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Abstract: Ecosystem deterioration has been and is still a serious threat to human survival and regional
economic development. Theoretical and methodological challenges exist in assessing ecological
risk of watershed ecosystem that is imposed by natural changes or human activities. To fill this
research gap, this research proposes an interdisciplinary and quantitative methodology based on some
techniques such as the Procedure for Ecological Tiered Assessment of Risk (PETAR), the Entropy,
and the Celluar Automata Markov (CA-Markov). We focused on six vulnerable environmental
variables, namely land-use change, water quantity, water quality, gross domestic product (GDP),
environmental pollutants, and soil erosion in the Huai River watershed in the Henan Province in
order to build multi-dimensional quantitative method. Further, the Coupling Coordination Degree
Model is constructed, and the “threshold index” is also addressed to reflect the limitation of ecological
risk. Our results show that the spatio-temperal distribution of the eco-environmental quality has
greatly varied across this study area during different time spans. Natural eco-environmental quality
has moderately degraded in 70% of this study area (mainly agricultural region), at a prefectural
level from 2000 to 2010, and has slightly improved over the agricultural region (<170 m above
sea level) during 2010–2015. However, when considering negative stressors from human social
system on the natural ecosystem, the extent and distribution of the ecological risk varied across
the whole area during 2000–2015. The results show that there was almost 90.40% of this region
under the ecological risk, with varying extents over the study time, e.g., Kaifeng, Shangqiu, Xuchang,
and Xinyang, with a moderate deterioration in the eco-environmental quality, and Zhengzhou with
a slight deterioration in the eco-environmental quality. This paper provides a valuable perspective
for governments at all levels to manage watershed environment resources.

Keywords: regional ecological risk; watershed ecosystem; Procedure for Ecological Tiered Assessment
of Risk (PETAR) model; land-use change

1. Introduction

The watershed ecological environment is a complex social-economic-natural system, consisting
of biological community and non-biological factors. It provides important water resources and
life-support systems, at different scales, for the survival of plants and animals, as well as people
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inhabiting inside [1–3]. Also, it is the footstone for sustainable development of human societies.
Around the world, watershed environments have been severely disturbed and changed, mostly as
a result of human activities, such as population expansion, urbanization, increased industrialization,
growing demands for water, pollution, and so on. This directly or indirectly resulted in heavy casualties,
property losses, and water environment deterioration. These adverse environmental conditions, in turn,
will hinder economic development and human well-being improvement. The Water Development
Report from the World Health Organization (WHO) and United Nations (UN) showed that water
scarcity has affected almost every continent, particularly developing countries. More than two-billion
people have suffered, and are still suffering, from the shortage of water resources in more than
40 countries globally: 11 billion people having insufficient drinking water and 24 billion people
having no access to clean water and health facilities, mainly distributed in Asia, Africa, and Latin
American countries [4,5]. Governments of all levels and scientists around the world have paid more
attention on the integrated watershed ecosystem management, both for sustainable developments of
water resources and for ecological risk reduction [6–9]. Methods of ecological risk assessment have
been transferred from the environmental impact assessment used widely in environment sciences to
watershed ecological environment management. Since then, many ecological risk researches have
been conducted at different watersheds across the globe, with the purpose of gathering the detailed
information on the current status, spatial-temporal distributions, and existing problems of watershed
ecological environment [10].

Ecological risk assessment rooted in the United States in the 1970s. The US Environmental
Protection Agency defined the ecological risk assessment in 1992, which was the evaluation process
of a certain region due to one or more external factors (mainly construction projects) that may
lead to adverse ecological effects. The goal of ecological risk assessment is to help environmental
management departments to better understand and predict the relationships between ecological factors
and consequences, benefiting the formulation of environmental decision-makings. Ecological risk
assessment is developed to predict ecological adverse effects from different kinds of construction
projects at micro-scales, or to assess the possibilities of ecological changes due to some factors in
the past.

