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A B S T R A C T

Understanding the relationships between ecosystem services is important for promoting ecosystem
service management and sustainable development. The relationships between ecosystem services have
commonly been characterized as tradeoffs and synergies. Here, we report that a third type of relationship
also exists, in which one ecosystem service constrains the other. Selecting the grassland and agro-
pastoral transitional zone of North China (GAPTZ) as the study area, we examined the relationships
between paired ecosystem services: net primary productivity (NPP), soil conservation (SC), soil erosion
by wind (SL), water yield (WY), and water retention (WR). The constraint effect of one ecosystem service
on the other was determined by extracting the upper constraint lines from the scatter plots of the paired
ecosystem services with segmented quantile regression on the levels of landscape, class, and ecoregion.
Our results revealed eight types of constraint effects between the ten paired ecosystem services: (1)
positive linear, (2) negative linear, (3) logarithmic, (4) negative convex, (5) backward S-shaped, (6) hump-
shaped, (7) convex-waved, and (8) concave-waved. At the landscape, class, and ecoregion levels, there
was a hump-shaped constraint effect between NPP and SC. Precipitation was the main factor shaping the
constraint line of the paired NPP-SC. The gradually increasing constraint effect of higher NPP on WY
indicated that, in arid and semiarid areas, improving NPP decreases water yield. In farmland areas, the
backward S-shaped constraint line of the paired NPP-SL indicates that crops, unlike forests and
grasslands, could not protect soil from wind erosion. The constraint effects of SL on WY and WR are
negative convex on the landscape level and convex-waved or concave-waved on the class and ecoregion
levels. The constraint line approach enriches the understanding of linkages between ecosystem services
and the potential drivers. The constraint effects of ecosystem services have important implications for
sustainable land use planning to optimize landscapes services.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The Millennium Ecosystem Assessment has stimulated many
studies of ecosystem services (MA, 2005a,b). Ecosystem services
are defined as the benefits that people derive from nature (Daily,
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1997; Costanza et al., 1998). A natural ecosystem provides people
with numerous goods and services that support human existence
and wellbeing (MA, 2005a,b; Wu, 2013). However, until 2010,
approximately 60% of ecosystem services were in decline
(Costanza et al., 2014); a narrow focus on a subset of ecosystem
services is known to result in a substantial decline in the provision
of other ecosystem services (Lester et al., 2013). With changing
demand in key ecosystem services, the demand for regulating and
cultural ecosystem services is increasing (Buergi et al., 2015), and
policy awareness in ecosystem service science has rapidly
improved (Wong et al., 2015). Understanding the linkages between
multiple ecosystem services is critical to regional ecological
planning and management (Goldstein et al., 2012). The scale of
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ecosystem management should match that of the ecological
process that maintains the ecosystem services, otherwise ecosys-
tem management may have an adverse effect on ecosystem
services (Wu, 2004; Butler et al., 2013; Fu et al., 2013; Castro et al.,
2014).

Ecologists are searching for ways to understand the relation-
ships between ecosystem services. The relationships of ecosystem
services are often characterized as tradeoffs or synergies (Bennett
et al., 2009). Tradeoffs between ecosystem services occur when the
provision of one ecosystem service increases at the expense of
another service (Bennett et al., 2009; Raudsepp-Hearne et al.,
2010). Synergies occur when multiple ecosystem services increase
or decrease simultaneously (Bennett et al., 2009). Several methods
have been used to characterize these relationships. An overlay
analysis of ecosystem services reveals their spatial distributions,
such that the hotpots and areas of tradeoff can be identified (Bai
et al., 2011; Qiu and Turner, 2013). Several studies have used the
Pareto Efficiency and the Efficiency Frontier methods to analyze
these tradeoffs, but these studies were mostly performed as
hypothetical or theoretical analyses (Sanon et al., 2012; Lester
et al., 2013; Ruijs et al., 2013). Some statistical methods, such as
regression analysis and bagplot, have been used to analyze
tradeoffs and synergies between ecosystem services (Jia et al.,
2014; Jopke et al., 2015; Wu et al., 2015; Favretto et al., 2016).
Among a variety of statistical methods, most studies used a
correlation coefficient to determine whether ecosystem services
were related (Raudsepp-Hearne et al., 2010; Jopke et al., 2015). A
correlation analysis is simple and directly reflects the strength of
the relationships. However, a correlation analysis assumes that the
relationships between ecosystem services are monotonous, which
is not true in many cases. The correlation coefficients reflect only
general trends in paired ecosystem services. When there are many
sample points, the scatter points tend to distribute similar to a
cloud and vary over a large range in the scatter plots of the paired
ecosystem services (Raudsepp-Hearne et al., 2010; Jia et al., 2014).
Such scatters cannot be interpreted by traditional correlation or
regression because the large variance of the scatters is converse to
Fig. 1. The location of the grassland and agro-past
the assumption of variance homogeneity of correlation (Cade and
Guo, 2000).

