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Abstract: Land use change has serious impacts on the structure, function, and layout of the landscape
pattern, which significantly affects ecosystem service values (ESVs). Based on land use data over
a 10-year interval from 1980 to 2020, this study analyzed the evolution characteristics of ESVs and
landscape ecological security in the Huaihe River Eco-Economic Belt using the equivalent factor
method (EFM) and landscape pattern indices. The results show that the following: (1) The ESVs
of the Huaihe River Eco-Economic Belt has increased by approximately 4% in the past 40 years,
primarily characterized by increases in the values of services associated with the water environment
(water supply, purifying environment, and hydrological regulation) and decreases in the values of
services not associated with the water environment (food production, raw material production, gas
conditioning, climate control, soil conservation, nutrient cycle maintenance, and biodiversity). (2) The
landscape indices of landscape division index, edge density, marginal entropy, fractal dimension
index, and Shannon’s diversity index have shown increasing trends, and human activities in the
study area are more widespread and fragmented. (3) Landscape fragmentation significantly reduced
the values of non-water services, but the increase in the values of water-related services masked the
impact of landscape fragmentation on the total ESVs. The EFM overestimated the ESVs of the water
environment, such as hydrological regulation in areas with a large expansion of the water area, which
may introduce uncertainties in the results.

Keywords: ecosystem service value; equivalent factor method; landscape index; Huaihe River
Eco-Economic Belt

1. Introduction

The concept of ecosystem services has gained widespread recognition among scientists,
policymakers, and the public over the past few decades. Ecosystem services are the benefits
that natural ecosystems directly or indirectly provide to humans [1-3]. Ecosystem ser-
vices encompass various types of services, such as provisioning services (e.g., food, water,
and timber), regulating services (e.g., climate regulation, pollination, and water purifica-
tion), supporting services (e.g., nutrient cycling and soil formation), and cultural services
(e.g., recreation, aesthetic values, and spiritual values) [1]. However, irrational land use
practices have caused a series of ecological problems, such as decreased biodiversity and
increased environmental pollution, directly leading to a decline in the capacity of ecosys-
tem services [4,5]. Therefore, the evaluation of ecosystem services is crucial for making
informed decisions related to land use planning, conservation, and natural resource man-
agement. The recognition of the value of ecosystem services has led to a growing interest
in quantifying their economic value, as well as their social and ecological importance [6,7].
Meraj et al. [8] argued that understanding the economic value of ecosystem services is
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essential for making informed decisions on the allocation of resources and designing ef-
fective policies and management strategies. Wainger et al. [9] found that understanding
the economic value of ecosystem services can help in prioritizing conservation efforts and
improving natural resource management. As a “bridge” connecting the natural and human
societies, scientifically quantifying and evaluating ecosystem service values (ESVs) is of
great significance to protecting the ecological environment, land resource planning, and
regional sustainable development.

The ESVs, as an important indicator reflecting the regional ecological development
trend and ecological value, has been extensively studied. ESVs evaluation methods mainly
include the functional value assessment method (FVAM) and equivalent factor method
(EFM) [10,11]. The FVAM involves measuring the economic value of an ecosystem service
by assessing the costs that would be incurred if the service were to be lost or replaced.
However, the calculation process of this method is complicated because it involves a series
of complex equations, and its accuracy remains to be improved as the results may signifi-
cantly vary. Moreover, it is only suitable for small spatial scales [12-14]. In contrast, the
EFM involves assigning a monetary value to a given unit of a particular ecosystem service,
known as an “equivalent factor”. In this method, different ecosystem functions are classi-
fied, and different types of equivalent value coefficients are constructed for each category
of ecological service functions based on standardized quantification, thereby evaluating the
distribution of regional ecosystem services [15-17]. The EFM allows for the quantification
of different ecosystem services based on their economic or social values, which can be
compared and aggregated to provide a comprehensive evaluation of the overall value of an
ecosystem [18]. This method is easy to use, requires fewer data, provides highly comparable
results, and applies to large-scale ecosystem evaluations. Additionally, the EFM can help to
identify trade-offs and facilitate informed decision-making in ecosystem management and
conservation [19,20]. Therefore, it is currently the main method for evaluating ESVs. EFM
has been applied at different spatial scales, such as river basins [21,22], provinces [23,24],
regions [25,26], and cities [27,28].

