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Abstract

Context The concept of ecosystem services (ES) has

become mainstreamed in environmental planning and

management recently, and with that various tools for

quantifying ecosystem services have emerged. How-

ever, designing the tools for integrated assessment and

optimization of multiple ES has become a challenging

task.

Objectives In order to promote the efficiency of

ecosystem planning and management, we develop a

spatial decision support tool named SAORES, which

provides a platform for exploratory scenario analysis

and optimal planning design, rather than ES assessment.

Method SAORES is formed with four modules: the

scenario development module, the integrated ecosys-

tem service model base, the ecosystem service trade-

off analysis module, and the multi-objective spatial

optimization module based on NSGA-II. Using SA-

ORES, we make a case study on the Yangou

catchment of the Loess Plateau, China. Based on

impact assessment of the Grain to green program

(GTGP), we optimize the farmland retiring planning,

involving multiple objectives which include the eco-

compensation and the key ES.

Results The integrated assessment shows that, the

aim of the GTGP, the water and soil retention are

prominent improved. Optimization for GTGP pro-

vides a series of optimal solutions, which are better

than other single optimized solutions, and are twice

the cost-effectiveness of the actual situation.

Conclusions SAORES, as a decision support tool,

can improve the scenario analysis and multi-objective

optimal planning design for ecosystem management

and planning. The case study demonstrates the

potential and effectiveness of SAORES and spatial

multi-objective optimization model for ecosystem

service management, especially in the Loess Plateau.

Keywords Ecosystem services � Ecosystem service

assessment � Decision support tool � Ecosystem

management � Multi-objective optimization � Spatial

optimization

Introduction

Studies on ecosystem services (ES) indicating the

benefits people obtain from nature have increased

dramatically since the late 1990s (Daily 1997; Cos-

tanza et al. 1997; MA 2005; Daily et al. 2010; Groot

et al. 2010). It is acknowledged that the conceptual

framework of ecosystem services could be applied to

ecosystem management to improve the decision

making for land use planning (Daily et al. 2009;
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Wainger et al. 2011). The ecosystem service has been

mainstreamed into environmental planning and man-

agement (Groot et al. 2010; Daily et al. 2010).

With the rapidly growing of theoretical research on

ecosystem services and applications, all sorts of tools

have emerged, including InVEST (Tallis et al. 2013),

ARIES (Bagstad et al. 2011), MIMES (Boumans and

Costanza 2007), EcoAIM (Waage et al. 2011), LUCI

(formerly Polyscape, Jackson et al. 2013), EcoMetrix

(Parametrix 2010), ESR (World Resources Institute

(WRI) 2012), Envision (Guzy et al. 2008) and EcoServ

(Feng et al. 2011), which mainly focus on the quanti-

fication and valuation of ES (Bagstad et al. 2013). ES

studies should encompass all of the components

including ecological structures and processes, ecosys-

tem services, land-use decisions, and the dynamic

feedback between them as shown in Fig. 1 (Liu et al.

2010). The general spatial explicitly ES assessment

tools have built the relationship between landscape

structure and ecosystem services. Assessment is impor-

tant, but not enough for landscape planning. There are

some key deficits causing insufficient use of ES concept

in ecosystem management, including lack of (1)

integrated modeling, (2)feedbacks and trade-offs, (3)

combining scenario analysis with explorative model-

ling (Volk 2013). Seppelt et al. (2013) confirm that there

is an urgent need for improved methods to combine

trade-off analysis and optimization with scenario ana-

lysis, for explorative modeling to obtain more efficient

solution. Accordingly, the tool should make the plan-

ning design alternatives accessible for decision making

and evaluate the response of these alternatives by

the relative assessment models. Furthermore, it should

provide trade-off and multi-objective optimization

methods for creating and selecting optimal solutions.

This is absolutely essential and challenging in ecosys-

tem planning and management (Groot et al. 2010).

Scenario analysis provides the information on the

dependency of selected factors or services and their

mix. However, the possible trade-off relationship

between ecosystem services makes it difficult to

design optimal options. A functional understanding

of feedbacks between landscape and management is

required, which can be achieved by linking models

with multi-objective optimization algorithms, which

combine the assessment of ecosystem functions and

search through the space of possible, spatially explicit,

management options (Seppelt et al. 2013). NatureServe

Vista (NatureServ 2013) is a landscape-level assess-

ment and planning tool for conservation planning. But

for ecosystem management, especially landscape

management and planning, this kind of tool is still

scarce.

