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ous areas and high on the plain areas.
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needed for distinct strategy categories.
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Reducing ecological risks is important for promoting regional sustainable development. However, studies on the influ-
ence of impervious surfaces on ecological risks and risk control strategies in regions undergoing rapid urbanization are
limited. Therefore, this study aimed to demonstrate the spatial-temporal dynamics of regional ecological risks using
Beijing as a case study to reveal the influence of impervious surfaces and explore the controlling strategies of risks.
We first characterized the ecological risks in Beijing based on the ecosystem service values and mapped the risk levels
and temporal variations in risks. We then identified the ecological risk increases caused by impervious surface expan-
sion and built linear regression models for impervious surface coverage (ISC) and risk index. Finally, we formulated
ecological risk control strategies for the strategy categories identified based on the ISC thresholds. The results show
that the mountainous areas mainly exhibited low ecological risk levels, and the plain areas mainly showed high levels.
The expansion of impervious surface was the main cause of the relatively large temporal increase in ecological risks
from 2005 to 2015. Moreover, the strategies for ecological risk control can be divided into four categories based on
the division of ISC, with 30%, 70%, and 90% as the thresholds. For risk control strategies, reducing ISC is the most im-
portant measure to reduce ecological risks for the category with an ISC range of 90%–100%, and increasing the area
proportions of forests and water bodies is the most effective measure for the category with an ISC range of 0%–30%.
For the other two categories, controlling the ISC and other strategies are required. Our study can increase the under-
standing of the influences of impervious surfaces on ecological risks in rapidly urbanizing regions and help inform the
formulation of strategies for controlling the ecological risks in Beijing.
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1. Introduction

Rapid urbanization has caused significant ecosystem service losses and,
consequently, a large increase in ecological risk in many regions (Kang
et al., 2019). The ecological effects and regional ecological risks have be-
come hot research topics for regional sustainable development, and the
control of ecological risks has become an important concern for managers
inmany regions (Bai et al., 2014; Kang et al., 2018; Lü et al., 2018). The rap-
idly urbanizing regions are complex socioecological systems with high
spatial-temporal heterogeneity in the patterns, processes, and functions of
ecosystems and socioeconomic activities. There are multiple influences on
the development of such complex systems, from natural processes and
human activities (Young et al., 2006; Collins et al., 2011; Wang and
Ouyang, 2012). Therefore, to achieve the sustainable development of rap-
idly urbanizing regions, revealing the spatial-temporal dynamics of ecolog-
ical risks, demonstrating the influential factors, and developing rational risk
control strategies in these regions are important.

Methods for evaluating regional ecological risks based on ecosystem
services have been developed. For example, Kang et al. (2019) developed
a method to characterize regional ecological risks based on ecosystem ser-
vices values (ESVs), and Wang et al. (2021) evaluated ecological risks
from the perspective of the relationship between ecosystem service supply
and demand. Studies have shown large spatial-temporal dynamics of eco-
logical risks in some regions. Considerable spatial variations in ecological
risks have been found in different types of regions, such as mountainous
areas (Qi et al., 2020; Wang et al., 2021) and river basins (Bartolo et al.,
2012; Heenkenda and Bartolo, 2016). High ecological risks often occur in
areas with high-intensity human activities (Qi et al., 2020; Yang et al.,
2020; Wang et al., 2021). For example, the comprehensive ecological risk
index values were high in areas with many instances of agricultural and in-
dustrial production and urban land use in Wei River Basin, China (Yang
et al., 2020). Large temporal dynamics of ecological risks have also been
reported, showing that the risk level increased mainly in areas under
rapid urbanization (Kang et al., 2018; Yang et al., 2018; Wang et al.,
2021). Moreover, some studies have demonstrated that ecological risks
can be reduced in future scenarios in which optimal regional plans are
implemented (Luo et al., 2021).

As a widely used proxy of the urbanization level, impervious surface
coverage (ISC) is often used to analyze the influence of urbanization on eco-
logical processes and functions associated with ecological risks. Studies
have found that an increase in ISC increases the land surface temperature
in urban areas (Xu et al., 2013; Zhang et al., 2015; Kuang et al., 2018), run-
off in urban areas and watersheds (Schuele, 1994; Bian et al., 2017; Bell
et al., 2019; Liu et al., 2020), and water environmental degradation in wa-
tersheds (Dietz and Clausen, 2008; Meierdiercks et al., 2017). Habitat qual-
ity and biodiversity are also negatively correlated with ISC (Schuele, 1994;
Walsh andWebb, 2016; Xie et al., 2018a). Moreover, some studies, such as
those by Liao et al. (2017) in Xiamen City and Kang et al. (2019) in the
Beijing–Tianjin–Hebei urban agglomeration, have reported that the expan-
sion of impervious surfaces causes losses of ecosystem services, increasing
ecological risk.

ISC thresholds exist widely in terms of the influence of impervious sur-
faces on ecological risks. For example, there are thresholds of 40%–60% for
the positive impact of ISC on the urban heat island effect in Tampa Bay,
United States (Xian and Crane, 2006). Another example is that the ISC
threshold for stream ecosystem degradation is approximately 10% in south-
eastern Wisconsin, United States (Wang, 2007). In addition to ISC, the spa-
tial pattern of impervious surfaces has been found to affect land surface
temperature, runoff, and ecosystem quality (Alberti et al., 2007; Estoque
et al., 2017; Su and Duan, 2017). For example, the mean patch size and ag-
gregation index of impervious surfaces are highly positively correlatedwith
land surface temperature and highly negatively correlated with in-stream
biotic integrity in highly urbanized areas (Alberti et al., 2007; Estoque
et al., 2017). Despite findings on the influence of impervious surfaces on
ecosystems, there is limited research on the impact of impervious surfaces
on the comprehensive ecological risks in rapidly urbanizing regions.
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Some studies have proposed strategies to control the adverse environ-
mental and ecological effects associated with ecological risks. Differentiat-
ing the ecological risk control strategies for different management
categories is an essential step for regions with large risk changes (Schuele,
1994; Meng et al., 2015; Yang et al., 2016). For example, distinguished
countermeasures of ecological risk management have been proposed for
varying degrees of risk inOrdos, China (Meng et al., 2015), and for different
function zones in Sheyang, China (Yu et al., 2016b). Controlling ISC is an
important strategy for areas exhibiting apparent adverse effects of impervi-
ous surfaces, such as surface runoff (Yu et al., 2019) and water environ-
ments (Yang et al., 2016). Moreover, studies have proposed landscape
configuration strategies, such as fitting streetscapes with tree-based
stormwater control measures to reduce stormwater runoff (Thom et al.,
2020) and evenly distributing land use types to decrease urban flood risks
(Wu and Zhang, 2017). Despite the countermeasures provided in the liter-
ature to reduce adverse environmental or ecological effects, studies propos-
ing strategies for ecological risk control in rapidly urbanizing regions are
limited.

