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[S I OS]

Abstract: Rapid urbanization aggravates the degradation of wetland function. However, few studies
have quantitatively analyzed and predicted the comprehensive impacts of different scenarios and
types of human activities on wetland ecosystems from the perspective of land development. Com-
bined with the Habitat Risk Assessment (HRA) model and the Cellular Automata (Ca)-Markov model,
this study quantitatively measured the impact intensity and spatial distribution of different types of
human activities on the wetland ecosystem in 2015, simulated and predicted the ecological pressure
on the wetland in 2030, and identified the ecological risk hotspots of the Yangtze River waterfront
along the upper, middle, and lower reaches of the Yangtze River Economic Belt. The results showed
that the ecological risk of wetlands in the study area was low in the urban core and high in the
suburbs. Construction activities posed a greater risk to wetlands. The intensity of human activities in
the ecological protection scenario will be significantly lower than that in the natural development
scenario in 2030. The waterfront in the middle and lower reaches of the Yangtze River will face more
ecological risks. The results of the study can provide theoretical and technical support for wetland
conservation policy formulation and waterfront development in the Yangtze River Economic Belt.

Keywords: wetland; human activities; ecological risk; HRA model; CA-Markov model; the Yangtze
River Economic Belt

1. Introduction

Wetland, known as the “kidney of the earth”, can provide a variety of ecosystem
services, such as carbon storage, biodiversity conservation, and climate regulation [1-4].
With the development of science and technology and the dramatic increase in population,
human activities have had a major impact on the environment in the past few decades [5,6].
A series of factors, including urbanization, infrastructure construction, and agricultural ac-
tivities, have led to and are accelerating environmental problems, such as the deterioration
of water quality in wetlands, the decline in biodiversity, and lake shrinking [7-9]. These en-
vironmental problems have led to a reduction in the supply of ecosystem services [10-13].
Due to economic development and human disturbance, more than half of the world’s
wetlands have disappeared, while the existing wetlands are still deteriorating [14,15].
To address this challenge, scientists, policymakers, governments, and stakeholders call for
ecosystem-based management to understand the impact of the location and intensity of
human activities on wetland ecosystems, and to comprehensively manage wetlands to
ensure the sustainable supply of these services [16].
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The previous studies about wetlands mainly focused on wetland changes [1], the im-
pact of human activities on wetlands [17,18], the ecological effects of wetland evolu-
tion [19,20], wetland ecosystem assessment [1,21], wetland restoration [22], and the carbon
cycle [23,24]. However, few studies focus on the impact of the location and intensity of
human activities on wetland ecosystems. Because of the different location and intensity
of human activities, it has been difficult to quantify the intensity of human activities on
wetlands. Recently, some scholars have used hemeroby index [25,26] to study the effects
of human activities on wetlands to analyze the effects of human activities on wetland
ecosystem evolution and landscape patterns from the perspective of specific human activi-
ties [27]. Hemeroby is a comprehensive index used to measure the impact and degree of all
human interventions on ecological components or ecosystems, which is related to human
disturbance in landscape [25]. However, the combined effects of different types of human
activities on wetland ecosystems are difficult to discern from previous studies. In addition,
most of the current studies involve factor analysis of ecological pressure, and there are few
quantitative studies to predict the pressure on wetlands.

Ecological risk assessment (ERA) represents an effective tool for wetland ecosystem
management. As a new tool that can link human activities with the environment, ERA can
quantitatively assess potential ecological risks. ERA generates scientific information for
planning how to reduce pollution and other ecological damage to support the decision-
making needs of environmental managers. Many studies demonstrated that ERA can
effectively evaluate structural and functional responses in various ecosystems [28,29]. Cur-
rently, several studies have applied ERA to assess the ecological risk of wetlands [30,31].
However, the traditional ERA is based on existing knowledge and analytical techniques,
such as ecotoxicology, environmental chemistry, and biology [32]. Research on risk recep-
tors mainly focuses on species and populations on the micro-scale. The main process of
ERA is to estimate the potential hazards or threats of stressors (chemical, physical, or bi-
ological) to wetland biology and/or abiotic components [33]. However, the assessment
is not only costly, but also difficult to quantitatively predict the pressure on wetlands.
Many ERAs are limited to specific regions, states, or wetland types, and no evaluation
index system and evaluation standards have yet been established [34]. Many studies have
only superimposed multiple stressors or risk sources, but still lack a regional cumulative
or comprehensive risk assessment [35]. Most ERAs have been limited to the study of the
aquatic environment, and the required ecotoxicological data are challenging to collect,
organize, and integrate.

