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Abstract With activities that alter the structure and
function of the habitat, humans have a direct impact on
ecosystems and ecosystem services, i.e., the conditions and
processes that sustain human life. In this study, 35 townships in the Yanhe watershed in the Loess Plateau of China
were selected. The net primary production (NPP), carbon
sequestration and oxygen production (CSOP), water conservation, and soil conservation were the ecosystem services selected and valuated. Human activity was quantified
by an integrated human activity index (HAI) based on
population density, farmland ratio, and the influence of
road networks and residential areas. The NPP, CSOP, and
water conservation showed a conspicuous spatial pattern
fanning outward from the southwest, while the soil conservation showed an obscure spatial pattern distinguished
primarily by the peripheral area surrounding the urbanized
areas. Total ecosystem services in the Yanhe watershed
demonstrated a decreasing pattern from south to north, and
the HAI was in proportion to administrative and economic
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development. Based on the selected ecosystem services and
HAI, we mapped the townships of the Yanhe watershed
by cluster analysis, and provided sustainable ecosystem
management suggestions, tailored to the social-ecological
map.
Keywords Ecosystem services  Human activity  Spatial
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Introduction
Ecosystem services are conditions and processes through
which natural ecosystems, and the species that make them
up, sustain and fulfill human life (Daily 1997). The Millennium Ecosystem Assessment (MA) (2005a) popularized
the term ‘ecosystem service’ and categorized it into four
types: provisioning, regulating, cultural, and supporting.
Significantly shaped and altered by human activities,
especially after the industrial revolution (Foley et al. 2005;
Haberl et al. 2007; MA 2005b), ecosystems have exhibited
dramatic changes in structure and function, such as biogeochemical flows (Vitousek et al. 1997). Ecosystem services and human activities are sensitive to each other,
reflected by the closed, chain-like loop of demand–action–
pressure–states–response (MA 2005b). Humans affect
ecosystem services in three primary ways: by modifying
the land habitat, altering the ecosystem structure, or
changing the biogeochemical cycle. These changes can
have a negative or positive effect on ecosystem services.
The anthropogenic factors of ecosystem services can be
broadly categorized into direct and indirect drivers. The
direct drivers include land use changes, overexploitation,
and pollution, which unequivocally influence ecosystem
services by altering their intrinsic processes. The indirect
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drivers include population, economic activity, social,
political, and cultural factors, and technological change,
which operate more diffusely by altering one or more direct
drivers (MA 2005b). Trading ‘natural’ ecosystems with
agricultural and industrial production has been the most
principal and explicit anthropogenic change in ecosystems
and biogeochemical cycles (MA 2005b).
Ecosystem services and human activity assessment is
essential to ensure sustainable ecosystem stewardship and
effective natural resources allocation (Chapin et al. 2010;
Euliss et al. 2010). However, ecosystem service valuations
are, in most cases, confined on researchers’ desks and
haven’t yet aroused due attention from the public. The
neglect of ecosystem service in decision-making cause a
high risk of ecological degradation and infringement on the
social and ecological sustainability (Jordan et al. 2010).
Researchers attempted to valuate ecosystem services at
different spatiotemporal scales (Balick and Mendelsohn
1992; Costanza et al. 1997; McNeely 2003; Peters et al.
1989; Zhang et al. 2010), within which monetary valuation
was broadly adopted due to: (1) easy acceptance and
integration of economic performance, such as GDP; and (2)
the power in assessing management options, costs, and
constraints in the context of ecological benefits (the United
States Environmental Protection Agency, EPA 2008).
Human activity is an overarching and difficult term to be
quantified (Danz et al. 2007; Stein et al. 2002), demonstrated by the risk of human bias in indicator selection and
the challenges in quantifying some human factors, such as
policy and culture. Researchers have unidimensionally
assessed human activities through valuating human population density (Wang et al. 2001; Zheng et al. 1993),
agriculture (Elhatip et al. 2003), coal mining (Lee and
Bukaveckas 2002), and sheep farming (Frenot et al. 2001)
as surrogates for human activity. As human roles in ecosystems depend on much more than their biological density
and population characteristics (Machlis et al. 1994), it
seems prudent to establish an integrated human activity
index for assessing human activity intensity. Researchers
have endeavored to create a consistent framework for
assessing human activity (Falcone et al. 2010). The United
Nations Development Programme (UNDP 1990) advocated
a human development index (HDI) in 1990. Based on the
HDI framework, researchers designed multidimensional
human activity indices that include human population,
farmland ratio, natural endowment, economic development, urbanization, policy, etc. (Li et al. 2004; Wen 1998;
Zhang and Wang 2004). Literature on the quantitative,
multidimensional assessment of human activities is very
scarce, in both the fields of ecology and economics.
To effectively integrate ecosystem services into conservation programs, an ecological management policy
should be enacted with the full consideration of spatial

123

Sustain Sci (2012) 7:17–32

heterogeneity, especially when we want to identify ‘hotspots’ of ecosystem services and human activity (Naidoo
et al. 2008; Raymond et al. 2009). Researchers have made
various efforts to map ecosystem service values based on a
‘sense of place’ principle, in order to inform environmental
management (Alessa et al. 2008; Kliskey 1994; McIntyre
et al. 2008; Tyrväinen et al. 2007). One of the key challenges in ecological mapping lies in balancing the mismatched scale between ecosystem services and human
activity, as most data related to human activity is based on
administrative divisions, which is incompatible to the traditional ecological zone.
The Yanhe watershed in the northern region of the Loess
Plateau in China is a typical gully area, incised by water
flow and soil erosion due to severe human disturbances (Fu
1989; Fu and Gulinck 1994). In 1999, an ambitious ecological conservation project, the ‘Grain for Green’ (GfG)
project, was launched to curb the deteriorating ecological
situation. Since the inception of the GfG project, the land
use pattern of the Yanhe watershed underwent a great
change, demonstrated by increased forest and grassland,
while slope farmland shrank tremendously (Zhou et al.
2009). Soil erosion and water loss were curbed (Feng et al.
2010; Xu and Cao 2001; Zheng 2006) and ecosystem
services were greatly improved (Li et al. 2010; Zhang and
Wei 2008). Simultaneously, human livelihood also varied
immensely, characterized by the conspicuous decreasing of
ratios for farm labor and the primary industry in GDP (Lai
and Zhu 2009). This drastic variation in the spatial pattern
of the social and ecological characteristics makes the
Yanhe watershed an ideal place for studying ecosystem
services, human activities, and their resultant management.
In this research, we used the Yanhe watershed as a study
area, and: (1) valuated ecosystem services and assessed
human activities; (2) provided a social-ecological map,
based on the ecosystem services and human activities; and
(3) advanced suggestion for ecosystem management,
tailored to the social-ecological map.