Based on the aforementioned identified knowledge gaps, our study
aimed to 1) demonstrate the spatial-temporal dynamics of ecological risks
and the influences of impervious surfaces in rapidly urbanizing regions
and 2) explore the strategies for controlling regional ecological risk. To
achieve these objectives, we implemented a case study of Beijing, a typical
region that has experienced rapid urbanization in the past decades. Our
work can increase the understanding of the influences of impervious sur-
faces on regional ecological risks and provide insights into ecological risk
control in rapidly urbanizing regions.

2. Study area and methods

2.1. Study area

Beijing is the capital and municipality under the direct administration
of the central government of China. In its northern part is the Yan
Mountains, in its western part is the TaihangMountains, and the remainder
is in the North China Plain (within 115.7° E–117.4° E, 39.4° N–41.6° N).
Beijing has an area of 16,410.5 km2, with the mountainous areas account-
ing for approximately 62% and the plain areas accounting for approxi-
mately 38%. Beijing has a typical temperate semi-humid continental
monsoon climate with hot weather and high precipitation in summer and
cold, dryweather inwinter. This region has an annual average precipitation
of 483.9 mm and an annual average temperature of 11 °C–13 °C.

Beijing has experienced rapid urbanization, for example, the urban
population increased from 12.86 million in 2005 to 18.77 million in 2015
(increased by 46%, Chen et al., 2018). The rapid urbanization during this
period increased the impervious surface area by 16.08%, mainly in the
form of urban expansion (Fig. 1). Urban expansion has exacerbated envi-
ronmental and ecological problems, such as urban floods, urban heat island
effects, air pollution, aquatic ecosystem degradation, and biodiversity loss
(Lü et al., 2018). Therefore, Beijing represents a typical case area for study-
ing ecological risks in regions undergoing rapid urbanization.

2.2. Methods

2.2.1. Analysis of ecological risks

2.2.1.1. Ecological risk characterization
2.2.1.1.1. Ecological risk index calculation. Ecosystem services reflect eco-

system conditions and health and are crucial for human well-being. Re-
gional ecological risk assessments are important for policymakers aiming
to develop policies that protect regional ecological features and social
values (Graham et al., 1991). Therefore, regional ecological risk assessment
based on the ecosystem service approach has clear management implica-
tions for sustainable regional development in social-ecological systems
(Wang et al., 2021). Considering the linkage between ecosystem services
and regional ecological risks, we developed a comprehensive index that



Fig. 1. Spatial patterns of land covers and elevation in Beijing. Landsat TM remote sensing data were used for land cover classification (See Yu et al., 2016a).
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reflects the relative loss of ecosystem services to characterize ecological
risks in rapidly urbanizing regions by using the Technique for Order Prefer-
ence by Similarity to Ideal Situation method (Izadikhah et al., 2014; Yang
et al., 2020) in this study. First, we used all the spatial units (e.g., pixels
of raster data) in the study area in 2005, 2010, and 2015 as the sample.
Using the sample, we created a hypothesized “positive ideal sample
point” and a hypothesized “negative ideal sample point” in which all eco-
system service types exhibit the highest and lowest values, respectively,
in the entire study area in the three years. Second, we used the ESV of the
“positive ideal sample point” as the threshold of ecological risk and calcu-
lated the largest ecosystem service loss as the Euclidean distance of the
ESV from the “positive ideal sample point” to the “negative ideal sample
point.” Third, we calculated the Euclidean distance of the ESV from the
real sample point to the “positive ideal sample point.” Finally, we calcu-
lated the ecological risk index as the ratio of these two Euclidean distances.
3

The specific calculation method for the ecological risk index is as
follows:

First, we calculated the values of n ecosystem service types of m spatial
sample points (m pixels in this case study) by using an evaluation method
(the method is explained in the next subsection) and created a matrix of
ESV using all the spatial sample points (Eq. (1)):

ESV ¼

esv11 esv12 ⋯ esv1n
esv21 esv22 ⋯ esv2n
⋯ ⋯ ⋮ ⋯

esvm1 esvm2 ⋯ esvmn

2
6664

3
7775 (1)

where ESV is the matrix of ESV, and esvmn is the value of ecosystem service
type n of spatial sample point m.
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To eliminate the influences of dimension and order of magnitude, we
normalized the matrix of the ESV by using Eq. (2):

rij ¼
esvij−min esv�j

� �

max esv�j
� �

−min esv�j
� � (2)

where rij is the normalized value of ecosystem service type j of sample point
i, max(esv•j) is the maximum value of ecosystem service type j in the entire
sample, min(esv•j) is the minimum value of ecosystem service type j in the
entire sample, and esvij is the value of ecosystem service type j of sample
point i.

