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Abstract: Understanding the interactions between ecosystem services is the foundation for optimiz-
ing ecosystem management and improving human well-being. However, studies on the driving
mechanism of ecosystem service relationship formation in arid and semiarid climates are scarce. The
Beijing-Tianjin Sand Source Control Project (BTSSCP) has been underway for more than 20 years
(2001-2022), and a comprehensive scientific assessment of the effects of its implementation is im-
portant for managing ecosystems more efficiently. Taking the BTSSCP region as a study area, four
ecosystem services (water conservation (WC), soil conservation (SC), wind erosion control (WEC),
and net primary productivity (NPP)) were quantified and mapped in 2000, 2010, and 2020. In this
study, a Bayesian belief network (BBN) model was used to analyze ecological processes and deter-
mine the relationship between the potential influencing factors and ecosystem services. A sensitivity
analysis identified the key factors affecting ecosystem service supply on the basis of a Bayesian
belief network simulation. The results showed an increasing trend for four ecosystem services over
the past 20 years. Regarding spatial distribution, WC, SC, and NPP exhibited an overall “high in
the east and low in the west” pattern, while the spatial distribution of WEC was more dispersed.
The intensity of the trade-offs among WC, SC, and NPP has increased, while that of the trade-offs
between the rest of the variables has decreased in the BTISSCP over the past 20 years. The results
of the Bayesian network modeling indicated that precipitation, NDVI, land use, and temperature
were the major variables influencing the strength of ecosystem service trade-offs. The conditional
probabilities of the key variables in different states showed that the Sunit Left Banner, Sunit Right
Banner, and other areas of control of the desertification of arid grassland had a high probability
of trade-offs in WC_SC and SC_NPP. However, the probability of a trade-off between WEC and
NPP was higher in the southeastern part of the Yanshan Hills Mountain Water Source Reserve than
in the other regions; thus, it should be prioritized as an area for ecological restoration in future
planning. This paper provides a scientific reference for the effective protection of ecosystems and the
formulation of sustainable policies.
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1. Introduction

Ecosystem services refer to the benefits that humans directly or indirectly receive from
natural ecosystems, and are essential for human survival, livelihood, and well-being [1,2].
As a bridge connecting the social and ecological systems, ESs have a significant impact
on ensuring regional sustainability [3,4]. Multiple ecosystem services exhibit synergistic
or trade-off-based relationships with one another owing to spatial heterogeneity [5-7].
Understanding how to efficiently and fairly manage ecosystem service trade-offs is a
key scientific problem in ecosystem management research [8,9]. Optimizing the spatial
heterogeneity of ecosystem service trade-offs may play an important role in improving the
effects of regional ecosystem services and ensuring sustainable development.
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Researchers have applied a variety of approaches to analyze the trade-offs and synergy
in ecosystem services, including spatial mapping [10], the analysis of the mechanisms driv-
ing such trade-offs [11], statistical recognition [12], and scenario simulation [13]. Although
a correlation analysis can be used to identify the relationships between ecosystem services,
it cannot reflect their spatial distribution [14]. An ecosystem service trade-off varies spa-
tiotemporally due to uncertainty in the factors driving it [15]. Research on the drivers of
ecosystem service trade-offs has largely focused on the analyses of linear relationships
using the least-squares model (OLS), geographically weighted regression (GDM), and
geographical detector models (GWR) [16-18]. Nonlinear relationships that may influence
ecosystem service trade-offs have mostly been ignored; as such, the manner in which indi-
rect factors influence the spatiotemporal patterns of ecosystem service trade-offs and the
underlying drivers remains largely unknown. Thus, the intrinsic mechanisms of the trade-
offs and synergies among ESs and the forces driving them still need to be examined [19].
Network models are becoming increasingly popular as a means of analyzing ecosystem
service trade-offs. In the case of sustainable forest management, for instance, trade-offs
among the wood provisioning ecosystem services and other forest ecosystem services at
the landscape level were analyzed using a BBN model to guide decision-making toward
sustainable forestry [20]. Furthermore, the BBN model has also been used to determine the
factors driving trade-offs among NPP, WY, and SC in the karst regions of China, which
is beneficial for ecosystem service optimization for ecological restoration and decision
making [21]. To represent the nonlinear relationships between the driving factors of the
ecosystem service value, Liu et al. used a BBN model to simulate the values of ecosystem
services under different scenarios in Xinjiang Province [22].

Owing to the graphical nature and probabilistic basis of a BBN, nonlinear relation-
ships can be expressed, involving natural factors, expert knowledge, and anthropogenic
factors [23]. A BBN can combine quantitative and qualitative data in an intricate network
of relationships through simple and understandable graphical structures, and this can help
optimize ecosystem management [24]. In addition, a BBN can incorporate uncertainties
from input nodes in the model, especially when the data are incomplete or missing, because
they are based on probability [25]. Few studies, however, have used Bayesian networks
to fully explore the underlying mechanisms of ecosystem service trade-offs by coupling
natural, socio-economic, and ecological factors to optimize spatial patterns in ecological
restoration projects areas.

