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Abstract Effective information about ecosystem services is
essential to help optimize and prioritize activities that support
conservation planning in the face of land use and climate
changes. This study shows an approach that integrates several
dissimilar models for assessing water-related ecosystem ser-
vices to predict values in 2050 under three land use scenarios
in the Yanhe watershed. The simulated output variables
pertaining to water yield and sediment yield were used as
indicators for two ecosystem-regulating services, i.e., water
flow regulation and erosion regulation, which were quantified
using the soil and water assessment tool (SWAT) model. The
model results were translated into a relative ecosystem service
valuation scale, which facilitated the analysis of spatial and
seasonal changes and served as the basis for the applied map-
ping approach. The simulated results indicate that higher
water-related regulation services were concentrated in the
middle and lower reaches of rivers with high water yield and
low sediment erosion. The highest water flow regulation ser-
vices occurred in summer; nevertheless, this was when

erosion regulation services were the lowest compared to other
periods in 2050. A comparison of the three land use scenarios
showed differences in the water-related regulation services.
Scenario 1, with high forest coverage, had the highest erosion
regulation services, but the water flow regulation services
were the lowest. Scenario 3 showed the reverse pattern.
Scenario 2 had intermediate water flow regulation and erosion
regulation. Increasing vegetation cover in the watershed is
conducive to controlling water and soil erosion but could lead
to a decline in available water resources. Spatial mapping is a
powerful tool for displaying the spatiotemporal differences in
the water-related regulation services delivered by ecosystems
and can help decision makers optimize land use in the future,
with the goal of maximizing the benefits offered by ecological
services in the Yanhe watershed.

Keywords Land use change . SWATmodel . LCM .Water
flow regulation . Erosion regulation .Mapping

Introduction

The Yanhe river in China’s loess plateau is well known for its
relatively low water yield compared with its large sediment
loads (Zhou and Li 2015). Human intervention through land
use changes and soil and water conservation measures (Wang
et al. 2015), combined with climate change (e.g., temperature
and precipitation), has led to significant decreases in water
production and sediment load. These changes directly affect
the ecosystem services (ESs) that humans derive from the
watershed ecosystem, and the evaluation of ecosystem ser-
vices tends to act as a suitable method for evaluating and
managing watershed ecosystems.

According to previous studies, climate change and land
use/cover change are the main driving factors affecting
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landscape patterns and ecosystem processes (Peng et al.
2017). Accordingly, exploring the relationship between them
is of great significance, enabling a better understanding of
regional and global environmental changes and helping ad-
vance research on ecosystem services. Climatic conditions,
especially hydrothermal conditions, determine the type, struc-
ture, and function of ecosystems, and their impact on ecosys-
tem services is gradually increasing (Li and Fang 2016).
Climate change can have varying degrees of stress on ecosys-
tems, while the provision of ecosystem services is also affect-
ed. For example, crop production, water supply, and wildlife
biodiversity (Bellard et al. 2012) will be directly affected by
climate change. Furthermore, ecosystem-regulating services,
such as water regulation and sediment erosion regulation, are
indirectly affected by climate change due to changes in surface
vegetation (Hao et al. 2017; Luo et al. 2014). Land use is
closely related to human activity, which affects ecosystem
services by changing the types, patterns, and ecological pro-
cesses of the underlying ecosystem. Initially, the ecosystem
services and functions of different land use types are quite
different and have a different impact on human well-being
(Pullanikkatil et al. 2016; Quintas-Soriano et al. 2016). In
addition, land use change can directly or indirectly affect eco-
system processes, leading to changes in biogeochemical cy-
cles and the hydrological cycle. The changes in ecosystem
state, structure, and function will influence the provision of
ecosystem services (Wu et al. 2014; Zhao et al. 2015). Land
use changes, such as deforestation, the increase and intensifi-
cation of agricultural land use, and the expansion of urban
lands in watersheds, are the primary driving forces affecting
the water flow regulation services and the erosion regulation
services (Jiao et al. 2017; Sun et al. 2014).

In recent years, many studies have been conducted that
primarily focused on the application of a hydrological
modeling approach to examine the hydrological impacts
of land use change and/or climate variability (Fan and
Shibata 2015; Pervez and Henebry 2015; Yesuf et al.
2015). The findings of these studies are helpful for under-
standing the causes of hydrological variations, as well as
for developing adaptation measures. However, the effects
may vary spatially due to their geographical differences,
necessitating further investigation at a regional scale.
Moreover, previous studies primarily focused on historical
land use change and/or climate change and their impacts,
ignoring the need for updating the climate and/or land use
data to reflect current conditions (Lin et al. 2015; Zuo
et al. 2016). Therefore, the results of these studies do
not accurately represent the variation tendencies or spatial
distribution patterns of future hydrological factors of the
study area. Given the uncertainty of the future and the
demands from administrations and policymakers, scenario
simulation is an important tool for studying future ecosys-
tem services. While an adequate amount of research on

the potential impacts of climate change on water resources
and water quality has been conducted, most of these stud-
ies did not integrate future land use configurations in their
analyses; rather, they established climate change scenarios
on the basis of general circulation model (GCM) projec-
tions (Panagopoulos et al. 2014; Pervez and Henebry
2015; Shrestha et al. 2017; Wilson and Weng 2011). As
we know, the hypothetical climate scenarios that were
established through the analysis of long-term climate ob-
servations may seem more reliable than GCM climate
scenarios for a relatively small region with high spatial
heterogeneity and complex terrain, as a result of the in-
herent coarse resolution of GCMs and their variable pro-
jections. There have been many studies that have investi-
gated the uncertainty of GCMs, and these studies have
found that these aforementioned issues are often the larg-
est sources of uncertainty (Chen et al. 2011; Woldemeskel
et al. 2012; Zhang et al. 2014b). To reduce the model
uncertainties caused by errors in the input data, such as
rainfall and temperature, climate projections in this study
were produced using results from the statistical analysis of
long-term climate observations.