Second, we created a weighted matrix of ecosystem services for the en-
tire sample by using Eq. (3):

Y ¼

y11 y12 ⋯ y1n
y21 y22 ⋯ y2n
⋯ ⋯ ⋮ ⋯
ym1 ym2 ⋯ ymn

2
6664

3
7775 ¼

ω1r11 ω2r12 ⋯ ωnr1n
ω1r21 ω2r22 ⋯ ωnr2n
⋯ ⋯ ⋮ ⋯

ω1rm1 ω2rm2 ⋯ ωnrmn

2
6664

3
7775 (3)

where Y is the weighted matrix, ymn is the weighted normalized value of
ecosystem service type n of sample point m, ωn is the weight of ecosystem
service type n, and rmn is the normalized value of ecosystem service type n
of sample point m.

Third, the positive and negative ideal sample points were created as

yþ ¼ max y�1ð Þ max y�2ð Þ ⋯ max y�nð Þ½ � (4)

y− ¼ min y�1ð Þ min y�2ð Þ ⋯ min y�nð Þ½ � (5)

in which y+ means the “positive ideal sample point,” y− means the “nega-
tive ideal sample point”, max(y•n) means the maximum weighted normal-
ized value of ecosystem service type n in the entire sample, and min(y•n)
means the minimum weighted normalized value of ecosystem service
type n in the entire sample.

Fourth, we calculated the relative loss of ecosystem services as

Dþ
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j¼1 max y�j
� �

−yij
� �2q

(6)

Dþ
max ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j¼1 max y�j
� �

−min y�j
� �� �2q

(7)

where Di
+means the Euclidean distance of the ESV between sample point i

and the “positive ideal sample point,”Dmax
+ means the Euclidean distance of

ESV between the positive and the negative ideal sample points, indicating
the distance at which the relative loss of ESV reaches the highest; max(y•j)
means the maximum weighted normalized value of ecosystem service
type j in all the sample points; min(y•j) means the minimum weighted nor-
malized value of ecosystem service type j in all the sample points; and yij
means the weighted normalized value of ecosystem service type j of sample
point i.
Table 1
Equivalent factors of ecosystem service types (referring to Xie et al., 2008) and the weig

ES classification ES types Forest Grassland

Provisioning services Food supply 0.33 0.43
Raw material supply 2.98 0.36

Regulating services Air quality regulation 4.32 1.50
Climate regulation 4.07 1.56
Water flow regulation 4.09 1.52
Waste treatment 1.72 1.32
Soil retention 4.02 2.24

Supporting services Biodiversity maintenance 4.51 1.87
Cultural services Recreation 2.08 0.87
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Fifth, we calculated the ecological risk index as

Ri ¼ Dþ
i

Dþ
max

(8)

where Ri is the ecological risk index of sample point i, whose value range is
0–1. The closer the index value is to zero, the smaller the relative ESV loss
and the lower the ecological risk. By contrast, the closer the index value is to
one, the larger the relative ESV loss and the higher the ecological risk.

2.2.1.1.2. Ecosystem services evaluation and determination of weights. This
study used the equivalent factor method, which belongs to the unit value-
based approach (Costanza et al., 1997), to calculate the value of ecosystem
services (Xie et al., 2017). Using this method, the ESV was calculated as
follows:

esvij ¼ E �∑6
k¼1 Djk � Aik

� �
(9)

where esvij is the value of ecosystem service type j of spatial sample point i,
and E is the monetary value of an equivalent factor (RMB Yuan/hm2),
which is the economic value of annual natural food production provided
by 1 hm2 cropland with national average productivity. For the value of
this variable, we referred to Xing et al. (2020) and used the annual average
value of the net profit of crops in China from 2005 to 2015 published in the
Compilation of National Agricultural Product Cost and Benefit Data of
China (2005–2015), where Aik denotes the area of land cover type k
(hm2) in region i (pixel i in this case study), and Djk denotes the equivalent
factor of ecosystem service type j provided by land cover type k.

We used the equivalent factors of nine ecosystem service types provided
by different land cover types in Xie et al. (2008) (Table 1). To obtain equiv-
alent factors suitable for Beijing, we modified the factors based on precipi-
tation and the Normalized Difference Vegetation Index (NDVI) by referring
to Xie et al. (2017) and Shi et al. (2012). The NDVI is an indicator of
vegetation greenness, which is interpreted from remote sensing images
and calculated from the visible and near-infrared light reflected by vegeta-
tion. The method used to modify the equivalent factors is described in the
Supplementary Material. Moreover, to differentiate the importance of the
ecosystem service types, we calculated the weight of the nine ecosystem
service types using the entropy weight method (Xie et al., 2018b) described
in the Supplementary Material. The ESV and ecological risk index values
were calculated using ArcGIS 10.5.

Data used to calculate ecosystem service values and ecological risks are
listed in Table S1 in the Supplementary Material.

2.2.1.2. Analysis of spatial-temporal changes in ESV and ecological risks. Based
on the ESV evaluations described in the prior subsection, we calculated the
differences in ESV between 2005 and 2010 and between 2010 and 2015 in
Beijing. Moreover, based on the ecological risk index calculated, we catego-
rized the risk in 2005, 2010, and 2015 in Beijing into five levels by using
the Jenks Natural Breaks method and then created the maps of risk levels
for the three years to show the spatial variations in ecological risks. Further-
more, we mapped the temporal variation in ESV and risks for two periods
(2005–2010 and 2010–2015). The risk variations were calculated as the
differences in the ecological risk index values between 2005 and 2010
hts.

Cropland Waterbody Impervious surface Barren land Weight

1.0 0.36 0 0.02 0.1107
0.39 0.24 0 0.04 0.1104
0.72 2.41 0 0.06 0.1140
0.97 13.55 0 0.13 0.1144
0.77 13.44 0 0.07 0.1119
1.39 14.40 0 0.26 0.1119
1.47 1.99 0 0.17 0.1107
1.02 3.69 0 0.40 0.1103
0.17 4.69 0 0.24 0.1107
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and between 2010 and 2015. To show the temporal changes in the ecolog-
ical risks in each district and then compare the districts, we calculated the
mean values of the ecological risk index for each district for the three
years and created bar charts of the risk index values. The calculations and
mappings were performed using ArcGIS 10.5, and bar charts were created
using Excel.