Multi-objective optimization is defined by Osyczka

(1985) as a problem of searching for a vector of decision

variables that satisfy the restrictions and optimize the

objective functions; that is, to find the solutions that

express optimal trade-offs between the multiple conflict-

ing objectives. This approach has been used for decades

and has been introduced into solving spatial problems in

recent years (Ducheyne et al. 2006; Roberts et al. 2011;

Cao et al. 2011; Fotakis et al. 2012; Jankowski et al.

2014). The multi-objective spatial optimization methods

are well-suited to explore the trade-off and synergy

relationships between ecosystem services (Groot and

Rossing 2011). By adopting multi-objective optimization

methods, stakeholders can compare the outcomes, evolve

new scenarios adaptively and prioritize the solutions that

maximize ecosystem services. This might be a feasible

solution for promoting the efficiency of ecosystem

management. To meet the requirements of ecosystem

management, we have designed and developed an

integrative assessment and optimization tool for ES-

oriented ecosystem management.

In this paper, we present SAORES: spatial assess-

ment and optimization tool for regional ecosystem

services, a novel decision support tool for spatially

explicit regional ecosystem management and plan-

ning. It focuses on integrative assessment and optimi-

zation of ecosystem services, especially for the

ecological restoration and management of the Chinese

Loess Plateau.

Fig. 1 A framework for integrated assessment and optimiza-

tion of ecosystem services into land use management (adapted

from Liu et al. 2010)
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The outline of the remainder of the paper is as

follows: ‘‘Framework of SAORES’’ section presents

the framework of SAORES with a detailed description

of each module, and the methodology of the multi-

objective optimization was used in the optimization

module. This is followed by a case study on the

Yangou catchment of the Loess Plateau, aiming at the

optimization of the largest ecological restoration

project in China, which is illustrated in ‘‘Case study:

assessment and optimization of ES in the Yangou

catchment of the Chinese Loess Plateau’’ section.

Finally, we present the discussion and future research

directions.

Framework of SAORES

The creation of SAORES was driven by the needs of

current ecosystem management research under the

framework of ecosystem services. In service-based

ecosystem management research, the general

approach includes stages such as service identifica-

tion, scenario development, ecosystem services

assessment, integrated assessment and synthesis ana-

lysis (analysis and reporting of comprehensive sce-

nario impacts on ES and trade-offs between ES), and

ecosystem service-oriented management optimiza-

tion. Aiming at the tool requirements in each phase

mentioned above, and taking into account service-

oriented optimization for ecosystem management as

the ultimate goal, the SAORES provides not only the

model base for quantifying multiple ES, but also

includes the functions of scenario design, trade-off

analysis and multi-objective spatial optimization.

SAORES is formed with four modules: the scenario

development module, the integrated ecosystem ser-

vice model base, the ES trade-off analysis module, and

the multi-objective optimization module. It is devel-

oped using C# language, based on a well-known GIS

developer kit, ArcGIS Engine (www.esri.com/

software/arcgis/arcgisengine). The framework of SA-

ORES is outlined in Fig. 2. A brief introduction about

function for module is as follows:

The scenario development module is used to construct

the spatially explicit scenarios, according to the

customized rules, by imitating the various design

modes of land use or ecosystem management policy

and spatializing the corresponding planning allocation.

The ecosystem service model base provides an assess-

ment of key ecosystem services for our study area at

present, with integration of the multiple spatially

explicit models, under the scenarios constructed by the

scenario development module or the status quo.

The trade-off analysis module, based on the quan-

tification of ES and the results of different scenarios,

performs the trade-off analysis between and among

multiple ecosystem services, explores the spatial

interaction of ES between and among neighboring

regions, and compares the benefit efficiencies of

different management policies.

The multi-objective optimization module, as the core

moduleofSAORES,providesamulti-objectivemethod

to support the spatial optimization of decision making

on regional ecosystem planning and management.

Below, we will give a detailed description for each

module of SAORES.

