
Science of the Total Environment 554–555 (2016) 7–16

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Ecological risk assessment of ecosystem services in the Taihu Lake Basin
of China from 1985 to 2020
Xibao Xu a,b,⁎, Guishan Yang a, Yan Tan c, Qianlai Zhuang b, Hengpeng Li a, Rongrong Wan a,
Weizhong Su a, Jian Zhang a

a Key Laboratory of Watershed Geographic Sciences, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing 210008, China
b Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN 47907, USA
c Discipline of Geography, Environment and Population, The University of Adelaide, Adelaide 5000, Australia
H I G H L I G H T S G R A P H I C A L A B S T R A C T
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model of ecosystem services was devel-
oped.

• DNDC, SWAP, Biome-BGC and AEZ
models were used for assimilation.

• Integrated degradation risk of four key
ecosystem services was assessed.

• Land-use change posed a great degra-
dation risk on ecosystem services in
1985–2020.

• Severe deterioration in 2020 would be
centered in some small and less devel-
oped cities.
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There are tremendous theoretical, methodological and policy challenges in evaluating the impact of land-use
change on the degradation of ecosystem services (ES) at the regional scale. This study addresses these challenges
by developing an interdisciplinarymethodology based on the Procedure for Ecological Tiered Assessment of Risk
(PETAR). This novel methodology integrates ecological models with a land-use change model. This study quan-
tifies the multi-dimensional degradation risks of ES in the Taihu Lake Basin (TLB) of China from 1985 to 2020.
Four key ES related to water purification, water quantity adjustment, carbon sequestration and grain production
are selected. The study employsmodels ofDenitrification-Decomposition (DNDC), Soil-Water-Atmosphere-Plant
(SWAP), Biome-BGC and Agro-ecological Zoning (AEZ) for assimilations. Land-use changes by 2020 were
projected using a geographically weighted multinomial logit-cellular automata (GWML-CA) model. The results
show that rapid land-use change has posed a great degradation risk of ES in the region in 1985–2020. Slightly
less than two-thirds of the basin experienced degradation of ES over the 1985–2010 period, and about 12% of
the basin will continue to experience degradation until 2020. Hot spots with severe deterioration in 2010–
2020 are projected to be centered around some small and less developed cities in the region. Regulating
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accelerated urban sprawl and population growth, reinforcing current environmental programs, and establishing
monitoring systems for observing dynamics of regional ES are suggested as practical counter-measures.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

One of the great challenges of our time is providing food, timber, en-
ergy, housing, and other goods and services, while maintaining ecosys-
tem functions and biodiversity that underpin their sustainable supply
(Lawler et al., 2014). Approximately 60% of the world's ecosystem ser-
vices (ES) are degraded or used in an unsustainableway, and the degra-
dation of ES is expected to grow significantly worse throughout the first
half of the 21st century (McNeely et al., 2011; Millennium Ecosystem
Assessment, 2005). ES are largely and directly influenced by five main
drivers: land-use change, invasive species, over-exploitation, pollution
and climate change (McNeely et al., 2011). Among which, land-use
change is amajor driver of change in the spatial pattern and overall pro-
vision of ES (Goldstein et al., 2012; Lawler et al., 2014; Nelson et al.,
2010). Degradation of ES is usually influenced by land-use change
through twoways: changes in land-use patterns and landmanagement
(e.g., agricultural practices, forestry practices, fertilizer utilization). As
there are spatial and temporal interactions and interdependencies of
ES, it is significant to comprehensively assess the degradation of ES in-
fluenced by land-use change, which will pose a significant barrier to
global or regional sustainability (Kragt and Robertson, 2014;
Millennium Ecosystem Assessment, 2005; Zagonari, 2016). For exam-
ple, increasing fertilization will increase grain production (GP) of the
provisioning ES, while decreasing water purification and soil carbon
stock of the regulating ES for the agroecosystems (Kragt and
Robertson, 2014). At present, studies on the degradation of ES related
to land-use change have attracted extensive attention around the
world (Lawler et al., 2014; Nelson et al., 2010; Wong et al., 2015;
Zagonari, 2016).

Ecological risk assessment (ERA) is a process that estimates potential
adverse effects and risks that human activities and human-induced
stressors pose on ecosystems or their components (Munns, 2006). The
“three-step method” of ERA, namely problem formation, risk analysis,
and risk characterization, has been widely accepted by scientists since
the 1998 publication of the Environmental Protection Agency on “Eco-
logical Risk Assessment Guidelines” (Environmental Protection
Agency, 1998). Conventional ERA focused on the assessment of adverse
effects caused by toxic chemicals. Now ERA is widely applied to the
fields of water environment (Doria et al., 2009; Zhong et al., 2010), re-
gional and integrated risk assessment (Cormier et al., 2000; Gao and
Xu, 2013) as well as ES management and policy (Deacon et al., 2015;
Landis, 2004). Sophisticated approaches to risk assessment have been
developed. PETAR (procedure for ecological tiered assessment of risk)
(Moraes and Molander, 2004), WOE (weight-of-evidence) (Burton
et al., 2002; Landis, 2003), RRM model (relative risk assessment
model) (Chen et al., 2012; Landis and Wiegers, 2007; Liu et al., 2010)
and Bayesian network approaches (Landuyt et al., 2014; McDonald
et al., 2015) are some examples.