A landscape pattern refers to the spatial configuration and arrangement of various
land cover types in a landscape. It has been shown to have significant impacts on ecosystem
services [29]. On the one hand, different types of landscape structures provide diverse
ecosystem services and, accordingly, form different types, quantities, and qualities of
ESVs. On the other hand, changes in landscape patterns can change the structure and
function of ecosystems, thus affecting service supply and even leading to spatiotemporal
changes in ESVs. For example, a diverse landscape with a mixture of different land cover
types provides a wide range of habitats and resources for a variety of plant and animal
species, which in turn can enhance ecosystem services, such as pollination, pest control,
and water regulation [30,31]. In contrast, a landscape dominated by a single land cover
type, such as a monoculture crop field, may have lower biodiversity and reduced capacity
to provide ecosystem services. In addition, landscape patterns can also affect the spatial
distribution and connectivity of ecosystem services. For example, a fragmented landscape
with isolated patches of natural habitats may reduce the ability of species to move between
habitats, leading to reduced pollination or seed dispersal [32]. Conversely, a landscape with
well-connected natural areas may support higher levels of ecosystem services by allowing
species to move freely and exchange resources across the landscape. Furthermore, the
size and shape of different land cover patches can also influence ESVs. Larger patches of
natural habitats can support greater biodiversity and provide more ecosystem services than
smaller patches, while the shape of patches can affect their accessibility and suitability for
different species.

Research has shown that changes in landscape patterns can have significant effects
on the provision of ecosystem services, as different landscape structures provide different
types and quantities of ESVs. Grét-Regamey et al. [33] demonstrated the potential impact of
landscape pattern changes on the provision of ecosystem services, emphasizing the signifi-
cance of ongoing fragmentation for the value of species-rich habitats” ecosystem services.
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Wang et al. [34] examined the connections between landscape patterns and ecosystem
services. They highlighted that decreasing landscape fragmentation and increasing patch
shape irregu-larity negatively impact water retention, carbon storage, and biodiversity
conservation. Wen and Li [35] pointed out that increasing diversity and decreasing fragmen-
tation are conducive to the growth of ESVs in high-value landscape types, whereas regions
with concentrated low-value landscape types exhibit the opposite tendency. Shao and
Wau [36] pointed out that the fragmentation factor has a weak effect and explanatory power
on the overall and various types of ecosystem services, while patch density and aggregation
degree show strong and sustained effects on various services. Zheng et al. [37] pointed out
that the ESVs is positively correlated with the contagion index and negatively correlated
with the Shannon diversity index, and that changes in landscape patterns caused by human
activities can reduce ESVs. Therefore, understanding the relationship between landscape
patterns and ESVs is important for land use planning and conservation efforts, as it can
help identify areas of high ecological value and guide the development of management
strategies that promote sustainable use of natural resources.

The Huaihe Ecological Economic Belt is one of the regions with the greatest devel-
opment potential in China. However, as basin planning and the influence of natural
conditions have been neglected for a long time, its economic development level and ecolog-
ical environment are significantly different from those of other economic belts. Based on
landscape ecology theory and EFM, this paper presents an analysis of the spatial-temporal
evolution of ESVs and landscape indices, as well as of the impact of landscape indices on
regional ESVs. The results are expected to provide a scientific basis for ESVs evaluation and
protection, sustainable economic development, and construction of an environmentally
friendly, efficient, and regionally integrated ecological economic belt.

2. Study Area, Data, and Methods
2.1. Study Area

According to the development plan of the Huaihe River Ecological Economic Belt
released by the State Council in 2018, the Huaihe River Eco-Economic Belt relies on the
main stream of the Huaihe River, the first-level tributaries, and the Yishui, Sulao, and Sihu
watersheds, covering 26 cities in Hubei, Shandong, Henan, Anhui, and Jiangsu provinces,
as well as three counties—Tongbai, Suixian, and Dawu. The ecological economic belt
has superior location conditions in central-eastern China, where major national railways,
such as the Beijing-Shanghai high-speed railway, and highways, such as the Changchun-
Shenzhen intersection, connect upstream and downstream areas and link it with the Yangtze
River Economic Belt. In 2019, the region had a permanent population of 163 million,
accounting for 11.69% of the total population of China. The natural conditions in the
area are excellent, with mainly plain terrain and mountainous and hilly areas in the west,
southwest, and northeast, and lakes mainly distributed at the confluence of the Huaihe
River and its tributaries (Figure 1). The region is characterized by a well-developed
water system with many lakes, making it suitable for aquaculture and animal husbandry.
Additionally, the region boasts abundant mineral resources and serves as an important
coal and energy base in eastern China. At the same time, the region is plagued by severe
industrial and agricultural pollution, a fragile ecological environment, and a large gap in
economic development compared with regions such as the Yangtze River Delta and the
Pearl River Delta.
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Figure 1. Study area and land use in 2020.