The Stanford University Natural Capital Project team recently developed the Habitat
Risk Assessment (HRA) model, which allowed users to assess the threats to ecosystems
and species health from human activities. We can use this model to analyze the location
and intensity of human impacts on nearshore ecosystems to identify areas of greatest risk
of degradation and their primary causes. The model has been successfully applied around
the world [34,36-40]. The model can use land-use data to evaluate the impact of human
activities on the environment from the land development perspective [34,40]. Land-use
type is the result of the interaction between human activities and natural processes, and is
a comprehensive reflection of human economic and social activities on the land surface
and the natural environment [41]. Compared with ecotoxicological data, the widespread
application of remote sensing technology is a guarantee for land use data acquisition.
Zhai [34] and Chen [40] have demonstrated that HRA can be performed using land-use
data. In addition, the Cellular Automata (Ca)-Markov model combines the ability of CA to
simulate the spatial variation of complex systems and the advantages of Markov’s long-term
prediction, and can effectively simulate the spatial variation of land use patterns [42—44].
By combining the two models, this study can analyze the comprehensive impact of various
human activities on wetland ecosystems and quantitatively predict the ecological pressure
of future wetlands.

Chongging, Wuhan, and Nanjing are typical urban representatives of the upper, mid-
dle, and lower reaches of the Yangtze River, and dense wetlands are distributed in each
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city. As a special ecological system, the urban wetland is an important part of the urban
environment [45,46]. It plays an indispensable role in conserving water sources, preventing
floods, ensuring urban security, regulating urban microclimate, and alleviating urban
heat island effects [2,47,48]. With the rapid development of the social economy and the
dramatic increase in population, the urban wetland has become fragmented. The ecological
degradation trend has further intensified, seriously affecting the urban human settlement
environment [49]. Accurate assessment of the impact of human activities on wetland
ecosystems is important for the overall management of wetland ecosystems. Owing to
the continuous urbanization, waterfront development and utilization is a major urgent.
Nowadays, the resources of the Yangtze River waterfront are being exploited at an unprece-
dented rate. During the development process, many environmental problems, such as
shrinkage of the wetland area, degradation of ecosystems, and biodiversity reduction,
are inevitable. Currently, studies on the Yangtze River waterfront mainly involves the
evolution of the Yangtze River waterfront, waterfront development suitability assessment,
and waterfront zoning [50]. There are relatively few studies on the impact of human activi-
ties on the waterfront. In 2015, the Yangtze River Economic Belt was officially recognized as
China’s three major development strategies by the Chinese government. The contradiction
between the development of the Yangtze River waterfront and the protection of wetlands
represents a source of contention. Moreover, in the Outline of the Development Plan for
the Yangtze River Economic Belt, 2030 was also a crucial development node. Therefore,
this study selected Chongqing, Wuhan, and Nanjing as the study areas. Cellular automata
(CA)-Markov model was used to simulate and predict the land use pattern of natural
development and ecological protection scenarios in the study area in 2030 through scenario
setting. Combined with HRA model, this study quantificationally measured the location
and intensity of different types of human activities on the wetland ecosystem in 2015 and
different scenarios in 2030 and finally identified the hot spots of ecological risk in different
cities along the Yangtze River. The research results could provide references for formulating
policies for the waterfront development and wetland protection along the Yangtze River
Economic Belt.

2. Materials and Methods
2.1. Study Area

The Yangtze River Economic Belt is an important axis spanning the east and west of
China, with a total area of about 2.05 million square kilometers [51]. It is the most populous
watershed economic belt in the world. Cities around the shoreline are densely populated.
Among them, Chongqing, Wuhan, and Nanjing are the core cities of the Yangtze River
main stream, as well as the representative cities in the upper, middle, and lower reaches
of the Yangtze River Basin [52], as shown in Figure 1. Wuhan and Chongqing have been
supported by the central government to establish a national central city. Nanjing is the
only city defined as a “mega-city” by the State Council of China. The education, scientific
research, and medical care of the three cities are relatively developed. They have efficient
transportation and urban infrastructure, and their comprehensive economic competitive-
ness far exceeds that of other second-tier cities. The three cities are rich in wetland resources,
and the trunk and tributaries of the Yangtze River flow through the urban areas. However,
in the process of rapid urbanization and industrialization, a variety of human activities
have posed a serious threat to the wetland environment, and the systematic management
of urban wetland needs to be strengthened. Chongqing is a municipality and has a large
area. Therefore, this study selected the metropolitan area in the urban and rural master
plan of Chongging.
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Figure 1. Distribution of study area.

