi and SIMi are the observed and simulated values, respectively; and OBSi and
SIMi are the average of the observed and simulated values, respectively. R2 describes the
degree of deviation between the model simulation and the measured results. Its value is
between 0 and 1, and a larger value indicates a better simulation; it is generally believed
that a value of approximately 0.5 means an acceptable simulation result [44]. For the
simulation of the monthly step size, when 0.75 < NSE ≤ 1, the fitting effect is very good;
when 0.65 < NSE ≤ 0.75, the fitting effect is good; when 0.50 < NSE ≤ 0.65, the fitting effect
is satisfactory; and when 0.50 ≤ NSE, the fitting is not acceptable [45]. PBIAS ≤ ±25% is
acceptable [46].

Because the measured sediment output data of the Yanchi station during the study
period were all zero, the parameters affecting sediment yield were calibrated along with the
calibration of water quality data. SWAT considered the contribution of nutrients attached
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to the sediment when calculating the nutrients entering the river. When the simulation
results of the nutrients met the requirements, we considered that the simulation results of
the sediment were also acceptable.

2.3. Quantification of ESs

This study quantified different ESs using the SWAT model. The ESs covered a
watershed-scale, a semi-distributed mechanistic model developed by the US Department
of Agriculture, Agricultural Research Service, which was developed to predict the effects of
different land management on water, sediment, and agrochemical yields in large, complex
watersheds. The model decomposes watersheds into subbasins and hydrological response
units (HRUs). Each HRU represents a unique combination of land use, soil type, and
topographic slope to characterize the different ES quality outputs of plots with different
hydrological characteristics.

2.3.1. WY and Water Conservation

The water balance method is used to calculate the water content. The difference
between precipitation and evapotranspiration and surface runoff is considered the WC
capacity [47,48]. The WY consists of three components: surface runoff, lateral flow, and
baseflow [49].

WC = PCP− ET − SURQ (4)

WY = SURQ + LATQ + GWQ, (5)

where PCP is precipitation, ET is evapotranspiration, SURQ is the surface runoff, LATQ is
the lateral flow, and GWQ is the baseflow; all components are measured in millimeters.

2.3.2. Soil Conservation

Erosion without human influence is called geologic erosion, and some human activities
can increase the rate of erosion. Organic matter forms complexes with soil particles, so
erosion of soil particles will also remove nutrients. Excessive erosion can deplete soil
nitrogen and phosphorus needed for plant growth. Extreme erosion will degrade the soil
function, and the soil will no longer sustain plant life. The erosion due to rainfall and runoff
was calculated using the modified universal soil loss equation (MUSLE) [50].

SY = 11.8·
(

Qsur f ·qpeak·areahru

)0.56
·KUSLE·CUSLE·PUSLE·LSUSLE·CFRG (6)

where SY is the sediment yield in a given day (metric tons), Qsur f is the surface runoff
volume (mm H2O/ha), qpeak is the peak runoff rate (m3/s), areahru is the area of the
HRU (ha), KUSLE is the universal soil loss equation (USLE) soil erodibility factor
(0.013 metric ton m2 hr/(m3-metric ton cm)), CUSLE is the USLE cover and management
factor, PUSLE is the USLE support practice factor, LSUSLE is the USLE topographic factor,
and CFRG is the coarse fragment factor. After obtaining SY, its inverse was taken as the
evaluation index of the SC capacity.

2.3.3. Nonpoint Pollution Control

The SWAT model assigns a different nutrient export to the river to different pathways;
the main pathways include surface runoff, subsurface runoff, and sediment trapping. In
this study, the total nitrogen and total phosphorus were calculated by summing the organic
and inorganic nitrogen and phosphorus considered in SWAT, respectively. The calculation
method is given as follows:

TOTN = ORGN + SURQNO3 + LATQNO3 + GWNO3 + SURQNH4 (7)

TOTP = ORGP + SURQP + SEDP (8)
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where TOTN (kg/ha) is the total nonpoint output of nitrogen; ORGN(kg/ha) is the organic
nitrogen output; and SURQNO3 (kg/ha), LATQNO3 (kg/ha), and GWNO3 (kg/ha) are the
NO3 entering the river through the surface runoff, lateral flow, and baseflow, respectively.
SURQNH4 is the ammonia nitrogen content entering the river with the surface runoff.
TOTP is the total nonpoint output of phosphorus, ORGP (kg/ha) is the organic phosphorus
output, SURQP (kg/ha) is the amount of inorganic phosphorus that enters the river with
the surface runoff, and SEDP (kg/ha) is the inorganic phosphorus attached to the sediment.
After obtaining the total nitrogen and phosphorus yields, their inverse values were taken as
the evaluation indices of nitrogen (NF) and phosphorus fixation (PF) capacities, respectively.

