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Abstract: Ecosystem services (ESs) are an essential link between ecosystems and human well-being,
and trade-offs/synergies happen in ESs at different temporal and spatial scales. It is crucial to
explore patterns of trade-offs/synergies among ESs, and their nonlinear relationships with changes
in ESs. The primary objective of this study was to evaluate five ESs in 2000 and 2018: namely, water
yield, food production, carbon sequestration, soil conservation, and habitat quality in mountainous
regions of Southwest China. The mean values of the five ESs increased by 365.8 m3/ha, 13.92 t/hm2,
497.09 TgC/yr2, 138.48 t/km2, and 0.002, respectively. Using spatial statistics and analysis, an
ES trade-off synergy model (ESTD) was constructed for the five ESs change values. Overall, soil
conservation has a trade-off with all five ESs, except habitat quality; this trade-off is increasing
slightly. Water yield is in synergy with all ESs except soil conservation, with decreasing synergy;
habitat quality is in synergy with all ESs except food production, with increasing synergy. Finally, the
nonlinear relationship between the value of the change in the ES and ESTD was analyzed using a
generalized additive model. Changes in water yield showed the greatest impact on ESTD except for
food production, wherein changes in all three ESs had minimal impacts on ESTD. Food production
dominates its trade-offs/synergies relationship with soil conservation; carbon sequestration is the
dominant player in its trade-offs/synergies relationship with soil conservation. Habitat quality has a
secondary position of influence, except in the trade-offs/synergies involving food production. By
exploring the drivers of trade-offs/synergies among ESs, this study can provide guidance for the
effective implementation of policies related to ecological protection and restoration.

Keywords: ecosystem service (ES); trade-offs/synergies; generalized additive model (GAM);
Southwest China

1. Introduction

Ecosystem services (ESs) refer to the benefits that humans derive from ecosystems,
integrating society and ecosystems to support the continued survival and development of
human populations [1]. There are several types of ESs, each with drastically variable spatial
distributions [2]. Large-scale ecological restoration projects are one of the key drivers of
change in the relationships among various ESs [3]. These projects serve as good indicators
for evaluating the ecological benefits of developmental projects by effectively linking hu-
man well-being to their surrounding environment [4]. In general, ES trade-offs involve an
increase in one ES accompanied by a decrease in another ES [5]; synergy, on the other hand,
refers to the simultaneous increase or decrease in ESs [6]. Consequently, understanding the
factors that influence ES trade-offs is essential to maintaining a diverse and sustainable sup-
ply [7]. Trade-offs/synergies happen in ecosystems at different temporal and spatial scales,
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and analyzing ESs dynamics is critical to understanding their trade-offs and synergies; ESs
impact one another and can have some nonlinear responses [8]. Improving the current
understanding of these linear or nonlinear relationships between ESs and quantitative
expressions is a prerequisite for a thorough scientific assessment of ESs. Although remote
sensing techniques are currently the most popular methods used to evaluate ESs, the quan-
titative and spatial response relationships between ESs trade-offs/synergies and ES changes
need further clarification [9]. Previous research in this area focused on simple trade-offs
and synergistic relationships among ecosystem services but neglected the exploration of the
drivers and mechanisms of these relationships [10]. Although both external and internal
factors influence relationships between ESs, trade-offs and synergistic relationships are
of greater interest in response to ever-changing ESs. The generalized additive model [11]
(GAM) is a semiparametric extension of the generalized linear model, which is a free and
flexible statistical model that can handle nonlinear relationships between response variables
and multiple explanatory variables using nonparametric smoothing functions [12]. It is not
limited by the linear combination of explanatory variables and allows for the summation
of various functions of explanatory variables. In addition, GAM is suitable for a variety of
distribution types (e.g., Gaussian, binomial, gamma, and Poisson). Due to their various
advantages, GAMs have been widely used in ecological and environmental health assess-
ments in recent years. For example, Pu et al. [13] used a GAM to analyze the nonlinear
relationship between socioeconomic circumstances and air pollution, and its effect on hu-
man life expectancy. Wahiduzzaman et al. [14] used a GAM and machine learning to model
the effect of tropical cyclone activity on the northern Indian Ocean with the Boreal summer
intra seasonal oscillation (BSISO) of the northern summer intra-seasonal oscillation.