2.2. Data Sources and Processing

The land use data of Chongging, Wuhan, and Nanjing from 1990 to 2015 were provided
by the Resource and Environmental Science Data Center (RESDC) (http://www.resdc.
cn/). The resolution was 30 m. The data include six primary types, and 25 s-class types.
To facilitate the study, 25 s-class types were merged into nine categories, including paddy
field, dryland, grassland, woodland, wetland, city, rural settlement, other construction
land, and barren land. Elevation data with a resolution of 30 m was obtained from ASTER
Global DEM Version 2 (GDEMV2) data. Slope data was calculated by ArcGIS and road
data was obtained from local land departments.

Different land-use types represent different human activities here. In this study,
the wetland was taken as the object of habitat risk assessment. Meanwhile, dryland, city,
rural settlement, and other construction land were selected as habitat threats. Dryland rep-
resented agricultural development; city represented urban development; rural settlement
represented rural development; and other construction land represented urban infrastruc-
ture construction. Sharp [53] showed that there may also be potential threats beyond the
boundaries of specific areas. Considering that anthropogenic impacts had an extension
beyond the area in which they were located, this study treated the overlap between anthro-
pogenic activities and their buffer zones and wetlands as part of the spatial and temporal
overlap between anthropogenic ecological stressors and wetlands [34]. Referring to Chen’s
findings [40], buffer zones were established for different ecological stressors. The software
used includes ArcGIS, IDRISI, and InVEST.

2.3. Research Methods
2.3.1. CA-Markov Model

Cellular automata (CA) is a dynamic system with discrete-time, space, and state.
Cellular space, cell and states, neighbors, and transition rules are the components of the
model. CA is not a definite mathematical function, but a bottom-up research idea, that is,
the simple behavior of local cellular individuals can produce a global, orderly pattern of
complex systems [54]. So it can be expressed as follows:

St-‘rl — fN(St) (1)
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where S is the limited set with discrete cellular states, f is a transfer function that defines
the transition of the cell from moment ¢ to moment ¢ + 1, and N is the neighborhoods of
the cell.

The Markov model is a predictive model based on the current situation of events
to predict possible changes in the future, characterized by stability and no aftereffects.
Land use and land cover change is also characterized by no aftereffects; the Markov model
can predict the trend of land use and land cover change [55,56]. The formula for the Markov
model is as follows:

X(t+1) = X(t) x P @)
Pu  Pp ... P
P (p) - Py Py ... Py ®
Pui  Pw ... Pum

where X(t) is the state of the random event at time ¢, X(t + 1) is the state of the random
event at time ¢ + 1, P is the state transition probability matrix. The transfer matrix has two
properties: 0 < P;; <land ) Pi = 1. The key to land use/cover prediction using Markov
model is to determine state transition probability matrix P.

The accuracy of the simulation results is evaluated using Kappa coefficient [57].
The calculation formula is expressed as:

K= (P, —P)/(1-F) 4)

where K is Kappa index, P, is the ratio of correct simulation, and P, is the correct analog
ratio expected for random conditions. The Kappa coefficient is between —1 and 1.

CA-Markov model can reconstruct the spatial pattern of land use in the future based
on the quantitative prediction of Markov model, so as to improve the efficiency of land use
model [58-60]. The specific steps are as follows:

(1) Transformation rules. Based on the land use data of 2005 and 2010 in the study area,
this study used the Markov model to set the data interval and forecast time period to
5 years, and the proportional error was set to 0.15 to obtain the land use conversion
area and conversion probability matrix from 2005 to 2010.

(2) Making suitability atlas. With reference to the relevant studies [61,62] and the charac-
teristics of the study area, this study took wetland as the limiting factor. Elevation,
slope, distance from urban construction land, distance from the road, and distance
from the wetland was selected as the limiting conditions in this paper. The suitabil-
ity atlas of the study area was made by using multi-criteria evaluation (MCE) and
Collection Edit module, and the state of the cell at the next moment was determined
according to the suitability atlas.

