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Abstract 
 
Despite the attention that research on ecosystem services has attracted in recent years, its use to 
support real-life decision-making processes is still very limited, especially at the planning level. 
Land use and spatial planning result in actions that may affect the distribution and quality of a 
wide range of ecosystem services. Hence, decisions in this sector would benefit from systematic 
considerations of their effects on ecosystem services. This working paper is structured in two 
parts. Part I aims at providing insights on why it is important to promote ecosystem service-
inclusive land use planning processes, and on how to do it by taking advantages of existing 
procedures, such as Strategic Environmental Assessment (SEA). Possible actions to include 
relevant information in the various planning and SEA stages are presented. The advantages are 
then discussed by considering both the characteristics of ecosystem services approaches and the 
criteria of good-quality planning and SEA. Finally, four main challenges are identified, 
concerning scoping, scale issues, trade-offs and indicators, respectively. To provide a 
contribution to meeting these challenges, Part II presents an empirical application in land use 
planning. Specifically, the study aims at exploring how the implementation of different land use 
zoning policies can affect the future provision of a set of ecosystem services (water purification, 
soil conservation, habitat for species, carbon sequestration and timber production). Firstly, land 
use scenarios associated to different policies were constructed. Subsequently, the effects of the 
land use scenarios on the provision of the selected ecosystem services were assessed in a spatially 
explicit way, by using state-of-the-art modeling tools. Finally, a set of metrics was developed to 
compare scenarios and assess trade-offs.  The results illustrate the importance of taking into 
account the spatial arrangement of land uses produced by different policies. The paper concludes 
by discussing the potential contribution of the approach to support spatial planning.   
 
 
Keywords: spatial planning, ecosystem services, trade-offs, land use change, scenario analysis, 
strategic environmental assessment 
 
JEL subject codes: Q01, Q56, Q57, Q24 



Citation, Context, and Program Acknowledgements 

 
This paper may be cited as:  

Geneletti, Davide. “Integrating Ecosystem Services in Land Use Planning: Concepts and 
Applications.” CID Research Fellow and Graduate Student Working Paper No. 54. 
Center for International Development at Harvard University, January 2012. 

It is available at http://www.hks.harvard.edu/centers/cid/publications/research-fellow-graduate-
student-working-papers/cid-research-fellow-and-graduate-student-working-paper-no.-54. 
Professor William Clark has approved this paper for inclusion in the working paper series. 
Comments are welcome and may be directed to the author, davide.geneletti@ing.unitn.it. 
 
Davide Geneletti wrote this paper while a Giorgio Ruffolo Research Fellow in the Sustainability 
Science Program at Harvard University's Center for International Development. He was on leave 
from the Faculty of Engineering of the University of Trento, where he is a researcher and lecturer. 
His main fields of expertise are environmental assessment, land use planning, biodiversity 
conservation and spatial decision analysis. He has contributed to research, cooperation and 
capacity-building projects in Europe, Latin America, Southern Asia and sub-Saharan Africa. He 
serves on the editorial board of four scientific journals in the area of environmental assessment 
and planning. He received his degrees from the University of Milano (MSc in Environmental 
Sciences) and the Free University of Amsterdam (PhD).  
 
The Sustainability Science Program at Harvard’s Center for International Development harnesses 
the University’s strengths to promote the design of institutions, policies, and practices that 
support sustainable development. The Program addresses the challenge of sustainable 
development by: advancing scientific understanding of human-environment systems; improving 
linkages between research and policy communities; and building capacity for linking knowledge 
with action to promote sustainability. The Program supports major initiatives in policy-relevant 
research, faculty research, training of students and fellows, teaching, and outreach. See 
http://www.hks.harvard.edu/centers/cid/programs/sustsci. 

http://www.hks.harvard.edu/centers/cid/publications/research-fellow-graduate-student-working-papers/cid-research-fellow-and-graduate-student-working-paper-no.-54�
http://www.hks.harvard.edu/centers/cid/publications/research-fellow-graduate-student-working-papers/cid-research-fellow-and-graduate-student-working-paper-no.-54�
mailto:davide.geneletti@ing.unitn.it�
http://www.hks.harvard.edu/centers/cid/programs/sustsci�


Author Acknowledgements 

William C. Clark (Harvard University) contributed to the design of the methodology presented in 
Part II. Matteo Gavagnin helped in running the InVEST models. Fernando Peña (Laboratorio de 
Planificación Territorial, Universidad Católica de Temuco) provided most of the GIS baseline 
data, as well as valuable insights on the study region. Finally, Cristian Bonacic and Nicolás 
Gálvez (Fauna Australis Wildlife Laboratory, Pontifícia Universidad Católica de Chile) kindly 
made available the wildlife data.  
 