Whether the current statistical methods are appropriate to
represent the relationships between ecosystem services is seldom
discussed. For each ecosystem service, there are many impact
factors, including climate factors, land use/cover change, and other
ecosystem services (Bennett et al., 2009). Because of the complex
interaction among multiple factors, it is difficult to measure the
linkage of ecosystem services with linear thinking.

The GAPTZ acts as an ecological protective belt for Eastern
China’s agricultural plain and metropolitan areas (Gao et al., 2000).
In the GAPTZ, the ecosystem services are diverse and abundant, i.e.,
the carbon sequestration capacity, livestock products, and recrea-
tion and entertainment (Qiu and Tang, 2003). With climate change
and increasing human activity, the vulnerable ecosystem of the
GAPTZ is under great pressure. Because of improvements in policy
awareness protecting ecosystems in the GAPTZ, the provision of
ecosystem services has changed greatly (Fu et al., 2005; Jiang et al.,
2016). To achieve reasonably ecological management, it is
important to understand the linkage between key ecosystem
services on different scales in the GATPZ. The GAPTZ is a rational
site to study the relationship between ecosystem services under
complicate drivers. Many studies have estimated ecosystem
services in the GAPTZ, such as soil conservation, soil loss by wind,
and soil organic carbon stock (Gong et al., 2014; Wu et al., 2015),
and analyzed the tradeoffs and synergies between ecosystem
services using correlation analyses (Zheng et al., 2014), regression
analyses (Jia et al., 2014; Li et al., 2016), and the root mean square
error method (Lu et al., 2014; Zhang et al., 2015). However, the
complex interaction between ecosystem services and its scale
effect have not been reported. In this study, we introduced a new
perspective concerning the constraint effects to enrich the
understanding of the relationship between ecosystem services.
The main objectives of this study are to 1) define the types of
constraint effects between ecosystem services, 2) initiate a
quantitative method to identify the types of constraint effects
between ecosystem services across different scales in the GAPTZ,
oral transitional zone of North China (GAPTZ).
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and 3) discuss the implications of the constraint line approach in
optimizing regional ecosystem services.

2. Materials and methods

2.1. Study area

The GAPTZ is located in the arid and semiarid region comprising
120 million km2, with annual mean precipitation of 200 mm–

400 mm (Wang et al., 1999; Zhang and Shi, 2003). The region spans
11 provinces (Fig. 1). The landscape of the region consisted of 55%
grassland, 10% forest, 24% farmland, and 11% other land use/cover
types in 2000 (Fig. 2(a)). The slope in the region ranges from 0 to
26�, and the main terrain is upland plain (Fig. 2(b)). The GAPTZ
contains four ecoregions, including broadleaf deciduous forest
(BDF), meadow steppe (MS), typical steppe (TS), and desert and
desert steppe (DDS) (Fig. 2(c)). Loam and sand are the main soil
types (Fig. 2(d)).

2.2. Definition of the types of constraint effects between ecosystem
services

In ecology, bivariate scatter plots convey ecological information
when the scatter clouds contain informative edges, which are
referred to as constraint lines (Blackburn et al., 1992; Thomson
et al., 1996; Horning, 2012). A constraint line represents the
distribution range or potential maximum of the response variable
with the effect of the constraint factor (Webb, 1972; Mills et al.,
2006). Compared with most conventional methods, constraint
lines are better able to characterize the effects of major constraint
processes in complex systems, in which many factors contribute to
the response variables (Jansen et al., 2007; Roberts and
Fig. 2. Ecological context of the study area, including (a) land use/cover types in 2000, (b
Angermeier, 2007). Points on the constraint lines indicate that
the response variable is constrained by a constraint factor, with less
or almost no constraint by any other factors (Evanylo and Sumner,
1987; Guo et al., 1998; Mills et al., 2009). The constraint effect of
paired ecosystem services means that one ecosystem service
(constraint variable) constrains the other (response variable). In
the scatter clouds of paired ecosystem services, we can extract
boundary points to fit constraint lines. The constraint line
represents the potential scope of the response ecosystem service
under the effect of the constraint ecosystem service. Points below
the constraint line indicate that the relationship between paired
ecosystem services is much more impacted by other factors.