Watershed ecosystem can be greatly different from one construction project to another at small
scales, and is a complex geographic region that links surface water and groundwater with climate
change, water cycle, land use/cover, and other natural support systems that coupled with human
activities, such as point and non-point pollution discharges [11]. Therefore, any change regarding to
natural or anthropogenic components may cause immediate or lagged ecological risks in a watershed
ecosystem. A study has found that the concentrations of heavy metal pollution in drinking water
have been close to or even beyond the safe limits of the WHO guideline values in most countries,
particularly in developing worlds, such as India, China, and South Asian countries [12]. Similar work
has also been undertaken by the scenario and climate model, showing that water stress will increase
(between current conditions and the 2050s) over 62.0–75.8% of total river basin area globally, and
decreases over 19.7–29.0% [13]. A more practical method for ecological risk assessment in a watershed
should be done as an integral measurement, i.e., from the perspective of the whole watershed, by fully
considering the relationships between the up and downstream, water flowing through environmental
system, social and economic systems with various land use/cover, soil, and human activities.

Increasing studies of ecological risk assessment have been done at different levels, from a small
scale to watershed to country scale [14–17]. These studies can be broadly traced along two main
classifications: (1) the theoretical and methodological research on ecological risk assessment, such as
defining ecological risk assessment and factor identification [18–21]; (2) research on assessing negative
impacts that are caused by toxic chemicals from various construction projects [22,23]. A “three-step
method”, namely problem formation, risk analysis, and risk characterization, has recently been
developed to greatly improve studies of ecological risk assessment. It has gradually evolved into
complex approaches for scientifically and quantitatively estimating ecological risks that are imposed
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by human activities, including the Weight-of-Evidence [24,25], the Procedure for Ecological Tiered
Assessment of Risk [26], the Relative Risk Assessment Model [27,28], and the Bayesian Network
Approaches [29].

However, some theoretical and methodological challenges still exist in assessing ecological
risk of watershed ecosystem due to the complexity and heterogeneity of the watershed ecosystem.
Quantitatively identifying the effects of multiple kinds of risk factors (biological, physical, and
human-made) is the first constraint in terms of data availability and data collection cost. In addition,
some adverse effects are time-lagged, which is hard to be detected in time. The identification of
causality between human activities and their effects on endpoints (ecological deterioration, biodiversity
loss, and water pollution) is another complicating challenge. The difficulty of this case is that it is
hard to identify whether the impacts of anthropological activities are on a key component or some
combined components of the watershed ecosystem.

The main objectives of this study were (1) to better understand the spatio-temperal changing
trend of watershed ecosystem under land-use change and other contributors; and, (2) to identify the
distribution of ecological risk in the study watershed. In this paper, an integrated method that consists
of Coupling Coordination Degree Model, CA-Markov, and other models has been constructed to assess
the ecological risk in the Huai River watershed in Henan Province during 2010–2015, based on the
procedure of Ecological Tiered Assessment of Risk (PETAR).

2. The Methods and Datasets Description

2.1. The Study Area and Dataset Description

The Huai River watershed (within 111.93◦–116.64◦ E, 31.38◦–35.01◦ N) originates in the Tongbai
Mountains in Henan Province, and consists of southern Henan, northern Anhui, and northern Jiangsu,
with the river eventually entering the Yangtze River at Jiangsu (Figure 1). This river has a mainstream
with a length of 417 km and its total drainage area is 87,683.10 km2, accounting for 52.50% of Henan
Province. Based on the geographic characteristic and topography of the local river systems, the Huai
River watershed is divided into four sub-catchments: the reaches of the Huai River mainstream and
southern tributaries (1); the Hong River (2); the Shaying River (3); and, the rivers on the Yudong Plain
(4), in corresponding areas of 18,300.60, 15,468.20, 35,082.50, and 18,831.80 km2, respectively. This
catchment is situated in the Huai River-Qin Mountains region, which is generally considered as the
geographic dividing line between Northern and Southern China. The average annual temperature
over the study area is 13–15 ◦C (1969–2004), with a mean annual precipitation of 634–1200 mm during
the same period. There is a clear gradient in precipitation, decreasing from south to north Huai River
watershed, with notable seasonality having more than 50% of the annual rainfall occurred from June
to September.