2.2.2. Analysis of the influences of impervious surfaces

2.2.2.1. Identifying ecological risk increases caused by impervious surface expan-
sion. First, we categorized the increases in ecological risks into two levels
(0–0.1 and over 0.1) for 2005–2010 and 2010–2015. Second, we calculated
the area of the pixels where ecological risks increased by two levels in the
two periods. Among the pixels where ecological risk increased, we further
calculated the area proportions of the land cover types converted to imper-
vious surface. These area proportions reflect the degree to which the eco-
logical risk increases were caused by impervious surface expansion.
Calculations were performed using ArcGIS 10.5.

2.2.2.2. Analysis of the relationship between ISC and the ecological risk index.
We created scattered graphs and built weighted linear regression models
to explore the relationship between ISC and the ecological risk index in
2005, 2010, and 2015. For each year, to reduce the sample size, we used
a sample of 1 km × 1 km pixels of Beijing instead of the 30 m × 30 m
pixels. The 1 km resolution ISC data were calculated based on the spatial
data on land cover with a 30 m resolution by using ArcGIS 10.5. To be spe-
cific, the ISC was calculated as the proportion of the number of 30 m× 30
m pixels of impervious surface in a 1 km×1 km cell to the total number of
pixels in the cell. The 30 m resolution impervious surface spatial data were
derived based on land cover classification using the Landsat TM remote
sensing data. The 1 km resolution risk index data were generated by resam-
pling the 30 m resolution data. Weighted linear regression models were
built by fitting the scatter plots of ISC versus the ecological risk index,
using SPSS Statistics 17.0.

2.2.3. Exploration of controlling strategies

2.2.3.1. Categorization of strategies for ecological risk control.On the one hand,
the influence of ISC on the environment and ecosystem usually exhibits
Fig. 2. Variation in ESV (104 Yuan RMB/ha) in Beijing for two periods in 2005–2015. T
Dongcheng District, DX-Daxing District, FS-Fangshan District, FT-Fengtai District, HD-H
PG-Pinggu District, SJS-Shijingshan District, SY-Shunyi District, TZ-Tongzhou District, X
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tipping points (Walsh et al., 2005; Guo et al., 2019); one the other hand,
ISC is often the controlling target in the regional environment or ecosystem
management, especially in regions undergoing rapid urbanization (Yu
et al., 2019). Therefore, we categorized ISC for risk control on the basis of
the changes in the accuracy of the linear regression models for the relation-
ship between ISC and the ecological risk index. For the categorization of
ISC, we first divided ISC into 10 equal ranges (0–10% to 90%–100%) for
2005, 2010, and 2015. Next, we built linear regression models for each
ISC range, constructed box plots of the residuals, and calculated the R2 of
the models for the three years. Finally, we categorized ISC based on the
changes in the distributions of the model residuals and the changes in R2

with the increase in ISC. Different ISC categories exhibit apparent distinct
variation trends of residual distributions or R2 and thus require distinct
strategies for ecological risk control. The creation of the box plots of the
model residentials and the calculation of the model R2 were performed
using Python 3.7.

2.2.3.2. Proposal of ecological risk control strategies. We proposed categories
of strategies for controlling the ecological risk in Beijing on the basis of
the division of the ISC ranges: (1) for categories in which the linear correla-
tion between ISC and the ecological risk index is strong, we proposed risk
control strategies that mainly target reducing ISC, because reducing ISC is
highly likely reduce ecological risk in this situation; (2) for categories in
which the linear correlation between ISC and the ecological risk index is
moderate, we suggest using both ISC control measures and other measures
to reduce ecological risks; and (3) for categories in which the linear corre-
lation between ISC and the ecological risk index is weak, we propose strat-
egies mainly based on measures other than controlling ISC, because
reducing ISC is unlikely to reduce ecological risk in this situation.

3. Results

3.1. Spatial-temporal dynamics of ESV and ecological risks in Beijing

3.1.1. Spatial-temporal variations in ESV
The increase in ESV from 2005 to 2010 mainly occurred in the moun-

tainous areas of Beijing, and the value increase was mostly less than or
equal to 9.0 × 104 Yuan RMB/ha (Fig. 2-a). The plan areas mainly exhib-
ited ESV decreases of less than 3.0 × 104 Yuan RMB/ha or no ESV
he full names of the districts are CP-Changping District, CY-Chaoyang District, DC-
aidian District, HR-Huairou District, MTG-Mentougou District, MY-Miyun District,
C-Xicheng District, and YQ-Yanqing District.



Table 2
Value ranges of ecological risk index for different risk levels and the area propor-
tions of each level in the entire study area.

Ecological
risk
levels

Risk index
value
ranges

Area
proportions
(2005)

Area
proportions
(2010)

Area
proportions
(2015)

I (very low) 0.35–0.46 11.24% 24.40% 49.64%
II (low) 0.46–0.59 44.07% 32.43% 8.60%
III (medium) 0.59–0.76 5.11% 6.32% 6.61%
IV (high) 0.76–0.90 23.31% 18.38% 17.00%
V (very high) 0.90–1.0 16.27% 18.46% 18.15%

Note: Risk was categorized using the Jenks Natural Breaks method, in which the
samples are all the pixels in 2005, 2010, and 2015. The lowest value of the ecolog-
ical risk index is not zero, because there is no “positive ideal sample point,” which
can provide the highest ESV for all service types, in the real world.
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variations in this period. Most areas in Beijing also exhibited ESV variation
of−3.0 × 104 to 9.0 × 104 Yuan RMB/ha in 2010–2015. However, areas
showing an ESV increase or decreaseweremuchmore evenly distributed in
different districts during this period than in 2005–2010 (Fig. 2-b).