The common types of constraint effects between paired
ecosystem services are defined in Fig. 3. (a) Positive linear: the
constraint effect of variable x on variable y is proportionally
decreasing. (b) Negative linear: the variable x could effectively
constrain the variable y with a proportionally increasing constraint
effect. (c) Positive convex: as the variable x increases, its constraint
effect on the variable y gradually decreases. (d) Negative convex:
the constraint effect gradually increases. (e) Exponential: the
constraint effect of the variable x on the variable y continues to
decrease throughout the whole range. (f) Logarithmic: the
constraint effect of the variable x on the variable y gradually
increases. (g) S-shaped curve: as the variable x increases, its
constraint effect on the variable y sharply decreases over some
range of x. (h) Backward S-shaped: over some range of x, there is
almost no constraint effect. Over a threshold, the constraint effect
sharply increases. (i) Hump-shaped: with an increase in x, the
constraint effect first decreases and then increases. (j) U-shaped: it
is opposite of hump-shaped constraint line. (k) Convex-waved and
(l) concave-waved: the constraint effect of x on y exhibits
fluctuating features. They may consist of a number of hump-
) the spatial distribution of slope, (c) ecoregions of the study area, and (d) soil types.



Fig. 3. The types of constraint effects between ecosystem services. (a) Positive linear line, (b) negative linear line, (c) positive convex curve, (d) negative convex curve, (e)
exponential curve, (f) logarithmic curve, (g) S-shaped curve, (h) backward S-shaped curve, (i) hump-shaped curve, (j) U-shaped curve, (k) convex-waved curve, and (l)
concave-waved curve.
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shaped curves or U-shaped curves. The non-monotonic types of (i),
(j), (k), and (l) are the result of different dominant factors on the
two sides of the thresholds.

2.3. Estimation of ecosystem services

In this study, we estimated the following five annual ecosystem
services with a 1 km spatial resolution: net primary productivity
(NPP), soil conservation (SC), soil erosion by wind (SL), water yield
(WY), and water retention (WR). Climate data, terrain data, soil
data, and land use/cover data were used. Table 1 provides a brief
description of the datasets. All climate datasets were spatially
Table 1
Description of the study data.

Data Data description 

Climate data Daily mean temperature 

Daily maximum temperature
Daily minimum temperature
Daily rainfall
Daily mean wind speed
Daily sunshine duration

DEM Digital Elevation Model with 90 m spatial resolution 

Ecoregion Shape files of ecoregions in China 

Soil data Soil texture, topsoil sand fraction, topsoil silt fraction, topsoil
fraction, topsoil organic carbon with 1 km spatial resolutio

Land use/cover Land use/cover with 1 km spatial resolution in 2000 

Normalized Difference
Vegetation Index
(NDVI)

Monthly NDVI with 1 km spatial resolution in 2000 

Plant
evapotranspiration

The plant evapotranspiration for different land use/cover ty

Soil roughness The soil roughness for different land use/cover types 

Crop barrier The optical density and stand density of forest areas in 200
interpolated to a 1 km spatial resolution before they were input
into the ecosystem service models.

2.3.1. Net primary productivity
NPP is an important component of the terrestrial carbon cycle.

In this study, NPP was estimated using the Carnegie-Ames-
Stanford Approach (Potter et al., 1993), based on Geographic
Information Systems and remote sensing data. The model is
expressed as follows:

NPP ¼ F SOL; NDVIð Þ � e ð1Þ
Data source

These datasets were provided by China Meteorological Sharing Service
System.