This study region covers nine prefectural cities: Zhengzhou, Kaifeng, Shangqiu, Xuchang,
Pingdingshan, Luohe, Zhoukou, Zhumadian, and Xinyang, most of which are located in the eastern
plains (<200 m above sea level). The cultivated area in this region decreased from 62,982.65 km2 (72.79%
of the total area) in 1995 to 59,946.46 km2 (69.16%) in 2015, while the construction land increased
from 10,485.11 km2 (12.12%) to 14,133.26 km2 (16.31%) during the same period. It is highly populated
with an average population density of 633.97 cap/km2, which is more than four times the national
average of 142.48 cap/km2 (2015 survey). By contrast, the gross domestic product (GDP) per capita
in this catchment was 21,356.33 ¥, only 60.38% of the national average of 37,002.16 ¥ (2015 survey).
The watershed was poorly developed with clear regional differences across cities. The maximum
GDP per capita was 77,179 ¥ in Zhengzhou, followed by 50,162 ¥ in Xuchang, and 35,326 ¥ in Kaifeng,
and the minimum GDP was 23,728 ¥ in Zhoukou (2015 survey).



Sustainability 2017, 9, 2231 4 of 14

Sustainability 2017, 9, 2231  4 of 14 

 
Figure 1. Geographical location of the studied area in the Huai River watershed in Henan Province. 

According to data for pollution discharge volumes as reported by the Henan Statistical 
Yearbook 2011 and 2016, issued by the Henan Province Bureau of Statistics, the Huai River 
watershed in Henan Province has experienced a little change from middle-quality to low-quality 
eco-environment during 2010–2015, which was mainly attributed to urbanization, water pollutant 
discharges from industrial and agricultural activities, and air pollutants from industrial point 
sources and transportation sector. The total waste water discharge in the study area was 1870.52 Mt, 
nearly 49.36% of the total amount for Henan Province in 2010. The total chemical oxygen demand 
(COD) and ammonia-nitrogen (NH3-N) were 0.75 Mt and 0.08 Mt, respectively, accounting for 52.17% 
and 53.33% of the total for Henan Province, respectively. The total sulphur dioxide (SO2) was 0.48 Mt, 
sharing 35.29% of the total for Henan Province in the same period. In 2015, the total volume of waste 
water discharge in this watershed was 2423.27 Mt, 56% of the total for Henan Province. The total 
amounts of COD and NH3-N discharged were 0.79 and 0.08 Mt, accounting for 61% and 62% of the 
total for Henan Province, respectively. During the same period, the volumes of SO2 emission and 
nitrogen oxides were 0.51 and 0.60 Mt, sharing 44% and 47% of the total for Henan Province. 

The land use/cover dataset in this study were derived from remote sensing images of Landsat 
TM/ETM+ and Landsat OLI/TIRS in 2010 and 2015 (http://henu.geodata.cn) at the scale of 1:100,000. 
River systems in the studied region were from a geographic dataset of Henan Province with the scale 
of 1:250,000. Socio-economic data in the Huai River watershed came from the Statistical Yearbooks 
in Henan Province from 2001 to 2016, such as population, GDP, and urban population. 
Environmental data were obtained from the Department of Environmental Protection of Henan 
Province, including wastewater discharges, water quality, and soil erosion. All of the data used in 
this study were collected from a municipal level to a county level in this studied area. 

