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Abstract: Ecosystem services are spatially heterogeneous and temporal variability, which results in trade-offs,
synergies and neutrality. The trade-off is a key problem in ecosystem management and requires optimized deci-
sion-making research. This paper reviews methods for identifying trade-offs and suggest future model develop-
ments. We conclude that (1) ecosystem service assessment depends on quantitative indicators and its modeling; (2)
scenario analysis, multi-objective analysis and production possibility boundary are an effective means of ecosystem
service trade-off decision-making; (3) future research needs to strengthen ecosystem service supply and demand
flow and assist decision-making ecosystem mapping. Finally, integrated models should be developed to simulate
and diagnose different scenarios and to optimize measures in land and ecosystem management for sustainability.
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1 Introduction

Ecosystem services are the benefits that humans derive di-
rectly or indirectly from ecosystems and they have an im-
portant impact on human survival, development and well-
being (Daily et al., 2009; Millennium Ecosystem Assesment,
2005). Ecosystem services are diverse and include clean
water supply, erosion control, food provision, climate regu-
lation, recreation and scenic beauty (Daily et al., 1997). The
different needs of human beings and the complexity and
diversity of ecosystem services form the interaction between
ecosystem service functions, that is, the relation of trade-off,
simultaneous growth and irrelevance (Bohensky et al., 2006;
Rodriguez et al., 2006). As a key problem in natural re-
source management, trade-offs were first considered in op-
timized decision-making literature in the 1990s (Grasso,
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1998; Schaberg et al., 1999) and is becoming one of the
most pressing areas for sustainability research (Cazalis et al.,
2018; Renard et al., 2015; Zhou et al., 2018).

Trade-off among ecosystem services is an essential and
fundamental character of ecosystems and occur on spatial
and temporal scale (Bennett and Balvanera, 2007; Farber et
al., 2002; Groot et al., 2010; Maes et al., 2012; Millennium
Ecosystem Assesment, 2005; Nelson et al., 2009; Rodriguez,
et al., 2006; Van Jaarsveld et al., 2005). Understanding syn-
ergies and trade-offs among ESs is essential for the better
management of multi-functional ecosystems and diminish-
ing costly trade-offs.

The various methods considering trade-offs and synergies
have been developed over the past decade to support de-
cision-making by modeling, mapping and quantifying
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ecosystem services. Statistical and computational methods,
statistical clustering methods and the ecosystem service
process-based model have been widely applied and the
choice of methods used to identify ecosystem service rela-
tionships may influence observed directions (Cord et al.,
2017). Various methods were developed and applied to ex-
plore the mechanism underlying the ecosystem service at
different spatial and temporal scales in order to quantify and
understand trade-offs and synergies among ESs over the
past decade (Li and Lii, 2018). To integrate ecosystem ser-
vice assessment into decision-making processes, systemati-
cally comparing and examining different methods focused
on trade-offs and synergies are especially essential and im-
portant. This paper, therefore, was organized to review: 1)
methods to measure ecosystem services; 2) methods to
identify trade-offs; and 3) methods of policy-making. We
aimed to promote the application of ecosystem service
trade-offs and synergy concepts and to make ecosystem
management policy more comprehensive, objective and
scientific.

2 Methods to measure ecosystem service
assessment

Measuring ecosystem services is a prerequisite and founda-
tion to identify trade-off or synergy among ecosystem ser-
vices and to make policy (Fu and Forsius, 2015; Fu and Yu,
2016; Groot et al., 2010). The steps to measure ecosystem
services generally include defining the index system to de-
scribe the targeted ecosystem services, energy conversion,
and biophysical modeling.

2.1 Index system for ecosystem services assessment

The first step is to establish an index system based on con-
vertibility and operationally that comprehensively describes
and assesses ecosystem services from the ecosystem struc-
ture, fundamental functions and habitat status for key spe-
cies (Fu et al., 2017; Liu et al., 2009). Some criteria to choose
an index are: 1) the concept framework integrated ecosys-
tem service, social sustainability and human-wellbeing, such
as Millennium Ecosystem Assessment (Millennium Ecosys-
tem Assesment, 2005) or ecosystem service valuing (Co-
stanza et al., 1997); 2) Materiality principle in ecosystem
services, which, however, is generally dependent on the
stakeholder; and 3) sustainability and fairness (the most
important criteria).