Ecosystem mapping is a quantitative description of the
spatial distribution of ecosystem services at a spatiotem-
poral scale that is determined through appropriate map-
ping evaluation methods that are based on specified deci-
sion requirements (Fu et al. 2013). The quantifiable infor-
mation supporting these maps is an important contribu-
tions towards the application of the ecosystem service
approach in science and in practice (Burkhard et al.
2012). The characteristics of the spatiotemporal distribu-
tion associated with the case study cannot be neglected in
the quantification and mapping of the selected ecosystem-
regulating services, especially for water-related ecosystem
services, because hydrological processes act differently
among climatic zones at the global scale (Zhang et al.
2015). The plateau continental monsoon climate in the
selected study area exhibits a sharp seasonal contrast:
hot summers and cold winters, with snowfall in winter.
It is necessary to model and map seasonal differences in
the selected ecosystem-regulating services for the study
area. In addition to considering these often-neglected, spa-
tiotemporal aspects in the quantification and mapping of
ecosystem services, the objectives of this study were to
develop a suitable indicator set, apply the identified set to
address hydrological landscape processes, and map the
selected ecosystem-regulating services in the Yanhe
watershed.

In this study, we developed an ecological-hydrological
model that conforms to the current conditions of the watershed
and applied it to simulate and evaluate the ecosystem services
in the Yanhe watershed. Additionally, through cartographic
synthesis, a comprehensive feature map of the final ecosystem
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services in the watershed is provided so participants can de-
sign optimized management approaches that consider ecosys-
tem services.

Materials and methods

Study area

This study was conducted within the Yanhe watershed, which
is part of the loess plateau (Fig. 1) and is located in northern
Shaanxi province, China. The Yanhe river, a first-order tribu-
tary in the middle reaches of the Yellow river, starts in the
Baiyu mountains in Jingbian county, Shaanxi province. It then
flows through Zhidan county, Ansai, Yanan, and Yanchang
county and drains into the Yellow river in Yanchang county.
The basin covers an area of 7685 km2 and lies between 36° 27′
and 37° 58′ N and between 108° 41′ and 110° 29′ W.

The watershed is in a warm temperate zone, with an aver-
age annual precipitation of approximately 520 mm that is
concentrated in the summer. The altitude varies between 479
and 1787 m above sea level, and the average elevation is
1212 m above sea level. Floods usually accompany substan-
tial watershed soil erosion in July and August. The average
annual runoff and sediment loads are 2.94 × 108 m3 and
0.882 × 108 t, respectively; nearly 80% of this is concentrated
during the rainy season that occurs from June to September.

SWAT model description and setup

The soil and water assessment tool (SWAT) model is a river
basin-scale model developed by the United States Department
of Agriculture (USDA) Agricultural Research Service (ARS)
to predict the effects of land management practices on water
sediment and agricultural chemical yields (Abbaspour et al.
2015; Meaurio et al. 2015; Uniyal et al. 2015). In SWAT, a
watershed is divided into multiple sub-basins, which are then
further subdivided into a series of hydrologic response units
(HRUs) based on their unique soil, land use, and slope char-
acteristics (Her et al. 2015; Ning et al. 2015). The hydrologic
cycle for each HRU is simulated based on the water balance,
which includes precipitation, interception, evapotranspiration,
surface runoff, and lateral return and groundwater flows. The
surface runoff is estimated with a modified soil conservation
services (SCSs) curve number equation in each HRU using
daily precipitation data (Zuo et al. 2016). The sediment yield
is calculated within each HRU based on the empirical modi-
fied universal soil loss equation (MUSLE) developed by
Williams and Arnold (1997), which uses the amount of runoff
to simulate erosion and sediment yields. The model is thor-
oughly described in the SWAT theoretical documentation
(Neitsch et al. 2011).

The SWATmodel requires numerous data inputs, including
a digital elevation model (DEM), land use and soil maps, a
time series of climate data, and information regarding land
management (Table 1). In this study, we used the DEM to
derive the stream network and to delineate sub-basins. To do
so, we selected a threshold drainage area of 150 km2. The
entire process produced a total of 25 sub-basins. To define
the HRUs, we derived a slope map from the DEM and divided
it into five classes, introducing breaks at 5, 15, 25, and 45%.
As suggested by (Qiu et al. 2012), we used thresholds of 5, 5,
and 5% for land use, slope, and soil, respectively. This gave us
a total of 240 HRUs. Daily meteorological data were then fed
into the model. We used precipitation, wind speed, humidity,
sunshine duration, and maximum and minimum temperature
data from six stations (Fig. 1).

Model sensitivity, calibration validation, and uncertainty
analyses

The SWAT model sensitivity, calibration, and validation,
as well as uncertainty, analyses were conducted for the
sub-basins using the sequential uncertainty fitting, ver. 2
(SUFI-2) global sensitivity analysis procedure embedded
in the SWAT calibration uncertainty programs (SWAT-
CUP) (Panagopoulos et al. 2015). In the SUFI-2 algo-
rithm, uncertainty sources (such as rainfall data, soil data,
land use data, observed data, and parameters) are calibrat-
ed to encompass most of the measured data within a 95%
prediction uncertainty (95PPU). Two indices are used to
quantify the strength of the calibration/uncertainty perfor-
mance: the P factor (value closer to 1 indicates better
simulation results), which is the percentage of the mea-
sured data bracketed by the 95PPU band, and the R factor,
which is the ratio of the average width of the 95PPU band
and the standard deviation of the measured data.

