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Abstract: The cultivated land requisition—compensation balance (CLRCB) policy is an important
policy implemented by China to address the reduction in cultivated land and ensure food security.
Although this policy has alleviated the loss of cultivated land quantity, it has had complex and diverse
impacts on ecosystem services. Taking Hubei Province as the study area, this research explores the
impact of the implementation of the CLRCB on ecosystem services and simulates the changes in
ecosystem services in the study area in 2030 and the impact of CLRCB on the interactions among
various services. The results show the following: (1) from 2000 to 2020, Hubei Province achieved a
balance in the quantity of cultivated land through excessive compensation but failed to reach the
goals of balancing cultivated land yield and productivity. (2) During the requisition-compensation
process, habitat quality decreased by 501,862, and carbon storage lost 1.3 x 107 t, indicating negative
ecological impacts; soil conservation services increased by 184.2 x 10° t, and water production
increased by 21.29 x 108 m3. Within the cultivated land requisition-compensation area, habitat
quality and carbon storage, as well as soil conservation and water production, exhibited synergistic
relationships, while the remaining pairs of ecosystem services showed trade-off relationships. (3) The
simulation of ecosystem services in 2030 indicates that soil conservation and water production are
highest under the natural development scenario, while habitat quality and carbon storage are highest
under the ecological protection scenario, both of which are superior to the urban development
scenario. Under the natural development scenario, the trade-off and synergistic relationships among
various ecosystem services in the cultivated land requisition—-compensation area remain unchanged,
while these relationships change significantly under the other two scenarios. This study emphasizes
that future CLRCB should not only focus on maintaining the quantity of cultivated land but also
consider the comprehensive benefits of ecosystem services, in order to achieve sustainable land-use

management and ecological conservation.

Keywords: cultivated land requisition—compensation balance; ecosystem services; trade-offs and
synergies; INVEST model; future scenario simulation

1. Introduction

China has experienced rapid urbanization and industrialization over the past few
decades, leading to the occupation of a large amount of cultivated land [1,2]. According
to statistics, from 1957 to 1996, China’s net annual reduction in cultivated land exceeded
6 million mu (1 mu = 666.66 m?); from 1996 to 2008, the net annual reduction exceeded
10 million mu; from 2009 to 2019, the net annual reduction exceeded 11 million mu. About
80% of the lost cultivated land was occupied by construction land, driven by population
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growth and the expansion of built-up areas [3]. Cultivated land is the foundation of grain
production and a cornerstone for ensuring national food security as well as economic
and social stability. China is the world’s largest producer and consumer of grain, and
food security has long been a critical issue of high concern for both the government and
society. The reduction in arable land leads to a decline in food production potential and
increases dependence on external supplies, posing a long-term threat to national food
security. In recent decades, climate disasters such as droughts and floods have resulted in
decreased food production, causing uncertainty and price volatility in global food markets.
In the context of globalization and climate change, the protection of cultivated land is
of significant practical importance for enhancing agricultural sustainability, mitigating
the impacts of extreme weather on crops, and ensuring the stability of the food supply.
To address the conflict between urban expansion and cultivated land protection, and to
ensure national food security, the Chinese government began implementing the cultivated
land requisition—compensation balance policy in 1997 [4]. This policy requires that when
cultivated land is occupied by construction projects, an equivalent area and quality of
cultivated land must be added through reclamation, rehabilitation, or improvement to
maintain the dynamic balance of the total amount of cultivated land [5,6]. The core concept
of the CLRCB policy is “occupy one, supplement one”, meaning that for every mu of
cultivated land occupied, one mu of cultivated land must be supplemented [7]. In the
early stages of policy implementation, the balance was mainly achieved by increasing the
area of cultivated land in agriculturally suitable regions. As the policy advanced, more
places began to supplement cultivated land through land consolidation and reclamation
projects. Despite the CLRCB achieving some success in maintaining the total amount of
cultivated land, it has also gradually revealed some shortcomings. For instance, both the
government and farmers show limited enthusiasm for enhancing the productivity of newly
compensated land; newly added cultivated land often suffers from severe soil pollution
and a relative decline in biodiversity; the use of ecological land to compensate for cultivated
land has led to the degradation of ecosystem services.

Ecosystem services refer to the various direct or indirect benefits provided to humans
by ecosystems and their components, including food provision, water regulation, soil
conservation, and biodiversity maintenance [8]. Westman published a paper in Science
entitled ‘How Much Are Nature’s Services Worth?’, marking the modern historical origin of
the concept of ESs [9]. In 1997, Daily proposed that ecosystem services refer to the conditions
and processes provided by natural ecosystems and their species to supply and maintain
human existence, as well as the products or services directly or indirectly obtained by the
functions of ecosystems, and classified ecosystem services into 13 categories, including food
production, biodiversity, and climate regulation [10]. In 2005, the Millennium Ecosystem
Assessment reported that 15 out of 24 ecosystem services, or about 60 percent, were in
decline [11]. Research shows that changes in land-use patterns have caused the degradation
or disappearance of ecosystem services worldwide [12,13]. In Austria, the intensification of
agricultural land use and urban sprawl have primarily led to declining ecosystem services
in the lowlands [14]. In the Upper Blue Nile Basin, the transformation of bare land, cropland,
and grassland to forest and shrubland improved habitat quality, carbon storage, and soil
conservation, but decreased water yield [15]. Land-use change is considered one of the
major drivers of changes in ecosystem services [16,17]. The conversion between different
land-use types can significantly alter ecosystem structure and processes, thereby affecting
the supply of ecosystem services [18]. Cultivated land, as an important component of
land use, significantly impacts regional ecosystem services through its quantity and spatial
distribution changes [19].

Since the implementation of the CLRCB, China has maintained a dynamic balance in
its cultivated land reserves. However, while compensatory cultivated land improves the
reserve of cultivated land resources, it also has a series of impacts on the ecological envi-
ronment [20,21]. During the policy implementation, because the supplementary cultivated
land is often located in marginal or ecologically fragile areas, it may lead to the weakening
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or loss of ecosystem service functions [22]. According to previous studies, the CLRCB
may lead to a weakening of water regulation functions. The occupied cultivated land is
usually located in plains and lowlands rich in water resources, while the supplementary
cultivated land is often in marginal or arid and semi-arid regions, which have poorer water
supply capacity. This regional disparity leads to uneven water resource utilization, further
exacerbating water shortage problems [23,24]. Secondly, soil conservation functions may
also be affected [25]. Extensive land consolidation activities, such as leveling land and con-
structing terraces, often destroy the original soil structure, increasing the risk of soil erosion.
Especially in sloped and mountainous areas, excessive development and consolidation can
easily trigger soil and water loss, leading to soil degradation and reduced productivity [26].
During the reclamation and occupation of cultivated land, a large amount of vegetation is
cleared, and soil organic matter is destroyed, leading to a reduction in carbon storage and
increased greenhouse gas emissions, which is detrimental to climate change mitigation [27].
Studies have shown that under the scenario of cultivated land requisition-compensation
balance, the carbon storage loss caused by cultivated land expansion is almost equal to
that caused by urban expansion. The main reason for carbon storage loss due to cultivated
land expansion is the massive loss of forests and wetlands [28]. Furthermore, the CLRCB
also significantly impacts biodiversity [29-31]. Many occupied cultivated lands are located
in ecologically sensitive areas with high biodiversity, while newly reclaimed or rehabil-
itated cultivated lands often lack diverse vegetation cover. This loss of biodiversity not
only affects the stability of ecosystems but also has long-term negative impacts on local
agricultural production and the ecological environment [22].

