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Abstract The ecological environment quality is an
important constraint and an optimization objective for
land resource allocation. Integrating ecological service
value (ESV) accounting and ecological security pattern
(ESP) delineation, and combining with the land use
structure of 2004/2010/2016 in Ezhou City, this research
laid out the urban ESP based on ESV with Net Primary
Productivity (NPP), and made it as the main influence
factor to simulate land use structure in 2022. The results
indicated that: 1) The water body has the biggest
contribution to ESV, while the construction land has the
minimum; 2) 91 ecological corridors are extracted, of
which 28 were important ecological corridors; there were
36 ecological nodes extracted, including 17 important
nodes; 3) According to ESV, Ezhou City was divided into
four security zones. The area of ecological restoration zone
was the largest, and human activity core zone area was the
smallest; 4) In the no ESP protection scenarios and ESP
protection scenarios separately, the net increase area of
construction land is from 868.5 hm” to 52.74 hm? in the
ecological core protection area; the construction land in the
human activity core area has been increased by 2342.31
hm? in protected scene, 766.23 hm” more than that of the
unprotected scene. The results show that the division of
security zones promoted the relocation of construction land
from ecological protection core zone to human activity
core zone, which can protect the ecological environment
effectively, and the ESP-based simulation can provide the
decision-making reference to coordinate the relationship of
regional land resource allocation and the ecological
environment protection.
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1 Introduction

Land use structure is the spatial distribution and quanti-
tative combination of various types of land resources under
certain input and constraint conditions. As a product of
natural factors and human activities, land use structure
change is with complicated process and evolution
mechanism, which is also the competition result of
different land use types under various driving forces (Li
et al., 2003). Current research is focusing on establishing
the land use structure optimization theory, simulating the
land use structure with appropriate model, and optimizing
the future land use pattern (Yan and Ji, 2001). A number of
models and algorithms, such as CA-Markov model
(Kityuttachai et al., 2013; Xu et al., 2017), probit
regression model (Liu et al., 2015), cellular automata
model (Wang et al., 2012) have been conducted on the land
use structure simulation and predication in different
regional scales. The land carrying capacity (Zhu et al.,
2014) and land resource optimization allocation (Wang
etal., 2012; Yuan and Liu, 2014) are analyzed to reveal the
relationship between land use change and the driving
factors in terms of nature, resource, population and
economy (Pan et al., 2010; Munteanu et al., 2014; van
Vliet et al., 2015). Ecological factor is also concerned and
used as an important constraint and an optimization
objective for the land resource allocation (Feng et al.,
2009; Zhao et al., 2011). Under different ecological
environment conditions, the framework for land use
optimization models is proposed (Lin and Liu, 2002),
and optimization method of land use structure is explored
effectively (Xiang and Meng, 2013). In these studies, some
ecological security constraint elements are considered in
the process of land use change (Yu et al., 2014), and
ecological source factors (Wei et al., 2016) such as water
and woodlands were used for the land use simulation. The
spatial-temporal pattern of land ecological security was
evaluated with some math models (Meng et al., 2014; Yu
et al., 2017). The interaction mechanism between land use
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change and ecological environment quality is explored, in
which the importance and restriction of ecological
environment in land use was illustrated (Song et al.,
2015; Du et al., 2017; Wang et al., 2018).

Ecological security is a state in which the ecological and
environmental resources in a country or a region are not
restricted or threatened by resources and the ecological
environment (Ma et al., 2013). More attention is paid to the
ecosystems service functions on human social systems (Li
et al., 2017; Verhagen et al., 2018; Xu et al., 2019). Based
on multi-source data, including statistical data, remote
sensing data and monitoring data (Raudsepp-Hearne et al.,
2010; Luo et al., 2013), index system is built to assess
ecological security. A lot of different models are invented,
such as pressure-state-response model (Bai and Tang,
2010), dynamic systems model (Li et al., 2015), gray
relational model (Yu et al., 2012; Wang et al., 2013; Yang
et al., 2013; Zhang et al., 2014), to analyze the spatial-
temporal evolution (You et al., 2011; Yang et al., 2013; Ye
et al., 2014) of ecological security and divide ESP (Cong
et al., 2018). Then, the land ecological security and the
quality of agricultural ecological environment is analyzed
(Gao et al., 2014; Zhang et al., 2015; Su et al., 2016).
These researches also discussed the relationship between
regional ecological environment and urban development,
integrated ecological security into urban development
planning decision, and combined the ecosystem pattern
and ecological evolution to analyze ecological early
warning, urban expansion and land space planning (Zhao
and Ma, 2014; Liu et al., 2018). Examples include the
study that analyzed the impact of ecological barriers in
urban expansion with the minimum cumulative resistance
model (MCR) (Zhang et al., 2017); the study that analyzed
the urban form and spatial pattern in the process of urban
growth under the various kinds of influence factors, such as
water resources, geological disasters and biodiversity
(Tang et al., 2009; Ren et al., 2013); the study that defined
the ecological bottom line of urban expansion based on
ecosystem services and security patterns, and the study that
delineated the urban growth boundary through the ESP and
urban expansion simulation (Zhou et al., 2014a). These
researches focused on the harmonious development
between urbanization and ecological security, and empha-
sized the restraint effect of ecological environment on
urban development (Hodson and Marvin, 2010; Zhou
et al., 2014b; Yu et al., 2017).

A lot of researches in the land use structure change
simulation and ecological security have been carried out
based on the identification of external conflicts and
pressures in the ecological safety system. These studies
reveal a close relationship between land use change and
ecosystem services triggered by urbanization. For land
resources allocation and utilization, as well as under-
standing and handling the forming process and impact
mechanism of land use structure, the systematic study of
the relationship between ecological services and land use

change is of great theoretical and practical significance.
The relationship of the spatiotemporal variation of land use
types with the ESV accounting and the ESP construction
has been discussed in many literatures. However, the ESV
that is used as the key constraint condition to make ESP for
land use structure change simulation lacks sufficient
practical discussion. The methods that mainly use panel
data supplemented by remote sensing data and the
administrative divisions as the evaluation unit can reflect
the overall situation. Since lack of field monitoring data
and the mismatch of data scale, the spatial characteristics
of ESP and its internal diversity of administrative units
can’t be accurately reflected.