However, the ERA of ES still faces two major challenges. Firstly, the-
oretical and analytical frameworks need further advancement. Expo-
nentially increasing studies of ES have advanced classification,
evaluation andmapping techniques of ES. Yet the linkage between eco-
logical mechanisms and ES that create the end products remains
understudied (Bennett et al., 2009; Daily and Matson, 2008; Fisher
et al., 2008; Wong et al., 2015; Xu et al., 2014). Secondly, existing eval-
uation methods tend to focus on individual ES rather than take them as
an integral system. This could lead to a biased assessment which fails to
reveal the root mechanisms for ES degradation in a watershed and con-
sequent environmental health risks (Chen and Liu, 2014). Methodolog-
ically, ERA also needs to have an interdisciplinary approach, drawing on
insights from the disciplines of ecology, remote sensing and numerical
modeling. Ecological models have a great deal of potential to address
the problem that impedes ecologically related risk assessment. The in-
herent ecological complexity needs to link measurement endpoints
and ES. It also needs to quantify service provision and possible adverse
effects from human activities (Galic et al., 2012; Xu et al., 2014). Im-
proved modeling approaches are therefore particularly needed to over-
come the limitations of current approaches to ecological risk
assessment (Chen et al., 2012; Forbes et al., 2009).

The Taihu Lake Basin (TLB), a core part of China's Yangtze River
Delta, has experienced remarkable economic development (at an an-
nual GDP growth rate of 15.7%), population growth (at an annual
growth rate of 3.0%), and urbanization (at an annual growth rate of
9.2%) over the 1985–2010 period. Rapid industrialization and urbaniza-
tion have dramatically changed land use/land cover patterns in the
basin. This has, in turn, caused extensive degradation of ES, including
water purification (Guo, 2007; Xu et al., 2010; Yang and Liu, 2010), car-
bon sequestration (Wang et al., 2016),water quantity adjustment (Yang
et al., 2011a; Yin et al., 2009) and GP (Liu et al., 2015; Pan et al., 2015).
Degradation of these ES has posed great threats to ecological security
and new challenges to sustainable development in the region. The TLB
has been classified as ametropolitan zone according to theNational Eco-
logical Function Zones of China, facing enormous challenges of water
quality, biodiversity and air and soil pollution (Ministry of
Environmental Protection of the People's Republic of China M, Chinese
Academy of Sciences's, 2015). According to China's National New-type
Urbanization Plan (2014–2020) (State Council of China, 2014), contin-
ued urbanization in the region will undoubtedly lead to growing de-
mand for land resources. There is a pressing need to assess the
degradation risk of ES induced by land-use change in order to facilitate
science-based policy-making for a sustainable development in the re-
gion. Previous studies largely concentrated on the health risk assess-
ment of pollution and heavy metals in Taihu Lake (Jiao et al., 2014; Yu
et al., 2012; Zhong et al., 2010), the ecological risk of pesticide residues
in thewetland (Qu et al., 2011), and the ecological risk of TLB based on a
conceptual model comprised of risk sources, habitats and risk receptors
at the regional scale (Gao and Xu, 2013). However, there is little litera-
ture about degradation risk of ES induced by land-use change in the TLB.
This paper fills-in part of this knowledge gap by assessing the integrated
degradation risk of ES induced by land-use change in the basin.

This study seeks to increase understanding of the degradation risk of
ES induced by land-use change in 1985–2010 and predict the future
possible changes in thedegradation risk of ES by 2020 in the TLB. A com-
prehensive risk assessmentmodel of ES is constructed, which integrates
four ecological models with a land-use changemodel. Based on the fun-
damental importance of ES and facing great challenges of degradation
risk in the basin, three key regulating ES (water purification, water
quantity adjustment, carbon sequestration) and one provisioning ES
(GP) are particularly considered in the assessment. Land use in 2020
was projected with a geographically weighted multinomial logit-
cellular automata (GWML-CA)model. Four ecologicalmodels, including
modified Denitrification-Decomposition (DNDC), Soil-Water-
Atmosphere-Plant (SWAP), Biome-BGC and Agro-ecological Zoning
(AEZ), are used to derive key indicators that measure the degradation
of ES. This study identifies the major degradation risk areas and draws
out policy implications to maintain or even enhance ES for sustainable
development in the basin throughout the next decades.



Fig. 2. Framework of the integrated degradation risk assessment of ES.
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2. Material and methods

2.1. Study area

The TLB, situated on the east coast of China (within E119°3′1″-
121°54′26″, N30°7′19″-32°14′56″), encompasses one municipality
(Shanghai) and the majority of two provinces (Jiangsu, Zhejiang)
(Fig.1). The basin has a typical subtropicalmonsoon climate, with an an-
nual mean temperature of 15–17 °C and annual mean precipitation of
1010–1400 mm. Its average elevation is 34.4 m, varying between
−4 m and 1559 m. The dominant soil types are yellow brown soil, red
soil and paddy soil (agricultural land). There are about 200 rivers and
9 lakes (area above 10 km2) within the basin, and Taihu Lake
(2238.1 km2) is the largest one as the third largest freshwater lake in
China. The basin is one of the most populous and developed regions of
China, with 0.38% of the total land area of China supporting 4.8% of the
nation's population (1.34 billion) and producing 11.6% of the gross do-
mestic product (GDP) (USD 6471.2 billion), according to the 2010
China census. During the 25-year period to 2010, the urban-built area
grew substantially (by 2.5 times the 1985 level).

2.2. Risk assessment of ES: an interdisciplinary approach

Built on the PETAR principle, this study establishes an interdisciplin-
ary approach to the ERA of ES in the basin. The approach, as depicted in
Fig. 2, has a focus on four key ES related to three regulating ES (water
purification, water quantity adjustment, carbon sequestration) and
one provisioning ES (GP). Four indicators that measure respective ES
are used: nitrogen emissions (NE), coefficient of water quantity adjust-
ment (WQAC), net ecosystem production (NEP), and grain productivity
(GP). The process of ERA at the regional scale involves fourmajor steps:
field observation and data processing; deriving indicators and
projecting land-use changewith numericalmodels; establishing risk as-
sessment models; and integrated degradation risk assessment of ES.