Scenario development module

This module’s purpose is to construct the scenarios

driven by various environment management policies

(especially concerning land use change and manage-

ment), human activity, climate change, and to simulate

the landscape pattern and dynamics. To simulate the

policies of ecosystem management with different

allocation strategies, it supports the scenario construc-

tion approaches, including threshold-zoning, site-

specific change identification, auto-allocation of land

use, landscape dynamic-modeling and benefit-pursu-

ing. Benefit-pursuing is a way of decision making

based on the assessment results of ecosystem services

and is different from ways based on some environ-

mental factor indices. It is a results-oriented approach.

According to the design modes of environment

management policy, the scenarios development mod-

ule supports:

(1) Scenario by assumption (planning)

(1:1) Site-specific: by clicking on map using

a mouse or inputting the coordinates of

extent using a keyboard, user can sketch

a specific region and change its attri-

butes of land use or land management.

(1:2) Threshold zoning: setting the thresholds

of the key factors as zoning rules to

change land use/management.
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(2) Scenario by dynamic modeling: using land use

change models or landscape dynamic models.

At present, we only integrate CLUE-S (Verburg

et al. 2002) to simulate land use dynamic. Given

the land use structure or historical land use

maps, the system will simulate the possible

future land use allocation automatically.

(3) Benefit-pursuing:

(3:1) services-based zoning: selects the hot-

spots on the ecosystem service assess-

ment maps.

(3:2) benefit criteria pursuing: defining the

criteria or objectives of ecosystem ser-

vice benefits, the system will design the

optimized program using the single or

multiple objective optimization method.

(3:3) cost-benefit criterion pursuing: defines

the ratio criterion of ecosystem services

benefit and the corresponding cost.

(3.1) is also a site-specific method, similar to (1.1), but

based on the knowledge of the spatial patterns of

ecosystem services. Moreover, (3.2) is different from

(1.2) in that the former designs the thresholds accord-

ing to the ecosystem services and the latter according

to the environmental factors.

Integrated ecosystem service model base

The integrated ecosystem service model base provides

the multiple ES assessment modeling environment

with loose coupling. Herein, we select the prevalent

models to assess the key ecosystem services for our

study area, including water yield, soil retention,

carbon storage, grain production. More models will

be integrated into SAORES continually. This model

base also provides various visualization modes, such

as multi-window mapping/plotting, and a dynamic

link between data and maps or plots, so as to allow for

convenient exploration of the assessment results.

The water yield model is based on the Budyko

curve and annual average precipitation (Budyko

1974), referring to the InVEST User’s Guide (Tallis

et al. 2013). The soil retention model refers the paper

of Fu et al. (2011). The grain production is equal to the

potential climate productivity (by Thornthwaite

memorial model, Lieth and Box 1972) multiply a

farmland natural quality grade index, which is deter-

mined by the factors such as soil quality, terrain,

irrigation and drainage, according to The regulations

of farmland grading (The Ministry of Land and

Resources, PRC, 2003).

ES trade-off analysis module

The trade-off analysis module is a visualization and

exploration tool to explicate the tradeoff relationship

or interaction between multiple ecosystem services,

based on the assessment of ESs. Through zoning

statistics or sampling on the assessment maps of the

multiple ES, we can prepare the data for further

analysis. The tradeoff analysis can be made between

the different sites on the same scenario, or between the

Fig. 2 The framework of

SAORES
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different scenarios, especially driven by land use

change. It displays the growth and decline of multiple

ES using a flower diagram (Raudsepp-Hearne et al.

2010), shows the relationship between ES with the

General QQ Plot (Johnston et al. 2001) or correspon-

dence analysis (Zheng et al. 2014); explores the spatial

association with the cross covariance cloud (Johnston

et al. 2001); and identifies the interaction type by

trade-off curve (Lester et al. 2013). These kinds of

plots can assist users in identifying the trade-off

relationship between multiple services.

Multi-objective optimization module

The multi-objective optimization module couples the

ecosystem services assessment models and our mod-

ified multi-objective spatial optimization algorithm

based on NSGA-II (the fast non-dominated sorting

genetic algorithm-II, Deb 2001).