Ezhou City is an important open port city in the middle
and lower reaches of the Yangtze River Economic Belt in
China. It is also an important part of Wuhan City Circle
and a demonstration area of ecological civilization in
Hubei Province, China. In the process of fast urbanization,
dramatic economic and spatial restructuring result in
tremendous land use/land cover change. These impacts
lead to continuous deterioration and losses in the
ecological values of fragile environment. Therefore, the
contradiction and conflicts between the urban development
and the ecological environmental protection appears very
prominent, and it is urgent to explore some solution. By
setting the ESP as a constraint to simulate the land use
pattern in different scenarios, we put forward the best land
use scheme, hoping to provide a discussion for the land use
research under the background of ecological civilization
construction, and provide a corresponding method refer-
ence for urban ecological environment protection and
sustainable use of land resources. In this study, we adopted
a variety of methods to perform a spatiotemporal analysis
of land use structure during 18 years (2004-2022), and the
research is designed with the objectives of (i) mapping
NPP by CASA model Carnegie-Ames-Stanford Approach
model) and estimating ESV based on NPP; (ii) dividing
ESP based on ESV; (iii) mapping spatiotemporal land use
status in 2004/2010/2016, and simulating land use
structure in 2022 under different kinds of scenarios.

2 Study area and materials
2.1 Study area

Ezhou City is located in the southeastern part of Hubei
Province, with east longitude 114°32'E-115°05'E, north
latitude 30°00'N—-30°06'N, and the city covers 1596 km? in
2017 (Fig. 1). Its geomorphic unit includes four types:
Yangtze River alluvial terrace, hilly landform, hilly plain
and stagnant alluvial plain. The average annual rainfall is
1282.8mm, the average annual evaporation is 1520 mm,
and the average temperature is 17°C as it has a subtropical
monsoon climate. Since it is known as “The city of
hundreds of lakes™ and “The land of fish and rice” , Ezhou
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Fig. 1 Geographic location of the study area.

City has a good natural geographical condition, and the
ecological environment is suitable for the growth of
various plants since its fertile soil and rich water resource.
The soil types include red soil, purple soil, tidal soil and
paddy soil. The soil organic matter content range of the
whole city is 12.8-55.7 g/kg, and the pH range is 5.28-8.1.
The natural vegetation is mainly trees, shrubs, and artificial
cultivation of economic forest is mainly tung tree, rape,
chestnut, and walnut.

2.2 Data sources and processing

The data sets used in this paper mainly include land cover
data, NDVI data, gridded meteorological data, and field
soil data.

The basic data for the land use structure dynamics
analyses was Landsat (2004, 2010, 2016) images from
“Data Center for Resources and Environment Sciences,
Chinese Academy of Sciences” (available at Resource and
Environment Science and Data Center website). The
preliminary results of land use data were obtained by
visual interpretation on remote sensing images, and then

the final land use data were obtained by modifying them
based on field survey data. Then the land use structure was
divided into 6 types, namely: cultivated land, garden land,
woodland, water area, construction land and others land
use. The types description and its correspondence with
current land classification standards in China are shown in
the table below (Table 1).

The Normalized Difference Vegetation Index (NDVI) is
downloaded from the MODIS vegetation index product
MOD13Q1 data set from USGS website, and its spatial
resolution is 250 m with a temporal resolution of 16 days.
The 46 month-to-month images of Ezhou City in 2016
were selected and the images were processed by MRT
(MODIS Reprojection Tool). After data mosaic and
combination, re-projection, the maximum value of the
month data was verified, and the NDVI of January to
December was obtained. Landsat TM data to get a monthly
NDVI data with a spatial resolution of 30m are integrated.

The meteorological data are from China National
Meteorological Information Center. It mainly included
monthly mean precipitation, monthly mean temperature
data, monthly solar total radiation data, and the geogra-
phical location information of each monitoring site
(coordinates and elevation) of 11 monitoring sites around
the study area in 2016. These data were interpolated by
Kriging method with ArcGIS®. The grid size and
coordinate system of the meteorological data are consistent
with remote sensing data.

Soil data was got from the agricultural bureau of Ezhou
City. Some data were supplemented with field sampling in
July 2016 and September 2017, and the sampling depth is
0-30 cm. Test items included the contents of total nitrogen
(N), total phosphorus (P) and total potassium (K) using soil
agrochemical routine method.

3 Research methods

The framework of the paper is shown in Fig. 2. First, the
land use structure of the study area is extracted, of which
spatiotemporal characteristics are analyzed. Secondly,
CASA model is used to calculate NPP, and ESV is
obtained from nine services types based on NPP. Thirdly,

Table 1 Land use types and their correspondence with current land classification standards in China

Land use type

Current land classification standards in China

Cultivated land
Garden land
Woodland
Water area

Construction
land

Others

Paddy fields, dry fields, irrigated fields
Orchards, tea gardens, other gardens
Woodlands, shrub woodlands, other woodlands
River, lake, reservoir, pond, coastal beach, inland beach, ditch

Cities, towns, villages, mining land, scenic spots and special land, railway land, road land, streets and lanes land, airport land, port land,
pipeline transport land, hydraulic construction land

Natural grassland, artificial grassland, other grassland, rural roads, idle land, agricultural land for facilities, sand, bare land (as the grassland

area is very small and the area is idle most of the time in this region, we classify the grassland into others land type.)
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Fig. 2 The flowchart of the study with key techniques and working procedure.

the ESP is given with MCR model according to ESV.
Finally, CA-Markov model is used to simulate the land use
structure in the near future with two scenarios.

