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Abstract

Habitat quality is an important indicator for evaluating the biodiversity provided by ecosys-

tem. Estimating and scenario-simulating the dynamic evolution and future development

trends of habitat quality under the influence of land-use change is significant in regional bio-

diversity conservation, formulating land-use planning, and maintaining the ecological envi-

ronmental sustainability. In this article, we included the Huaihe River Economic Belt as the

area of study because of its vital location in China and applied the CA–Markov and InVEST

models to analyze the spatio-temporal evolution of habitat quality and to simulate the future

development trends of habitat quality under three different land-use scenarios: fast urban

growth scenario, farmland conservation-oriented scenario, and ecological conservation-ori-

ented scenario. The results showed that the land-use change in the Huaihe River Economic

Belt was mostly represented by the continuous increase of the built-up area, whereas other

land types all declined in area from 1995 to 2015. The land-use changes under these three

abovementioned alternative future scenarios with different development orientations were

considerably different. The built-up area has been shown to expand rapidly to occupy other

land types on a large scale under the fast urban growth scenario. Urban land increased

slightly and a large area of rural residential land would be converted into farmland under the

farmland conservation-oriented scenario. The built-up area and farmland might decrease

while woodland, grassland and water would increase in extent of areas under the ecological

conservation-oriented scenario. Habitat quality has been shown to be generally poor, con-

tinuing to decline from 1995 to 2015, while its spatial distribution was higher in the southwest

and northeast areas and lower in the central regions. The future habitat quality would display

a downward trend under the fast urban growth and farmland conservation-oriented scenar-

ios with a further deterioration of the ecological environment, while the ecological conserva-

tion-oriented scenario predicted the converse trend that the ecological environment would
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be improved productively. This study may be useful for understanding the impact of land-

use dynamics on biodiversity. The research results can provide a scientific basis for the

decision-makers to formulate biodiversity conservation and land management policies.

Introduction

As a proxy for biodiversity, habitat quality refers to the ability of ecosystems to provide condi-

tions appropriate for individual and population persistence, which mainly describes the sur-

vival environment of animal species rather than human populations [1]. It also determines the

state of biodiversity, to a certain extent, and is an important indication of ecosystem services

and health [2, 3]. As an important part of global change, land-use change has a significant

impact on the quality of regional ecological environments and biodiversity conservation [4–6].

Land-use changes can affect the circulation of material and energy flows between habitat

patches by modifying the structure and composition of regional habitats, thereby changing the

production and service capabilities of these habitats, resulting in biodiversity decline [3, 7, 8].

Previous studies have shown that the habitat quality decreases with an increase in human-

interfered land uses [9–11]. Therefore, assessing, monitoring, and scenario-simulating the spa-

tio-temporal evolution of habitat quality in response to land-use change and future develop-

ment trends has become an important point of reference for biodiversity conservation and

land-use management.

Previous research programs focused on the evaluation of wildlife habitat quality and the

impact of human activities, mainly through field investigations of biodiversity and the habitats

themselves [12–14]. With international projects such as the International Geosphere-Bio-

sphere Programme (IGBP), the International Human Dimensions Programme on Global

Environmental Change (IHDP), and the World Climate Research Programme (WCRP),

which takes Land Use/Land Cover Change (LULCC) as a core research issue to investigate

global change, scholars have started to pay close attention to the impact of land-use change on

regional habitat quality. The current research strategies for examining habitat quality can be

categorized into two main categories. The first strategy was the comparative evaluation based

on several computer models, such as ecological niche model, ecological suitability model,

SolVES model and InVEST model [15–18]. The other strategy was to adopt a comprehensive

index evaluation based method [19, 20]. Overall, the previous habitat quality research pro-

grams were based on survey data relating to wild animals and plants at a single point of time,

establishing a habitat quality evaluation index system and scoring criteria (including species

richness and vegetation coverage) to measure the habitat quality index, and conducting static

studies on the quality level of regional or community habitats [21–23]. Because of the limita-

tions in data accumulation and the research methods, less attention has been paid to the

dynamic monitoring of habitat quality and its spatial changes [24]. In recent years, with the

application of mathematical models and the advancements in Global Positioning System

(GPS), Geographic Information System (GIS), and Remote Sensing (RS) technologies, scholars

have started to pay attention to the spatio-temporal differences in habitat quality, particularly

with the invention and widespread application of the InVEST model, which has promoted the

development of habitat quality research [25, 26].

In terms of land-use, the existing models for predicting land-use change include system

dynamics, artificial neural networks, GIS-optimization modeling, random prediction, empiri-

cal regression, Cellular Automata (CA)-Markov model, and conversion of land use and its
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effects (CLUE)-S. The CA-Markov model combines the ability of long-term predictions

offered by the Markov model with the advantage of spatial change simulation of complex sys-

tems offered by the CA model. It can simulate land-use changes from different spatio-temporal

scales and improve the prediction accuracy [27]. Therefore, the CA–Markov model has been

widely applied in case studies [6, 28–30].

Current research on the responses to land-use change and habitat quality mainly focuses on

analyzing the characteristics of its historical and present evolution, and there is insufficient

research on long-term monitoring, future scenario simulation and the prediction of develop-

ment trends in habitat quality. However, only a few scholars have carried out research on the

prediction of habitat quality, mainly from the perspective of a single land-use scenario, without

considering the possibility of different scenarios and the diversity of future regional develop-

ment plans. The InVEST model and the CA–Markov model have achieved good evaluation

results in their respective research fields, but the two have rarely been applied in combination

in a study of the scenario simulation of regional habitat quality. In order to supplement these

gaps in the literature, we attempted to combine the InVEST model and the CA-Markov model

to carry out the study of habitat quality change under different development scenarios in the

future, and selected a typical area to verify the effectiveness of this combination in the multi-

scenario prediction of habitat quality.