2.3. Model specifications and indicators

The integrated degradation risk of ES is a function of degradation risk
levels of four key ES, which is expressed with Eq. (1):

Rij ¼ WQ � RQij þWV � RVij þWC � RCij þWG � RGij ð1Þ
Fig. 1. Location of the
where Rij indicates the integrated degradation risk level for the grid cell
ij; RQij, RVij, RCij and RGij are the degradation risk levels of water purifi-
cation, water quantity adjustment, carbon sequestration and GP for
each grid cell, respectively. For the forest ecosystem, the RGij (GP) was
assumed to be 0 and thus was excluded. WQ, WV, WC and WG denote
the weights for four key ecological services, respectively. In this study,
these weights were set be equal, assuming that they play an equivalent
role in supporting regional sustainability.

According to the Technical Criterion for Eco-Environmental Status
Evaluation (HJ/T192-2006), issued by the Ministry of Environmental
Protection of China (Ministry of Environmental Protection of the
People's Republic of China's, 2006), the extent of change in each ES
can be divided into four scales: severe deterioration (decreasing by
30% or more), moderate deterioration (decreasing by 15–30%), slight
deterioration (decreasing by 5–15%) and no risk (decreasing by b5%
or increasing). These four scales for each ES were normalized, as appar-
ent in Table 1. The severity of ‘integrated degradation risk of ES’was also
classified into four scales according to the numerical range as shown in
Table 1. Degradation of ES for water bodies (lakes, rivers) was not con-
sidered in the integral assessment as this study focuses on degradation
risks of ES induced by terrestrial land-use change. Due to high complex-
ity and spatial heterogeneity of urban ecosystems, the characteristics
Taihu Lake Basin.



Table 1
Criterion in degradation risk assessment of ES.

No risk Slight deterioration Moderate deterioration Severe deterioration

Water purification (NE) b5% (0) 5–15% (1) 15–30% (2) N30% (3)
Carbon sequestration (NEP) N−5% (0) −5–−15% (1) −15–−30% (2) b−30% (3)
Water quantity adjustment (WQAC)
Grain production (GP)
Integrated risk level Croplanda 0 1–5 6–8 9–12

Forestb 0 1–4 5–6 7–9

a Four indicators (NE, WQAC, NEP and GP) are measured.
b Three indicators (NE, WQAC and NEP) are measured.
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andmechanisms of three key ES (water purification, water quantity ad-
justment and carbon sequestration) of urban ecosystems still remain
limited, and suitable models that can be applied to estimate these
three ES of urban ecosystems are scarce. Thus, degradation of ES for
urban ecosystems was also not considered in this study, and four key
ES for water bodies and urban ecosystems (transforming from cropland
and forest) were assumed as zero, which would lead to overestimate
degradation risk at some locals.

A GWML-CA model was established to forecast the impact of land-
use changes on ES by 2020. Traditional CAmodels for land-use analysis,
such as CLUE-S andMarkov_CA, were built on the assumption of spatial
homogeneity and the predefined transition rules of land-use change at
the global scale (Lau and Kam, 2005). These models usually ignore the
spatial variations in the relationship between driving forces and land-
use change. Our study adapts GWML to the CA model to improve the
model's accuracy by identifying the local transition rules of land-use
change (Yu et al., 2013). Firstly, 5000 grid cells were randomly sampled
to validate the model by deriving six significant variables for each land-
use type. These variables include regional gross domestic product
(RGDP), elevation, distance to the nearest national highway, distance
to the closest provincial highway, distance to the nearest railway and
distance to a local township seat. Secondly, the validatedmodel was ap-
plied to simulation at the regional scale. The accuracy of simulation for
land use in 2010 was as high as 92.8%. Land use in 2020 was projected
under the scenario assuming that current land-use conditions in
2000–2010 will remain unchanged by 2020.

Deteriorating water quality has been a vital issue in the TLB as this
has deeply influenced biodiversity as well as residents' living and
wellbeing (Guo, 2007; Yang and Liu, 2010). Nitrogen (N) and phospho-
rus (P) are the primary limiting factors to algal growth (Xu et al., 2010),
and the N emissions from the terrestrial ecosystems is the main source
for the rivers or lakes. Thus, N emissions from the terrestrial ecosystems
(including surface runoff and soil interflow) was selected as the key
substituted indicator reflecting water purification of the ES. To improve
the efficiency of modeling simulation, cropland in the basin was pur-
posefully divided into 49 sub-zones according to soil texture, soil
types, and meteorological variables (e.g. temperature and precipita-
tion). N emissions of the cropland with the wheat-rice rotating system
were obtained from a monthly field experiment (Nov. 2012–Oct.
2014) located at the Changshu Agroecological Experimental Station,
Chinese Academy of Sciences (31°32′45″N, 120°41′57″E) (Li et al.,
2015). The DNDC model was calibrated with the observed N emissions
before it was applied to simulate theN emissions in the 49 sub-zones (Li
et al., 1992; Li et al., 2005). For N emissions from the forest, we used ob-
servation data collected from the catchment of Lake Tianmu within the
TLB in 2012–2014. We have particular interest in two dominant forest
types: masson pine and moso bamboo (Nie et al., 2015). Since the spa-
tial distribution of the two forest types cannot be precisely separated
due to the coarse resolution of land-use data from Landsat images,
their average N emissions (7.46 kg ha−1 yr−1) was used to estimate N
emissions of the forest land in the TLB. Due to the lack of projected me-
teorological data of 2020with high resolution, themeteorological input
data of 2010 and projected land use in 2020 were used to predict N
emissions in 2020.
Flooding is the second vital threat to people's lives and property, and
sustainable development in the TLB (Yang et al., 2011a; Yin et al., 2009).
Recent years have witnessed increasing risk of flooding in the basin.
Flooding in the region is characterized by the fact that short-term rain-
storms lead to catastrophic events (Yang et al., 2011a; Yin et al., 2009).
Many studies have noted that land-use change significantly intervenes
water regulation in the TLB (e.g., runoff volumes and peak discharges)
(Chen et al., 2009; Zhou et al., 2013). Thus, the WQAC, defined as the
ratio of annual evapotranspiration and annual precipitation, indicates
that a higher coefficient will generate less runoff and a lower flooding
risk under the same precipitation. Thus, this coefficient was used to in-
dicate the capability of ecosystems in adjusting water quantity. The
SWAP model was calibrated and validated with observed H2O flux
data, with a covariance technique for croplands, evergreen coniferous
forests and mixed forests (Kroes et al., 2008; van Dam et al., 2008).
The calibrated SWAP model was subsequently applied to simulate
daily evapotranspiration at the regional scale with 250 m resolution.
Again, the WQAC in 2020 was simulated with the meteorological
input data for 2010 and projected land use in 2020.