GAMs have been used in relatively few investigations into ES trade-offs/synergies
relationships, and our research used this model to analyze ES response relationships in
Southwest China. This area is dominated by mountainous landscapes and is one of the
most important regions for the function of ESs in China. The vegetation in Southwest China
has improved in recent years [15]; changes in land-use types through ecological restoration
projects have been considered to be the driving force behind this vegetation improvement
phenomenon in Southwest China [16]. Coupled with accelerated urbanization and rapid
climate change, there is immense pressure for urgent ecological conservation. Therefore,
evaluating ESs and investigating the trade-offs/synergies relationship (and their drivers)
between ESs has become an important theme in ecological management.

The state of ESs and their trade-off patterns are very complex due to the large internal
variation and high substratum heterogeneity. Remote sensing data provide a relatively
fast and convenient means to describe ESs’ surface structures and functions at different
temporal and spatial scales [17]. Moreover, remote sensing has tremendous advantages
when monitoring ecological environment. The impact of changes in ESs on the trade-
offs/synergies patterns is driven by both human activities and natural factors, and has not
been well studied. In this study, we used remote sensing data and statistical data to conduct
a study based on raster cells, which consisted of three main parts: (1) ES evaluation, (2)
calculation of trade-offs/synergies, and (3) fitting response curves among ESs.

2. Materials and Methods
2.1. Study Area

Four provinces in Southwest China were studied, namely, Sichuan, Chongqing,
Guizhou, and Yunnan, ranging from roughly 21◦ to 35◦N (see Figure 1). The landscape of
Southwest China is dominated by mountains and hills, making the local topography com-
plex and diverse. This area is influenced by the East Asian monsoon and the South Asian
tropical monsoon, resulting in a wide variety of climates and high diversity of vegetation
types and ecosystems. Southwest China is rich in natural resources and is an important
part of China’s ecological security because of its high biodiversity and density of nature
reserves, giving it the strategic function of providing ESs for all of China. Southwestern
China contains the Karst Mountain range, one of the largest mountain regions in the world,
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which is covered with exposed carbonate rocks. This is the distribution area of important
ecological restoration projects by the Chinese government, such as returning farmland to
forest and grass, and natural forest protection.
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2.2. Sources of Data

The data required for this study were: administrative boundaries from the National
Bureau of Mapping and Geographic Information (https://zwfw.ch.mnr.gov.cn/index,
accessed on 12 April 2022); land use type maps with land use data for 2000 and 2018 from the
Earth System Science Data Sharing Platform (http://www.geodata.cn/data/, accessed on
12 April 2022); soil data focused on soil organic carbon content, soil capacity, and soil layer
thickness from the China Soil Dataset, based on the World Soil Database (HWSD) (http://
data.tpdc.ac.cn, accessed on 12 April 2022); elevation data using the SRTMDEM-V2 product
(https://earthexplorer.usgs.gov/, accessed on 12 April 2022) with a spatial resolution of
30 m; primary productivity (GPP) data from Data Publisher for Earth & Environmental
Science (https://www.pangaea.de/?t=Ecology, accessed on 12 April 2022); biomass data
from the Intergovernmental Panel on Climate Change (IPCC) (https://www.ipcc.ch/data/,
accessed on 12 April 2022); and socioeconomic data from the Statistical Yearbook.

2.3. Methodology

The research framework consists of three major sections. With the combination of
remote sensing data and statistical data, five ESs, i.e., water yield, food production, carbon
sequestration, soil conservation, and habitat quality, were evaluated using spatial statistics
and analysis methods; ESTD was used to investigate the trade-offs/synergies relationship
between ESs. The nonlinear relationship between the changes in ES values and ESTD was
analyzed using the GAM (see Figure 2).

