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Abstract: Rapid urbanization has altered many ecosystems, causing the decline in many ecosystem
services (ES), and generating serious ecological crisis. The Yangtze River Delta (YRD) region is one of
the most rapidly urbanized regions in China and has experienced a remarkable period of population
growth, and built-up area expansion. To cope with these challenges, this paper proposed a four-step
key ES zone delineation framework by land-use matrix for land management in a rapidly urbanizing
region. This framework was applied in key ES zone delineation in the YRD region. The results
showed that there was obvious spatial heterogeneity in the distribution of total ES capacities: The
high-capacity levels were mainly distributed in the south of the region, while the low-capacity levels
were densely distributed in the middle and north of the region. V (80-100) and II (20-40) accounted
for 27.44% and 47.12% of the total area, respectively. Among the five levels, Level II occupied the
largest area of the region. I (0-20) and IV (60-80) had patchy patterns in the region and clustered
in the middle of the region. I and IV accounted for 13.24% and 5.48% of the total area, respectively.
III (40-60) had belt distribution in the region and accounted for 6.72% of the total area. This paper
not only contributes to the guidance of land management for the Ecological Redline Policy in the
YRD Region but also helps to improve the application of ecosystem service approach in decision
support in rapidly urbanizing regions.

Keywords: ecosystem services approach; land use planning; Yangtze River Delta Region; framework;
ecological redline policy

1. Introduction

As one of the developing countries with rapid urbanization, China has experienced an
immense population growth and built-up area expansion as the consequence of economic
and political reforms in 1978 [1] over the past 40 years. In 2011, the urban population
finally exceeded the rural population [2]. It is expected that by 2030, the urbanization
level in China will reach 60% [2]. The ever-increasing number and scale of cities, and the
emerging shift in the original landscape at different scales resulted in changes in the local
biogeochemical cycles, leaving enormous challenges in mitigating biodiversity loss and
maintaining ecosystem function and human well-being [3-8].

Facing the challenges, the State Council of the People’s Republic of China put forward
the national-level Ecological Red Line Policy in 2011 [9]. The main objectives of this policy
are to protect key ecosystem services (ES) zones, to deliver ecosystem services such as water
storage, clean drinking water, and carbon sequestration, and to maintain ecological safety
to support economic and social development, which is an important policy orientation of
ES approach.

The Yangtze River Delta (YRD) Region is one of the most rapidly urbanized regions
in China and has experienced a remarkable period of population growth (at an annual
growth rate of 3.0%), and urbanization (at an annual growth rate of 9.2%) [3,10]. Rapid
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urbanization has dramatically changed land use/land cover patterns and ecosystems in the
region, causing widespread ecological and environmental problems such as water shortages
and decline in water quality, and serious air pollution (Zhang and Chen, 2011; Wang et al.,
2012). These environmental problems have posed great threats to the regional ecological
safety, adding new challenges to sustainable development in the region. At present, the
provinces and cities in the YRD Region are carrying out provincial and prefecture-level
environmental governance practice individually. However, decision makers realized that
ecological conservation and environmental pollution had distinct cross-administrative
boundary characteristics. It is of urgent need to integrate the environmental planning and
management in this region. Due to the serious environmental and managerial problems in
the YRD Region, it is necessary to identify an approach which could connect natural and
socio-economic system, and also promote quick decision making in an urbanizing region.

ES are defined as conditions and processes that maintain the development of natural
ecosystems and their constituent species, which enable human survival [11-17]. They sus-
tain the biodiversity and the production of various ecosystem products, such as food, vege-
tation, wood, bio-fuels, natural fibers and many pharmaceutical and industrial products
and other raw materials for production [11-17]. ES have the potential to become a major
tool for environmental policy and decision making [18-21]. There is a growing concern
in the study of ES approach for decision support in environmental management [22-26].
Several methodologies and frameworks using ES to support environmental management
and decision making have been discussed [27-30]. The ultimate goal of ES approach is to
aid decision making, providing a quantitative and visual expression of the comprehensive
characteristics of ES in the study area and a detailed description of temporal and spatial
changes, including static and dynamic display forms, for decision-makers, stakeholders,
beneficiaries and other relevant parties involved in the decision-making process [31-36].