The NSGA-II is a widely used multi-objective

optimization method (Cao et al. 2011), using an effective

and fast-convergence elitist algorithm to search the final

Pareto front, by applying a non-dominated ranking and

crowding distance sorting method. Pareto front, or

Optimality for multiple objectives, is a set of non-

dominated trade-off solutions which are better than all

other solutions in at least one objective (Pareto 1896).

The NSGA-II is widely applied in optimization of land

use planning (Datta et al. 2007; Cao et al. 2011), forest

planning (Fotakis et al. 2012), or spatial allocation of

natural resources (Jankowski et al. 2014).

To achieve optimal spatial explicitly solutions

under the framework of ecosystem service using

NSGA-II, there are two key problems: algorithm

spatialization and objective modeling. Objective

modeling means to integrate the multiple ES assess-

ment models to value the objectives. Most of the land

use optimization researches use raster data as input

(Stewart et al. 2004), for it is easier to formulate a

spatial planning problem in mathematical terms. A

chromosome, which means a scenario or solution, is

represented a two-dimensional grid of genes, encoded

with the land use type. The details about how to extend

NSGA-II to multi-objective land use optimization can

refer to the paper of Datta et al. (2007) and Cao et al.

(2011).

Under grid-based ecological model-driven archi-

tecture, an improved NSGA-II was adopted to opti-

mize the land use pattern for the multiple ecosystem

services or other objectives and, subsequently, to

realize the adaptive ecosystem management.

The flow chart of our NSGA-II algorithm for land

use optimization is shown in Fig. 3. We can import the

scenarios designed by scenario development module

as initial parent population, and then value the

objectives using related models. Through the opera-

tors such as sort, selection, crossover and mutation, the

parent population will reproduce the next generation

offspring population, and obtain the new parents. The

execution will stop while the algorithm becomes

convergence or reach the max generation.

In this section, we will introduce how to use this

module to obtain the optimal solutions, i.e. Perato

front, or the efficiency frontier, as Polasky

et al. (2008) described. For users, there are four steps

to complete an optimization:

(1) Prepare data: construct the initial scenarios

using the scenario development module or other

tools, and encode the scenarios;

(2) Define objectives and constraints;

(3) Select the models which quantify these objec-

tives or constraints, set the parameters and

import the data for these models;

Fig. 3 Flow chart of NSGA-II for land use planning. Gen is the

generation number. In P(t)N, P is the parent population, t is the

generation number, N is the size of population; Q(t ? 1) is the

new offspring population created from P(t) by selection,

crossover and mutation operations; R(t) is the combination of

P(t) and Q(t ? 1), with size of 2 N
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(4) Wait for the running of the optimization algo-

rithm and outputting the results.

Case study: assessment and optimization of ES

in the Yangou catchment of the Chinese Loess

Plateau

Study area

The Yangou catchment is located in the middle of the

Loess Plateau in Shaanxi Province, China, which is a sub-

watershed in Yanhe basin (Fig. 4). The climate is semi-

arid, with an average annual precipitation of 530 mm.

Aridity, rainstorms, hilly terrain, arenaceous soil, and

poor vegetation cover make the Yangou catchment prone

to serious water loss and soil erosion problems, especially

after the wide-ranging sloping cropland development

recently decades. To solve these problems, the Chinese

government implemented a series of policies toward

ecological restoration, among which the Grain to Green

Program (GTGP), in force since 1999, is the largest

farmland retirement program with public payment (Lü

et al. 2012), in terms of area withdrawn from farming.

The long-term effect of the GTGP has always been paid

high attention. Since 2013, the Yan’an city (where just

the Yangou catchment is located in) plans to start up the

second phase of farmland retirement project.

With the implementation of the Grain to green program

(GTGP), land use has been changed drastically in this area,

especially since 2000. Land use maps for 1980, 2000, and

2008 show the land conditions at different stages of the

GTGP (Fig. 5). The proportion of farmland retired from

2000 to 2008 is 31.4 %, much more than only 5 % from

1980 to 2000. Among the retired farmland, 0.5 % converts

to woodland, 3.6 % to shrub, while 95.9 % to grassland.

In the Yangou catchment, water retention, soil

retention and grain production are the most important

ecosystem services. We used our developed tool,

SAORES, to assess these ecosystem services and

optimize the planning of farmland retirement.