2.2. Data and Methods

Land use data were obtained from the Resource and Environment Science Data Center
of the Chinese Academy of Sciences (http://www.resdc.cn/, accessed on 20 January 2023).
This study used land use data from 1980, 1990, 2000, 2010, and 2020. ESVs and landscape
pattern indices were calculated at a grid scale using ArcGIS Fishnet models, dividing the
study area into 1320 15 km x 15 km grid.

ESVs estimation was mainly based on the EFM used by Xie et al. [38]. The equivalent
factor value of a unit ESVs represents the economic value of the annual natural grain yield
per hectare at the national average yield. This value is equivalent to 1/7 of the market
value of the national per-unit grain yield [39,40]. Data on the planting area and yield of rice,
wheat, corn, soybeans, and potatoes in all cities and counties in this region were obtained
from statistical yearbooks of Jiangsu, Anhui, Henan, Hubei, and Shandong provinces
during the selected time period. These data were combined with the average grain prices in
these areas to obtain the unit value of the equivalent factor of the ESVs of 1506 Yuan/hm?.
Then, the ESVs per unit area was calculated (Table 1).

Table 1. Equivalence table of ESVs of Huaihe River Eco-Economic Belt (Yuan/ hm?).

Drylands Paddy Land Forest Grassland Water Urban Land ~ Unused Land
Provisioni Food production 1280 2048 380 452 1205 0 0
rovisioning Materials production 602 136 873 670 346 0 0
services Water supply regulation 30 3960 452 369 12,483 0 0
Air regulation 1009 1671 2872 2342 1159 0 30
Regulating Climate regulation 542 858 8595 6197 3448 0 0
services Environmental 151 256 2519 2048 8357 0 151
Hydrological purification 407 4096 5624 4540 153,956 0 45
s . Soil conservation 1551 15 3497 2854 1400 0 30
upporting Nutrient cycling 181 286 267 218 105 0 0
services Biodiversity 196 316 3185 2598 3840 0 30
Cultural

services

Aesthetic landscapes 90 136 1397 1144 2846

f=}

15
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ESVs was calculated as follows:

ESVs = Y Ay x VCi
ESVf =Y A X Vka

)

where ESVs represents the ecological system service value, Ay represents the area of the
ki, ecosystem type, VCj represents the ecological value coefficient, ESVy represents the
ESVs of a single ecosystem type, and VCy represents the coefficient of the ESVs of the

single ecosystem.

At present, there are over a hundred types of landscape indices, which can be roughly
divided into core area indices, aggregation degree indices, area edge indices, shape indices,
diversity indices, and complexity indices. Considering the high correlation between land-
scape indices of the same type, this study selected one landscape index from each category
(Table 2), and the selected indices were calculated using the R package “landscapemet-
rics” [41]. The effect of the landscape index on ESVs was estimated using the correlation
coefficient, with a significance level of 0.05.

Table 2. Selected landscape indices and their definitions.

Index

Calculation

Ecological Meaning

Category

Mean of core area index
(Cai)

Landscape division index
(Division)

Edge density (Ed)

Fractal dimension
(Fd)

Shannon'’s diversity index
(Shdi)

Cai = mean (CAl[patchij])
CAI [patchij] refers to the core area
index of each patch (or land cover

type) in a landscape.

monoq 2
Division = (1 — 21 ):1 ()
i=1j=
Here, a;; represents the area of a patch
in square meters, while A represents
the total landscape area in square
meters. A division value of 0 indicates
that there is only one patch, while a
division value of 1 implies that all
patches consist of a single cell.

Ed = £ x 10,000
Here, E represents the total length of
the edge in the landscape, measured
in meters, while A represents the total

area of the landscape in square meters.

This index represents the length of the
edge between a patch of a particular
landscape component per unit area
and the adjacent heterogeneous
patches.

Fd =2In(%)/In(A;)

Fd represents the fractal dimension, P;
represents the perimeter of the patch,
and A; represents the area of the
patch.