2.2. The Integrated Methodology for Ecological Risk Assessment 

Following the main procedure of the PETAR method, the integrated method for assessing 
ecological risk was developed as shown in Figure 2. According to the requirements of the Technical 
Criterion for Eco-Environmental Status Evaluation (HJ/T192-2006), we chose five main contributors 
to ecological risk in the Huai River watershed in Henan Province [30]. Five indices were the 
Biological richness index (BRI), the Vegetation coverage index (VCI), the Density index of river 
network (DIR), the Land degradation index (LDI), and the Environmental quality index (EQI). These 
indices can indicate the eco-environment quality in watershed ecosystem, and can couple with the 
index of urbanization level characterizing the human system [31]. The method for comprehensive 
ecological risk assessment is described in Equations (1)–(4). 

Figure 1. Geographical location of the studied area in the Huai River watershed in Henan Province.

According to data for pollution discharge volumes as reported by the Henan Statistical Yearbook
2011 and 2016, issued by the Henan Province Bureau of Statistics, the Huai River watershed in Henan
Province has experienced a little change from middle-quality to low-quality eco-environment during
2010–2015, which was mainly attributed to urbanization, water pollutant discharges from industrial
and agricultural activities, and air pollutants from industrial point sources and transportation sector.
The total waste water discharge in the study area was 1870.52 Mt, nearly 49.36% of the total amount for
Henan Province in 2010. The total chemical oxygen demand (COD) and ammonia-nitrogen (NH3-N)
were 0.75 Mt and 0.08 Mt, respectively, accounting for 52.17% and 53.33% of the total for Henan
Province, respectively. The total sulphur dioxide (SO2) was 0.48 Mt, sharing 35.29% of the total
for Henan Province in the same period. In 2015, the total volume of waste water discharge in this
watershed was 2423.27 Mt, 56% of the total for Henan Province. The total amounts of COD and
NH3-N discharged were 0.79 and 0.08 Mt, accounting for 61% and 62% of the total for Henan Province,
respectively. During the same period, the volumes of SO2 emission and nitrogen oxides were 0.51 and
0.60 Mt, sharing 44% and 47% of the total for Henan Province.

The land use/cover dataset in this study were derived from remote sensing images of Landsat
TM/ETM+ and Landsat OLI/TIRS in 2010 and 2015 (http://henu.geodata.cn) at the scale of 1:100,000.
River systems in the studied region were from a geographic dataset of Henan Province with the scale
of 1:250,000. Socio-economic data in the Huai River watershed came from the Statistical Yearbooks in
Henan Province from 2001 to 2016, such as population, GDP, and urban population. Environmental
data were obtained from the Department of Environmental Protection of Henan Province, including
wastewater discharges, water quality, and soil erosion. All of the data used in this study were collected
from a municipal level to a county level in this studied area.

2.2. The Integrated Methodology for Ecological Risk Assessment

Following the main procedure of the PETAR method, the integrated method for assessing
ecological risk was developed as shown in Figure 2. According to the requirements of the Technical
Criterion for Eco-Environmental Status Evaluation (HJ/T192-2006), we chose five main contributors to
ecological risk in the Huai River watershed in Henan Province [30]. Five indices were the Biological

http://henu.geodata.cn
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richness index (BRI), the Vegetation coverage index (VCI), the Density index of river network (DIR),
the Land degradation index (LDI), and the Environmental quality index (EQI). These indices can
indicate the eco-environment quality in watershed ecosystem, and can couple with the index of
urbanization level characterizing the human system [31]. The method for comprehensive ecological
risk assessment is described in Equations (1)–(4).