Materials and methods
Study area
The Yanhe watershed (36°210 –37°190 N, 108°380 –110°290 E)
is located in the central part of the Loess Plateau (Fig. 1), in
the middle reaches of the Yellow River. It has a warm temperate continental monsoon climate (Table 1), and the mean
annual precipitation is 495 mm, of which more than 65% fall
from July to September. The annual average temperature
varies from 8.8 to 10.2°C. The Yanhe watershed is mantled
by thick loess, a fine and silt soil prone to erosion. The mean
annual runoff in the Yanhe watershed is 2.89 9 108 m3, with
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Fig. 1 Location of the study
area

Table 1 Basic information of the Yanhe watershed
Area (km2)

7,869

Land use types (km2)

GDP (billion RMB¥)a

Population

Farm lands

Forest

Grassland

Nonagricultural

Agricultural

Primary

Secondary

Tertiary

979

899

2,900

88,985

412,475

0.12

1.56

0.3

The data is from the Yan’an Statistic Bureau and a land use map of the Yanhe watershed of 2006 from the Institute of Remote Sensing
Application, Chinese Academy of Science
a

The leading industries of the Yanhe watershed is energy production (oil, natural gas, coal et al.), agriculture, and tourism

runoff modulus and sediment transportation modulus of
36,425 m3/km2 a and 7.80 9 104 t/km2 a, respectively. As a
rugged region with 90% of the terrain in forms of gullies and
ridges, the Yanhe watershed loses around 4,540 tons/km2 of
soil each year, causing enormous sedimentation and increasing
flood risks in areas downstream of the Yellow River system
(Stolte et al. 2003). The watershed involves 44 townships
within four counties, of which nine townships were merely
partially in the watershed, and, thus, eliminated from the study.
Selection of indicators
Selecting suitable indicators for quantifying ecosystem
services on a local or regional scale is a vexed challenge, as

the variety of major ecosystem services differ across various ecosystems. Adding too many indicators may confuse
the public and decision-makers, while too little will unsubstantiate the results. In addition, from a system analysis
viewpoint, largely unexplored correlations between indicators reduce the marginal information of a new indicator
(Ronchi et al. 2002). Ecosystem services should be selected
to best reflect the ecological problems facing the study area
(Wallace 2007); the Yanhe watershed was plagued by
numerous austere ecological problems of dry climate,
spatially and temporally uneven precipitation, vegetation
degradation, and erosion-prone loess soil. In order to
account for these local constraints, especially serious soil
erosion and vegetation degradation (Fu et al. 2005), we
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selected the following as indicators for ecosystem services:
net primary production (NPP), carbon sequestration and
oxygen production (CSOP), water conservation, and soil
conservation. Correlations often exist in ecosystem services indicators (Fu et al. 2011; Wallace 2007): NPP and
CSOP are closely related based on a common ecological
process, photosynthesis, while water and soil conservation
are connected by common vegetation configuration
patterns.
Selecting appropriate indicators is also critical for
assessing the impact of human activities on ecosystem
services. Population is a common and necessary index for
human activity, as the ever-increasing population leads to
an expanding demand for farm produce and natural
resources. More than 82% of the populace in the Yanhe
watershed is traditionally agricultural, although the GfG
project made significant progress in converting farmland to
forest and grassland (Table 1). Accelerated urbanization
and the implementation of rural development projects have
improved the quality and availability of housing in both
urban and rural areas. In addition, the transportation system, e.g., highway, railway, and aviation facilities, also
developed very quickly (Xu 2010). Hence, we selected
human population, farmland ratio, residential settlement,
and road network, and formulated them into a comprehensive index, the human activity index (HAI), to assess
human activity in the Yanhe watershed.
Complex interrelations exist between the HAI and the
ecosystem services indicators that we selected in the Yanhe
watershed. Previously, farmers would reclaim vast areas of
land full of original vegetation for agricultural production,
which disturbed the intact soil and exacerbated water and soil
erosion (Zhou et al. 2009). In this regard, the farmland ratio
exhibits the profound influence on soil and water conservation, NPP, and CSOP. Urban expansion and road construction, demonstrated by the residential settlement and road
network, influence soil and water loss directly by altering the
ground surface (Sun et al. 2001) or by driving an industrial
readjustment from farm to nonfarm productions (Jacquin
et al. 2008), reflected by the variation of farmland ratios.
The scale dependence of ecosystem services requires
extensive attention (Limburg et al. 2002, Turner et al.
2000), which possibly incurs either tradeoffs or synergies
(Fu et al. 2011; Rodrı́guez et al. 2006; Swallow et al.
2009). The valuation of ecosystem services is largely
affected by the assessment scale and methods. In our study,
the NPP and CSOP are calculated from large-scale remote
sensing data; the water conservation method is more suitable for the field scale; and the land use and land cover
change for soil conservation is more suitable on a slope
level. To offset the scale mismatch, we calculated the sum
for each individual ecosystem service and normalized them
by the territory area of each township.
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Data sources
The calculation of the NPP and CSOP was based on normalized differential vegetation index (NDVI) data,
extracted from Landsat thematic mapper (TM) images.
Water conservation was calculated from vegetation coverage and annual precipitation. Soil conservation was
assessed by the revised universal soil loss equation (RUSLE) model, using data from soil types, annual precipitation, vegetation coverage, slope angle, and slope length.
Vegetation coverage was obtained from a Landsat 5 TM of
2007 land cover map with 30-m thematic resolution, which
included construction areas, farmlands, natural forests,
sandy and gobi deserts, shrubbery, grassland, rivers, reservoirs, etc. The annual precipitation of 2007 was obtained
from Yan’an Meteorological Bureau. A soil type map was
obtained from the Institute of Soil Science, Chinese
Academy of Sciences, with a scale of 1:100,000. The slope
angle/length was obtained from a 1:50,000 digital elevation
map (DEM) with a spatial resolution of 25 m of the Yanhe
watershed from the National Fundamental Geographic
Information System (NFGIS) of China.
The Yanhe watershed encompasses a total of 44 townships, the basic level of administrative division in China,
but nine are only partially in the watershed (Lou et al.
2010). To secure the calculation accuracy, these nine
townships were omitted, and the remaining 35 townships
were used as the bases unit for analysis. Each township
population, as of 2007, was obtained from statistical data
(Ansai Statistic Bureau, ASB 2008; Baota Statistic Bureau,
BSB 2008; Yanchang Statistic Bureau, YSB 2008; Zhidan
Statistic Bureau, ZSB 2008). The data from the townships’
administrative boundaries, road networks, and residential
sites, as of 2007, were acquired from a 1:400,000 administrative map of Yan’an city from the Yan’an Civil Affairs
Bureau (2007) and then used to create a vector map with
ArcMap. The 2007 data for township population, annual
precipitation, vegetation coverage, parameters for soil type,
and farmland ratio were digitized by adding fields to the
attribution table of the township vector maps (Yan’an Civil
Affairs Bureau 2007). These vector maps were then converted into raster datasets for map calculations with a
spatial resolution of 25 m.
Quantification and valuation of ecosystem services
and the HAI
Net primary production (NPP)
Living green plants absorb solar radiation in the photosynthetically active radiation (PAR) spectra for photosynthesis and reflect near-infrared radiation, which causes
leaves to overheat and damage the tissue. The NDVI can
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indicate the growth status, health condition, and photosynthesis intensity of living green vegetation, and had an
integral part in the calculation of the NPP. The NDVI was
calculated as follows (Tucker 1979):
NDVI ¼