As an important form of human activity, land use has a strong impact on ES [37-42].
Changes of land-use type affect the main ecological processes such as energy exchange,
water cycle, soil erosion and accumulation, biogeochemical cycle and so on, thus changing
the provision of ES. Different land use patterns will produce corresponding ecological
processes, which will have an impact on ES [37-42]. For example, Su Xiao [4] pointed out
that the landscape fragmentation caused by the expansion of artificial land type in the
process of urbanization would have a negative impact on ES. ES supply capacity of the
natural ecosystem with less human interference is relatively weak, but its capacities of
regulating and supporting services are relatively strong. In the cases with moderate human
interference, the ecosystem service supply capacity is often relatively strong, while the
regulating and supporting services capacities are relatively weak; when human interference
is particularly strong, land degradation occurs, and the supply of various types of ES will
be seriously threatened [42-45]. Therefore, several studies are devoted to the improvement
of regional ES from the perspective of land-use optimization [37,44,46-51]. However, these
researches failed to provide a complete and systematic framework for ES importance zone
delineation as decision-support tool of land use planning.

To improve ecosystem security and secure ES, China has proposed a new ‘ecological
redline policy” using ES as a way to meet its targets [43,52]. To carry out this policy, it
is fundamental and necessary to reveal the spatial pattern of different ES importance
levels and delineation key zone for critical ES. Thereupon, the aims of this study are (1) to
present a comprehensive framework to classify the importance levels of integrated ES
supply capacities for key ES zone delineation in a rapid urbanizing region, (2) to apply the
framework to the YRD region’s land use management.

2. Materials and Methods

This study presents a framework (Figure 1) for ES importance zone delineation as
decision-support tool of land use planning in rapid urbanizing regions globally and to
support China’s ecological redline delineation at regional scale:
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Figure 1. Framework for key ecosystem services (ES) zone delineation.

2.1. Classification of Land Cover Types

The assessment system of land planning should be improved, and the application
of ecosystem value assessment should be strengthened in related planning [41,50,53,54].
Regional land planning and control is an important measure of land use, but there is still
a lack of attention given to the value of ecosystem services in current land use-planning,
especially in urban land-use planning [41,50,53,54]. The protection of important ecosystems,
such as green land and water, is often neglected due to too much attention being given to
the economic benefits [41,50,53,54].

For convenience of application in environmental management and decision making
practice, Burkhard’s services matrix combined land use and land cover information in
assessment of the state of ecosystems and their capacities to supply ES by using the ES
Classification Framework in Millennium Ecosystem Assessment [34].

2.2. Selection and Scoring Critical ES

Through the socio-ecological context analysis by academic reports and government
documents review, and the objectives of management and priority conservation of critical
ecosystems and their services in a region can be defined. Expert knowledge could also
apply in combining land cover/use with the three ES and proved to be useful in compiling
the most relevant data for the assessment of ES [46]. Before application expert knowledge
in matrixes, local experts consulting, research reports studying and preliminary assessment
corrections should be done. Local experts consulting: local experts from government bodies
and universities were consulted instead of surveying the entire region [34,35,55]. Prelim-
inary assessment corrections: after consulting local ecological and geographic experts,
corrections about preliminary spatial assessment were made.

2.3. Classification of Importance of ES

According to the requirement of “Importance Classification Area of Key ES” de-
lineation in the “Technical Guide of Ecological Redline Delineation”, the “Importance
Classification Area” should be divided into four levels: very high, high, medium, and
low based on different ES values. Given the conceptual relationship model of ecosystem
function, ES, and ecosystem benefits, the ES classification separated the Biodiversity Con-
servation Zone with Important Ecosystem Service Zones, and made it an independent
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zone. Current important ES zones delineation did not separate biodiversity with ES, which
would lead to double accounting. The flow chart was showed in Figure 1.

For specific ecosystem service conservation, the hotspot of one specific service is de-
fined as the ecosystem type with the potential capacity “5”, which is the highest ecosystem
service potential capacity (Table 1). For the hotspot identification of regulating, provision-
ing, culture, and total services, the hotspots are selected based on the following steps: The
overlap method by ArcGIS was used in order to find the areas with the richest ESs.

Then we calculated the overlapping integrated capacities of the regulating, provision-
ing, and cultural services by rounding them to the nearest integer and classifying them into
different importance.