The SUFI-2 algorithm, when applied separately to run-
off and sediment load, also provides the sensitivity of the
12 parameters governing runoff and of the 8 parameters
governing sediment load. These parameters are known to
influence the stream flow and sediment yield in similar
catchments and are significant in representing the effec-
tiveness of the SWAT model in the study area (Li and
Zhou 2015; Yan et al. 2017; Zuo et al. 2016). The name
of each parameter, the variation method, the uncertainty
ranges, the optimal value, and their ranking based on t
statistics are listed in Tables 2 and 3. Table 2 shows that
the most sensitive parameters for runoff are the SCS run-
off curve number (CN2), the soil evaporation compensa-
tion factor (ESCO), and the moist bulk density of the soil
layer (SOL_BD). Sediment load simulations were con-
ducted based on the hydrological simulations, which were
calibrated for the study. Table 3 shows that the most sen-
sitive parameters for sediment were the USLE equation
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support practice factor (USLE_P) and the average slope
steepness (HRU_SLP).

We then considered the most sensitive parameters, as
suggested by the sensitivity analysis, for model calibra-
tion and validation. We chose the Nash-Sutcliffe efficien-
cy (NSE) as an objective function. However, the model
performance was also evaluated according to the coeffi-
cient of determination (R2) as well as the SUFI-2 P and R
uncertainty factors. Model performance is judged as
Bsatisfactory^ if R2 > 0.5 and NSE > 0.5 for the runoff
and sediment yield monthly time-step evaluation

(Meaurio et al. 2015). The results of the simulated model
for runoff and sediment yield are suitably consistent in
terms of both time and volume with the corresponding
observed values. The model’s calibration period for sim-
ulating runoff was 1991–1998; the period between 1999
and 2006 was the validation period (runoff: P factor = 0.6,
R factor = 1.03, R2 = 0.75, NSE = 0.71 for 1991–1998
calibration; P factor = 0.56, R factor = 1.24, R2 = 0.68,
NSE = 0.64 for 1999–2006 validation). The model’s cal-
ibration period for simulating sediment load was 1997–
2002; the period 2003–2008 was the validation period

Fig. 1 Location of the study area and gauging stations

Table 1 Data inputs used and
their sources Input data Resolution Source

DEM 30 m Computer Network Information Center, Chinese Academy of Sciences
(http://www.gscloud.cn/)

Land use map 30 m Data Center for Resources and Environmental Sciences, Chinese Academy of
Sciences (http://www.resdc.cn)

Soil-type map 1000 m Institute of Soil Science in Nanjing, Chinese Academy of Sciences

Meteorological
data

Daily Meteorological Administration of Yanan City

Hydrological
data

Daily Yellow River Conservancy Commission

1118 Environ Sci Pollut Res (2018) 25:1115–1131
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(sediment yield: P factor = 0.51, R factor = 1.38,
R2 = 0.67, NSE = 0.61 for 1997–2002 calibration; P fac-
tor = 0.35, R factor = 0.83, R2 = 0.56 NSE = 0.52 for
2003–2008 validation). Model calibration and validation
details are provided in Figs. 2 and 3.

Future climate data and model simulations

The NCC/GU-WG 2.0 is a climate forecast model based
on a statistical technique that enables the simulation of

various important climatic factors (including precipitation,
the highest and lowest temperatures, and sunshine time)
and was developed by China’s meteorological administra-
tion climate center. It has been commonly applied to large
areas in China (Liao et al. 2013). The NCC/GU-WG 2.0
produces dry and wet daily data series using the first-
order Markov Chain method, simulates wet-day rainfall
using the two-parameter gamma distribution model, and
estimates daily non-precipitation variables based on a pre-
cipitation simulation process (Liao et al. 2009).

Table 2 Parameter sensitivity analysis results for runoff in the Yanhe watershed

Change type Parameter Description Global sensitivity Optimal value

t value p value Rank

R CN2.mgt SCS runoff curve number (–) − 17.258 0.000 1 ↑10%

V ESCO.hru Soil evaporation compensation factor (–) − 9.398 0.000 2 0.63

R SOL_BD.sol Moist bulk density (g/cm3) − 8.780 0.000 3 ↓14%

V CH_K2.rte Effective hydraulic conductivity in the main channel
alluvium (mm/h)

− 8.775 0.000 4 10.75

V SFTMP.bsn Snowfall temperature (°C) 2.239 0.0253 5 −4.94
V CH_N2.rte Manning’s roughness coefficient for main channel

flow (-)
− 2.153 0.5373 6 0.145

V GW_REVAP.gw Groundwater revap. coefficient) (–) 1.408 0.159 7 0.12

V ALPHA_BF.gw Base flow alpha constant (days) 1.332 0.257 8 0.49

R SOL_K.sol Saturated hydraulic conductivity (mm/h) − 0.606 0.544 9 ↓17%

V EPCO.hru Plant uptake compensation factor (–) − 0.598 0.550 10 0.48

R SOL_AWC. sol Available soil water capacity (mm H2O/mm soil) − 0.456 0.648 11 ↓11%

V GW_DELAY.gw Groundwater delay time (days) 0.138 0.889 12 168

R parameter value is multiplied by (1 + a given value), V parameter value is replaced by given value

Table 3 Parameter sensitivity
analysis results for sediment in
the Yanhe watershed

Change
type

Parameter Description Global sensitivity Optimal
value

t value p
value

Rank

V USLE_P.mgt USLE equation support practice
factor

− 6.582 0.000 1 0.27

R HRU_SLP.hru Average slope steepness − 6.512 0.000 2 ↓11%

V SPCON.bsn Linear parameter for calculating the
maximum amount of sediment
that can be re-entrained during
channel sediment routing

− 5.824 0.000 3 0.009

R USLE_K.sol USLE equation soil erodibility factor − 2.745 0.006 4 ↑8%

V CH_COV2.rte Channel bed erodibility factor − 2.725 0.023 5 0.31

R SLSUBBSN.hru Average slope length (m) 1.443 0.149 6 ↓5%

V CH_ COV1.rte Channel bank erodibility factor − 1.312 0.188 7 0.52

V SPEXP.bsn Exponent parameter for calculating
sediment re-entrained in channel
sediment routing

− 0.885 0.376 8 1.033

R parameter value is multiplied by (1 + a given value), V parameter value is replaced by given value
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In this study, we simulated daily climate datasets (in-
cluding maximum temperature, minimum temperature,
and precipitation) for six weather stations for the period
2021–2060. Due to the strong seasonal variation, it is
necessary to model and map seasonal differences in the
selected ecosystem-regulating services for the study area.
When assessing the regulation services under future cli-
mate conditions, four different time segments were select-
ed to address strong seasonality:

1) Monthly average values for 2050;
2) March, which is the period of snowmelt;
3) July/August, when the highest precipitation occurs during

the rainy season; and
4) November, which is the month with the most snowfall.