This work was conducted while the author was a Giorgio Ruffolo Fellow in the Sustainability 
Science Program at Harvard University's Center for International Development. Support of CID 
and the Italian Ministry for the Environment, Land and Sea is gratefully acknowledged. 
 
The views expressed in this paper are those of the author and do not necessarily reflect those of 
the Sustainability Science Program, of the Center for International Development, or of Harvard 
University. The CID Research Fellow and Graduate Student Working Papers have not undergone 
formal review and approval. Such papers are included in this series to elicit feedback and to 
encourage debate on important public policy challenges. Copyright belongs to the author. Papers 
may be downloaded for personal use only. 
 



Table of Contents 

Part I: Concepts ................................................................................................................................................ 1 

Integrating information about ecosystem services in strategic environmental assessment of spatial plans .... 1 

1. Introduction ............................................................................................................................................... 1 

2. Key SEA stages and relevant ecosystem service information .................................................................... 2 

3. Advantages of ecosystem service-inclusive SEA ........................................................................................ 4 

4. Overview of the main challenges ............................................................................................................... 5 

5. Conclusions ................................................................................................................................................ 6 

Part II: Applications.......................................................................................................................................... 8 

Modeling the effect of spatial planning policies on future ecosystem services in The Araucania, Chile ........... 8 

1. Introduction ............................................................................................................................................... 8 

2. Study area, selected ecosystem services and zoning policies .................................................................... 9 

3. Methods ................................................................................................................................................... 11 
3.1 Development of land use scenarios ....................................................................................................... 11 
3.2 Ecosystem service modeling .................................................................................................................. 13 
3.3 Metrics for policies comparison ............................................................................................................. 14 

4. Results...................................................................................................................................................... 14 

5. Discussion and conclusions ...................................................................................................................... 19 
References ................................................................................................................................................... 22 



1 
 

Part I: Concepts 

Integrating information about ecosystem services in strategic 
environmental assessment of spatial plans 

1. Introduction 

Research on ecosystem services has attracted a lot of attention in recent years and has become one of 
the most significant and fastest evolving areas in environmental sciences and ecological economics. It 
has been defined as a “cornerstone of sustainability science” for its focus on the interaction between 
nature and society (Clark and Dickson, 2003). The publication of the Millennium Ecosystem 
Assessment (MA, 2005) fuelled a number of studies aimed at analyzing and quantifying the 
importance of ecosystems for human well-being with a view toward supporting better decisions 
regarding the sustainable use of Earth’s resources. Recent research has revealed the possibilities for 
measuring and projecting the effects of policy choices on the structure and processes of ecosystems 
and the services they provide (Carpenter et al., 2009; Tallis and Polasky, 2009). However, despite this 
increasing body of literature, the use of ecosystem service concepts to support real-life decision 
making processes is still limited. As Daily et al. (2009) put it: “The Millennium Ecosystem 
Assessment advanced a powerful vision for the future, and now it is time to deliver”.  

The narrow use of ecosystem services information affects especially the planning level of decision 
making, whereas more applications are found at the policy level (e.g., payment for ecosystem services 
policies, see Jack et al., 2008 for a review). In particular, spatial planning decisions would benefit 
from systematic considerations of their effects on ecosystem services. Spatial planning aims at 
“creating a more rational territorial organization of land uses and the linkages between them, to 
balance demands for development with the need to protect the environment and to achieve social and 
economic development objectives” (EC, 1997). Key issues in spatial planning concern land and 
resource use, the physical organization of space and the integration of sectoral strategies (agriculture, 
nature protection, transportation, tourism development, etc.). Spatial planning eventually results in 
actions that may affect the distribution, quality and use of a wide range of ecosystem services, and that 
are instrumental to their conservation and enhancement (TEEB, 2010, p.106). Hence, it is crucial to 
use information on ecosystem services to support planning processes.  