Cn = {( f (U)·g(E)/( f (U) + f (E))2}
1
2 (1)

D = {Cn·(α· f (U) + β·g(E))}
1
2 (2)

g(E) = 0.25·BRI + 0.20·(VCI + DIR + 100− LDI) + 0.15·EQ (3)

f (U) = γ·URBp + λ·URBSP + δ·URBE +ϕ·URBSO (4)

where Cn indicates the degree of mutual influence between these two systems; f (U) and g(E) indicate
human system described by land use/land cover and watershed ecosystem, respectively; α, β, γ, λ, δ,
and φ are parameters; D indicates the coupling coordination degree of watershed ecological ecosystem
and human system; URBp, URBsp, URBE, and URBso define urbanization levels from the perspectives
of regional population, economy, geographic space, and human society, respectively. The parameters
for γ, λ, δ, and φ can be estimated by the gray correlation model and Entropy method.
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Figure 2. The framework for the ecological risk assessment in the Huai River watershed in
Henan Province.

The classification of ecological risk assessment for the Huai River watershed in Henan Province has
been listed as the following Table 1. Four levels of ecological risk assessment were severe degradation,
moderate degradation, slight degradation, and no risk, respectively. They were identified by threshold
index ranking, which has been defined by the K-means statistical classification method proposed in
the Technical Criterion for Eco-Environmental Status Evaluation (HJ/T192-2006).
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Table 1. Classification of the ecological risk assessment for the Huai River watershed in Henan Province.

Ecological Risk Ranking Threshold Index (D) Sub-Types of Ecological Risk Sub-Threshold Indicators

Severe degradation 0 < D ≤ 0.3
Delayed urbanization g(E) − f(U) > 0.1

Delayed eco-environment f(U) − g(E) > 0.1
Severe degradation 0 ≤ |f(U) − g(E)| < 0.1

Moderate degradation 0.3 < D ≤ 0.5
Delayed urbanization g(E) − f(U) > 0.1

Delayed eco-environment f(U) − g(E) > 0.1
Moderate degradation 0 ≤ |f(U) − g(E)| < 0.1

Slight degradation 0.5 < D ≤ 0.8
Delayed urbanization g(E) − f(U) > 0.1

Delayed eco-environment f(U) − g(E) > 0.1
Slight degradation 0 ≤ |f(U) − g(E)| < 0.1

No risk 0.8 < D ≤ 1
Delayed urbanization g(E) − f(U) > 0.1

Delayed eco-environment f(U) − g(E) > 0.1
No risk 0 ≤ |f(U) − g(E)| < 0.1

2.3. The Assessment Methods for Watershed EcosystemVulnerablity to Human Activities

Risk factors of the watershed eco-environment vulnerable to anthropological activities were
chosen according to the guidelines of PETAR methods. These vulnerable sub-ecosystems can be
described as Biological richness index (BRI), Vegetation coverage index (VCI), Density index of river
network (DIR), Land degradation index (LDI), and Environmental quality index (EQI), respectively,
which are quantitatively defined as the following Equations (5)–(9):

BRI = Abio·
(
0.35·Sl + 0.21·Sc + 0.28·Ss + 0.11·Sg + 0.04·Sj + 0.01·Sw

)
/S (5)

VCI = Aveg·
(
0.38·Sl + 0.34·Sc + 0.19·Sg + 0.07·Sj + 0.02·Sw

)
/S (6)

DIR = (Ariv·Sriv + Alak·Slak + Ares·Vres)/3S (7)

LDI = Aero(0.05·Sero1 + 0.25·Sero2 + 0.70·Sero3)/S (8)

EQI = 0.4·(100−ACOD·ECOD/P) + 0.4·
(
100−ASO2 ·ESO2 /S

)
+ 0.2·(100−ASOL·ESOL/S) (9)

where Abio, Aveg, Aero, Ariv, Alak, Ares, ACOD, ASOL, and ASO2 are the normalized indexes, respectively;
Sl, Sc, Ss, Sg, Sj, and Sw are land use types for forest land, grass land, water area, cultivated land,
construction land, and unused land, respectively; Sriv, Slak, and Vres are the length and areas of river
systems, and the volume of water resources, respectively; S is the total area of the studied region;
Sero1, Sero2, and Sero3 are the areas for soils suffering mild, moderate to severe erosions, respectively;
ECOD, ESO2 , and ESOL are were the volumes of COD, SO2, and solid waste, respectively; P is regional
precipitation. The coefficients in the Equations (5)–(9) are specified in the guidelines of the Technical
Criterion for Eco-Environmental Status Evaluation (HJ/T192-2006).