2.3.1. ES Evaluation

Using remote sensing and statistical data, the InVEST model and ArcGIS 10.6 software
were used to quantitatively assess five ecosystem services: water yield [18], carbon seques-
tration [19,20], soil conservation [21], habitat quality [22], and food production [23,24] in
southwestern China and reveal their spatial and temporal patterns. The spatial resolution
was treated as 1 km × 1 km, and calculations for the same are shown in Table 1.

https://zwfw.ch.mnr.gov.cn/index
http://www.geodata.cn/data/
http://data.tpdc.ac.cn
http://data.tpdc.ac.cn
https://earthexplorer.usgs.gov/
https://www.pangaea.de/?t=Ecology
https://www.ipcc.ch/data/
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Table 1. Calculation of ecosystem services.

ES Calculation or Formula Model Parameters and Processing

Water Yield Y(x) = P(x) − AET(x) Y(x) is the average annual water yield, P(x) is the average
annual precipitation, and AET is actual evapotranspiration.

Carbon Sequestration
GPP = PAR × FPAR × εmax×

1.1814×
(

1+e0.3×(−Topt−10+Tair)
)

1+e0.2×(Topt−10−Tair)
×(

0.25 + 0.75 × ET
RN

)
PAR is calculated by multiplying CERES solar radiation and
the monthly PAR/SW ratio derived from the BESS data set.

εmax and Topt (i.e., maximum LUE and optimum growth
temperature) refer to various flux measurements and
sun-induced chlorophyll fluorescence values [19,20].

Soil Conservation

The Sediment Delivery Ratio model
RKLS = R × K × LS

USLE = R × K × LS × C × P
SD = RKLS − USLE

RKLS is the potential soil erosion (t) in the study area under
specific landscape and climate conditions, USLE is the

actual amount of soil erosion (t) after taking into account the
interception effect of vegetation and the implementation of
management engineering measures, SD is soil retention (t),
R is rainfall erosion force, K is soil erodibility, LS is the slope
length slope factor, C is the vegetation cover factor, and P is

the soil conservation measure factor.

Habitat Quality
The Habitat Quality model

Qxj = Hj

[
1 −

(
Dz

xj
Dz

xj+kz

)]
Qxj is the habitat quality index of x grids in j habitats, Hj is
the habitat suitability score of j habitats between 0 and 1, k is
the half-saturation constant which is usually taken as 1/2 of

the habitat degradation index, and z is the normalization
constant, which is usually taken as the default value of 2.5.

Food Production Gi =
Gsum

NDVIsum
× NDVIi

Gi is the food production service of raster I, Gsum is the total
food production of each county, NDVIsum is the sum of

NDVI of arable land-like elements in the county, and NDVIi
is the NDVI of raster i.
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2.3.2. Trade-Off/Synergy Calculations

This study used the ecosystem services trade-off synergy model (ESTD) to evaluate
the trade-offs/synergies relationships of the five ESs based on methods used in pre-existing
studies [25]. It was used to assess the interactions and change mechanisms among ESs
within the study area using the following equation:

ESTDmn =
ESmb − ESma

ESnb − ESna
, (1)

where ESTDmn is the degree of trade-off/synergy between the mth and nth ecosystem
service, ESmb is the change in the mth ES at time b, ESma is the change in the mth ES at time
a, and ESnb and ESna are the same as above. ESTD < 0 indicates a trade-off between the mth
and nth ESs, and ESTD > 0 indicates a synergistic relationship between the two.

2.3.3. Fitting the Response Curve among ESs

GAMs can be used to test for nonlinear relationships between variables when the
relationship between explanatory and effect variables is uncertain. Many ecological data
do not fit into simple linear models, and GAMs are data-driven nonparametric regression
models that are nonparametric extensions of traditional generalized linear models. The con-
nections between ecosystem processes, functions, and benefits to humans are complex and
dynamic, suggesting that the relationships between these variables are often nonlinear [26].
GAMs do not require parametric models to be set up in advance, and unlike parametric
multiple regressions, additive models relax restrictions on the additive form of response
relationships; this allows arbitrary sums of functions to model the results, and relationships
between independent and response variables can be arbitrarily linear or nonlinear.