The Huaihe River Basin is located between the Yangtze River Basin and the Yellow River

Basin. It is an important grain production base and energy, mineral, and manufacturing base

in China. The river basin is densely populated with 600 people/km2, which is far greater than

the national population density of 148 people/km2, but the overall economic development is

relatively slow [31]. For a long time, under the development model of economic priority, the

non-point source pollution problem of industry and agriculture in the Huaihe River Basin was

prominent, resulting in serious ecological damage and low environmental quality. Although

China has started to increase its efforts towards developing ecological awareness in the recent

years, the current state of ecological deterioration is difficult to reverse in the short term. In

October 2018, the Chinese government released the "Huaihe River Economic Belt Develop-

ment Plan" to promote the coordinated development of ecological conservation and the econ-

omy of the Huaihe River Basin, and is committed to building China’s fourth growth pole [32].

As a new field of research, the Huaihe River Economic Belt has entered scholarly focus, and

various studies on this field need to be undertaken urgently.

Huaihe River Economic Belt plays an important role in China’s future development layout.

However, there are few studies on this area, which leads to the lack of necessary scientific

information and reference basis for government departments in this area to formulate future

sustainable development strategies and management policies. Reasonable land-use policy is

the basis of regional sustainable development, and habitat quality is an important indicator to

measure regional ecological environment health. Therefore, grasping the evolution law of land

use and habitat quality is of great value for local decision-makers to improve the sustainability

of land resource utlization, biodiversity conservation and ecosystem management.

Given the above considerations, our primary goal was to provide scientific information and

reference for local decision-makers of the Huaihe River Economic Belt to formulate rational

land-use policies and biodiversity conservation strategies, based on the analysis of historical

evolution characteristics and future development trends of land use and habitat quality. Thus,

we have integrated the CA-Markov and InVEST models to evaluate and scenario-simulate the

dynamic evolution of habitat quality under the impact of land-use changes. Our detailed

research objectives were as follows: (1) to reveal the characteristics of past and present land-

use change and simulate different land-use scenarios for the future, (2) to evaluate the histori-

cal and current spatio-temporal evolution of habitat quality and predict its future development
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trends under alternative scenarios, (3) to analyze the impact of land-use change on habitat

quality in different scenarios, and (4) to put forward land management strategies and policy

suggestions for the future development of the Huaihe River Economic belt.

Materials and methods

Study area

The Huaihe River Economic Belt (31˚010 to 36˚120N, 112˚150 to 120˚540E) covers the area

where the main stream and first-class tributaries of Huaihe River and the Yishusi River Basin

flow as the planning scope (Fig 1). It extends across 152 counties belonging to 28 prefecture-

level cities in the five provinces of Jiangsu, Shandong, Anhui, Henan and Hubei, covering a

total area of 243,000 km2. This area is located in the climate transition zone between the north

and the south of China, and is rich in biodiversity [32]. The topography is higher in the west

and lower in the east, and the terrain fluctuations are relatively minimal with vast plains. There

are two large mountainous areas in the study area: one is the Dabie mountainous area located

in the southwest, and the other is the Yimeng mountainous area located in the northeast. It

has four large freshwater lakes, namely Nansi Lake, Luoma Lake, Hongze Lake, and Gaoyou

Lake, along the Beijing-Hangzhou Grand Canal from the north to the south. At the end of

2017, the resident population was 146 million, accounting for 10.5% of China’s total popula-

tion, and the per capita GDP was USD 6,921, sitting lower than the national average of USD

8,931. The Huaihe River Economic Belt is located in the core area of the Huaihe River Basin. It

has many rivers and lakes and is rich in surface water resources, and there are nine national

nature reserves in the study area. The local ecosystems and habitats are facing severe pressure

and threats.

Data sources and preprocessing

Four data sources were used in this study:

Fig 1. Location and elevation of the Huaihe River Economic Belt.

https://doi.org/10.1371/journal.pone.0249566.g001
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1. Land-use 1km×1km raster data in 1995, 2005 and 2015, and GDP and population density

spatial distribution 1km×1km raster data in 2015, all provided by the Chinese Academy of

Sciences’ Resource and Environmental Sciences Data Center (http://www.resdc.cn/). The

land-use raster data are the classified remote sensing data product. They were generated by

the Chinese Academy of Sciences’ Resource and Environmental Sciences Data Center

based on Landsat remote-sensing images, using an artificial visual interpretation method.

This data center divided land-use types into twenty-five classes, and provides free access to

the public. The GDP spatial distribution raster data were determined by this data center on

the basis of a comprehensive consideration of multiple factors such as land-use type, night

light brightness, and residential density that are closely related to human economic activi-

ties, using the multi-factor weight method to distribute the county-level GDP statistics data

into grid units [33]. The population density spatial distribution raster data were determined

by this data center on the basis of a comprehensive consideration of multiple factors such as

land-use type, night light brightness, and residential density that are closely related to popu-

lation, using the multi-factor weight method to distribute the county-level demographic sta-

tistics data into grid units [34].

2. Annual average temperature and precipitation spatial distribution 1km×1km raster data,

provided by the China Meteorological Science Data Center (http://data.cma.cn/).