3.1.2. Spatial variations in ecological risks
The ecological risk was categorized intofive levels, from very low (level

I) to very high (level V), with the risk index value increasing from 0.35 to
1.0 in 2005, 2010, and 2015 in Beijing (Table 2). The high (level IV) and
very high (level V) ecological risks were mainly distributed on the plain,
on which the areas within the 6th Ring Road exhibited a large area of
very high risk. Additionally, the low (level II) and very low (level
I) ecological risks were mainly distributed in the mountainous areas in
the northern and western parts of Beijing (Fig. 3). Moreover, the area pro-
portion of the very high ecological risk level increased from 16.27% to
18.46% from 2005 to 2010, which mainly occurred between the 5th and
6th Ring Road, and the area proportion of the very low ecological risk
level increased from 11.24% to 49.64% from 2005 to 2015, which mainly
occurred in the mountainous region.

3.1.3. Temporal variations in ecological risks
Most of the plain areas, except the region within the 6th Ring Road, ex-

hibited ecological risk increases≤0.1 in Beijing from2005 to 2010 (Fig. 4).
In this period, large areas between the 5th and 6th Ring Roads exhibited
ecological risk increases of 0.1–0.2. Moreover, most of the mountainous
areas and the region within the 5th Ring Road showed ecological risk
Fig. 3. Ecological risk levels in Bei
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decreases of −0.2 to 0 in this period. Areas with ecological risk increases
were much fewer in 2010–2015 than in 2005–2010. These areas exhibited
risk increases of 0–0.1 and were mainly distributed on the cropland in the
Yanqing, Miyun, Shunyi, Pinggu, Tongzhou, Daxing, and Fangshan
Districts. The remaining areas of Beijing mostly exhibited a risk decrease
of−0.2 to 0 in this period.

Regarding temporal variations in the overall ecological risks, the
Xicheng, Daxing, Shijingshan, Haidian, and Shunyi Districts showed very
small risk increases from 2005 to 2010. However, all districts except the
Daxing District showed different degrees of risk decrease from 2010 to
2015 (Fig. 5). The ecological risk in the Daxing District increased by 1.2%
from 2005 to 2010 and by 0.1% from 2010 to 2015. Among all districts,
seven districts—the Fangshan, Changping, Pinggu, Yanqing, Miyun,
Huairou, and Mentougou Districts—exhibited an apparent ecological risk
decrease (by over 5%) from 2005 to 2015.

3.2. Influences of impervious surface

The area of pixels where the increase in ecological risk from 2005 to
2010 was ≤0.1 was 3898.17 km2. In this area, only 7.97 km2 (0.20%)
changed from other land cover types to the type of impervious surface in
this period (Table 3). However, among the pixels where the increase in eco-
logical risk was over 0.1, 472.55 km2 (65.29%) were converted from other
land cover types to the type of impervious surface. From 2010 to 2015, the
proportion of the pixel amount converted from other land cover types to im-
pervious surfaces in the number of pixels with a risk increase over 0.1 was
even higher (70.99%). These high proportions indicate that impervious sur-
face expiation was the major cause of the relatively large ecological risk in-
crease (over 0.1) in Beijing from 2005 to 2015.

The weighted linear regression models showed that the ecological risk
index exhibited a highly linear relationship with ISC in Beijing, with R2

values of 0.476, 0.615, and 0.651 for 2005, 2010, and 2015, respectively
(Fig. 6). The strength of the positive correlation between the ecological
risk index and ISC generally increased as ISC increased.

3.3. Ecological risk control strategies based on ISC

3.3.1. ISC thresholds for categories of ecological risk control strategies
First, residuals of the linear models between ISC and the ecological risk

index for each ISC range showed very large variations when ISC was less
than 30% in 2005, 2010, and 2015 (Fig. 7-a, −b, −c). This phenomenon
means that the linear relationship between ecological risk and ISC is very
jing in 2005, 2010, and 2015.



Fig. 4. Changes in ecological risks in Beijing for two periods in 2005–2015.

Fig. 5. Average ecological risks of districts in Beijing in 2005, 2010, and 2015.
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weak. Second, variations in the model residuals (reflected by the distance
between the two ends of a box or between the upper and lower whisker
limits in a box plot) became increasingly smaller in all the three years
when ISC increased from 30% to 70%, indicating that the linear relation-
ship between ecological risk and ISC became increasingly stronger. Third,
the R2 of the linear regression models apparently increased (from
0.04–0.15 to 0.12–0.19, Fig. 7-d), and the variations in the model residuals
showed continuously decreasing trends when ISC increased from 70%
to 90%, indicating that the accuracy of the linear regressionmodels became
much higher. Finally, variations in the model residuals became
Table 3
Area proportions of pixels where ecological risk increased and land cover types were co

2005–2010

Ecological
risk increase

Area of pixels where
risk increased (km2)

Area of pixels where risk increased and land
cover types were converted to IS (km2)

Area
propor

(0, 0.1] 3898.17 7.97 0.20%
>0.1 723.80 472.55 65.29%
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considerably small, and the R2 of the models became very high (approxi-
mately 0.77) when ISC was over 90%, indicating a very strong linear rela-
tionship between ecological risk and ISC. Therefore, ISC thresholds for
the four categories of ecological risk control strategies were 30%, 70%,
and 90%, respectively.

3.3.2. Ecological risk control strategies

3.3.2.1. Category 1 with the ISC range of 90%–100%. The ISC range of this
category was mainly distributed in urban areas of Beijing, including most
nverted to impervious surface (IS) in Beijing for the two periods in 2005–2015.

2010–2015

tion
Area of pixels where
risk increased (km2)

Area of pixels where risk increased and land
cover types were converted to IS (km2)

Area
proportion

2949.51 13.62 0.46%
45.68 32.43 70.99%



Fig. 6. Relationships between ISC and ecological risk index in Beijing in 2005, 2010, and 2015.
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of the Dongcheng and Xicheng Districts; the southern part of the Haidian,
Chaoyang, and Shijingshan districts; the eastern part of the Fengtai District;
and the comparatively small built-up areas of the other 10 districts (Fig. S1
in the SupplementaryMaterial). The linear regression relationship between
the ecological risk index and ISC was very strong in this ISC range (Fig. 7).
Therefore, reducing ISC is themost important measure for reducing ecolog-
ical risks (Table 4). Although reducing ISC is difficult in areas where ISC is
very high, its practicability is largely increased in Beijing because of
“Beijing's Five-year Urban Renewal Action Plan (2021–2015)”, which
takes urban ecological restoration as one of the targets.

