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Abstract. The intricate interplay among various ecosystem services is crucial for effective ecosystem
management and decision-making. Using the ecologically fragile Luan River Basin as a case study, which
is pivotal for water conservation and ecological support in China’s Beijing-Tianjin-Hebei region, we
evaluated carbon storage, water yield, soil conservation, water retention, habitat quality, and food supply
from 1990 to 2020. Employing clustering methods considering trade-offs and synergies, we identified
ecosystem service bundles and examined their spatiotemporal variations. Results showed improvements
in carbon storage, water yield, soil conservation, water retention, and habitat quality following the
declines observed between 2000 and 2005, while food supply declined after 2005. Most services
exhibited significant positive correlations, indicating synergies. Three ecosystem service bundles—
”Ecological conservation synergy type,” “Food supply trade-off type,” and “Ecological balance type”—
were delineated based on their values and proportions of synergies/trade-offs. Their dynamics were
influenced by natural factors, ecological policies, and agricultural development. These findings
underscore the need for tailored ecosystem management strategies in the Luan River Basin.

Keywords: spatiotemporal analysis, ecosystem management, clustering methods, ecologically fragile,
sustainable development

Introduction

Ecosystem services are crucial resources for human survival and provide benefits
that humans obtain directly or indirectly from ecosystems (Boyd et al., 2007; Swallow
et al., 2009; Yang et al., 2018). These services are the environmental foundation for
sustainable development. The Millennium Ecosystem Assessment (MEA) has revealed
that 60% of global ecosystem services have been deteriorated, posing a significant
threat to the sustainable development of human societies (Assessment, 2005). This
deterioration can be attributed to the lack of understanding of the complex interactions
among multiple ecosystem services and the lack of effective management (Leh et al.,
2013; Xie et al., 2021). Therefore, there is a critical need to clarify the relationship and
interaction mechanisms among ecosystem services, explore the aggregation mode of
multiple services, and seek the synergistic development of ecological environmental
protection and social economy for the scientific management of regional ecosystems (Li
etal., 2017; Tallis et al., 2008; Vidal et al., 2013).

The study of relationships among ecosystem services requires a focus on bundles of
ecosystem services, as well as their trade-offs and synergies. Ecosystem service bundles
are formed by a range of temporally and spatially co-occurring ecosystem services
(Cord et al., 2017; Dittrich et al., 2017). In ecosystem service bundles, trade-offs may
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occur when increasing one service results in a decrease in the provision of another,
while synergies may occur when multiple services are simultaneously enhanced (Kong
et al., 2018; Rodriguez et al., 2006; Yang et al., 2015). The results of existing studies on
ecosystem service indicate that there are mostly synergistic relationships between
regulation services and cultural services within ecosystem service bundles, and trade-
offs between supply services and regulation service (Lee et al., 2016). According to the
global ecosystem services research literature, trade-offs are nearly three times more
prevalent than synergies (Howe et al., 2014). Several studies have used different
clustering methods to delineate ecosystem service bundles and have suggested
ecosystem management strategies that aim to enhance synergy and reduce trade-offs,
taking into account the perspective of service bundles (Birkhofer et al., 2015; Deng et
al., 2016; Gret et al., 2017; Kong et al., 2018; Liu et al., 2019).