A significant amount of research has explored the impact of the cultivated land
requisition—compensation balance policy on ecosystem services [5,32,33]. The coordination
and conflict between cultivated land protection and ecosystem services have been a focal
point of study, revealing complex trade-offs and synergies among ecosystem services.
This means that enhancing one type of service function may come at the expense of
another, or multiple service functions may improve simultaneously [34,35]. For instance,
there is often a trade-off between food production and carbon sequestration services,
as farmland expansion leads to a reduction in natural vegetation, thereby decreasing
regional carbon sequestration capacity [36]. Conversely, there is a synergy between water
source conservation and biodiversity protection; increasing forest cover promotes soil
and water conservation and maintains biodiversity [37]. However, most studies have
focused on the assessment of single ecosystem services, lacking an in-depth analysis of
the comprehensive trade-offs and synergies among multiple ecosystem services [38,39].
Additionally, existing research often employs static analysis methods, lacking systematic
evaluation of the dynamic changes and long-term effects during the implementation of the
CLRCB. The impact of this policy on ecosystem services is complex and multidimensional.
As China is currently in a critical period of ecological civilization construction, scientifically
evaluating the impact of the CLRCB on ecosystem services is crucial for guiding policy
adjustments, reforms, and innovations.

Given the aforementioned issues, this study aims to systematically evaluate the impact
of the CLRCB on ecosystem services in Hubei Province. Located in central China, Hubei is
an important agricultural production and ecological function area, making the implemen-
tation of its cultivated land requisition—compensation balance policy both representative
and typical. This study will employ remote sensing image analysis and ecosystem service
assessment models to investigate the changes in the area and quality of cultivated land in
Hubei Province before and after the policy implementation, and the specific impacts of
these changes on ecosystem services (habitat quality, carbon storage, soil conservation, and
water yield). The main objectives of this study include the following: (1) Analyzing the
spatiotemporal changes in the quantity and quality of cultivated land during the implemen-
tation of the cultivated land requisition—-compensation balance policy in Hubei Province.
(2) Assessing the impact of these changes on ecosystem service functions. (3) Conducting a
spatiotemporal quantitative evaluation of the trade-off and synergy strength of ecosystem
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services in the requisition-compensation areas. (4) Evaluating the changes and interactions
of ecosystem services under future climate scenarios in the study area and identifying issues
in the policy implementation. It is hoped that this study will provide valuable references
for policymakers, promote the coordinated development of cultivated land protection and
ecological environment protection, and drive regional sustainable development.

2. Study Area

Hubei Province is located in the central heartland of China, in the middle reaches of
the Yangtze River. The province’s terrain is generally mountainous to the east, west, and
north, with low plains in the middle, forming an incomplete basin that opens slightly to
the south (as shown in Figure 1a). Of the province’s total area, mountains account for 56%,
hills for 24%, and plains and lake areas for 20%. Surrounding the central plains are the
Dabie Mountains, Qinba Mountains, Wuling Mountains, and Mufu Mountains. The central
plains have fertile cultivated land and diverse resources, with a dense network of rivers
and lakes.

(a) Hubei DEM
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Figure 1. Land use and elevation map of Hubei Province.

Hubei Province is predominantly covered by forest land and cultivated land, with
significant areas of urban and rural construction land and water bodies. According to the
third national land survey of Hubei Province, the province has 4.7686 million hectares
of cultivated land, mainly distributed in the plain and low hill areas. Forest land covers
9.2801 million hectares, grassland covers 0.0894 million hectares, urban and rural land
and industrial and mining land covers 1.4115 million hectares, and water bodies and
water conservancy facilities cover 1.9837 million hectares (spatial distribution is shown in
Figure 1b). The overall land-use pattern of the province can be summarized as “five parts
forest land, three parts farmland, one part urban and rural, and one part water”.

3. Methods and Data
3.1. Research Framework

Figure 2 illustrates the technical route of this study. The research is divided into several
key sections:

Implementation effects analysis: The initial phase involves analyzing the effects of the
CLRCB by overlaying land-use maps from 2000, 2010, and 2020, the land-use transfer matrix
is calculated to determine the quantity and spatial distribution of cultivated land requisition
and compensation for the periods 2000-2010, 2010-2020, and 2000-2020. Subsequently,
the cultivated land production potential model is utilized to assess the quality changes in
requisitioned and compensated cultivated land.
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Figure 2. Technology roadmap. HQ—habitat quality; CS—carbon storage; SR—soil retention;
WY—water yield.
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Impact on ecosystem services: this phrase evaluates the policy’s impact on ecosystem
services and the trade-offs and synergies between various services. The In'VEST model’s
habitat quality, carbon storage, soil retention, and water yield modules are employed to
assess the quantity changes and spatial distribution of four ecosystem services in the study
area [40,41]. Changes in ecosystem services on the requisitioned and compensated culti-
vated land plots are extracted and visualized spatially at the county level. The Spearman
correlation coefficients among the ecosystem services in the requisition—-compensation
areas are calculated to analyze their trade-off and synergy strength. Bivariate spatial au-
tocorrelation is used to calculate the spatial distribution of ecosystem service trade-offs
and synergies.

Land-use scenario simulation: the following section simulates the land-use scenarios in
the study area for 2030. Three scenarios are set: natural development, ecological protection,
and urban development. The Markov model is applied to calculate future land-use demand,
and the PLUS model is employed to simulate the spatial distribution of land use [42].

Future impact assessment: the final phase calculates the changes in ecosystem services
under future land-use and climate scenarios, along with the changes in trade-offs and
synergies in the cultivated land requisition—compensation areas.

3.2. Methods
3.2.1. Measurement of Cultivated Land Requisition and Compensation Quantity and Quality

1.  Measurement of cultivated land quantity.

Land-use type maps of the study area from different periods are intersected to obtain
the land-use transfer matrix. This matrix reveals the changes in the quantity of cultivated
land requisition and compensation in Hubei Province for the periods 2000-2010, 2010-2020,
and 2000-2020. The balance of cultivated land quantity is measured by calculating the
cultivated land quantity balance index, using the following formula:

Asup

QC B AOCC

1)

where Qc is the cultivated land quantity balance index, A, is the amount of compensated
cultivated land, representing the area of forest land, grassland, water bodies, construction
land, and unused land converted to cultivated land during the study period; and A, is the
amount of requisitioned cultivated land, representing the area of cultivated land occupied
by urban construction land during the study period. If Q¢ > 1, it indicates that the study
area has achieved a balance in the quantity of cultivated land requisition and compensation;
otherwise, it has not achieved quantity balance.

2. Measurement of cultivated land quality.

The quality of cultivated land directly relates to its production potential, which refers
to the biological yield or harvestable yield per unit area determined by natural factors
such as light, temperature, water, soil, and nutrients. This study represents the quality
change in requisitioned and compensated cultivated land by calculating the changes in their
production potential. To minimize the impact of climate change, the average production
potential over four years is used to focus on the impact of changes in requisition and
compensation on the total productivity of cultivated land. The formula is as follows:

LD

AP = = d 2)
PA,

Ry = DB, 3)

Ruw - UAw (4)

UBy
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where AP;(kg/hm?) represents the average production potential of grid cell i, Pi(kg/ hm?)
represents the farmland production potential of grid cell i in the years j. The data are
sourced from the Crop Potential Yield dataset of the Resource and Environment Science
and Data Center, Chinese Academy of Sciences. PAy,(kg) and PBy(kg) represent the
total productivity of compensated and requisitioned cultivated land during period w,
respectively, obtained by multiplying the area of compensated or requisitioned land plots
by the farmland production potential of those plots. UAy(kg/hm?) and UB,,(kg/hm?)
represent the average potential yield of compensated and requisitioned cultivated land
during period w, respectively. R;, and RU,, can be used to represent the cultivated land
productivity balance index and the potential yield balance index for a specific period. If
Ry > 1, it indicates that the productivity balance of CLRCB is achieved; otherwise, it is not
met. If RU; > 1, it indicates that the yield balance of CLRCB is achieved; otherwise, the
yield balance is not met.