(3) Determination of CA filter. Referring to related study results [57,58], a 5 x 5 CA
model spatial filter was constructed.

(4) Model verification. With 2010 as the starting time, this study set the number of
CA iterations as 5, and simulated the land use pattern of the study area in 2015 by
combining the suitability atlas and the land use transfer matrix. Then the Kappa
coefficient was used to compare the simulation results with actual land use data
in the study area in 2015 to verify the feasibility of the model. Kappa coefficients
of Chongqging, Wuhan, and Nanjing were 0.8526, 0.9002, and 0.8913, respectively,
indicating that the experimental results were ideal and can meet the simulation
requirements.

(5) Scenario setting. Natural development scenario (NDS) and ecological protection
scenario (EPS) were set up by changing the parameters of the land use transfer
matrix of the model from 2010 to 2015. Under the NDS, the original land use transfer
matrix was used to carry out the simulation. The conversion from ecological land to
construction land was strictly restricted under the EPS, and the transfer probability
was controlled below 10%. Meanwhile, the conversion ratio of construction land
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to ecological land was increased. The transfer probability of construction land to
woodland, grassland, and wetland was increased by 2%, 1%, and 1%, respectively.

(6)  Future multi-scenario simulation. This study set 2015 as the base year, and the number
of iterations of CA was 15 to simulate the land use pattern of NDS and EPS in 2030,
respectively.

2.3.2. Habitat Risk Assessment Model

The HRA model is capable of assessing the risk of various human activities to critical
habitats. In the HRA model, the risk is defined as the possibility that human activities will
reduce the quality of coastal habitats to indicate where their ability to deliver ecosystem
services is impaired [34,36]. The HRA model is well suited for screening the risks of
current and future human activities to prioritize the best management strategies for risk
mitigation. There are two dimensions of information used to calculate the risk or impact of
the ecosystem in the HRA model, which is called “exposure” and “consequence” [37,39].
The HRA model makes full use of GIS spatial superposition analysis technology and
assesses the risk of wetland degradation caused by different stressors according to several
“exposure” and “consequence” indicators [34,38]. There are 11 indicators of “exposure”
and “consequence “, details of which can be found in this literature [53]. Based on the
collected data, six of the indicators were selected for wetland ecological risk assessment,
as shown in Table 1. The intensity score was obtained by consulting expert assessment,
and the remaining indicator scores were obtained from Table 1.

Table 1. Grading of exposure and consequence indicators.

. Score
Criteria 0 1 2 3
Exposure
spatial overlap NO YES - -
temporal overlap - 0—4 months of the year ~ 4-8 months of the year = 8-12 months of the year
intensity - Low intensity Medium intensity High intensity
Consequence -
change in area ) Low loss in area Medium loss in area High loss in area
(0-20%) (20-50%) (50-100%)
. Low loss in structure Medium loss in High loss in structure
change in structure - (0-20%) structure (50-100%)
(20-50%)
frequency of natural disturbance - Daily to weekly Several times per year ~ Annually or less often

Both exposure (E) and consequence (C) are determined by assigning a score (value
ranging from 1 to 3, with 0 representing no score) to a set of metrics for each attribute.
The total E and C scores are weighted averages of the exposure (¢;) and consequence (c;)
values for each indicator i:

N e
Yis1 T
E— lN d;.w; (5)
RS
i=1 d; w;
N Ci
Yitl T
c- By 0
Z.
=1 dj.w,

where d; represents the data quality rating for indicator i, w; represents the importance
weighing for indicator i, and N is the number of indicators evaluated for each wetland [38].
Then, the risk to wetland i caused by stressor j (R;;) is calculated as:

Rj=(E-1)?+(C—1)? %
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Finally, the cumulative risk for wetland i is the sum of all risk scores for each wetland:
Ri =) Rj (8)

In addition, the HRA model can simultaneously determine high-risk wetland areas
and identify the impact of different human activities on wetlands. Based on the risks
caused by the cumulative effects of a single stressor or multiple stressors, wetlands can
be divided into three risk levels: high, medium, and low. Wetlands are classified as high
if the cumulative risk score of the raster is 66% greater than the maximum risk value for
either stressor-habitat combination, or 66% greater than the overall possible cumulative
risk. If cumulative risk scores are between 33% and 66%, wetlands are classified as medium.
If cumulative risk scores are less than 33%, wetlands are classified as low.