According to the requirement of the important ES zone, we defined the level with
score “0-1" as “very low” importance meaning that these areas do not have richness of
ES potentials. Similarly, the level with score “1-2” as “low” importance indicates that
these areas have low richness of ES potentials, the level with score “2-3" as “medium”
importance representing medium richness of ES potentials, the level with score “3—4" as
“high” importance meaning high richness of ES potentials, and the level with score “4-5”"
indicating high richness of ES potentials.

2.4. Delineation of Key ES Zones

According to the targeted region’s natural and socioeconomic characters, regionaliza-
tion of critical ES should follow these principles:

Merge similar ES areas: merging areas with similar ES hotspots according to these
area’s main services.

Dominant ecosystem types: the regional dominant types of a region not only deter-
mine the resources and environment of the region but also influence human development
and conservation.

From the ecological conservation and regulation view: specific ecological and envi-
ronmental problems, the severity of the ecological crisis in targeted region, etc. should
be considered. This regionalization is expected to be a basis for ecological protection
and control.

3. Case Study
3.1. Study Area

The YRD Region, located in the eastern coastal region of China (Figure 2), is the
largest estuarine delta alluvial plain of the subtropical monsoon climate zone, which has
warm, humid weather and abundant rainfall. As one of the most densely populated and
rapidly urbanized areas in China, the YRD region consists of three basic administrative
units including the Shanghai Municipality, Jiangsu Province, and Zhejiang Province.

The YRD Region has an area of 208,140 km?, approximately 2% of the whole country’s
territory [3]. It is located in a strategic position, that plays a key role in regional urban-
ization and economic development in China [1,3,8,56]. The estuary of the Yangtze River,
which is called the “Gold Coast” or “Golden Waterway (for shipping),” is located in this
region [56-58] (Table 1).

It is both an ecologically fragile and economically developing zone. This study used
further classification of arable land and forest to identify ecosystem function hotpot areas
for more accurate decision support. There is large spatial heterogeneity in landforms in this
region: the plain areas are mainly distributed in the Jiangsu Province and Shanghai munici-
pality, while the hilly and mountainous areas are mostly located in the Zhejiang Province.

By the national arrangements, the provinces and cities in the YRD region are embark-
ing on the delineation of ecological red lines and ecological functional zones. For example,
Jiangsu Province has completed the delineation of provincial ecological red lines, while
Nanjing has completed the work at the municipal scale.

Due to different understandings and definitions of ecological red lines, the delineation
results may vary even though the delineated zones are in the same province. Moreover,
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Zhejiang Province has completed functional ecological zoning. For two identical zones, there
can be two division versions. Now that the results are not even unified within a province,
there may be greater differences when more provinces are involved and convergence can be
more difficult. Therefore, it is imperative to have unified zoning at the regional scale.

N
0 4590 180
Jiangsu Province
Shanghai Municipality Kilometers

W urban tand
Il Other constructed land
Rural residential land
Paddy fiekds
Rainfed land
[l Forest (30%)
[ shrublands
W Forest (10-30%)
Other forest
Grasstands
Salt marshes
Inland marshes
Water courses
M Resenvoirs and Ponds
WLakes

Bareland

Figure 2. Location of the Yangtze River Delta Region.

3.2. Classification of Land Cover Types

Land use/cover raster data (30 m resolution) of the YRD Region was provided by
the Chinese Academy of Sciences Geography Science And Resource Institute, Chinese
Academy of Sciences, China (http:/ /www.resdc.cn/DataList.aspx). The overall classifica-
tion accuracy is 86.6% for 2015.

The land cover types of this case are mainly identified by local experts in the YRD
region and combined with the CORINE land cover system [59,60]. The land cover types are:
continuous urban fabric, discontinuous urban fabric, constructed sites, non-irrigated arable
land, rice fields, forest, shrub, fruit trees, grassland, bareland, inland marshes, saltland
marches, water courses and waterbodies.

3.3. Selection and Scoring Critical ES

Selection and scoring of critical ES were based on academic reports, document review
and local expert interviews. For example, national environmental planning reports such as
the Regional Plan for the YRD Region (2009-2020) [61], environmental reports related to
natural disasters in the YRD region (Comprehensive Ecological Risk Prevention: Natural
Disaster Factors and Risk Assessment in the Yangtze River Delta Region), watershed-level
environmental reports), municipal environmental report related to natural resource endow-
ments and environmental conditions (Annual Report on the Resources and Environment
of Shanghai (2012)) [59].