The internalization of ecosystem service concerns into spatial planning should take advantage of 
existing procedures to support plan making. Strategic Environmental Assessment (SEA) is 
particularly suited to this purpose. SEA refers to a “range of analytical and participatory approaches 
that aim to integrate environmental considerations into policies, plans and programmes and evaluate 
the interlinkages with economic and social considerations” (OECD, 2006). One of the key SEA tasks 
consists in supporting the development of policies, plans and programmes by assessing the 
environmental impacts that are likely to results from their execution. A recent review of influential 
cases highlighted the topicality of ecosystem service-inclusive SEA, but also the fact that no 
methodological reference exists in the literature (Slootweg and van Beukering, 2008).  

This paper aims at providing insights on why it is important to promote ecosystem service-inclusive 
SEA processes and on how to do it, with particular emphasis on spatial planning. Section 2 elaborates 
on the SEA process and on the inclusion of ecosystem services throughout it. Section 3 illustrates the 
advantages related to the integration of ecosystem service information in SEA, whereas Section 4 
presents and discusses some of the open challenges. Finally, conclusions are drawn in Section 5. 
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2. Key SEA stages and relevant ecosystem service information  
To ensure a proper consideration of environmental impacts, risks and opportunities from the early 
decisional stages onwards, SEA needs to be fully integrated into the planning process (see Partidário, 
2007a for a thorough discussion on this). Only in this way can SEA contribute to decision making, 
from the very preliminary identification of the plan’s scope and objectives, until the final 
implementation and monitoring. Hence, SEA must be flexible and able to adapt to the planning 
context, which is very different among countries (in terms of content, level of detail, timing, 
consultation with stakeholders, etc.) and among planning tiers (national, regional, etc). A number of 
guidance documents have been produced over the years to tailor the application of SEA to different 
decision-making contexts (e.g., OECD, 2006; Partidário, 2007b). For these reasons, a standard and 
internationally accepted procedure does not exist for SEA, even though some key common stages can 
be identified.  

In very general terms, and for the purpose of illustrating the key SEA stages, the planning process has 
been decomposed into four main operational moments: defining the scope and the objectives of the 
plan, identifying suitable actions to achieve such objectives, drafting and refining the plan, and finally 
implementing it. In practice, these stages are often not organized in a linear sequence and interactions 
and feedback loops are common. For example, the objectives of a plan may be revised after a 
discussion on possible options to achieve them has taken place. SEA is a parallel process, which aims 
at supporting each of these stages by providing insights on the implications of the plan’s strategies and 
decisions, as well as by broadening the plan’s scope to ensure that appropriate sustainability 
objectives are taken into account (Bonde and Cherp, 2000; Partidário, 2007a). Table 1 lists the typical 
SEA activities linked to each of the four stages and provides a description of possible analysis to 
include information on ecosystem services. Public participation is an essential element of both 
planning and SEA, however it was not listed in Table 1 because ideally it is carried out in different 
moments of the process, rather than representing a separate stage. 

In the first stage, the role of ecosystem service information consists mainly in supporting the 
identification of the most pressing issues related to the territory under analysis, as well as to the scope 
and content of the plan. During this phase, information can be collected and processed to understand 
opportunities and constraints related to the conservation and use of ecosystem services, for instance by 
generating graphs or maps of production and fruition patterns. These data can also be compared with 
information on population density and socio-economic conditions to perform a screening of critical 
sites. For example, GIS-based analysis could provide information on populated areas with and without 
suitable access to a given service (Geneletti et al., 2007). 

In the second stage, the spatial plan begins to take shape, and proposals for land use changes, 
infrastructure development or new regulations are made. Ecosystem service information can be used 
to identify constraints to development and to perform land suitability analysis. The effects of 
alternative actions can be tested by predicting changes in important ecosystem services and evaluating 
them in biophysical and/or monetary terms. The pros and cons of the different alternatives can be 
highlighted by unveiling trade-offs among ecosystem services, locations (where are changes likely to 
occur?) and beneficiaries (who wins and who loses?).  