N
Shdi = — ¥ [pi In(P,)]
i=1

Pi represents theiproportion of the
area of patch type i in the landscape,
and this index ranges from Shdi > 0.

Cai is the percentage of a patch’s area
that is comprised of core habitat.
When there is no core habitat within a
patch, Cai = 0, and as the proportion of
core habitats within a patch increases,
Cai approaches 100.

This is used to reveal the degree of
isolation of individual patches in a
landscape type. The larger the value,
the higher the patch isolation, the
weaker the ability to resist risks, and
the lower the landscape security.

Ed is a measure of the complexity of
landscape components and reflects the
degree of fragmentation of landscape
components. Smaller values indicate
fewer and larger patches of landscape
components, enhanced connectivity of
landscape components, and reduced
landscape fragmentation. Larger
values indicate more patches of
components in contact with adjacent
heterogeneous patches, resulting in
complex edges and
distinct fragmentation.

Fd is a theoretical value between 1.0
and 2.0, and the higher the value, the
more unstable the spatial structure. In
ecological terms, as the fractal
dimension increases, the edges of
patches become more complex and are
more susceptible to
human disturbance.

When there is only one patch in the
entire landscape, the value of Shdi is 0.
With the increase in patch types and
the balanced distribution of their areas
in the landscape, the value of Shdi
increases. The higher the value of Shdi,
the more diverse the patch types in a
landscape system, the higher the
degree of fragmentation, and the
greater the uncertainty.

Core area metric

Aggregation metric

Area and Edge metric

Shape metric

Diversity metric
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Table 2. Cont.

Index Calculation Ecological Meaning Category

The marginal entropy index is an
indicator commonly used to evaluate
the level of landscape fragmentation.

It is typically utilized to analyze the
spatial distribution and proportion of
Marginal entropy index Measure the diversity of landscapes, various patch types within a
(Ent) as detailed in reference [42] landscape. It reflects the complexity of
patch boundaries and the spatial
relationships between patches. The
higher the value, the more fragmented
the landscape structure and the lower
the stability of the ecosystem.

Complexity metric

3. Results
3.1. Temporal and Spatial Changes in Ecosystem Service Values

From the perspective of temporal changes (Figure 2), changes in the ESVs could be
roughly divided into two categories: the first category has shown a decreasing trend in food
production, raw material production, gas regulation, climate regulation, soil conservation,
maintenance of nutrient cycling, and biodiversity; the second category has shown an
increasing trend in water supply, environmental purification, hydrological regulation,
and aesthetic landscape, which are closely related to changes in the water environment.
From the perspective of land use changes, the significant increase in the water area in the
Huaihe River Eco-Economic Belt has led to a significant increase in the ESVs related to the
water environment.
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Figure 2. Change of ecosystem service values between 1980 and 2020. (a): change of food production;
(b): change of material production; (c): change of water supply; (d): change of air regulation;
(e): change of climate regulation; (f): change of environmental purification; (g): change of hydrological
regulation; (h): change of soil conservation; (i): change of nutrient cycling; (j): change of biodiversity;
(k): change of aesthetic landscape.
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At the grid scale, ESVs showed high similarity between different years. Taking 1980
and 2020 as examples, all coefficients except for the coefficient of determination of water
supply, which was 0.88, were above 0.9 (Figure 3). This indicates that the spatial distribu-
tion of ESVs remained stable between different periods. In terms of spatial distribution,
the provisioning services of the water area showed the largest distribution, whereas the
provisioning services of the paddy field showed the lowest distribution owing to high water
consumption (Figure 4). Regulating services, supporting services, and cultural services
showed the largest distribution primarily in the water area, forest, and grassland, and the
smallest distribution in drylands. As the ESVs of all areas were calculated on the basis of
land use data, the spatial distribution of provisioning services, regulating services, support-
ing services, and cultural services was highly correlated with the spatial distribution of
land use types (Figure 1).
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Figure 3. Correlation of the ecosystem service value between 1980 and 2020 at the grid scale.
(a): correlation between 1980 and 2020 for food production; (b): the correlation between 1980
and 2020 for material production; (c): correlation between 1980 and 2020 for water supply;
(d): correlation between 1980 and 2020 for air regulation; (e): correlation between 1980 and 2020
for climate regulation; (f): correlation between 1980 and 2020 for environmental purification;
(g): correlation between 1980 and 2020 for hydrological regulation; (h): correlation between 1980 and
2020 for soil conservation; (i): correlation between 1980 and 2020 for nutrient cycling; (j): correlation
between 1980 and 2020 for biodiversity; (k): correlation between 1980 and 2020 for aesthetic landscape;
(1): correlation between 1980 and 2020 for total ESVs.
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Figure 4. Spatial distribution of ecosystem service values in 2020. (a): spatial distribution of provi-
sioning service values in 2020; (b): spatial distribution of regulating service values in 2020; (c): spatial
distribution of supporting service values in 2020; (d): spatial distribution of cultural service values in
2020; (e): spatial distribution of total ESVs values in 2020.