Carbon sequestration is another important regulating ES for the ter-
restrial ecosystems. It has played a vital role in mitigating climate
change and tackling global warming (Piao et al., 2009; Shaffer, 2010).
NEP, defined as the difference between gross primary production and
total ecosystem respiration, was selected to represent the carbon se-
questration capacity of terrestrial ecosystems. A modified Biome-BGC
model was applied to simulate NEP of 1980–2020 (Ueyama et al.,
2010; Wang et al., 2005; Xu et al., 2016). We made three modifications
to the model. Firstly, a ‘relative soil moisture content’, defined as the
ratio of the actual moisture content against the soil moisture content
at field capacity, is used to replace the default limiting stress functions
(SF) of soil/water potential. Note that the default SF was based on min-
imum temperature (Tmin), vapor pressure deficit (VPD), and soil water
potential (SWP) (Hidy et al., 2012). Our study area is situated in the sub-
tropical monsoon zone which has dramatic climate variations during
summer months due to frequent and huge shifts between dry and wet
weather conditions. This modification can improve the sensitivity of
stomatal conductance to soil moisture, to better capture the distinctive
features of our study area. Secondly, factors of fertilization and irrigation
are added into the model as they are normal practices in utilizing crop-
land in the TLB. Thirdly, the modified BIOME-BGCmodel was calibrated
to derive specific eco-physiological parameters for croplands, evergreen
coniferous forests and mixed forests with observed NEP data. The de-
fault eco-physiological parameters for evergreen broadleaf forests, de-
ciduous coniferous/broadleaf forests and shrubs are simply applied to
the model as their areas are small and flux observation sites in the
study area are very limited. The validated BIOME-BGCmodel is then ap-
plied to simulate NEP at the regional scale (Xu et al., 2016). NEP in 2020
is simulated with the projected land use in 2020 and meteorological
input data of 2010, assuming no significant change in climactic condi-
tions in next 10 years.

Taihu Lake Basin was one of China's major cropping areas before
1985. Yet GP has decreased dramatically since 1985 and cannot meet
the demand of residents living in the region since 2010 (Pan et al.,
2013). Total GP decreased by 4.5 million tonnes (or 36%) during the
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1985–2010, and its share in national production decreased from 3.4% in
1985–1.4% in 2010 (Pan et al., 2013). Cropland productivity (i.e. output
per unit of land area) is one of the important indicators used to reflect
GP. Increasing cropland productivity can provide more grain products
when other factors remained unchanged and vice versa. Thus, cropland
productivity was selected as a key indicator tomeasure GP of the provi-
sioning ES for the cropland. Amodified AEZmodel was employed to es-
timate cropland productivity, which is a function of climate potential
productivity and soil effective coefficient as expressed in Eq. (2) (Pan
et al., 2015; Tian et al., 2014):

CPij ¼ CPPij � SEij ð2Þ

where CPij is the cropland productivity at the cell ij; CPPij is the climate
potential productivity, which can be estimated by themultiplier of pho-
tosynthetic potential productivity, temperature correction coefficient
and water correction coefficient (Deng et al., 2006; Pan et al., 2015);
SEij is the coefficient for soil efficiency, which can be estimated by
using an analytic hierarchy process (AHP) that involves three aspects
and eight factors (Pan et al., 2015), as expressed in Eq. (3):

SEij ¼ α1 � STij þ α2 � pHij þ α3 � SDij þ α4 � SOij þ α5 � TNij þ α6
� EPij þ α7 � ELij þ α8 � IGRij ð3Þ

where SE is the coefficient for soil efficiency; ST, pH and SD are the soil
texture, soil pH and soil density, indicating the physical and chemical
properties of top soil layer, respectively; TN, EP and SO are the content
of total nitrogen, effective phosphorus and soil organic matter in the
top tilled soil layer (0–20 cm), indicating the nutrient status of the top
soil layer, respectively; EL and IGR are the elevation and irrigation guar-
antee rate, respectively, indicating the physical and farming conditions
in every locality. α1–α8 are coefficients for corresponding variables,
which are derived fromaquestionnaire survey of 100 scientistsworking
in the field of soil, ecology and geography in Jiangsu Province. GP in
2020 is simulated using the meteorological input data in 2010 and
projected land use in 2020.