2.3.4. Soil Carbon

The SWAT carbon submodule mainly considers the contribution of soil organic matter
and litters to soil carbon. Based on the conceptual description of the soil carbon model of
previous studies [51], SWAT calculates soil carbon as follows:

C =
hxRC

2k

(√
1 +

4kSx

hxRC
− 1

)
/10000, (9)

hx = 0.09
(

2− e−5.5clay
)

(10)

Sx = 21.1 + 37.5clay (11)

where C is soil carbon (kg/ha), hx is the rate of humification (kg/kg), RC is the contribution
of litters (kg/m2) provided by the crop database in SWAT, k is the apparent turnover
rate of soil organic matter provided by the HRU database in SWAT, Sx is saturation soil
organic carbon mass (kg/ha), clay is the proportion of soil clay content. The obtained soil
carbon content is used as an evaluation index of carbon sequestration capacity (CF). SWAT
only describes the stable carbon pool, and there might be some differences between the
simulation results and the real situation, but it can still be used for trend analysis.

2.4. Quantitative Analysis of ESs Relationships

The implementation of ecological projects reflects the human pursuit of different goals
in practice, usually changing regional land-use types. It is a subjective driving force that
affects the changes of various resources in the region. Afforestation is a common ecological
project for improving the regional ecological environment.

2.4.1. Quantitative Expression of ES Relationships and Intensity

Different ESs were calculated in the 53 subbasins. The ESs were normalized to identify
the relationships between these different ESs before the Spearman correlation analysis.

The intensity of the ES trade-off relationship was measured using the root mean square
error (RMSE) [19,52–54]. Mathematically, RMSE is the distance from the coordinates of a
pair of ESs to the 1:1 line. The 1:1 line in two dimensions indicates that there is no tradeoff
between the two ESs. The further away the coordinates from the line, the stronger the
tradeoff. The RMSE indicates the average distance between all the points and the line
(Figure 4). The calculation formula is given as follows:

ESstd = (ESsim − ESmin)/(ESmax − ESmin) (12)

Tr = RMSD =

√
1

n− 1
·

n

∑
i=1

(
ESi − ÊS

)2 (13)

where ESstd represents the standardized value of any ES, and ESsim, ESmin, and ESmax
represent the simulated value of the ES, and the minimum and maximum of the simulated
values, respectively; Tr is trade-off intensity. ESi is the standardized value of ES i, and ÊS is
the expected value of several ESs.
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Figure 4. Quantitative expression of the trade-off intensity between two ESs. There is no tradeoff
between the two ecosystems at point A. The tradeoff is stronger at point D than those at points B and
C. The equal distance between points B and C and the 1:1 line indicates that the trade-off intensity is
the same at both points, but B is more beneficial to ES1, and C is more beneficial to ES2. This figure
was adapted from a previous study [54].

Different land-use types are located in different spatial locations which have different
precipitation. Different precipitation will lead to changes in water-related ecosystem
services, and the introduction of a new variable will compromise the study of ecosystem
service response to land-use change. To eliminate the effect of the difference in the spatial
distribution of precipitation, all ESs mentioned above were divided by precipitation.

2.4.2. Analysis of Factors Influencing ESs Relationships

A multivariate analysis was applied to explore the impact of land-use change on
changes in ESs due to the implementation of afforestation. A detrended correspondence
analysis (DCA) was performed to determine whether a linear or unimodal numerical
approach should be used. In this study, the maximum DCA gradient length value was
shorter than 3.0, which indicates a linear approach is more rational [41]. Therefore, the
relationships between the variables were analyzed using redundancy analysis (RDA),
with the percentage changes in land-use area (environmental factors), change in trade-off
intensity, and the corresponding percentage change in ESs (species factor) in different
subbasins as input data. Monte Carlo permutation tests based on 499 random permutations
were conducted to test the significance of the eigenvalues of all canonical axes and the
significance of marginal and conditional effects. The effect of the explanatory variables
on the response variables was evaluated by conditional and marginal effects, with higher
values indicating a stronger effect [19]. The marginal effect reflects a degree of influence
of environmental factors on ESs, and the conditional effect reflects the degree of influence
of the current environmental factor on ESs after removing the previous environmental
factor [41]. The example graphical result of the RDA analysis is shown in Figure 5.
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Figure 5. Biplot of RDA. We can approximate the correlation between the response variables (A,B)
and an explanatory variable (X2) by a perpendicular projection of the species arrow tips (A,B) onto
the line overlaying the environmental variable arrow (X2). The further a projection point falls in
the direction indicated by the arrow, the higher the correlation, with a projection point near the
coordinate origin (zero point) suggesting no correlation. If the projection point lies in the opposite
direction (A), the predicted correlation is negative. A similar, but less precise interpretation can be
based on the angle between the two compared arrows. The statistics were carried out using the R
vegan packages.