The nonlinear relationship between ESTD and the value of each ES change was
established based on a smooth function of each explanatory variable. The nonlinear model
was constructed through the GAM function of the mgcv package [27] in R 4.1.1. The model
can be written as the following equation:

g(yi) = β0 ∑n
i=1 si(xi) + εi, (2)

where y is ESTD, β0 is the overall average value of the response variable, si(xi) is the
smoothing function for the ith ES change value, n is the total number of covariables,
and εi is the residual. The smoothing function is represented by model selection and
automatic smoothing parameter selection for penalized regression splines, which optimizes
the number of dimensions in the fitted and minimized model.

3. Results
3.1. ESs

The mean values of water yield, food production, carbon sequestration, soil conserva-
tion, and habitat quality all increased in the four provinces of Southwest China from 2000
to 2018, from 9083.4 m3/ha, 277.06 t/hm2, 1510.97 TgC/yr2, 52,094.39 t/km2, and 0.834
in 2000 to 9449.2 m3/ha, 290.98 t/hm2, 1649.45 TgC/yr2, 52,591.48 t/km2, and 0.836 in
2018, respectively; these represent increases of 365.8 m3/ha, 13.92 t/hm2, 497.09 TgC/yr2,
138.48 t/km2, and 0.002, respectively.

Considering spatial distribution, in Figure 3, high values of water yield are mainly
distributed towards the west of the Sichuan Basin, the north of Chongqing city, and the
south of Yunnan and Guizhou; high values of food production are mainly in the Sichuan
Basin, with little food production in the northwest Sichuan plateau. High values of carbon
sequestration are more concentrated in the Yunnan province, while high values of soil
conservation are mainly distributed in the west of Sichuan, the west of the Yunnan-Guizhou
plateau, and the north of Chongqing; low values are mainly concentrated in the Chengdu
plain. High values of habitat quality are distributed in areas outside the Sichuan Basin
and the western Sichuan Plateau, at an altitude of 4000 m. Changes in the mean values of
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ESs indicate that human activities and climate change have resulted in positive impacts;
the implementation of national policies and ecological projects have resulted in positive
impacts on the five ESs considered in this study.
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Figure 3. Spatial distribution of five ecosystem services in 2000 and 2018. WY: Water Yield; FP: Food
Production; CS: Carbon Sequestration; SC: Soil Conservation; HQ: Habitat Quality. WY 2000 is the
water yield in 2000. WY 2018 is the water yield in 2018. Same for the rest.

Although the overall average values of various ESs increased from 2000 to 2018, there
were large spatial differences within them. In Figure 4a, WY had a relatively high increase in
the southern, northern, and central regions of Southwest China, with a significant decrease
in northern Chongqing; in Figure 4b, the elevated values in FP are mainly located in the
Sichuan Basin. The distribution of regions with increased CS (Figure 4c) and significantly
increased FP are relatively similar, and the decrease in SC is mainly located in western
Yunnan Province and northern Chongqing (Figure 4d); the increase is mainly in central
Sichuan. This pattern is consistent with the spatial variation of WY in Figure 4e, HQ is
significantly improved in the southwest part of Chongqing and in western Sichuan.
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Figure 4. Spatial variations of five ecosystem services from 2000 to 2018. WY Change: the change in
Water Yield from 2000 to 2018. FP Change: the change in Food Production. CS Change: the change in
Carbon Sequestration. SC Change: the change in Soil Conservation from 2000–2018. HQ Change: the
change in Habitat Quality.