3. Elevation, slope and aspect data extracted from the SRTM DEM 90m raster data down-

loaded from the China Geospatial Data Cloud Platform (http://www.gscloud.cn/).

4. Vector data including railways, highways, national roads, provincial roads and county

roads, provided by the National Fundamental Geographic Information System (http://

nfgis.nsdi.gov.cn).

With reference to the Land-Use/Land-Cover Remote Sensing Monitoring Data Classifica-

tion System of the Chinese Academy of Sciences, and according to the research needs and

actual land-use situation in the Huaihe River Economic Belt, we used the ArcGIS 10.2 platform

(ESRI, Redlands, CA, USA) to reclassify the original raster data containing twenty-five land-

use types into eight categories: farmland, woodland, grassland, water, urban land, rural resi-

dential land, industrial and traffic land, and barren land. In order to express them more clearly,

we have further converted the urban land, rural residential land and industrial and traffic land

into built-up area. The evaluation unit was a 1km×1km grid unit and all spatial data were pro-

cessed as a 1km×1km raster layer on the ArcGIS 10.2 platform (ESRI, Redlands, CA, USA).

Research methods

This study mainly started from the perspective of land-use change, focused on simulating the

evolution trend of habitat quality in the Huaihe River Economic Belt under different develop-

ment scenarios in the future. Therefore, there were two core research contents: one was the

multi-scenario simulation of land-use change, and the other was the assessment of the habitat

quality in a long-term series. Considering the advantages of the CA-Markov model in land-use

prediction and the widespread recognition of the InVEST model in the evaluation of habitat

quality, we used the CA-Markov model to simulate future land-use changes in the Huaihe

River Economic Belt under three different development scenarios including fast urban growth

scenario, farmland conservation-oriented scenario and ecological conservation-oriented sce-

nario. We used the InVEST model to evaluate the habitat quality from 1995 to 2015 in the

Huaihe River Economic Belt, and further analyzed the future change characteristics in habitat

quality under the above mentioned three development scenarios.
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Cellular Automata (CA)–Markov model. The Markov model is a traditional method for

simulating land-use change. When we assume no aftereffects, the status of the land-use type in

the study area at time t+1 depends only on the status of the land-use type at time t [28]. The

land-use change process can be expressed as follows:

Sðtþ1Þ ¼ P � SðtÞ ð1Þ

where S(t) and S(t+1) are the column vectors of the land-use type status at time t and t+1, respec-

tively, P is the land-use transition probability matrix, and its element pij is the transition proba-

bility of occurrence from type i to type j. Furthermore, pij can be calculated as follows:

Pij ¼ ðAij=
Xn

j¼1
AijÞ � 100% ð2Þ

where Aij is the area where type i converts to type j in the process of land-use change.

CA is a complex dynamic model that is discrete in time, space, and state, and has been

widely used in land-use change simulation research. Its basic components include cell space,

cell unit size, state set, state transition rule, and neighborhood range [27]. It can be expressed

as follows:

Sðtþ1Þ ¼ f ðSðtÞ;NÞ ð3Þ

where S is the set of finite and discrete cellular states, S(t) and S(t+1) are the system state results

at time t and t+1, N is the cellular neighborhood range, and f is the state transition rule func-

tion of cellular interaction in the neighborhood range.

The CA–Markov model combines the respective advantages of the Markov model and the

CA model [28]. Its working principle is to take the land use in the base period as the initial

state based on the land-use transfer area in its previous stage and the land suitability atlas

under the influence of multiple factors in the starting year [35]. The land-use type is then redis-

tributed until the area predicted by the Markov chain is reached. This method solves the bot-

tleneck problem of land-use spatio-temporal synchronous simulation. We used the CA–

Markov module in the IDRISI Selva 17.0 software [36] to predict the land-use spatio-temporal

pattern in the Huaihe River Economic Belt for different development scenarios in 2025. The

simulation process had the following key steps:

1. Conversion rules: We used the land-use spatial data of 1995, 2005, and 2015 to calculate the

land-use transfer area matrix and the transfer probability matrix for 1995 to 2005 and 2005

to 2015, which we then used as the conversion rules for predicting the land-use spatial pat-

tern in 2015 and 2025.

2. Selection of driving factors for land-use change: Drawing on previous research results [18,

27], we selected 15 factors as the driving factors for land-use change from four aspects,

namely topographic factors including elevation, slope, and aspect; meteorological factors

including temperature and precipitation; distance factors including distance to water, dis-

tance to urban land, distance to rural residential land, distance to railway, distance to high-

way, distance to the national road, and distance to provincial roads and county roads; and

socioeconomic factors including GDP and population density. The data of each driving fac-

tor were spatialized to prepare for the construction of the land-use suitability atlas.

3. Production of land-use suitability atlas: A logistic regression model is a nonlinear model

often used in regression analysis of two-category or multicategory dependent variables and

is currently widely used in the study of the forces driving land use and landscape change
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[17, 18, 24]. The regression equation is as follows:

logit½Pi=ð1 � PiÞ� ¼ b0 þ b1x1 þ b2x2 þ � � � þ bnxn ð4Þ

where Pi is the probability of occurrence for land-use type i in each grid; x1, x2, . . ., xn are

driving factors that affect the land-use type transition; β0 is the constant; and β1, β2, . . ., βn
are the regression coefficients, which indicate driving direction and magnitude of the fac-

tors on land-use change in the grid unit. The regression analysis method calculates the

probability of each land-use type in each grid, screens out the factors that have an important

influence on the land-use pattern, and fits them to obtain the regression equation.