One commonly used measure to reduce ISC and increase vegetation
coverage is to build green infrastructure. Many studies and practices
show that green infrastructure can provide critical ecosystem services,
such as flood regulation, urban heat island effect mitigation, and recreation
Fig. 7.Residuals and R2 of the linear regressionmodels between ISC and the ecological ris
residuals of the linear models for different ISC intervals and diagram d shows the R2 of
indicate the outliers.
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in urban areas (Meerow and Newell, 2017), and thus can largely reduce
ecological risks. This measure is especially important in the urban areas
of Beijing because the dense population and intensive socioeconomic activ-
ity can greatly benefit from the ecosystem services provided by the green
infrastructure. Moreover, because some brownfields with high ISC remain
in urban areas of Beijing, such as abandoned factories, changing brown-
fields to green spaces or blue spaces can also effectively reduce ecological
risks.

3.3.2.2. Category 2 with the ISC range of 70%–90%. The spatial distribution
of the ISC range of this category is similar to that of Category 1, as the
ISC of 70%–90% was mostly distributed in the periphery of the ISC of
90%–100% (Fig. S1 in the Supplementary Materials). Variations in the re-
siduals of the linear regression models between ISC and the ecological
k index in Beijing in 2005, 2010, and 2015. Diagrams a to c show the box plots of the
the models. The red lines in the boxes indicate the mean values and the blue points



Table 4
Categories of ecological risk control strategies for ISC ranges in Beijing.

Categories of ecological risk control
strategies

ISC ranges and characteristics of the
linear
regression models between ISC and the
ecological risk index

Category 1 ISC range: 90%–100%
Strategies: Reducing ISC is the most
important measure to reduce ecological
risks, due to the considerably strong
linear regression relationship between
ISC and ecological risk. Other measures
only make very limited contributions to
ecological risk reduction.

Variations in residuals of the linear
regression models were considerably
small; the R2 of the models was very large.

Category 2 ISC range: 70%–90%
Strategies: Impervious surface control
measures, such as strictly controlling its
expansion, are important to control
ecological risks. Other measures, such
landscape configuration optimization,
are also necessary.

Variations in residuals of the linear
regression models continuously declined
with the increase in ISC; the R2 of the
models largely increased.

Category 3 ISC range: 30%–70%
Strategies: Some impervious surface
control measures are necessary, because
the strength of the linear regression
relationship between ISC and the
ecological risk index continuously
increased with the increase in ISC.
Other measures that reduce ecological
risks could become important.

Variations in residuals of the linear
regression models continuously declined
with the increase in ISC; and the R2 of the
models was very low.

Category 4 ISC range: 0%–30%
Strategies: Controlling ecological risks
mostly relies on measures other than
impervious surface control, such as
increasing the area proportion of forests
in vegetations, because the linear
regression relationship between ISC and
ecological risk index was very weak.

Variations in residuals of the linear
regression models were very large (Fig. 7,
a–c); and the R2 of the models was very
low (Fig. 7, d).
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risk index continuously declined with the increase in ISC, and the R2 of the
models largely increased in this ISC range (Fig. 7). Therefore, impervious
surface control measures remain important for controlling ecological
risks, and other measures are also necessary (Table 4).

First, the measures applied to reduce ISC for Category 1 are also impor-
tant for that in Category 2. Moreover, because this ISC range was mostly
distributed on the periphery of the ISC range of 90%–100% and likely to
be replaced by the latter in the urban sprawl process, controlling the expan-
sion of impervious surfaces through, for example, setting urban growth
boundaries in land use planning, is important. Landscape configuration op-
timization is another important measure in addition to controlling impervi-
ous surfaces. One effective strategy to reduce ecological risks caused by
impervious surfaces is changing built-up areas from a concentrated spatial
pattern to a dispersed spatial pattern to allow for the buffering of adverse
ecological processes, such as surface runoff and pollutant wash-off (Yang
and Lee, 2021). Moreover, to reduce the risk of the urban heat island effect,
a significant urban ecological risk, changing dispersedly distributed small
greenspaces to fewer and larger greenspaces has been shown to be effective
in Beijing (Li et al., 2012).

3.3.2.3. Category 3 with the ISC range of 30%–70%. The ISC range of this cat-
egory was scattered on the plain of Beijing (mainly in the six urban districts
and six suburban districts; Fig. S1 in the Supplementary Material). Al-
though the R2 of the linear regression models was very low in this ISC
range, the strength of the linear correlation between ISC and the ecological
risk index continuously increased with the increase in ISC (Fig. 7). There-
fore, other measures that can reduce ecological risks are important, and
some IS control measures remain necessary (Table 4).

First, the measures used to control the expansion of impervious surfaces
and reduce ISC for Categories 1 and 2 can also be used for Category 3. For
reducing urban flooding, which exhibits a high risk in summer in Beijing,
9

some landscape configuration optimization measures are effective. One
measure is to transform impervious surfaces with medium density into dis-
continuously connected impervious surfaceswith high–low–high density in
the regions where urban renewal will be implemented (Yu et al., 2019). An-
other measure is to increase landscape complexity and diversity by evenly
distributing different land use types in urban areas (Wu and Zhang,
2017). Moreover, placing greenspace downstream of the impervious sur-
face is highly effective in reducing the runoff amount (Yang and Lee,
2021). In addition to these landscape configuration optimization measures,
dispersedly discharging some surface runoff into permeable land can re-
duce the amount of runoff and pollutants directly discharged into rivers
through pipes (Chen et al., 2018).