Currently, researchers have analyzed trade-offs and synergies among ecosystem
services at national (Dittrich et al., 2017; Queiroz et al., 2015; Turner et al., 2014),
regional (Raudsepp et al., 2010; Yang et al., 2015) and local (Crouzat et al., 2015;
Wang et al., 2017; Yao et al., 2016) multi-scales, and have utilized ecosystem service
bundles to identify patterns of multiple ecosystem services aggregation, with the aim of
managing them simultaneously. Bai et al. (2021) concluded that there was a high level
of spatial interactions among ecosystem services in Kentucky, USA, with 17 out of 21
possible pairs of ecosystem services showing significant correlation. Gan et al. (2022)
quantified eleven ecosystem services in Shenyang, China, and identified land-use type
as the main driver influencing interactions among ecosystem services. Zhang et al.
(2021) proposed that the characteristics of ecosystem services are highly dependent on
land use and land cover, and emphasized that well-informed land use planning could
promote the implementation of efficient ecosystem service management in large-scale
watersheds. Zhang et al. (2019) compared the overall changes in ecosystem services in
the Beijing-Tianjin-Hebei region, China, under different ecosystem service protection
policy scenarios and found that the integrated multi-service protection policy scenario
was the most effective approach for protecting most of the ecosystem services, using an
urban land use scenario simulation model. Wang et al. (2015) found that the conversion
of natural wetlands to cropland in the Sanjiang Plain of China resulted in a decrease in
carbon storage services but an enhancement of food supply services. Nevertheless, the
majority of studies on ecosystem service bundles have only focused on identifying
multiple ecosystem services, without further analyzing the trade-offs and synergies that
exist among them within different service bundles. Ecosystem service bundles not only
indicate the aggregation patterns of ecosystem services, but also reveal the interaction
mechanisms that exist among them through the trade-offs and synergies within each
bundle.

The Luan River Basin is a crucial component of the water conservation function and
ecological environment support area in the Beijing-Tianjin-Hebei region of China (Xu et
al., 2020). It irrigates nearly 21% of the irrigated areas in Hebei Province and supports
about 20% of the population, accounting for nearly 30% of the province’s GDP.
Therefore, the Luan River Basin plays an important role in supporting the economic and
social development of Hebei Province, China. However, the Luan River Basin has faced
ecological challenges such as water quality deterioration and soil erosion due to the
accelerated urbanization and increased agricultural water demand (Qu et al., 2011).
Furthermore, the basin is situated in a farming-pasturing interlock area with intricate
ecosystem services, which makes it difficult to form an effective zoning management.
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In this study, we evaluated six key ecosystem services in the Luan River Basin from
1990 to 2020, including carbon storage, water yield, soil conservation, water retention,
habitat quality, and food supply. The spatiotemporal variations of each ecosystem
service bundle were analyzed to provide guidance for environmental protection and
ecological restoration in the Luan River Basin. The objective of this study is to
understand the interactions among these ecosystem services by identifying ecosystem
service bundles and analyzing the trade-offs and synergies within them. This knowledge
aims to support the development of targeted ecosystem management strategies tailored
to the unique conditions of the Luan River Basin.

Materials and methods
Experimental site

The Luan River Basin is situated in the northeast part of the North China Plain,
spanning between 39°107-42°35" N and 115°20°-119°15" E (Fig. 1) (Wang et al., 2024).
It originates from Fengning County and flows into the Bohai Sea in Leting County,
covering a total length of approximately 877 kilometers and an area of 44,880 km?. The
landforms within the basin are diverse and complex, with the upper reaches being
dominated by dam plateaus and mountainous hills in northern Hebei, the middle reaches
by the Yanshan Mountains, and the lower reaches by the flat Hebei Plain. The terrain
slopes from northwest to southeast, and there is a significant difference in climate
between the north and the south. The climate varies significantly from north to south,
with a transition from cold-temperate arid and semi-arid climate to warm-temperate
semi-humid climate. The average annual temperature is between 1°C-11°C and the
average annual precipitation ranges from 400-800 mm. The Luan River Basin is
characterized by interlaced zones of agriculture, pastoralism, and forestry, leading to
complex relationships among ecosystem services (Zhao et al., 2022). The land cover
mainly consists of cropland, grassland, and forest land, with small amounts of built-in
land and bareland.
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Figure 1. (a) Location of the Luan River Basin and (b) land use and land cover types in the
Luan River Basin in 2020
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Data sources and processing