ðNIR  REDÞ
ðNIR þ REDÞ

ð1Þ

where RED and NIR stand for the spectral reflectance
acquired in the red and near-infrared spectra, respectively.
Zheng and Zhou (2000) established a model to simulate
the NPP of forest vegetation by comparing the forecasted
versus observed forest NPP data. We calibrated their model
with data from the Yanhe watershed (Jiao et al. 2008) and
established the following NPP model:
NPP ¼ 0:2131  22:355  lnð1  NDVIÞ

ð2Þ

We tested this model with data from 2007 Landsat 4–5
TM images and the ‘‘Report of forest resources planning
and design survey in Yan’an City, Shaanxi Province,
China’’ by the Northwest Institute of Forest Inventory
(NIFI 2006). The results showed that the two-tailed test
correlation is significant at the 0.05 level, with a Pearson
correlation of 0.625.
In our study, five cloud-free Landsat 4–5 TM images in
each month from May to September of 2007 were downloaded from the U.S. Geological Survey (USGS) website
(http://glovis.usgs.gov). The NDVI was calculated based
on these five TM images with the raster calculator module
in ArcGis. The NPP was further calculated from the mean
value of the NDVI.
The economic value of the NPP was calculated by
converting the NPP into standard coal through its energy
equivalent. The energy equivalent of coal was then multiplied by the price of standard coal in 1995, as the price of
coal after 1996 fluctuated erratically due to the energy
policy adjustments. The equation for the economic value of
the NPP is (Li et al. 2006):
V¼

AQ1
 Pc
BQ2

ð3Þ

where V stands for the economic value of plant organic
matter; A stands for the dry weight of organic matter, i.e.,
the volume of the NPP obtained from Eq. 2; B stands for
the quality coefficient of coal (equal to 1 for standard coal);
Pc stands for the 1995 market price of standard coal, 479
RMB¥/t; Q1 is the quantity of heat per dry weight of
organic matter, equal to 6.7 kJ g-1; and Q2 is the quantity
of heat of standard coal, equal to 10 kJ g-1.
Carbon sequestration and oxygen production (CSOP)
Plants sequester carbon and release oxygen through photosynthesis. According to the photosynthesis equation:

6CO2 þ 6H2 O ! 6O2 þ C6 H12 O6 ; the ratio of organic
matter produced by photosynthesis, carbon sequestered by
photosynthesis, and oxygen released by photosynthesis is
1:1.47:1.07. Using this ratio, the amounts of sequestered
carbon and released oxygen were calculated from NPP data.
The economic value of carbon sequestration was calculated from the cost of reforestation. In this study, we
adopted a reforestation cost of 260.9 RMB¥/t of carbon (Li
et al. 2006). The value of oxygen production was calculated from the average cost of oxygen production from
reforestation (352.93 RMB¥/t O2) and industrial methods
(400 RMB¥/t O2) (Li et al. 2006), for a value of
376.47 RMB¥/t O2.
Water conservation
Water conservation is performed by vegetation through
processes of rainfall interception, evapotranspiration,
sorption, and storage (Li et al. 2006). Generally, water
conservation can be obtained by the summation of canopy
retention, litter absorption, and soil storage. The equations
are given as follows:
Qt ¼ Qc þ Ql þ Qs

ð4aÞ

Q c ¼ e  Py  A

ð4bÞ

Ql ¼ L  A

ð4cÞ

Qs ¼ P  A

ð4dÞ

where Qt is the total amount of water conserved; Qc is the
water intercepted by the vegetation canopy; Ql is the water
absorption by litter; Qs is the water stored by the soil under
the vegetation; e is the interception ratio of the canopy; Py
is the annual precipitation; A is the area of each vegetation
type; L is water retention ratio by litter per unit area of
vegetation; and P is the maximum storage capacity of the
soil under the vegetation. Here, the values of e, L, and P of
different vegetation types were taken from the results of
Jiao et al. (2002).
The economic value of water conservation was calculated from the shadow price of reservoir-building in China,
i.e., 0.67 RMB¥/m3 (Ren and Zhang 2003).
Soil conservation
The soil conservation was calculated by the RUSLE
empirical model, as follows:
A¼RKLSCP

ð5Þ

where A is the estimated average soil loss; R is the rainfall
erosivity factor; K is the soil erodibility factor; L is the
slope length factor; S is the slope steepness factor; C is the
vegetation management factor; and P is the conservation
practices factor.
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If both C and P are assigned the value of 1, i.e., there is
no surface soil coverage or land management practices,
then the calculated soil erosion is the potential soil erosion
(Ap):
Ap ¼ R  K  L  S

ð6Þ

The amount of soil conservation can be estimated by the
difference between potential soil erosion and actual soil
erosion. The new formula is as follows:
Ac ¼ Ap  Ar ¼ R  K  L  S  ð1  C  PÞ