Fourteen experts, five from government agencies (one from Shanghai, two from
Jiangsu Province and two from Zhejiang Province), four from East China Normal University,
one from Nanjing University, one from the Nanjing Institution of the Chinese Academy
of Sciences, one from Jiangsu University and two from an environmental institution of
Zhejiang Provincial government, were interviewed and asked to score each ES supply in
the YRD Urban Agglomeration [59,60].
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Table 1. Matrix illustrating capacities of different land cover classes to supply ES.
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The procedure consisted of four steps: (1) the experts were given the explanation of
the definition and classification of ES and provided with a supply and demand score table
with the relevant explanation; (2) the experts adjusted the original score for each ES based
on their own expertise with reference to the recommended indicators; (3) the median score
for an ES was the final score; (4) the ES supply-demand budget matrix was established.

3.4. Classifification of Importance of ES
3.4.1. Total Capacities

In general, there is a significant spatial difference in the distribution of total ES capaci-
ties in the YRD region.

Level V was continuously and densely distributed in the south of the region and
covered most areas of the Zhejiang Province. It also scattered in the middle and north of
the region. Level Il was densely distributed in the middle and north of the region, which
covered most of the Jiangsu Province and Shanghai. Moreover, and patchily scattered in
the Zhejiang Province (Figure 3).

N

A

Kilometers
02550 100 150
O ——

Total Capacities
1(0-20)
[ 11 (20-40)
I 111 (40-60)
I 1V (60-80)
I v (80-100)

["""1 Provincial Boundary

Figure 3. Spatial pattern and levels of total capacities of ES of Yangtze River Delta (YRD).

Level V and Level II accounted for 27.44% and 47.12% of the total area, respectively.
Among the five levels, Level II occupied the largest area of the region. Level I and Level
IV had patchy patterns in the region and clustered in the middle of the region. Level I
and IV accounted for 13.24% and 5.48% of the total area, respectively. Level III had belt
distribution in the region and accounted for 6.72% of the total area (Table 2).

3.4.2. Regulating Services

Similar to the pattern of the total capacities, there is a distinct spatial difference in the
distribution of regulating capacities in the YRD region (Figure 4).
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Level V was continuously and densely distributed in the south of the region and
covered most areas of the Zhejiang Province, while Level I was mainly distributed in the
middle and north of the region, and covered most of the Jiangsu Province and Shanghai.

Table 2. Areas and proportions of different levels of total ES capacities.

Total Capacities Area (km?) %

1(0-20) 28,458.60 13.24

1T (20-40) 101,286.50 47.12

11T (40-60) 14,440.98 6.72

IV (60-80) 11,789.34 5.48

V (80-100) 58,975.78 27.44
Total 214,951.19 100.00

N

A

Kilometers
02550 100 150
T ——

Regulating Services
| 1(0-10)

[ mao-20)

B 111 (20-30)

I 1v (30-40)

B v (40-50)

[: Provincial Boundary

Figure 4. Spatial pattern and levels of regulating services of YRD.

Level V and Level II accounted for 27.44% and 47.12% of the total area, respectively
(Table 3). Level II occupied the largest area of the region in the five-levels of the region.
Level I and Level III had patchy pattern in the region and clustered in the middle of
the region. Level I and III accounted for 13.24% and 9.73% of the total area, respectively.
Different from the pattern of the total capacities, the area with Level IV in the total capacities
degraded to Level III in the regulating services. Level IV dispersed in the south of the
region, which covered most areas of the Zhejiang Province and accounted for 2.48% of the

total area.
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Table 3. Areas and proportions of different levels of total regulating services.

Total Capacities Area (km?) %
1(0-10) 28,458.60 13.24
1T (10-20) 101,286.50 47.12
11T (20-30) 20,904.24 9.73
IV (30—40) 5326.08 2.48
V (40-50) 58,975.78 27.44
Total 214,951.19 100.00

3.4.3. Provisioning Services

In general, the V, IV and III of provisioning services capacities were widely distributed

in the YRD region.