3.2. Changes in the Total ESVs and Proportion of Ecological Services

The value of provisioning services in the Huaihe River Eco-Economic Belt increased
from CNY 407.45 billion in 1980 to CNY 414.61 billion in 2020. The value of regulating
services increased from CNY 3532.35 billion in 2020 to CNY 3717.37 billion in 2020, and
that of cultural services increased from CNY 103 billion in 1980 to CNY 103.29 billion in
2020 (Table 3). The value of supporting services showed a decreasing trend, from CNY
583.89 billion in 1980 to CNY 561.678 billion in 2020, as they did not involve the ESVs of
the water environment. With the increase in the water area in the study area, the total ESVs
increased significantly, from CNY 4626.69 billion in 1980 to CNY 4769.95 billion in 2020.

Table 3. Ecosystem service value and its proportion in different years.

Year ESVs (10% Yuan) Percentage (%)
Provisioning  Regulating Supporting Cultural Total Provisioning  Regulating Supporting Cultural
Services Services Services Services ESVs Services Services Services Services
1980 407.45 3532.35 583.89 103.00 4626.69 8.81 76.35 12.62 2.23
1990 396.23 3408.06 580.12 101.09 4485.50 8.83 75.98 12.93 2.25
2000 405.43 3508.35 578.10 102.03 4593.91 8.83 76.37 12.58 2.22
2010 419.88 3772.66 567.50 104.47 4864.51 8.63 77.55 11.67 2.15
2020 414.61 3717.37 561.68 103.29 4796.95 8.64 77.49 11.71 2.15

In terms of the proportion of ecological services, both provisioning services and
cultural services showed a decreasing trend, but the decrease was not significant. The
proportion of supporting services decreased from 12.63% in 1980 to 11.71% in 2020, mainly
due to the decreasing proportion of soil conservation and biodiversity (Figure 5). The
proportion of regulatory services increased from 76.35% in 1980 to 77.49% in 2020, mainly
due to the increase in the proportion of hydrological regulation (Figure 5), with hydrological
regulation services increasing from 54.6% in 1980 to 57.4% in 2020.
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Figure 5. Proportion and change in the values of different ecosystem services from 1980 to 2020.
(a): proportion of different ecosystem service values in 1980; (b): proportion of different ecosystem
service values in 1990; (c): proportion of different ecosystem service values in 2000; (d): proportion
of different ecosystem service values in 2010; (e): proportion of different ecosystem service values
in 2020.

3.3. Changes in Landscape Indices

At the raster scale, high Cai was mainly distributed in the eastern coastal areas and
major lake regions (Hongze Lake area). High Division was mainly associated with forests,
grasslands, paddy fields, and water bodies, with low fragmentation for drylands (Figure 6).
Division gradually increased over time, indicating an increase in patch isolation. The
spatial and temporal trends of Ed, Ent, Frac, and Shi were similar to those of Division
(Figures 6 and 7, and Table 4), indicating that the degree of landscape fragmentation in the
study area was being exacerbated. As shown in Figure 8a, the same indices presented high
similarity among different years, indicating that although landscape fragility was increasing,
the overall distribution pattern of landscape ecological security did not change. The
correlation of Frac between different periods was relatively low (Figure 8a), which may be
related to its complex calculation process. In addition to Cai, different indices also presented
a high correlation (Figure 8b), indicating a significant correlation between the indices
despite their classification under different landscape categories. All landscape indices
showed an increasing trend in the study area (Table 4), indicating that the impact of human
activities on the study area became increasingly evident and landscape fragmentation was
being aggravated.
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Figure 6. Spatial distribution of landscape index at the grid scale in 2020. (a): spatial distribution of
Cai at the grid scale in 2020; (b): spatial distribution of Division at the grid scale in 2020; (c): spatial
distribution of Ed at the grid scale in 2020; (d): spatial distribution of Ent at the grid scale in 2020;
(e): spatial distribution of Frac at the grid scale in 2020; (f): spatial distribution of Shi at the grid scale