2.4. Data sources and processing

Historical data sets include remote sensing data, field experiments
and observed flux data, meteorological data, geo-spatial data and statis-
tics. Remote sensing data involves land-use data in 1985, 1995, 2000,
2005 and 2010 at the scale of 1:100,000 derived from Landsat TM im-
ages at the lead author's Institute. The land-use datasets 1985–2010
were classified into four categories: cropland, forest, water, urban and
built-up. Grassland was classified as the forest due to its very small
area, which will bring some uncertainty. As the land-use data was de-
rived from Landsat TM images, urban and built-up areas are lumped to-
gether as one land-use type and analysed together, due to low spatial
resolution of 30 m of Landsat TM images that hinder high accuracy in
separation. To accurately estimate NEP and WQAC, the forest category
was further subdivided into six sub-categories: evergreen coniferous
forest, evergreen broadleaf forest, deciduous coniferous forest, decidu-
ous broadleaf forest, mixed forest and shrub. To ensure reliable calibra-
tion and validation of the Biome-BGC and SWAP models, three open-
path eddy covariance systems were established for three dominant
land use/cover types – cropland (N31°39′14″, E120°32′43″, elevation
of 6 m above sea-level, began in Dec. 2011), evergreen coniferous forest
(N30°28′34.5″, E119°40′25.7″, elevation of 380 m above sea-level,
began in Jan. 2011) and mixed forest (N30°20′59″, E119°26′13″, eleva-
tion of 1140m above sea-level, began in Jan. 2013) – to observe the CO2

and H2O fluxes in the region. To calibrate DNDC, runoff field experi-
ments and water quality monitoring were conducted in the city of
Changshu (2012–2014). To derive theN emissions coefficient of the for-
est, runoff field experiments andwater qualitymonitoring for two dom-
inant forest types (masson pine and moso bamboo) was monitored in
the sub-catchment of the Taihu Lake Basin (2012–2014). CO2/H2O flux
datawas collected from three flux sites for cropland over a two-year pe-
riod (Jan. 2012–Dec. 2013), for evergreen coniferous forest over a two-
year period (Jan. 2011–Jun. 2012, Jan.–Nov. 2013), and for mixed forest
over a one-year period (Jan.–Dec. 2013). These observed CO2 and H2O
flux data were used to calibrate the Biome-BGC and SWAP models,
respectively.

Dailymeteorological data on precipitation,maximumandminimum
temperature, average temperature, day length and radiation from 1985
to 2013were derived from theNationalMeteorological Center (NMC) of
China. Such data was collected from 22 field observation stations in the
basin and its adjacent areas, and were interpolated to the whole basin
by using the inverse distance weighted (IDW) interpolation method.
The interpolated maximum, minimum and average daily temperatures
were calibratedwith theDEM. Thesemeteorological datasetswere used
as a part of input data of four ecological models. Other information in-
cludes 1:250,000 administrative district maps, DEM and soil datasets
maintained at the lead author's Institute. Population, economic and GP
statistical data were sourced from statistical yearbooks. All the geo-
spatial datasets were projected to Albers Conical Equal Area projection
and transformed into a binary format with a spatial resolution of 250m.

3. Results

3.1. Degradation risk of ES in 1985–2010

As shown in Fig. 3(e1) and Fig. 4(a), slightly less than two-thirds
(63.6%) of the region experienced integrated degradation risk in ES dur-
ing the period of 1985–2010. Nearly 10.7% (or 3961.2 km2) of land ex-
perienced severe deterioration, while 11.6% (4319.6 km2) and 41.3%
(15371.2 km2) experienced moderate and slight deterioration, respec-
tively. Epicenters of land with ‘severe deterioration’ are located in
Shanghai and Jiangsu province, mainly involving the cities of Suzhou,
Changzhou, Wuxi, Jiangyin, Zhangjiagang, Changshu and Kunshan. A
vital reason for the deterioration is a dramatic increase in demand for
land fueled by rapid industrialization. Land with ‘moderate deteriora-
tion’ was concentrated in Shanghai, Suzhou, Hangzhou, Wuxi and
Changzhou, accounting for 44.4% (or 1919.1 km2) of the total area of
moderate deterioration. Strikingly, over 80% of the total area in Taicang,
Zhangjiagang, Changshu, Jiangyin and Tongxiang run a degradation risk.
By contrast, only a small fraction of land (29%) in the cities of Anji and
Lin'an experienced degradation risk of ES. Deterioration of ES has re-
duced the ecological security in some localities. The dramatic degrada-
tion of water quality and extensive algal blooms in the Taihu Lake and
increasingflood disasters in thewhole Taihu Lake Basin are some exam-
ples in point.

There is great spatial heterogeneity in the specific risk of these four
key ES, as shown in Fig. 3(a1), (b1), (c1) and (d1). Areas with ‘severe
deterioration’ for water purification, water quantity adjustment, carbon
sequestration, andGP accounted for 14.4%, 16.5%, 19.9% and 24.9% of the
total area of the basin in 1985–2010, respectively. Land with ‘moderate
deterioration’ and ‘slight deterioration’ for water purification is larger
than the other three key ES, accounting for 20.9% and 7.8% of the total
basin area, respectively. While those of the other three key ES were all
small, ranging between 0.2%–2.2%. Areas with ‘severe deterioration’
for each specific ES account for 7.4% of total area with integrated degra-
dation risk of ‘severe deterioration’, which suggests that there are re-
markable spatial interdependencies between these four specific ES.
Spatial patterns of the degradation risk for water quantity adjustment
and carbon sequestration are generally similar, landwith ‘severe deteri-
oration’ both for water quantity adjustment and carbon sequestration
accounts for 72.8% of total area with degradation risk. Moreover, the
epicenters of land with ‘severe deterioration’ both for water quantity
adjustment and carbon sequestration are also similar with those of the
integrated degradation risk of ES, overlapping by 66.8%. Spatial patterns
of degradation risk inwater purification and GP bothmainly involve the