The BTSSCP is an important national ecological restoration project in China (CANM-
EP), especially in the context of strong sandstorms and dust storms in North China [26].
The first stage (2001-2010) covered 75 counties in Beijing, Tianjin, Hebei, Shanxi, and
Inner Mongolia, and involved an investment of USD 8.11 billion in a series of ecological
practices to curb sandy expansions and reduce the frequency of sandstorms in the relevant
regions [27]. Recent studies have shown that the implementation of the BTSSCP has
significantly improved the status of local vegetation, reduced soil erosion, and enhanced
the carbon stock [28,29]. Such significant ecosystem services benefits may be accompanied
by important trade-offs [30]. Although the improved vegetation coverage in the grasslands
of the Hunshandake Sandy Subzone and Horqin Sandy Subzone (a typical region in
the BTSSCP) enhanced their water conservation capacities [31], afforestation consumes
more water than the restoration of grassland and undeveloped land in arid and semiarid
China [32,33]. Exploring the relationship between regional vegetation restoration on
BTSSCP ecosystem services and ecosystem service trade-offs is important for improving
ecological restoration strategies and realizing sustainable development in arid and semiarid
climates. Nevertheless, few studies have analyzed the influencing factors of ecosystem
service trade-offs in the BTSSCP. This lack of research will in turn affect the formulation
and implementation of policies for ecological protection in the future.

Regarding the BTSSCP as a major source of sand and dust for the dust storms and
sandstorms of Northern China, WEC, WC and SC are important ecosystem services in the
area [34,35]. NPP can directly reflect the productive capacity change in vegetation [27].
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Given the gaps in information identified above, we assessed the WC, SC, WEC, and NPP
(Table S1), and the trade-offs between ecosystem services in the BTSSCP from 2000 to
2020. Our hypothesis was that ecological engineering will alter the trade-off relationships
between NPP, WC, SC, and WEC in the BTSSCP and that vegetation restoration will boost
an NPP-WC trade-off. We used the correlation coefficient and the RMSE index to describe
the spatial patterns of the strength of trade-offs among these four ecosystem services. We
developed a BBN model and applied sensitivity analysis to identify the key factors driving
the pattern of ecosystem service trade-offs in the BTSSCP. The aims were (1) to explore the
spatiotemporal patterns of changes in the four main ecosystem services of the BTSSCP;
(2) to analyze the forces driving ecosystem service trade-off; and (3) to identify areas for
the optimization of the spatial patterns of trade-offs in ecological services and potentially
provide scientific foundations for future engineering projects.

2. Materials and Methods
2.1. Study Area Overview

The entire region included during the first stage of the BISSCP was used as the study
area (Figure 1). The Beijing-Tianjin Sandstorm Source Control Project (109°30'-114°20" E,
38°50'-46°40" N) extends from the Darhan Muming’an United Banner of Inner Mongolia in
the west to the Ar Horqin Banner of Inner Mongolia in the east, and from Dai County of
Shanxi Province in the south to the East Ujimqin Banner of Inner Mongolia in the north.
It covers an area of 458,000 km? across 75 counties in Beijing, Tianjin, Hebei, Shanxi, and
Inner Mongolia, of which 22.23% is sandy land. Soil types in the study area are varied and
include chestnut soils, brown soils, black soils, and stony soils, of which chestnut soils are
the most widely distributed. The vegetation type is dominated by temperate deciduous
broad-leaved forests and warm temperate deciduous broad-leaved forests. From south to
north, the climate zone changes from warm temperate and semi-humid to temperate semi-
arid, temperate arid, and finally temperate and extraordinarily arid, with an average annual
atmospheric temperature ranging from 0.6 to 12 °C, and 95-595 mm of precipitation. The
topography of the northwest is higher than that of the southeast, with diverse landforms.
We divided the study area into four zones: the sandy area of arid grassland, Hunshandake
sandy land, Psturage ecotone sandy land, and Yanshan mountain water conservation area.

11°E 114°E 117°E 120°E
L L 1 f

] Cropland
I Torest
[ Grassland -
B Waterbody S5 %
I Unban e 3
1 ] Unused ———— km
] County bounaries

Figure 1. Geography of the study area and land use in 2020. Note: I. Sandy area with an arid
grassland. II. Hunshandake sandy land. III. Psturage ecotone sandy land. IV. Yanshan mountain
water conservation area.

2.2. Data Sources

We processed remote sensing spatial data on the land use, meteorology, conditions of
the soil, NPP, and NDVI on the ArcGIS 10.6 platform (RedLands, CA, USA) for analysis
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(Table 1). The data were officially verified and calibrated to ensure that they could be used

for analysis.

Table 1. Sources of primary data.