3.1 Methods of ESP Delineation

3.1.1 NPP estimate— CASA model

NPP is the total amount of organic matter accumulated by
green vegetation per unit area of a unit of time, which is
defined as the difference between organic matter produced
by photosynthesis and organic matter consumed by
autotrophic respiration. There are three kinds of model
for NPP estimation: statistical model, parametric model
and process model. The paper use CASA parameter model
to simulate it (Yu et al., 2009). CASA model is a model of
light use efficiency in which remote sensing data,
meteorological data and vegetation types are used as the
input parameters. The NPP is mainly determined by
photosynthetic active radiation (APAR) absorbed by plants
and light energy utilization (g) (Potter et al., 1993). The
NPP can be calculated by the equations followed:

NPP(x,t) = APAR(x,t) x &(x,¢), (D
APAR(x,¢) = SOL(x,t) x FPAR(x,¢) x 0.5,  (2)

S(X,t) = Tlow(xﬂt) X Tlight(xﬁt) X W&‘(x’t) X Emaxs (3)

where x is the pixel location and ¢ is the time (in months);
APAR(x,?) is the photosynthetic active radiation absorbed
by the canopy of vegetation at pixel x in month # (MJ-m™);
&(x,¢) is the light use efficiency of the vegetation at pixel x
at month 7 (gC-MJ"), and is obtained by correcting the

maximum utilization of light energy with the temperature
stress factor and the water stress factor; SOL(x,¢)is the
total solar radiation received by pixel x in month ¢ (MJ
-m ?); FPAR(x,¢) is the proportion of photosynthetic active
radiation absorbed by vegetation at pixel x in month #, and
it is estimated based on NDVI; Tjo, (x,) and Tiigh(x,t) are
respectively the stress coefficients of light energy utiliza-
tion at low temperature and high temperature; W (x.z) is
the water stress coefficient; &, 1s the maximum light
energy utilization of different vegetation in the ideal
states (gC-MJ™).

3.1.2 Estimation of ESV

Referring to the classification and estimation methods of
ESV by Costanza et al. (1997), Xie et al. (2015), Ouyang
et al. (1999), etc., and considering the topography and
landform characteristics, vegetation and soil conditions,
and the status quo of social and economic development of
the research area, the ESV, in this study, is classified into
the following nine services types: raw material production
function, nutrient cycling function, gas regulation function,
climate regulation function, hydrological regulation func-
tion, ecological environmental purification function, soil
formation and protection function, biodiversity mainte-
nance function, and recreational and culture function.

1) Value estimation of raw material production function

The most basic and important function of the ecosystem
is that green vegetation can transform CO, and H,O into
organic matter through photosynthesis, which can provide
the most primitive energy for human beings and other
organisms. The quantity of the organic matter produced by
the ecosystem is estimated by energy substitution method
and the equation below:
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Vom = ZNPP(X> X Poma (4)
x=1

where V,, is the value of material production, yuan
(m*-yr) ', NPP(x) is the quantity of organic matter
produced annually by pixel x, gC-(m?-yr)™"; P,, is the
price of organic matter, yuan.

2) Value estimation of nutrient cycling function

N, P, K, and other nutrients in organic environment
could be transformed into organic matter by photosynth-
esis, which can provide nutrients to maintain the ecological
balance. The value of nutrient cycling function can be
estimated by

Ve = le Velx) = Z;NPP@RH X Ry X P, (5)

where V, is the value of nutrient cycling, yuan-(m?-yr)™';
V.i(x) is the value of nutrient elements / accumulated on
the unit area of the pixel x, yuan-(m?-yr)™; i represents
three kinds of element, N, P, and K; R;; is the distribution
rate of elements 7 in organic matter produced by different
ecosystems, %; R, is the proportion of elements converted
into chemical fertilizer, %; and P; is the price of fertilizer i,
yuan-t.

3) Value estimation of gas regulation function

Gas regulation function mainly refers to plants emit O,
during photosynthesis and adjust the air quality. The
estimation formula is as follows:

Vito = 3 _ 1.2 X NPP(x) x ¥, (6)
x=1

where Vg, is the value of gas regulation, yuan-(m?-yr)™;
Vs, is the unit price of industrial oxygen, yuan-gC".

4) Value estimation of climate regulation function

The value of climate regulation is reflected in the amount
of CO, absorbed by plants. The formula is as follow:

Vie = ¥ 1.62 x NPP(x) X Ve, (7)

n
x=1

where V., 1is the value of climate regulation,
yuan-(m*-yr) ' and ¥, is the price per unit of CO,,
yuan-gC™.

5) Value estimation of hydrological regulation function

The hydrological regulation function includes water
regulation and water supply. The former means the
ecosystem regulation conservation function for regional
water (including the water flow in the lakes and rivers)
when the underlying surface is water. The latter means
when the underlying surface is soil, the ecosystem
provides filtration, maintenance and storage of water for
vegetation and various types of organisms in the soil. Since
the regulating function of the ecosystem to the water is
similar to the type of reservoir water storage, the

alternative engineering method to estimate the ecosystem
service value of water conservation is used based on the
average storage cost of the reservoir construction. The
formula is as follow:

Vie = il V(x> X Py, 3

where V. is the water conservation value, yuan-(m?-yr)™;
V(x) is the annual water conservation capacity per unit
area of pixel x, m*-(m*-yr)"'; P,, is unit capacity cost of
reservoir construction, yuan-m™.

When the underlying surface is soil, the formula is as
follows:

Vs(x) = ipmean()o X Ky X Ry, ©)
x=1

where V(x) is the amount of water conservation capacity
per unit area of pixel x when the underlying surface is soil;
Pean(x) is the monthly precipitation in pixel x, mm-m?;
K, is the ratio of runoff rainfall to total rainfall; R, is the
runoff reduction coefficient of surface vegetation.

When the underlying surface is water, the formula is as
follows:

Vwc(x) = zn:Pmean(x)_ETa(x)v (10)
x=1

where V. (x) is the amount of water conservation capacity
per unit area of pixel x when the underlying surface is
water; and ET,(x)is the actual monthly evaporation at
pixel x, mm-m 2.