The dataset was provided by Geospatial Data Cloud, Computer Network
Information Center, Chinese Academy of Sciences.
The dataset was provided by Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn).

 clay
n

The dataset was provided by Cold and Arid Regions Science Data Center at
Lanzhou.
The dataset was provided by Infrastructure of Earth System Science.
The dataset was provided by Geospatial Data Cloud, Computer Network
Information Center, Chinese Academy of Sciences.

pes InVEST (Integrated Valuation of Ecosystem Services and Trade-offs) User’s
Guide (Sharp et al., 2015)
Fryrear et al. (1998); Gong et al. (2014)

0 Fryrear et al. (1998)

http://www.resdc.cn
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where NPP is the monthly net primary productivity (g C m�2);
SOL is the total solar radiation (MJ m�2) calculated based on the
daily sunshine duration; NDVI is the normalized difference
vegetation index derived from moderate-resolution imaging
spectroradiometer (MODIS) data; and e is the light utility
efficiency, which is determined by temperature and precipitation
(Zhu et al., 2007).

2.3.2. Soil conservation
Soil erosion by water can easily be triggered by the lack of

vegetation cover. It can result in soil degradation, a decline in land
productivity, and the degradation of rivers, lakes, and estuaries. In
this study, soil conservation was estimated using the Revised
Universal Soil Loss Equation (Renard et al., 1991). This equation is
expressed as follows:

SC ¼ R � K � LS � R � K � LS � C � P ð2Þ
where SC is the annual soil conservation (t ha�1 y�1); R is the
rainfall-runoff erosivity (MJ mm ha�2 ha�1 y�1), which is calculated
based on the daily rainfall; K represents the soil erodibility factor
(t h MJ�1mm�1); LS is the slope length and steepness factor, which
is calculated based on Digital Elevation Model (DEM) using
ArcGIS9.3 (Esri, US); C is a dimensionless vegetation cover factor
calculated by vegetation coverage fraction (Cai et al., 2000); and P
refers to the soil conservation practice using Wener’s slope-based
method (Wischmeier and Smith, 1965; Jia et al., 2014).

2.3.3. Water yield
Water yield is a key ecosystem service in arid and semiarid

regions. Land use/cover change can have a significant impact on
the hydrologic cycle by affecting the patterns of evaporation and
soil infiltration. We used the integrated valuation of ecosystem
services and tradeoffs (InVEST) model to assess the water yield
(Sharp et al., 2015). In the InVEST model, water yield is calculated
based on the water balance. It is expressed as follows:

WY ¼ P � AET ð3Þ
where WY is the total annual water yield (mm y�1); P refers to
monthly precipitation (mm m�1); and AET is actual evapotranspi-
ration (mm m�1) which is calculated by the following algorithm
(Sharp et al., 2015).

AET ¼ 1 þ wRj

1 þ wRj þ 1
Rj

P ð4Þ

Rj ¼
kj � ETO

P
ð5Þ

w ¼ z
AWC
P

þ 1:25 ð6Þ

AWC ¼ min Soildepth; Rootdepthð Þ � PAWC ð7Þ
where Rj is aridity index for certain land use/cover type; kj is the
vegetation evapotranspiration coefficient associated with land
use/cover type which was defined in the InVEST model (listed in
Table 1); ETO is potential evapotranspiration calculated by the
algorithm of FAO (Allen et al., 1998); w is non-physical parameter;
AWC is the volumetric plant available water content; PAWC is the
plant available water capacity calculated by the algorithm of Zhou
et al. (2005); z is an hydrogeological constant computed by the
method of Zhang et al. (2004).
2.3.4. Water retention
The ecosystem retains a fraction of the precipitation in the

canopy, withered leaves, plant roots, and soil. In this study, water
retention was also assessed using the InVEST model, which was
estimated based on the water yield as follows:

WR ¼ Min 1; 0:9 � TI=3ð Þ � Min 1; Ksat=300ð Þ
� Min 1; 249=Vð Þ � WY ð8Þ

where WR is the annual water retention (mm y�1); TI is a
dimensionless topographic index calculated by slope and soil
depth; Ksat is the soil saturated conductivity (cm d�1) simulated by
NeuroTheta software (The University of Sydney, Australia); and V is
a velocity coefficient that varies with land use/cover types.