3. Results
3.1. Analysis on the Change of Wetland and Its Ecological Pressure Sources

From 1990 to 2015, the study area showed a trend that the area of dryland decreased
while the area of city, rural settlement and other construction land increased, as shown in
Figure 2. By 2030, the land use pattern of NDS and EPS also showed an increase in the
area of construction land and a decrease in the area of dryland. The wetland area remained
relatively stable. In terms of quantity, the change of wetland, city, and rural settlement
in Chongqing and Wuhan was relatively small under the two scenarios, while dryland
and other construction land had a big gap. Under the EPS, due to the strict control of the
conversion of ecological land to construction land, the area of all kinds of construction land
in the study area is almost smaller than that in the NDS, and the area of dryland and wetland
is larger than that in the NDS. From the perspective of spatial layout, the development
directions of the three cities are also different. Chongqing is based on the current situation
in 2015 and expands around the city. Wuhan is southwest and southeast. Nanjing expands
along the edge on the basis of the existing city. The development trend of the three cities
is shown in Figures 3-5. It should be noted that the scenarios for Chongqging and Wuhan
is different; the area of other construction land varies greatly. Compared with Nanjing,
the area of other construction land in the two cities shows a significant increasing trend.
This is mainly due to the fact that the upper and middle reaches of the Yangtze River are
still in the stage of rapid urbanization. The proportion of the urban population in Wuhan
and Chonggqing is 52.86% and 36.48%, respectively, both of which are far lower than 73.02%
in Nanjing. Therefore, Chongqing and Wuhan will inevitably occupy other land for urban
construction in the future. In the development of cities in the upper and middle reaches of
the Yangtze River, the government should pay close attention to the conversion of various
types of land to other construction land to prevent ecological damage.

Chongqing Wuhan Nanjing
Existing data | Predicted data 2000 Existing data | Predicted data Existing data | Predicted data
25001 o o 1 oo - M . —@ Wetlmd
—_ 1800 o =% | o .- . @ Dryland
. 1600 \ & o

2000 > R City
L 5 1400 7 ; : 10004 L Y —W— Rural settlement
E 15004 o 12007 ,' 800 J r—7 v 3 Other construction land
g 771000 ) .t o= —W Left: Existing data (1990-2015)

/ 2ol .
< 10004 e 800 ’ o 6004 g—p—" Right: Predicted data (2030)
L 6001 PO 2 400 A Predicted data for ecological
5004 4001 0 pZ P protection scenario in 2030
¥ ;
s b8 : s —————8 900 —r—— " 200 4 & . Predicted data for natural
——3—3% ' ¥V 00 o . development scenario in 2030
0 -—% R
01 0 [ e s
1990 2000 2010 2020 2030 1990 2000 2010 2020 2030 1990 2000 2010 2020 2030
Time/Year

Figure 2. Changes in wetland and ecological pressure source from 1990 to 2030.
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Figure 3. Land use pattern in 2015 and 2030 (natural development scenario (NDS) and ecological
protection scenario (EPS)) in Chongqing.
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Figure 4. Land use pattern in 2015 and 2030 (NDS and EPS) in Wuhan.
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Figure 5. Land use pattern in 2015 and 2030 (NDS and EPS) in Nanjing.

3.2. Impact of Human Activities on Wetlands and Its Prediction

Figures 6-9 showed the cumulative risk to wetlands from different ecological stressors.
In order to facilitate the comparison of the results in different years, the results were stan-
dardized by the method of range standardization. The normalized range of the cumulative
risk became from 0 to 1.
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Figure 6. The impact of human activities on wetlands in 2015 and 2030 (NDS and EPS) in Chongging.
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Figure 7. The impact of human activities on wetlands in 2015 and 2030 (NDS and EPS) in Wuhan.
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Figure 8. The impact of human activities on wetlands in 2015 and 2030 (NDS and EPS) in Nanjing.

Wetlands with high-risk were mainly distributed in the Yangtze River and Jialing
River, as shown in Figure 6. These areas were mainly located in the periphery of the urban
core. Wetlands were not only affected by urban human activities, but agricultural activities
and other construction activities also increased the risks. The wetlands in the core area
of Chongqing, were greatly affected by urban development, while other human activities
were small. The wetlands in eastern Chongqing also received a little impact. Because
the wetlands in this area were far from the city, most wetlands were mainly affected
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Chongqing Wuhan Nanjing
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by agricultural production activities. Other types of human activity had little impact.
Compared with 2015, the impact of human activities on wetlands in 2030 is different.
Under the NDS, affected by the main extension direction of the urban area of Chongqing,
the eastern section of the Yangtze River in Chonggqing will be more affected by urban
development and urban infrastructure construction, and the wetland risk will obviously
increase. The risks in the southern section of the Yangtze River and the urban core will be
reduced. Under the EPS, the risk of the Yangtze River in the eastern part of Chonggqing will
also decrease, which is much smaller than that in the NDS.
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Figure 9. Ecological risks of riverbank of the Yangtze River in different cities in 2015.