6) Value estimation of ecological environmental pur-
ification function

Ecological environmental purification refers to the
reduction of pollutants and toxicity in the environment
through the metabolism of biological groups, and it mainly
includes absorption of pollutants, blocking of dust, killing
of bacteria and reduction of noise. In this paper, the
absorption and decomposition of SO,, HF, NO,, and
adsorption of dust by various land use types were
evaluated. The formula is as follows:

4
Vee = ZZQah X Cap X Sys

a=1 b=1

(11)

where, V. is the value of ecological environmental
purification, yuan- (m?-yr)™; O, is the amount of harmful
substances b absorbed by the land use type a, g-(m?-yr) 7';
C,p 1s the unit governance costs of land use type a to
harmful substances b, yuan-g'; S, is the area of land use
type a, m?; a is different land use types, the value is 1-9; b
is the different harmful substances, the value is 1-4.

7) Value estimation of soil formation and protection
function

Remote sensing data are used to estimate soil conserva-
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tion, and soil formation and protection value is calculated
by opportunity cost method. Considering the seasonal
dynamics of precipitation and vegetation and their different
coupling effects with seasonal changes, USLE model was
used to estimate soil protection amount, and the monthly
model equation modified that is proposed by Qi et al.
(2011):

12
A=) [KXLS X R, x (1-P x Cp)],

m=1

(12)

where 4 is soil conservation amount, t-hm2; R is the factor
of rainfall-off erosivity factor, based on the annual average
precipitation and the monthly average precipitation,
Weschmeier’s empirical formula (Mccool et al., 1982)
was used to calculate the precipitation, MJ-mm- (hm?- h)™;
K is the soil erodibility factor, Williams’ empirical formula
(Williams et al., 1983) was used to calculate it, (t-hm?>-h)
-(hm?*-MJ-mm)™'; L is the slope length, S is the slope
direction; C is cover-management factor, it was assigned
according to vegetation coverage (Cai et al., 2000), the
value range is 0—1, dimensionless; P is soil and water
conservation factor, including engineering measures and
tillage measures, based on the empirical P values adopted
by the United States and China under different soil and
water conservation measures, it was assigned by the slope
percentage calculated by DEM and the superposition
analysis of land use data, dimensionless; m is the month.

Then, the formula for soil formation and protection
value is as follows:

A

V, = XV,
& prh

(13)

where, V, is the value of soil formation and retention
function; Py, is the soil bulk density, 1.35 g/cm® according
to “Soil erosion classification standard SL190-2007; A is
the thickness of soil layer, v is the annual yield of soil per
unit area.

8) Value estimation of biodiversity maintenance func-
tion

The Shannon-wiener index in within-habitat diversity
was used to calculate the biodiversity maintenance value:

H= - P, x log,P,, (14)

t=1

where H is within-habitat diversity, P, is the proportion of
individuals belonging to species ¢ in all individuals, and m
is the number of species. According to the survey data
provided by the agricultural bureau and forestry bureau of
the research area, the biodiversity index is calculated and
interpolated in the study area. Then the biodiversity index
is converted into currency value by referring to the graded
value of species conservation index of “Forest Ecosystem
Service Function Evaluation Standard of China”.

9) Value estimation of recreational and culture function

In this study, the recreational and culture value are
reflected through tourism income, since the research area
have the superior geographical conditions and rich
ecological tourism resources, such as Xishan scenic spot,
Lianhua mountain scenic spot, Liangzi lake eco-tourism
resort, Honglian lake resort, Geshan scenic spot, White
pheasant mountain scenic spot, Longpan ji, Wuwang city,
Taiping mountain tourist area and so on. In 2016, the total
income of cultural tourism in Ezhou City was 5.267 billion
yuan. The ratio of recreational cultural value of each
ecological type cultivated land: garden land: forest land:
water area: others should be 1: 3.06: 12.2: 26.1:3.3, the
value of other types is not included in this study (He et al.,
2016).

The sum of the above nine values was the ESV
determined in this study. According to each value
evaluation model, the functional value of each grid is
calculated in ArcGIS®™.

3.1.3 Method of modeling ESP-MCR model

MCR is a derivative of the cost distance model. It is
originally applied to the study of species diffusion process,
and was tried in land use, tourism planning in recent years.
It represents the work done against the resistance from the
“source” to the destination. Three main factors of source,
distance and base resistance is considered in the model.
The model is expressed as

i=m

MCR = foin» _ Dy X R;,

J=n

(15)

where fis the unknown positive function and represents the
positive correlation between minimum cumulative resis-
tance and ecological process; D;; represents the space
distance of the species from source j to the spot cell 7, and
R, represents the resistance coefficient.

In this study, the source selection is based on the
demarcation of ecological red line in Ezhou City, and the
patch area larger than 5 hm? in the ecological red line area
serves as the ecological source area. Such places included
the nature reserves, forest, wetland, scenic spots, drinking
water sources, important waters, etc., and the total area is
461.68 km’ (Table 2).

The process of land use change is the process of “source
overcoming obstacle.” In a way, the resistance surface can
reflect the trend of the types change, and the magnitude of
resistance is the key to judge this trend. In this study, the
base resistance surface is established based on the
distribution of ESV. As a whole, the higher the value of
the unit ecological service is, the less resistance is, and vice
versa.

This research identified the ESP based on the land use
map, ecological source map, ESV distribution map, and
the accumulated resistance value map.
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Table 2 The ecological source area of Ezhou City in 2016 (unit: km?)

Ecological source Nature Scenic Forest Wetland Drinking water Important Ecological
area reserves spots parks parks sources area waters forests
Area 12.38 2.31 9.61 4.12 26.81 317.16 89.29

3.1.4 Method of building ecological corridor

The migration of organisms in different ecological sources
needs to overcome the landscape resistance. Landscape
resistance means the difficulty of migration in different
source. The MCR model can be used to simulate the
migration of organisms in different sources and calculate
the optimal migration route. Five specific steps are
included when using MCR model: a) determine the
ecological sources and ecological resistance factors, b)
assign the weight value foreach resistance factor, c) form
the resistance surface, d) generate the cost distance grid
data, e) construct ecological corridor (Wang et al., 2019).