3.3.2.4. Category 4 with the ISC range of 0%–30%. The ISC of this category
was mainly distributed in the suburban and rural areas on the plain and
in the mountainous areas of Beijing (Fig. S1 in the Supplementary Mate-
rial). Variations in residuals of the linear regression models were very
large, and R2 values of the models were very low in this ISC range
(Fig. 7), indicating that the linear regression relationship between ISC
and the ecological risk index was very weak. Therefore, reducing ISC will
unlike decrease ecological risks, and risk controlmostly relies on othermea-
sures (Table 4).

The most effective measure to reduce the ecological risks in this ISC
range is to increase the area proportions of forests and water bodies, be-
cause these two ecosystem types exhibit very high equivalent factor values
of several ecosystem service types (Table 1). The Beijing municipal govern-
ment has implemented large-scale afforestation on the plain since 2012 (Hu
et al., 2020). The planted forests have increased the provision of ecosystem
services in a large part of Beijing. However, managers should be aware of
the large differences in the provisioning capacities of ecosystem services
(e.g., water flow regulation) among tree species and thus carefully choose
the appropriate tree species in the afforestation project (Baptista et al.,
2018; Yang et al., 2019). For increasing waterbody coverage, an important
measure is to build wetland parks, which act as recreational sites for resi-
dents and provide many regulating services, such as flood regulation and
local climate regulation. This measure has become much more feasible
than it was several years ago, because of the large amount of water pro-
vided to Beijing through the South-to-North Water Diversion Project
(Wan et al., 2016).

4. Discussions

4.1. Spatial-temporal dynamics of ecological risks

In Beijing, there were much fewer areas with ecological risk increases
over 0.1 in 2005–2010 than in 2010–2015 (Table 3, Fig. 4); this phenome-
non occurs because the increase in impervious surface area was much
smaller (increased by 1.9%) in the latter period than in the former period
(an increase of 13.9%). As we have demonstrated, impervious surface ex-
pansion was the main cause of the relatively large increase in ecological
risk. Notably, the increasing rate of the urban population was 12.5% in
2010–2015 (Beijing Municipal Bureau of Statistics, 2021), which was
much larger than that of the impervious surface area. These phenomena
imply that the urbanization of Beijing was much slower in 2010–2015
than in 2005–2010 and was mainly in the form of “population urbaniza-
tion” rather than “land urbanization” (Wang et al., 2016).

Regarding spatial variation in ecological risks, the mountainous areas
exhibited a much lower risk level than the plain areas (Fig. 3). This phe-
nomenon is observed because the mountainous areas were dominated by
forests, and the plain areas were mainly covered by cropland and impervi-
ous surfaces (Fig. 1). As shown in Table 1, forests provide much more total
ESV than cropland and impervious surfaces, substantially reducing ecolog-
ical risks.

Regarding the changes in ecological risk levels from 2005 to 2015, the
high level was replaced by the very high level in some areas (mainly within
the 5th and 6th Ring Road) on the plain, and the low level was replaced by
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the very low level in many areas in the mountains (Table 2 and Fig. 3).
Moreover, the ecological risk for a large area of cropland exhibited small in-
creases (≤0.1; Fig. 4), although the risk level did not increase.

There are two major reasons for these changes. The first reason is that
the expansion of the impervious surface, the equivalent factors of which
are zero, by occupying cropland on the plain areas (Fig. 1) resulted in a de-
crease in ESV (Fig. 2-a) and an increase in ecological risks in areas occupied
by the expanded impervious surface. The second reason is that the NDVI in-
creased on forested land in the mountainous areas from 2005 to 2015 and
decreased on much cropland in the plain areas during the same period
(Fig. S2 in the SupplementaryMaterial). As explained in the Supplementary
Material (Eqs. (3) and (4)), the equivalent factors of eight ecosystem types
were modified based on the NDVI such that a higher NDVI results in larger
equivalent factors, leading to lower ecological risks. Our finding that the
NDVI is positively correlated with ecosystem services and negatively corre-
lated with ecological risks is similar to that of other studies (De Carvalho
and Szlafsztein, 2019; Yu et al., 2020).

4.2. Influence of impervious surface on ecological risks

Regarding the influences of impervious surfaces, the main cause of the
relatively large increases in the ecological risks from 2005 to 2015 was
the conversion from other land cover types to impervious surfaces
(Table 3). This finding is reasonable because the equivalent factors of all
ecosystem service types of impervious surfaces are the lowest (zero)
among all land cover types (Table 1). A large reduction in ESV occurs
when other land cover types are changed to impervious surfaces, causing
a large ecological risk increase. This finding is similar to those of Liao
et al. (2017) and Kang et al. (2018). Additionally, the large ecological risk
increases mainly occurred on the peripheries of impervious surfaces on
the plain areas in 2005–2010 (Fig. 4-a). This phenomenon can be explained
by the apparent impervious surface expansion (the area increased by
13.9%) during this period (Fig. 1). This phenomenon indicates a significant
trade-off between ecosystem services and urban development in rapidly ur-
banizing regions (Kang et al., 2019).

Thresholds of the influence of ISC on ecological risks need to be deter-
mined to categorize risk control strategies (Schuele, 1994). Studies have
found ISC thresholds for influences on the urban heat island effect, runoff,
water quality, and ecosystem quality in urban areas or watersheds (Brun
and Band, 2000; Stepenuck et al., 2002; Wang, 2007; Guo et al., 2019).
These studies have demonstrated that the adverse environmental or ecolog-
ical effects increase quickly as ISC increases when ISC is within a certain
range.However, the strength of the correlation between ISC and the ecolog-
ical risk index exhibited a general increasing trend with the increase in ISC
and did not show tipping points in this study (Fig. 6). Therefore, we identi-
fied the ISC thresholds according to the goodness of fit of the linear regres-
sion models to data in different ISC ranges (Fig. 7). We used these
thresholds to determine whether controlling the impervious surface is ef-
fective for risk control for different strategy categories.