Type of Data Description of Data Data Source

Including cropland, forest, grassland, waters, Resource and Environmental Sciences Data Center,
Land use construction, and unutilized land, with a spatial Chinese Academy of Sciences

resolution of 30 m (https:/ /www.resdc.cn/ accessed on 9 June 2023)
Elevation The spatial resolution was 30 m Geospatial Data Cloud (https://www.gscloud.cn/

accessed on 18 July 2023)
. Includes temperature, precipitation, and wind speed, ~National Earth System Science Data Center
Meteorological

Data statistics

Soil data

NDVI, NPP

with a spatial resolution of 1 km.

A raster dataset for 2000-2020 of population density
and GDP at a spatial resolution of 1 km

Contains sand, silt, clay, organic carbon, and soil
organic carbon content at a 250 m resolution

Data for MOD13A3 and MOD17A3, with a spatial
resolution of 1 km and 500 m

(http:/ /www.geodata.cn/ accessed on 25 July 2023)
Data Center for Resource and Environmental
Sciences, Chinese Academy of Sciences

(https:/ /www.resdc.cn/ accessed on 8 July 2023)

SoilGrids250m.2.0

National Aeronautics and Space Administration

2.3. Methods of Assessment
2.3.1. Water Conservation

Water conservation refers to the amount of water that infiltrates the ground after

precipitation subtracts evapotranspiration and surface runoff [36,37]. Water yields were
calculated using the InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs)
model (Palo Alto, CA, USA). The actual water yield was obtained using the water balance
method [38]. We used this information to evaluate water conservation in the BTSSCP.

AETX] . 1+ wXRX] (1)
- 1
Px 1+ wXij + Rxj
ETO X KX]
_—— = 2
XJ=""py 2)
AW
wx = 72WEX | 105 3)
X
AETy;
YX] = <1 — Py ) X Px (4)
. 249 . 09 xTI . Ksat
WC = min (1, Velocity) X min (1, Velocity) X min (1, 300> X Yxj 5)

Here, WC is the capacity for water conservation (mm), Velocity is the coefficient of flow, TI is
the topographical index, and K is the saturated hydraulic conductivity of soil. wyx is the
ratio of annual potential evapotranspiration to precipitation. AWCy is the available water
yield of the plant. AETY; is the average evapotranspiration calculated using the InVEST
model, Y; is its calculated water yield, Py is the annual precipitation for raster X, and Ry; is
the Bydyko dryness index for land use type J. ET is the reference crop evapotranspiration,
and Kx; refers to the plant evapotranspiration coefficient for the land use types of raster X.
Z is a seasonal factor that varies across regions.
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2.3.2. Soil Conservation

Vegetation can control soil erosion by preventing or limiting the detachment and
transport of soil particles in water or air [39]. We used the RUSLE (Revised Universal Soil
Loss Equation) model and ArcGIS 10.6 software to estimate soil erosion [40]:

RKLS =R x K x LS (6)
USLE=RxKxLSx P xC (7)
SC = RKLS — USLE (8)

where SC represents soil conservation, t-(hm2-a)~1; RKLS is potential soil erosion; and USLE
is the actual amount of soil erosion. R is the erosivity of rainfall, M]-mm/ (hm?2-ha-a)~;
K is the erodibility of soil, t-h-(hm?-M]); L is the length of the slope; S is its gradient; C
represents vegetation cover and management; and P represents engineering measures.

12 2
R=Y 175 x 10151081 (}#)—0.08188] )
i=1
K =0.01317 x (—0.01383 + 0.051575 x Kgpjc) (10)
Kepie = 0317 x {02403 x EXP[—0.0256 % SAN x ( — 8L } }
SIL C
X [m] X {1 — 025 X =1 ExpE72-295%0) (11
SN
X {1 = 0.7 X SNTEXPR29%SN—55T)
SAN
SN=1— —— 12
100 (12)

Here, R is the annual rainfall erosivity, P is the average annual rainfall (mm), and p; is the
average rainfall in the ith month. The soil erodibility factor K was calculated based on soil
composition, SAN is the soil sand grain content (%), SIL is the soil powder particle content
(%), CLA is soil clay particle content (%), and C is soil organic matter content (%).

2.3.3. Wind Erosion Control

The WEC service refers to the amount of sand fixed per unit area due to a reduction in
wind-induced soil erosion by the vegetation ecosystem. We used the RWEQ (revised wind
erosion equation) and ArcGIS 10.6 software to calculate the WEC (Table S1):

Qumax = 109.8(WF x EF x SCF x K/ x COG) (13)
S = 150.71(WF x EF x SCF x K/ x COG)~ 3711 (14)
SL =2z Quax e~ #/92/82 (15)

Quax_q = 109.8(WF x EF x SCF x Kr) (16)