Application of SAORES and results

Materials

Land-use maps and 1:100,000 scale soil maps of

Yangou and, were provided by the Institute of Soil and

Water Conservation, Chinese Academy of Sciences.

DEM data were obtained from the National Funda-

mental Geographic Information System at a resolution

of 25 m. Climate data (1 km resolution) were down-

loaded from the thematic database for human-earth

system (www.data.ac.cn).

Assessment of ecosystem services

With SAORES, the assessment of grain production,

soil retention and water yield services for 1980, 2000

and 2008 is presented as Fig. 6. The results indicate

that, from 2000 to 2008, the 31.4 % of farmland retired

brings the 12.4 % decrease for water yield and 9.1 %

increase for soil retention services, at the cost of the

26.4 % grain production loss (2342t per year). The

GTGP eco-compensation fund paying to local farmers

is equal to 1,205 tons of grain per year for the 803 ha

retired farmland in this region. This shows that the

land use change, especially farmland retirement, has

resulted in the reduction of soil erosion and water loss.

The standard of eco-compensation, 1,500 kg ha-1, is

more than the net income (about 1,000 kg ha-1 not

considering labor cost) from the retired poor farmland,

for which productivity is only about 3,400 kg ha-1.

Spatial multi-objective optimization planning

for GTGP

In order to promote the efficiency of the GPGT policy

and pursue the maximization of these important

ecosystem services, we design the spatial optimization

planning for retired farmland. The study area is

divided into a regular two-dimensional grid at a

resolution of 25 m. Each grid represents one unit of a

landscape as a gene in the optimization algorithm,

coded according to the land-use type. In order to

eliminate the impact of climate change on these

objectives, we used the climate data of the year 1998 (a

year with common climatic condition in this region) in

the model calculation for all the scenarios. With the

application of SAORES, we optimized the allocation

of retired farmland in this region with 70,871 planning

units, based on an assessment and trade-off analysis of

these three kinds of ecosystem services:

First, the initial populations (solutions) for NSGA

algorithm were created. The size of populations we

adopted is 20, to assure the diversity of populations,

the balance of the high computational demand of

552 Landscape Ecol (2015) 30:547–560

123

http://www.data.ac.cn


Fig. 4 Location of the

study area

Fig. 5 Land use maps of the Yangou catchment at the earlier (1980), early (2000) and late stages (2008) of GTGP
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assessment models, and the quality of the trade-off

solutions. The diversity of the initial population is

important to insure the optimization process is stable

and unbiased. In this paper, we create the initial

population by service-threshold zoning based on the

assessment of ecosystem services, as well as the

historical and existing land use status, or the rule-

based zoning with relevant factors. The 20 initial

populations designed came from these three modes of

scenarios building, as follows:

(I) Historical status quo: (1) 1980s land use

map; (2) 2000s land use map; (3) 2008s land

use map;

(II) Factor threshold (threshold determination

based on the value of the important factors

which impact the related ecosystem ser-

vices): (4) retiring the farmland with slopes

above 10 � to grassland; (5) retiring the

farmland with slopes above 15 � to grassland;

(6) or woodland; (7) or shrub; (8) retiring the

farmland with slopes above 25 � to grassland;

(9) or woodland; (10) or shrub;

(III) Service threshold (threshold determination

based on the value of the related ecosystem

services): (11) retiring the farmland with grain

production per ha under 3,750 kg; (12) or

4,200 kg; (13) or 4,500 kg; (14) or 5,250 kg;

(15) or 6,000 kg; (16) retiring the top 25 %; or

(17) 50 % farmland on soil erosion severity;

(18) retiring the bottom 25 %; or (19) 50 %

farmland on soil retention; (20) retiring the top

25 % farmland on water yield.

These 20 initial scenarios are built (Fig. 7) using the

scenario development module of SAORES, based on

the assessment of the multiple ecosystem services by

the ‘‘Integrated ecosystem service model base’’

module..