Future land use change scenarios

Land change modeler (LCM) for ecological sustainability
is an integrated software module in IDRISI that allows for

the prediction and analysis of land cover change and as-
sesses habitat and biodiversity impacts (Yang et al. 2014).
In this paper, we chose several driver variables, including
DEM, slope, proximity to roads, proximity to rivers, and
proximity to the city center, to analyze the changes in
historic land cover. Subsequently, empirical land cover
change-modeling methods were used to relate historic
land cover changes to the driver variables; thus, a set of
rules could be extracted and extrapolated into the future.

We also used the LCM to identify and incorporate
planning intervention maps that may alter the course of
development. Planning interventions include constraints
and incentives, such as the development of roads and
policy initiatives, in addition to the year when such
changes will become effective (Lin et al. 2014). We set
the area that needs to be preferentially converted into oth-
er land use types to 1, the region where conversion is
limited to − 1, and the region where land use is basically
unchanged to 0. By doing so, we predicted the possible
future changes and use of the land cover under different
policy planning scenarios.

Fig. 2 Monthly runoff yield
during the calibration period
(1991–1998) and validation
period (1999–2006)

1120 Environ Sci Pollut Res (2018) 25:1115–1131
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Policy planning scenario 1 refers to the progress of
urbanization with certain constraints, in which the main
policy is returning farmland to forest and grassland; this
scenario includes the typical characteristics of low urban-
ization and abundant hillsides that facilitate afforestation.
We set the mountainous area with a slope greater than 15°
as a protected forestland, and we increased the probability
of conversion to other land use types to forestland and
grassland. In addition, we strengthened family planning
in areas with a slope under 15° to control for population
growth and to limited the conversion of other land use
types to urban land and agricultural land.

Policy planning scenario 2 promotes socioeconomic devel-
opment to ensure the satisfaction of human demand. It also
drives the construction of an ecologically minded civilization
that is supported by an ecological protection policy, achieves
sustainable development, and formulates appropriate land use
policies. In scenario 2, the rough terrain (slope > 25°), which
is not suitable for the development of industry, agriculture,
and population growth, is transformed to forestland and grass-
land, with an expansion buffer area, where the probability of
conversion to industrial land, urban development, and

agricultural land is low. Agricultural land with food crops,
such as wheat and corn, is limited to gentle slopes of less than
15°, while cultivated land (15° < slope < 25°) is preferentially
converted into fruit tree plantations.

Policy planning scenario 3 drives an unprecedented
process of urbanization and exploitation of natural re-
sources based on the current trend of economic develop-
ment. With the growth of the economy, an increase in
population, and the processes of industrialization and ur-
banization, human demand for land resources is increas-
ing. A large percentage of the population migrates from
rural to urban areas and engages in non-agricultural work.
The surrounding urban areas located within 1 km of the
flat regions (slope < 10°) are set as an urban expansion
buffer, with a large probability of converting other types
of land into urban land.

The approach applied in this paper comprises three steps.
First, we used land use maps from 1990 to 2000 to simulate
land use maps for 2010 with the LCM (Fig. 4). Second, the
CROSSTABmodel in IDRISI was used to compare the sim-
ulation results and the actual 2010 land use map, cell by cell,
to validate the reliability of the model developed in this

Fig. 3 Monthly sediment load
during the calibration period
(1997–2002) and validation
period (2003–2008)

Environ Sci Pollut Res (2018) 25:1115–1131 1121
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paper. The results of the cross-tabulation analysis are shown
in Table 4. The simulated area, actual area, error rate (rate of
error area), and kappa index of agreement (KIA, using the
actual land use map as the reference image) are listed by
land use categories. In terms of quantitative accuracy, the
absolute value of the error rate for all classes is less than 0.2.
In terms of spatial accuracy, the KIA for all classes is greater
than 0.75, which is acceptable. The agreement between the
actual area and simulated area is judged as Bgood^ if
KIA > 0.6 (Pérez-Vega et al. 2012; Pontius and Schneider
2001). This indicates that the LCM can simulate the study
area’s future land use patterns accurately and objectively
and can be used for further research. Last, based on the
validated LCM, the actual land use maps from 2000 and
2010 were used to generate the land use maps for 2050
under different planning and policy scenarios, and the
changes were analyzed.

Procedure for data analyses using the Bmatrix approach^

We used the outputs of the SWAT model, which included
water flow and sediment yield, to quantify and map the
water-related regulation services under all three scenarios.
The procedure of our SWAT model output data analysis is
based on three steps:

1. Water yield and sediment yield were calculated to analyze
the changes in all three scenarios.

2. Model output values were transformed into a relative
scale from 1 to 5 (low to very high supplies of ecosystem
services) following the method proposed by Burkhard
et al. (2014), Burkhard et al. 2012).

3. Two water-related regulation services were mapped for
spatial visualization.

Calculation of indicators for two selected regulation services
under all three scenarios

The spatial distribution of the SWAT model outputs at the
sub-basin level was visualized to locate the exact spatial
distributions and to link the model outputs to the gener-
ated spatial map. The regulation services Bwater flow
regulation^ and Berosion regulation^ can be best quanti-
fied using indicators available for the entire sub-basin. In
the first step, the water yield (WYLD) and the sediment
yield (SYLD) were selected as the indicators to quantify
the water-related ecosystem services for all three scenari-
os. Then, the monthly averages of WYLD and SYLD over
three selected periods in 2050 were calculated for each
sub-basin (Table 5).