Sq = 150.71(WF x EF x SCF x Kr)~%¥11 17)
SLy =22 Quax g e~ */*12/5 5 (18)
SR=SL, — SL (19)

where SR represents the WEC (t~hm*2), Sy, refers to the potential wind-induced soil erosion
(kg~m_2), S14 is the actual amount of soil erosion (kg-m_z), Quax refers to the maximum
sediment transport capacity for actual wind (kg-m’z), Qmax_g refers to the maximum sedi-
ment transport capacity for potential wind (kg-m~2), z represents the difference between
the maximum wind-induced soil erosion and the climatic erosion factor (m), K represents
surface roughness, EF is soil erosion, SCF represents the soil crust, and COG represents the
vegetation cover.
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2.3.4. Net Primary Productivity

The net primary production (NPP) represents the rate of organic carbon retained by
vegetation through photosynthesis. The NPP can therefore be used to characterize the
capacity of vegetation for carbon sequestration [41]. The CASA (Carnegie-Ames—Stanford
Approach) model has been shown to have good accuracy in estimating vegetation NPP
in different regions [42]. Therefore, the net primary productivity of the vegetation was
calculated using the improved CASA model and ArcGIS 10.6 platform [43]:

NPP(x,t) = APAR(x,t) x e(x,t) (20)
APAR(x,t) = SOL(x, ) x FPAR(x,t) x 0.5 (1)
e(x,t) = Ter(x, 1) X Tep(x, 1) X We(x, £) X €max (22)

where APAR(x,t) represents the amount of effective radiation absorbed in image x in month
t (MJ-m~2), and NPP(x,t) is the net primary productivity (gC-m~2). It is the actual rate
of utilization of light energy by each unit of area per unit time (gC-MJ~!). Te;(x,t) and
Tey(x,t) are the coefficients of the effect of low and high temperatures on e(x,t), We(x,t)
represents the effect of moisture on e(x, t), and “€y,x” is the ratio of the maximum light
energy acquisition for the ideal environment (gC-MJ 1)

2.3.5. Trade-Offs and Synergies of Ecosystem Services

We used the following formula to identify synergistic relationships among the four
ecosystem services considered in this study using Spearman’s correlation analysis. Spear-
man’s correlation coefficient as a non-parametric measure of dependence between two
variables does not assume that the two datasets are identically distributed; this variable
ranges from —1 to +1, with 0 indicating that there is no correlation between the two parameters.

6L (ESik — ES;)?

Rs=1
° n(n?—1)

(23)

Here, ESj; and ES;; denote the order in which ecosystem services k and j were ranked
in i, and R; indicates the synergistic relationships or trade-offs between the ecosystem
services. n denotes the total number of observed samples. At p < 0.01, the correlation is
highly significant, and at 0.01 < p < 0.05, the correlation is significant.

Following the identification of the interrelationships between ecosystem services as
above, we quantified the spatial heterogeneity of ecosystem service trade-off by calculating
the RMSE (root mean squared error) of the spatial distribution of such trade-offs:

1 -
RMSE = \/n - x Yo (ES; — ES)” (24)

o i=1

where 7 refers to the number of ecosystem services processed, and ES; refers to the normal-
ized value of the ith ecosystem service. ES is the expected value of ecosystem services. The
larger the RMSE, the greater the trade-off-based relationship between ecosystem services,
and vice versa.

2.3.6. Modeling Ecosystem Services Based on the BBN

The BBN is a graphical representation of probabilistic relationships among random
variables in a particular set. The belief network was introduced by Pearl as a model for
representing uncertain knowledge and reasoning and has become a popular subject of
research in recent years [44,45]. It consists of a directed acyclic graph (DAG), a condi-
tional probability table (CPT), variable nodes (Node), and directed edges connecting the
nodes [46]. The nodes contain discrete states of the variables, the probability distributions,
and the conditional probability table. The WEC arrows connecting the nodes indicate the
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interrelationships between them. Because the BBN is based on conditional independence,
the joint probability of a node in the BBN is equal to the sum of their respective conditional
probabilities:

P(X1, Xy, ., Xp) = [ T, PL(Xi| X)) (25)

where P (X1, X, ..., X;) is a joint distribution of discrete probabilities. [ =1, 2, ..., n, where
n is the maximum value of the random variable, and (Xj, X», ..., X;;) is a set of random
variables.

A BBN was constructed by quantifying the four ecosystem services as nodes and
screening the factors influencing them. A raster map was generated using ArcGIS 10.6
software and divided into four levels: Low, Medium, High, and Highest. We then calculated
the conditional probabilities of the remaining nodes.

We used the probability of each node state and the joint probability of two or more
nodes to identify the subsets of critical variables. The conditional probability between
each influential factor and each ecosystem service trade-off was calculated, and the state
with the highest conditional probability of each variable was selected as its key state. A
sensitivity analysis was conducted on Netica to explore the relative importance of impact
factor nodes to ecosystem service trade-off nodes through variance reduction [47]. Variance
reduction was used to quantify the magnitude of the changes.