in 2020.
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Figure 7. Change of landscape index at the grid scale. (a): change of Cai from 1980 to 2020;
(b): change of Division from 1980 to 2020; (c): change of Ed from 1980 to 2020; (d): change of
Ent from 1980 to 2020; (e): change of Frac from 1980 to 2020; (f): change of Shdi from 1980 to 2020; CI
is the 95% confidence interval.
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Table 4. Changes in the landscape index of the Huaihe River Eco-Economic Belt.
Metric 1980 1990 2000 2010 2020
Cai 0.35 0.36 0.40 0.46 0.53
Division 0.80 0.81 0.81 0.82 0.83
Ed 6.71 6.74 6.83 6.87 6.95
Ent 2.05 2.06 2.05 2.08 2.09
Frac 1.02 1.02 1.02 1.02 1.02
Shdi 1.42 1.43 1.43 1.45 1.45
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Figure 8. Correlation coefficients of different landscape indices. (a): the same index in different years;
(b): different indices in the same year.

The change in the landscape index at the class scale is shown in Figure 9. Water has the
lowest Division, indicating higher continuity and cohesion compared with other landscape
elements. Forests and water exhibit an increasing trend in the Cai and Fd, suggesting an
increase in the size, distribution, and shape complexity of their core areas. The Division and
Ed show a slight decrease, implying blurred boundaries for forests and water. This may
be due to both artificial and natural factors, resulting in an increased transition zone and
reduced degree of separation. Drylands have a larger Cai and Fd compared with other land
use types, indicating a larger area and relatively connected core areas within the overall
landscape. Drylands and grasslands show increasing trends in the Cai, Division, and Fd,
reflecting increased complexity and variability in dryland and grassland landscapes. The
Ed for drylands and grasslands exhibits a decreasing trend, suggesting reduced boundaries
between them and other landscape types, possibly due to human activities or natural
succession. Notably, drylands demonstrate a significant increase in the Division, indicating
a significant increase in landscape fragmentation over a certain period. Paddy fields
exhibit higher Ed and lower Division compared with other land use types, indicating more
boundaries and relatively less fragmentation within their interior. The increase in Division,
Ed, and Fd of paddy fields likely reflects increased complexity and variability in the paddy
field landscape, while the decrease in the Cai may suggest weakened connectivity within
the paddy fields. Urban-rural land exhibits the lowest Cai, indicating a lack of clear and
contiguous core areas, consisting instead of scattered small patches. The increasing trends
in Cai, Ed, and Fd may reflect enhanced concentration and complexity within the urban-
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rural land, while the slight decrease in the Division may indicate a slight improvement in
internal connectivity within the urban-rural land.

—— Forest —@— Grassland —&— Water —%— Urban-rural land —@— Paddy land - Dry land
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Figure 9. Change of landscape index at the class level. (a): change of Cai from 1980 to 2020;
(b): change of Division from 1980 to 2020; (c): change of Ed from 1980 to 2020; (d): change of Frac
from 1980 to 2020).

3.4. Impact of Landscape Pattern Indices on Ecosystem Service Values

The values of both food and raw material production showed a significant negative
correlation with landscape indices, indicating that landscape fragmentation can reduce
their values (Figure 10). Similarly, landscape fragmentation could significantly weaken
the functions of gas regulation, climate regulation, soil conservation, and nutrient cycling.
Landscape indices showed a significant or insignificant positive correlation with ESVs
related to the water environment (such as water supply, environmental purification, and
hydrological regulation). Nevertheless, this may mean that these values were increased not
by landscape fragmentation but rather by the increase in the water area of the study area
due to global changes. Similarly, the positive correlation between landscape indices and
provisioning services, regulating services, and aesthetic landscape services is attributable
to the increase in the water area, which not only increased ESVs but also masked the loss of
ESVs caused by landscape fragmentation.