The wetlands affected by human activities in Wuhan in 2015 were mainly distributed
outside the second ring road, pertaining to the compound influence of various human
activities, including urban expansion, urban infrastructure construction, and agricultural
planting. Liangzi Lake, Hammerhead Lake, Zhangdu Lake, Lu Lake, Wuhu Lake, and other
lakes in the outlying urban area were mainly affected by agrarian production, which faced
lower ecological risk. Similar to the urban center of Chongqing, the wetlands in the
second ring line of Wuhan were mainly affected by urban development, and other human
activities had little impact, so the ecological risk was low. Under the NDS, because of the
expansion of urban construction land, the ecological risks will be significantly increased
in 2030. As can be seen from Figure 7, the radius of the ecological risk high-value area
is larger than that in 2015. Under the EPS in 2030, the impact of human activities on
wetlands will be also stronger than that in 2015, especially in the southwest and southeast
of Wuhan. The main reason is the expansion of the city and other construction land in
these regions, which increases the impact on wetlands. In 2030, the risks in the urban core
will change little.

The wetlands in Nanjing were severely impacted by human activities in 2015, and they
were mainly located in the suburbs. The areas with the highest risk were mainly located in
the Yangtze River, as shown in Figure 8. The risk of wetlands, such as Chuhe and Lishui
River, was also high. The areas with low risk were scattered around the high-risk areas,
such as Shijiu Lake and Gucheng Lake in the south of Nanjing. There is non-significant
difference in the impact of human activities on wetlands in Nanjing in 2030 under the
two scenarios. Due to the expansion of urban construction land, the risks faced by the
wetlands in the urban core of Nanjing will enhance. Owing to the increase in dry land
and construction land around Shijiu Lake and Gucheng Lake, agricultural production and
construction, and development activities will bring greater ecological risks to wetlands.

3.3. Factor Analysis of Wetland Risk Caused by Human Activities

The risks faced by wetlands were caused by a combination of various human factors,
but the impact of human activities on wetlands varied in different regions. Table 2 showed
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the ecological risks posed by four types of ecological stressors to wetlands in different
regions, years, and simulation scenarios. Specifically, by 2015, the greatest impact of
Chongging on wetlands was agricultural production activities (R = 1.63), followed by
urban infrastructure construction, urban development and rural development. Wetlands
in Wuhan were the most affected by urban infrastructure construction (R = 1.78). Rural
(R = 1.62) and urban development (R = 1.59) brought the greatest risks in Nanjing, as shown
in Table 2. Therefore, the decision-makers should strengthen the supervision of the above-
mentioned human activities to reduce the risk. In addition, the impact of various human
activities on wetlands varies under different scenarios in 2030. Under the NDS, due to
urban expansion, a large number of other types of land will convert to construction land,
resulting in the increasing impact of urban development and construction activities on
wetlands in the study area. The urban development of Wuhan (R = 1.9) and Nanjing
(R = 1.71) has the most significant impact, while the urban infrastructure construction
of Chongging (R = 1.8) is the greatest. Under the EPS, the conversion from ecological
land to construction land is limited. The impact of construction land on wetlands in the
study area is obviously less than that in the NDS. However, the urban development and
construction activities (Chongqing R = 1.8, Nanjing R = 1.68, Wuhan R = 1.79) still have the
most significant impact on wetlands in the study area.

Table 2. Effects of different human activities on wetlands.