2.4. The Assessment Methodology for Human Contributors

Gradually increasing research for the impacts from human activities on eco-environment risk has
been conducted from small-scale construction sites to larger geographical areas [32,33]. Assigning the
weights of multiple human contributors to ecological risk is crucial before objective conclusions may
be reached. Various methods for weight assignment have been addressed in the process of ecological
risk assessment, such as Entropy model, gray correlation model, and fuzzy-based model [34,35]. We
choose 15 indicators to evaluate the urbanization of nine cities in Henan Province, and they can be
broadly classified into four types, as shown in the following table (Table 2). The weight coefficients
of these indicators in this paper can be assigned to corresponding values according to the Entropy
method (Equations (10)–(13)).

R =
(
xij
)

m×n (i = 1, 2, . . . m; j = 1, 2, . . . n) (10)
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yij =
xij

xmax
(11)

ej = −
1

ln m
·

m

∑
i=1

(
yij

∑m
j=1 yij

·ln
yij

∑m
j=1 yij

)
(12)

Wj =
(
1− ej

)
/

m

∑
i=1

(
1− ej

)
(13)

where ln is the natural logarithm; R is the matrix of n indicators of human system in m cities; yij is
normalized data of the matrix R by maximum value to eliminate the units of measurement for data.
ej is the Entrop and Wj is the weight value of indicator.

Table 2. Indicators and weight coefficients of human system for the Huai River watershed in Henan
Province in 2010.

Quantification of Human
Systems Indicators Weight Coefficients

Contributors
from human
social system

(1) Urbanization indicated
by population

Population density (cap/km2) 0.09
Percentage of non-agricultural population (%) 0.04

Employed persons in tertiary industry (%) 0.01

(2) Urbanization indicated by
geographic space

Urbanization area (m2/cap) 0.04
Road area (m2/cap) 0.05

Residential area (m2/cap) 0.22

(3) Urbanization indicated by
economic development

Per capital GDP (¥) 0.05
Gross value of industrial output (¥/cap) 0.13

Urbanpercapitadisposable income (¥) 0.00
Ratio of primary and secondary industries (%) 0.00

Total financial revenue (¥/cap) 0.17

(4) Urbanization indicated by
society development

Total retail sales of consumer goods (¥) 0.02
Regular institutions of higher education (104 persons) 0.11

Internet users (104 persons) 0.06
Employed persons in health institutions(104 persons) 0.01

3. Results

3.1. Spatio-Temperal Distributions of Eco-environmental Quality in the Huai River Watershed in
Henan Province

The results of eco-environment quality in the Huai River watershed during 2000–2015 are
shown in Figure 3a–d, according to the integrated method for assessing ecological risk listed in the
Equations (1)–(13). Spatio-temporal variations in eco-environment quality in the study area are observed,
but the extents of improvement or deterioration vary across the whole watershed from 2000 to 2015.
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Figure 3. The spatio-temperal distribution of eco-environment quality in the Huai River
watershed in Henan Province during 2000–2015. The symbols for (a–d) here represent the
changes for eco-environment quality in this region during 2000–2005, 2005–2010, 2010–2015,
and 2000–2015, respectively.