Land cover data with a spatial resolution of 30 m (7 periods, 1990, 2000, 2005, 2010,
2015, 2020) were downloaded from the Resource and Environmental Data Cloud
platform (http://www.resdc.cn). The Digital Elevation Model (DEM) with a spatial
resolution of 30 m were downloaded from the Geospatial Data Cloud
(http://www.gscloud.cn) and filled in by Arcgis 10.0. Precipitation data were
downloaded from the National Meteorological Information Center (http://data.cma.cn)
and the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn). Potential
evapotranspiration data were obtained from the National Tibetan Plateau Data Center
(http://data.tpdc.ac.cn). Precipitation and potential evapotranspiration raster data were
overlaid and cropped by using ArcGIS 10.0. Soil data with a spatial resolution of 1 km,
including soil texture, soil organic matter content and soil depth, were obtained from the
Chinese soil characteristics in the Harmonized World Soil Database of Peking
University Geographic Data Platform (https://geodata.pku.edu.cn). Average annual
grain production data were obtained from the China Statistical Yearbook of the National
Bureau of Statistics for Hebei Province, Liaoning Province, and Inner Mongolia
Autonomous Region (http://www.stats.gov.cn/tjsj/ndsj). Geographic information data
on administrative boundaries, rivers, roads and railroads were obtained from the
National Geomatics Center of China (http://www.ngcc.cn/ngcc).

Carbon storage service

Carbon storage is an ecosystem service that involves the process of capturing
atmospheric carbon dioxide through photosynthesis and storing it in plants and soils
(Pache et al., 2021). The carbon storage module of the INVEST model was used to
evaluate the cumulative calculation of carbon density based mainly on surface carbon
density, soil carbon density, subsurface carbon density and dead carbon density (Tallis
et al., 2008). The module formula is as follows:

Ct = Ca + CS + Cb + Cd (qu)

where C; is total carbon storage (thm™); and C,, C;, Cy, C4 are the carbon storage (t-hm"
2) in aboveground biomass, belowground biomass, soil, and dead biomass, respectively.
The value of carbon storage was calculated while using the market value method.

Water yield service

Water yield refers to the amount of water that is available on the surface at a certain
spatial and temporal scale (Yang et al., 2021). The INVEST model was used to evaluate
the water yield by using the water production module based on the water balance
principle. The model takes into account various parameters such as precipitation,
evapotranspiration, soil depth, soil texture, and vegetation root depth of each grid cell.
The module formula is as follows:

AET,
ij-=(1— n )xPx

where Y,;and AET,; are the annual water yield and the actual evapotranspiration of the
land cover type j in grid x in mm; and, &, is the precipitation of Grid x in mm.

(Eq.2)
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Soil conservation service

Soil conservation is defined as the process of mitigating soil erosion through the
actions of vegetation and the interception of sediments moving downslope (Gong et al.,
2021). The soil conservation module of the INVEST model was employed to estimate
the soil erosion amount in the study area using the Revised Universal Soil Loss
Equation (RUSLE). The formulas of the module are as follows:

A=RXKXLSXCXP (Eq.3)
RKLS = R X K X LS (Eq.4)
SD = RKLS — A (Eq.5)

where A is the estimated average soil loss (t-km?2-yr?) per grid; RKLS is the total
potential soil loss (t) per grid; SD is the amount of soil retention (t); and, R is the
rainfall erosivity (MJ-mm/(km?-h-yr)), which is calculated based on the average
monthly and annual precipitations; K is the soil erodibility (t-km?-h/(km?-MJ-mm)),
which is calculated based on relevant soil data; LS is the slope length gradient factor; C
is the cover management factor; and, P is the support practice factor.

Water retention service

Water retention refers to the capacity of an ecosystem to retain water within the
system at a specific spatial and temporal scale (Sun et al., 2022). The INVEST model is
used to assess water retention based on the calculated water yield, as well as
topographic index, soil saturation hydraulic conductivity, and flow coefficient. The
formulas of the module are as follows:

Rotention — _(1 249 )X _(10.9TI)X _(leat)xy (Eq.6)
etention = min 'Vefocfty min f 3 min f 300 x q

where Retention is the water retention depth (mm); Velocity is the flow rate coefficient; Tl
is the topographic index; and Ksat is the saturated hydraulic conductivity of the soil
(cm-d™).