3. Results
3.1. Validation of SWAT

The parameters related to different hydrological processes were selected from the
SWAT input/output documentation for sensitivity analysis. Sensitive parameters were
determined using global sensitivity analysis and one-at-a-time sensitivity analysis in
SWAT—CUP. The optimized ranges of sensitive parameters were automatically calibrated
by the SUFI-2 algorithm in SWAT–CUP, and the most fitted parameter values are shown in
Table 2.

Table 2. Optimal Parameter Values After Calibration.

Parameter Name Description Fitted Value

R_CANMX.hru Maximum canopy storage (mm H2O). 0.165874
R_CN2.mgt SCS runoff curve number 0.034138

R_SOL_AWC.sol Available water capacity (mm H2O/mm soil) 0.462824
R_SOL_BD.sol Moist bulk density (Mg/m3 or g/cm3) 0.365212
R_SOL_K.sol Saturated hydraulic conductivity(mm/h) −0.912626

V_AI0.wwq Ratio of chlorophyll-a to algal biomass
(µg-chla/mg algae) 46.673218

V_ALPHA_BNK.rte Baseflow alpha factor 0.393157

V_BC3.swq Rate constant for hydrolysis of organic N to
NH4 (day–1) 0.417836

V_CDN.bsn Denitrification exponential rate coefficient 1.756401

V_ERORGP.hru Phosphorus enrichment ratio for loading with
sediment 4.231825

V_RS4.swq Rate coefficient for organic N settling (day–1) 0.043157
V_SDNCO.bsn Denitrification threshold water content 0.198863
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Table 2. Cont.

Parameter Name Description Fitted Value

V_SFTMP.bsn Snowfall temperature (◦C) 0.186351
V_SLSUBBSN.hru Average slope length (m) 149.894608

V_SOL_ORGN.chm Initial organic N concentration (mg N/kg soil) 14.453649

The calibrated model performed well (Figure 6); the monthly simulation result is
available. NSE were all higher than 0.5, R2 were all higher than 0.6, and PBIAS were all less
than 25%. The SWAT model built in this study is applicable to simulating the hydrologically
related process in the Zhangjiakou section of the Guanting Reservoir basin.
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Figure 6. Simulation results of monthly runoff (a), ammonia (b), and total phosphorus (c). SuRff,
NH4_OUT and NH4_OUT demotes monthly outputs of runoff, ammonia, and total phosphorus, and
the letters O and M denote observed and simulated values, respectively. R2, NSE, and PBIAS denote
goodness of fit, Nash efficiency factor, and percentage error, respectively.

3.2. Land Use and ESs Changes under Afforestation

The interconversion between the different land-use subclasses and the amount of net
change in the conversion process is shown in Figure 7. Forest area increased the most,
with grassland contributing the most, followed by cropland. Grassland had the most area
converted to evergreen forests, and cropland had the most area converted to deciduous
forests. Except for the conversion to forest, the largest area of grassland was converted to
settlement, but the largest contribution to the increase in settlement was made by cropland.
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The growth rate of urban area (144.97%) follows that of forest, with a small increase in
township area (1.39%). The overall percentage of settlement area was low.
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Figure 7. Land-use subclass conversions in the study area from 2000 to 2016. The right panel shows
the net subclass conversions; only 16 change patterns with change areas greater than 100 ha are shown
in the figure. Positive and negative values indicate the direction of land-use conversion. AGRL,
FRSD, FRSE, HAY, RNGB, URHD, and URLD denote cropland, deciduous forest, evergreen forest,
grassland, shrubland, urban, and township, respectively. The structure of land-use percentage has
changed (Figure 8). The area of land use other than water bodies and barrens covered more than
97% of the entire study area. Land uses are mainly dominated by croplands, and the other types in
descending order of area are grassland, forest, shrub, and settlement. The area of grassland, cropland,
and shrub decreased by 1.97%, 1.86%, and 0.41%, respectively, in 2016 compared with 2000. The
land use that increased in the area was forest and settlement, which increased by 3.32% and 1.04%,
respectively.