2.3.5. Soil erosion by wind
Soil erosion by wind is common in arid and semiarid regions

and can result in a substantial decrease in the productivity of
farmland and grassland. Soil erosion by wind in northern China has
a substantial influence on people’s lives in neighboring regions
(Gao et al., 2000). The Revised Wind Erosion Equation has been
extended for spatial applications in northern China based on
ArcGIS (Guo et al., 2013). The model is expressed as follows:

Qmax ¼ 109:8 � WF � EF � SCF � K � COGð Þ ð9Þ

s ¼ 150:71 � WF � EF � SCF � K � COGð Þ�0:3711 ð10Þ

SL ¼ 2x=s2Qmaxexp � x=sð Þ2
� �

ð11Þ

where Qmax refers to the maximum transport capacity calculated
based on the climate factor (WF), soil erodibility factor (EF), soil
crust factor (SCF), soil roughness (K), and combined vegetation
factor (COG); s is the length of the critical field; x refers to the
distance to the upwind edge of the field; and SL is the semi-
monthly soil loss (kg m�2) in the special case where Qmax and s are
constant (i.e., not a function of x) (Fryrear et al., 1998).

The Carnegie-Ames-Stanford Approach, the Revised Universal
Soil Loss Equation, and the Revised Wind Erosion Equation have
been shown to be robust for capturing the biophysical parameters
of the study area (Fu et al., 2005; Zhu et al., 2007; Guo et al., 2013).
Moreover, in this study, key factors, such as the combined
vegetation factor and the climate factor, were derived from remote
sensing observational data and local meteorological data.

2.4. Extracting constraint lines from the scatter plots of paired
ecosystem services

A segmented quantile regression was previously employed to
construct constraint lines for the effects of soil properties on water
infiltration (Mills et al., 2009) and on species richness (Medinski
et al., 2010). In this study, the value range of ecosystem services on
the x-axis in the scatter plot was equally divided into 100 parts to
obtain 100 columns (Fig. 4). To reduce the effect of outliers, we
selected the 99.9% quantile in each column as the boundary points.
Thus, we obtained almost 100 boundary points to fit every
constraint line. Based on the shapes of the scatter cloud and the
goodness of fit values (R2), we obtained the corresponding
constraint lines using Origin 9 software (OriginLab, US). Among
the constraint lines, the backward S-shaped curve, hump-shaped
curve, U-shaped curve, convex-waved curve, and concave-waved
curve have thresholds upon which the constraint line is segmented
to indicate the direction of change of the constraint effect. The
derivative equations are used to obtain the thresholds.



Fig. 4. Extraction of the constraint lines using the segmented quantile regression
method.
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NPP is one of the supporting services, and the other four
services belong to regulating services (MA, 2005a). NPP is critical
for sustaining livestock production and conserving regional
biodiversity such this service was given special priority and was
used as the constraint variable on which its effects on the other
ecosystem services were studied. In addition, we also analyzed the
constraint effects of SC on SL, WY, and WY; SL on WY and WR; and
WY on WR.

2.5. The constraint effects between paired ecosystem services on
different levels

In this study, we explored the constraint effects between paired
ecosystem services on the levels of landscape, class, and ecoregion,
which span a wide range of climates, soil properties, and terrain
types. This allowed us to minimize the effect of local factors and
enabled us to identify the trends of the constraint effects on
different levels. On the class level, the three main land use/cover
types included were farmland, forest, and grassland. On the
ecoregion level, TS, MS, DDS, and BDF were considered. On the
landscape level, we included the whole study area.
Fig. 5. The spatial pattern of five ecosystem services, including (a) net primary produc
retention in 2000.
3. Results

In this study, we calculated the five ecosystem services and
identified their constraint effects in both 2000 and 2010. Because
the spatial patterns of ecosystem services and the shapes of
constraint lines derived from paired ecosystem services for the two
years were very similar, we only report the results from 2000 as a
case study. The results from 2010 can be found in the
supplementary materials (Fig. S.2 and Fig. S.3).

3.1. Spatial pattern of the five ecosystem services

The high values of NPP were located at the southern edge and
the northeast region of GAPTZ, where the main land cover was
forest (Fig. 2(a) and Fig. 5(a)). The low values of NPP were mainly
found in grassland areas (Fig. 2(a) and Fig. 5(a)). The high values of
SC were mainly distributed in the southwest and the central south
of the GAPTZ, where the slope was relatively high (Fig. 2(b) and
Fig. 5(b)). The spatial patterns of SL, WY, and WR were similar but
differed from those of NPP and SC. The spatial patterns of SL, WY,
and WR were consistent with that of the soil types (Fig. 2(d) and
Fig. 5). The high values of SL, WY, and WR were distributed in many
places where the values of SC and NPP were relatively low (Fig. 5).
In the areas of higher slope, the values of SL and WR were low
(Fig. 2(b) and Fig. 5).