Fig. 4 Land use maps. a Actual
land use in 2010 and b simulated
land use in 2010

Table 4 Comparison of the
accuracy for simulated areas and
actual areas

Actual 2010 Simulated 2010 Error rate KIA

Area (km2) Percent (%) Area (km2) Percent (%)

Agriculture 1914.22 24.91 1988.42 25.87 0.039 0.764

Forest 2441.66 31.77 2333.66 30.36 − 0.044 0.874

Grassland 2689.62 34.99 2716.24 35.34 0.01 0.897

Water 48.81 0.64 48.77 0.63 − 0.001 0.890

Urban 307.77 4 344.53 4.49 0.119 0.884

Bare land 283.83 3.69 254.29 3.31 − 0.104 0.763
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Transformation of the model output values into a relative
scale

In the second step, the indicators and their simulated values
for the regulation services were assessed on a relative scale
from 1 (low regulation) to 5 (high regulation). This method-
ology follows the Bmatrix approach^ (Jacobs et al. 2015);
however, the scale was not extended to the 0 class because
there were no values defined as Bno regulation.^We specified
the ranges through the minimum and maximum values of the
indicators for all scenarios (based on Table 5). The range of
indicators was divided into five equal classes and assigned to
the 1–5 scale using Bappropriate class breaks^ (Table 6).
Schmalz et al. (2016)) indicate that Bappropriate class breaks^
are important for the application of this relative scale when
discussing the results with stakeholders. Table 6 clearly shows
the ranges of WYLD and SYLD and their corresponding
levels of ecological regulation services.

Mapping the ecosystem services for spatial visualization

Ecosystem service mapping, which is attracting growing in-
terest for presenting visualizing assessment results and the
spatial distributions of ecosystem services, is a powerful tool
that helps policymakers locate spatial mismatches among eco-
system services and formulate related management actions
(Karabulut et al. 2016).

The maps of the water-related ecosystem services were
generated by assigning the calculated values of the water yield
and sediment yield in a geographic information system
(ArcGIS). The explicit spatial distribution of the water flow
regulation services and the erosion regulation services, along
with the temporal scale for all three scenarios, is shown in the
maps based on the sub-basin scale.

Results

Analysis of predicted land use change between 2010
and 2050

In this paper, according to the actual situation, the trend of
land use change, and the usefulness of the available data
for the Yanhe watershed, we chose five driving variables,
including three spatial distance factors (rivers, roads, and
cities) and two natural factors (DEM and slope); set the
constrained and incentive mechanisms linked to the three
policy scenarios; and generated three kinds of land use
maps for 2050 (Fig. 5).

The 2010map and the three 2050maps of the extents of the
land cover classes were compared based on percent composi-
tion of the entire watershed (Fig. 6). Of all three 2050 land
uses, forest and grassland were the twomost common land use
types in the Yanhe watershed, composing approximately 70%
of the entire watershed. This distribution is closely related to
policies that drive the return of farmland to forest and grass-
land, and long-term and large-scale afforestation activities
greatly improve the watershed’s vegetation coverage rate. In
2050_Scenario1, the forest increased by 5% (or 379.4 km2),
the agricultural land decreased by 5.1% (or 395.6 km2), and
the other land use types only slightly changed compared with
those in 2010.

In 2050_Scenario2, the largest increase occurred in urban
land, which more than doubled compared with that in 2010,
accounting for 8.06% (or 619.72 km2) of the entire watershed;
this was followed by grassland, which accounted for 38.21%
(or 2937.01 km2) of the entire watershed. The growth of urban
spaces was primarily a result of the conversion of agricultural
lands with a low slope. The agricultural land decreased by
6.2% (or 472.8 km2) compared to that in 2010. In

Table 5 Model outputs of all sub-basins (n = 25) for three scenarios, each with four periods and two indicators for regulation services

Regulation service Indicator Scenario 1 Scenario 2 Scenario 3

Mean Mar Jul/Aug Nov Mean Mar Jul/Aug Nov Mean Mar Jul/Aug Nov

Water flow regulation WYLD (mm) 1.63 1.48 4.64 1.25 2.01 1.93 5.84 1.62 2.46 2.45 7.2 2.05

Erosion regulation SYLD (t/ha) 0.027 0.013 0.162 0.01 0.036 0.016 0.22 0.015 0.04 0.02 0.27 0.02

WYLD water yield (mm), SYLD sediment yield (t/ha), Mean monthly average, Jul/Aug the average of July and August

Table 6 Relation valuation scale
for the quantification of water
flow regulation and erosion
regulation based on the SWAT
model results

Class Water flow regulation Erosion regulation WYLD (mm) SYLD (t/ha)

1 Very low water flow regulation Very low erosion regulation 0–2.5 0.7–1

2 Low water flow regulation Low erosion regulation 2.5–5 0.5–0.7

3 Medium water flow regulation Medium erosion regulation 5–7.5 0.3–0.5

4 High water flow regulation High erosion regulation 7.5–10 0.1–0.3

5 Very high water flow regulation Very high erosion regulation > 10 < 0.1
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2050_Scenario2, along with the accelerated process of urban-
ization and the increasing demand for urban areas, a large
amount of agricultural land was lost in many low-lying re-
gions along the middle and lower reaches of the Yanhe river.
Agricultural land was sharply reduced from 24.91% (or
1914.22 km2) to 12.72% (or 980.88 km2). However, urban
land increased dramatically, from 4% (or 283.83 km2) to
14.36% (or 1103.71 km2), compared to that in 2010. This is
strongly related to human activities, such as Bcut the mountain
and fill the gully,^ to expand city construction.