ð7Þ

where Ac is the amount of soil conserved; Ap is the
potential soil erosion; and Ar is the actual soil erosion.
The rainfall erosivity factor (R) was calculated using the
Wischmeier empirical formula (Wischmeier and Smith
P2
P
i
1978): R ¼ 1:735  10ð1:5lg P 0:8188Þ ; where Pi is the
monthly rainfall (mm) and P is the annual rainfall (mm).
S and L constitute the topography factor, which were
calculated as follows (Zhou and Liu 2006):



sin h 0:6
S¼
0:0896

m
k
L¼
22:13

ð8aÞ
ð8bÞ

where h is the percentage slope grade and k is the
horizontal length of the slope. Both h and k were extracted
from the DEM of the Yanhe watershed. m is the coefficient
for the length of slope, which was assigned the following
values (Wischmeier and Smith 1978):
m ¼ 0:5 h  9

ð9aÞ

m ¼ 0:4 9 [ h  3

ð9bÞ

m ¼ 0:3 3 [ h  1

ð9cÞ

m ¼ 0:2 1 [ h

ð9dÞ

In large spatial scales, the differences in conversation
practices, such as terracing or contour tillage, cannot be
determined from the land use map, so we calculated it
using the Wiener equation: P ¼ 0:2 þ 0:3  h (Lufafa et al.
2003), where h is the percentage grade. The vegetation
management factor C is relevant to the vegetation type, the
intensity of rainfall, the coarseness of the land surface, the
rotation method, and the soil water content. The soil
erodibility (K) is determined by soil type. The values of
C and K were taken from Fu et al. (2005).
In this paper, the economic benefit of soil conservation
was calculated from its role in conserving soil fertility,
reducing land abandonment, and reducing sediment accumulation. Soil loss causes fertility loss, including N, P, K,
and organic matter. The soil fertility conservation value
was calculated by the market price, i.e., determining the
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contents of N, P, K, and organic matter by the amount of
soil conserved, and multiplying by the prices of N, P, K,
and organic matter.
The economic benefit of land abandonment reduction
caused by soil erosion was calculated by the opportunity
cost. In economic terms, an opportunity cost refers to the
foregone benefits of alternative actions (or inactions) (Goh
2000). For ecosystem services, the opportunity cost refers
to the value forgone in order to protect, enhance, or create a
particular environmental asset (Adams et al. 2010), e.g.,
retaining forestry at the expense of agricultural production.
In this research, the necessary index for the opportunity
cost included the average GDP per unit area (Shaanxi
Provincial Statistical Bureau 2007) and the average thickness of the surface soil; 0.6 m in the Yanhe watershed
(Li and Ren 2006).
The economic benefit of reducing sediment accumulation was calculated from the water storage cost, i.e., the
shadow price of building reservoirs.
All of the equations for the economic estimation of soil
conservation are as follows:
Vt ¼ V1 þ V 2 þ V 3
X
V1 ¼
Ps C i Pi
 
Ps
V2 ¼
B
Dq
 
Ps
 C  24%
V3 ¼
q

ð10aÞ
ð10bÞ
ð10cÞ
ð10dÞ

where Vt is the total economic value of soil conservation;
V1 is the economic value of fertility conservation; V2 is the
economic value of land abandonment reduction; V3 is the
economic value of sediment accumulation reduction; Ps is
the soil retention volume; Ci is the content of N, P, K, and
organic matter in the soil; Pi is the price of N, P, K, and
organic matter; D is the mean thickness of soil; q is the
bulk density of soil; B is the GDP value per unit area; and
C is the shadow price of building reservoirs. In China, the
average sediment delivery ratio of soil loss into the reservoir is 24% (Ren and Zhang 2003), which was also taken
into account.
The human activity intensity (HAI)
The HAI was calculated by integrating human population,
farmland ratio, road networks, and residential land information, the weights of which were assigned by the analytic
hierarchy process (AHP). Based on mathematics and psychology, the AHP was developed by Saaty in the 1970s to
deal with complex decision-making (Saaty 1977, 1980,
1990). The AHP builds a hierarchy, or ranking, of decision
elements, and then compares each possible pair in each
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cluster, as a matrix. A weighted value is assigned for each
element within the cluster, and a consistency ratio is also
provided for checking the consistency of the data. Based on
expert consultation and reference to relevant documents
(Hu et al. 2007), we used the AHP method to assign
weighted values to the four indices as follows: human
population 0.3, farmland 0.3, road network 0.2, and residential land 0.2. These assigned values were inserted into
the HAI calculation as follows:
HAI ¼ P  0:3 þ C  0:3 þ R  0:2 þ S  0:2

ð11Þ

where P, C, R, and S stand for population, farmland ratio,
road influence, and residential influence, respectively. The
values were standardized using standard deviation.
Tailored to local conditions and referring to the State
Basic Geographical Data Coding System, the residential
land (Table 2) and road network (Table 3) were assigned
influence values (Hu et al. 2007). The influence values
were then spatialized by the interpolation of the inverse
distance weight (IDW) and path distance (PD) using ArcGIS software.
Ecosystem services and HAI specialization,
and townships clustering
Supported by ArcGIS, the parameters for the NPP, CSOP,
soil conservation, water conservation, and HAI were converted into a raster dataset. The layers of the raster dataset

Table 2 Influence of residential land (after Hu et al. 2007)
Residential rank

Influencea

City

25,000

County

20,000

Township

10,000–15,000

Village

5,000

a

The value is dimensionless

were then calculated with their respective equations to
obtain a raster dataset layer for each individual ecosystem
service and HAI using the ArcGIS raster calculator module. Finally, the mean values for each township-based
individual ecosystem service and HAI were obtained by
allocating ecosystem services and HAI to the township
vector map by the ArcGIS zonal statistics module.
We clustered the townships by the hierarchical cluster
analysis of SPSS 11.5 software based on each individual
ecosystem service and HAI index by application of the
Euclidean distance.