2.2 Data acquisition for index system

Data acquisition for the index system is observed on the
ground for small spatial scales and generally through satel-
lite remote sensing at larger spatial scales (Liu, et al., 2009).
The on-ground data provides direct data for ecosystem ser-
vice assessment, parameterization and parameters optimiza-
tion of ecosystem process models, and as validation data de-
pendent on long-term observations from enough sites spa-
tially distributed and represented for a given heterogeneous

landscape (Yu et al., 2018). Remote sensing is increasingly
applied in ecosystem service monitoring for repeatedly vis-
iting biweekly, with pixel sizes from ~1 m to 1000 m, and
various spectral bands from passive multispectral, hyper-
spectral and thermal technology, to SAR and LiDAR (Wang
et al., 2016; Yang et al., 2015).

However, in application, the two problems to consider
are scale match and quality control. For example, the
above-ground biomass of grassland is always sampled from
a field plot with a size of 0.5m % 0.5m, while the pixel size
of Landsat is 30 m. Therefore, the scale match problem be-
tween plot-based biomass and Landsat-based NDVI should
be considered and the cycle sample method would be a good
choice for this problem (Wang et al., 2009). Data quality is a
fundamental problem in remote sensing because of signifi-
cant missing data due to unfavorable atmospheric conditions
such as clouds and heavy aerosols. There are many methods
for quality control and the adaptive Savitzky-Golay method
in TIMESAT software (Jonsson and Eklundh, 2004) is use-
ful for time series data (Wang et al., 2017).

2.3 Ecosystem service modeling tools

Ecosystem service modeling has been increasing in number,
diversity and application over the past decade (Li and Li,
2018). Although each model would output and map the
same quantitative serveries and could be applied in different
contexts and scales from local to national, they are generally
built through different approaches according to different
assumptions (Sharps et al., 2017). Those models can be
classified as static or dynamic. Static models include
SolVES (Brown and Brabyn, 2012), EcoAIM, Matrix, In-
FOREST and EPM; dynamic models are MIMES (Boumans
et al., 2015), ARIES, SAORES (Hu et al., 2015) and In-
VEST (Fig. 1). Many publications review and compare
those models (Sharps et al., 2017) and here we have focused
on the InVEST model.

Because of an excellent ability to evaluate process-based
ecosystem services combined with service cluster analysis
and impact analysis, the InVEST model is more widely used
than others (Bottalico et al., 2016; He et al., 2017; Li et al.,
2013; Yang et al., 2018a). The InVEST model integrates
multiple ecological process models and forms a variety of
evaluation grinding. It has matured and has been widely
used in related research in 20 countries and regions across
America, Africa and Asia; other models are mostly at earlier
stages with limitations and deficiencies. Most models lack
the evaluation modules for supporting and regulating ser-
vices, simulation modules of ecosystem services and the
assessment modules of uncertainty. It is necessary to further
enhance models to simulate and predict ecosystem service
changes through a multi-scale and multi-regional integrated
ecosystem service assessment model. The choice of tool,
however, depends on the study question for each has unique
features and strengths though the modeling tools provide
broadly comparable quantitative outputs.
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Fig. 1 The models used for ecosystem services assessment

3 Methods to identify trade-off

The methods for analyzing trade-offs and synergies include
threshold analysis (Viglizzo and Frank, 2006), extreme val-
ue analysis, multi-objective analysis, model analysis
(Haines-Young et al., 2012), and the newly developed root
mean square deviation, trade-off coordination model (Fig. 2).
The methods to identify trade-off were classified to three
catalogs (Yang et al., 2018): service cluster analysis based
on statistical clustering theory, impact analysis of iterations
based on relational matrices, and process-based ecosystem
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3.1 Correlation analysis

Correlation analysis is used to determine the relationship
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geographic information system (GIS) tools (Maes et al.,
2012; Maskell et al.,, 2013) and spatial autocorrelation
analysis was used to identify cold or hot spots of ecosystem
services and to map ecosystem services (Han et al., 2016). A
linear or nonlinear fitting for the correlation coefficient was
applied to explore dynamic changes in trade-offs or syner-
gies (Hao et al., 2017).