Taking each land-use type as a dependent variable and the 15 driving factors as the inde-

pendent variables, we used the LogisticReg module in IRISI32 to perform a logistic regres-

sion analysis to calculate the spatial distribution probability map of each land-use type, and

then used the Collection Editor module in IRISI32 to integrate all the probability maps into

a file to obtain the suitability atlas.

4. Construction of CA filter: Based on the relevant studies [28, 29, 37], we used a 5 × 5 filter.

5. Determination of the starting time and the number of CA cycles: We took the land-use pat-

terns in 2005 and 2015, respectively, as the starting years to simulate the land-use pattern

for 2015 and 2025, and in both cases, we set the number of CA cycles to 10.

6. Land-use simulation accuracy test: To ensure the reliability of the simulation results, the

Kappa coefficient [27, 37] was used to test the precision of the simulated land-use pattern.

The formula is expressed as follows:

Kappa ¼ bðPo � PcÞ=ðPp � PcÞc ð5Þ

where Po is the correct ratio of correctly simulated grid units, Pc is the ratio of correctly sim-

ulated grid units under random conditions, and Pp is the ratio of correctly simulated grid

units under ideal conditions, which is 100%. It is generally believed that a Kappa greater

than 0.8 indicates strong consistency and an excellent simulation effect, and that a Kappa

less than 0.4 indicates a poor simulation effect.

We used the CrossTab module in IDRISI Selva 17.0 [36] to calculate the Kappa coefficient

in 2015. We input the actual land-use map in 2015 and the land-use map in 2015 simulated

by CA-Markov model into the CrossTab module. After that operation, the Kappa coeffi-

cient was 0.93, indicating that the simulation effect of the CA-Markov model in this study

was excellent. Therefore, we used the validated CA-Markov model to predict land-use types

in 2025.

7. Land-use scenario settings: We set up three different scenarios to predict the land-use spa-

tio-temporal pattern in 2025. The first was the fast urban growth scenario. Under this sce-

nario, the urban land expansion rate was 5.68%, which was consistent with the average

annual growth rate of urban land in the Huaihe River Economic Belt during the rapid

urbanization period from 2005 to 2015 [24, 31]; during this period, farmlands and ecologi-

cal lands (defined as woodland, grassland, and water) were in rapid decline and were being

converted into urban lands. The second scenario was the farmland conservation-oriented

scenario. In this instance, farmlands would have been effectively protected and increased

due to the strict implementation of the farmland occupation and compensation balance

policy, and the urban lands expansion rate would be 1.45%, which was consistent with the

average annual growth rate of the urban population in the Huaihe River Economic Belt

from 2005 to 2015 [24, 31]. The third scenario was the ecological conservation-oriented
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scenario, within which the ecological lands would have been effectively protected, urban

lands would no longer grow in areas, rural residential lands and industrial and traffic lands

would be further reduced, while areas covering woodlands, grasslands, and water would

increase.

InVEST model. The InVEST model, which is used to evaluate ecosystem function [26],

was jointly developed by Stanford University, The Nature Conservancy, and the World Wild-

life Fund. The habitat quality module in the InVEST model calculates the habitat quality index

by combining landscape type sensitivity and external threat intensity, and evaluates biodiver-

sity service functions based on the index: the greater the index, the higher the habitat quality

and the greater the biodiversity [26, 38]. The equation is as follows:

Qxj ¼ Hjbk
Z=ðDZ

xj þ kZÞc ð6Þ

where Qxj is the habitat quality of grid x in land-use type j, Dxj is the threat level of grid x in

land-use type j, Hj is the habitat suitability of land-use type j, k is a half-saturation constant

that is usually half of the maximum value of Dxj, and z is the normalisation constant, which is

usually 2.5. Dxj can be calculated as follows:

Dxj ¼
XR

r¼1

XYr

y¼1
ðwr=

XR

r¼1
wrÞryirxybxSjr ð7Þ

where R is the number of threat factors, y is the number of grids on the raster layer of the threat

factor r, Yr is the number of grids occupied by the threat factor on the land-use type layer, wr is

the weight of the threat factor, ry is the threat factor value of grid y, irxy is the habitat threat

level of grid x from threat factor r on grid y, βx is the reachability level of grid x, and Sjr is the

sensitivity of land-use type j to threat factor r. Here, irxy can be calculated as follows:

irxy ¼ 1 � ðdxy=drmaxÞ if linear ð8Þ

irxy ¼ 1 � ðdxy=drmaxÞ if exponential ð9Þ

where dxy is the straight line distance between grid x and grid y and drmax is the maximum

influence distance of threat factor r.
The first key issue to run the InVEST habitat quality module is to determine the threat fac-

tors. In this study, we mainly analyzed habitat quality changes from the perspective of land-use

change. The Huaihe River Economic Belt is an important agricultural production base and a

cluster of industrial cities in China. In the context of rapid urbanization and industrialization,

the expansion of construction land and the development of industrial and agricultural activi-

ties are the main sources of habitat threat. Therefore, we selected farmlands, urban lands, rural

residential lands, and industrial and traffic lands as the threat factors. The second key issue

was the consideration of model parameters. Based on the relevant literature [3, 11, 24, 27, 38–

42] and the expert knowledge, we assigned the maximum stress distance and weight of each

threat factor, and assigned the sensitivity of various habitat types to the threat factors (Tables 1

and 2). To facilitate the comparisons of habitat quality changes, and using the equal interval

method, we divided the habitat quality index into five grades: V (0 to 0.2), IV (0.2 to 0.4), III