Habitat quality service

Habitat quality is the degree of environmental suitability provided by the ecological
system for the survival of organisms, which can reflect the quality of living
environment for humans (Lin et al., 2017). Habitat quality is assessed using the
habitat quality module of the INVEST model, which considers factors such as the
distance and intensity of impact of threat factors. The formulas of the module are as
follows:

z

D
ij = Hj[l - (Df;' _'_sz)] (Eq?)

where @, is the habitat quality index of the land cover type j in grid x; H; is the habitat
suitability of the land cover type j; D,; is the habitat degradation index of the land cover
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type j in grid x; kis the half-saturation constant, generally 1/2 of the maximum value of
habitat degradation; z is the normalization constant.

Food supply service

The food supply of the districts and counties included in the Luan River Basin was
spatialized based on the significant linear relationship between crops and NDVI
(Gianquinto et al., 2011). This means that the distribution of food supply was
determined according to the ratio of raster NDVI values to the total NDVI values of
farmland. The formulas of the module are as follows:

NDVI,

Gy = Geym X ——— Eq.8
x sum NDVIgm ( q )

where ¢, is the food supply in grid x (t); 6. IS the total food supply in the Luan River
Basin (t); nDvI, is the normalized vegetation index in grid X; NDVI,,, iS the sum of
NDVI of farmland in the Luan River Basin.

Trade-off and synergy assessment methods

In this study, the spatial trade-offs and synergies for each pair of ecosystem services
were quantified by correlating the multiperiod raster data on ecosystem services using
Pearson correlation analysis (Gou et al., 2021). A Pearson correlation coefficient above
zero indicated synergy, while a coefficient below zero indicated a trade-off between
ecosystem services. The strength of the synergy or trade-off was indicated by the
coefficient’s proximity to 1 or -1, respectively. To provide a more intuitive description
of trade-offs and synergies between ecosystem services, different color depths were
used to represent the degree of trade-offs and synergies.

Ecosystem services bundle

Higher similarity subbasin units were grouped into the same bundle of ecosystem
services by measuring their similarity and trade-offs and synergies. The K-means
clustering analysis method was applied to obtain more stable clustering results,
characterized by rapid calculation speed and high computational efficiency (Li et al.,
2018). The optimal number of clusters was set to 3, and the operation parameters were
configured with 200 initialization operations and a maximum number of 2000
iterations.

Results
Temporal and spatial variations of the ecosystem services

Figure 2 illustrates the spatial distribution of changes in ecosystem services in the
Luan River Basin from 1990 to 2020. The areas that experienced increases in carbon
storage, soil conservation, water retention, and food supply were mainly located in the
upper reaches of the basin, where forest cover had been abundant and vegetation density
was high. In contrast, the areas that experienced decreases were primarily found in the
lower reaches, where land cover types were predominantly farmland and built-up areas,
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with relatively high human activity intensity. Except for habitat quality, the annual
average spatial distribution of changes in other services showed a significant north-
south difference. This was due to the good ecological foundation in the northern part of
the basin, while in the southern part, intensified human activities had led to issues such
as reduced vegetation coverage and climate change, which significantly impacted
ecosystem service functions (Li et al., 2016).
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Figure 2. Spatial variability of the values for individual ecosystem services in the Luan River
Basin from 1990 to 2020: (a) carbon storage; (b) water yield; (c) soil conservation; (d) water
retention; (e) habitat quality; and (f) food supply

Carbon storage, water yield, soil conservation, water retention and habitat quality
services rebounded after having reached the lowest value of services in 2000-2005
(Fig. 3a, b, ¢, d, e). This could have been due to an overall decrease in ecosystem
services resulting from a sudden drop in precipitation in northern China from 1999-
2003 (Chen et al., 2020). However, food supply services showed a significant declining
trend after 2005 (Fig. 3f), which might have been related to the reduction of farmland
area following the implementation of the policy of returning farmland to forest (grass)
in 2000 (Gao et al., 2020).

Trade-offs and synergies among ecosystem services

Most of the ecosystem services were significantly correlated with each other
(Fig. 4a). Among the 15 possible pairs of ecosystem services, 11 pairs exhibited
significant correlations (Pearson coefficient; p < 0.05), and 8 of these pairs were highly
significant (Pearson coefficient; p < 0.01).