Along with land-use change, different ESs have also changed. The amount of water
content and soil organic carbon content increased, with a 3.22% increase in water content,
and 1.08% in soil carbon content. WY, sediment yield, total nitrogen output, and total
phosphorus output decreased, and the largest decrease occurred in total nitrogen output
(–12.51%). The process of mutual transformation of land uses is complex, and the general
trend of change is the transformation of different land-use types to evergreen forests and
urban areas. Afforestation and urbanization processes have a great impact on regional
land use and various ESs. Because the area of forest, shrubland, grassland, cropland, and
wetland accounts for more than 95% of the total study area, the following sections focus on
these five land-use types and their subclasses.
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Figure 8. Land-use change from 2000 to 2016. The left panel shows the percentages of different
land-use classes in 2000 and 2016. The right graph shows the change rate of different ESs.

3.3. ESs Relationships and Their Linkages with Land-Use Changes
3.3.1. Analysis of Relationships between ESs

As shown in Table 3, WY had a trade-off relationship with WC, SC, NF, and PF,
whereas WC, SC, NF, and PF had synergistic relationships with each other (Table 2). NF
and PF had a significant synergistic relationship with each other, and both of them had
significant trade-off relationships with WY and synergistic relationships with SC. NF had a
stronger relationship with WY, while PF had a stronger relationship with SC since most of
the phosphorus in the soil appeared insoluble and is mostly lost with soil erosion [55]. CF
had nonsignificant relationships with the other ESs.

Table 3. Change Matrix of the Spearman Correlation Coefficient between Different ESs from 2000
to 2016.

Year 2000

2016

WC −0.16 −0.03 0.31 * 0.37 ** 0.12
−0.27 * WY −0.31 * −0.78 ** −0.43 ** −0.081

0.23 −0.21 SC 0.55 ** 0.79 ** 0.017
0.27 * −0.55 ** 0.32 * NF 0.81 ** 0.014
0.23 −0.34 * 0.73 ** 0.65 ** PF 0.15
0.007 −0.052 0.19 0.012 0.08 CF

Note: N = 49; “**” and “*” show significant correlations at p = 0.01 and p = 0.05 levels, respectively. WC, WY, SC,
NF, PF, and CF denote water conservation, water yield, soil conservation, nitrogen fixation, phosphorus fixation,
and carbon sequestration, respectively.

Strong tradeoffs between ESs will encumber the development of multi-ES synergies.
We then focused on ES pairs that have significant tradeoffs to see how they changed.
The tradeoff between WY and WC is the strongest, the WY–SC tradeoff is the weak-
est, and the trade-off intensities of WY–NF and WY–PF were similar (Figure 9). The
WC–WY trade-off intensity (Tr) became stronger, and more points were distributed below
the 1:1 line, indicating that the afforestation projects had largely promoted the ability of
WC in Zhangjiakou City; however, this has weakened the capacity of the water supply
downstream. The WY–SC trade-off intensity changed from 0.208 to 0.178, meaning that
there was a more balanced relationship between WY and SC. The points on the plots
showing relationships of NF and PF with WY tended to be more clustered in the NF and
PF sides in 2016 compared with 2000, indicating that land-use changes in Zhangjiakou had
more benefited the NF fixation and PF fixation than the WY.
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3.3.2. Impact of Land-Use Change on ESs Change

RDA was performed to analyze the contribution of different land-use changes to
various ES changes. As shown in Table 4, the canonical relationship was significant
(p < 0.01), with a cumulative explanation of 20.15% for the first two axes of the RDA, which
means that RDA is capable of explaining the role of land-use change in the change of ESs.
Biplot results are shown in Figure 10.
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Table 4. Eigenvalues and Explained Variance of the RDA Axes for the ESs.

Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.1448 0.0567 0.0403 0.0130
Explained variation

(cumulative) 14.48 20.15 24.19 25.49

Permutation test on all axes p = 0.002
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Figure 10. Biplot diagram for the RDA between the ESs and land uses.

Table 5 shows the marginal and conditional effects generated by the Monte Carlo
test for the environmental factors in the forward selection process. Most of the condi-
tional effects were insignificant, indicating that there were interactive effects of different
environmental factors on the ESs. The land-use effects on each ES are listed in Table 5.