Level V was continuously and densely distributed in the south of the region and
covered most areas of the Zhejiang Province, while Level II was densely distributed
in the middle of the region, and covered most of the middle of Jiangsu Province and
Shanghai (Figure 5). Level V and Level II accounted for 27.44% and 35.36% of the total
area, respectively. Level II occupied the largest area of the region in the five-levels of the

region (Table 4).

N

A

Kilometers
02550 100 150

Provisioining Services
\ 1(0-5)

[ n-10)

B 111 (10-15)

B 1V (15-20)

B vV (20-25)

Figure 5. Spatial pattern and levels of provisioning services of YRD.
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Table 4. Areas and proportions of different levels of provisioning services.

Total Capacities Area (km?) %
1(0-5) 29,939.30 13.93
II (5-10) 76,002.52 35.36
III (10-15) 13,305.65 6.19
IV (15-20) 36,727.94 17.09
V (20-25) 58,975.78 27.44
Total 214,951.19 100.00

Level I and Level III had patchy pattern in the region, and Level I distributed in the
middle of the region. Level I and III accounted for 13.24% and 6.19% of the total area,
respectively (Table 4). Level IV was densely distributed in the middle and north of the
region and clustered in the north, east and south of Jiangsu Province, which accounted for
17.09% of the total area. Comparing with the pattern of total values, the area in the north
and east coastal area were upgraded from Level I to Level IV in the provisioning services.

3.4.4. Cultural Services

Similarly, there is obvious spatial difference in the distribution of cultural capacities in
the YRD region (Figure 6)

N

A

Kilometers

02550 100 150
- —

Cultural Services
1(0-5)
-1
B 111 (10-15)
B 1v (15-20)
B v (20-25)

Provincial Boundary

Figure 6. Spatial pattern and levels of cultural services of YRD.

Level V was continuously and densely distributed in the south of the region and
covered most areas of the Zhejiang Province, while Level II was densely distributed in the
middle and north of the region, and covered most of the Jiangsu Province and Shanghai.
Level V and Level II accounted for 27.44% and 57.64% of the total area, respectively. Level
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IT occupied the largest area of the region in the five-levels of the region. Level I and Level
III had patchy pattern in the region, and Level III relatively clustered in the middle and
east coastal area of the region. Level I and III accounted by 2.01% and 6.74% of the total
area, respectively (Table 5). Compared with the pattern of total values, the area with level
Iin the total values upgraded into Level Il in the cultural services. Level IV had patchy
pattern in the region and relatively clustered in the middle of the region, and accounted for
6.18% of the total area.

Table 5. Areas and proportions of different levels of cultural services.

Total Capacities Area (km?) %
1(0-5) 4313.86 2.01
II (5-10) 123,893.41 57.64
III (10-15) 14,481.64 6.74
IV (15-20) 13,286.50 6.18
V (20-25) 58,975.78 27.44
Total 214,951.19 100.00

3.4.5. Comparison of Two Provinces and One Municipality

The spatial pattern of the “Two Provinces and one Municipality” had obvious spatial
heterogeneity in the spatial pattern of total capacities and three main categories.

In Total Capacities, Zhejiang was mainly covered by “Highest” and “High” Level;
Jiangsu was mainly covered by “Low” and “Lowest” Level. The “High” Level was densely
distributed in the middle and west of the province. Shanghai was mainly covered by “Low”
and “Lowest” Level.

In three main categories, Zhejiang was also covered by “Highest” and “High” Level;
Jiangsu was divided by “High” level and “Low”/”Lowest” Level in the provisioning
services. The “High” Level of the provisioning services was densely distributed in the
middle and north of the province. Shanghai was mainly covered by “Low” and “Lowest”
Level. The center of Shanghai was mainly covered by “Medium” level of cultural services.

The main determinants of the spatial pattern were the distribution of the main land
cover and their capacities in different categories: Zhejiang was covered by closed and
open forest. Lakes were mainly distributed in the west of the province. Jiangsu was
mainly covered by two arable land types: rainfed cropland and paddy fields. Lakes, urban
land and country residential land were densely distributed in the south of the province.
Shanghai was mainly covered by urban land, country residential land and paddy fields.