Figure 4a showed that significant positive correlations existed among most
ecosystem services, indicating synergies among them, while negative correlations
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were observed between food supply and other ecosystem services, suggesting trade-
offs among them. Water retention and water yield had the strongest significant
positive correlation with a correlation coefficient of 0.84. Additionally, carbon storage
and habitat quality, as well as soil conservation and water retention, also had high
positive correlation coefficients exceeding 0.6. However, there was weak positive
correlation between carbon sequestration and water yield, and between water yield
and habitat quality, with correlation coefficients less than 0.2. The food supply was
found to have extremely significant negative correlations with habitat quality and
carbon storage, with correlation coefficients of -0.39 and -0.34, respectively.
However, weak negative correlations were observed between food supply and water
yield, as well as between water yield and soil conservation, with correlation
coefficients less than 0.1. The area of synergy between water yield and water
conservation was the largest, accounting for up to 63%, while the areas of synergy
between soil and water conservation and water conservation, soil and water
conservation and habitat quality, as well as water conservation and habitat quality, all
exceeded 40%. The trade-off area between food supply and habitat quality was the
largest, reaching 47% (Fig. 4b, c).
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Figure 3. Departure of the values obtained for individual ecosystem services in the Luan River
Basin from 1990 to 2020: (a) carbon storage; (b) water yield; (c) soil conservation; (d) water
retention; (e) habitat quality; and (f) food supply
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The strong synergistic regions of carbon storage and soil conservation, carbon
storage and water retention, water yield and water retention, soil conservation and
habitat quality, and water retention and habitat quality covered the entire basin (Fig. 5c,
d, g, k, m). The strong synergistic regions of soil conservation and water retention were
mainly located in the upper and mid-lower reaches of the basin (Fig. 5j). Carbon storage
and water yield, carbon storage and soil conservation, and water yield and habitat
quality were dominated by weak synergistic regions, which were mainly distributed in
the upper and middle reaches of the basin (Fig. 5a, b, h). The strong trade-off regions of
carbon storage and food supply, and habitat quality and food supply covered the entire
basin (Fig. 5e, 0).
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Figure 5. Spatial distribution of trade-offs and synergies between ecosystem services: (a)
carbon storage and water yield; (b) carbon storage and soil conservation; (c) carbon storage
and water retention; (d) carbon storage and habitat quality; (e) carbon storage and food
supply; (f) water yield and soil conservation; (g) water yield and water retention; (h) water
yield and habitat quality; (i) water yield and food supply; (j) soil conservation and water
retention; (k) soil conservation and habitat quality; (1) soil conservation and food supply; (m)
water retention and habitat quality; (n) water retention and food supply; and (o) habitat quality
and food supply
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Soil conservation and food supply, and water retention and food supply were dominated by
strong trade-off regions, which were mainly distributed in the lower reaches of the basin
(Fig. 51, n). The relationships between water yield and soil conservation, water yield and
habitat quality, and soil conservation and water retention were not significant (Fig. 5f, h, i).

Ecosystem services bundles and variations

Bundles of ecosystem services identified using the K-means clustering for the Luan
River Basin. The three ecosystem services bundles are represented by rosette diagrams.
The diagrams are dimensionless, as they are based on normalized data for each service,
and a larger petal length indicates the higher production of a particular service (Fig. 6a,
b, c). Based on the ecosystem service value and the area proportion of synergies and
trade-offs between ecosystem services (Fig. 6d, e, f), three ecosystem service bundles
were identified as “Ecological conservation synergies type” (B1), “Food supply trade-
offs type” (B2) and “Ecological balance type” (B3). In B1, carbon storage, water yield,
soil conservation, water retention, and habitat quality were at high values with a
dominant synergies of 44.36% of the mean area, while the mean area proportion of the
trade-offs relationship was only 10.14%. In B2, both food supply and water yield were
at high values with a dominant position of trade-off with a mean area proportion of
27.19%, compared to a mean area proportion of synergies of 16.67%. In B3, there is
less difference and a balanced structure among ecosystem services, with the mean area
proportion of synergies and trade-offs being 29.93% and 14.99%, respectively (Fig. 6).