3.2. Constraint effects between paired ecosystem services on different
levels

Overall, there were eight types of constraint effects between the
ten paired ecosystem services on different levels in the study area,
including (1) positive linear, (2) negative linear, (3) logarithmic, (4)
negative convex, (5) backward S-shaped, (6) hump-shaped, (7)
convex-waved, and (8) concave-waved (Fig. 6). The segmented
quantile regression captured the shapes of the constraint lines
well. All constraint lines were extracted with a relatively high
goodness of fit (R2) (Fig. 6).

The constraint effects of the paired ecosystem services of WY-
WR, SC-SL, SC-WY, SC-WR, NPP-WR, and NPP-SC were similar on
different levels (Fig. 6). On the constraint lines, WR changed
tivity, (b) soil conservation, (c) soil erosion by wind, (d) water yield, and (e) water



Fig. 6. Scatter plots (blue), boundary points (red), constraint lines (red), and thresholds (black points on constraint lines) of ten paired ecosystem services on the three levels
of landscape, class, and ecoregion in 2000. Farmland, forest, and grassland are presented at the class level. We also show typical steppe (TS), meadow steppe (MS), desert and
desert steppe (DDS), and broadleaf deciduous forest (BDF) at the ecoregion level. A-B are paired ecosystem services, in which A presents the service on the x-axis and B
corresponds to the one on the y-axis of the scatter plots, R2 is the goodness of fit, and ** indicates significance at the 0.01 level. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.).
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Table 2
Thresholds of the constraint lines for paired ecosystem services on the three levels of landscape, class, and ecoregion in 2000.

Landscape Class level Ecoregion level

Farmland Forest Grassland TS MS DDS BDF

NPP-SC (503,21497) (390,16700) (490,20411) (439,14072) (424,8112) (461,14712) (282,7946) (451,26642)
NPP-SL (525,15)
NPP-WY (460,329) (394,305) (279,268) (339,283) (239,340) (474,326) (158,251) (278,398)
NPP-WR (186,297) (240,137) (248,156) (213,148) (361,258) (180,362) (88,202) (331,125)
SL-WY (23,236)

(62,292)
(31,150)
(64,195)

(22,247)
(55,295)

(49,199)
(77,225)

SL-WR (28,67)
(49,73)

(19,289)
(54,227)

(17,225)
(50,150)
(77,191)

*Farmland, forest, and grassland are presented at the class level. Typical steppe (TS), meadow steppe (MS), desert and desert steppe (DDS) and broadleaf deciduous forest
(BDF) are included at the ecoregion level. A–B are paired ecosystem services, in which A presents the service on the x-axis and B corresponds to the one on the y-axis of the
scatter plots. In (x,y), x is the A value at the threshold and y is B value at the threshold. The units of NPP, SC, SL, WY and WR are g C m�2, t ha�1 y�1, kg m�2 y�1, mm y�1 and
mm y�1, respectively.
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synchronously with WY (Fig. 6). SL, WY, and WR decreased
logarithmically when SC increased on all levels (Fig. 6). For the
pairs of NPP-SC and NPP-WR, the constraint lines were all hump-
shaped with obvious thresholds (Fig. 6 and Table 2).

The constraint effects of paired ecosystem services of NPP-SL,
NPP-WY, SL-WY, and SL-WR varied with level (Fig. 6). Except in the
farmland area, NPP negatively constrained SL on the other levels.
There was no obvious constraint effect of NPP on SL when the NPP
was lower than the threshold in farmland areas (Fig. 6). Except on
the landscape level and in the MS ecoregion, where the constraint
lines of NPP-WY were backward S-shaped, the constraint lines on
the other levels were hump-shaped (Fig. 6). The constraint effects
of SL on WY and WR were negative convex on the landscape level
and convex-waved or concave-waved on the class and ecoregion
levels (Fig. 6).