VR = V(ES) — V(ES|I)
— Y P(s) x (s — E[ES])> = L. P(S|I) x (S — E[ES|I])? (26)

where VR is variance reduction, s is the state of the output variable, V(ES) is the variance
of the given ecosystem service, E[ES] is the expectation of the relevant ecosystem service,
and V(ES|I) and E[ES|I] refer to the variance and the expectation of a particular ecosystem
service, respectively, under the condition of the known variable I. A higher value of VR
indicates that the given node is more sensitive to the input.

3. Results
3.1. Spatiotemporal Analysis of Ecosystem Services

Figure 2 and Table 2 show the spatial distribution and quantitative changes in the
four ecosystem service functions of the BTSSCP from 2000 to 2020. The total capacity of
WC increased from 1.6 billion m? to 2.3 billion m3, while the average WC increased from
3.53 mm to 5.16 mm in the BTSSCP from 2000 to 2020. WC showed spatial distributions
as being “high in the east and low in the west” and “high in the south and low in the
north”. The areas with high values included the Yanshan Hills Mountain Water Source
Protection Area, the Hunshandake Sand Land Control Area, the agricultural-pastoral
transition zone, and the eastern part of the land management area. The total volume of
conserved soil increased from 419 million tons to 460 million tons within this period. The
spatial distribution of the SC shows that the eastern part of the area had high values of
WEC, while the arid areas in the western part had lower values. The area occupied by
forestland and grasslands increased significantly, and this explains why SC services have
increased significantly over the past two decades. The western arid grassland areas of
desertification control have remained stable for many years. More significant changes were
observed in the total amount of WEC, which increased from 2.7 billion tons to 3.1 billion
tons during the study period. The high-value area was distributed in the southwest of
the study area at the early stage, and at the late stage, it was mainly distributed in the
northwest of Beijing, Weichang County of Chengde City, and Zhangjiakou City, with an
average value of 63.4 t/hm? of WEC per year. The average NPP exhibited a significant
trend of increase in the BTSSCP, from 176 gC-m~2 to 280.07 gC-m 2. The high-value areas
were concentrated in the southeastern part of the Yanshan Hills Mountain Water Source
Protection Area, including Chengde City and Chongli District of Zhangjiakou City. They
exhibited a pattern of high values in the east and low values in the west.
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Figure 2. Ecosystem services in the BTSSCP.

Table 2. The temporal changes of the four ecosystem services from 2000 to 2020.

Ecosystem Service 2000 2010 2020
We Total (m®) 16.18 x 108 20.43 x 108 23.61 x 108
Average (mm) 3.53 4.46 5.16
s Total (t) 419 x 108 451 x 108 4.60 x 108
Average (t/ hm?) 9.15 9.84 10.04
WEC Total (t) 2.73 x 10° 2.84 x 10° 3.14 x 10°
Average (t/hm?) 59.61 62.02 68.57
NPP Total (Tg) 80.61 102.14 128.27
Average (gC~m_2) 176 223.01 280.07

3.2. Synergistic Ecosystem Service Trade-Offs
3.2.1. Correlation Analysis of Ecosystem Services

We used Spearman’s correlation coefficient to measure the interactions among the
four ecosystem services in the study area. A significant positive correlation was found
among WC, SC, and NPP from 2000 to 2020, indicating strong synergy. However, WEC
tended to be negatively correlated with NPP, which means that they might have involved a
trade-off. In addition, WC and WEC had a weak synergistic relationship. A negative and
significant correlation was observed between WEC and SC in 2000; however, by 2020, a
positive correlation had developed between them. With the exception of WEC, WC, and
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NPP, the correlation coefficients of all other relationships among the four ESs exhibited a
trend of reduction, which suggests that their trade-off relationships had been enhanced
(Table 3).

Table 3. Correlations among the ecosystem services in the study area.

Ecosystem Service Year SC WEC NPP
2000 0.623 ** 0.031 ** 0.781 **
WC 2010 0.607 * 0.049 ** 0.759 **
2020 0.592 ** 0.046 ** 0.767 **
2000 —0.095 ** 0.644 **
SC 2010 0.029 * 0.626 **
2020 0.026 ** 0.61 **
2000 —0.064 **
WEC 2010 —0.093 **
2020 —0.105 *

Note: ** and * represent significant correlations at 0.01 and 0.05.

3.2.2. Analysis of the Trade-Offs among Ecosystem Services

The RMSE was used to measure and spatially map the intensity of the trade-offs
among the ecosystem services (Figures 3 and 4). The RMSE of WC_SC increased by 0.039
since 2000. Its values were high in the central and southeastern regions, reflecting weak
trade-offs. Moreover, there was an increase in trade-offs between WC and SC in this area
since WC improved over the past two decades. The RMSE of WC_WEC decreased in the
central and southern regions from 2000 to 2020 and increased in the southeastern part. The
RMSE of WC_NPP was high (0.2-0.4), with the highest values (>0.4) concentrated in the
northern and southeastern parts of the study area, where trade-offs were significant. The
RMSE of WC_NPP increased significantly, by 0.044, in the BTSSCP during the study period.
A relatively high value of the RMSE of SC_WEC was observed mainly in the western and
southern regions. The overall RMSE of SC_WEC decreased by 0.072, which means that the
trade-offs between SC and WEC had weakened. SC_NPP had a large RMSE (0.2-0.4), where
the high-value areas were mainly located in the southeast of the study area. The RMSE
of NPP increased by 0.037, indicating that trade-offs had been enhanced in the study area
over the past 20 years. WEC_NPP recorded a large RMSE, which had increased by 0.046
from 2000 to 2020. High-value areas were concentrated in the southwest and southeast of
the study area and reflected strong trade-offs.