3.2.2. Measurement of Ecosystem Services before and after Cultivated Land Requisition
and Compensation

There are numerous types of ecosystem services. Based on the specific conditions
of Hubei Province, this study focuses on ecosystem services related to cultivated land,
including habitat quality, carbon storage, soil retention, and water yield. The values of
these ecosystem services are calculated using four corresponding modules of the INVEST
model [43,44].

1.  Habitat quality (HQ).

The InVEST habitat quality module estimates habitat quality by comprehensively
considering factors such as the impact distance and intensity of threats and the sensitivity of
different habitat types to these threats. This estimation reflects the state of biodiversity and
the potential of the ecosystem to provide conditions for species survival and reproduction.
The formula for calculating habitat quality is as follows:

z
ij

HQu=Hix 1= 5%
X]

1 5)

where HQ),; is the habitat quality of grid cell x with land-use type j, ranging from [0,1];
higher values indicate better habitat quality. H; is the habitat suitability of land-use type
j- Df(j is the habitat stress level of grid cell x. k is the half-saturation constant. z is the

scale constant.
2. Carbon storage (CS).

The basic assumption for calculating carbon storage in the InVEST model is that
each land cover type corresponds to a total carbon density composed of belowground
biomass carbon density, aboveground biomass carbon density, dead organic matter carbon
density, and soil organic matter carbon density. Belowground biomass carbon density
and aboveground biomass carbon density are collectively referred to as biomass carbon
density. Due to the relative insignificance and difficulty of measuring dead organic matter
carbon density, this form of carbon density is not considered in this study. The formula for
calculating carbon storage is as follows:

¢ =C

+ C + Cisnil (6)

Labove pelow

Ci  =Cix A )

Ltotal

where C; is the total carbon density of land cover type i (t/hm?). Cipove 18 the aboveground
biomass carbon density of land cover type i (t/hm?). C
carbon density of land cover type i (t/hm?). C
of land cover type i (t/hm?). C

is the belowground biomass

Ibelow

is the soil organic matter carbon density

Isoil

i 1S the total carbon storage of land cover type i (t). A;
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is the area of land cover type i (hm?). The carbon density values in this study are defined
based on the referenced literature [31,45].

3. Soil retention (SR).

Soil retention (SR) describes the ability of different ecosystems to control soil erosion
and prevent soil loss. The soil retention module in the InNVEST model is based on the
Universal Soil Loss Equation (USLE). It calculates the soil retention amount by determining
the difference between potential and actual soil erosion, which reflects the amount of soil
erosion increased or decreased due to vegetation cover or soil conservation measures. The
calculation formulas are as follows:

RKLSi = R; X K; X LS,‘ (8)

ULSEZ = Ri X Ki X LSZ X Ci X Pi (9)

where RKLS; represents the potential soil erosion amount of the i-th grid cell (t). ULSE;
represents the actual soil erosion amount of the i-th grid cell (t). R;, K, LS;, C;, and P; are
the rainfall erosivity factor (MJ mm hm=2h~1a™1), soil erodibility factor (th MJ~! mm~1),
slope length and steepness factor, vegetation cover factor, and support practice factor of
the i-th grid cell, respectively. The K; factor is calculated using the method from the EPIC
model, and the biophysical attribute table refers to Wang et al., 2020 [46].

4. Water yield (WY).

The calculation of water yield in the InVEST model is based on a simplified hydrologi-
cal cycle model that uses a water balance approach. The water yield for each grid cell is
calculated as the amount of rainfall minus the actual evapotranspiration. The more water
yield, the greater the water provisioning service. The annual water yield Y(x) for different
land-use type grid cells is calculated as follows:

B AET(x)
Y(x) = (1 - P(x)) x P(x) (10)

where Y(x) is the annual water yield of grid cell x (mm). AET(x) is the annual actual
evapotranspiration of grid cell x (mm). P(x) is the annual precipitation of grid cell x (mm).
Model parameters are referenced from the InVEST user guide.

3.2.3. Identification of Ecosystem Service Trade-Offs and Synergies

Trade-offs and synergies represent the interactions between different ecosystem ser-
vices. Trade-offs occur when there is an inverse relationship between services, while
synergies occur when services change in the same direction. If there is no apparent re-
sponse relationship, the services are considered uncorrelated. This study uses the Spearman
correlation coefficient method in SPSS 27 software to identify the trade-offs and synergies
between ecosystem services resulting from CLRCB on a regional scale. Using a 5 x 5 km
grid as the unit, the correlation coefficients of changes in ecosystem services caused by
CLRCB during 2000-2010, 2010-2020, and 2000-2020 are calculated, followed by signifi-
cance testing. If the correlation coefficient between two ecosystem services is negative and
passes the significance test at the 0.05 confidence level, a significant trade-off relationship is
considered to exist. Conversely, if the correlation is positive and significant, a significant
synergy relationship is considered to exist. Bivariate spatial autocorrelation analysis is
used to characterize the spatial clustering and differentiation of ecosystem services. The
bivariate local Moran’s I index is used to analyze the spatial distribution of trade-offs and
synergies between pairs of ecosystem services at the county scale [47-50]. The bivariate
local Moran’s I index is calculated as follows:

XN — Xy

M_ ¥ n
JMN _ Xi Xm
- j7 N

: _— an

j=1
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where IMN s the bivariate local Moran’s I index. XM is the value of ecosystem service M in
uniti. XV is the value of ecosystem service N in unitj. X; and Xy and c™ and oV are the
average and standard deviation of ecosystem service M and N. n is the number of units in
the study area. W;; is the weight matrix. The local spatial association patterns were divided
into 5 types, including a high-high synergistic zone, low—-low synergistic zone, high-low
trade-offs zone, low-high trade-offs zone, and no significant zone (p < 0.05).

3.2.4. Simulation of Ecosystem Services under Future Climate Change Scenarios

This study simulates changes in ecosystem services in Hubei Province under different
climate scenarios for the year 2030. Land-use types are categorized into seven types: culti-
vated land, forest land, grassland, water bodies, urban construction land, rural construction
land, and unused land. First, the land-use changes for 2020 are simulated and validated for
accuracy. Following this, the land-use changes and ecosystem services for Hubei Province
in 2030 are simulated.

The sixth phase of the Coupled Model Intercomparison Project (CMIP6) provides richer
global climate model data for climate change assessment. CMIP6 scenarios emphasize
the impact of different socio-economic development patterns on climate change. This
study selects three climate change scenarios from CMIP6 (SSP119, SSP245, and SSP585)
to simulate future ecosystem services. SSP119 represents a sustainable development path
with low greenhouse gas emissions; SSP245 represents a middle-path socio-economic
development with moderate emissions; SSP585 represents a high-speed development path
with extensive fossil fuel use and high emissions.

Three scenarios are set for this study: baseline development, ecological protection,
and urban development.

Baseline development scenario: assumes land-use change is not influenced by human
policies and evolves according to historical land-use transition characteristics, with no
restrictions in the simulation. Climate data follow the SSP245 pathway.

Ecological protection scenario: emphasizes the protection of ecological land, assuming
a 20% reduction in the probability of conversion from forest land, grassland, and water
bodies to other land types and a 10% increase in the probability of conversion from culti-
vated land, rural construction land, and unused land to forest land, grassland, and water
bodies. Climate data follow the SSP119 pathway.

Urban development scenario: assumes a 20% increase in the probability of converting
cultivated land, forest land, grassland, and water bodies to construction land, and a 30%
decrease in the probability of converting construction land to other land types. Climate
data follow the SSP585 pathway.

Land-use demand is simulated using the Markov model, and the spatial distribution
of land use is simulated using the PLUS model [51]. After simulating the land-use quantity
and layout for 2030, the InVEST model is used to calculate changes in ecosystem services
in Hubei Province under different future scenarios.