4.3. Advantages of the formulation of the ecological risk control strategies and
limitations

As we have demonstrated, although the ecological risk in mountainous
areas in Beijing decreased from 2005 to 2015, urban districts and several
suburban districts exhibited relatively large risk values (Fig. 4); thus, devel-
oping ecological risk control strategies for Beijing is necessary. Therefore,
we proposed differentiated ecological control strategies for the strategy cat-
egories and showed the spatial locations of the categories using a map
(Table 4 and Fig. S1 in the Supplementary Material). Such work can help
managers implement risk control countermeasures with high effectiveness
in distinct regions in Beijing, for example, avoidingwasting resources when
controlling the impervious surface in areas with an ISC range of 0%–30%,
because the correlation between ISC and the ecological risk index is very
low in this range. The advantage of differentiating strategy categories has
been demonstrated in the literature, for example, Meng et al. (2015)
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proposed countermeasures for ecological risk management for different
risk degrees, ecosystems, and risk sources in Ordos. Second, such work
can demonstrate to managers where distinct ecological risk control strate-
gies should be implemented in Beijing. Managers need a map showing
the spatial distributions of strategy categories, such that provided in the
Supplementary Material of this article. Third, although ISC may change
temporally (Kang et al., 2018), managers can continuously adjust the strat-
egies for regions with ISC changes by using a checklist of the risk control
strategies differentiated by the ISC range and an updatedmapof ISC ranges.

Despite the advantages we have demonstrated, the formulation of eco-
logical risk control strategies in this study has limitations.We only analyzed
the quantitative relationship between impervious surfaces and ecological
risks. Therefore, we only have first-hand scientific evidence to determine
the strategy categories based on ISC and propose the controlling strategies
for impervious surfaces. Nevertheless, we did not estimate the influence of
other factors, such as landscape patterns. To manage this limitation, we
based the proposal of the strategies, other than controlling impervious sur-
faces, on evidence from the literature. For example, we suggested changing
the dispersedly distributed small greenspace to fewer and larger
greenspaces to reduce the risk of the urban heat island effect for the ISC
range of 70%–90%, because such countermeasures were shown to be effec-
tive in Beijing (Li et al., 2012). The evidence on the effects of the other strat-
egies from the literature increases our confidence in the rationality of
proposing these strategies for ecological risk control in Beijing.

Moreover, our method and data input have limitations. One limitation
is the use of the equivalent factors of ecosystem services, which has been
provided in the literature and was based on expert opinions (Xie et al.,
2008), to evaluate ESV. Such a method results in uncertainties, especially
when factor values from the literature are for the entire country and may
not be suitable for Beijing. To cope with this problem, we referred to the lit-
erature (Xie et al., 2017; Xing et al., 2020) and used the NDVI and precipi-
tation data of Beijing and China tomodify the equivalent factors so that the
equivalent factor values were suitable for Beijing. Another limitation is the
use of the entropy weight method to determine the weights of ecosystem
service types. According to this method, the weight of an ecosystem service
type only depends on the dispersion of the service value in the entire sam-
ple (all the pixels of the study area), excluding the actual importance of the
service to individuals (Li et al., 2021). Considering this limitation, we per-
formed a sensitivity analysis of the major parameters used to calculate the
ecological risk index. The results show that the weights of ecosystem ser-
vice types make small contributions to the sensitivity (Fig. S4 in the Supple-
mentary Material), indicating that the uncertainty of the weights exerts a
small influence on the risk index values. The major limitation of the data
is the use of land cover spatial data with a resolution of 30 m. We used
this resolution because no finer land cover spatial data for Beijing were
available for all three years. The 30 m resolution may not capture the com-
plexity and high heterogeneity of the landscape pattern in regions where
rapid land cover conversion occurs, such as the areas between the 5th
and 6th Ring Road of Beijing. Therefore, we did not analyze the influence
of the fragmentation and shape of impervious surfaces on ecological risks
in this study.

5. Conclusions

This study aimed to demonstrate the spatial-temporal dynamics of eco-
logical risks, reveal the influences of impervious surfaces, and formulate
strategies for controlling ecological risks in rapidly urbanizing regions. To
achieve these objectives, we used Beijing as a case study area, characterized
the ecological risks based on ESV, mapped the levels and temporal changes
in ecosystem service values and ecological risks, identified the ecological
risk increases caused by impervious surface expansion, analyzed the rela-
tionship between ISC and the ecological risk index, and proposed ecological
risk control strategies for the strategy categories. We found the following:
(1) Themountainous areas of Beijingmainly exhibited low levels of ecolog-
ical risks, and the plain areasmainly showed high risk levels.Much forested
land in themountainous areas showed increases in ESV and small decreases
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in ecological risks; a large area of cropland on the plain exhibited small ESV
decreases and slight risk increases from 2005 to 2015. Moreover, the urban
and suburban districts exhibited much higher average ecological risks than
the rural districts; (2) the expansion of impervious surfaces was the main
cause of the relatively large ecological risk increases from 2005 to 2015;
(3) the strategies for ecological risk control could be divided into four cate-
gories based on the division of ISC with 30%, 70%, and 90% as the thresh-
olds; and (4) reducing ISC is the most important measure to reduce
ecological risks for the category with the ISC range of 90%–100%, and in-
creasing the area proportions of forests and water bodies is the most effec-
tive countermeasure for the category with the ISC range of 0%–30%. For
the other two categories, controlling ISC and other strategies are both
necessary for risk control.

Our findings indicate the large spatial and temporal dynamics of ecolog-
ical risks in rapidly urbanizing regions and provide evidence of the tipping
points of the influences of ISC on ecosystem services and ecological risks.
Moreover, the results show that differentiating ecological risk control strat-
egies for distinct categories in different parts of a region can enable the ef-
fective implementation of these strategies. Our study can increase the
understanding of the influence of impervious surfaces on ecological risks
in rapidly urbanizing regions and help inform the formulation of strategies
for controlling the ecological risks in Beijing. Further studies may examine
the influences of other strategies, such as landscape pattern optimization,
on ecological risks in rapidly urbanizing regions.
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