The effects of land use changes on ecosystem services

As Table 5 shows, the values for water yield and sediment
erosion show very significant differences among the different
scenarios. The average monthly sediment erosion is low, at
0.027 t/ha in scenario 1, which is less than the values of
0.036 t/ha in scenario 2 and 0.04 t/ha in scenario 3. The aver-
age monthly water yield for the different scenarios also shows
the same pattern. The highest simulated water yield and

sediment erosion occurred in scenario 3, followed by scenario
2 and scenario 1. The differences among them are the most
obvious in July/August. To further analyze the impact of land
use change on water yield and sediment yield, we selected the
most obvious changes in four land use types, water yield, and
sediment yield in July/August among the different land use
scenarios (details in Table 7). For example, we conducted an
analysis between scenario 3 and scenario 1. The water yield
and sediment yield in July/August increased by 2.56 mm and
0.108 t/ha, accounting for 55.17 and 66.67%, respectively, of
the simulated results in scenario 1. The amounts of agricultur-
al and forestland are 980.88 and 2392.78 km2, respectively, in
scenario 3, values which are far lower than their correspond-
ing values of 1518.59 and 2821.01 km2 in scenario 1; the
percentage decreased by 35.41 and 15.18%, respectively. In
contrast, the amount of urban land in scenario 3 is
1103.71 km2, which is far higher than the value of
344.95 km2 in scenario 1, and the percentage increased by
219.96%. The obvious decreases in farmland and forestland
and the increase in urban land are caused by deforestation for

Fig. 5 Three simulated land use
maps for 2050, based on different
scenarios
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farmland reclamation and urbanization and are important fac-
tors affecting the reduction in water yield and the increase in
sediment yield in this watershed. Transpiration from vegeta-
tion is responsible for directly returning more than half of the
water that falls on the land back to the atmosphere. Although
accelerating the large-scale afforestation efforts lowers sedi-
ment erosion, our research finds that doing so may also de-
crease the levels of available water resources.

The simulated model output values of indicators
for the sub-basins and corresponding ES values

First, we analyzed the simulated SWAT model output vari-
ables for the sub-basins (Table 5). The water yield showed
the highest values, which were up to 7.2 mm in July/August
in scenario 3, and the lowest values occurred in November,
i.e., 1.25 mm in scenario 1. The highest values are approxi-
mately three times larger than the lowest values. For all three
scenarios, the monthly mean water yield values were roughly
equal to the values in March. The maximum appeared in
July/August, and the lowest appeared in November. This pat-
tern corresponds to the climate characteristics, which means
that precipitation shows great variability and is concentrated
in the summer due to rainstorms in the study area.

The simulated sediment yield was the highest in scenario 3
and the lowest in scenario 1. The only exception was that the
sediment yield in November in scenario 3 was slightly lower
than that in scenario 2. In all three scenarios, the sediment
yield showed the highest values (especially in scenario 3, up
to 0.27 t/ha) in July/August, and the lowest values were sim-
ulated in November and March. It was obvious that the wa-
tershed sediment erosion was mainly triggered by rainstorms
in the summer.

Second, the SWAT model outputs regarding indicators
were transformed to a relative scale for the sub-basins
(Table 8). When analyzing the water regulation, all values
for the four periods and the three scenarios were greater than

1.00. In general, scenario 3 had the highest water production
capacity. The monthly average of 1.36 was obtained because
the July/August value of 3.24 was the highest, and the values
in March and November were higher than those during the
same periods in the other two scenarios. Scenario 1 had the
lowest water production capacity and a monthly value of 1.08;
the highest value of 2.24 was obtained in July/August, and the
lowest value of 1.04 was obtained in November.

When analyzing the erosion regulation, scenario 1 had a
maximum monthly average value of 4.92, followed by sce-
nario 2 with a monthly average value of 4.8 and Scenario 3
with a monthly average value of 4.76. For all three scenarios,
the values were greater than 4.8 in March and November and
much higher in July/August. This indicates that erosion regu-
lation ability in March and November is very high due to low
erosion rates.

Spatial patterns of water flow and erosion regulation
services

Finally, the spatial patterns within the watershed were ana-
lyzed. Concerning the water flow regulation (Fig. 7), the maps
showed high seasonal differences, with the highest deviations
in July/August under all three scenarios. The maps also
showed the uneven spatial distribution of water flow regula-
tion. Higher water flow regulation was calculated in the down-
stream areas of the Yanhe river due to high water yield.

By analyzing the erosion regulation, we can also conclude
that significant seasonal differences occurred in all three sce-
narios (Fig. 8). For all three scenarios, high or very high reg-
ulation was calculated for all sub-basins in November. It is
noteworthy that very high regulation occurred across the en-
tire watershed, except in sub-basin 3 in March. The maps
obviously depict an uneven spatial distribution of erosion reg-
ulation, especially in July/August. Low and very low regula-
tions were calculated in the upper reaches of the Yanhe river
due to high erosion rates.

Table 7 The changes in primary
land use and two indicators for
ecosystem-regulating services
among different land use
scenarios

Variable S1 S2 S3 (S2 − S1)/S1 (%) (S3 − S2)/S2 (%) (S3 − S1)/S1 (%)

Agriculture 1518.59 1441.42 980.88 − 5.08 − 31.95 − 35.41

Forest 2821.01 2394.24 2392.78 − 15.13 − 0.06 − 15.18

Grassland 2718.55 2937.01 2915.01 8.04 − 0.75 7.23

Urban 344.95 619.72 1103.71 79.66 78.1 219.96

WYLD 4.64 5.84 7.2 25.86 23.29 55.17

SYLD 0.162 0.22 0.27 35.8 22.73 66.67

Agriculture, forest, grassland, urban are four land use types (km2 )

S1 scenario 1, S2 scenario 2, S3 scenario 3, WYLD the average water yield of July and August (mm), SYLD the
average sediment yield of July and August (t/ha)
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Discussion

Both water yield and sediment yield were directly affected by
land use/land cover changes and their management. The relat-
ed impacts on human well-being act at different spatial and
temporal scales, and these differences in impacts need to be
understoodwhen newmanagement strategies are defined. The
simulation and assessment of water and sediment yields under
future climate and land use changes, which can be used to
conduct optimized management and risk aversion of ecosys-
tem services, are of great significance for the sustainable de-
velopment of the human environmental system. The impor-
tance of maps for spatial planning and their usefulness in the
stakeholder process during decision-making are clear.