3.3. Data Sources

The data required for this study primarily include land-use data, soil data, meteo-
rological data, watershed data, remote sensing data, and socio-economic data. Detailed
information on data sources is provided in Table 1. The original land-use data are classified
into 6 primary categories and 25 secondary categories. In this study, the definition of culti-
vated land requisition is the expansion of urban construction land occupying cultivated
land. Therefore, for ease of data processing, construction land is subdivided into urban
construction land and rural construction land. Thus, the land-use data are categorized into
seven major types: cultivated land, forest land, grassland, water bodies, urban construction
land, rural construction land, and unused land.
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Table 1. Data source for this study.

Data Type

Description Resolution Source

Land-use data

Data Center for Resources and Environmental
30 m Sciences, Chinese Academy of Sciences
(https:/ /www.resdc.cn/)

Land-use data for the years 2000, 2010,
and 2020

Soil data

Depth-to-bedrock https:/ /doi.org/10.1038 /s41597-019-0345-6

World Soil Database
(https:/ /www.fao.org/soils-portal /en/,
1km accessed on 29 September 2023)

Soil texture

Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences
(https:/ /www.resdc.cn/)

Soil type

Monthly potential evapotranspiration for
2000, 2010, and 2020

. Monthly precipitation for 2000, 2010, and National Tibetan Plateau Data Center
Meteorological data 2020 1km (https:/ /data.tpdc.ac.cn/)
Precipitation and evapotranspiration of
future climate scenario
. Data Center for Resources and Environmental
Watershed data Watershed and river network data / Sciences, Chinese Academy of Sciences
extracted from DEM . .
(https:/ /www.resdc.cn/)
DEM data . Gegspatyml Dafél Cloud
Topographic data 30m (https:/ /www.gscloud.cn/)
Slope data Generated from elevation
. . GDP, popu})i;[é?ﬁ;;gsss' county Data Center for Resources and Environmental
Socio-economic data g / Sciences, Chinese Academy of Sciences

Farmland Production Potential (https:/ /www.resdc.cn/)

4. Results and Analysis
4.1. Spatial and Temporal Patterns of Cultivated Land Requisition and Compensation in Hubei
Province

From 2000 to 2010, the amount of cultivated land requisitioned and supplemented
in Hubei Province was basically balanced, with the amount of supplemented cultivated
land slightly higher than the requisitioned land. The cultivated land balance index was
1.09. From 2010 to 2020, the amount of requisitioned cultivated land increased compared
to the previous period, but the amount of supplemented cultivated land increased even
more, resulting in a balance index of 2.97 (Table 2). Overall, from 2000 to 2020, urban
construction land requisitioned 1553.87 km? of cultivated land, accounting for 33.13% of
the total cultivated land loss, with 62.89% of new construction land coming from cultivated
land. The area of supplemented cultivated land was 1971.86 km?, with 67.93% of it coming
from forest land, leading to a balance index of 1.27. In terms of quantity, the requisition
and supplementation of cultivated land were balanced in all three periods, with forest land
being the primary source of supplemented land, followed by water bodies and reclaimed
construction land.

Table 2. Area of CLRCB and quantity—quality balance index in Hubei Province (2000-2020).

Requisitioned Supplemented . Potential Yield ..
Period Cultivated Land Cultivated Land Quantllrtlycllfxalance Balance Bl;rl(;i:eCtIlZ:;Zx
Area (km?) Area (km?) Index
2000-2010 1209.06 1112.41 1.09 0.87 0.95
2010-2020 4540.30 1526.48 2.97 0.47 1.58
2000-2020 1971.86 1553.87 1.27 0.57 0.66

The potential yield balance index for cultivated land was less than 1 in the periods
2000-2010, 2010-2020, and 2000-2020, indicating that the potential yield of supplemented
cultivated land was lower than that of the requisitioned land, reflecting a phenomenon
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of “replacing high-quality land with lower-quality land” in Hubei Province. However,
the productivity balance index for 2010-2020 was greater than 1, due to the excess com-
pensation of cultivated land (i.e., the balance index being greater than 1), which drove
up the productivity balance index. This explains why the productivity balance index for
2010-2020 was lower than the corresponding quantity balance index. In contrast, for the
periods 2000-2010 and 2000-2020, although the quantity balance index was greater than 1,
it did not offset the yield losses caused by the quality differences between requisitioned
and supplemented land, resulting in an imbalance in productivity.

Spatially, cultivated land in Hubei Province is mainly concentrated in the Jianghan
Plain, Northern Hubei Hills, and Southeastern Hubei River Plains, with a high degree
of concentration. However, these areas face high non-agricultural and non-grain risks
due to flat terrain, dense population, and rapid economic development, leading to high
demand for urban construction land. From 2000 to 2020, cultivated land requisition mainly
occurred in the central and southern Jianghan Plain, particularly around Wuhan, Xiantao,
and Ezhou, as well as along the Yangtze and Han Rivers, where social and economic
development is rapid. Supplemented cultivated land was more dispersed, found in both
the western mountainous areas and the central and eastern plain and hilly areas (as shown
in Figure 3a). At the city level, from 2000 to 2020, 11 out of 17 cities in Hubei Province
achieved a balance in the quantity of requisitioned and supplemented cultivated land.
However, southeastern cities like Wuhan and Ezhou did not achieve this balance, with
Wuhan having the lowest balance index of 0.24. Five cities reached a balance in potential
yield of requisitioned and supplemented land, located in the western part of the province
and central cities like Xiantao and Tianmen, where forest land or wetlands were used to
supplement cultivated land, resulting in a higher potential yield for supplemented land.
Only Tianmen achieved a balance in both the quantity, potential yield, and productivity of
requisitioned and supplemented cultivated land (as shown in Figure 3b).
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Figure 3. Spatial distribution of CLRCB in Hubei Province (2000-2020). (a) shows the spatial
distribution of cultivated land occupation and compensation in Hubei Province, while (b) illustrates
the distribution of cultivated land occupation and compensation area, quantity—quality balance index
across various cities in Hubei Province.

4.2. Impact of CLRCB on Ecosystem Services

The balance policy of CLRCB has driven land-use changes, thereby impacting ecosys-
tem services. The changes in four ecosystem services—habitat quality, carbon storage,
soil retention, and water yield were—calculated for the balance areas, as well as their
proportions of the total changes in the study area.

As shown in Figures 4 and 5, the balance of CLRCB negatively affected habitat quality.
Habitat quality decreased in all three periods within the balance areas, with the most signif-
icant decline occurring from 2000 to 2010, reaching 60.66%. During this period, the change
in habitat quality accounted for 123.74% of the total change in the study area, indicating the
significant impact of CLRCB on habitat quality. In the subsequent two periods, the impact
of habitat quality changes due to cultivated land requisition and compensation on the
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overall habitat quality of the study area gradually diminished. The balance of cultivated
land requisition and compensation also negatively impacted carbon storage. From 2000
to 2020, carbon storage in the balance areas decreased by 31.19%, the most significant
reduction among the three periods. The change in carbon storage accounted for between
39.16% and 63.77% of the total change in the study area. Soil retention in the balance areas
slightly decreased from 2000 to 2010 but increased in both 2010-2020 and 2000-2020. The
proportions of soil retention changes in the balance areas relative to the total changes in the
study area were low in all three periods, indicating limited impact of CLRCB on the soil
retention function of the study area. Water yield increased due to CLRCB, with an increase
of 99.80% from 2000 to 2020. However, the proportion of water yield changes in the balance
areas relative to the total changes in the study area was not as significant as that of habitat
quality and carbon storage, ranging from 5.01% to 14.88%.