Fig. 3. Degradation risk of ES in the TLB in 1985–2020.
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agroecosystems (or cropland), while their spatial patterns of degrada-
tion risk are dramatically different. Epicenters of landwith ‘severe dete-
rioration’ for water purification mainly centered in Taicang, Haining,
Haiyan, Changxing and Jiaxing, where the percentage accounting for
total area of each county ranged from 28.9% to 60.8%. While epicenters
of land with ‘severe deterioration’ for GPmainly centralized in Jiangyin,
Changzhou, Shanghai, Wuxi, Kunshan and Liyang, ranging from 30%-
38%. There are dramatic inverse trends in degradation risk between
GP and water purification, especially for Shanghai, Taicang, Haining
and Changxing, as shown in Fig. 3(a1) and (d1). Areaswith such inverse
trends account for 73.8% of total area with degradation risk. It can be
concluded that there are great spatial discrepancies between the spe-
cific degradation risks of four key ES and the integrated degradation
risk in this basin. Degradation risks of water quantity adjustment and
carbon sequestration are basically positive conjugate, while those of
water purification and GP are generally reversed.

3.2. Degradation risk of ES in 2010–2020

ES in the Taihu Lake Basin will continue to decline under the
projected land-use change of 2020 if there is no intervention (Fig. 3
(e2), Fig. 4(b)). Approximately 12% (or 4509.2 km2) of the land is likely
to continue degrading, among which the proportion of land under se-
vere deterioration and moderate deterioration is estimated to be 3.4%
and 2.8%, respectively. Areas prone to ‘severe deterioration’ are centered
around Shanghai, Yixing, Tongxiang, Danyang, Changshu andWuxi, ac-
counting for 51% of their total land. In 2020, Liyang, Tongxiang, Haining,
Danyang, Jintang and Changxing would have a greater degradation risk
in ES, where more than 15% of their total land area will undergo degra-
dation compared to their 2010 level. The predicted area at degradation
risk in Suzhou and Lin'an is small, taking 5.1% and 5.7% of their current
land area, respectively. Areas with ‘severe deterioration’ for each spe-
cific ES only account for 5.3% of total area with integrated degradation
risk of ‘severe deterioration’. These figures suggest that spatial
interdependencies between these four specific ES will continue in the
future. The inverse trends in degradation risk between water purifica-
tion and GP will be further intensified, totaling up 97.9% of total area
with degradation risk in this basin. While spatial patterns of the degra-
dation risk for water quantity adjustment and carbon sequestration are
mostly similar, the overlapping area with ‘severe deterioration’ ac-
counts for 82.9% of total area with degradation risk.

Predicted hot spots at risk of ‘severe deterioration’ in 2010–2020
have a distinctive feature compared to changes in 1985–2010. ES
exhibiting a greater risk of severe deterioration is concentrated not
only in Shanghai (the largest mega-city in China), but also in a few
large- and medium-scale cities (Suzhou, Changzhou and Wuxi) as
well as in some small cities (Yixing, Tongxiang, Danyang, Jitan and
Changshu). Also, there is great spatial heterogeneity in degradation
risk of four key specific ES, as shown in Fig. 3(a2), (b2), (c2) and (d2).
Water quantity adjustment, carbon sequestration and GP would face
further degradation risk, while water purification would have lower
risk. The projected risk likelihood is highly related to the projected
land-use change, suggesting that any change in land-use type will lead
to change in ES. China's National New-type Urbanization Plan (2014–
2020) aims to accelerate further expansions of medium- and small-
scale cities, while urban growth in the mega- and large-scale cites will
be controlled strictly. Spatial sprawl of urban areas will undoubtedly
take up more cropland, water bodies and forest, and this process will
consequently trigger further degradation of ES.

4. Discussion

4.1. Impacts of land-use change

Rapid growth of economyand population in 1985–2010 has dramat-
ically changed land use and land cover in the basin (Fig. 5, Table 2). This
change was characterized by fast urban expansion (by 1.5 times over
the 25 year period) at the cost of massive loss of cropland



Fig. 4. Areas of different degradation risk scales in 1985–2020. Note: (a) and (b) indicate the areas of different degradation risk scales in 1985–2010 and 2010–2020, respectively; ‘Others’
indicates the counties with very small area located in the LTB (Jurong, Gaochun, Lanxi, Guangde and Ningguo).

Fig. 5. Land-use change in the Taihu Lake Basin, 1985–2020.
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Table 2
Matrix of land-use conversion (km2) in the Taihu Lake Basin, 1985–2020.

Land-use type in 2010 Land-use type in 2020

Cropland Forest Water Urban and
built-up

Cropland Forest Water Urban and
built-up

Land-use type in 1985 Cropland 16,251.8 615.2 846.6 5939.3 Land-use type in 2010 Cropland 15,462.9 66.3 178.4 2098.1
Forest 342.0 4623.5 53.6 150.8 Forest 50.6 5093.7 115.8 52.2
Water 447.4 35.5 4101.3 161.9 Water 86.8 2.9 4935.5 17.2
Urban and built-up 764.6 38.1 40.8 2766.4 Urban and built-up 335.1 16.8 19.1 8647.4