Results
Spatial pattern of ecosystem services
The economic values of the NPP and CSOP varied tremendously, with higher values in the south and lower in the
northwest (Fig. 2). The water conservation demonstrated a
similar trend, with values highest in the southern midsection of the watershed, with decreasing values fanning
outward (Fig. 2). The spatial patterns of the NPP, CSOP,
and water conservation are closely related to the corresponding vegetation coverage, i.e., the southern area has
greater forest coverage, and, thus, higher economic values,
while the northwestern area, dominated by land for farming, has lower economic values. Soil conservation values
exhibit the exception: a more complex spatial pattern distinguished primarily by the peripheral area surrounding the
urbanized areas (Fig. 2). This unique pattern is possibly
due to the complicated soil erosion mechanism, reflected,
to some extent, by the RUSLE equation. The total value of
ecosystem services demonstrated a spatial trend that
increased essentially from south to north (Fig. 3), with the
highest value, 13,869 RMB¥/ha, in the southern township
of Liulin, and the lowest value, 4,966 RMB¥/ha, in the
northwestern township of Liandaowan.
Spatial pattern of the HAI

Table 3 Influence of road network (after Hu et al. 2007)
Road rank

Influencea

High-grade expressway

12,000

National trunk highway

10,000

Railway

10,000

Provincial trunk highway

8,000

County and township road

5,000

Cart road
Earth road

3,000
2,000

a

The value is dimensionless

The HAI demonstrated a spatial trend whose concentration
was highest in the center of the watershed, and decreased
outward towards the rural areas, which directly reflects the
administrative hierarchy and economic development
(Fig. 4). The highest HAI was 0.429 in the urban township
of Qiaogou, and the lowest HAI was 0.058 in the countryside township of Zhangqu. This result demonstrates the
advantages that urban areas and county seats have in
obtaining resources and investments for infrastructure,
which creates many job opportunities and attracts an influx
of people from other areas.
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Fig. 2 Values of the NPP, CSOP, water conservation, and soil conservation in the Yanhe watershed (RMB¥/ha). NPP stands for the net primary
production and CSOP stands for the carbon sequestration and oxygen production

Cluster analysis of townships by individual ecosystem
services and the HAI
Based on ecosystem services and the HAI, the townships of
the Yanhe watershed were clustered into five groups with
distance coefficients of between 5.8 and 7.0 (Figs. 5, 6).
Group 1, the suburban area, includes the Fengzhuang,
Gaoqiao, Heijiapu, Panlong, Yanhewan, Zhao’an, Zhuanyaowan, Liangcun, Gan’guyi, Guoqi, Zhaoyuan, Yuanlongsi, Qilicun, and Zhangjiatan townships. Covering
40.7% of the total area of the watershed and mainly surrounding the urban city of Yan’an, this area was characterized with moderate ecosystem services and HAI values
(Table 4). Rapid economic development provided sufficient funds for these townships to conduct ecological
rehabilitation. The ecological conditions of these townships
have positive future improvement potential.
Group 2, the urban area, includes the Qinghuabian,
Qiaogou, Yaodian, Liqu, Hezhuangping, and Zhenwudong
townships. Covering the urban area, this group is the most
anthropogenically disturbed area, with high HAI values. In
order to improve the human habitat, the Yan’an city
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government has implemented a series of ecological
improvement projects, such as the ‘‘Urban Area Beautifying Project’’, ‘‘Harnessing Program of Three Mountains
and Two Rivers’’, and ‘‘Mountain Phoenix Afforestation
Project’’. Vegetation coverage has recovered gradually.
Group 3, the agricultural area, includes the Liandaowan, Huaziping, Pingqiao, Zhangqu, Wangyao, Xinghe,
Jianhua, Liujiahe, and Guantun townships. Located in the
northwestern part of the watershed, this area has low ecosystem services and HAI values. The land use pattern of
this area is characterized by larger farmland ratios (17 vs.
14% for the entire watershed) and smaller permanent
vegetation ratios (81 vs. 84% for the entire watershed).
Within the vegetation pattern, trees and shrubs account
for a very small ratio, which hinders water and soil
conservation.
Group 4, the degraded ecological shelterbelt, includes
only one township, An’gou. Compared to other townships,
An’gou is characterized by a very low HAI index (0.073
vs. 0.155 for the watershed as a whole), yet, has a relatively
high ecosystem service value (9,722 vs. 7,892 RMB¥/ha
for the watershed as a whole). As an underdeveloped
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Fig. 3 Total ecosystem service
value in the Yanhe watershed
(RMB¥/ha)

Fig. 4 The human activity
index (HAI) in the Yanhe
watershed

township, An’gou is confronted with a series of disadvantages, such as inaccessibility, poor land quality, and
lack of development opportunities. To alter the ever-deteriorating ecological situation and decrease the ecological
pressure, large numbers of people were encouraged to
migrate to other areas. An’gou has somewhat favorable
vegetation coverage, with the tree and shrubs ratio

overwhelming that of cultivated lands, which provides a
relatively higher water resource conservation value.
Group 5, the ecological shelterbelt, includes the Chuankou, Liulin, Wanhua, Louping, and Zhengzhuang
townships. Because large populations immigrated to the
city, the HAI of this area is very low. Historically boasting
thick forests, this area has the highest ecosystem service
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Fig. 5 Clustering dendrogram
of townships in the Yanhe
watershed

value (12,630.62 vs. 8,178.36 RMB¥/ha for the entire
watershed). As an ecological shelterbelt for Yan’an, the
local government has invested ample funding to protect the
ecological conditions in this area, e.g., forest and park
construction.

Discussions
Socioecological mapping based on ecosystem services
and human activities
Quantified ecosystem services and human activities present
only a general scenario of the study area; it is still constrained by some presumptuous assumptions which, to
some extent, infringe its reliability. For example, the
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economic value of carbon sequestration deducted from the
reforestation cost was somewhat arbitrary, as time intervals
are different and the permanence of forests are varied.
Besides, this study only included four ecosystem services,
which definitely cannot fully reflect the ecological panorama of the study area. As for human activity, we failed to
include the pivotal industry of oil exploration into the HAI
due to low data availability. Notwithstanding the above
caveats, our results have a wide array of policy implications, as they provide the necessary, albeit raw, information
of human-dominated ecosystems management.
Spatial heterogeneity is the major characteristic of
ecosystems. Both the structure and function of the ecosystem and the pattern and intensity of human exploitation
varied between localities. An ecological map should be
enacted with full, prudent consideration of spatial
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Fig. 6 Spatial pattern of
clustering of townships in the
Yanhe watershed

Table 4 Ecosystem service value and human activity index (HAI) of the different groups of townships
Clusters

HAIa

Ecosystem service value (RMB¥/ha)
Total value
(RMB¥/ha)

NPP
(RMB¥/ha)

CSOP
(RMB¥/ha)

Soil conservation
(RMB¥/ha)

Water conservation
(RMB¥/ha)