2000-2010 2010-2020 2000-2020 2000-2010 2010-2020 2000-2020
0 0% 0 0%
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Figure 4. Changes in various ecosystem services due to CLRCB. HQ—habitat quality; CS—carbon
storage; SR—soil retention; WY—water yield.
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Figure 5. Proportion of ecosystem service changes in CLRCB areas relative to total changes in the
study area. HQ—habitat quality; CS—carbon storage; SR—soil retention; WY—water yield.
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2000-2010

4.3. Trade-Off/Synergy Relationships of Ecosystem Services in Cultivated Land Requisition and
Compensation Areas

Using the administrative divisions of Hubei Province as a basis, a 5 km x 5 km grid
dataset was established in ArcGIS 10.8. Spatial statistical tools were then used to calculate
the changes in ecosystem services caused by cultivated land requisition and compensation
for each grid over different time periods. The number of grids obtained was 5718 for the
period from 2000 to 2010 and 7721 for the periods from 2010 to 2020 and from 2000 to 2020.

Using SPSS 27 software, a Spearman correlation analysis was conducted on the changes
in four ecosystem services—habitat quality, carbon storage, soil retention, and water yield
at the grid level. The correlations between these ecosystem services are shown in Figure 6.
For the periods 2000-2010, 2010-2020, and 2000-2020, all ecosystem services passed the
significance test at the 0.05 level, indicating varying degrees of correlation between them.
From 2000 to 2010, habitat quality and carbon storage had a positive correlation coefficient,
indicating a significant strong synergy. Habitat quality and water yield had a negative
correlation coefficient, showing a significant strong trade-off, while habitat quality and
soil retention had a significant weak trade-off relationship. Carbon storage and water
yield exhibited a significant trade-off relationship, and carbon storage and soil retention
had a significant weak trade-off relationship. Water yield and soil retention showed a
significant synergy. From 2010 to 2020, the trade-off and synergy relationships between
ecosystem services did not change. However, the synergy between habitat quality and
carbon storage and the trade-off between habitat quality and water yield both weakened,
while the trade-off relationships between soil retention and both carbon storage and habitat
quality strengthened. Over the entire period from 2000 to 2020, the synergy between habitat
quality and carbon storage and the trade-off relationships between water yield and both
carbon storage and habitat quality were all strong. The trade-off relationship between soil
retention and carbon storage, as well as the synergy between soil retention and water yield,
were moderately strong, while the trade-off relationship between soil retention and habitat
quality was relatively weak.

2010-2020 2000-2020

HQ

Ccs

SR

HQ

-0.12

. -

(&

-0.088

5

SR

‘ wo| o ! . . HQHQ‘ :
0.6 0.6

* Ccs 0.49 Ccs * * Ccs 0.63 Ccs *

. . ‘
o o
Y

wy 08 WY| -0.53 029 033 wy 038 wY|  -0.70 -0.66 045 wy 038

*p<=0.05

wY cs SR wYy HQ cs SR wYy

HQ
*p<=0.05 *p<=0.05
Figure 6. Correlation analysis of ecosystem service changes in CLRCB areas. HQ—habitat quality;
CS—carbon storage; SR—soil retention; WY—water yield.

To understand the spatial trade-offs and synergies of various ecosystem services
due to the CLRCB policy, this research used bivariate spatial autocorrelation to examine
the spatial clustering and differentiation of these services. This research calculated the
changes in ecosystem services from 2000 to 2020 for each county and city in Hubei Province
using GeoDa 1.20 software and produced maps using bivariate Moran’s 1. High-high
and low-low clusters indicate synergies, while high-low and low-high clusters indicate
trade-offs.

As shown in Figure 7, between 2000 and 2020, the synergy between carbon storage and
habitat quality was primarily found in the western Enshi Prefecture, eastern Yichang City,
northern Xianning City, Wuhan City, and the Shennongjia Forest District. Trade-offs were
mainly located in Xianfeng County, Enshi City, Yiling District of Yichang, Hannan District of
Wuhan, and Liangzihu District of Ezhou, with other areas showing non-significant patterns.
The synergy between carbon storage and soil retention appeared in central and southern
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CS—HQ

HQ—SR

Not significant

Huanggang City, most of Shiyan City excluding Maojian and Zhangwan Districts, western
Yichang City, and eastern Enshi Prefecture. Trade-offs were observed in the western and
eastern parts of Enshi Prefecture and the Maojian and Zhangwan Districts of Shiyan City.
Synergy between carbon storage and water yield was noted in Fang County of Shiyan
City, Yiling District of Yichang City, Xiangzhou and Fancheng Districts of Xiangyang
City, and parts of northeastern and southern Huanggang City. Trade-offs were evident in
northern Xianning City, central Wuhan City, and Hong’an County. The synergy between
habitat quality and soil retention was prevalent in southwestern Hubei, including Enshi
Prefecture, western Yichang City, Yunyang District of Shiyan City, and parts of northeastern
and southern Huanggang City. Trade-offs were found in most of Shiyan City, excluding
Yunyang District, and in Xishui County. The spatial distribution of trade-offs and synergies
between habitat quality and water yield was similar to that of carbon storage and water
yield, but Fang County of Shiyan City and Yiling District of Yichang City shifted from
synergy to trade-off. Finally, the synergy between water yield and soil retention was
observed in most of Enshi Prefecture except for Laifeng and Hefeng Counties, northern
and western Shiyan City, and central Huanggang City. Trade-offs were evident in Fang and
Zhushan Counties of Shiyan City, Zigui, Xingshan, and Wufeng Counties of Yichang City,
Laifeng and Hefeng Counties of Enshi Prefecture, and Tuanfeng County and Wuxue City
of Huanggang City.
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Figure 7. Spatial distribution of trade-offs and synergies of ecosystem services due to cultivated land
requisition and compensation at the county level (2000-2020). HQ—habitat quality; CS—carbon
storage; SR—soil retention; WY—water yield.

4.4. Simulation of Ecosystem Services and Trade-Offs/Synergies under Future Climate Scenarios in
Hubei Province

Based on the land-use data from 2000, this research simulated the land-use changes
for 2020. Comparing the simulated data with the actual data for 2020, the model showed
an overall accuracy of 0.94 and a Kappa coefficient of 0.90, which is greater than 0.75. This
indicates that the model’s simulation performance is good and can be used to simulate
land-use changes for 2030. Table 3 presents the simulated results of land-use changes in
Hubei Province. In 2020, the primary land-use type in Hubei Province was forest land,
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covering 49.61% of the total area, followed by cultivated land (36.02%) and water bodies
(6.26%). Under all three future scenarios, forest land remains the dominant land-use type.

Table 3. Simulated land use change results for Hubei Province.

Urban Rural

Land-Use Scenario Cuﬁ;‘\’gted I;j);ﬁzt Grassland ];'X (aitieers Conitmction Construction U{‘:;a’d
and Land
Actual Scenario Area 669.78 922.43 70.15 116.45 39.08 37.76 3.82
in 2020 Percentage 36.02% 49.61% 3.77% 6.26% 2.10% 2.03% 0.21%
Natural Area 666.78 918.06 70.17 117.65 44.55 38.44 3.82
Development Percentage 35.86% 49.37% 3.77% 6.33% 2.40% 2.07% 0.21%
Ecological Area 665.87 922.76 70.30 116.34 42.42 38.13 3.66
Protection Percentage 35.81% 49.62% 3.78% 6.26% 2.28% 2.05% 0.20%
Urban Area 666.85 916.35 70.23 111.58 52.66 37.91 3.89
Development Percentage 35.86% 49.28% 3.78% 6.00% 2.83% 2.04% 0.21%

Natural development scenario: both forest land and cultivated land slightly decrease,
while water bodies and construction land increase. Grassland and unused land remain
relatively stable, with minor changes. The majority of the increased construction land
comes from converted cultivated land, followed by forest land.

Ecological protection scenario: there is a slight increase in forest land and grassland
areas, along with an increase in construction land, though to the smallest extent among the
three scenarios. Water body areas remain virtually unchanged. Cultivated land decreases
the most in this scenario, with the converted land primarily becoming forest land, followed
by urban construction land.