During the third stage the plan is drafted and then completed. SEA performs important tasks such as 
the assessment of the cumulative effects (i.e., the combined effects of all the actions of the plan, as 
well as of external driving forces) on key ecosystem services and the comparison of the new proposal 
with alternative proposals (e.g., no plan, execution of the existing plan). This can be done by 
generating future land use scenarios that make different assumptions about key drivers (population 
growth, climate change, market prices, etc.). Land use scenarios can be constructed in a qualitative or 
quantitative and spatially-explicit form (Geneletti, 2011a), depending on the availability of data and 
on the level of detail of the plan. The results of these analyses are used to suggest revisions and 
mitigations in an iterative fashion until the plan reaches its final form. Mitigations may include 
measures to limit the negative impacts of the plan on ecosystem services, but also measures directed, 
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for instance, at reducing the dependency of the plan’s objectives on ecosystem services that may 
become scarce in the future.  

Finally, during the implementation stage, the purpose of SEA is to monitor the execution of the plan’s 
actions and strategies, as well as the evolution of the environmental and socio-economic context. This 
allows us to test whether the plan is achieving its objectives and whether patterns of use and 
production of services are evolving as expected. Adaptive management practices can be included in 
monitoring in order to steer the plan’s implementation whenever required.  

Table 1. Planning stages associated with SEA activities and with examples of actions to include relevant 
information on ecosystem services throughout the process. 

Planning stages SEA activities Actions to include information on 
ecosystem services (ES)  

Defining the scope and the 
objectives of the plan 

• Describe environmental baseline 
• Identify environmental and 

sustainability objectives relevant 
to the territory being planned 

• Identify other relevant plans and 
policies and test for consistency  

• Identify what ES the plan’s 
objectives depends upon or affect 
(see also Table 3) 

• Map areas of production and 
fruition of key ES (including 
analysis of beneficiaries and 
stakeholders) 

• Collect data on spatial and 
temporal trends 

• Analyze issues of scale and 
spatial relationships (see also 
section 4) 

 
Identify actions to achieve the 
objectives 

• Propose and compare alternative 
actions, possibly in different 
scenario conditions 

• Predict and assess environmental 
effects 

• Support the selection of the 
preferred options 

• Test for consistency among 
plan’s actions  

• Track the direct and indirect 
drivers of changes in ES by 
paying particular attention to the 
foreseen land use changes 

• Test the effects of different 
options on ES by quantifying 
changes whenever possible and 
evaluating them in biophysical 
and/or monetary terms  

• Make trade-offs and synergies 
among ES explicit, considering 
both the production of services 
(where are they likely to 
increase/decrease?) and their use 
by different groups of 
beneficiaries (who wins and who 
loses?) 
 

Drafting the plan, revision 
and final approval 

• Suggest mitigations 
• Assess overall impact of the plan 

and suggest mitigations 
• Write SEA report 

• Suggest solutions to reduce the 
impact of the plan on critical ES 

• Suggest solutions to reduce the 
dependency of the plan on critical 
ES 

• Assess cumulative effects on the 
ES under different future 
scenarios 

Implementation • Monitoring and follow-up • Verify if patterns of use and 
production of ES are evolving as 
expected, and suggest adaptive 
management strategies 
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3. Advantages of ecosystem service-inclusive SEA 
Using SEA for the purpose of including ecosystem services in planning is appropriate for a number of 
reasons. Firstly, SEA provides a window of opportunity to formally mainstream ecosystem services 
into decisions at the strategic level. This is because SEA has a legal basis in several dozen countries 
around the world. In Europe, for example, it is mandatory under the European Commission SEA 
Directive (Directive 2001/42/EC). Additionally, a growing number of countries (mostly in the 
developing world), international organizations and NGOs are applying SEA-type processes (Dalal-
Clayton and Sadler, 2005).  

Secondly, the scenario-analysis approach used by several studies on ecosystem services is consistent 
with the typical framework adopted in impact assessment, and hence can be easily applied in SEA. 
This approach is based on the analysis of expected changes in the distribution, value and fruition of 
services following the implementation of a given strategy or proposal, as opposed to the “static” 
evaluation of services (see for instance Balmford et al., 2008, p.9; Nelson et al., 2009; Birch et al., 
2011). In SEA, baseline and policy scenarios are often used to understand the possible future status of 
a system with or without a proposed strategic action, and under different assumptions about 
uncertainty factors. This is very similar to many scenario analyses conducted for ecosystem services at 
various spatial scales (Willemen et al., 2010; Carpenter et al., 2006). SEA is essentially an “exercise 
in futuring” (Duinker and Greig, 2007), aimed at providing support to decision processes undertaken 
under conditions of uncertainty and scarcity of information. For this reason, scenario analysis is 
commonly listed in the SEA toolbox (OECD, 2006; Therivel, 2004), and its use is advocated in a 
number of scientific papers (Zhu et al., 2010; Noble, 2008). 