Group 1

8,384.35

2,258.18

5,459.64

25.70

640.82

0.158

Group 2

8,080.64

2,149.00

5,195.66

26.18

708.80

0.379

Group 3
Group 4

5,889.03
9,721.64

1,592.47
2,636.73

3,850.15
6,374.86

20.41
9.17

426.00
699.87

0.101
0.073

Group 5

12,631.59

3,406.14

8,235.10

24.61

964.73

0.120

7,892.37

2,125.25

5,138.24

23.17

605.66

0.155

Total area

NPP net primary production, CSOP carbon sequestration and oxygen production, HAI human activity index
a

The value is dimensionless

heterogeneity (Naidoo et al. 2008; Raymond et al. 2009),
which can effectively guide ecosystem planning due to its
strong spatially explicit characteristics. Ecological mapping also has the potential to reflect the thresholds of
ecosystem restoration, anticipate the ecosystem’s evolving
trends, and optimize the configuration of natural resources
(Beauchesne et al. 1996). For a long time, biogeographic
factors were considered to be the sole basis for ecological
mapping, e.g., White (1983) took phytogeographic factors
as the basis for mapping the Afrotropic ecozone. Thackway
and Cresswell (1995) created an Australian ecological map
by using biogeographic regionalization. The Chinese
Vegetation Map Compilation Committee (CVMCC1979)
and the Changchun Institute of Geography, Chinese

Academy of Science (1990) developed an ecological map
of China based on the biogeographic eco-regions.
Ecosystem services support and regulate the ecological
processes that underpin life on Earth, while also providing
diverse, ‘tangible’ goods which are directly or indirectly
involved in the social, ecological, economical, and sociocultural sectors (MA 2005a). The ecosystem services in this
study varied in rhythm with socioeconomic development,
and could reflect a comprehensive ecological and environmental evolution. With the increasing awareness of ecosystem services, an ecosystem service-based ecological map
increasingly serves as a guide for ecological management
and ecosystem conservation. Naidoo et al. (2008) mapped
ecosystem services and compared it to the global-targeting

123

28

area of biodiversity conservation, and concluded that ‘win–
win’ areas (regions where both ecosystem services and
biodiversity are important) can be usefully identified both
among eco-regions and at finer scales. Based on in-depth
interviews with 56 decision-makers and community representatives, Raymond et al. (2009) mapped values of natural
capital assets and ecosystem services in the southern Australian Murray-Darling Basin region and stressed their significance in environmental management and planning. Egoh
et al. (2008) mapped five ecosystem services in South Africa
(surface water supply, water flow regulation, soil accumulation, soil retention, and carbon storage), assessed their
relationship and spatial congruence to primary production,
and concluded that: (1) most of the land surface is important
for supplying at least one service; (2) there are low levels of
congruence between the service ranges and even lower levels
between hotspots for different ecosystem services; and (3)
primary production appears to show some surrogate potential for ecosystem services distribution.
Due to the influence of ‘Ecological Determinism’ (Paine
1984), the traditional ecological mapping scheme excessively stressed physical conditions, yet, neglected human
factors, which lead to uneven development. Dynamic interlinks exist between society and ecosystem services (Liu
et al. 2007; MA 2005a). Social-economic development
threatens ecosystem services provisions due to the mismatches between short-term individual needs and longterm societal well-being (Cumming et al. 2006; Saunders
and Briggs 2002). The conflict between supply and demand
over environmental resources cannot be resolved by
socioeconomic systems, per se, featured by self-organization and feedback (Pirot et al. 2001). External anthropogenic forces are needed in order to guide these systems into
a sustainable rail, which also holds true for social ecological mapping. Only, until then can socioecological mapping
identify the key processes, advance the socioecological
system to be resilient towards disturbances or shocks
(Alessa et al. 2008), and enable humans to anticipate, learn,
and plan for the future (Holling 2001). Alessa et al. (2008)
observed the human-related aspects involved in socioecological mapping, including life support, economic, scientific, cultural, recreation, aesthetic, natural history,
spiritual, and intrinsic etc. In our research, we formulated a
comprehensive HAI based on population, farmland ratio,
residential settlements, and road networks and integrated it
into the socioecological mapping process, seeking to provide an applicable means for ecological management.
Implication of socioecological mapping on sustainable
ecosystem management
The IUCN Commission for Ecosystem Management
(IUCN-CEM) defined ecosystem management as a
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‘‘process integrating ecological, social-economic, and
institutional factors into a comprehensive analysis and
action in order to sustain and enhance the quality of the
ecosystem to meet current and future needs’’ (Pirot et al.
2001). The core objective of ecosystem management is the
sustainable, efficient, and equitable use of natural resources. The main task of sustainability science is to bridge the
natural and social sciences in order to seek creative solutions to the challenges facing a coupling socioecological
system (Jerneck et al. 2011; Savage 2006; Zhang et al.
2009); therefore, the ecosystem management scheme with
the full integration of both ecosystem services and human
activities help to make sustainable, sensitive, and effective
ecological policies. Based on selected ecosystem services
and HAI indicators, the townships of the Yanhe watershed
were clustered and mapped into five groups, i.e., suburban
area (relatively high HAI and moderate ecosystem services), urban area (high HAI and moderate ecosystem
services), agricultural area (low HAI and low ecosystem
services), degraded ecological shelterbelt (very low HAI
and relatively high ecosystem services), and ecological
shelterbelt (medium HAI and high ecosystem services).
Suggestions on sustainable development were delivered
based on the socioecological map as follows:
Group 1 (suburban area) is most productive both in
agriculture and industry. The farming system should be
enhanced by increasing high value-added sideline productions, such as animal husbandry and cash crops. Intensified
farming should be extended into the farmland by applying
improved technologies (such as advanced irrigation techniques, agricultural mechanization, and high-yield varieties). Conservation farming practices, such as straw
mulching and reduced or eliminated tillage, should be
encouraged, as they can reduce soil and water losses (Su
et al. 2007). In addition, multicrop rotation could be
advanced, as it can increase the duration of vegetation
cover (Zhang et al. 2000). This area includes the lower
reaches of the Yan River, so check-dams are an advisable
engineering measure for curbing soil losses into the Yellow
river (Xu et al. 2002).
Group 2 (urban area) consists of the urban area in
Yan’an district. As the economic and political center, this
area should be given full use of secondary and tertiary
industries to create job opportunities and absorb the influx
of population from ecologically vulnerable areas. Forests,
parks, and an urban river system should be established.
Tourism could be developed, as various historic relics are
scattered throughout this area.
Group 3 (remote farming area), located in the upper
region of the Yan River, is the most ecologically degraded
area. The mountains in this area need to be closed completely in order to allow ecological recuperation. Farmland
on slopes over 25° and yield less than 750 kg/ha of grain
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should be converted to trees or grassland (State Council of
the People’s Republic of China 1998). Farmers should be
subsidized for their loss of farmland due to the implementation of the GfG project. Within the GfG project area,
the protective forests should overwhelm the commercial
forests. The low ecological capacity of this area necessitates resettlement of the vast population to other areas.
Groups 4 and 5 (ecological shelterbelt) have wellestablished vegetation coverage areas and play a significant
role in safeguarding the whole Yanhe watershed. As an
ecological shelterbelt, this area should be nourished.
Farming should be prohibited and large populations be
resettled. The revenue resulting from any subsequent boom
in eco-tourism in this area due to the advantageous vegetation coverage should be used for ecological restoration.