Ecosystem service clusters analysis is a hot topic now
and considers a group of services, termed services clusters
or service build, with similar properties or trade-off or syn-
ergy (Haines-Young et al., 2012). Cluster analysis using
spatial mapping was applied to diagnose and identify
trade-offs or synergies of ecosystem service clusters aimed
to propose a reasonable ecological zone and effective man-
agement (Haines-Young et al., 2012; Raudsepp-Hearne et al.,
2010)

3.2 Root mean square deviation methods

Though the correlation coefficient method directly reflects
the relationship of trade-off or synergy among ecosystem
services, it cannot reflect the internal mechanism and mu-
tual influence of ecological services and cannot completely
express the synergy of each ecological service. The root
mean square deviation or error method is considered a sim-
ple and effective method to quantify the trade-off relation-
ship between multiple ecosystem services (Feng et al.,
2017). That is, extending the meaning of trade-offs, the
standard deviation method not only characterizes negative
correlations, but also includes imbalances between different
ecosystem services on the same change direction (Fu et al.,
2014) and represents the distance from the “1:1 line” repre-
senting equal benefits. This is a simple but effective repre-
sentation of the trade-off between any two or more ecosys-
tem services, and no longer concerns how ecosystem ser-
vices are related. But, it requires large amounts of measured
value data, is unsuitable for analyzing data produced by
evaluation models, and the “1:1 line” that represents equal
benefits may not represent the optimal trade-off (Feng et al.,
2017).

Xue (2013) defined a trade-off strength coefficient (TI)
that equals the ratio of the rate of change of a service to the
rate of change of a target service. This approach can be used
to evaluate the sensitivity of the change in a service value
with respect to changes in the target service. Unfortunately,
the same TI value may correspond to different combinations
of ecosystem services, which may make it an ineffective
indicator of trade-offs when the goal is to find the optimal
combination.

3.3 Multi-objective analysis

The complexity of ecosystems leads to complex interactions
between ecosystem services, coupled with the continuous
expansion of human needs, which determines the need for
multi-objective trade-offs in ecosystem management and the

pursuit of overall optimization of ecosystem services (Lin et
al., 2012). Multi-objective analysis is a tool that takes into
account ecological and socio-economic indicators, mainly
applying ecological economic analysis (Falloon and Betts,
2010; Huang et al., 2011). In recent years it has been widely
used to solve problems in ecosystem service management to
explore the trade-off between ecological protection and
socio-economic goals (Cheung and Sumaila, 2008; Nelson
et al., 2009).

Combined with GIS and multi-criteria analysis, Nguyen
et al. (2015) proposed a spatial multi-criteria analysis to ana-
lyze targets affected by spatial distribution factors. In general,
multi-objective analysis is a planning design that coordi-
nates various stakeholders and determines maximum benefit
(Nguyen et al., 2015). This method requires multi- partici-
pation and needs to further improve fairness in the deci-
sion-making process (Sanon et al., 2012). Multi-objective
analysis, however, has uncertainties in decision-making due
to target setting and weight distribution, greatly impacting
optimization results (Schwenk et al., 2012).

3.4 Analysis based on production theory

The Cobb and Douglas production function hypothesized
output (production) as a function of inputs (labor and capital)
and is the most widely used to describe production theory
(Chisasa and Makina, 2013). The ecological production
function is an important method to study the marginal in-
fluence of ecosystem characteristics on the final service of
an ecosystem (de Groot et al., 2010). The eco-production
function can determine the mathematical relationship be-
tween ecosystem explanatory variables (structure, process,
function) and response variables (ecosystem final service)
through biophysical and statistical methods, and then quan-
tify the time-space trade-off relationship of the ecosystem's
final service and its marginal response characteristics of
changes in ecological characteristics. In ecosystem services,
not all ecosystem services can be delivered to people in the
greatest extent. In the decision-making around ecosystem
services, the final service of the ecosystem is determined.
For example, this method was applied to determine eco-
logical compensation measures in the restoration of vegeta-
tion on the Loess Plateau (Feng et al., 2017). This study
analyzed the marginal benefits of the natural and environ-
mental factors to control soil erosion and increase carbon
sequestration by balancing trade-off among ecosystem ser-
vices.

To solve multi-input and multi-output production func-
tions, Pato’s efficiency curve has become a popular method.
Pato's efficiency curve, that is possibility boundary of pro-
duction, is an effective approach to explore biophysical
constraints and limitations in multiple ecosystem services
(Yang et al., 2018). The optimal management decision-
making method was applied to determine the maximum net
benefit of ecosystem service management by combining the
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results of different ecosystem scenarios in ecosystem service
management decision-making (Nelson et al., 2009; Polasky
et al., 2008).