Several data sources collected in 2016, including DEM,
slope, distance to road, distance to township center,
distance to water area and land use data, as ecological
sources and ecological resistance factor. According to the
scoring method presented by Huang and Chen (2014) and
Huang et al. (2019), we obtain the resistance value and
weight coefficient of six different resistance surfaces
(Table 3). The weights of slope, altitude, distance to
water area, distance to construction land, distance to town
center and distance to road are 0.15,0.11, 0.14, 0.17, 0.21,
and 0.22 respectively. Among the six resistance factors,
weight of the distance to road is the highest, which has the
greatest impact on the cumulative resistance value. It is due
to the frequent human activity near the road. In the most
area, altitude difference is no more than 100 m. Thus, the
slope ranges from 0 to 10 degrees. Also, note that water
occupies a large area. Hence, the weights of these three
factors are relatively low, and have small impact on the
cumulative resistance value. Six resistance surfaces are
superimposed to obtain the comprehensive resistance
surface, then the potential ecological corridor is obtained
by using the cost distance and cost path tools in ArcGIS.

Gravity model can be used to calculate the interaction
intensity between two different sources. (Wu and Wang,
2015; Shi et al., 2018; Liang and Zhao, 2020) The model is
expressed as

[ln(Sx)] [ln(Sy)]

W, R, R

Gy = N2 s = o
Xy

Lo
Tmax
B T2 . X In(S,) x ln(Sy)
T3 xR xR,

(16)

We attributed the interaction force greater than 1200 to
the important ecological corridor, and the rest to the

Table 3 The classification score and weight of resistance factor
Weight

Index Classification ~ Resistance value
Slope/(° ) <2 1 0.15

2-6

6-15
15-25
>25
<50
50-85

w R~ W N

Altitude/m 0.11

—_

85-140
140-240

w R~ W N

> 240
<200
200-400

0.14

—_

Distance to water area/m

400-600
600-800
> 800
<500
500-1000

Distance to construction land/m 0.17

1000-2000
2000-4000

N W R L AW

> 4000
<500
500-1000
1000-2000

—_— =

Distance to township center/m 0.21

2000-4000
> 4000
<500
500-1000
1000-2000

Distance to road/m 0.22

N W R L AW

2000-4000
> 4000

—_

general ecological corridor. Where G,,, is the force between
source x and source y; W, and W, are the weight values of
the two sources; N,, is the normalized value of potential
corridor resistance; S, and S), are the area of source x and y,
respectively; R, is the resistance value of source x; 7\, is
the accumulated resistance value between source x and y;
while T, is the maximum accumulated resistance value
among all corridors. When source x and y have strong
interaction force, the G,,, value will be large. Also, it means
that the corridor has high importance.
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3.2 Simulation method of land use structure

Before the simulation, LULC about its spatial pattern, the
conversion matrix in the future situation, and the spatial
variation in the forecast year should be analyzed. CA-
Markov model is used to carry out the spatial and temporal
simulation of land use change, since it has the advantages
of both cellular automata theory and Markov model theory
on time series and space prediction.

3.2.1 Influence factor selection and weight determination
Based on the principles of accessibility, representativeness,
spatio-temporal consistency, six factors are selected as the
key influencing factors to reflect the structure change:
elevation, slope, distance from the water bodies, distance
from the road traffic, distance from the administrative
center, distance from itself.

Here, elevation factor and slope factor are important
geographical driving factors for land use change. Elevation
often had a significant impact on the land use patterns, and
is divided into five ranges according to the topographic and
geomorphological features of the study area: 10-50, 50—
85, 85-140, 140242, 242-485. Based on the super-
position analysis results with the current land use status,
the areas with large changes are mainly concentrated in the
range of 10-140. Slope was extracted from elevation, and
it is divided into five grades: 1-5. By superposition with
the current land use situation map, it is shown that the land
use types in slopes 4 and 5 are stable. The land use changes
mainly took place in the grades of 1 to 3.

The study area is close to the Yangtze River, and there
are many lakes, among which Liangzi Lake, Wutong Lake,
and Red Lotus Lake are famous important aquatic products
arcas at home and abroad. Therefore, water factor is an
important driving factor influencing the spatial layout. The
paper takes 500 m as the interval to make buffer zone for
water body, and the result showed that land type changed
frequently within the range of 4500 m around the water
area.

For local economic development, roads traffic factor is a
fundamental driving force. Four high-speed ways run
through in the study area. The land use types that are close
to these roads are affected by the distance from roads. By
establishing a buffer zone with an interval of 500 m for the
roads, the analysis shows that the land use change within
the range of 3000 m around the road was greatly affected
by road traffic factor driving.

The administrative center is an important institution in
China, which have a significant impact on the regional
pattern. For the factor of the administrative center, buffer
zones are built with the center of 25 township government
locations. The results showed that the areas with frequent
land-class conversion were concentrated in the 3000 m
area around the administrative center.

The land use situation itself also has impact on the
change of land use type. For example, it is easier to reclaim
the land around the cultivated land and expand the
construction land on the edge of the city. Therefore, the
buffer analysis of the current land use situation is carried
out. It is believed that the area with frequent land
conversion is within the scope of 100 m, while the
frequency of spontaneous conversion is significantly
reduced over 300 m range.

Since each influence factor has different impact on the
land use change, one of the key questions for simulation is
to allocate the weight value of influence factors reasonably.
Assuming that the influence factor and land use structure
change are not related, the structure change per unit
condition should be roughly the same at different periods,
which was close to the average of the area variation. But, in
fact, the variation of each type of land is different with its
the average variation value. The larger the difference is, the
greater the effect of the influence factors will be. Therefore,
the variation coefficient to descript the correlation between
different influence factors and structure changes is used as
a basic weight for simulation. The variation can be
calculated as

(17

where o; is the correlation, i is influence factor, j is an
interval of the influence factor, # is the number of intervals,
x; is variable in the interval, X;; is the average variation

value.

3.2.2 Creating the land suitability atlas

The land suitability atlas includes two parts: limiting factor
atlas and influence factor atlas. The limiting factor atlas is
the source map, which is the unoccupied land use type
during the study period. The influence factor atlas includes
ESP and six influence factors mentioned above. Fuzzy
membership function in Multi-criteria evaluation (MCE)
is used to determine the land suitability atlas. With
normalizing the suitability factors, the MCE model is
used to generate land use maps. The land suitability atlas is
synthesized by collection editor model in IDRISI®.