Conclusion
Ecosystem services of net primary production (NPP), carbon sequestration and oxygen production (CSOP), and
water conservation showed similar gradient spatial tendencies, high in the south and low in the northwest. The
complicated mechanisms determined that the soil conservation is somewhat obscure, with a pattern roughly concentrated in the peripheral area surrounding the urbanized
areas. The total value of ecosystem services exhibited a
south to north decreasing spatial pattern. The human
activity index (HAI) is roughly proportional to the
administrative and the economic developments, which
showed a spatial pattern with the highest values concentrated in the center of the watershed surrounding the urban
area and decreasing outward.
Based on the selected ecosystem services and HAI, the
townships of the Yanhe watershed were mapped into five
groups, i.e., suburban area, urban area, remote farming
area, degraded ecological shelterbelt, and ecological
shelterbelt. Suggestions for ecological management were
provided, tailored to the socioecological maps of each area.
Even though our study merely provided a static ‘snapshot’ of the dynamic influences of ecosystem services and
human activities, it can be referred to as a useful case study
for human and nature research, e.g., exploration of land use
driving mechanisms. In addition, it also sheds some light
on the cultural landscape and sustainability science in the
Yanhe watershed. Humans and nature continue to synchronically evolve, so time-series data are required in order to
explore the long-term variances in ecosystem services,
human activities, and their corresponding interactions, e.g.,
driving, and feedback mechanisms. Improving this data, as
well as the upgrades of valuation methods and theories
from which they are derived, guides our progressive
research into the future.
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123

Sustain Sci (2012) 7:17–32
Structuring sustainability science. Sustain Sci 6(1):69–82. doi:
10.1007/s11625-010-0117-x
Jiao CX, Sun GN, Ren ZY (2002) A study on function and value of
vegetation water conservation on Weibei Plateau. J Mount Res
20(5):583–588 (in Chinese) ISSN:1009-2242.0.2003-04-036
Jiao CX, Zheng GH, Sun DM (2008) Spatial-temporal change of the
terrestrial net primary production (NPP) in Shaanxi Province.
J Anhui Agr Sci 36(22):9684–9685, 9709 (in Chinese)
CNKI:SUN:AHNY.0.2008-22-141
Jordan SJ, Hayes SE, Yoskowitz D, Smith LM, Summers JK, Russell
M, Benson WH (2010) Accounting for natural resources and
environmental sustainability: linking ecosystem services to
human well-being. Environ Sci Technol 44(5):1530–1536. doi:
10.1021/es902597u
Kliskey AD (1994) A comparative analysis of approaches to
wilderness perception mapping. J Environ Manag 41(3):199–
236. doi:10.1006/jema.1994.1043
Lai Y-F, Zhu Q-K (2009) Assessment on the comprehensive benefits
of converting farmland to forest project in loess hilly regions—a
case study of Wuqi County, Shaanxi Province. J NW Forest Univ
24(3):219–223 (in Chinese) CNKI:SUN:XBLX.0.2009-03-054
Lee AA, Bukaveckas PA (2002) Surface water nutrient concentrations and litter decomposition rates in wetlands impacted by
agriculture and mining activities. Aquat Bot 74(4):273–285. doi:
10.1016/S0304-3770(02)00128-6
Li J, Ren Z-Y (2006) The spatial analysis of land use ecological services
value in Loess Plateau in Northern Shaanxi Province. Sci Agr Sin
39:2538–2544 (in Chinese) ISSN:0578-1752.0.2006-12-019
Li XY, Wang LX, Zhang YS, Zhang HQ (2004) Analysis of roles of
human activities in land desertification in arid area of northwest
China. Sci Geogr Sin 24(1):68–75 (in Chinese) ISSN:10000690.0.2004-01-011
Li J, Ren ZY, Zhou ZX (2006) Ecosystem services and their values: a
case study in the Qinba mountains of China. Ecol Res
21(4):597–604. doi:10.1007/s11284-006-0148-z
Li JP, Wang F, Mu XM, Li R, Yang QK (2010) Impacts of landuse
change on ecosystem services value in the Yanhe river basin.
Res Soil Water Conserv 17(3):110–114 (in Chinese) CNKI:
SUN:STBY.0.2010-03-024
Limburg KE, O’Neill RV, Costanza R, Farber S (2002) Complex
systems and valuation. Ecol Econ 41(3):409–420. doi:10.1016/
S0921-8009(02)00090-3
Liu J, Dietz T, Carpenter SR, Alberti M, Folke C, Moran E, Pell AN,
Deadman P, Kratz T, Lubchenco J, Ostrom E, Ouyang Z,
Provencher W, Redman CL, Schneider SH, Taylor WW (2007)
Complexity of coupled human and natural systems. Science
317(5844):1513–1516. doi:10.1126/science.1144004
Lou XT, Zeng Y, Wu BF, Su CH, Xu YD, Zhao Y (2010) Above-ground
forest biomass retrieval and spatial distribution estimation across
the Yanhe basin from remote sensing. Resour Sci 32(11):2229–
2238 (in Chinese) CNKI:SUN:ZRZY.0.2010-11-027
Lufafa A, Tenywa MM, Isabiarye M, Majaliwa MJG, Woomer PL
(2003) Prediction of soil erosion in a Lake Victoria basin
catchment using a GIS-based Universal Soil Loss model. Agr
Syst 76(3):883–894. doi:10.1016/S0308-521X(02)00012-4
Machlis GE, Force JE, Dalton SE (1994) Monitoring social indicators
for ecosystem management. In: Technical paper submitted to the
Interior Columbia River Basis Project under order #43–0E00–4–
9186. College of Forestry. Wildlife and Range Sciences,
University of Idaho, Moscow, pp 24–34
McIntyre N, Moore J, Yuan M (2008) A place-based, values-centered
approach to managing recreation on Canadian crown lands. Soc
Nat Resour 21(8):657–670. doi:10.1080/08941920802022297
McNeely JA (2003) Biodiversity in arid regions: values and perceptions. J Arid Environ 54(1):61–70. doi:10.1006/jare.2001.0890