(0.4 to 0.6), II (0.6 to 0.8), and I (0.8 to 1). From grade I to grade V, the habitat quality

worsened.
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Results

Land-use change in the Huaihe River Economic Belt

Spatio-temporal characteristics of land-use change from 1995 to 2015. Land use was

dominated by farmlands and built-up areas, accounting for approximately 82% of the total

area, and barren lands were rarely less than 1% (Fig 2). From the perspective of spatial distribu-

tion, farmlands comprised about 68% of the total area and were distributed almost everywhere

in the study area. Rural residential lands were around 11% of the total area and were scattered

throughout the study area in the form of dots. Urban lands were less than 3% but showed a

rapid growing trend. Woodlands and grasslands were mainly distributed in the southwest and

northeast mountainous regions, and water was mainly distributed in the middle and lower

reaches of the Huaihe River and the lake area along the Beijing-Hangzhou Grand Canal. From

1995 to 2015, the extent of area, where land-use changes occurred was about 4195 km2 in the

Huaihe River Economic Belt. Land-use changes were mostly represented by the rapid increase

of built-up areas, concomitant with the continuous decrease of farmlands, woodlands and

grasslands. Changes in water and barren lands were relatively stable.

Land-use change under different future scenarios. Land-use change in the Huaihe River

Economic Belt under different future scenarios simulated by the CA–Markov model was con-

siderably different (Fig 3). Under the fast urban growth scenario (Fig 3a), urban lands

expanded rapidly outwards and occupied other land cover types. From 2015 to 2025, urban

lands would be increased by 3815 km2, rural residential lands would be increased by 1020 km2,

industrial and traffic lands would be increased by 1239 km2. The other land types all decreased

in area compared to 2015, with farmland decreasing the most by 2333km2, and woodland,

grassland and water decreasing by 1458km2, 777km2, and 1530km2, respectively. Under the

farmland conservation-oriented scenario (Fig 3b), urban land expansion would be increased

by only 1093 km2, while industrial and traffic lands would be increased by 267 km2, and rural

residential lands would be decreased by 1166 km2. Farmlands were successfully protected and

showed a slight increase of 1118 km2, which was mainly attributed to the consolidation of

abandoned rural residential lands. Woodlands, grasslands and areas with water decreased by

Table 1. Maximum distance, weight and spatial decay type of the threat factors affecting habitat quality.

Threat factor Maximum distance (km) Weight Spatial decay type

Farmland 6 0.6 Exponential

Urban land 10 0.9 Exponential

Rural residential land 8 0.7 Exponential

Industrial and traffic land 12 1 Linear

https://doi.org/10.1371/journal.pone.0249566.t001

Table 2. The habitat suitability and sensitivity of land-use type to each threat factor.

Land-use type Habitat suitability Farmland Urban land Rural residential land Industrial and traffic land

Farmland 0.3 0 0.6 0.4 0.5

Woodland 1 0.7 0.9 0.8 0.9

Grassland 0.6 0.4 0.5 0.4 0.5

Water 0.8 0.7 0.9 0.8 0.9

Urban land 0 0 0 0 0

Rural residential land 0 0 0 0 0

Industrial and traffic land 0 0 0 0 0

Barren land 0.2 0.2 0.5 0.4 0.3

https://doi.org/10.1371/journal.pone.0249566.t002
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2.66%, 4.12% and 2.33%, respectively. Under the ecological conservation-oriented scenario

(Fig 3c), urban lands remained almost unchanged, while rural residential lands, industrial and

traffic lands and farmlands were reduced by 10.56%, 14.67% and 0.69%, respectively, and were

mainly converted to ecological lands. Woodlands would be increased the most by 4058 km2,

while grasslands and areas with water would be increased slightly, and 122 km2 of barren lands

would be converted as woodlands.

Habitat quality change in the Huaihe River Economic Belt

Spatio-temporal change of habitat quality from 1995 to 2015. The overall habitat qual-

ity in the study area was poor and dominated by grade IV and grade V. The habitat quality

average values in 1995, 2005, and 2015 were 0.3662, 0.3618, and 0.3538, respectively, indicating

that the habitat quality in the study area has been continuously declining.

As per the spatial distribution patterns (Fig 4), the habitat quality was higher in the south-

west and northeast areas but lower in the middle regions. The habitat quality distribution was

highly consistent with the distribution characteristics of land-use types. Grade I and grade II

were concentrated in the Dabie mountainous area in the southwest, the middle and lower

Fig 2. Area ratio of each land-use type in 1995, 2005, 2015 and 2025 (Note: Scenario I represents fast urban

growth scenario, scenario II represents farmland conservation-oriented scenario, scenario III represents

ecological conservation-oriented scenario).

https://doi.org/10.1371/journal.pone.0249566.g002

Fig 3. Spatial distribution of land use in 2025 in (a) fast urban growth scenario; (b) farmland conservation-oriented scenario; and, (c) ecological

conservation-oriented scenario.

https://doi.org/10.1371/journal.pone.0249566.g003
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reaches of the Huaihe River, and the lake distribution area including Nansi Lake, Hongze

Lake, Gaoyou Lake, and Luoma Lake along the Beijing-Hangzhou Grand Canal. These areas

were marked by a concentrated distribution of woodland and water, which were less affected

by human interference and generally had higher habitat quality. Grade III was mainly distrib-

uted in the Yimeng mountainous area in the northeast, and some were distributed in the

Dabie mountainous area, and the land types in these regions were dominated by grasslands.