3.2.3 Land use pattern simulation

After the stack of the land use maps of 2004 and 2010, the
area and probability of the cell transfer to other land types
are obtained. With Markov transition matrix, the land use
structure in 2016 is simulated based on the structure in
2010. In the simulation, the model iteration number is 6,
5x5 contiguity filter is used as the cellular neighborhood
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regular in CA. The real land use structure in 2016 is used to
testify the simulation results.

3.2.4 The simulation

The scenarios of ecological protection scenarios (ESP
protection scenarios) and no ecological protection scenar-
ios (no ESP protection scenarios) are simulated, and the
land use structure in 2022 is simulated based on the initial
state of land use structure in 2016. In ESP protection
scenarios, the simulation focused on the ecological
protection of land status; the ecological source is
considered as a key obstacle factor, and is normalized to
a Boolean image where the ecological source was 0 and the
other was 1. In no ESP protection scenarios, only the six
factors are considered.

4 Results and analysis
4.1 Soil data analysis

Based on data from 202 soil samples, we got the content of
total nitrogen (N), total phosphorus (P), and total
potassium (K) in the soil. The content of total N in soil
of the study area is between 374.17 and 376.59 (unit:
mg/kg), and the maximum value appears in the southern
region. The content value of total P increases gradually
from 412.19 to 454.64 in the direction of NW-SE. The
content of total K ranges from 1.99% to 2.26%. No
significant difference of the content of N appears in the
study area. The sampling points are shown in the Fig. 3.

¢ Sampling point

0 5 10 km
L m—]

Fig. 3 Sampling point data of total N, P and K contents in soil in
Ezhou City.

4.2 The land use change in 2004-2016

Supplemented by field survey and change survey data of
land bureau, we draw the land use status map in 2004/
2010/2016 from remote sensing data by object-oriented
method in ENVIS.1 (Fig. 4), The land use structure and its
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Legend
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Fig. 4

Images of the land use status in (a) 2004, (b) 2010, and (c) 2016.
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changes are obtained in ArcGIS®, as shown in Table 4. We
verified the accuracy of interpretation results based real
land use data, and the kappa coefficients of the three
periods of data were 89.64%, 92.19%, and 87.38%.

The area of construction land grew fastest from 2004 to
2016. Especially in 2010 to 2016, the increasement reaches
to 58.26%. At the same time, cultivated land and forest
land showed an opposite trend, among which the cultivated
land decreased the most by 23.31% and 18.59%
respectively in the two periods. Note that the water area
increased by 7.69% from 2004 to 2010, and decreased by
20.22% from 2010 to 2016. Then the decrease of
woodland and other land is slight, and the area of garden
plots remains basically unchanged. In sum, the expansion
of construction land and the contraction of cultivated land
and water area are the main characteristics of land use
change in these two periods, which means that significant
urban expansion in Ezhou City occurred in the past two
decades, and the pressure of cultivated land protection and
ecological environment protection is increasing.

4.3 The estimates of ESV

According to the Egs. (1)—(3), the NPP of Ezhou City in
2016 is calculated as shown in Fig. 5. The total NPP in
2016 amounted to 4173.65 billion gC, and the NPP per
unit area is between 0—741 gC-(m?-yr) ', with an average
NPP of 261.49 gC-(m?-yr) ~'. The areas with lower NPP
values are concentrated in the water area and urban areas,
such as Liangzi Lake, Yanglan Lake and the Yangtze River
zone. The area with high NPP value tends to concentrate in
the forest land and surface vegetation area. Except for the
above part, the NPP distribution is relatively uniform.
Comparing the NPP results with the land use status and
other data, we can find that the areas with high NPP are
mostly with high vegetation coverage, and has high
precipitation, high accumulated temperature, and high
solar radiation.

Based on the nine indexes calculated from NPP, the ESV
per unit area of Ezhou City in 2016 is traced (Fig. 6), and
the ESV contribution rate of land use types are measured
(Table 5).

Water area is the biggest contributor to the ESV per unit
area reaching 33.31%, and its hydrological regulation
value and environmental purification value are prominent
than any other categories. Forest land is the second for its
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Fig. 5 NPP distribution map of Ezhou City in 2016.

contribution rate of ESV per unit area reaching 21.89%,
and its hydrological regulation value and biodiversity
maintenance value are remarkable, which is in consistent
with the good ecological environment. Construction land
has the lowest value with 0.5573 yuan-(m?-yr)™" and its
contribution rate is only 2.21%. That means construction
land makes little contribution to the environment in those
nine ESV types. The contradiction between the regional
ecological environment protection and the construction
land expansion is more prominent. The ESV per unit area
of cultivated land, garden land and other land use decrease
in turn. Most of the areas with high ESV were important
water areas and woodlands, and the ESV results were
highly coincident with the important ecological source
date, indicating that the ESV results had high credibility.

4.4 Regional assignment of ESP

To simplify the corridor network structure and better show
the connection characteristics between the source areas, we

Table 4 Area changes of different land use types in the Ezhou City from 2004 to 2016

Land use type Area in 2004/km?

Gain/Loss between 2004 and 2010/%

Gain/Loss between 2010 and 2016/%

Cultivated land 651.44
Garden plots 11.02
Forest land 171.58
Construction land 195.69
Water area 534.19
Others 32.55

-23.31 —18.59
—1.58 —-0.86
—20.94 -17.42
38.58 58.26
7.69 -20.22
-0.44 -1.17
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Fig. 6 ESV distribution map of Ezhou City in 2016.

combine the small patches adjacent to the large ecological
source areas and obtain 14 ecological source areas. The
MCR model is used to obtain the minimum cost path
between different sources, and 91 ecological corridors are
obtained (Fig. 7). The interaction matrix is calculated by
the Gravity model, and the result of the interaction matrix
can be used to judge the relationship between different
sources (Table 6).