Table 5. Marginal and Conditional Effects from the Summary of Forward Selection for Different ESs.

Variable
WC WY SC NF PF CF

Mar Con Mar Con Mar Con Mar Con Mar Con Mar Con

FRSE 15.4 15.4 5.6 — — — 2.6 — 3.8 3.1 — —
FRSD 3.1 — 7.7 7.2 — — 7 7 — — 7.9 7.9
FRST — — — — 14.3 14.3 — — 8.1 8.1 — —

RNGB — — 6.2 5.3 — — — 3.3 — — 3.2 —
RNGE — — — — — — — — — — — —
HAY — 1.7 2.3 — 2.4 — 3.0 — 2.1 — — —

AGRL 8.7 — 8.4 8.4 — — 5.9 — — 2.5 5.6 —
WETL 4.3 — — 1.4 7.1 2.8 — — — — — —

Note: “Mar” and “Con” represent the marginal and conditional effects, respectively. “—” Indicates that the
marginal or conditional effect is not significant (p > 0.05).

As shown in Figure 10 and Table 5, forest, shrubland, and grassland with a good
canopy structure contributed to various ESs. The soils under FRSE have high soil porosity,
and the water infiltration rate is fast [56,57], which gives FRSE a strong WC capacity.
Canopy retention reduces some of the precipitation reaching the ground [58], thus reducing
WY. With the decrease in WY, the loss of nitrogen and phosphorus with runoff decreases [59];
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thus, FRSE contributes to NF and PF. FRSD’s canopy is more depressed and will trap more
precipitation [14,60]. Thus, FRSD can significantly reduce WY, and the smaller capillary
porosity of the understory soil [57] makes FRSD less capable of conserving water than
FRSE. However, easily decomposed litter will provide more carbon accumulation in FRSD
understory soil [61,62], which gives FRSD a strong CF capability. Most of the nitrogen is
lost with runoff [63]; FRSD reduces water yield, the main carrier of nitrogen, so it has good
NF capability. A higher soil aggregate retention rate and clay content provide higher water
stability of the soil under FRST [61], resulting in a superior SC capacity. Most phosphorus
attaches to the soil and is lost with runoff [55], and reduction in soil loss has led to lower
phosphorus loss, resulting in a good PF capacity of FRST.

RNGB is vegetation having a similar structure to forests [64], but its canopy structure
is not as rich as that of the forest [65]; its ability to decrease WY and increase CF is weaker.
The contribution of RNGE to all of the ESs was not significant. Grasslands are rich in
roots [66], enabling them to provide multiple ESs. However, the soil physical and chemical
properties of grassland substrates, such as higher soil density [67,68] and less litter [64],
result in a smaller contribution to ESs. The relatively simple canopy structure of AGRL
makes its canopy-retention capacity poorer than that of trees and shrubs, so that more
precipitation will fall to the ground, thus increasing the water yield. In addition, more
precipitation falling directly onto the soil has weakened the erosion resistance of cropland
soils and reduced field water content, humus, and organic matter content [69]. Ultimately,
the soil carbon content decreases, and the amount of flow production and soil loss increases,
coupled with the application of chemical fertilizers, causing a serious loss of nitrogen and
phosphorus. Although WETL can enhance soil and WC capacity, the capacity is weaker
than that of other land uses [67]. When its area is transferred to other land uses or reverse
conversion occurs, soil and water conservation capacity will be enhanced and reduced,
respectively, indicating that the change in WETL area and the change in soil and water
conservation capacity are negatively correlated.

Generally speaking, vegetation types with rich canopy structures can effectively reduce
WY by intercepting a significant portion of precipitation when it occurs [14]. By contrast,
bare soil under vegetation with a relatively simple structure will be directly eroded by
precipitation and runoff [17], which results in a weaker SC, and this will increase the risk of
nitrogen and phosphorous diffusion with runoff and sediment.

3.3.3. Impact of Land-Use Change on Change of Relationship between ESs

ESs are related to each other, and afforestation affects ESs by changing land use, which
in turn affects tradeoffs. The effect of land-use change on trade-off intensity was evaluated
by marginal and conditional effects. As shown in Table 6, the canonical relationship was
significant, with a cumulative explanation of 23.34% for the first two axes of RDA, which
means that RDA is capable of explaining the role of land-use change in the change of ES
tradeoff intensities. Biplot results are shown in Figure 11.

Table 6. Eigenvalues and Explained Variance of the RDA Axes for Various Tradeoffs.

Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.1690 0.0644 0.0234 0.0039
Explained variation (cumulative) 16.9 23.34 25.68 26.07

Permutation test on all axes 0.002
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Figure 11. Biplot diagram of the RDA between various tradeoffs and environmental factors.

Table 7 shows the marginal and conditional effects generated by the Monte Carlo
test for the environmental factors in the forward selection process. As shown in Table 7,
there are markedly more environmental factors with significant marginal effects than with
significant conditional effects, indicating a strong interactive effect of environmental factors
on ESs tradeoffs. The land-use effects on ESs relationships are presented in Table 7.

Table 7. Marginal and Conditional Effects from the Summary of Forward Selection for Different ES
Tradeoffs.

Variable
WC–WY WY–SC WY–NF WY–PF

Mar Con Mar Con Mar Con Mar Con

FRSE 15.2 15.2 — — 5.8 — — —
FRSD 5.3 2.5 — — — — — —
FRST — 3.2 10.9 10.9 9.2 9.2 4.3 4

RNGB 6 — — — 6.4 — — —
RNGE — — — — — — — —
HAY — — 2.6 — — — 3.1 —

AGRL 11.7 — — — 7.5 6 5.7 5.7
WETL — — 3.8 3.5 — — — —

Note: “Mar” and “Con” represent the marginal and conditional effects, respectively. “—” Indicates that the
marginal or conditional effect is not significant (p > 0.05).

The difference in the contribution of different ecosystem types to the ESs will affect the
relationship between ESs. For example, in a WC–WY tradeoff, AGRL can reduce the extent
of the tradeoff. Although it tends to increase WY, the difference between the degree of
favoring WY and favoring WC is smaller. RNGB, FRSD, and FRSE will increase the extent
of the tradeoff. FRSD and RNGB have a strong ability to reduce WY, and FRSE is the largest
contributor to WC increase; the ranking of increasing capacities is FRSE > RNGB > FRSD.
A comparison of Tables 4 and 6 shows that tradeoffs arise between various ecosystem types
although all ecosystem types can enhance one or more ESs. It is remarkable that HAY has a
weaker contribution to the improvement of ESs, but fewer tradeoffs occur with the increase
in HAY area, which implies that HAY can enhance ESs without weakening other ESs.
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A combination analysis with Figure 9 reveals that changes in ESs and their relation-
ships are associated with changes in land use, which are led by afforestation projects in the
study area. The decrease in AGRL and increase in FRSE were responsible for the exacerba-
tion in the WY–WC tradeoff. The decrease in FRST and increase in WETL weakened the
WY–SC tradeoff. The weakened WY–NF tradeoff was caused by the combined effects of the
reduced AGRL and RNGB and increased FRSE, FIRST, and AGRL, which exacerbated the
WY–PF tradeoff. HAY, which mitigated the WY–PF tradeoff, were simultaneously reduced,
resulting in the exacerbation of the WY–PF tradeoff.

4. Discussion

Afforestation is a powerful anthropogenic intervention, adjusting and rearranging land
management practices. It aims to achieve sustainable development by changing regional
land use and is widely implemented in several countries around the world. Studies
have shown that afforestation improves ecosystem regulation services and the quality
of local ecosystems [29,70]. However, some studies have also found that the tradeoff
between provision and regulatory services will become increasingly evident with the
implementation of GFGP [71,72].

Therefore, the complexity of the trade-off relationships between ESs under afforesta-
tion projects needs to be considered to understand the integrated benefits of afforestation,
which is critical for promoting the sustainable development of services in each ecosystem.
In terms of synergies and tradeoffs between ESs, the tradeoff between WY and other ESs
is one of the challenges that constrain sustainable development [73]. When tradeoffs are
unavoidable, the selective change in land-usage strategies according to regional ecological
development requirements is an effective way to maximize ecological benefits.