Urban development scenario: urban construction land sees the largest increase, while
cultivated land, forest land, and water bodies decrease. Other land types show little change.
The reduction in cultivated land primarily converts to urban construction land, and the
reduction in forest land and water bodies is mainly used to supplement cultivated land.

Forest land and cultivated land are the most important land-use types in the study area.
Changes in their areas directly affect the structure and function of ecosystem services. As
population growth and economic development continue, urban construction land expands,
often at the expense of cultivated land. This change not only reduces agricultural space but
also leads to a decline in ecosystem services. Under three different future scenarios, the
area changes for various land types differ, and varying climate conditions result in different
trends in ecosystem services. The quantities and spatial distributions of four ecosystem
service functions were calculated, as shown in Table 4 and Figure 8.

Table 4. Ecosystem services in Hubei Province under different scenarios.

. Actual Natural Ecological Urban .
Ecosystem Service Scenario by 2020 Development Protection Development Scenario
Scenario by 2030 Scenario by 2030 by 2030
Habitat quality 0.552 0.542 0.543 0.534
Carbon storage (1 x 10° t) 2.308 2.302 2.306 2.298
Soil retention (1 x 1011 t) 1.471 1.521 1.253 1.274
Water yield (1 x 1011 m3) 1.342 1.454 0.905 1.061

Each ecosystem service demonstrates different trends under various scenarios. Habitat
quality and carbon storage show minimal changes, while soil retention and water yield
experience significant variations. Habitat quality and carbon storage both decline in 2030
across all three scenarios, with the lowest values under the urban development scenario,
followed by the natural development scenario, and the highest values under the ecological
protection scenario. In the ecological protection scenario, although the areas of forest land
and grassland increase compared to 2020, urban construction land also expands by 334 km?,
which is more than the combined increase in forest and grassland areas (47 km?). This
expansion of construction land negatively impacts habitat quality and carbon storage,
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causing them to decline even in the ecological protection scenario. Soil retention services
increase by 3.39% under the natural development scenario but decrease by 14.82% under the
ecological protection scenario and by 13.41% under the urban development scenario. Water
yield increases by 8.39% under the natural development scenario but decreases by 32.58%
under the ecological protection scenario and by 20.90% under the urban development
scenario. Soil retention and water yield services are significantly influenced by climate
conditions. In 2020, the annual precipitation in Hubei Province was 1439 mm. For 2030,
under the natural development scenario using SSP245 climate data, the annual precipitation
is projected to be 1547 mm. The ecological protection scenario, using SSP119 climate data,
projects an annual precipitation of 1293 mm, while the urban development scenario, using
SSP585 climate data, projects an annual precipitation of 1323 mm. These differences in
precipitation under different climate pathways lead to corresponding increases or decreases
in ecosystem service quantities.
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Figure 8. Spatial distribution of ecosystem services in Hubei Province under three future scenarios.
HQ—habitat quality; CS—carbon storage; SR—soil retention; WY—water yield.
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Figure 8 shows the spatial distribution of four future ecosystem services, each exhibit-
ing different spatial patterns. Under future scenarios, the distribution of habitat quality
and carbon storage is mainly influenced by land-use changes, with both showing lower
values in the central region and higher values in the eastern and western regions. This
pattern is related to the topography of Hubei Province, where the mountainous areas in
the east and west are dominated by forests and grasslands, while the central plains are
dominated by cultivated and construction land. Mountainous regions usually have higher
ecosystem service values and biodiversity, whereas plains are more suitable for agricultural
development. Agricultural activities and urban construction cause environmental pollu-
tion, which directly threatens habitat quality and carbon storage. For example, discharging
wastewater into rivers can exceed a threshold, leading to eutrophication and a decline in
aquatic species richness, thus threatening water ecological safety. The spatial distribution
of soil retention services is relatively uniform, generally showing higher values in the west
and lower values in the east. Under the natural development scenario in 2030, soil retention
services increase in most areas except for the junction of Yichang, Xiangyang, and Shen-
nongjia Forest District, where a decline is observed. In the ecological protection scenario,
soil retention services decrease in most areas except for the northwestern parts of Shiyan
City and Enshi Prefecture. Under the urban development scenario, soil retention services
decrease in most areas except for the northern part of Shiyan City and the southwestern
part of Jingzhou City. The spatial distribution of water yield contrasts with the other three
ecosystem services, showing higher values in the central region and lower values around
the periphery. Under the natural development scenario, water yield increases in most areas
except for the junction of Yichang, Xiangyang, Jingmen, and Shennongjia Forest District,
as well as central Suizhou. In the ecological protection scenario, water yield decreases in
most areas except for the northwestern part of Shiyan City. Under the urban development
scenario, water yield increases in the northern part of Shiyan City, southern Jingzhou City,
and central Wuhan City, while it decreases in other regions.

The changes in ecosystem services in the cultivated land requisition and compensation
areas under three future scenarios for 2030 were extracted, and correlation coefficients were
further calculated to analyze the trade-offs and synergies of ecosystem services under dif-
ferent climate scenarios. The results are shown in Figure 9. Under the natural development
scenario, the trade-offs and synergies of ecosystem services remained unchanged compared
to the period from 2000 to 2020, and all passed the significance test at the 0.05 level. The
synergy between habitat quality and carbon storage weakened, while the trade-offs be-
tween habitat quality and both soil retention and water yield strengthened. The trade-offs
between carbon storage and both soil retention and water yield weakened, and the synergy
between soil retention and water yield also weakened. In the ecological protection scenario,
there were significant changes in the trade-offs and synergies of ecosystem services. The
synergy between habitat quality and carbon storage significantly strengthened, increasing
from 0.63 to 0.86. The trade-off between habitat quality and water yield weakened from
—0.7 to —0.16, and the relationship between habitat quality and soil retention changed
from a significant weak trade-off to a significant strong synergy. The relationship between
carbon storage and soil retention changed from a trade-off to a synergy, and the relationship
between carbon storage and water yield changed from a significant strong trade-off to an in-
significant weak synergy. The relationship between soil retention and water yield changed
from a synergy to a trade-off. Under the urban development scenario, the synergy between
habitat quality and carbon storage weakened, as did the trade-off between habitat quality
and water yield. The relationship between habitat quality and soil retention changed from
a trade-off to a synergy. The relationship between carbon storage and soil retention also
changed from a trade-off to a synergy, and the relationship between carbon storage and
water yield changed from a significant strong trade-off to a significant weak synergy. The
relationship between soil retention and water yield changed from a synergy to a trade-off.
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Figure 9. Trade-offs and synergies of ecosystem services due to cultivated land requisition and
compensation under three future scenarios. HQ—habitat quality; CS—carbon storage; SR—soil
retention; WY—water yield.

5. Discussion
5.1. Validation of Ecosystem Service

In this study, ecosystem services are composed of four aspects. This research recognizes
that the accuracy of model parameters is crucial for the credibility of the calculation
results. Due to the large geographic scope of Hubei Province, it is challenging to verify
the calculation results through field surveys, and the ecosystem services calculated via the
InVEST model are based on empirical values. Therefore, this research chose to validate soil
retention and water yield because existing datasets or observational values are available
for these services (Figure 10). However, there are no calculated data available for habitat
quality and carbon storage for validation.
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Figure 10. Validation of simulation accuracy for soil retention (a) and water yield (b).

To validate the soil retention data, this study employed a comparative analysis method,
comparing the results with the “China Soil Erosion Conservation Dataset.” This research
established a 20 km fishnet in ArcGIS and used the “Extract Multi Values to Points” tool
to extract grid values from both models for linear fitting. The results showed an R? of
0.85, indicating that the study results are reliable. To verify the accuracy of the water yield
assessment, this study used the total water resources of each prefecture-level city in the
“Hubei Water Resources Bulletin” as a reference, compared with the water yield calculated
via the InVEST model, and calculated the coefficient of determination and the slope of
the fitted least-squares regression line to evaluate the goodness of fit between the study
results and the observational data. The results showed a high correlation, with an R? of
0.82, indicating that the simulation results can be used for water yield service analysis.