Land Use Type

Rural settlement
Dryland
Other construction land
City

Chongqing Wuhan Nanjing
2015 2030 NDS 2030 EPS 2015 2030 NDS 2030 EPS 2015 2030 NDS 2030 EPS
1.42 1.3 1.35 1.49 1.51 1.47 1.62 1.55 1.55
1.63 1.8 1.53 1.59 1.58 1.58 1.29 1.27 1.27
1.45 1.8 1.8 1.78 1.82 1.61 1.4 1.68 1.68
1.43 1.56 1.55 1.33 1.9 1.79 1.59 1.71 1.48

3.4. Ecological Risk Analysis of the Yangtze River Shoreline

This study further assessed the risks faced by the waterfront of the Yangtze River
and its tributaries (Jialing River and Hanjiang River). According to the proportion of
cumulative risk scores in the total possible cumulative risk score, waterfront is divided into
three grades: high, medium, and low. The results of 2015 showed that due to the relatively
flat topography of Wuhan and Nanjing, various human activities, such as agricultural
planting, engineering construction, brought high risks to the main river and tributaries of
the Yangtze River. The total length of high-risk rivers in Wuhan and Nanjing was 149 km
and 96 km, respectively. The length of trunk stream and tributary under medium-risk was
relatively short, and it was mainly located in the south and the east of Wuhan, as well
as in the east of Nanjing, as shown in Figure 9. The topography of eastern Chongqing is
undulating, and the impact of human activities was small, leading to the waterfront of
107 km in Chonggqing facing medium ecological risk. The high ecological risk areas were
located in the south of Chongqing, with a total length of 90 km.

4. Discussion

There were differences in the scale of different land types under the NDS and EPS in the
study area in 2030, but the trend of the increase of construction land area and the decrease
of the farmland area did not change. The trend was similar to that in other parts of China.
According to statistics, by the end of 2017, the cultivated land in China had been reduced by
60,900 hectares, and construction land had increased by 534,400 hectares [63]. Most urban
areas in China had the problem of the reduction of cultivated land and the increase in
construction land. Because China was still in the process of rapid urbanization, all kinds of
urban development and construction activities would inevitably occupy cultivated land
and other ecological land. With the population growth and urban development demand,
the situation of cultivated land protection was still very grim [64—66]. The study also found
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that the ecological risks posed by construction land were generally greater than other
land types. Numerous studies had similar results. For example, Liu [67] and Wang [68]
found that the landscape pattern of construction land was riskier than other types in
different landscape types. By 2030, the demand for population and construction land in the
study area will inevitably increase. Therefore, it is imperative to prevent the conversion of
important wetlands into construction land.

According to the analysis, the wetlands in the study area changed little. However,
it does not mean that the wetland in the study area had not been degraded. Except for
changes in the wetland area, wetland degradation was more manifested in chemical and
biological degradation. In the past few decades, waste discharge, heavy metal pollution,
domestic sewage discharge, ship navigation, and oily wastewater discharge in the indus-
trial process have made the Yangtze River the most polluted region in the world [69].
The Yangtze River has been ranked by the World Wildlife Fund as one of the top ten rivers
at risk in the world [70]. The Yangtze River Basin Water Environment Monitoring Center
monitored organic pollutants in the Yangtze River, and the results showed that 266 harmful
organic chemicals were detected in the water, and 106 harmful organic chemicals were
detected in the sediments, 17 of which were priority controlled pollutants in the United
States [71]. There were also more detailed studies showing that the bioavailability of CD,
Cu, Zn, and Pb in wetland sediment in Wuhan was higher, which posed a greater ecological
risk [72]. Currently, the level of biodiversity in the Yangtze River wetlands has decreased,
the level of net productivity is decreasing, and the eutrophication of water bodies has
intensified. It is urgent to carry out the wetland ecological restoration project in the Yangtze
River Basin [73].

The results also indicated that the ecological risk of wetlands in the three cities was
low in the urban core and high in the suburbs. This was primarily due to the relatively low
population density in the suburbs but extremely high population growth rates. In addition,
the suburban area was a new urban development area, and the wetlands in the suburban
area were facing the dual pressure of improving the living environment of urban residents
and meeting the economic development of the transition zone. In the future, due to the
rapid increase of population, the continuous expansion of construction land will destroy
the continuity of the ecological process. The spatial adjacency between the ecological
land and construction land will affect the function of ecological land, rapidly increase
the possibility of wetland ecological risk, and reduce the connectivity and resilience of
wetland ecosystems. The urban core has reached the stage of comprehensive urbanization
with the highest population density. Although these areas cannot significantly reduce the
possibility of ecological risk, the governments of different cities have implemented various
measures to help reduce the risk, such as green infrastructure construction, to a certain
extent, alleviating the ecological risk within cities [74-76]. The population density was
quite low, and the growth rate was the lowest in the outskirts of the city (rural settlement).
Moreover, the outskirts of the city were mostly natural ecosystems, which were important
ecological barriers for different cities, and all kinds of development and construction
activities had the least impact on wetlands. Analogous results were obtained for Luo [77]
and Huang [78]. According to the characteristics of different cities, urban managers should
maintain and repair the urban natural ecosystem, strengthen the guarantee of ecological
environment quality, expand the ecological space, such as urban green space and water
area, construct ecological corridor, and form a complete ecological network of urban green
space, wetland and cultivated land [79,80].