The results of this study are very similar to those of previous researchers in terms
of ESs and their interrelationships. For example, in Yunnan, which is located in the
tropical monsoon climate zone of southwest China, the GFGP also enhanced the local
carbon sequestration and water conservation functions by 3.49% and 0.83%, respectively,
while decreasing the water yield by 0.83% [18]. In Shandong province, which is located
in a temperate monsoon climate zone in eastern China, studies have shown that the
GFGP can significantly improve the control of nonpoint source pollution [74]. Another
study in Yunnan Province showed that the GFGP would effectively contribute to the
enhancement of soil retention, but at the cost of a decrease in streamflow production [29].
Water yield in Nanjing, located in the subtropical monsoon zone, increased by 33.03%
from 2005 to 2010, while carbon sequestration and soil conservation decreased by 0.75%
and 7.75%, respectively, forming a trade-off relationship between these ESs [73]. An
assessment of ESs in southern China using the InVEST model found a significant synergistic
relationship between water yield and nitrogen and phosphorus export, suggesting a trade-
off between water yield and pollution diffusion control [75]. In the Heihe River Basin,
which is located in a temperate continental climate zone in northwest China, synergy
between water conservation, soil conservation, pollution control, and carbon sequestration
is a dominant relationship [66]. A study in the YLN basin (the basin of Yarlung Tsangpo
River, Lhasa River, and Nianchu River) in Tibet, which is located in a mountain plateau
climate zone, indicated a significant synergistic relationship between water conservation
and both carbon sequestration and soil conservation [76]. Most of the characteristics of ESs
and the relationships between them were the same as those obtained in previous studies in
different climate zones. The synergistic WC–SC relationship observed in 2016 differs from
some previous conclusions [77], but it has also been pointed out that the implementation of
ecological projects changes the WC–SC tradeoff relationship [77,78]. The implementation of
afforestation projects in the study area enhanced both WC and SC, making the relationship
between them develop in a synergistic direction.

Over a long period of time, the characteristics of changes in ESs and their relationships
are similar to this study, while the main influencing factors of these changes evolved
significantly. In the analysis of the relationship between flow production, water purification,
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soil conservation, carbon sequestration, and habitat quality in the South Four Lakes Basin
of Shandong Province from 1980 to 2018, it was found that, with the increasing area of land
for construction in economic development, the water yield is becoming stronger and flood
risk is increasing; the strength and direction of ESs relationships change over time, and
the trade-off between water yield and water purification is always the most obvious and
exacerbating [79]. In terms of changes in the relationship between supply and regulating
services in each administrative region in the Greater Bay Area from 2000–2015, the overall
relationship is dominated by synergies with varying degrees, and it is accompanied by
the occurrence of trade-off relationships of varying degrees [80]. Analysis of the factors
influencing ES changes in the Heihe River Basin from 1980–2010 found that climate change
factors on larger time scales had a more significant impact on water-related ESs than land-
use changes [81].The contribution of different land uses to ESs was different. Land uses
with a good canopy structure can effectively improve the regional ecological environment
but may also result in more drastic tradeoffs. In the study area, FRSE exacerbated the
WC–WY tradeoff because of a relatively weak negative effect on WY and a strong positive
effect on WC. Compared with other land uses, FRSE is more suitable for planting in
areas where WC and NF fixation are needed. FRSD has an average WC capacity, but
it can enhance CF and reduce WY, and planting FRSD is a good choice when runoff
regulation and carbon fixing are needed. The contribution of FRST to different ESs is quite
different [41], which leads to multiple tradeoffs. Considering the coordinated development
of the ecological environment, FRST is not suitable in areas with similar climatic conditions
and topographical features as the study area. In terms of water retention, soil sequestration,
and nitrogen and phosphorus diffusion control, RNGB and FRSE have similar tradeoff
characteristics, but RNGB has a smaller contribution [64,82]. RNGE does not contribute
significantly to any ES or tradeoff compared with other land-use types in the study area.
Some studies have pointed out that shrubs can make a prominent contribution to soil
organic carbon accumulation. Studies suggested that soil carbon accumulation is affected
by soil type. In soils with a high sand content, trees are more conducive to organic carbon
accumulation. By contrast, shrubs are more likely to accumulate organic carbon in soils
with more silty clay particles and agglomerates [64]; 10.09% of the shrubs in the study area
were planted in areas with a high soil sand content, which may be the reason for the shrubs
not fully performing their ecological functions. Conversion of shrubs planted on sandy soil
to other land uses can be considered when afforestation is carried out to improve ESs. HAY
contributes to all ESs except CF and NF. Because of its weaker capacity of enhancing CF and
NF, with the constant study area, an increase in the HAY area leads to a relative weakening
of ESs. Meanwhile, HAY exacerbates the weakest tradeoffs [19]. HAY can enhance multiple
ESs without exacerbating too many tradeoffs; considering the integrated development of
regional ecosystems, partially changing land use that deteriorates the tradeoffs to HAY
may be an effective method to maintain ESs while preventing overconsumption of other
ESs. The specific ecological problems and corresponding solutions are shown in Table 8.