Sustain Sci (2012) 7:17–32
Millennium Ecosystem Assessment (MA) (2005a) Ecosystems and
human well-being. Island Press, Washington, DC
Millennium Ecosystem Assessment (MA) (2005b) Current state and
trends: synthesis. Island Press, Washington, DC
Naidoo R, Balmford A, Costanza R, Fisher B, Green RE, Lehner B,
Malcolm TR, Ricketts TH (2008) Global mapping of ecosystem
services and conservation priorities. PNAS 105(28):9495–9500.
doi:10.1073/pnas.0707823105
Northwest Institute of Forest Inventory, Planning and Design, SFA
(NIFI) (2006) Stock volume of various forests in Yan’an City.
In: Report of forest resources planning and design survey in
Yan’an City, Shaanxi Province, China, pp 95–98 (in Chinese)
Paine RT (1984) Ecological determinism in the competition for space:
the Robert H. MacArthur award lecture. Ecology 65(5):1339–
1348. doi:10.2307/1939114
Peters CM, Gentry AH, Mendelsohn RO (1989) Valuation of an
Amazonian rainforest. Nature 339(6227):655–656. doi:10.1038/
339655a0
Pirot J-Y, Meynell P-J, Elder D (2001) Ecosystem management:
lessons from around the world—a guide for development and
conservation practitioners. IUCN, Cambridge, UK and Gland,
Switzerland
Raymond CM, Bryan BA, MacDonald DH, Cast A, Strathearn S,
Grandgirard A, Kalivas T (2009) Mapping community values for
natural capital and ecosystem services. Ecol Econ 68(5):
1301–1315. doi:10.1016/j.ecolecon.2008.12.006
Ren ZY, Zhang YF (2003) Land use change and ecological security
assessment. Science Press, Beijing, pp 141–147 (in Chinese)
Rodrı́guez JP, Beard TD Jr, Bennett EM, Cumming GS, Cork SJ,
Agard J, Dobson AP, Peterson GD (2006) Trade-offs across
space, time, and ecosystem services. Ecol Soc 11:28.
http://www.ecologyandsociety.org/vol11/iss1/art28/
Ronchi E, Federico A, Musmeci F (2002) A system oriented
integrated indicator for sustainable development in Italy. Ecol
Indicat 2(1–2):197–210. doi:10.1016/S1470-160X(02)00045-6
Saaty TL (1977) A scaling method for priorities in hierarchical
structures. J Math Psychol 15(3):234–281. doi:10.1016/00222496(77)90033-5
Saaty TL (1980) The analytic hierarchy process. McGraw-Hill, New
York
Saaty TL (1990) How to make a decision: the analytic hierarchy
process. Eur J Oper Res 48(1):9–26. doi:10.1016/0377-2217
(90)90057-I
Saunders DA, Briggs SV (2002) Nature grows in straight lines—or
does she? What are the consequences of the mismatch between
human-imposed linear boundaries and ecosystem boundaries?
An Australian example. Landsc Urban Plann 61(2–4):71–82.
doi:10.1016/S0169-2046(02)00103-2
Savage VR (2006) Ecology matters: sustainable development in
Southeast Asia. Sustain Sci 1(1):37–63. doi:10.1007/s11625006-0002-9
Shaanxi Provincial Statistical Bureau (2007) Ranking of GDP of
counties of Shaanxi Province. In: Ranking of county-level
economy of Shaanxi province, 2007. Shaanxi Provincial Statistic
Bureau, Xi’an, China, pp 20–21 (in Chinese)
State Council of the People’s Republic of China (1998) Notice of the
state council on printing and distributing the construction and
planning of nationwide eco-environment. G.F. [1998] No. 36,
Beijing, China, pp 1–7 (in Chinese)
Stein JL, Stein JA, Nix HA (2002) Spatial analysis of anthropogenic
river disturbance at regional and continental scales: identifying
the wild rivers of Australia. Landsc Urban Plann 60(1):1–25. doi:
10.1016/S0169-2046(02)00048-8
Stolte J, van Venrooij B, Zhang GH, Trouwborst KO, Liu GB,
Ritsema CJ, Hessel R (2003) Land-use induced spatial heterogeneity of soil hydraulic properties on the Loess Plateau in

31
China. Catena 54(1–2):59–75. doi:10.1016/S0341-8162(03)
00057-2
Su ZY, Zhang JS, Wu WL, Cai DX, Lü JJ, Jiang GH, Huang J, Gao J,
Hartmann R, Gabriels D (2007) Effects of conservation tillage
practices on winter wheat water-use efficiency and crop yield on
the Loess Plateau, China. Agr Water Manag 87(3):308–314. doi:
10.1016/j.agwat.2006.08.005
Sun H, Gan Z-M, Yan J-P (2001) The impacts of urbanization on soil
erosion in the Loess Plateau region. J Geogr Sci 11(3):282–290.
doi:10.1007/BF02892311
Swallow BM, Sang JK, Nyabenge M, Bundotich DK, Duraiappah
AK, Yatich TB (2009) Tradeoffs, synergies and traps among
ecosystem services in the Lake Victoria basin of East Africa.
Environ Sci Policy 12(4):504–519. doi:10.1016/j.envsci.2008.
11.003
Thackway R, Cresswell ID (1995) An interim biogeographic regionalisation for Australia: a framework for establishing the national
system of reserves. Australian Nature Conservation Agency,
Canberra
The United States Environmental Protection Agency (EPA) (2008)
Ecological research program multi-year plan. FY 2008–2014
Tucker CJ (1979) Red and photographic infrared linear combinations
for monitoring vegetation. Rem Sens Environ 8(2):127–150. doi:
10.1016/0034-4257(79)90013-0
Turner RK, van den Bergh JCJM, Söderqvist T, Barendregt A, van
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