3.2. ESs Trade-Off/Synergy
3.2.1. ESs Correlation

Correlation coefficients between the 2000 and 2018 ESs were plotted using correlation
analysis, and all significance tests satisfied p < 0.05, except for the insignificant correlation
between FP and HQ in 2018. In Figure 5, WY shows a synergistic relationship with all
ESs except SC; SC has a trade-off between WY and FP. The synergy between WY and FP
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increased from 2000 to 2018. There was a very weak and decreasing trade-off between
SC and CS, while the relationship between SC and HQ was synergistic and increasing.
FP was synergistically related to WY and CS, with a synergistic decrease in WY and an
increase in CS. FP and HQ are trade-offs that have been increasing slightly. Excluding the
increased trade-off between HQ and FP, HQ was in synergy with all other ESs. The synergy
between SC and CS has been steadily increasing, and the synergy between SC and WY
gradually decreased.
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SC generally showed a trade-off with all ESs except habitat quality, which had a
slightly increasing trade-off. WY showed synergy with all ESs except SC; the synergy was
decreasing. HQ showed synergy with all ESs except FP, wherein the synergy showed an
increasing trend.

3.2.2. ESTD Results

The area and spatial distribution of ES changes were investigated using the dynamic
change values [28] of each ES in 2000 and 2018 to calculate the ESTD of the five ES changes.

It can be seen that the high trade-off between WY and CS was mainly distributed in
the northeastern and southeastern parts of the study area, while the synergy between WY
and SC was as high as 69.35% of the total area; this is consistent with the distribution of
change values in Table 2. The synergy between CS and SC was also relatively significant,
accounting for 53.28% of the total area in Figure 6. The trade-off between FP and SC was
relatively large, accounting for 47.92% of the total area; the trade-off between SC and HQ
is also relatively significant. As a whole, the trade-off/synergy between WY and SC, WY
and CS, and SC and CS are spatially clustered over a large area, while the trade-offs and
synergies of the remaining ESs are more well-dispersed.

Table 2. The area of synergy of trade-offs between the value of change in ecosystem services. WY-FP
is the ESTD of WY and FP. Same for the rest. ESTD < 0 indicates a trade-off between the two ESs and
ESTD > 0 indicates a synergistic relationship.

WY-FP WY-CS WY-SC WY-HQ FP-CS FP-SC FP-HQ CS-SC CS-HQ SC-HQ

Trade-off 50.02% 45.23% 30.65% 51.05% 49.23% 52.08% 50.89% 46.72% 51.46% 51.86%
Synergy 49.98% 54.77% 69.35% 48.95% 50.77% 47.92% 49.11% 53.28% 48.54% 48.14%
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Figure 7 shows the distribution of ES change data in a reciprocal trade-off/synergistic
relationship with the data normalized in advance. Each violin plot represents the data
distribution; most data distributions are relatively concentrated, with discrete values for
some FP and CS. Similar to the kernel density plot readings, the peak heights represent
the probability density of the data, with higher peaks being denser. In Figure 7a, taking
WY in WYFP as an example, it is obvious that the first orange box is wider at y > 0 than at
y < 0, i.e., it indicates that most of the WY data are positive when WY presents a trade-off
with FP. Another example is in Figure 7a,b, where SC in WYSC shows a different form of
data distribution in a trade-off or synergistic relationship with WY. When synergistic rela-
tionships are present Figure 7b, SC data are more dispersed. In Figure 7a,b, the probability
density of FP in FPSC in the trade-off/synergy relationship with SC is larger for FP < 0 data
under the trade-off relationship than for FP < 0 data under the synergistic relationship.

3.3. Response Curves of ES Trade-Offs/Synergies

A nonlinear relationship between ES trade-offs/synergies and the change values of
each ES was established based on a smooth function of each explanatory variable, where
the horizontal coordinate is the value of change in ESs and the vertical coordinate is ESTD.

Analysis of the results in Figure 8a shows that the increase in negative variation of
WY makes WY gradually converge with FP. Since the negative variation of WY tends from
−1300 m3/ha to −3000 m3/ha, WY and FP gradually convert from a synergy to a trade-off.
The positive increase in WY makes it gradually tend to synergize with FP, shifting to a
trade-off trend when the positive change is greater than 1800 m3/ha. As FP increases, the
trade-off with WY gradually increases; an increase in the negative change in FP tends to
be synergistic.
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In Figure 8b, when the negative change in WY increases or the positive change is
insignificant, the ESTD interaction remains relatively unchanged. As the positive change in
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the WY increased to 1500 m3/ha, a synergistic effect with SC began to arise. Changes in SC
had little effect on ESTD.