Table 2. Examples of contributions of ecosystem services information to the quality of SEA, associated with the 
six characteristics of good SEA processes (as defined in IAIA, 2002). 

Characteristics of a good-
quality SEA process 

Contribution of ecosystem services (ES) information 

Integrated • ES inherently address the interrelationships between biophysical and socio-
economic aspects  

• The analysis of ES-related scale issues facilitates the interaction with 
relevant plans and policies at different decision-making tiers 

 Sustainability-led • ES approaches explicitly link changes in ecosystems and biodiversity with 
effects on human wellbeing. Hence, ES-inclusive SEA processes extend 
beyond the assessment of biophysical and environmental factors only, and 
promote plans that are more sustainable 

Focused • ES approaches offer a key to read the most important interactions between 
human society and the environment, identifying issues that are important for 
the specific decision-making context 

Accountable • Analysis of expected future trends in ES under different scenario conditions 
can be used to document how sustainability issues were taken into account, 
and to justify planning choices 

Participative • Information on ES by definition requires the identification of beneficiaries 
and stakeholders, paving the way to more participative SEA processes 

Iterative • The analysis of ES can be included, in different forms, throughout the whole 
process (see Table 1), so as to provide information on the expected impacts 
of plan’s choices during the different “decision windows” of the planning 
process  
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Thirdly, exploring methods to include ecosystem services in SEA is instrumental to the development 
of integrated approaches to assess the sustainability of proposed plans. In many contexts, SEA is 
increasingly including social and economic effects, and it is largely seen (both in the scientific 
literature and in practical applications) as a key entry point to sustainability assessment (Pope et al., 
2004; Dalal-Clayton and Sadler, 2011). Obviously, a proper consideration of the effects of spatial 
plans on ecosystem services cannot be limited to the analysis of the biophysical environment but must 
include key socio-economic issues. As a matter of fact, addressing ecosystem services implies 
addressing the beneficiaries of such services and their characteristics (spatial distribution, 
socioeconomic status, contribution of services to wellbeing, etc). One last consideration is that the 
integration of information of ecosystem services can be highly beneficial to the SEA process, 
enhancing its quality. This concept is illustrated in Table 2, where examples of possible contribution 
of ecosystem services to good-quality SEA are provided, by referring to the list of SEA performance 
criteria developed by IAIA (2002).  

 

4. Overview of the main challenges  
Four main challenges to the development of ecosystem service-inclusive SEA can be identified. The 
first one concerns the selection of key ecosystem services from the very extensive lists developed in 
the literature. In order for SEA to be effective in influencing plan making, the number of services 
included in the analysis should be kept to a minimum, by considering only the ones that are relevant 
to the specific decision problems addressed by the plan, and to the characteristic of the area. This 
selection can be performed by identifying the services that are required for the implementation of the 
spatial plan and the services that the plan will affect (see OECD, 2008 p. 11). The first group refers to 
services upon which the plan depends. For instance, if the plan aims at promoting nature-based 
tourism, the achievement of this depends upon cultural services such as the aesthetic value of 
unspoiled landscapes. The second group refers to services that will be positively or negatively affected 
by the plan. Achieving the objectives of the plan may trigger drivers that in turn will alter the quality, 
quantity and/or spatial distribution of a given (bundle of) service(s). These drivers can be of a direct 
nature (e.g., physical interventions such as the choice of location of land uses) or an indirect one 
(policies that may affect the way in which society makes use of ecosystem services, such as for 
instance the ones that regulate access to recreation areas).  