Second, we defined the objectives and constraints

according to the goal of the GPGT project and the

characteristics of the Yangou catchment. At first, four

optimization objectives we identified were to maxi-

mize soil retention services and grain production

services, and minimize water yield services and

eco-compensation for retired farmland. Moreover,

we assumed that the food production should be self-

sufficient, or the income from crop farming could

provide the basic living security for the agricultural

populations and make it as a constraint of the

optimization. This multi-objective optimization prob-

lem, which involves four ecosystem service objec-

tives, is formulated as follows:

Maximize ðSretention;GPÞ
Minimize ðYtotal;CecocompÞ
Subject to GP [ Ppop � 400 kg

ð1Þ

where Ytotal represents the total water yield for whole

region, Sretention represents the total soil retention, GP

represents the total grain production, Cecocomp is the

total eco-compensation, and Ppop is the local population.

Next, we selected the models, that is, the objective

functions, for the above three ecosystem services and

the eco-compensation.

After that the modified NSGA-II model was

executed for no more than 1,000 generations to

optimize the above objectives subject to the constraint.

Finally, the results of optimization were analyzed.

Figure 8 maps one of the optimized solutions. From it

we can see that the optimized solution is much more

fragmentized than historical land use maps, to utilize

the spatial heterogeneity of ecosystem services fully.

Figure 9 shows the objectives assessment results of

the 20 initial scenarios and the 20 optimized solutions

which are on the Pareto front.

From Fig. 9, we can see the trade-off relationship

between the four objectives. The grain yield shows a

synergy with water yield service and a trade-off with

soil retention. It is obvious that the distribution of

initial scenarios is dispersive. We are careful to ensure

the diversity of the initial solutions, e.g., emphasis on

the soil retention, or grain production, or from the

slope factor, and so on. Although slope is the most

important factor for all of the three ecosystem service

objectives in this region, the relationship between

them is nonlinear. Solutions with different designs of

spatial allocation bring very different results, even

with similar retired areas. This kind of complicated

interaction between the objectives is the basis of the

existence of the multi-objective optimization. By

trading off the effectiveness of multiple objectives

grid by grid with the whole benefit between different

b Fig. 6 Assessment of ecosystem services (the top, middle and

bottom are respectively for grain production, soil retention and

water yield)
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solutions, searching for Pareto-optimal solutions in

spatial optimization is to make it efficient.

Through the step-by-step iterations, the generation

approaches the overall optimization for all four

objectives, ultimately reaching a convergence. For

the solutions with the same retirement area or grain

loss, optimized solutions have better water/soil reten-

tion effects than most initial ones. For example,

solution ‘‘107’’ with the similar retirement area (i.e.,

the same eco-compensation) of solution ‘‘3’’ which is

the actually scenario of year 2008 (referring the

bottom plots of Fig. 9), brings the decrease of 24 %

for water yield and the increase of 17.7 % for soil

retention, which about doubles that of 2008. Solution

‘‘116’’ with similar water yield and soil retention as

solution ‘‘3’’, provides an increase of 14.9 % for grain

yield and a decrease of 47.4 % for the retiring area and

ecological compensation compared to 2008 (solution

‘‘3’’). An interesting phenomenon is that the solution

‘‘2’’, ‘‘6’’ are just at the two ends of the Pareto front

Fig. 7 Initial scenarios for GTGP. The sequence number for each scenario is in accordance with the number in the context about the 20

initial scenarios building
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line. Assuming this isn’t caused by the limitation of

the optimization algorithm, perhaps we could draw the

conclusion that, land use change without policy

interrupt may be led to an optimal scheme by long-

term natural selection. Solution ‘‘6’’, retiring the

farmland with slopes above 15 � to wood land, is a

nice solution balancing these four objectives, which is

just the solution of second-phase farmland retirement

project of Yan’an. These conclusions are true or false,

needing further study and demonstration. Further-

more,it is notable that most of the initial solutions,

besides the solution ‘‘9’’, ‘‘2’’ and ‘‘6’’, are behaves

well on water yield objective (at the upper of the

Pareto front), while their soil retention objective value

are obviously lower than the Pareto front. Solution

‘‘9’’ is quite different with them. This means that

retiring the farmland with a slope above 25 � to

woodland is an optimal solution while the decision

makers take the soil retention as the most important

service.