In Figure 8c, an increase in the negative change in WY promotes a synergistic relation-
ship with CS. The increase in positive variation will lead to the generation of synergy before
the appearance of a trade-off; the synergy peaks when increasing to 1500 m3/ha, after
which a trade-off trend will appear. Changes in CS showed very little effect on their ESTD.

In Figure 8d, as the positive change in WY increases, the synergistic relationship with
HQ becomes clearer; however, when increased to 2500 m3/ha, the synergy begins to decline.
After 3500 m3/ha, the trade-off trend begins, and the increase in negative changes will
have some synergistic effect. Changes in HQ showed very little effect on ESTD.

Figure 8a–d show that the effect of changes in the volume of WY dominated the ESTD
with other ESs; except for FP, changes in all three ESs do not show a large impact on ESTD.

In Figure 8e, as the negative change in FP increases, a peak in the trade-off relationship
with SC is reached around 400 t/hm2, after which the trend becomes synergistic. Positive
increases in SC show synergistic effects, and negative increases show trade-offs.

In Figure 8f, trends in FP are relatively similar to those in CS. An increase in positive
changes produces a synergistic effect between them, and an increase in negative changes
produces a trade-off trend.

In Figure 8g, a positive increase in FP shows synergies, and a negative increase appears
as a trade-off trend. The trade-off increases gradually as the change in HQ increases from
−0.17 to −0.2; the negative change from 0 to −0.17 produces a trend of trade-offs followed
by synergies, with the dividing line at approximately −0.1. The value of positive changes
in HQ (greater than 0.2) tends to be a trade-off from a synergy.

The synergy and trade-off trend between CS and SC in Figure 8h is similar to that
between FP and SC in Figure 8e. An increase in positive or negative changes in CS causes it
to maintain a synergy and then a trade-off with the SC. The trade-offs weaken and gradually
converge to synergy as the negative change in CS increases above about −5000 TgC/yr2.
Changes in SC basically do not affect their ESTD.

In Figure 8i, the increase in the negative change in CS has little effect on ESTD. The
increase in positive change causes the ESTD between CS and HQ to fluctuate: a synergy is
created first, followed by trade-off increases. After about 5000 TgC/yr2, the trade-off starts
to decrease. The effect of changes in HQ on the trade-off synergy is negligible.

In Figure 8j, the trade-off effect diminishes as the negative change in SC increases,
after increasing to −1.3 × 105, t/km2. At −2 × 105, t/km2, the trade-off tends to become
a synergy, and the increase in positive change causes it to fluctuate around the trade-off
synergy. Changes in HQ had little effect on ESTD.

Figure 8e–j show that FP dominates the ESTD between it and SC; CS is the dominant
player between CS and SC; HQ occupies a secondary position of influence except in the
trade-off synergy with FP.

The GAM fitting results for each ES change were evaluated through a smoothness test
(see Table 3). When kindex < 0.9 or >1.1, the smoothing function adds degrees of freedom
to improve the smoothness of the curve. “edf” is the degree of freedom and higher edf
values indicate more complex spline curves. A degree of freedom larger than 1 indicates a
curvilinear relationship. Theoretically, when the degree of freedom is close to 1, it indicates
a linear relationship.

Table 3. Smoothness test for GAMs.