Furthermore, the effects of land use change on ecological
services are worthy of discussion. In addition, the applied
model is subject to both limitations and uncertainties, which
need to be considered in decision-making and land use
planning.

SWAT model uncertainty

The SWAT model has been widely applied to address a wide
range of issues related to hydrological processes, ranging from
catchment to continental scales. Furthermore, the SWATmod-
el has gained international recognition. However, the SWAT
model has a complex structure, requiring various parameters
and data inputs that may be unavailable in specific forms

Fig. 7 Water flow regulation in the three scenarios, shown as monthly mean value and as values for March, July/August, and November (of 2050)

Table 8 Mean values (a relative scale 1–5) of all sub-basins (n = 25) for calculated ecosystem services for the three scenarios, four periods, and two
indicators of both regulation services

Regulation service Indicator Scenario 1 Scenario 2 Scenario 3

Mean Mar Jul/Aug Nov Mean Mar Jul/Aug Nov Mean Mar Jul/Aug Nov

Water flow regulation WYLD 1.08 1.12 2.24 1.04 1.12 1.12 2.92 1.04 1.36 1.4 3.24 1.12

Erosion regulation SYLD 4.92 4.84 4.52 5 4.8 4.84 4.32 5 4.76 4.84 4.2 4.96

WYLD water yield, SYLD sediment yield, Mean monthly mean, Jul/Aug the average of July and August

1126 Environ Sci Pollut Res (2018) 25:1115–1131



www.manaraa.com

(Ning et al. 2015; Vigerstol and Aukema 2011). In general, the
simulations for different periods will have different input data
(soil, land use, slope, meteorological data, etc.), which will
lead to changes in the sensitivity and value ranges of the pa-
rameters (Abbaspour et al. 2015). For example, because DEM
is one of the most important inputs for SWAT, it constitutes
one of the main sources of uncertainty. Many studies have
indicated that runoff, sediment yield, total nitrogen, and total
phosphorous were essentially affected by the DEM, in addi-
tion to sources and resampling techniques (Tan et al. 2015; Xu
et al. 2016; Zhang et al. 2014a). Moreover, rainfall input un-
certainties are widely identified as being key factors in hydro-
logical models; inaccuracies in the rainfall amounts directly
affect the model simulations (Leta et al. 2015). Strauch et al.
(2012)) believe that the use of point rainfall data to assess the
rainfall over a basin is highly uncertain due to measurement
errors and temporal and spatial variabilities.

Although the findings of previous studies are helpful
for understanding the uncertainty of the SWAT model,
relative studies aiming to assess and quantify the uncer-
tainty in the Yanhe watershed need substantial additional
work. As we know, the landscape patterns and ecological
processes of different regions have intense spatial hetero-
geneity, and the climate, vegetation, soil, and topography
all have significant diversities, necessitating further

investigation at regional scales. In addition, the influence
of water conservation projects, such as reservoirs and
dams, on the yield and spatial distribution of the water
resources has also been ignored. All of these consider-
ations were excluded in this study but urgently need to
be implemented in future work.

Analyzing LCM uncertainty and land use policy scenarios

In this paper, the LCM model was used to simulate land
use changes in 2010, and this model has high simulation
accuracy. We forecasted the spatial structure of land use in
2050 under different land use policy conditions. Data are
the basis of building a model; therefore, the accuracy of
the model is dependent on having a relatively complete
set of accurate input data (Pérez-Vega et al. 2012; van
Vliet et al. 2016). However, there are various limitations
in terms of reality. The collected data resolution is not
very high, affecting the classification accuracy of the re-
mote sensing image. How to build a reasonable potential
transformation model is of critical importance. In this pa-
per, we selected the space distance factor and the natural
factor as the driving variables to analyze the transforma-
tion potential among the various land use types, and we
ignored the socioeconomic factors. Next, we need to

Fig. 8 Erosion regulation in the three scenarios, shown as monthly mean value and as values for March, July/August, November (of 2050)
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select more convincing driving variables to forecast future
land use changes and spatial distribution.

Future land use changes are affected bymany factors; it is a
very complex and diversified development process (Yang
et al. 2014). To build more reliable land use maps for 2050,
the different land use policies were set for the intervening
factors to constrain (or encourage) the development of land.
In this study, the different land use scenarios have different
regulation capabilities for the different indicators. Scenario 1
has the highest erosion regulation services and vegetation cov-
erage and a good ecological environment, but it constrains
economic growth. In scenario 3, due to the high degree of
urbanization, the excessive use of natural resources leads to
severe soil erosion and fragile ecological environments.
Policymakers need to develop land use plans to manage these
fragile ecosystems.

Ecosystem service quantification and visualization

The applied Bmatrix approach^ method (Jacobs et al. 2015)
has the ability to quantify different indicators and units in an
integrative relative scale. However, several difficulties appear
when transforming the simulated outputs into the relative
scale. The class number differs according to the class width
and the range of the maximum and minimum values. This is
especially difficult when multiple values show extreme trends
in one direction. This means that the scale is not showing the
range of differences within the lower values in sufficient detail
(Schmalz et al. 2016). Here, the water yield and sediment
yield are so high during July/August that all values in the other
seasons fall within a single class. Differences that occur during
periods with low water and sediment yields are not properly
represented. In addition, Burkhard et al. (2014)) also sug-
gested using Bappropriate class breaks,^ which are important
for the application of this relative scale and in discussing the
results with stakeholders. Therefore, the classes of the 1–5
scale were subdivided into categories with different widths,
rather than equal intervals, in this research (Table 6).