Land 2023, 12, 1405

13 of 17

Correlation coefficients

Correlation coefficients

(a) legend [ Cai [ Division [l Ed (b) legend [N Ent [ Frac [l Shdi

(@)

f=3
W
1

e
(e}
]

|
<
[

I

—-0.5

-1.0

hvironmg

Frovisionjng
Regulating

urificati

Food Material Water Air Climate Hydrological Soil Nutrient  Bio- Aesthetic services services Supporting Cultural

production production supply regulationregulationregulation conservation cycling diversity landscape services services

Figure 10. The correlation coefficient between different landscape indices and ecosystem service
values. (a): correlation coefficient for Cai, Division and Ed; (b): correlation coefficient for Ent, Frac,
Shdi; dotted line indicates significance at the 0.05 level.

4. Discussion

On the whole, ESVs in the Huaihe River Eco-Economic Belt showed an increasing
trend, increasing from CNY 462.669 billion in 1980 to CNY 479.695 billion in 2020. Among
the four services, regulating services had the largest proportion, accounting for over 75%
in all years. From the ESVs trend, ecosystem services can be divided into two categories:
services related to the water environment and services not related to the water environment.
The values of services not related to the water environment, such as food production, raw
material production, gas regulation, climate regulation, soil conservation, nutrient cycling
maintenance, and biodiversity, showed a continuous downward trend, which was related
to the reduction in forests, grasslands, and farmland. Between 1980 and 2020, the areas of
drylands, grasslands, and paddy fields decreased by 7057 km?, 2708 km?, and 1874 km?,
respectively, with most of them being converted to urban and rural land, resulting in a
rapid decrease in the value of services not related to the water environment. The values
of services related to the water environment, such as water resource supply, hydrological
regulation, and environmental purification, showed a trend of rapid increase, mainly due to
the increase in the water area. From 1980 to 2020, the water area increased from 13,613 km?
to 14,949 km?—an increase of nearly 9%. At the same time, hydrological regulation in
the Huaihe River Eco-Economic Belt accounted for more than 50% of the ESVs, which
also led to a significant increase in the total ESVs. Previous studies have shed light on the
changes in ecosystem services and land use within this region. For instance, Fu et al. [43]
found similar trends in the Huaihe River basin, with regulating services dominating the
ESVs and services related to the water environment exhibiting an upward trajectory. This
aligns with our findings that regulating services accounted for over 75% of the ESVs in
all years and that services related to the water environment experienced a rapid increase.
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Furthermore, a study conducted by Sang et al. [44] explored the causes of land use change
in the Huaihe River Eco-Economic Belt. They identified factors such as urbanization,
agricultural expansion, and deforestation as significant drivers of land use change. These
findings support our analysis, which indicates that the reduction in forests, grasslands, and
farmland due to conversion to urban and rural land contributed to the decline in the value
of services not related to the water environment.

With the acceleration of urbanization, large grassland and farmland areas have been
transformed, and the landscape of the study area has become fragmented. The analysis
revealed increasing trends of landscape indices, such as Division, Ed, Ent, Frac, and Shdi,
from both spatial and temporal perspectives, indicating that the landscape pattern of the
study area has the characteristics of fragmentation and heterogeneity. This may have
a serious impact on the ecological environment. From the analysis of ESVs, with the
fragmentation of the landscape, biodiversity in the economic zone has sharply declined,
and the functions of soil conservation, nutrient cycling maintenance, and climate regulation
are being lost. The relevant analysis also shows that the fragmentation of the landscape
significantly reduces the value of services not related to the water environment, exerting
serious effects on the ecological environment. Su et al. [45] investigated the effects of land
use change on biodiversity and ecosystem services in a similar context. Their findings
demonstrated the negative consequences of landscape fragmentation on the provision
of ecosystem services, aligning with our results. Gutierrez-Arellano and Mulligan [46]
investigated the effects of landscape fragmentation on ecosystem services in a similar
context. Their findings demonstrate that landscape fragmentation negatively affects the
provision of ecosystem services, leading to reduced ecological functionality. Additionally,
Qi et al. [47] conducted a study on the causes of land use change and the associated
impacts on ecosystem services. They found that urbanization and deforestation were
significant drivers of landscape fragmentation and subsequent degradation of ecosystem
services. Zhuang et al. [48] conducted a comprehensive analysis of land use change
and its impacts on ecosystem services in the Huaihe River Eco-Economic Belt. Their
findings highlighted the significant influence of urbanization, industrial development, and
agricultural intensification on ecosystem services and emphasized the need for sustainable
land management practices. Additionally, the fragmentation of the landscape is positively
correlated with the ESVs, which is attributable to the increase in the ESVs by the increase in
the water area. At the same time, this also conceals the signal of the loss of ESVs caused by
the fragmentation of the landscape. Therefore, it is extremely necessary to analyze each
type of ecosystem service separately because the total service value will mask the signal of
a sharp decline in individual ecosystem services.