The study also found that the waterfront in the middle and lower reaches of the
Yangtze River was facing more ecological risks. The Water Resources Bulletin of Yangtze
River Basin and Southwest Rivers in 2017 also showed that the waste and sewage dis-
charged into the Yangtze River was mainly distributed in the middle and lower reaches of
the Yangtze River from the Dongting Lake to the Taihu Lake [81]. Hunan, Hubei, and Jiangsu
were the provinces with the largest amount of sewage discharge in the Yangtze River Eco-
nomic Belt. Human activities had a greater impact on wetlands in this region. Therefore,
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the government should improve and perfect the wetland management system, implement
wetland protection and restoration projects, improve wetland monitoring and evaluation
system, and reasonable plan and sustainable use of wetland resources. Meanwhile, re-
gional cooperation and interest coordination should be enhanced. On the basis of learning
from other countries’ ecological compensation, direct compensation for significant public
benefits, such as upstream water source protection and ecological conservation, should be
increased, and the basin ecological compensation should be improved to solve the re-
gional economic and social imbalance and realize the harmonious coexistence of ecological
environment protection and economic society.

Combined with the HRA model and CA-Markov model, this study quantitatively
predicted and analyzed the relatively high-risk areas and risk degree of wetlands in the
study area, and assessed the impact of ecological pressure sources related to human
activities on the wetland. Decision-makers can clearly identify the areas that need to be
protected and restored. However, there are a few shortcomings in this paper. Because the
paddy field is a special wetland, it is not included in the ecological stressor in this study.
Moreover, this study only used dryland to represent agricultural production activities,
which may not be able to fully identify the impact of agricultural activities on wetlands.
In the simulating process of CA-Markov model, the scale of the land use unit, and the size
of the cellular filter will affect the simulation accuracy. In addition, due to the limitation of
data acquisition, this study lacked detailed spatial data on human activity types. Therefore,
it may not be possible to fully reveal the impact of human activities on the wetland
under the condition of using land-use type representing human activities as ecological
stressors. The land-use intensity, water pollution, and other environmental problems also
lead to ecological risks. Although this study cannot completely replace the ERA based on
ecotoxicological data, it can provide a new idea for developing ERA in areas lacking data,
and can also provide references for traditional ERA results. In future studies, to achieve
higher simulation accuracy and better experimental results, different cell sizes should be
used to carry out the simulation and prediction in consideration of scale effects. On the
basis of collecting spatial data of human activities as much as possible, a better ecological
risk assessment effect can be achieved.

5. Conclusions

The results showed that from 1990 to 2030, the area of construction land in the study
area showed a growth trend, while farmland was the opposite. Chongqing and Wuhan
were still in the stage of rapid urbanization, which involved invading other land-use
types for urban construction in the future. In terms of spatial distribution, the wetlands
in Chongging and Wuhan, which were significantly affected by human activities in 2015,
were mainly distributed in the periphery of the urban core, while the wetlands in the urban
core and the outer suburbs were relatively less influenced by human activities. Wetlands
affected by human activities in Nanjing in 2015 were mainly distributed in suburban areas.
In 2030, the impact of human activities on wetlands under the NDS significantly increased
the area of high-risk grade, especially the construction land expansion. The risks brought
by human activities in the EPS were more concentrated in the medium and low levels.
The impact of human activities on wetlands was different. Agricultural development
in Chongqing had the greatest impact on wetlands in 2015, while human activity in
Wuhan and Nanjing, namely urban infrastructure construction and rural development,
respectively, had the greatest impact. In 2030, the intensity of human activities in the EPS
was significantly lower than that in the NDS. The waterfront of Wuhan and Nanjing is more
high-risk, and the total length of high-risk rivers is up to 149 km and 96 km, respectively.
The waterfront of Chongqing is dominated by medium-risk and high-risk, and the lengths
are 107 km and 90 km, respectively.
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