Source: authors' estimation based on the analysis of land-use data in1985, 2010 and 2020.
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(5939.3 km2),water bodies (161.9 km2) and forest (150.8 km2). Overall,
therewas a significant reduction of cropland (by 5847.1 km2, or 24.7% of
the 1985 amount). In contrast, the total area of water bodies and forests
increasedmarginally, by 296.3 km2 (6.2%) and 142.4 km2 (2.8%) respec-
tively. The expansion of water bodies was associated with two factors.
First, the cultivated area within a 5-kilometer radius of the Taihu Lake
was returned to water bodies under the national Returning Cropland to
Lake Project that has been implemented in the region since 2007. This
project has been one of the key ecological projects to curb the deteriora-
tion of the water environment of Taihu Lake since the water crisis
caused by algae blooms in 2007. Second, some of the cropland has
been converted into water bodies as the fishery industry brings farmers
higher profit than grain cropping. The increase of water bodies is cen-
tralized in the cities of Kunshan, Changshu and Jintan, jointly accounting
for 43.9% of the overall increase ofwater bodies in the region. In order to
protect China's food security, the country has established a fundamental
land-use policy underwhich 120million hectares of arable landmust be
guaranteed for grain and fiber crops. A number of adaptive strategies for
farmland exploitation, consolidation and reclamation have been imple-
mented in the region since 2000. Consequently, 764.6 km2 of urban and
built-up land, 447.4 km2 of water bodies and 342.0 km2 of forest were
converted to cropland over 1985–2010. Further, another national envi-
ronmental policy on Grain to Green (i.e. returning cropland on steep
slopes with a gradient of 25° or greater to forest or grassland) has
been carried out since 2000, resulting in 615.2 km2 of cropland on
steep slopes being returned to forest in the region. In turn, four key ES
in the basin decreased dramatically (Fig. 3). The degradation risks of
water quantity adjustment and carbon sequestrationwere deeply influ-
enced by land-use change (e.g., cropland converted to urban land, water
or forest), while those of water purification and GP were doubly im-
pacted by land-use change and agricultural management
(e.g., increasing fertilizer utilization).

The scale of land-use change increased dramatically over time dur-
ing the 1985–2010 period. This was especially the case after 2000. The
key reasons for the change are related to industrial development and
population growth. Land-use change has a significant correlation
(R2 = 0.82) with GDP at the county level. Assuming the current land-
use change trendwill remain constant, urban land-use area is projected
to continue to be expanded from 2010 to 2020, increasing by 19.9% (or
1796.5 km2) from the 2010 level. This expansion is anticipated to in-
volve encroachment of large areas of cropland (1870.3 km2) distributed
in the areas adjacent to the major cities of Shanghai, Wuxi, Suzhou and
Changzhou. Strikingly, cropland in some small cities such as Yixing,
Danyang, Tongxiang, Jintan and Changxing will be greatly encroached
upon as well. However, the growth rate of urban land area, compared
to that of 2000–2010 (80.7%), is expected to drop slightly in 2010–
2020. Forest land is likely to reduce moderately (by 132.7 km2, or
2.5%). Water bodies will increase slightly (by 206.5 km2, or 4.1%), and
this increase mainly centers in the cities of Suzhou, Changzhou and
Changshu. These changes will undoubtedly reduce the ES, including
water quantity adjustment, carbon sequestration and GP, which will
further aggravate degradation risk of ES in the region over the next
five years. However, water purification at the regional scale would ex-
perience a small increase, due to less N emissions from the reducing
cropland and forest (Fig. 3(a2)), and related ES generated by urban
land and water bodies were assumed to be zero.
4.2. Adaptation strategies

Dramatic urbanization and industrialization has resulted in signifi-
cant land-use changes in 1985–2010, and subsequently induced degra-
dation of ES in the TLB since 1985. The urbanization rate in this region
was 65% in 2010 and it is expected to be 82.7% by 2020, which is
much higher than the national target (60%) (Li, 2013). Rapid urbaniza-
tion is undoubtedly an important trigger of fast land-use change and ES
degradation. The trade-off between maintaining economic develop-
ment and protecting environmental sustainability is a tremendous chal-
lenge and represents a significant concern from a policy perspective.
Based on the results of this study, three countermeasures are suggested
as follows.

First, is regulating accelerated urban sprawl and population growth.
One practical option to this end is to improve land-use intensity in the
urban areas to curtail further encroachment on farmland and thus on
further reduction of ES. With the implementation of China's National
New-type Urbanization Plan (2014–2020), urban agglomeration in the
TLB (and the Yangtze River Delta more broadly) is expected to acceler-
ate (State Council of China, 2014). This policy is a key determinant of the
rate at which the land encroachment process will continue in the next
decade. It is imperative to take a new-style urbanization approach,
shifting from a conventional to a newmodel, characterized by an inten-
sive, smart, green, and low-carbon economy and limiting massive in-
flows of rural migrants to the mega- and large-scale cities in the
region. This approach is also needed for those medium- and small-
scale cities as they face an increasing degradation risk of ES.

Second, is reinforcing current environmental programs that protect
cropland, forest and wetland. These programs, particularly the ‘Grain
to Green’ and ‘Returning Cropland to Lake’ designated to be completed
in 2015 or 2020, should be extended to 2020 and beyond. Such pro-
grams have evidently played a vital role in improving ES and could
serve to do so well into the future. Simultaneously, the trade-off be-
tween specific key ES should be considered during the implementation
of these environmental programs. Moreover, it is imperative to upgrade
the region's industrial structure to reduce pollutants injecting into the
river-lake system, thereby maintaining or even improving ES of the
Taihu Lake and dozens of rivers flowing into this lake.

Third, is establishing a regional ES monitoring system. At present,
there is only one Lake Ecosystem monitoring station to monitor water
quality and aquatic ecosystems in the basin. It is of great significance
and urgency to establish an observation system to monitor the dynam-
ics of ES for the key ecosystems in the basin for two primary reasons: it
is important to increase understanding of the interactions and interde-
pendencies between ecosystem functions, processes and services
within and between ecosystems, and to increase understanding be-
tween demand for and supply of ES. Next, it is important to provide
science-grounded evidence for policy-making to achieve an equilibrium
in economic and urban growth that will not cause irreversible degrada-
tion risk in ES.
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4.3. Limitations

The methodology developed in this study, i.e. integrating a land-use
model, four ecological models and field experiments to capture the spa-
tial and temporal changes in degradation risk of ES at a regional scale, is
applicable to other similar environments in China and throughout the
world. However, several limitations of the study deserve mention.