As shown in Table 6, the maximum value of the
interaction force appears between the source 7 and 8,
which is as high as 19104.3. It means that the ecological
cost from source 7 to source 8 is the lowest and the corridor
between the two sources is easy to build. So, measures
need to be taken to protect the corridor and strengthen the
links between the two sources. The minimum force value is
50.221, which appears between source 10 and source 12. It

@ General ecological node
® [mportant ecological node
— Important ecological corridor
General ecological corridor
= Ecological source

10 km

Fig. 7 Ecological corridor and ecological node in Ezhou city.

means that the source connection between source 10 and
12 is weakest. In addition to the influence of distance
between two sources, it is also related to the larger
ecological resistance caused by the large scope of
construction land in the eastern region.

Then we extracted the intersection points of ecological
corridor as ecological nodes, and total 36 ecological nodes
were extracted. We chose the points on the important
ecological corridors as the important nodes, while others
were general ecological nodes, including 17 important
nodes and 19 general ecological nodes. In the process of
ecological civilization city, we should focus on strengthen-
ing the construction of important ecological corridors and

Table 5 ESV of various types of land use in Ezhou City in 2016 (yuan-(m?-yr) ")

Current land ~ Raw material Gas Nutrient Climate Ecological ~ Hydrological Soil formation Biodiversity ~Recreational Globalva-
use types production  regulation  cycling  regulation environmental regulation and protection maintenance and culture lue
purification value

Cultivated land ~ 0.2312 0.3321 0.1934 0.3513 0.1623 2.3217 0.2471 0.1714 0.0286 4.0391
Garden plots 0.3025 0.3943 0.2271 0.5122 0.1021 1.6118 0.3118 0.2429 0.0874 3.7921
Forest land 0.3913 0.6116 0.1910 0.7121 0.1151 1.7213 0.6757 0.7580 0.3496 5.5257
Eﬁ‘ftmmn 0.1421 0.1631 00511 02010 0.0000 0.0000 0.0000 0.0000 0.0000 05573
Water area 0.2214 0.1548 0.0653 0.2243 2.3690 3.9822 0.0689 0.5765 0.7463 8.4087
Others 0.2319 0.3410 0.1162 0.3531 0.0123 1.3713 0.2025 0.1908 0.0933 2.9124
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Table 6 The interaction matrix among different sources based on Gravity model

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 993.19  2476.78 1068.34  505.44  217.45 960.06 39248  213.61 127.84 576.04 11736  186.07  335.86
2 1372.09  739.66 1205.51  944.06  2000.12 1040.56 632.75 321.64 54585 104.00 168.21  1097.58
3 5257.06  2934.49 231.62 3024.47 933.883 260.01 218.56 1179.4 182.15 31295 344.657
4 1150.55 280.82 3886.68 1164.07 314.75 266.31 2961 3313  663.48 314.576
5 159.85 3715 893931 17097 15543  536.5 82.68 142.1 205.878
6 970934  838.455 3715.1 67496 293.66 57.899 92.695 1727.81
7 191043 1026.7 11293  3151.9 384.05 702.25 801.679
8 863.55 1317.5 1037.2 15255 265.55 585.882
9 1603.1 332.16 66.735 10623  3908.26
10 270.34  50.221  81.839  608.277
11 23283  8261.7 346316
12 774.03  76.2069
ii 117.967

the protection of important ecological nodes.

According to the MCR model, the cumulative resistance
in the research area is calculated (Fig. 8). Based on
cumulative minimum resistance results, considering the
distribution of source areas, land use structure and
ecological service value, the ecological security pattern
of Ezhou city is divided into four grades according to the
principle of ecological priority.

10 km

Legend

High: 3417.43
Low: 0

Fig. 8 Cumulative resistance distribution map of Ezhou City in
2016.

Figure 9 shows the ecological security level distribution
in 2016. The core area of ecological protection covers an
area of 413.62 km?, accounting for 25.91% of the total area
of Ezhou City. It mainly includes Liangzi Lake Nature
Reserve, important water sources and other areas with high
ecological service value. As the core area for maintaining
ecosystem balance, it has the greatest impact on the

N

A

B The core area of ecological protection
[ The ecological buffer zone

y'* ] The ecological restoration area

. [ The core area of hunan activity

10 km

Fig. 9 ESP map of Ezhou City in 2016.
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regional ecological environment. The ecological buffer
zone, covered an area of 332.18 km? accounting for
20.81% of the total area, is located at the periphery of the
core protected area. Compared with the core area of
ecological protection, the ecological service value of the
core area of human activity is slightly lower. The structure
in these areas is relatively stable. It is an important
component of the ecological environment and can be used
as a backup area for ecological protection. The ecological
restoration area that has little impact on the city’s
ecological environment, covers an area of 602.85 km?,
and it is the reserve resource area of the anthropic zone and
ecological buffer zone reserve area. Human activity core
area, an area of 247.82 km?, accounting for 15.52% of the
total area, mainly exists in city center and development
zone. Since there are high-intensity human activities in this
area, it is an important supporting area for the economic
development. Those areas also have the lowest ecosystem
service value, with frequent changes in land use types. And
the changes of ecosystem service are most volatile in those
areas.

4.5 Simulation and accuracy verification

In the Markov module of IDRISI®, the land use data in
2004 and 2010 is added. The time interval and prediction
interval are 6. The probability of one land use type
conversion to other land use types during 20042010 is
obtained as shown in Table 7. Specifically, in the table, the
row represents the probability of one class turning to other
classes. The column represents the probability of other
classes to be converted to the class.

The land use structure in 2010 is used as the base year to
simulate the land use structure in 2016. The difference of
quantity and spatial distribution between the simulation
map and the status map are evaluated using Crosstab in
CA-Markov model.

The evaluation result shows that value of kappa is
0.9038. It is higher than the conventional value (kappa=
0.75). Therefore, this indicates that there is a high
consistency and small differences between the simulated
map and the actual map. The analysis result shows that the
model has high reliability and could be applied to the
simulation. Besides, we randomly selected some plots with

different land use types in the simulation results and
conducted field investigation in June 2021. The results
show that 84% of the current land use types are consistent
with the simulation results.

Taking the land use structure map in 2016 as the initial
state, the simulation time interval is 6, and the land use
structure maps in 2022 under two scenarios are simulated,
as shown in Fig. 10. The net growth area of construction
land with the two scenarios are shown in Table 8.