3.3. Construction and Validation of the BBN

Following parametric learning, the BBN was able to represent prior probabilities of
the status of the study area. According to the process mechanism of ecosystem services,
the relevant variables in each ecological process in 2020 were selected as nodes to learn
the structure of the Bayesian network. As shown in Figure 5, the constructed Bayesian
conceptual network contained 15 nodes and 34 arrows. Six types of trade-off intensities
were the target nodes, and nine variables (such as population density, slope, precipita-
tion, land use, temperature, NDVI, wind speed, evapotranspiration, and GDP) were the
influencing factors nodes. The probabilities of the four states (Low, Medium, High, and
Highest) in terms of the WC_SC were weighed from low to high as 49.8%, 26.0%, 17.4%,
and 6.77%. Those of WC_WEC from low to high were 43.6%, 29.8%, 17.8%, and 8.82%.
The probabilities of the WC_NPP were 22.8%, 33.2%, 32.6%, and 11.4%, while the states of
the SC_WEC had probabilities of 45.6%, 25.7%, 17.0%, and 11.7%. The probabilities of the
states in terms of the SC_NPP were 19.3%, 33.7%, 33.1%, and 13.9%, while those in terms of
the WEC_NPP were 18.3%, 35.2%, 31.7%, and 14.9%.
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Figure 3. Spatial distribution of the RMSEs of the ecosystem services. Note: WC_SC: water conserva-
tion and soil conservation. WC_WEC: water conservation and wind erosion control. WC_NPP: water
conservation and net primary productivity. SC_WEC: soil conservation and wind erosion control.
SC_NPP: soil conservation and net primary productivity. WEC_NPP: wind erosion control and net

primary productivity.
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Figure 5. Bayesian network of the ecosystem services in the study area in 2020.

We tested the accuracy of the Bayesian network as well. To this end, we generated
sampling points at 5 km intervals in the study area. A total of 18,281 sampling points were
thus obtained. The tested nodes were six groups of ecosystem service trade-offs. We chose
four parameters commonly used to assess the quality of a Bayesian network: the error rate,
logarithmic loss, quadratic loss, and spherical payoff. They can reflect the magnitude of
the error between the actual and predicted values of the target node [48]. The results show
that the BBN was accurate (Table 4). This proves that the model could adequately represent

ecosystem services and infer the nodal probabilities.
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Table 4. Assessment of BBN accuracy.

Parameter Error Rate Logarithmic Loss Quadratic Loss  Spherical Payoff
WC_SC 27.13% 0.5844 0.3576 0.7897

WC_WEC 36.94% 0.7969 0.4758 0.7171
WC_NPP 30.58% 0.6916 0.4044 0.7606
SC_WEC 39.27% 0.8827 0.5015 0.6978
SC_NPP 27.29% 0.6156 0.3645 0.7887

WEC_NPP 28.06% 0.637 0.3778 0.7809

3.4. Spatial Optimization of Ecosystem Services
3.4.1. Sensitivity Analysis

The manner in which an observation at one node influences another node is a main
concern in Bayesian networks [49]. We calculated the sensitivity index to quantify the
contribution of each influential factor to ecosystem service trade-off. To determine the
critical nodes (VR > 1%), we used the built-in function of the model to perform a sensitivity
analysis on the driving variables. Table 5 shows the WEC, indicating that the precipitation,
land use, and slope were the three most important nodes for WC_SC, of which precipitation
had the highest VR value of 37% and thus the greatest impact on ecosystem service trade-off.
Several factors influenced the ecosystem service trade-off of WC_WEC, including rainfall,
evapotranspiration, and wind speed. Precipitation, NDVI, and temperature are known to be
strongly correlated with WC_NPP trade-offs. Wind speed, precipitation, and atmospheric
temperature had the greatest influence on the synergistic trade-off relationship of SC_WEC.
The values of VR of the three nodes dominated by climatic factors reflected this trade-off
relationship. The trade-offs in SC_NPP was influenced by the NDVI, precipitation, and
land use. The value of VR of NDVI was 15.9%; thus, it had the most significant influence
on the trade-offs. The NDVI is commonly used to measure vegetation cover across a given
region. Vegetation cover also enhances the NPP. The NDV], precipitation, and wind speed
were found to influence the WEC_NPP trade-off.