As an illustration of this concept, Table 3 presents the results of an empirical analysis of the possible 
relationships between the objectives of an exemplary spatial plan and ecosystem services. For each 
objective, the first column identifies the ecosystem services required for its achievement. For instance, 
the development of the horticulture sector relies on soil formation and retention. The table specifies if 
such dependency may extend beyond the boundary of the area being planned, hence requiring a 
broader scale analysis. For example, the regulation of water to support horticulture may depend upon 
water-use decisions taken outside the region. The second column identifies situations where the 
achievement of the objective will have a positive/negative effect on the ecosystem services. For 
instance, the protection of natural areas is bound to contribute to soil formation and retention, but it 
may reduce recreation opportunities. This type of analysis helps to set the context for SEA (see Table 
1, first row), by identifying critical interactions that deserve to be studied in more detail. For instance, 
potential inconsistencies among plan’s objectives exist whenever the achievement of one objective 
relies on a given service, which in turn can be affected by a different objective. These situations can 
be detected by looking at each row of Table 3 (see, for instance, the case of water regulation and 
supply). This analysis is useful to define and revise the objectives of the plan, to suggest suitable 
stakeholder groups to be consulted (i.e., beneficiaries and users of the services affected in different 
ways by the plan), as well as to understand where further data and investigation are needed (e.g., 
quantification of service provision and fruition expressed in biophysical and/or economical units). 
Much of the quality of the overall SEA depends on this specific stage, so the open challenge is to 
perform it in a comprehensive way and early enough in the planning process. 
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The second challenge concerns scale. A spatial plan focuses on a geographically bounded area. 
Ecosystem services are provided and used at different spatial scales, and those scales may be much 
broader than the boundaries of a particular planning effort. The differences between the area that is 
being planned and the area that is being affected in terms of ecosystem services complicate the 
process of predicting the effects of spatial plans. Recent papers have attempted to examine the various 
scales at which services are provided and used (Hein et al., 2006), and to classify possible types of 
spatial relationships between the area of a service production and the area of use (Fisher et al., 2009; 
Costanza, 2008). In SEA for spatial planning, a proper recognition of services and stakeholders must 
be performed in order to understand situations where benefits accrue at one scale, but costs are borne 
at another. As an illustration of this concept, in Table 3 services whose production involves also areas 
outside the boundary of the region being planned are highlighted in bold. The challenge consists in 
understanding scale issues and pushing the analysis further to unveil the degree of dependency on 
outside conditions that characterize the services that are required to achieve the objectives of the plan. 
This will enable identification of other relevant plans and policies at the different tiers (national, 
regional, local, etc.) whose contents and regulations must be taken into account during SEA to exploit 
synergies and reduce inconsistencies.  

The third challenges concerns trade-offs among ecosystem services. Spatial plan policies may change 
the relative mix of ecosystem services within a region by trading off the increase in one service with 
the decrease in another one. It has been observed that such trade-offs can be an explicit choice, but 
can also arise without awareness (Rodriguez et al., 2006). Research on ecosystem service trade-offs 
and on how to make them explicit in planning and decision making is limited (Carpenter et al., 2009). 
Land use planning is about resolving conflicts on competing demand for limited resources and uneven 
distribution of costs and benefits. Hence, trade-offs represent a pivotal issue. Develop methods to 
systematically analyze the main trade-offs between a range of selected ecosystem services and to link 
them to plans’ policies and decisions is still an open challenge. The literature has mainly focused on 
the trade-offs between the production of services (Raudsepp-Hearne et al., 2010; Nelson et al., 2009), 
with limited efforts directed toward understanding the implications of such trade-offs for different 
groups of beneficiaries, characterised by different needs and levels of dependency of such services 
(Geneletti, 2011b).  

Finally, there is the problem of selecting a manageably small set of indicators of ecosystem services 
that serve the needs of planners. Recently, modeling tools have been developed to spatially represent 
the distribution of multiple ecosystem services and highlight trade-offs (Tallis and Polasky, 2009). 
These tools are based on the generation of land use/land cover scenarios, and represent a promising 
path towards the inclusion of ecosystem services in spatial planning. However, the process of 
analyzing multiple ecosystem functions in different scenario conditions is associated with 
extraordinarily high amounts of information. It is unclear to what extent these tools can be used in 
actual spatial planning settings, with all the constraints that those settings involve. The open challenge 
consists in finding ways to present information to decision makers in a manageable way, possibly by 
creating new indicators that consist of combinations of existing ecosystem services indicators and 
indicators traditionally used in land use planning (e.g., indicators of land suitability for different uses). 