Soil pH affects soil fertility; intense nitrogen deposition is the main reason for soil acid-
ification, and land-use-type conversion is the main factor affecting soil properties [83,84].
While studying the control of nitrogen and phosphorus surface source pollution by land-use
policies, it is also necessary to extend the focus to the nitrogen and phosphorus content in
soils to form a theoretical support for future land-health-restoration strategies. The influenc-
ing factors of different ESs vary at different spatial scales; human activities are more likely
to affect ESs at small scales. At larger scales, the influence of environmental factors are
dominant [85]. Similarly, the factors influencing ES relationships differ across time scales;
long-term ES changes are more sensitive to climatic elements. This study checked changes
in meteorological factors, resulting in a relatively low cumulative explained variation of
the RDA. Water-related ESs are highly sensitive to precipitation and temperature [41], and
meteorological elements should be considered in future studies to further complete the
analysis of factors influencing ESs. The change patterns of ESs with time are becoming clear,
and the next step is to analyze the ESs and their interrelationships at different time intervals
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to find the time scales that are sensitive to changes in ESs and their relationships, which
can help in formulating a more comprehensive land-use strategy under the goal of the
sustainable development of ESs. Moreover, the effects of environmental factors on tradeoffs
can be statistically described by RDA, but individual ESs are influenced by multiple land
uses, and each land use affects multiple ESs. Besides, ESs are not isolated from each other,
and relationships that exist between ESs will blur the judgment of factors influencing ESs
relationships [8]. The response mechanism of ESs and their changes to land-use changes
needs to be further studied.

Table 8. Solutions for Different Ecological Problems and the Scenarios under Different Restoring
Scheme Strengths Consisting of Different Solutions.

Eco-Problem Target of
Remediation Solutions 1 Solutions 2 Solutions 3

Emergency
Repair

Scenario

Trade-Off
Controlling

Scenario

Excessive loss
of nitrogen and

phosphorus

Reduce
nitrogen and
phosphorus
production

Reduce
cropland area

Planting FRSD
or FRST

Increase
grassland area

Return
cropland to

forest

Return
cropland to

grass

Flooding Reduce water
yield Planting FRSD — — Planting trees —

Low water
yield

Increase water
yield

Maintain a
certain

cropland area
— Increase

grassland area

Decrease forest
and preserve

cropland

Return forest to
grass

Low water
conservation

Increase soil
water content Planting FRSE Reduce

cropland area
Increase

grassland area

Return
cropland to

forest

Return
cropland to

grass
Severe soil

erosion
Control soil

erosion Planting FRST Reduce
wetland area

Increase
grassland area

Turn wetland to
forest

Turn wetland to
grassland

Soil organic
carbon

depletion

Increase soil
organic carbon Planting FRSE Reduce

cropland area —
Return

cropland to
forest

—

5. Conclusions

In this study, we quantified four ESs (water yield, water and soil conservation, non-
point pollution control, and soil carbon sequestration) of Zhangjiakou in the Guanting
Reservoir basin by the SWAT model. Changes in different ESs and the tradeoffs between
them were analyzed; then, we further analyzed the response of changes in tradeoffs to
land-use changes caused by afforestation projects. The afforestation project changed ESs
and relationships between ESs by changing land uses. With changes of land use, water
conservation and soil carbon content have increased, whereas those of WY, sediment yield,
nitrogen and phosphorus loss have decreased. The regional ecological environment has
improved. Significant tradeoffs occur between WY and other ESs, except soil carbon se-
questration. The intensity of the tradeoffs has changed. Tradeoffs between WC and WY,
and phosphorus loss control and WY were exacerbated, whereas tradeoffs between SC and
WY, and nitrogen and WY were mitigated.

Several ESs have been enhanced at the cost of WY in the study area. When tradeoffs
cannot be avoided, we should focus on ESs that need to be enhanced urgently and bring
forward a corresponding land-use planning scheme by selecting one or several land-use
combinations under the premise of causing no excessive losses of other ESs. Mixed forest
has the function of SC and phosphorus loss control, but it exacerbates too many tradeoffs,
so mixed forest not a suitable afforestation species from the perspective of ecological
sustainable development. Planting evergreen forest is not only an effective way to enhance
WC, but it also benefits nitrogen loss control. Planting a deciduous forest can control
WY and enhance soil carbon sequestration. Grasslands contribute to multiple ESs and do
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not excessively exacerbate tradeoffs. Replacing land-use types with strong tradeoffs with
grassland can help achieve a synergistic development of ESs.
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