4. Discussion

On the constraint line, one ecological variable was constrained
by the other, with minimal constraint by other factors (Evanylo and
Sumner, 1987; Guo et al., 1998; Mills et al., 2009). Below the
constraint line, the distribution of the scatter points was not
determined by the constraint factors (Thomson et al., 1996). We
found that there were constraint effects between paired ecosystem
services of NPP, SC, SL, WY, and WR in the GAPTZ, which was
different from the traditional tradeoff and synergy of ecosystem
services in the current studies (Bennett et al., 2009; Jia et al., 2014;
Zhang et al., 2015). We calculated Spearman correlation
Fig. 7. The bivariate scatter plot of precipitation and net p
coefficients between paired ecosystem services (Table S.1). As
Table S.1 indicated, apart from WY-WR and NPP-SL, the relation-
ships of other paired ecosystem services vary with scale and the
correlation is very weak. In addition, correlation analysis could not
get the interaction thresholds between paired ecosystem services
and the scatter clouds (Fig. 6) do not meet the assumption of
variance homogeneity of correlation analysis. However, the
constraint line approach can conquer these shortcomings and
accurately describe the relationship between paired ecosystem
services.

4.1. The mechanism of constraint effects between paired ecosystem
services

4.1.1. The linear constraint types
The constraint effects of WY on WR were positively linear on all

three levels. WR was one part of the retained WY (Sharp et al.,
2015), such that WR synergistically changed with the trend of WY
and would not be greater than WY. Zheng et al. (2014) found
synergy between WY and WR in northern China. In general, a
higher vegetation productivity meant a smaller amount of soil
erosion by wind in the GAPTZ (Gong et al., 2014). Plants can reduce
the wind speed, and the root systems of vegetation can enhance
the ability of soil to resist erosion (Fryrear et al., 1998).
Nevertheless, the constraint effect of NPP on SL varies with scale.
On both landscape and ecoregion levels, there were negative linear
constraint effects of NPP on SL, while in the farmland areas, there
was almost no obvious constraint effect of NPP on SL. This may
rimary productivity (NPP) at landscape level in 2000.
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occur because the protection from crop coverage and the damage
from crop tillage offset one other. In the GAPTZ, current tillage
practices for farmers to pursue high yield may result in greater
damage on the soil’s surface (Guo et al., 2013).

4.1.2. The logarithmic constraint type
SC has a logarithmic constraint effect on SL on all three levels,

which indicated that soil erosion induced by water and wind were
mutually exclusive in the study area. The sandy soil is easily eroded
by both water and wind (Renard et al., 1991; Fryrear et al., 1998; Li,
1999). Runoff is the main driving force of SC (Wischmeier and
Smith, 1965). When the precipitation was low, the land surface had
less vegetation coverage (Fig. 7) and SC hardly occurred, but the
opposite occurred for SL. Logarithmic constraint effects were also
observed between SC and WY on all three levels. The water
permeability of the sand was high, and only a small amount of
precipitation could become runoff in the sand, while runoff easily
occurs in clay (Zhou et al., 2005). Therefore, upon an increase in SC,
WY decreases; Jia et al. (2014) and Zheng et al. (2014) found there
is a tradeoff between SC and WY in arid and semi-arid areas of
northern China. There were also logarithmic constraint effects of
SC on WR on all three levels. The plant canopy and litter can
intercept water and protect the soil from erosion.

4.1.3. The hump-shaped and the backward S-shaped constraint types
The constraint line is possibly shaped by an individual factor,

but in most cases, it is shaped by multiple factors (Mills et al., 2009;
Medinski et al., 2010). The relationship between NPP and SC may be
impacted by multiple factors. On one hand, high NPP indicates
good vegetation coverage, which can effectively protect the soil
from erosion by water. On the other hand, over the NPP threshold
(Fig. 7), a higher NPP also indicates a larger amount of
precipitation, which increases the possibility of soil erosion by
water. Jia et al. (2014) also showed the similar scatter plot pattern
between NPP and SC in the arid areas of China. There were
hump-shaped and backward S-shaped constraint effects of NPP on
WY. WY is the portion of precipitation after subtracting
evapotranspiration (Sharp et al., 2015). Evapotranspiration
increases with plant growth (Jia et al., 2014; Cao et al., 2009;
Cao et al., 2015). Below the NPP threshold, the precipitation was
relatively low, and vegetation for all land uses did not grow well
with low NPP (Fig. 7). In this case, WY and NPP synchronously
increased with the increasing precipitation. However, in this arid
and semiarid study area, evapotranspiration was very high, thus
reducing water availability with vegetation growth and causing
WY to decrease over the NPP threshold. Li et al. (2016) also found
that evapotranspiration from restored vegetation led to the
reduced runoff in the arid and semiarid areas in northern China.
WR is the retained portion of WY, and the constraint effects of NPP
on WY and WR were similar.