Discussion and future work

With the rapid growth for ES studies, ecosystem

service has become mainstreamed in ecosystem

management. In order to make full use of ES concept

and promote the efficiency of environmental manage-

ment, we develop a new tool, SAORES, which

provides an exploratory spatial decision support

environment for ecosystem management and plan-

ning, supporting for scenario building, trade-off

analysis, and multi-objective optimal planning design,

rather than ES assessment.

SAORES is developed especially for our study in

the Loess Plateau, China, where the largest ecological

restoration project GTGP had carried out about

15 years ago. In addition to the assessment of

ecosystem services, the characteristic of this tool is

that it can assist to build the scenarios by the general

modes of planning design, make trade-off analysis

based on assessment. Furthermore, it can optimize

ecosystem management by providing a set of Pareto-

optimal solutions using a modified spatially explicit

multi-objective optimization algorithm, NSGA-II. In

this paper, we display how the SAORES works on the

Yangou catchment case study. With SAORES, users

can study what changes happened on the key ecosys-

tem services in this area, the trade-off relationship

between them, the efficiency of the project. Further-

more, they can design various scenarios for single

objective optimal or key factor rule-based, make

scenario analysis and obtain the multi-objective opti-

mal solutions for GPGT planning.

Analysis based on assessment shows that, the aim

of the GTGP, the water and soil retention are

prominent improved. The compensation for local

farmers is much higher than the net income obtained

from farming on the retired farmland with low grain

productivity. This makes it easy for local farmers to

accept the GTGP. At the same time, this increases the

burden of government. Integrated assessment under

the framework of ES provides a way to balance the

relationship between economic developments, eco-

logical restoration and government invest.

Optimization planning for GTGP in the case study

demonstrates the potential and effectiveness of the

spatial multi-objective optimization module of SA-

ORES. The optimized solutions improve the efficient

comparing the 20 initial scenarios, including historical

status quo and simple designed solutions. For exam-

ple, comparing the optimized solution and the actual

situation, which with the same management cost, just

by optimizing the spatial allocation of policy imple-

mentation, the ecosystem services can be clearly

Fig. 8 Land use map for one of the optimized solutions
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enhanced. This indicates that the spatiality is indis-

pensable in the ecosystem management. Therefore,

considering spatial characteristic is important in

ecosystem management planning (Polasky et al.

2008).

Moreover, our multi-objective optimization model

involves economic costs of management activities as

one objective, in addition to the objectives for

provision of the ecosystem services. This is good for

trading-off the economic pay and ecosystem services

return, and optimizing the cost-effectiveness. Thus,

SAORES can improve the efficiency and effectiveness

of ecosystem management under the complicated

conditions of interacting spatial-dependent objectives.

Fig. 9 The multi-objective assessment for the initial and

optimized solutions. The blue dots are initial solutions, and

the green ones are optimized ones. The dots labeled with 1–20

correspond to the serial numbers for the initial scenarios listed

above, as well as the ones with 101–120, meaning the optimized

solutions. The eco-compensation is represented by the area of

the retired farmland
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On the other hand, the optimization results offer not

only one optimal solution, but a series of optimal

solutions with a symmetrical distribution on the Pareto

front curve. Therefore, the users or policy-makers can

select their solution from the list of Pareto-optimal

solutions, according to the manager’s preference: the

funds available, the goal for some kind of ecosystem

service, the highest cost-effect ratio, or a combination

of all.

SAORES can be provided to the officials or

researchers on ecosystem management in the Loess

Plateau, to support spatial planning decision-making

and policy design, aiming at an optimization of the

integrated objectives for multiple ecosystem services

and cost-effectiveness.

SAORES is still a developing tool. In order to

enhance the extent and capabilities of SAORES, future

work will include more models for other ecosystem

services and add a new trade-off analysis function.

Furthermore, to promote the landscape management-

oriented optimization, we can consider the spatial

cluster effect and involve the cost-benefit efficiency as

a criterion in the optimization algorithms, and add the

analysis plots in varied forms on optimization results.

The other multi-objective optimization algorithms

will be used to compare the performance of different

methods.

With the development of ecosystem services and

management, it is beyond doubt that ecosystem

services will be embedded further into ecosystem

management planning, and the spatial multi-objective

optimization can be a bridge between them to solve

this complex system management problem.
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