Additionally, mapping is a powerful tool for displaying the
water provisioning and regulatory services delivered by eco-
systems (Rasul 2016). In our study, the quantifiable informa-
tion for all three scenarios and time periods was presented
with these maps. This offers the opportunity for stakeholders
and decision makers to assess the future ecosystem services
for the watershed. Watershed management and land use de-
velopment policies are created and applied using common
guidelines based on these simplified maps. For example, the
class sizes are so large that for the monthly average water flow
regulation, many calculated values fall within class 1 and rep-
resent very low water provisioning by the ecosystem.
However, for July/August in scenario 3, most values fall in
classes 3–5, implying that too much water exists on the

landscape. Therefore, it is necessary to store the water re-
sources to solve the problem of seasonally uneven
distributions.

Spatial distribution

Due to the 1–5 scale, only a few spatial patterns are represent-
ed on the maps; however, high spatial resolution at the sub-
basin scale can be recognized within these patterns, e.g., the
distribution of water flow regulation in scenario 3 for July/
August (Fig. 7). If we compare the water flow regulation pat-
terns with the land cover/use map, we see high water flow
regulation in residential areas and wet grasslands in the down-
stream region of the Yanhe river; most areas with other land
cover/uses can be assigned to low or intermediate regulation.
Spatial patterns of water flow regulation were also mapped for
the same period (July/August) for scenario 1 and scenario 2
but obviously decrease across the entire watershed compared
to those in scenario 3. A closer look at the monthly mean for
all three scenarios shows that the central and downstream
regions are characterized by low regulation, while the forested
areas in the south and the farmlands in the upstream regions
exhibited very low water flow regulation.

As discussed above, the spatial patterns of sediment ero-
sion regulation in scenario 3 for the period July/August were
clearly visible (Fig. 8). When comparing the sediment erosion
regulation patterns with the land cover/use map, we can see
very high sediment erosion regulation in forest areas and wet
grasslands in the midstream and downstream regions of the
Yanhe river; the upstream regions with terraces and undevel-
oped shrubland can be assigned to low or very low regulation.
The most notable among these is the period of November in
all three scenarios, in which the entire river watershed was
assigned to classes 4–5. In addition, in March of all three
scenarios, no distinction was made in relation to erosion reg-
ulation, despite hydrologic differences. In that month, only
sub-basin 3 has very low regulation, while all other sub-
basins fell into class 5.

Seasonal variation

Monsoon rains in the Yanhe watershed are extremely domi-
nant and result in very high runoff and high sediment trans-
port. As mentioned previously, more than 80% of the annual
runoff occurs during summer flooding. Figure A1 shows the
simulated monthly mean precipitation over the next 40 years
(2021–2060) for the Yan’an meteorological station; more than
70% of the precipitation is concentrated between June and
September. However, it shows that annual mean values are
not relevant for analyzing water-related questions. For regions
with a monsoon climate, such as the Yanhe watershed, it is
advisable to conduct seasonal analyses for any land use
scenario.
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The November period is hydrologically much less impor-
tant. In November, the Yanhe river enters the dry season or
frozen period with few snowfalls. In March, snowmelt re-
charges the runoff, but the runoff is actually limited. July/
August is part of the growing season and is characterized by
high evapotranspiration rates. Rainstorm events are frequent,
which is an important factor contributing to the large amount
of soil erosion in July/August. Water flow regulation was cal-
culated to be low to very high in July/August under all three
scenarios but can be assigned to be very low to intermediate
for March and November. Erosion regulation was calculated
as being low to very high regulation in July/August for all
three scenarios. However, due to the class sizes of the relative
scale, very high erosion regulation was calculated for all three
scenarios, except for sub-basin 7 in scenario 3. In addition,
only very low and very high erosion regulations were calcu-
lated for all three scenarios (Fig. 8).

Conclusion

In this paper, we developed an integrated model to assess and
map the spatial and seasonal effects of future land use changes
on ecosystem services. The model results were spatially dif-
ferentiated among the sub-basins and are depicted after the
transformation procedure into a 1–5 relative scale.

Higher regulation services were shown in the lower and
middle reaches of the Yanhe river, especially for erosion reg-
ulation, due to the high water yield and the low sediment
erosion rate. However, lower regulation services were distrib-
uted in the upstream areas of the river, especially for erosion
regulation, owing to the vegetation interception and serious
soil erosion caused by water. Furthermore, seasonal differ-
ences can be identified: July/August showed a high water
yield and sediment yield, indicating high water flow regula-
tion and low erosion regulation, respectively, but very low
water flow regulation and high erosion regulation were calcu-
lated for the winter.

Using different land use scenarios, regulation services also
showed considerable differences. Scenario 3 had the highest
water flow regulation across the entire watershed and the low-
est erosion regulation, which were caused by high sediment
erosion. Scenario 1 had the highest vegetation coverage and
the lowest constructed area of urban land. Meanwhile, the
lowest water flow regulation and the highest erosion regula-
tion were calculated. Scenario 2 had intermediate levels of
water flow regulation and erosion regulation.

Our research finds that land use changes have great impacts
on water yield and sediment yield in the watershed. Excessive
urban construction and reckless land reclamation have exac-
erbated runoff and soil erosion. Increasing vegetation cover in
the watershed is conducive to controlling runoff and soil

erosion but may also decrease the levels of available water
resources.

It is believed that despite the possible limitations and need
for certain improvements, the current modeling system pro-
vides a reliable approach to simulate and map the impacts of
future climate and land use changes on ecosystem services in
the Yanhe watershed. Nonetheless, the quantitative study of
the influence of model uncertainty on ecosystem services
plays a vital role in ecosystem management. The scientific
information provided in this study can help decision makers
optimize land use in the future, with the goal of strengthening
the water-related regulation services delivered by the Yanhe
watershed.
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