Grade IV was distributed almost everywhere in the study area and the land types were domi-

nated by farmlands. Grade V was scattered throughout the study area in the form of clumps

and dots, and the spatial distribution coincided strongly with the distribution of the built-up

areas and barren lands. From 1995 to 2015, the extent of area where changes in habitat quality

occurred was about 4190 km2 in the Huaihe River Economic Belt. The changed areas were not

concentrated, but scattered throughout the study area in the form of dots. The habitat quality

changes during this period have mostly been represented by the increase in grade V, and the

varying degrees of reduction of the other four grades (Fig 5). The most prominent direction of

change was the conversion of grade IV to grade V, accounting for about 71% of the total

changed areas, mainly because of the continuous shrinkage of habitat patches because of the

large-scale expansion of built-up areas.

Habitat quality under different land-use scenarios. The future habitat quality changes

under different land-use scenarios in the Huaihe River Economic Belt simulated by the combi-

nation of the CA–Markov and InVEST models were significantly different (Figs 6 and 7).

Under the fast urban growth scenario, the average values of habitat quality in 2025 was 0.3403,

decreasing by 0.0135 as compared to that in 2015. Under the farmland conservation-oriented

scenario, the average values of habitat quality in 2025 was 0.3529, decreasing by 0.0009 as com-

pared to that in 2015. Under the ecological conservation-oriented scenario, the average values

of habitat quality in 2025 was 0.3715, increasing by 0.0177 as compared to that in 2015. The

future habitat quality in the study area showed a downward trend under the fast urban growth

scenario and farmland conservation-oriented scenario, and the ecological environment may

further deteriorate. In contrast, it showed a growth trend under the ecological conservation-

oriented scenario, with the ecological environment developing productively.

From 2015 to 2025, under the fast urban growth scenario (Fig 7a), the changes in habitat

quality occurred in about 4651 km2 of the study area. The areas of change were mostly concen-

trated around the urban lands. The habitat quality change was represented by a significant

increase in grade V areas, and varying degrees of reduction among the other four grades. The

most prominent change direction was the conversion of grade IV to grade V, accounting for

Fig 4. Spatial distribution of habitat quality in 1995, 2005 and 2015.

https://doi.org/10.1371/journal.pone.0249566.g004
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about 52% of the total change area, mainly because of the large-scale conversion of farmlands

near cities to urban lands due to the rapid urbanization under this scenario. Under the farm-

land conservation-oriented scenario (Fig 7b), from 2015 to 2025, the changes in habitat quality

occurred in about 3438 km2 of the study area, and the changed areas were scattered. The most

prominent direction of the change was the conversion between grade IV and grade V,

accounting for about 62% of the total change area, mainly because in this scenario, although

the urbanization growth rate was slowed, some farmlands would be still occupied by urban

expansion, and at the same time, a large quantity of rural residential lands would be converted

into farmlands due to the need for farmland protection. Compared with the above mentioned

two scenarios, the change areas of habitat quality under the ecological conservation-oriented

scenario were larger, reaching 6345 km2 (Fig 7c). From 2015 to 2025, the habitat quality

Fig 5. Area ratio of different change directions of habitat quality grades from 1995 to 2015.

https://doi.org/10.1371/journal.pone.0249566.g005
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change was represented by a significant decrease of grade V and grade IV, and varying degrees

of increase among the other three grades. Grade I would be increased by 4047 km2, accounting

for about 64% of the total change area. This phenomenon was mainly attributed to the large

quantity of farmlands, rural residential lands and industrial and traffic lands converted into

woodlands due to the need for ecological protection.

Discussion

Land-use change affecting habitat quality

From 1995 to 2015, the habitat quality was changed in about 4190 km2 of the study area. At

the same time, land-use was changed in about 4195 km2 of the study area. By spatially super-

imposing the habitat quality and the land-use change areas in the ArcGIS 10.2 platform (ESRI,

Redlands, CA, USA), we found that the overlap rate of the two was 99.88%, indicating that

land-use change was the main driver of the habitat quality change. Degradation was the main

feature of habitat quality changes from 1995 to 2015 in the study area, which was closely

related to the expansion of the built-up areas. The increase of habitat quality in a very few

areas benefitted from the local growth of ecological lands such as woodlands, grasslands and

areas with water. Sun et al. [11] used the InVEST model to monitor the spatio-temporal

dynamics of habitat quality in the Nansihu Lake Basin and analyzed the impact factors of

Fig 6. Spatial distribution of habitat quality in 2025 in (a) fast urban growth scenario, (b) farmland conservation-oriented scenario, and (c)

ecological conservation-oriented scenario.

https://doi.org/10.1371/journal.pone.0249566.g006

Fig 7. Area ratio of different change directions of habitat quality grades from 2015 to 2025 in (a) fast urban growth scenario, (b) farmland

conservation-oriented scenario, and (c) ecological conservation-oriented scenario.

https://doi.org/10.1371/journal.pone.0249566.g007
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habitat quality change. Xu et al. [3] used the InVEST model to evaluate habitat quality and ana-

lyzed the impacts of land-use change on habitat quality during 1985 to 2015 in the Taihu Lake

Basin. Yan et al. [18] used the logistic multiple regression model to analyze the driving forces

of the changes in habitat quality in the northeast area of Beijing. Moreira et al. [38] used the

InVEST model to assess the habitat conservation status in Pico Island from the perspective of

land-use. Sallustio et al. [43] assessed habitat quality and degradation based on a high-resolu-

tion land-use map of Italy. Aneseyee et al. [44] used the InVEST model to evaluate the spatio-

temporal evolution of habitat quality in the Omo-Gibe Basin of Ethiopia, and used the Pear-

son’s correlation coefficient to analyze the correlation of the habitat quality and the impact fac-

tors. All of them found that the land-use change was the main driving factor for regional

habitat quality degradation, which was consistent with our results.