Through the above validation process, this research can conclude that the soil retention
and water yield data calculated using the INnVEST model in this study are reliable and
accurate and can be used for further ecosystem service analysis and evaluation.
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5.2. Impact of CLRCB on Ecosystem Services and Contribution

The average values of various ecosystem services for different land-use types in
2000, 2010, and 2020 were calculated, as shown in Figure 11. The changes in ecosystem
services caused by the requisition and compensation of cultivated land were then calculated
separately, as shown in Figure 12.
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Figure 11. Average values of ecosystem services for different land-use types. HQ—habitat quality;
CS—carbon storage; SR—soil retention; WY—water yield.

From Figure 11, it is evident that habitat quality is highest in forest land and grassland,
followed by water bodies and cultivated land, with the lowest values in unused land and
construction land. Forest land, grassland, and water bodies have complete ecosystems,
making them ideal habitats for plant and animal communities, thus resulting in higher
habitat quality [52]. In contrast, cultivated and construction lands have poorer habitat
quality. Cultivated land, due to prolonged farming and fertilizer use, not only reduces
soil quality but also causes agricultural non-point source pollution. Construction land,
on the other hand, is threatened by production and domestic sewage discharge, resulting
in lower habitat quality. Changes in the proportion, structure, and intensity of land use
fundamentally alter the composition and configuration of ecosystems, ultimately affecting
energy flow and material cycling between habitat patches [53]. Land-use changes can
have positive or negative impacts on habitat quality. Generally, the outward conversion
of forest land, grassland, and water bodies negatively impacts habitat quality, while the
outward conversion of cultivated and construction land positively impacts habitat quality.
This is consistent with the results of previous studies [15,33]. In the context of land-use
changes due to cultivated land requisition and compensation, only the supplementation
of cultivated land with construction and unused land positively impacts habitat quality,
increasing it by 2851 and 3263 units from 2000 to 2020. However, due to the small area of
these land-use changes, they are insufficient to offset the degradation in habitat quality
caused by the conversion of other land types, leading to an overall decline in habitat quality
in the study area by 501,862 units.
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Figure 12. Changes in ecosystem services due to cultivated land requisition and compensation.
Nos. 1-7 represent cultivated land, forest land, grassland, water bodies, urban construction land,
construction land, and unused land, respectively. Code 1-2 represents cultivated land converted
to forest land, and the other codes follow the same rule. HQ—habitat quality; CS—carbon storage;
SR—soil retention; WY—water yield.

From Figure 11, it is also clear that carbon storage is highest in forest land and
grassland, followed by cultivated land and water bodies, with the lowest values in unused
land and construction land. Land-use changes have a profound impact on carbon storage in
terrestrial ecosystems by altering the carbon sequestration capacity of soil and vegetation,
affecting regional carbon budgets [27]. This study indicates that urban expansion into
cultivated land is a major cause of carbon storage decline. To achieve a balance in cultivated
land requisition and compensation, the supplementation of cultivated land with forest
land, grassland, and other ecological lands further reduces carbon storage. Although the
supplementation of cultivated land with water bodies, construction land, and unused land
mitigates some carbon storage loss, the overall effect of the balance policy from 2000 to 2020
results in a loss of 13 million tons (1.3 x 107 t) of carbon storage in Hubei Province. This is
consistent with the research results of some scholars. Tang et al. showed that cultivated
land expansion in Hubei Province from 2000 to 2010 resulted in 1.76 Tg of carbon loss, and
the loss of carbon storage caused by encroachment of forest land accounted for 81% of
the total loss of cultivated land expansion [28]. Gao et al. showed that the loss of carbon
storage in the compensation of cultivated land from 2010 to 2015 was mainly due to the
inappropriate way of supplementing cultivated land with forest land. Although the area
of supplementing cultivated land with forest land only accounted for 19.4% of the total
amount of cultivated land, the resulting carbon storage loss even exceeded the carbon
storage loss of cultivated land occupied by construction land [54].

Figure 11 shows that soil retention capacity is strongest in grassland and forest land,
followed by cultivated land and water bodies, with the lowest values in construction land
and unused land. Vegetation cover on grassland can reduce the impact of rainfall on
the ground, slow down runoff, and decrease the likelihood of soil particles being carried
away by water [55]. Forest land, with its complex vegetation structure and rich litter
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layer, can improve soil structure and increase soil porosity, thereby enhancing soil water
retention capacity [56]. Unused land, with poorer soil physical and chemical properties
and high surface runoff coefficients, is prone to soil erosion during heavy rainfall, resulting
in the lowest soil retention capacity. Theoretically, without considering other factors, the
outward conversion of grassland and forest land and the occupation of cultivated land
by construction land would lead to a decrease in regional soil retention capacity [57].For
example, converting forest to cropland could change the distribution of soil properties and
compact deep soils, further resulting in a reduction in water infiltration and increases in
surface runoff and the risk of soil erosion in top soils [58,59]. However, previous studies
have shown that soil retention function is more sensitive to precipitation than to land-use
types, with changes in soil retention function being more strongly controlled by climate
change [60]. The study of Li et al. showed that the spatial and temporal variation of
rainfall erosivity was basically consistent with the variation of soil erosion rate in western
Hubei Province, and rainfall was the main factor leading to soil loss in western Hubei
Province [61]. Therefore, the soil retention function within the cultivated land requisition
and compensation areas in Hubei Province from 2000 to 2020 do not strictly follow the
above change patterns. The average soil retention values for Hubei Province in 2000, 2010,
and 2020 were 6778 t/hm?, 6616 t/hm?2, and 8154 t/hm?, respectively, showing a trend of
initial decrease followed by an increase. This is consistent with the results of Li et al. [62,63].
Therefore, the soil retention function in the cultivated land requisition and compensation
areas are affected by the combined effects of climate change and land-use changes, which
are consistent with the overall change trend of Hubei Province.

Figure 11 also indicates significant differences in water yield across different land-
use types, with the highest water yield in construction land, followed by grassland and
cultivated land, then unused land, and the lowest in forest land and water bodies. The
surfaces of construction land, typically composed of concrete, asphalt, and cement, form
impermeable surfaces with almost zero infiltration, resulting in rainfall easily forming
runoff and reducing soil water content, thus resulting in the highest water yield [64]. Grass-
land and cultivated land, with shallower root systems, have weaker rainfall interception
capabilities, and crop growth on cultivated land consumes water, resulting in lower water
yields compared to construction land [65]. Forest land, with deeper root systems, can
absorb water from deep soil layers and has strong rainfall interception capabilities, while
its dense canopy has significant transpiration [66]. Water bodies, being the most prone to
runoff formation, have the lowest water yield when rainfall reaches the water surface, as
evaporation directly forms runoff. Under unchanged climate conditions, the conversion
of cultivated land to construction land, and the conversion of forest land, water bodies,
and unused land to cultivated land increase water yield, while the conversion of grassland
and construction land to cultivated land decreases water yield. However, previous studies
have shown that climate change can significantly impact water yield by directly altering
surface runoff, with precipitation having a more pronounced effect on regional water yield
than land-use changes [63]. The average precipitation in Hubei Province was 1199.1 mm
in 2000, 1279.3 mm in 2010, and 1439.6 mm in 2020. The increasing precipitation trend
led to higher average water yields in cultivated land in 2020 compared to construction
land in 2000 and 2010. Therefore, the conversion of construction land to cultivated land
increased water yield from 2010 to 2020 and from 2000 to 2020. Similarly, due to the impact
of precipitation, the average water yield in cultivated land in 2010 and 2020 was higher than
that in grassland in 2000 and 2010, resulting in increased water yield from the conversion of
grassland to cultivated land over the three time periods. Overall, the areas of construction
land occupying cultivated land and forest land and water bodies supplementing cultivated
land far exceed the changes in other land-use types. Since these three land type changes all
lead to increased water yield, the cultivated land requisition and compensation balance
policy results in an overall increase in regional water yield.
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5.3. Trade-Off/Synergy Relationships of Ecosystem Services in Cultivated Land Requisition and
Compensation Areas

This study investigates how ecosystem services—including habitat quality, carbon stor-
age, soil retention, and water yield—have evolved over time in response to the trade-offs and
synergies caused by land-use changes driven by cultivated land compensation policies. By
employing Spearman correlation analysis across multiple time periods (2000-2010, 2010-2020,
and 2000-2020), we identified significant correlations among these ESs, highlighting the
intricate relationships between different ecosystem functions.