Table 5. BNN sensitivity analysis.

WC_SC WC_WEC WC_NPP SC_WEC SC_NPP WEC_NPP
Node VR /% Node VR/% Node VR/% Node VR /% Node VR/% Node VR /%
Pre 37 Pre 9.75 NDVI 14.9 Wind 1.6 NDVI 15.9 NDVI 6.93
Lucc 2.09 ETy, 1.74 Pre 3.74 Pre 1.49 Pre 5.94 Pre 42
Slope 1.67 Wind 15 Tem 1.55 Tem 1.21 Lucc 1.72 Wind 2.29
ETy 0.45 NDVI 0.85 ETy 0.49 Slope 0.93 Tem 0.49 Tem 0.62
Tem 0.41 Tem 0.33 Lucc 0.29 ETy 0.44 ETy 0.48 ETy 0.47
Pop 0.11 Lucc 0.29 Pop 0.02 Lucc 0.43 Slope 0.32 Lucc 0.28
GDP 0.03 Pop 0.02 GDP 0 NDVI 0.25 Pop 0.03 Pop 0.01
NDVI 0 GDP 0 Slope 0 Pop 0.04 GDP 0 GDP 0
Wind 0 Slope 0 Wind 0 GDP 0.01 Wind 0 Slope 0

Note: “Pre”, “ETy”, “Tem”, “Pop”, “Wind”, “GDP”, and “Lucc” refer to precipitation, evapotranspiration,
temperature, population, wind speed, gross domestic product, and land use, respectively.

3.4.2. Spatial Optimization of Ecosystem Services

Figure 6 shows that three key variables that influenced the strength of trade-offs for
different ecosystem services. For example, in the case of WC_SC: precipitation, slope, and
land use. Their values varied according to whether the trade-offs were Low, Medium, High,
or Highest (Table 52).



Sustainability 2024, 16, 1617 13 of 19

WC_SC WC_WEC
Highest Unused  Highest
Urban
High High
Waterbody
Medium| Grassland Medium
Forest
Low Low
Cropland
Pre Slope LuCC Wind Pre ETo
WC NPP SC WEC
Highest Highest
High High
Medium Medium
Low Low
NDVI Pre Tem Wind Pre Tem
SC NPP WEC NPP
Highest Unused Highest
Urban
High High
Waterbody
Medium Grassland  Medium
Forest
Low Low
Cropland
Pre LUCC NDVI Pre NDVI Wind

. Low . Medium High . Highest

Figure 6. Plots of the conditional probabilities of the key variables.

The conditional probability associated with the state of each variable can be expressed
by the elemental layers within each subset of ecosystem services. Areas of optimization
under the BTSSCP can be identified by analyzing the distributions of the key variables
under different trade-off-related conditions (Figure 7).
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Figure 7. Regional distribution of the areas of optimization of the BTSSCP.

The strength of the WC_SC trade-off was highest when the land use type was forest,
precipitation was maximum, and slope had low value. Optimized zones were scattered
in the central part of the country. When precipitation and wind speed were in the highest
interval and evapotranspiration was in the low value area, the strength of the WC_WEC
trade-off relationship reached its highest level, and the optimized area showed a faceted
main distribution in Keshiketeng Banner and East Ujimqin Banner. The strength of the
WC_NPP trade-off relationship reached its maximum when the precipitation was high, the
NDVI was in the highest range, and the temperature was moderate, and the optimized
areas were concentrated in the southern part of Weichang County and the northern part
of Zhangbei County in the study area. The strength of the SC_WEC trade-off relationship
was highest when the wind speed was in the medium interval, the precipitation was in
the minimum range, and the temperature was high; this mainly occurred in the Sonid Left
Banner, Sonid Right Banner, the north-central part of Siziwang Banner, and the northern
part of the Darhan Muminggan Joint Banner. The intensity of the SC_NPP trade-off was
most likely to be the highest when the land use type was forested and both precipitation
and NDVI were in the highest range, and this occurred mainly in the southeastern part of
the study area, including the northern parts of Beijing, Chengde, and Zhangjiakou. The
WEC_NPP trade-off strength was maximized when the precipitation and NDVI were the
highest and the wind speed was low. The optimized area included Kuancheng and Manzu
County, located in the eastern part of the Yanshan mountain water conservation area. It
also included southern Pingshuan County, Chengde County, Xinglong County, Luanping
County, Huairou District, Yanqing District, Changping District, and Mentougou District.

4. Discussion
4.1. Interactions among Ecosystem Services

The results show that the four ecosystem services displayed different spatial dis-
tribution and change characteristics in the BTSSCP, similar to the research results of
Xing et al. [50]. WEC had a trade-off relationship with SC and NPP, primarily because areas
with high values of SC and NPP were largely concentrated in the southeastern part of the
country. The terrain there is highly undulating, and areas with a high potential for wind
erosion include the western region of desertification control, with a gentler terrain. This
shows that WEC areas with potential for wind erosion and topographic relief were spatially
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heterogeneous. WEC was the main service provided by this area while the other ecosystem
services were scarce [29,51].