4.1.4. The convex-waved and concave-waved constraint types
The constraint effects of SL on WY and WR varied with scale

(Fig. 6). In the sandy soil, the value of SL ranged from 0.004 kg m�2

to 101 kg m�2. The mean was 57 kg m�2, which was much larger
than the values found in other soil types. On the constraint lines,
WY and WR slightly decreased with increases in SL. There are three
potential reasons for this phenomenon. First, the main driving
force of SL is the wind force. Wind can increase the evaporation,
such that WY and WR decrease with an increase in SL. Second,
precipitation is the main source of WY and WR in the study area
and can prevent soil erosion by wind force, improving the
vegetation quality and soil features. Finally, with stronger moisture
permeability, the sandy soil in most of the study areas is easily
blown away by the force of the wind. The convex-waved and
concave-waved constraint lines indicated that the relationships
between paired ecosystem services were relatively complex and
may have been affected by many factors, such as soil type,
precipitation, and wind force, among others.

The types of constraint lines in Fig. 3 (c, e, g, j) were not found in
our case study, in which the relationships between paired
ecosystem services were possibly dominated by individual or
multiple factors.

4.2. Implications of the constraint line approach in managing
ecosystem services

In the arid and semiarid areas, water availability is the most
important constraint factor for maintaining NPP, SC, WY, and WR.
As indicated in Fig. 6, WY and WR was able to achieve a win–win
situation; the increases in WY, WR, and NPP were able to reduce SL,
especially in a sand soil, such that the restoration of vegetation
could conserve water and protect the surface soil from erosion.
Farmland management measures, such as building wind barriers
and no-tillage cultivation, are encouraged. However, species
features and composition for the purpose of vegetation restoration
should receive special care. The species with higher NPP is not the
sole consideration when the locals try to optimize or maximize
ecosystem services. When the NPP was over the thresholds, WY,
WR, and SC decreased on all three levels (Fig. 6). In addition, soil
features are important factors that may affect the constraint effects
of SC on both WY and WR. Therefore, we should consider the NPP
thresholds, soil features, water availability, and other socioeco-
nomic and biophysical conditions in combination to balance the
supply of NPP, WY, WR, and SC.

The constraint line approach has been a powerful tool in
optimizing crop production (Webb, 1972; Evanylo and Sumner,
1987). According to our study, it has enormous potential to manage
and optimize ecosystem services. A constraint line represents the
efficiency frontier, similar to the meaning of Pareto Efficiency in
economics (Thomson et al., 1996; Lester et al., 2013). The points on
the constraint lines represent the best strategy that can maximize
the supply of multiple ecosystem services.

Despite the advantages, the constraint line approach still has its
limitations. The relationships between paired ecosystem services
represented by the constraint lines may not indicate the response
variable directly reacting to the constraint variable, and on the
contrary, they may interact indirectly through biophysical
processes, as indicated in this study. Only by integrating a
constraint line approach with other analysis tools can we
objectively understand the relationships between ecosystem
services.

5. Conclusions

In this study, we predominantly found that the relationships
between ecosystem services were not simple correlations that can
be interpreted as tradeoffs or synergies, but rather, they were
constraint effects, varying with spatial scales and landscape
contexts. In reality, the relationships between ecosystem services
may be affected by many socioeconomic and biophysical factors
and are thus heterogeneous both in space and time. The constraint
effects between the ten paired ecosystem services in our study can
be classified as linear, logarithmic, negative convex, backward S-
shaped, hump-shaped, convex-waved, and concave-waved. In our
study area, water availability was the key constraint factor that
affected the relationships between the ten paired ecosystem
services on all three levels. Additionally, soil features, vegetation
coverage, crop cultivation, and wind greatly contributed to the
relationships between the ten paired ecosystem services. The
constraint line approach can help policy makers pick out the
dominant factors that affect the supply of multiple ecosystem
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services and provide an effective tool to optimize the regional land
system.
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