3.5 Extreme value analysis

Extreme value analysis is based on the trade-off between
ecosystem services and the process of maximizing the utility
between ecological services (Lin et al., 2012), looking for
rational coordination and utilization, and finding the most
optimized and coordinated plan. At present, this method is
widely used in water resource management. In the applica-
tion of trade-offs between ecosystem services, such as re-
search on changes in utilization of different biomass, seek-
ing the maximum value between livestock supply and
windbreak and sand-fixation (Rao et al., 2015). Under the
premise of improving soil erosion, land improvement seeks
the extreme value of grassland ecosystem value and farm-
land grain production value to maximize the sum of the two
(Lu et al., 2007). In addition, there is a threshold
analysis method, through the functional relationship be-
tween ecosystem service functions, the conditions for the
balanced development of the two are obtained. Viglizzo et al.
(2006) introduced the concept of critical thresholds to ana-
lyze the trade-offs between service values between different
ecosystem types in the Delta River Basin in southern Africa
(Viglizzo and Frank, 2006). Li et al. (2006) used threshold
analysis to analyze the trade-off relationship between the
service value of wetland and cultivated land ecosystems in
Sanjiang Plain, and sought the optimal combination to pro-
vide a theoretical basis for guiding wetland protection.

values

3.6 Scenario analysis

Scenario analysis reveals changes in ecosystem services un-
der different development goals and provides a theoretical
basis for policy decisions and regional ecosystem manage-
ment (Lautenbach et al., 2013; Seppelt et al., 2013; Yang et al.,
2018a). The key to this method is to define rational scenarios
to analyze dynamic changes between various ecosystem ser-
vices so as to seek the optimal combination of ecosystem
services (Pang et al., 2017). The scenarios on land use, eco-
system management, biodiversity and climate change were
defined and simulated to optimize land use patterns, strategies
for achieving the sustainability of ecosystems (He et al., 2017;
Sherrouse et al., 2017). But attention should paid to the ra-
tionality of the simulation scenario to improve the effective-
ness of management decisions.

3.7 Production possibility frontier curve

As a basic economic concept, production possibility frontier
curve (PPF) is an algorithm widely used to perform mathe-
matical optimization to analyze multi-objective decisions
(Kaim et al., 2018). PPF can reveal the maximum outputs of
combinations of two resources that simultaneously use the

same set of inputs, thereby quantitatively describing the
magnitude of the trade-off between the two outputs (Smith
et al., 2012). Spatial optimization was used to analyze al-
ternative restoration scenarios and examine trade-offs based
on PPFs for the relationships between selected restoration
objectives (Ager et al., 2017). The PPF has been used in
ecosystem service research to test trade-offs between eco-
system services to optimize trade-offs by using the slope
between points on the curve to optimize ecosystem service
function (Chen et al., 2018a; Chen et al., 2016; Law et al.,
2017).

A correct understanding of the relationships between
ecosystem services is a prerequisite for sustainable man-
agement of multiple ecosystem services and is conducive to
the improvement of human well-being. More and more
scholars have begun to study the trade-offs and synergies
between ecosystem services based on the assessment
method of continuous improvement of these services. Eco-
system service trade-off studies usually include spatial
mapping and statistical analysis, where statistical analysis
uses correlation analysis and local analysis (spatial autocor-
relation), as well as new statistical models such as root
mean square deviation. These methods are all studies on the
trade-off relationship and degree of ecosystem services, and
are also used to evaluate the increase and decline of the
static supply capacity of ecosystem services. Multi-objective
analysis, extreme analysis, scenario analysis and production
possibility boundary are based on the degree of ecosystem
dependence, and seek the optimal combination of ecosystem
services. This provides a basis for integrated management
and optimization of ecosystem services. Multi-objective
analysis considers optimization among multiple stakeholders,
extreme analysis, and production possibility boundary as
equalization of seeking ecosystem services. Scenario analy-
sis determines future ecosystem optimization and forecasts
future ecosystem service changes under current develop-
ment models.

4 Model developments in future

Each method solves one aspect of the problem and while
integrated methods answer most problems they require fur-
ther development (Uhde et al., 2015). Ecosystem services
are tightly linked with human well-being, which occurs as
trade-offs or synergies on the spatial scale from watershed
to region and nation, and the longer time scale from day to
annual to generation (Lee and Lautenbach, 2016). There are
lots of methods and models focusing on trade-offs and syn-
ergies (Gret-Regamey et al., 2017; Kaim et al., 2018; Li and
Lu, 2018; Turner et al.,, 2016; Uhde et al., 2015), as re-
viewed above, the development of ecosystem service mod-
els should consider the following: the flow of ecosystem
services themselves; spatial heterogeneity; and projection
prediction based on historic dynamic changes (Fig. 3).