WY-FP WY-CS WY-SC WY-HQ FP-CS FP-SC FP-HQ CS-SC CS-HQ SC-HQ

ES-
change WY FP WY CS WY SC WY HQ FP CS FP SC FP HQ CS SC CS HQ SC HQ

edf 6.42 1.42 4.71 1.00 6.08 1.00 7.57 1.00 1.00 1.00 6.17 1.00 1.00 7.10 8.98 1.00 6.44 1.00 7.88 1.00
Kindex 0.99 1.01 0.94 0.90 1.01 1.02 1.02 1.00 1.00 1.02 1.03 1.00 1.00 1.05 1.00 1.00 0.99 1.01 1.01 1.00
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4. Discussion
4.1. ES Assessment

Under natural and human-induced influences, the five ESs (water yield, food pro-
duction, carbon sequestration, soil conservation, and habitat quality) in the mountainous
regions of Southwest China show an increasing trend, which is inextricably linked to the
implementation of ecological protection policies. This is consistent with previous studies in
Southwest China, with slight differences in research methodology, time scales, and spatial
scales. The Chinese government launched the “Natural Forest Protection Project” in 1998
and the “Regional Effects of Grain for Green Program” in 2000 to promote the reforestation
of mountainous areas; these are the largest ecological restoration projects in the world,
in terms of scale and financial investment. These projects have covered 44.8% of China’s
forests and 23.2% of China’s grasslands. These projects have produced many achievements,
including substantial increases in vegetation cover [29,30], improved biodiversity [31],
and reduced erosion [32] and flood [33] risks; these positive impacts have had a positive
effect on ESs. In recent years, China has undergone rapid urbanization and national key
restoration projects, and the promotion of mountain reforestation has brought about large-
scale vegetation restoration. Most scholars focus on the domestic policy outcome-oriented
perspective for large-scale ES studies, in fact, ES can also be explored from the perspective
of human perception in conjunction with population or cities. For example, some very
interesting international research has also been conducted. Battisti et al. explored the user
perception of aesthetic quality under different landscape elements based on a participatory
approach [34]. Another study identified specific sites that could be improved to enhance
ESs by combining with socio-demographic factors [35]. An assessment of ecosystem ser-
vices in the Oslomarka forest was conducted in the context of the growing academic interest
in urban and peri-urban forests [36].

4.2. ES Trade-Offs/Synergies

In the study of tradeoffs/synergies among ESs, many quantitative methods have been
used to quantify and analyze ESs trade-offs/synergies, including correlation analysis [37,38],
cluster analysis [3], redundancy analysis (RDA) [39], and multivariate regression trees [40].
Studies on trade-offs/synergies in ESTD consider the ecosystem services at two time
points. Current research in this approach has made some progress [41]. Although many
studies have been carried out to investigate the trade-offs/synergies relationships and their
spatiotemporal variations, the factors underlying these complex interactions are still poorly
understood [25]. It is essential to reveal the trade-offs/synergies and the spatial differences
in the services. Understanding the trade-offs/synergies among ESs is insufficient without
carefully exploring the drivers and mechanisms behind the relationships [42].The formation
of tradeoffs and synergies among ecosystem services can be attributed to one or more of the
following three factors: land use conflict or consistency, common drivers, and interactions
among ecosystem services [43]. The spatial variation of land use/cover caused by human
activities is an important factor affecting the degree of ES tradeoffs and its scale effect [44].

4.3. GAM Response Curves

Based on the study of simple trade-off/synergistic relationships among ESs, the drivers
of these relationships were further explored. Yang et al. [45] compared ESs in the lower
reaches of the Pearl River at different levels of urbanization; Peng et al. [46] researched
the relationship between ESs and urbanization in the mountainous regions of southwest
China; Luo et al. [47] analyzed the impact of land use change on the trade-offs of ESs in the
Chishui River basin; Chen et al. [48] explored the human- and climate-driven mechanisms
of changes in trade-offs between ESs in the Chengdu-Chongqing urban agglomeration,
and the influence of national policies; and Qiu et al. [49] analyzed the effects of topo-
graphic factors, soil texture, and human activities on trade-offs of ESs in different climatic
zones in Shaanxi Province. This study used a GAM to establish a nonlinear relationship
between ESTD and the changing values of each ES, based on a smooth function of each
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explanatory variable. By plotting response curves, we can identify the dominant services
in the trade-off/synergistic relationship between ESs, which assists the macro-regulation
of ESs. We found that WY dominated most of the trade-off/synergistic relationships, and
the influence of FP was relatively large, with SC and HQ usually having a comparatively
smaller influence. Such research provides important information for ecological conserva-
tion and restoration, thus helping understand human and natural impacts on ecosystems.
For example, Figure 8a shows that the trade-off/synergy relationship between WY and
FP gradually decreases from higher synergy when WY changes up to a certain level. As
WY increases, the synergistic relationship changes to a trade-off relationship. Such regular-
ity provides a quantitative reference for the agricultural rationalization of irrigation and
drainage, providing inspiration for the change in trade-off/synergy between ESs.