As shown in Figure 3a, there is no change in the eco-environmental quality over about 59.51%
of the studied watershed during 2000–2005. This area covers the cities of Kaifeng, Shangqiu,
Xuchang, Luohe, Zhoukou, and Zhumadian. The Pingdingshan and Zhengzhou cities experience
a slight deterioration of eco-environment quality, while there is a slight improvement in Xinyang
City during the same period. From 2005 to 2010 (Figure 3b), the eco-environment quality in most
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areas of this watershed does not change when compared with that during 2005–2010, however,
the eco-environment quality in Zhumadian City and Xinyang City slightly degrades, and improves
in Zhengzhou and Pingdingshan. Until 2015, the eco-environment quality again experiences
no change in this region except for Zhengzhou City as compared with that from 2005 to 2010
(Figure 3c), and the eco-environment quality slightly deteriorates in Zhumadian City at the same
period. From the Figure 3d, the eco-environmental quality as a whole does not change in this
watershed during 2000–2015, except for Zhengzhou and Zhumadian. There is an obvious deterioration
in the eco-environmental quality in Zhengzhou City, and there is a slight deterioration in the
eco-environmental quality in Zhumadian City at the same time. In summary, most cities in the
studied region does not experience an obvious spatio-temperal change in the eco-environmental
quality during 2000–2015, however, Zhengzhou, Pingdingshan, and Xinyang present some change
from improvement to deterioration or vice versa during the different periods.

3.2. Spatio-Temperal Distributions of Ecological Risk in the Huai River watershed in Henan Province

The spatio-temperal distributions of ecological risk were estimated (as shown in Figure 4)
according to the Equations (1)–(13), and the factors listed in the Table 2.
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and 2015, respectively.

After the contributors of human system coupled with the indicators of ecological ecosystem
at a watershed, the coupling coordination degrees (D) of ecological ecosystem and human system,
as shown in the D_2000, D_2005, D_2010, and D_2015 of Figure 4, show that 90.40% of the region is
under ecological risk during 2010–2015. The areas include the cities of Kaifeng, Shangqiu, Xuchang,
Zhoukou, Pingdingshan, Zhumadian, and Xinyang, which are mainly located in the plain area of the
Huai River watershed in the Henan Province. By contrast, only Zhengzhou City experiences ecological
risk at slight level during the same period.

In the D_2000 of Figure 4, we can observe that the values of the coupling coordination degrees
are less than 0.50 in Kaifeng (D = 0.45), Shangqiu (D = 0.40), Xuchang (D = 0.46), Zhoukou (D = 0.46),
Pingdingshan (D = 0.46), Luohe (D = 0.49), Zhumadian (D = 0.43), and Xinyang (D = 0.43) in the
year 2000, that is, the eco-environmental quality in these cities are all in the moderate deterioration.
The eco-environmental quality in Zhengzhou City (D = 0.57), however, is in the slight deterioration at
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the same time. As shown in the D_2005 of Figure 4, the eco-environmental quality in this study area has
the similar spatial distribution as that in the D_2000 of Figure 4. The values of the coupling coordination
degrees are 0.42 (Kaifeng), 0.39 (Shangqiu), 0.47 (Xuchang), 0.40 (Zhoukou), 0.45 (Pingdingshan), 0.45
(Luohe), 0.39 (Zhumadian), 0.41 (Xinyang), and 0.58 (Zhengzhou), respectively, in the year 2005. These
cities are all in the moderate deterioration in the eco-environmental quality, except for Zhengzhou City
(D = 0.57). We also find that the eco-environmental quality has hardly changed in this study area in the
year 2010 (as shown in the D_2010 of Figure 4), namely Kaifeng (D = 0.43), Shangqiu (D = 0.40), Xuchang
(D = 0.47), Zhoukou (D = 0.40), Pingdingshan (D = 0.47), Luohe (D = 0.44), Zhumadian (D = 0.40),
and Xinyang (D = 0.43), respectively. The value of the coupling coordination degree equals to 0.58
in Zhengzhou City, greater than 0.50, which is, Zhengzhou experiences the moderate deterioration
in the eco-environmental quality at the same period. Until the year 2015, the values of the coupling
coordination degrees in this region range from 0.39 to 0.47 (less than 0.50), e.g., D equals to 0.46 in
Kaifeng City, 0.39 in Shangqiu City, 0.47 in Xuchang City, 0.44 in Pingdingshan City, 0.42 in Luohe
City, 0.40 in Zhumadian City, and 0.42 in Xinyang City, respectively. The eco-environmental quality
in the above mentioned cities is in the moderate deterioration in 2015. When compared with those
cities, the eco-environmental quality (D = 0.56) in Zhengzhou City is the moderate deterioration at the
same period.