We assessed the spatiotemporal trade-offs between ecosystem services using correla-
tion coefficients and the RMSE. During the 2000-2020 period, the restoration of vegetation
in the south-east regions enhanced the trade-off relationship between NPP, SC, WC, and
WES, and decreased between WES, SC, and WC in the southwest. The south-east regions
are located in the Taihang—Yanshan Ecological Conservation Area. Afforestation is the main
type of restoration in this area, which may lead to an increase in the trade-off between
ecosystem services. However, the main type of land use of the south-east area is grassland,
and the restoration of grassland does not lead to higher trade-offs in ecosystem services.

4.2. Mechanisms Driving Ecosystem Service Trade-Offs

Ecosystem service trade-offs are often influenced by climatic conditions, land use,
topography, and socio-economic development [52,53]. The results of the sensitivity analysis
and probabilistic reasoning showed that precipitation, land use, NDVI, and temperature
most significantly influenced the trade-off relationships. The results of our study are con-
sistent with similar studies carried out in other areas. Zuo and Gao indicated that the
determinants of the spatial trade-offs between erosion control and water yield, erosion
control and carbon sequestration, and water yield and carbon sequestration were potential
evapotranspiration, precipitation, and temperature, respectively [17]; Sun et al. revealed
that climate was a critical factor in the provision of ecosystem services and their interac-
tions [52]. Precipitation was the most significant factor influencing the trade-off relationship
between ecosystem services. The patterns of land use in the BTSSCP have also drastically
changed in the past 20 years. The aim of the Three Northern Protected Forest Restoration
Project is the regulation of desertification through afforestation, whereas the Grain for
Green Program aims for ecological conservation through the conversion of farmland and
barren hillsides to forests [54-56]. The establishment of these projects has undoubtedly
improved the vegetation cover of the BTSSCP and has considerably increased the capacity
of vegetation NPP [57]. These ecological projects play crucial roles in land use changes,
especially in terms of the reduction in the area cultivated land and the increase in the areas
of forests and grasslands [50]. The NDVI of the central and eastern mountainous areas has
increased by 15.8%, and this is significantly higher than in other regions, and has improved
the NPP and SC while influencing the trade-off relationship between ecosystem services. In
summary, owing to the poor socioeconomic development of the area and its low population
density, the GDP has not had a significant impact on changes in regional ecosystem service
relationships, while natural factors such as the climate and topography have had a more
significant impact.

4.3. Limitations of the Model

We used a Bayesian network to identify the key factors influencing ecosystem service
trade-offs, but its results are limited by uncertainty [25,58]. A greater number of influential
factors should be considered in future work in the area. The hierarchical method of consid-
ering continuous variables can also introduce uncertainty to the parameter settings; thus, a
more accurate dynamic method should be used to classify the node-related variables [59].
Although the model was validated for accuracy in the present research, the BBN model can
be validated, and its accuracy can be improved using an uncertainty analysis in subsequent
research to complete the improvement of the model.

4.4. Implications for Future Ecosystem Management

Ecosystem service trade-offs between the SC and WEC are largely distributed in the
western part of the study area, which have low rainfall, high wind speeds, and moderate
slopes. The SC is lower than in other regions. Therefore, ecological protection should be
strengthened in this area and improve the SC on sloping lands. On the other hand, the
southeastern areas with high trade-off values for the NPP, WC, SC, and WES should focus
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on water conservation in mountainous areas and reducing soil and wind erosion. This
study suggests that relevant departments should implement ecological protection measures
in the ecosystem service trade-off and synergistic optimization of the area, as well as pay
attention to key drivers such as precipitation, NDVI, land use, and temperature when
formulating relevant policies, so as to improve the local microclimate, enhance the quality
of ecosystem services in the region, and promote the sustainable ecological and economic
development of the study area.

5. Conclusions

The ecosystem service trade-offs of the BTSSCP have exhibited a strong spatial hetero-
geneity over the past 20 years. The spatial patterns of the WC and SC showed a distribution
of “high values in the east and low values in the west,” while the NPP and WEC had a
dispersed spatial distribution. The intensity of trade-offs involving the WC, SC, and NPP
exhibited an upward trend while that of the other ecosystem services decreased. Several
factors were found to have a significant impact on the intensity of the ecosystem service
trade-offs within the study area, including precipitation, NDVI, types of land use, and
temperature.

Based on the conditional probabilities of the key variables, the trade-off index between
SC_WECs reached its maximum value when the wind speed was at its highest level,
precipitation was at a low level, and temperature was higher. The optimized area was
mainly located in the southwestern part of the study area when NDVI and precipitation
were at the highest level and the land use type was a forest. The optimized areas were
mainly located in the Yanshan mountain water conservation area, including Chengde,
Zhangjiakou, and northern Beijing.
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