Although the ESVs has increased by approximately 4% from 1980 to 2020, it does not
indicate an improvement in the ecological environment of the study area. The landscape
index also illustrates this issue. The ecological environment of the study area is becoming
fragmented, and functions such as biodiversity are being lost. This seemingly contradictory
conclusion may be related to the equivalence factor of the ESVs. Although the ESVs Table
of Xie et al. [38] was corrected using statistical data, the value of hydrological regulation
still accounts for over 50% of all 11 ecosystem services, and the increase in the water
area leads to a sharp increase in the value of ecosystem services related to the water
environment, which masks signals of decreases in the values of other services not related
to the water environment. The equivalent factor method is widely used owing to its
advantages of simple operation and comparable results. However, this study revealed
that using the same correction factor for each ESVs can introduce large uncertainties in
the results. The assumption of equal weighting of ecosystem services may oversimplify
the complexity of ecological systems, as different services may have varying degrees of
importance and interconnections [49]. Moreover, using a single correction factor for each
ESVs can introduce large uncertainties in the results, especially when regional variations in
ecological characteristics and land use dynamics are not considered [50]. To address these
limitations, regionalization of equivalent factors has been proposed as a way to capture the
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unique ecological contexts and land use patterns of specific regions [51]. By incorporating
region-specific data and considering the relative importance of different ecosystem services,
a more accurate and nuanced evaluation of ESVs can be achieved [52]. Therefore, the
regionalization of equivalent factors remains the main obstacle to the evaluation of ESVs.

In our study, it is important to acknowledge that we only analyzed the relationship
between landscape metrics and ecosystem services at the landscape level, which includes
various land covers. Our analysis specifically focused on investigating the influence of
landscape indices on ecological service values at the landscape scale, which introduces a
degree of uncertainty into the findings. For future research, it is essential to explore the
connection between the landscape matrix and ecological service values at the class level to
obtain a more comprehensive understanding of their interrelationships.

5. Conclusions

In this study, the ESVs of the Huaihe River Eco-Economic Belt was estimated using
the EFM based on land use data. Through the estimation, the change characteristics and
relationships of landscape pattern indices were analyzed. The following main conclusions
can be drawn from the results:

(1) The ESVs of the Huaihe Eco-Economic Belt has significantly increased, from CNY
462.69 billion in 1980 to CNY 476.95 billion in 2020. In terms of the proportion of ecological
services, provisioning services, regulating services and cultural services show an increasing
trend, while supporting services show a decreasing trend. The values of ecosystem services
not related to the water environment, such as food and raw material generation, gas
regulation, climate regulation, soil conservation, nutrient cycling, and biodiversity, show a
downward trend, while the ecosystem services related to the water environment, such as
water resource supply, environmental purification, hydrological regulation, and aesthetic
landscapes, show an increasing trend.

(2) The spatial patterns of Division, Ed, Ent, Fd, and Shdi show high consistency, with
high-value areas mainly distributed in forests, grasslands, paddy fields, and water bodies,
and low-value areas mainly located in drylands. The landscape index of the Huaihe Eco-
Economic Belt is increasing both temporally and spatially, and landscape fragmentation in
the study area is intensifying. Water exhibits higher continuity and coherence, with forests
and water showing an increasing trend in the size, distribution, and shape complexity of
their core areas. Drylands and grasslands experience increased complexity and variability,
accompanied by reduced boundaries. Paddy fields have more boundaries and relatively
less fragmentation within their interior. Urban-rural land lacks clear and contiguous core
areas but displays enhanced concentration and complexity, with a slight improvement in
internal connectivity.

(3) Landscape fragmentation significantly reduces food and raw material production,
gas regulation, climate regulation, soil conservation, nutrient cycling, and biodiversity.
The landscape index is positively correlated with the total ESVs (provisioning services,
regulating services and cultural services, water resource supply, environmental purification,
and hydrological regulation), which is related to the increasing water areas covering the
loss of ESVs caused by landscape fragmentation.
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