 

5. Conclusions 
This paper discussed why and how SEA may be useful for bringing information on ecosystem 
services to bear in planning decisions. The paper focused on spatial and land use planning, being the 
area where the effects of plan’s decisions on service provision and use are perhaps more evident and 
straightforward. However, most considerations can be extended to planning processes in other sectors, 
such as tourism, water, energy, etc. Four open challenges to the implementation of effective 
ecosystem service-inclusive SEA were identified, concerning scoping, scale issues, trade-offs and 
indicators, respectively. These challenges can be addressed by carrying out pilot applications in real 
planning contexts, and by taking advantage of the data, tools and methods for ecosystem service 
representation and modeling that are becoming increasingly available.
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Table 3. Exemplary analysis of the possible relationships between the objectives of a spatial plan and ecosystem services. For each objective, the first column 
identifies the ecosystem services required for its achievement. The bold font indicates that such dependency may extend beyond the boundary of the area 
being planned, hence requiring a broader scale analysis. The second column identifies situations where the achievement of the objective will have a 
positive/negative effect on the ecosystem services. The objectives were selected from the ones of the regional spatial plan of The Araucania, Chile. Ecosystem 
services were selected from Costanza et al. (1997). 

 Spatial plan’s objectives 
Increase 

competitiveness 
in the nature 

tourism sector 

Increase 
competitiveness 

in the timber 
sector 

Increase 
competitiveness in 

the aquaculture 
sector 

Increase 
competitiveness 

in the horticulture 
sector 

Reduce 
exposure to 
natural risks 

Protect areas 
with high natural 

value 

Respect and 
promote cultural 

and ethnical 
diversity 

Promote 
polycentric 

development 

Depend Affect Depend Affect Depend Affect Depend Affect Depend Affect Depend Affect Depend Affect Depend Affect 

Ec
os

ys
te

m
 se

rv
ic

es
 

Climate 
regulation    +             

Water 
regulation 
and supply 

   - x  x     +    - 

Waste 
treatment      -  -       x  

Soil 
formation   x    x     +     

Erosion 
control   x    x     +     

Raw 
materials    +        -     

Cultural  x   -  -      + x    

Recreation x     -      -    + 
Food 
production    -  +  +         

Disturbance 
regulation    -  -   x   +     

Refugia x -    -    + x +    - 
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Part II: Applications 

Modeling the effect of spatial planning policies on future ecosystem 
services in The Araucania, Chile  
 

1. Introduction 
Ecosystem services are the benefits human populations derive from the ecosystems, such as goods and 
products (e.g., fresh water, fuel), regulation of natural processes (e.g., climate, flooding, erosion), and 
nonmaterial benefits (e.g., recreation, aesthetic enjoyment) (Daily, 1997). Research on ecosystem 
services has attracted a lot of attention in recent years, and has become one of the fastest-evolving 
areas of investigation at the intersection of environmental and social sciences. Fisher et al. (2009) 
reported an exponential growth of scientific publications in this field over the last decade. Research on 
ecosystem services has been defined a “cornerstone of sustainability science” for its focus on the 
interaction between nature and society (Clark and Dickson, 2003). The Millennium Ecosystem 
Assessment (MA, 2005) made this interaction explicit by documenting the rate of degradation of 
many services, and the associated negative consequences for human well-being. The publication of 
the MA fuelled a number of studies aimed at understanding trends in ecosystem services distribution 
to eventually support decisions concerning the sustainable use of Earth’s resources (Carpenter et al., 
2009).  

Land use conversions rank among the most significant drivers of change in ecosystem services 
worldwide, affecting human well-being and threatening the survival of other species (Foley et al., 
2005; Nelson et al., 2006; Metzger et al., 2006). Hence, predicting the effects of land use decisions on 
ecosystem services has emerged as a crucial need in land management (DeFries et al 2004; NRC, 
2005). Land use choices typically produce trade-offs by increasing the provision of some services at 
the expenses of others (Rodriguez et al., 2006; Bennett et al., 2009). For example, Raudsepp-Hearne 
et al. (2010) showed strong landscape-scale trade-offs between the production of goods and 
commodities and regulating and cultural services (e.g., nutrient retention and nature appreciation) for 
a study region in Canada. Nelson et al. (2010) compared the trade-offs between crop production and 
important regulating services in a set of global-level land use projections. Several other papers 
explored the interactions between multiple ecosystem services and land use/land cover change at 
different scales (Chan et al. 2006; Egoh et al. 2008; Naidoo et al. 2008; Willemen et al., 2010). 
Clearly, these approaches require spatially explicit representations of ecosystem services. To this 
purpose, new GIS-based methods and tools have been recently developed (Grêt-Regamey et al., 2008; 
Beier et al., 2008; Tallis and Polasky, 2009; Nelson et al., 2009). 