(a) Bl (c)B3

/' mFs

(d)B1 (e) B2

(t) B3 m Trade-offs
CP-HQ | | | CP-HQ | | | CP-HQ HE  sSymerges
WR-CP [ | WR-CP [ | ] WE-CP | T
WR-HQ [ WR-HQ [ || WR-HQ |
SR-CP | . SR-CP || SR-CP 1
SR-HQ | | | SR-HQ [ ] SR-HQ |
SR-WR [ | SR-WR [ | | SR-WR |
WY-CP | . WY-CP [ ] WY-CP [ ]
WY-HQ N WY-HQ [ 1] WY-HQ [ |
WY-WR I W WR [ | WY-WR [ |
WY-SR [ [ ] WY-SR | 1] WY-SR | []
Cs-CP | ] CS-CP [ — | | CSCP L |1
CS-HQ | | C5-HQ [ || CS-HQ [ | |
CS-WR [ | CS-WR | CS-WR. [ |
CS-5R [ || CS-SR ] CS-8R [ ]
C8-WY || Wy . . mm. . .,  CsWY M| .
100 30 ] 30 100 100 50 0 50 100 100 30 0 30 100
Area Percentage(%o) AreaPercentaze(%) AreaPercentaze(%)

Figure 6. Bundles of ecosystem services in the Luan River Basin, carbon storage (CS), water
yield (WY), soil conservation (SC), water retention (WR), habitat quality (HQ), food supply
(FS). (a) — (b) The three ecosystem services bundles are represented by rosette diagrams. (c) —
(f) The proportion of trade-offs and synergies area for the three ecosystem services bundles are
represented

The 110 sub-basins in the Luan River Basin were classified into three groups based
on the identified ecosystem services bundles. From 1990 to 2020, the spatial pattern of

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 22(6):5977-5992.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2206_59775992
© 2024, ALOKI Kft., Budapest, Hungary



Wang et al.: Trade-offs and synergies of ecosystem service bundles in ecologically fragile regions: a case study of Luan River
Basin, China
- 5987 -

B2 remained the most stable with an area change rate of -4.77%, followed by B1 (-
23.38%) and B3 (80.04%). The range of B1 in the middle and lower reaches of the
basin decreased before 2010, but became stable in the middle reaches and increased in
the lower reaches after 2010. The range of B2 decreased in the upper reaches of the
basin and increased in the lower reaches. The range of B3 increased in the overall basin
before 2010 and decreased in the lower reaches after 2010 (Fig. 7a-g). The total area of
B1 decreased to a minimum value of 2.05x10* km? in 2015 and showed a slight
increase after that. The total area of B2 increased to the maximum value of
0.94 x 10*km? in 2005 and exhibited a decline after 2005. The total area of B3
continued to increase until 2015, after which it remained relatively stable (Fig. 7h).
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Figure 7. (a—g) Spatial distribution of ecosystem services bundles in the Luan River Basin from
1990 to 2020. (h) Temporal distribution of ecosystem services bundles in the Luan River Basin
from 1990 to 2020

Discussion
Spatial and temporal characteristics of ecosystem services

Carbon storage, water yield, soil conservation, water retention, and habitat quality in
the Luan River Basin had all improved, while food supply had declined. The variations in
carbon storage in the farming-pastoral ecotone of northern China were assessed and
showed an increasing trend in the upper and middle reaches of the Luan River basin (Liu
et al., 2021). The spatial and temporal variations assessment of ecosystem services in the
Beijing-Tianjin-Hebei region of China revealed that water yield, soil conservation, water
retention, and habitat quality increased, with the high-value areas predominantly located
in the forest ecological zone of the Luan River Basin (Pan et al., 2020). Quantification of
ecosystem services in the Beijing-Tianjin-Hebei region of China revealed a decrease in
food supply and an increase in habitat quality at the scale of the Luan River Basin (Xia et
al., 2023). The above conclusions were consistent with the results of this study. The result
of the Grain for Green Project in China after 2000 was an increase in vegetative cover,
which enhanced carbon storage, soil conservation, water retention, and habitat quality
(Deng et al., 2014, 2017; Liu et al., 2008; Song et al., 2014; Wang et al., 2016). The trend
of increasing water yield in the middle and lower reaches of the Luan River Basin was
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attributed to the increase in impervious surface area and the decrease in
evapotranspiration and infiltration due to rapid urbanization (Jiang et al., 2017). Despite
the improvement in agricultural technology and industrial structure (Wang et al., 2019),
the total farmland area reduction in the Luan River basin, and the inefficiency of
agricultural machinery in the mountainous regions of the upper and middle reaches of the
basin resulted in a decreasing trend of food supply.