3.5. Delineation of Key ES Zones
3.5.1. Total Capacities Level ‘V’

In the Level of Total Capacities “V”, Total Regulating Services Capacities, Total Pro-
visioning Services Capacities and Total Cultural Services Capacities were all Level “V”.
It had “Very High Importance” in conservation of multiple high ES supply capacities of
the mountainous and hilly forest area.

The chosen of primary regulating ES was based on the conservation objectives of
preventing main environmental problems in YRD Region. For instance, the air pollution
problems such as Haze have also been one of the most serious environmental problems in
recent years. Due to the development of manufacturing industry, the increase of exhaust gas
from automobiles, the control of the air quality problems such as Haze was becoming hard
in this region in the past few years [62]. For another, the flood problem has been a serious
disaster in this region and occurred annually since the region involves rivers and lakes [59].
Therefore, in conjunction with local experts, “Water purification regulation”, “Nutrient
regulation service”, “Erosion regulation service”, “Water flow regulation service”, “Global
climate regulation service”, and “Air quality regulation service” were chosen as primary
ES for regulating services. The closed forest had the highest supply capacities in these
primary regulating ES. As local expert in Jiangsu Province said that “from the perspective
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of the effect of human pressure on the ecosystem of the YRD region, regulating services
of the forest ecosystem should be paid more attention than other services”. Moreover,
according to local experts in Zhejiang Province, “erosion risk existed in the low and high
mountainous areas in the region, which required erosion regulation service from forest”.

3.5.2. Total Capacities Level ‘IV’

In the Level of Total Capacities “IV”, Total Provisioning Services Capacities, Total
Cultural Services Capacities were Level “IV”, while Total Regulating Services Capacities
were Level “IlII”. It had “High Importance” in conservation of multiple provisioning and
cultural services of the waterbodies area.

Local experts suggested that the primary regulating services correlated with water
purification and flooding (e.g., Water Purification Service, Water Flow Regulation Service)
were also important to the “Recreation and Tourism Service” of waterbodies, since the water
pollution problem would reduce the eco-tourism value of waterbodies. The degradation of
water quality negatively affected the freshwater supply and recreation and tourism supply
capacities. Environmental conservation and low-impact eco-tourism could be developed
in these areas to meet the huge increasing demand of tourism and leisure activities of
urban residents.

Not only the water supply for regional residents’ living relied on the rivers and lakes,
but the huge demand of entertainment and leisure activities of regional residents also relied
on the conservation of the waterbodies in this zone. The Core Area of this zone had two
main sources of water supply for the whole region: the Qiandao Lake Watershed in the
south of the region and the Taihu Lake Basin in the middle of the region.

For primary ES conservation, trans-boundary environmental cooperation mechanisms
in upstream and downstream of streams should be launched in the watersheds. The
establishment of payment criteria and identification of ecosystem service flow are core
problems in cooperation in payment for primary ES. These needed to be done on the basis
of a quantitative assessment for primary ES.

3.5.3. Total Capacities Level ‘III

The level had “Medium Capacity” in the Total Capacities. The Yangtze River Estuary
and the mainstreams of rivers s and s are dominant types in this level. Water pollution are
the main ecological risks for ES conservation in this level. Therefore, water purification
cooperation should also be done in the upstream watershed of the Yangtze River Estuary.

3.5.4. Total Capacities Level ‘II’

In the Level of Total Capacities ‘II’, Total Provisioning Services Capacities were Level
‘IV’, while other total capacities were relatively low. It had ‘High Importance’ in conserva-
tion of primary provisioning services.

Cropland loss and habitat fragmentation caused by urban expansion were serious in
the areas of this level. For provisioning services, the local experts chose the “Crop Provision-
ing Service”, “Biomass of Energy”, “Fodder” and “Fiber”, as the primary ecosystem service
of the dominant ecosystem (cropland ecosystem), especially the officers in Jiangsu Province.
The “Highest Capacity” Score of “Crop Provisioning Service” was densely distributed
in the middle and north of the plain and hilly areas of the region, which was consistent
with the distribution of the cropland ecosystem. In addition, the distribution of rainfed
croplands was consistent with the “High Capacity” Score of “Biomass of Energy”, “Fodder”
and “Fiber”, which was also considered as primary provisioning ES.