This research demonstrates that between 2000 and 2010, the relationship between
habitat quality and carbon storage was strongly synergistic, suggesting that improvements
in habitat conditions were closely linked to increases in carbon sequestration. This synergy
aligns with prior research [67], which emphasizes that land-use practices promoting biodi-
versity conservation often enhance carbon storage due to increased vegetative cover and
biomass. However, habitat quality exhibited a strong trade-off with water yield. This may
be due to the increased reforestation or land restoration efforts enhancing habitat quality
while reducing runoff, thus lowering water yield [68]. The weak trade-off between habitat
quality and soil retention indicates that while some conservation actions may improve
habitat conditions, they may not always benefit soil preservation. Carbon storage and water
yield also displayed a notable trade-off, mirroring patterns observed in other studies where
carbon sequestration efforts, such as reforestation, can lead to reduced water availability
due to higher evapotranspiration rates [69]. A weak trade-off was also observed between
carbon storage and soil retention, indicating that while these services can conflict, the inter-
action is not as significant as with water yield. Interestingly, water yield and soil retention
were found to be strongly synergistic, suggesting that strategies promoting soil conserva-
tion, such as terracing or cover cropping, also enhance water regulation, corroborating
findings from previous studies [70].

During the period 2010-2020, the fundamental trade-offs and synergies among ecosys-
tem services remained consistent, but the intensity of these relationships shifted. The
synergy between habitat quality and carbon storage weakened, as did the trade-off be-
tween habitat quality and water yield. This could be attributed to adjustments in land-use
policies or changes in ecosystem management practices, where the marginal benefits of
enhancing carbon storage or biodiversity may have decreased. On the other hand, the
trade-offs between soil retention and both carbon storage and habitat quality became more
pronounced, suggesting that in recent years, the actions taken to preserve soil may have
come at a greater cost to biodiversity and carbon sequestration.

Looking at the entire period from 2000 to 2020, the strong synergy between habitat
quality and carbon storage persisted, while the trade-off between carbon storage and
water yield, as well as habitat quality and water yield, remained robust. These enduring
patterns suggest that long-term land-use changes, such as forest expansion or changes in
agricultural practices, consistently drive these ES dynamics. Moderate correlations between
soil retention and other services—especially its trade-off with carbon storage and synergy
with water yield—underscore the multifunctionality of land-use strategies that seek to
balance soil conservation with other ESs. The relatively weak trade-off between habitat
quality and soil retention also reflects the nuanced interactions among ESs that are shaped
by localized environmental and policy contexts.

The results show that the effects of CLRCB on ecosystem services are complex and
diverse, and multiple objectives need to be balanced in land management. For example,
while enhancing biodiversity and carbon storage can reinforce each other, they may affect
water availability. Weakening synergies and changing trade-offs over time suggest that
policy needs to be flexible to avoid long-term negative effects. In future land-use planning,
it is necessary to comprehensively consider water resources, soil conservation, and other
factors to achieve balanced development of multiple services.
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5.4. Limitations and Uncertainties

This study examines the effects of the cultivated land requisition-compensation bal-
ance (CLRCB) policy on ecosystem services in Hubei Province and projects future changes
under different land-use scenarios for 2030. Despite its valuable insights, this study has
several limitations and uncertainties that warrant attention.

First, the InVEST model, though widely used, simplifies complex ecological dynam-
ics [71]. For instance, its habitat quality model assumes uniform distribution of threats,
ignoring local variations in land-use intensity, while the carbon storage module overlooks
nuanced impacts of land-use changes on soil and vegetation carbon fluxes. These sim-
plifications may lead to inaccurate estimations of ecosystem services [72]. Additionally,
the dynamic interactions among ecosystem services, such as trade-offs and synergies, are
context dependent and could shift due to external factors like climate change or policy ad-
justments [37]. For example, while synergies between soil conservation and water produc-
tion were observed, future climate extremes or policy shifts could alter these relationships,
highlighting the need for continuous monitoring and adaptive management. The future
land-use simulations, based on the Markov and PLUS models, also face uncertainties [51].
These models assume future patterns follow historical trends, which may not account for
rapid urbanization or unanticipated changes. Moreover, the climate data used may not
fully capture extreme events, complicating predictions of ecosystem service outcomes.

To address these limitations, future research should focus on improving modeling
accuracy by integrating more advanced tools. For instance, combining InVEST with other
models like SWAT could offer more detailed assessments, especially for hydrological ser-
vices [73]. Incorporating more comprehensive climate change scenarios, including extreme
events, would provide better insights into potential ecosystem responses [74]. Furthermore,
future studies should explore the socio-economic dimensions of CLRCB, as land-use deci-
sions driven by policy or economic incentives significantly influence ecosystem services
outcomes. In conclusion, while this study offers important findings on the ecological
impacts of CLRCB, significant uncertainties remain. Advancing modeling techniques,
integrating climate projections, and addressing socio-economic drivers will be crucial for
balancing food security with sustainable ecosystem management.

6. Conclusions

This study, focusing on Hubei Province, explored the impact of the cultivated land
requisition and compensation policy on ecosystem services and simulated the changes in
ecosystem services and their interactions for the year 2030. The findings indicate that from
2000 to 2020, the policy achieved a balance in cultivated land quantity through the excessive
supplementation of cultivated land, with a balance index of 1.27. However, the prevalent
issue of replacing high-quality land with lower-quality land resulted in suboptimal policy
implementation, failing to achieve balance in land productivity and yield.

The balance policy negatively impacted habitat quality and carbon storage, leading to
a decline in habitat quality by 501,862 and a loss of 13 million tons (1.3 x 107 t) of carbon
storage during the study period. On the other hand, soil retention and water yield were
more influenced by climate than by land use. The policy led to an increase in water yield
by 2.129 billion cubic meters (21.29 x 108 m®) and an increase in soil retention services by
184.2 million tons (184.2 x 10° t). Spatially, the policy caused the most significant decline in
habitat quality in the eastern part of Hubei Province and the greatest decrease in carbon
storage in the northern part. Soil retention service changes were highest in the southwest
and northeast while lowest in the central region. Water yield changes showed a high
east and low northwest distribution pattern. Within the cultivated land requisition and
compensation areas, habitat quality and carbon storage, as well as soil retention and water
yield, exhibited synergistic relationships, whereas trade-offs existed between the other
pairs of ecosystem services.

The 2030 ecosystem service simulations indicate that soil retention and water yield are
highest under the natural development scenario, while habitat quality and carbon storage
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are highest under the ecological protection scenario. Both scenarios perform better than the
urban development scenario. When formulating policies, trade-off analyses can optimize
land resources to maximize the comprehensive benefits of different ecosystem services.
The analysis reveals that while the cultivated land requisition and compensation policy
has positive implications for food security, it also poses ecological risks and challenges
that need to be addressed and improved in policy design. Future research should further
investigate the specific impacts of different cultivated land supplementation models and
technical measures on ecosystem services to find more balanced and sustainable solutions.
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