4. Conclusions and Discussion

In this paper, we proposed an integrated method to assess the ecological risk across the Huai
River watershed in Henan Province. Our results showed changes in the spatio-temperal distributions
of eco-environment quality in this watershed during 2000–2015 at a prefectural scale. The risk impacts
of human activities on vulnerable watershed ecosystem were also quantitatively evaluated by the
“threshold index”, as described in the integrated method, and conclusions have been drawn in this
paper. From the perspective of natural eco-environmental quality, the spatio-temperal distribution
of the ecological environment has greatly varied across this study area during different time spans.
The eco-environmental quality has moderately deteriorated in nearly 70% of this study area (mainly
agricultural region) at a prefectural level from 2000 to 2010, and has slightly improved over the
agricultural region (<170 m above sea level) during 2010–2015. After the negative contributors from
human social system have been imposed on the natural ecosystem in this study area, the extent and
distribution of ecosystem risk varied across the whole area during 2000–2015. Our findings show that
there existed about 90.40% of this region under the ecological risk, with varying extents across the
study time, e.g., Kaifeng, Shangqiu, Xuchang, Zhoukou, Pingdingshan, Zhumadian, and Xinyang,
where the eco-environmental quality is mainly in the moderate deterioration. When compared with
these cities, there is the slight deterioration in the eco-environmental quality in Zhengzhou City.
The contributors chosen from human social system and the indicators selected from natural ecosystem,
together with the integrated method for ecological risk assessment in this study, can be used in other
watersheds of China. However, there exist some limitations in this study. One limitation of this study
is that we only examined the risk impacts of human activities on natural ecosystem in the Huai River
watershed in Henan Province, mainly focusing on biological richness, land cover, soil erosion, and so
on. For example, we did not investigate the relationship between water pollutants (such as COD,
heavy metal, and NH3-N) and wildlife health (e.g., animal extinction and biodiversity loss). As a result,
the effects of water pollution discharges on wildlife health have not been assessed at a regional scale.
In future, the tools and methods from medical science and social investigation might be introduced
into the ecological risk assessment in order to better detect the relationship between pollutants and
animal health.

Another limitation is that the threshold index for the ecological risk assessment needs to be further
studied. In this paper, we specified the threshold index for risk ranking according to the Technical
Criterion for Eco-Environmental Status Evaluation (HJ/T192-2006), in order to compare with the
ecological risk assessment in other watersheds in China. Then, the spatio-temperal distribution of
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ecological risk assessment at a national scale can be made for scientific decision-makings. However,
a specific threshold index for ecological risk assessment should be aimed to a specific region, and can
be improved by other methods, e.g., Bayesian network approaches [36], artificial neural network [37],
and ecosystem services [38,39].

Governors and researchers around the world have paid more attention on ecological risk that is
imposed by human activities over various scales, for example, regional or local ecosystems [40,41].
Existing studies showed that ecological risk assessment resulting from the human system has been
facing a lot of theoretical and methodological challenges. For instance, some effects of human activities
are hard to be identified or quantified due to their indirect and lagged characteristics, which will
introduce uncertainties in assessing ecological risk. Also, causal ambiguity in multiple stressors and
multiple receptors often constrain our understandings of the relationship between human and nature.
Consequently, more information and methods might be required to models and tools that relate the
stressors from human social system and the receptors from natural ecosystem. Furthermore, growing
studies will be also needed with these models in future to evaluate whether the negative impacts
of anthropological activities have exceeded the “threshold value” of watershed ecosystems in other
regions globally, with the purpose of balancing the nature health and human development.
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