The urban sprawling and developing residential areas occupied or destroyed many
species habitats and largely decreased the services provided by ecosystems in this region.
Therefore, the establishment of conservation priority areas following the “Prime Cropland”
policy for restriction of urban expansion will be an arduous management task in this region.
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4. Discussion
4.1. The Relationship between the Human Activies and the Pattern of Critical ESs

There is obvious spatial heterogeneity in the distribution of total ES capacities: The
high-capacity levels were mainly distributed in the south of the region, while the low-
capacity levels were densely distributed in the middle and north of the region. The main
reasons of significant spatial heterogeneity are rapid urbanization and cultivation is in the
YRD Region [63-65]. As the YRD region witnesses rapid economic development, the most
directly visible impact from rapid urbanization, industrialization and population growth
on ecosystem is the change in land utilization [1,8,10,56,66,67]. According to previous
studies, the main reason for the reduced ecosystem service value in the north plain of the
YRD region was the reduction of farmland and wetland areas, while between 2005 and
2010, the decline in ecosystem service value was due to the reduction in grassland (77.66%),
wetland (71.04%), farmland (24.41%) and woodland (5.94%) areas [67,68]. The intensified
urban expansion in the north plain caused by rapid economic development itself results in
reduced woodland, grassland and farmland areas, and additionally in lower ecosystem
service values. With the YRD region suffering from a sharply reduced farmland area, the
remaining area experienced large agricultural investment, especially the usage of chemical
fertilizers and pesticides, resulting in agricultural non-point source pollution [1,66-68].

4.2. Contributions and Limitations

The ES framework proposed in this study is to provide a basis for the formulation
of relevant policies, expert knowledge-based assessment methods can not only achieve
the above purposes, but also strengthen the relationship among ecologists, the general
public and government officials taking part in the expert decision-making process, thus
this method can play a certain role in the formulation and assessment of regional ecosys-
tem policy.

Land use matrix approach based on expert knowledge has several advantages [69]:
It can generate quick results for rapid decision making, provide an effective decision
support tool in a data-poor region and design matrix linking spatial explicit land cover
types to ecological integrity, ES supply and demand. However, this approach should
be modified and adapted by the local classification system of land cover and land use
system [69]. Although this approach included local environmental reading and preliminary
score adjustment process, it could not completely avoid the uncertainty in expert scoring
method. The method for scoring each ES mainly based on land use/cover and local
expertise is relatively subjective and suitable for the data-poor region. To reduce the
uncertainty of using local expert knowledge, some of the scientific process is going to be
involved in the future ES assessment to improve scientific quality of the ES assessment
matrix, i.e., confidence report, careful choice of the respondents, and use of consensus
rounds [55,70]. In the next step of this studies, we will combine multiple data sources
(if available) to validate our expert-knowledge framework and results which may not in
the entire region but in local areas and make temporal ES assessment and simulation for
scenarios analysis of land use planning.

5. Conclusions

Rapid urbanization has altered many ecosystems, causing declines in many ES, and
generating serious ecological crisis. To cope with these challenges, this study has presented
a comprehensive framework comprising four steps for key ES zone delineation for land
management in a rapidly urbanizing region. The results showed that there is obvious
spatial heterogeneity in the distribution of total ES capacities in the YRD region: The
high-capacity levels were mainly distributed in the south of the region, while the low-
capacity levels were densely distributed in the middle and north of the region. Level V
was continuously and densely distributed in the south of the region. Level Il was densely
distributed in the middle and north of the region, and covered most of the Jiangsu Province
and Shanghai. Level I and Level IV had patchy pattern in the region and relatively clustered
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in the middle of the region. The spatial pattern of the “Two Provinces and one Municipality”
had obvious spatial heterogeneity in the spatial pattern of total capacities and three main
categories: Zhejiang was mainly covered by “Highest” and “High” Level; Jiangsu was
mainly covered by “Low” and “Lowest” Level. The “High” Level was densely distributed
in the middle and west of the province. Shanghai was mainly covered by “Low” and
“Lowest” Level. The main determinants of the spatial distribution of ES were the pressure
of urbanization, landform and distribution of ecosystems and their capacities in different
categories. This approach is contributed to regional-scale ES key zone delineation and
priority areas identification for ecological redline policy in the YRD region.
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