Watson [50] explained that rapid changes in potential drivers or interactions among
drivers may lead to abrupt ecosystem changes without positive feedback mechanisms.
The nonparametric smoothing approach of the GAM describes some of the potential nonlin-
ear response patterns that are not captured by linear models, such as fluctuating increases
or decreases. Such fluctuations, however, are very likely due to data instability, higher
dispersion, or random errors, potentially introducing misunderstandings in the interpreta-
tion of the synergistic response implications of ES trade-offs. Regardless of this, additive
models have high application value and can be used as exploratory tools. Many scholars
have improved upon this model, e.g., Xue and Liang [51] studied a semiparametric gener-
alized additive model (GACM) that generalizes the prediction function in a conventional
GAM to an unknown function that depends on some covariates to overcome the “curse of
dimensionality” problem when the tuning variables are large. Wood et al. [52] proposed a
method for efficient selection of model smoothness for GAM, which yields reliable results
by optimizing the entire model; the authors also investigated a GAM model for large data
sets [53].

Figure 8 shows that there are some response curves fitted using the GAM for which the
results are already close to a linear relationship (i.e., edf = 1); results are still linear when the
number of basic smoothing functions is further adjusted using the guarantee of smoothness
test. The linearity result proves that there is no overfitting problem and highlights the
dominance of nonlinear ES variation in ESTD. Thus, the use of a GAM in the search for
the dominant influence amongst various ESs’ trade-offs/synergies can still be relatively
obvious. This facilitates further conclusions and lays the foundation for future research.

5. Conclusions

Using Southwest China as the study area, this study assessed five ESs in 2000 and 2018
using remote sensing and statistical yearbook data; their distributions were then discussed.
Based on this analysis, the trade-off/synergistic relationships of the five changing ES values
were analyzed using spatial statistics and analysis methods. The generalized additive
model (GAM) was then used to analyze the nonlinear relationship between the change val-
ues of ESs and ESTD in order to understand the patterns of change in various types of ESs
that affect the trade-off/synergistic relationships among ESs. The main conclusions are as
follows. The mean values of five ESs—water yield, food production, carbon sequestration,
soil conservation, and habitat quality—all increased in four provinces of Southwest China
from 2000 to 2018, increasing by 365.8 m3/ha, 13.92 t/hm2, 497.09 TgC/yr2, 138.48 t/km2,
and 0.002, respectively. Calculation of ESTD for the five ESs revealed that: soil conservation
is traded off with all ESs except habitat quality, and this trade-off increases slightly; water
yield is in synergy with all ESs except soil conservation, with synergy decreasing; and
habitat quality is in synergy with all ESs except food production, wherein synergy tends to
increase. Finally, the nonlinear relationship between the value of the change in ESs and
ESTD was analyzed using GAMs. Changes in water yield had the greatest impact on ESTD
compared to other ESs, except food production, wherein changes in all three ESs did not
have a large impact on ESTD. Food production dominates the trade-offs/synergies relation-
ship between it and soil conservation, and in carbon sequestration and soil conservation;
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carbon sequestration is the dominant player in their trade-offs/synergistic relationship.
Habitat quality occupies a secondary position of influence, except in trade-offs/synergies
involving food production. Due to the huge internal variation in different study areas
and high substratum heterogeneity, the trade-offs/synergies of ESs present a complex
nonlinear relationship. The flexibility of GAMs enables the mapping of the response curve
between the ESs and trade-offs/synergies, which is applicable to the exploration of the
driving factors.
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