230

Journal of Resources and Ecology Vol. 10 No. 2, 2019

Ecosystem services . plipEis
Service cluster « Supply and
Support Supply Impact analysis o Gl —
service service .2 s
Methods =8 * Trade-offs and S
Ecosystem *g o= synergies ]
processes 7n'g * Scale matching
g
o [
Regulating Cultural e o
service service Simulate  Predicte g _§ 2
85 =
S : &S g
Optimization regulation B =
Suonly_fl D d Human well-being 8 5
Direct drivers UpPly oW jeman AR
@ | Z
Goods <]
Natural drivers | Benefit 4
o0
Anthropogenic g
drivers & oo 8
Habitat conversion, SE Health 2
Climate change, b ecof:)mic =
Pollution ecosystem RE Securit
management y
Beneficiaries, species Critical flow
introductions s
ks

Changing over time

Baseline-Trends-Scenarios

Fig. 3 Future ecosystem service research

4.1 Ecosystem service flows

The analysis of ecosystem service flow was conceptualized
to analyze the spatial connections between ecosystem ser-
vice provisioning and benefits (Serna-Chavez et al., 2014;
Syrbe and Walz, 2012). The conceptualization and quantita-
tive framework were developed to recognize hot supply,
flow and demand spots of ecosystem services and maximize
ecosystem service benefits in service formation, transporta-
tion and consumption (Liu et al., 2016; Serna-Chavez et al.,
2014; Syrbe and Walz, 2012). More research, however, is
needed to develop ecosystem service flow networks, im-
prove service flow quantification and examine underlying
mechanisms in complex socio-ecological systems (Golden-
berg et al., 2017; Li et al., 2016; Pagella and Sinclair, 2014;
Schirpke et al., 2018; Serna-Chavez, et al., 2014; Syrbe and
Walz, 2012; Vrebos et al., 2015; Wei et al., 2017; Wolff et
al., 2015).

4.2 Ecosystem service mapping

Ecosystem service mapping is one spatial explicitly way to
improve decision-making and ecosystem management to
better integrate environmental issues (Le Clec'h et al.,
2018a). Though some ES indicators are directly mapped by
remote sensing, most need to be interpolated and extrapo-
lated and to consider the spatial scale of representation (Le
Clec'h, et al., 2018a; Le Clec’h et al., 2018b; Scholte et al.,
2018). Beyond visualizing methods, an important approach
for decision-making is mapping the spatial distribution of
ecosystem services and social benefits (Pueffel et al., 2018;
Raum, 2018; Reilly et al., 2018; Wei et al., 2017). Analysis

methods by ecosystem service mapping includes clarifying
hot and cold spots (Li et al., 2017), livelihood benefit maps
(Malmborg et al., 2018), environmental land use conflicts
and land management scenario mapping (Kim and Arnhold,
2018). However, it faces a great challenge to integrate eco-
system service mapping in ecosystem service modeling for
the complexities in ESs.

4.3 Dynamic changes and future projections

Land uses and ecosystem management have immediate im-
pacts on ecosystem service and climate change has a
lag-effect on ecosystem service (Kim et al., 2018). There-
fore, current and future projections on land use and ecosys-
tem management are essential elements for assessing eco-
system change (Bonan and Doney, 2018; Mina et al., 2017;
Schuerch et al., 2018). Presently, scenarios of land use have
been researched based on past land use changes to detect
effects from ecosystem restoration (Butler et al., 2013; He et
al., 2017; Thellmann et al., 2017; Wu et al., 2018). Projec-
tions of climate change is another hot field of research while
considering land use change (Bagdon et al., 2017; Chen et
al., 2018b; Fan et al., 2018; Mulwa et al., 2016). A critical
issue is to develop models that enable projections of the
development of different ecosystem services at a landscape
level as a function of forest management (Pang et al., 2017),
however, this must be based on the underlying mechanism
analysis of ecosystem services and controls from climate
change and human activities.

4.4 Ecosystem services and human well-being

Concern and consideration of ecosystem service are for
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human well-being ultimately. The latter is related to sociol-
ogy and economics, therefore, ecosystem services are a
problem in both ecology and economics. Ecosystem service
studies in ecology seek the physical mechanisms of ecosys-
tem processes and responses to environmental factors.
When considering the influence of human activities, land
cover and land use changes are quantified, but the influence
of ecosystem utility and management less so. This omission
makes analyses less accurate and prevents us from deter-
mining an optimized solution. A modular integrated model
system should be developed by including multiple ecosys-
tem services as a first step and coupling the natural process
of ecosystems with the process of social-economics to di-
agnose and predict future ecosystems under global climate
change.
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