Habitat quality future simulation

Habitat quality is an important indicator to measure the health of the regional ecological envi-

ronment. Predicting the future trends of habitat quality change can provide a scientific basis

for the government to formulate land-use policies that are conducive to maintaining biodiver-

sity and preventing the deterioration of regional ecological integrity. Li et al. [25] combined

the SLEUTH and InVEST models to simulate the future habitat quality of Changzhou City,

mainly from the perspective of the urban growth scenario. This kind of study, using a single

scenario simulation to obtain the degradation of future habitat quality, can also provide a ref-

erence for formulating regional land-use policies, but it lacks the diversity of options for deci-

sion-makers. With the increasing awareness of farmland protection and ecological protection

in China [45, 46], the traditional urban development model through the long-term unre-

stricted and fast-growing built-up areas might change. Land-use change trends in the future

may have more different possibilities. The characteristics of future habitat quality changes

under different land-use scenarios are different. These issues have highlighted the limitations

of single scenario research.

We used a combination of the CA–Markov and InVEST models to simulate the future

change trends of habitat quality in the Huaihe River Economic Belt under three different land-

use scenarios: the fast urban growth scenario, the farmland conservation-oriented scenario

and the ecological conservation-oriented scenario. This approach would provide decision-

makers with multiple options to adjust land-use policies to formulate future development

plans. It also effectively makes up for the shortcomings of single land-use scenario simulations.

Our study found that the development trends of future habitat quality under the different

land-use scenarios in the Huaihe River Economic Belt would be very different. Under the fast

urban growth scenario, the future habitat quality will drop sharply, whereas the biodiversity

degradation pressure would be particularly higher in the surrounding areas of the urban lands

and the ecological environment would deteriorate further. In the future, it will be necessary to

focus on the monitoring of the dynamic changes of land use in the sub-urban lands under this

scenario. Under the farmland conservation-oriented scenario, the expansion rate and area of

future urban lands would be significantly lower than those in the fast urban growth scenario,

and the farmlands would be effectively protected. The projected habitat quality in 2025 would

be slightly decreased as compared to that of 2015 under this scenario, and the risks of biodiver-

sity degradation in the future could be relatively lesser. Under the ecological conservation-ori-

ented scenario, the future habitat quality would increase, where the biodiversity and ecological

environment will be improved. The expansion of built-up areas would have been curbed

under this scenario, and the further development of cities should abandon the traditional

model of extensional expansion and embark on the path of intensively using land.
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Policy implications

The social and economic development of the Huaihe River Economic Belt is ever growing and

land use is constantly changing, as a result, the decline of habitat quality in the study area is

becoming increasingly prominent. To protect the biodiversity in the Huaihe River Economic

Belt and achieve a sustainable development, it is suggested that the corresponding scientific

land management strategies should be implemented in a targeted manner, according to the

regional differences in habitat quality.

In the southwest and northeast mountainous regions, the areas along the Huaihe River and

along the Beijing-Hangzhou Grand Canal, the land-use types are mainly woodlands and

water, which are important habitat gathering areas with high habitat quality (grade I and grade

II). For these areas, the occupation of ecological lands by built-up areas should be strictly con-

trolled, and extremely important habitat patches and ecological spaces such as forests, lakes

and rivers should be vigorously protected. In addition, for some habitat patches such as bot-

tomland and shallows, which are small and easily occupied by urban development, attention

needs to be paid to their important role in maintaining biodiversity and habitat diversity [3].

The protection of these above areas with high habitat quality and rich biodiversity can be

strengthened through government intervention, such as the delineation of ecological protec-

tion zones by government departments to limit the interference of human activities in these

areas [47]. In areas with grade IV of habitat quality, where farmland is the main land-use type.

For these areas, although the habitat quality is poor, as the core carrier of agricultural produc-

tion, farmland plays an important role in ensuring food security. Especially for China, a coun-

try with a large population, farmland must be effectively protected in order to achieve food

security and maintain social stability. The Huai River basin is an important grain production

base in China, the occupation of farmlands by built-up areas needs to be reduced in the future.

It is recommended to stabilize the agricultural space and reduce the loss of important farmland

resources by strictly controlling farmland transition and implementing the farmland occupa-

tion and compensation balance policy. In addition, the local government of the Huaihe River

Economic Belt should delimit the high-quality farmland resources as the permanent basic

farmland protection zones to strengthen the construction of farmland ecosystem [48]. In areas

with grade V of habitat quality, where built-up area is the main land-use type. For these areas,

it is necessary to optimize the allocation of land use on the premise of understanding the risk

of biodiversity loss. Delineation of urban growth boundary is regarded as an effective way to

control disorderly urban sprawl and curb biodiversity decline, our results can provide an

important reference for the urban planning process of the Huaihe River Economic Belt. Specif-

ically, local decision-makers and planners should select districts with low habitat quality as

built-up areas, and the urban growth boundary can be determined on the basis of a given area

of construction land requirements [3]. This study has predicted the demand quantity and dis-

tribution pattern of urban lands under three different land-use scenarios in the future, which

provides decision-makers with a variety of options for formulating different urban growth

boundaries.