Ecosystem service bundles characteristics

The results of this study showed that there were mainly synergies between ecosystem
services in the Luan River basin, while there were mainly trade-offs between food
supply and other services. This was because food supply was mostly dependent on
farmland area, whereas the high-value regions of other services were predominantly
located in forests and grasslands, resulting in some competition between the two land
use patterns (Yao et al., 2010). In terms of the characteristics of ecosystem service
bundles, the “Ecological conservation synergies type” exhibited higher service value
and positive synergies among multiple ecosystem services, which was important for
ecosystem security in the Luan River basin. However, with the decrease in forest and
grassland and the increase in built-in land, this type of region gradually transformed into
other types of service bundles. Food supply trade-offs type” regions were characterized
by strong food production and economic development but had low value in terms of
carbon storage, soil conservation, water retention, and habitat quality. Consequently, the
conflicts between ecological demands and food supply increased, leading to a region
dominated by trade-offs. The “Ecological balance type” region was characterized by
less difference in the value of each ecosystem service, and a more balanced proportion
of trade-offs and synergies between ecosystem services. This region had the function of
balancing ecological conservation and food supply. The areas with better natural
backgrounds in the “Ecological balance type” regions were easily convertible to the
“Ecological conservation synergy type” due to the implementation of ecological
conservation policies. Similarly, they could also be transformed into the “Food supply
trade-off type” due to agricultural economic development.

The effective management of ecosystems in the Luan River Basin

Ecosystem management in the Luan River basin required distinct measures based on
different ecosystem service bundles. In regions characterized as “Ecological conservation
synergy type”, strict implementation of the Grain for Green Project and other ecological
recovery measures were necessary. One or more ecosystem services should be enhanced
to promote the enhancement of other ecosystem services based on synergies. For regions
classified as “Food supply trade-off type”, food supply services needed to be ensured
through the conservation of farmland while minimizing trade-offs and maximizing
synergies for other ecosystem services. In areas such as the plateau in the upper reaches
and the plain in the lower reaches of the Luan River basin where the agricultural economy
was growing rapidly, unreasonable cultivation needed to be reduced while enhancing
carbon storage and water retention to prevent soil erosion caused by agricultural
development. In “Ecological balance type” regions, the promotion of synergies between
agricultural economic development and ecological conservation was necessary through
the introduction of appropriate agricultural technologies and the improvement of soil
conservation, water retention, and habitat quality by increasing vegetation cover.
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Conclusions

In this study, carbon storage, water yield, soil conservation, water retention, habitat
quality, and food supply were assessed in the Luan River Basin from 1990 to 2020.
Their spatiotemporal dynamics were analyzed, revealing distinct trends and changes.
The spatial synergies and trade-offs among these ecosystem services were demonstrated
and their bundles were identified through geographic clustering. The results showed that
carbon storage, water yield, soil conservation, water retention, and habitat quality
increased after reaching their lowest values in 2000-2005, while food supply exhibited a
significant declining trend after 2005. Of the 15 possible pairs of ecosystem services, 11
pairs showed significant synergies, indicating high spatial interactions. The trade-offs
were primarily between food supply and other services, whereas synergies were
observed among most other ecosystem services. The study identified three types of
ecosystem service bundles among the 110 sub-basins of the Luan River Basin. The
findings showed that the areas with better natural backgrounds in the regions of the
“Ecological balance type” can be readily converted to the “Ecological conservation
synergy type” driven by ecological conservation policy, as well as to the “Food supply
trade-off type” driven by agricultural economic development. As a result, differentiated
management strategies based on the characteristics of different ecosystem service
bundles should be adopted for ecological management in the Luan River Basin.
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