In both scenarios, the spatial distribution of construction
land is different although they have the same total area with
39530.79 hm?. In the ecological core protected zone, the
net increment of construction land is 868.5 hm? in scenario
without ESP protection, and —52.74 hm? in the scenario
with ESP protection. The quantity of construction land
remains stable in ESP protection scenario, which indicates
that the original construction land is moved out and there
was no new construction land in this area, and the
ecological source area is fully protected. In the ecological
buffer zone, the net increase of construction land shows
obvious increase in ESP protection scenario than NO ESP
protection scenario, which is 2860.29 hm? and 3378.21
hm? respectively. The quantity difference between the two
simulation results is up to 517.92 hm?. There are two main
possible sources, one is that the area within its own region
have increased under the influence of various factors, the
other is that part of the land originally distributed in the
ecological protected core zone is also transferred to the
ecological buffer zone. In the human activity core zone,
construction land in NO ESP protection scenario is an
increase of 1576.08 hm?, conversely, 2342.31 hm? in ESP
protection scenario, an increase of 766.23 hm? compared
with the former. It means economic activity in human
activities core zone is more frequent. Therefore, the
constraint of ESP played a significant role in guiding the
transfer of construction land from ecological protected core
zone to human activity core zone, which could protect the
regional ecological environment, and guarantee the
quantity demand of urban development for construction
land. While under the scenario of ESP protection, the
construction land in the ecological core area was
completely moved out, and construction land area in the
other three types increased a lot. Meanwhile, the efficient
protection of ecological corridors and nodes helps to the

Table 7 Transfer probability matrix table of Land use types for the period 2004-2010

Cultivated land Garden plots Forest land Construction land Water area Others
Cultivated land 0.5728 0.0091 0.0596 0.1553 0.1830 0.0202
Garden plots 0.4030 0.0499 0.1074 0.3206 0.1009 0.0182
Forest land 0.2738 0.0168 0.4696 0.0771 0.0599 0.1028
Construction land 0.1256 0.0062 0.0678 0.6807 0.1034 0.0163
Water area 0.2315 0.0021 0.0260 0.0727 0.6599 0.0078
Others 0.3868 0.0052 0.1512 0.1186 0.2965 0.0417
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Fig. 10 Two scenarios for simulation in 2022: (a) NO ESP protection scenario; (b) ESP protection scenario.

Table 8 Net increase of construction land in the two scenarios in Ezhou City in 2022 (Unit: hm?)

Simulation scenarios Ecological core protected zone

Ecological buffer zone

Ecological restoration zone = Human activity core zone

868.50
-52.74

NO ESP protection scenario

ESP protection scenarios

2860.29
3378.21

4972.23
4609.32

1576.08
234231

construction of urban ecological network structure, and it
also helps to the construction of eco city structure.

5 Conclusions

In this study, we selected CASA model to calculate NPP in
2016, calculated nine index data related to ESV, added
them together to obtain ESV in Ezhou city, gained the
ecological corridors using MCR and Gravity model,
extracted the ecological nodes from ecological corridors,
and then evaluated the land use structure in 2022 under two
kinds of scenarios.

Among the ESV per unit area in Ezhou City in 2016, the
value of water area is 8.4087 yuan-(m?-yr)™, accounting
for 33.31% of the total, and its hydrological regulation/
ecological environmental purification function are promi-
nent. It shows that water resources are the most important
part of the ecological environment of Ezhou City, and play
an extremely important coordinating role in ecological
environmental system. Therefore, it is necessary to
strengthen the protection and supervision of water
resources. Meanwhile, we should take measures to make
rational and efficient use of water resources. The value of
construction land was the lowest, only 0.5573 yuan
-(m?-yr)" and the contribution rate of ESV was only
2.21%, which also verified the intense conflict between

urban development and ecological environment protection.
It indicates that the regional development should find a
balance between the protection of ecological environment
and the expansion of construction land.

Based on ecological source data and comprehensive
ecological resistance data, the ecological corridors in the
study area were obtained. 28 important ecological
corridors and 63 general ecological corridors were selected
using Gravity model. The corridor between source 7 and
source 8 is very important, and methods need to be taken to
strengthen the connection between them. Then we
extracted 17 important ecological nodes and 19 general
ecological nodes from the intersection of ecological
corridor. In the future, it is necessary to pay attention to
the protection of ecological nodes.

According to the ESV, Ezhou City is divided into four
safety-level zones. The ecological core protected area is the
core area to maintain the regional ecosystem balance,
with the powerful ecological function and an area of
413.62 km?. The structure of the ecological buffer zone
which is located at the periphery of the core protected area,
is stable relatively, and has not a significant environmental
impact on Ezhou City, with an area of 332.18 km?. The
ecological restoration area has a small impact relatively on
the ecological environment. It is a buffer area for human
activities and ecological buffer areas, with an area of
602.85 km?. With intensive development of human
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activities, the core area of human activities that is mainly
concentrated in the downtown is an important supporting
area for the urban economic development, and has
the lowest ecosystem service value, with an area of
247.82 km?.

From the simulation results of ESP protection scenario,
the expansion of construction land is totally constrained in
the ecological core protected areas. Conversely, the
construction land within the core area of human activities,
which has more intensive and frequent human activities,
has a tendency of continuous expansion. Therefore, it can
be considered that the division of ESP has a good
restrictive effect on the spatial distribution and develop-
ment direction of the construction land expansion.
Compared the simulation results of the two scenarios, the
result under ESP protection scenario had a more reason-
able land use distribution. It means that our result under
ESP protection scenario has high credibility. This paper
constructed ecological security pattern in Ezhou City,
trying to create a reasonable layout of ecological space and
urban construction space. Under the scenario of ESP
protection, the construction land was completely removed
from the ecological core area and the ecological area was
totally protected. Ecological protection is particularly
important under the background of sustainable develop-
ment. Simultaneously, economic development should
focus on improving land use efficiency rather than land
use scale. How to efficiently layout and use the existing
land should be the focus of attention. This study provides
reference of land use change simulation research with
ecological environment constraint, and a decision-making
support for coordinating the relation between urbanization
process and ecological environment protection in other
developing cities.
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