There are 28 cities of the Huaihe River Economic Belt, and their development mode, socio-

economic conditions, and biodiversity problems differ significantly. In the process of land-use

policy formulation, it is necessary to highlight the characteristics of each city, the economic

benefits and ecological benefits must be balanced. We have proposed three different land-use

scenarios and development orientations, and predicted their differences in future land-use pat-

terns and habitat quality changes. These cities can refer to our results to choose a suitable land-

use development mode. Cities that have high economic level but low habitat quality, such as

Yangzhou, Taizhou, Xuzhou, Yancheng, Huai’an and Zaozhuang, are suitable for choosing the
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ecological conservation-oriented development scenario. These cities should give priority to

ecological benefits in the future development process, enhance habitat quality and strengthen

biodiversity conservation by optimizing land-use structure and layout. The extensional expan-

sion of built-up area is restricted in this development scenario, the utilization efficiency of

existing built-up area must be improved to meet the land demand of economic growth and

construction activities. Cities that have high habitat quality but low economic level, such as

Lu’an, Xiaogan, Suizhou, Nanyang and Xinyang, are suitable for choosing the fast urban

growth development scenario. These cities have a weak economic foundation but good eco-

logical background conditions, in the short-term, the pursuit of rapid development is the main

goal of these cities. In the process of formulating land-use policy, the requirements for ecologi-

cal protection can be appropriately reduced so as not to hinder economic development in

these economically backward cities. Although this development scenario allows the increase of

built-up area, it is necessary to avoid blind and disorderly expansion of cities, prevent the

destruction of important habitat patches, and use land planning to guide the rational use of

construction land. Most of the cities located in the middle regions of the Huaihe River Eco-

nomic Belt, such as Heze, Shangqiu, Zhoukou, Zhumadian, Fuyang, Bozhou, Huaibei, Suzhou,

Bengbu and Suqian, are the gathering areas of farmland. Protecting farmland to ensure food

security is an important task for these cities, they are suitable for choosing the farmland con-

servation-oriented development scenario.

Limitations and outlook

The current study explored the characteristics of the spatio-temporal evolution of habitat qual-

ity and predicted its future development trends under different land-use change scenarios in

the Huaihe River Economic Belt by using the CA–Markov and InVEST models. The combina-

tion of these models provided an effective method for monitoring and scenario-simulating the

dynamic evolution of the regional land-use patterns and their respective habitat quality. Yet,

this study still has some limitations. Regarding the technical management, there are strict arti-

ficial boundaries between different land-use types. However, these boundaries could not be

incorporated very clearly under the natural conditions. This kind of fuzzy boundary zone is

usually accompanied by more active material-flow and energy-flow exchange, and the fluctua-

tion of biodiversity is also more intense. In the process of assessing the habitat quality, these

areas were not differentiated, and this part of the research needs to be detailed in the future. In

general, the InVEST model has become more mature with the widespread application, and it

is superior to traditional methods used in spatial expression and dynamic research. However,

the parameter setting in the calculation process has certain subjectivity, parameter verification

and rationality evaluation are worth discussing in depth. In addition, the InVEST model esti-

mates habitat quality by accumulating the effects of various threat factors, but the simple accu-

mulation of the effects of each threat factor is not precisely equal to the comprehensive effect

of each threat factor on the habitat quality. Under some conditions, the collective effect of mul-

tiple threats may be considerably greater than the sum of individual threats. The InVEST

model does not consider this effect, and it needs to be improved for future applications. In

order to reduce these limitations of the InVEST model for evaluating habitat quality, it is nec-

essary to further supplement and optimize the model parameters by strengthening the collec-

tion of species occurrence data and considering the impact of specific human activities on

habitat quality. Using the species distribution model to improve the precision of the InVEST

model. That way, we could identify the habitats that target species inhabit more clearly, and

conduct a more subtle evaluation for the effect of land-use change on these habitats. In
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addition, obtaining first-hand biodiversity and habitat information through field investigation

is an important alternative strategy.

Conclusions

This study integrated the CA–Markov and InVEST models to analyze the dynamic evolution

characteristics of land-use and habitat quality from 1995 to 2015 in the Huaihe River Eco-

nomic Belt, and further simulated their spatio-temporal patterns and development trends

under three different land-use scenarios. On the basis of the above analysis, land management

and biodiversity conservation strategies in line with the different development orientations of

the study area were put forward. Several conclusions were made as follow. The land-use

change during the past 20 years in the Huaihe River Economic Belt was dominated by the con-

tinuous increase in built-up areas and decrease in farmlands and ecological lands, simulta-

neously, the habitat quality showed a continuous decline, indicating the impact of land-use

dynamics on the habitat quality change. Changes in land use and habitat quality under differ-

ent land-use scenarios and development orientations projected for 2025 were significantly dif-

ferent. The future habitat quality showed a dramatic downward trend with the built-up areas

would be expanded rapidly under the fast urban growth scenario, the future habitat quality

showed a slight downward trend with the urban lands would be expanded slowly and farm-

lands would be successfully protected under the farmland conservation-oriented scenario, the

future habitat quality showed an upward trend with the ecological lands would be increased

and urban lands remained almost unchanged under the ecological conservation-oriented sce-

nario. The findings from this study offered the potential to analyze the impact of land-use

dynamics on biodiversity. The results have provided scientific information and basis for local

government and decision-makers of the Huaihe River Economic Belt to optimizing regional

ecological environment, formulating rational land-use policies and biodiversity conservation

strategies.
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