Firstly, degradation risk of ES for water bodies (lakes, rivers) and
urban ecosystems was not considered in this study. Given the fact that
urban areas and water bodies accounted for 24.3% and 13.6% of the
total area of the basin in 2010, respectively, there is a great uncertainty
in estimating regional ES by excluding those generated by such systems.
For example, Taihu Lake provided 20.2 billion tonnes of freshwater and
aquatic products of USD 293.7 million, and retained total nitrogen (TN)
of 17,000 million tonnes and total phosphorus (TP) of 769 tonnes in
2009 (Jia et al., 2015). The green space of urban ecosystems in the
Taihu Lake Basin absorbed COD of 1916.2 tonnes, TN of 946.1 tonnes,
NH4-N of 25.9 tonnes and TP of 34.5 tonnes in 2008 (Yang et al.,
2011b). Thus, the ES of water and urban ecosystems should be taken
into account in order to have a comprehensive understanding of the im-
pact of land-use change on ES in future research. As the area of wetland
is very small in the basin, the wetlandwas grouped intowater bodies in
the current study. Wetland related issues need to be separated from
bodies of water in future simulation as its ES have distinctive features.
More ecological indictors, such as biodiversity, gene resources, water
and soil conservation, adjusting climate, and water quality purification,
need to be incorporated in the model in future studies to capture the
degradation risk of ES at the regional scale more holistically.

Secondly, the ecological risk criterion used in the model to classify
degradation risk of ES needs to be further improved in future study. In
this study, degradation severity scales were roughly classified according
to the Technical Criterion for Eco-Environmental Status Evaluation (HJ/
T192-2006).The weights for the sensitivity and roles across the four
types of ES were treated as being equally distributed. Many previous
studies have indicated that different ES have different sensitivities to
the degradation (Galic et al., 2012; Kroel-Dulay et al., 2015) and differ-
ent resilience to recovery (Folke et al., 2004; McPhearson et al., 2015;
Sasaki et al., 2015). Thus, the unique ecological risk criterion with the
sameweight would mask the internal discrepancy for different services
of a specific ecosystem, and conceal external heterogeneity among dif-
ferent types of ecosystems. The spatial and temporal interdependencies
of ES have not been considered in this study, which would lead to some
uncertainty in the integrated risk assessment of ES. In future, a specific
criterion on degradation risk of ES tailored to a specific area and a spe-
cific ecosystem needs to be constructed to reflect the heterogeneity
and interdependencies among ecosystems and localities. Furthermore,
the method for degradation risk assessment of ES can be further ad-
vanced by adopting more sophisticated approaches such as Bayesian
network approaches (Landuyt et al., 2014; McDonald et al., 2015).

Thirdly, land-use simulations under different scenarios and the ac-
curacies of ecological models need to be further improved. The
GWML-CA model used in this study rightly simulated land use in 2020
under the trajectory trend. It will be helpful to provide more possible
scenarios for risk assessments so that policy-makers can have better op-
tions. Thismight be done by simulating land use of 2020 under different
scenarios and in long-term (e.g., by 2030) that consider ecological pro-
tection and accelerated development of small and medium-sized cities
in the region. Three flux towers were used to collect monitoring data
to calibrate the BIOME-BGC and SWAP models. However the effects of
scaling up froma local site to the regional scalemight bring someuncer-
tainties in the simulations at the regional scale. The uncertainty issue
needs to be addressed in future research. It is also important to define
indicators for ES by using more accurate monitoring data. N emissions
of the forest need to be improved at the grid scale with higher accuracy
of land-use data and other ecological models (e.g., SWAT, STREAM) in
the future. In addition, the coefficient for soil efficiency in the AZE
model can robustly capture the spatial heterogeneity in the impact of
soil conditions on cropland productivity with eight factors. However,
theweights for these eight factors derived from expert knowledge gath-
ered from 100 experts specializing in soil, ecology and geography still
contain uncertainties due to the subjectivity and differences of those ex-
perts' knowledge during the survey.

5. Conclusion

Land-use change is a significant contributor to regional and national
ES. This study developed an interdisciplinarymethodology for assessing
integrated degradation risk of ES on a regional scale, for the Taihu Lake
Basin of China. A key contribution of this study is its novelty in incorpo-
rating remote sensing data and field monitoring data, and integrating
land-use model and ecological models to derive fundamental indicators
for the key ES. This study identified the current and future degradation
risk of ES in the region, and provides suggestions for halting the degra-
dation trend of ES. This ERA approach is applicable to other parts of
China.

This study suggests that dramatic land-use changes caused by fast
urban expansion will continue in the next decade. About 12% of the
land in the basin will have a likelihood of degradation in ES. Some
small-scale cities will tend to have greater degradation risk of ES over
the next five years. Practical counter-measures includemediating accel-
erated urban sprawl and population growth, reinforcing current envi-
ronmental programs and establishing regional ES monitoring systems.
It's significant for policy makers to achieve a dynamic balance between
growth in population and GDP and multi-dimensional ES. The mecha-
nisms between ecological functions and ES, spatial and temporal inter-
dependencies of ES, the trade-offs among specific key ES and between
ES protection and socio-economic development in this basin need fur-
ther study to capture the most dynamic processes of these forces in
China, in an accurate and timely way.
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