A common feature in studies addressing the relationship between land use and ecosystem services is 
the use of scenario analysis to represent and compare possible futures. From the publication of the 
MA onwards, scenarios have been frequently employed in both conceptual frameworks (Carpenter et 
al., 2006; Balmford et al., 2008) and empirical applications (Nelson et al., 2009; Polasky et al., 2011; 
Birch et al., 2010). In these exercises, future scenarios are constructed by making different 
assumptions on the underlying driving forces, and hence on the magnitude of land use change 
processes. For instance, Polasky et al. (2011) built different land use scenarios by varying the rates of 
urban, agricultural and forestry expansion. Less attention has been devoted so far to the effects on 
ecosystem services of different spatial arrangements of land uses. 

The effects of spatial patterns on ecological processes represent one of the central themes of landscape 
ecology (Turner, 1989). Scientists have tried to understand these effects for a broad range of 
ecosystem services, such as habitat provision (Dale et al., 1994; Villard et al., 1999), pollination 
(Brosi et al., 2008) and water purification (Lee et al., 2009). According to a recent article, the capacity 
of a land system to deliver ecosystem services is determined by the kind, magnitude and spatial 
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patterns of land uses (Turner, 2010). Research on land use change and ecosystem services has widely 
addressed the first two attributes but has disregarded so far the third one, spatial patterns. To the best 
of our knowledge, none of the studies presented in the literature considered scenarios that differ only 
in the distribution of land use types, rather than in their relative proportions. This gap inspired the 
present paper and its central research question: What are the effects of different land use patterns on 
the provision of multiple ecosystem services? 

This question is addressed by focusing on land use patterns induced by spatial planning tools. In many 
regions of the world, spatial plans are the principal policy instrument affecting the distribution of land 
uses within a jurisdiction (Willis and Keller, 2007). The paper presents case-study research aimed at 
empirically exploring how the implementation of different land use zoning policies can affect the 
future provision of ecosystem services. The term ‘land use zoning policy’ is used here to indicate 
regulations concerning permitted, prohibited or preferred land uses. The design of such policies is 
often a core issue in spatial planning, and they represent one of the most tangible elements of a plan 
(Geneletti, 2011). The method is based on the generation of future land use scenarios that simulate the 
implementation of different zoning policies. Scenarios are constructed by holding constant the rate of 
land use change processes but varying their location according to the different policies. The effects of 
the land use scenarios on selected ecosystem services are then modeled and compared through a set of 
metrics. The study area is The Araucanía (southern Chile), a region rich in natural resources, but 
affected by widespread poverty, relatively low performance in development indicators and reliance on 
the conservation of ecosystem services to support rural livelihoods. The application of the 
methodology to the case study addresses three more specific questions: What are the effects of 
different zoning policies on future land uses within the region? How do these affect the conservation 
of ecosystem services? What are the empirical patterns of trade-offs among ecosystem services 
associated with the different policies? By answering these questions, the paper aims also at illustrating 
the potential contribution of the approach to support spatial planning.  

 

2. Study area, selected ecosystem services and zoning policies  
The Araucanía, one of Chile’s 15 regions, covers an area of 31,842 Km2 and has a population of 
890,000, about a third of which is distributed in rural areas (Figure 1). It is considered to be among the 
regions with the highest natural capital of the country, with 12 national parks and reserves (mainly 
distributed mainly on the Andes Mountain Range), and almost 30% of the area covered by native 
forest (Gobierno de Chile, 2009). The whole region falls within one of the World’s 25 Biodiversity 
Hotspots: the Chilean winter rainfall-Valdivian forests, characterized by a high number of endemic 
species (Myers et al., 2000). The Araucanía is also among Chile’s poorest areas, with a relatively low 
performance in development indicators and 27% of people living below the poverty line (Mideplan, 
2009). Part of the rural population, especially in the coastal area, relies on subsistence farming, fishing 
or timber collection. The region is the heartland of the indigenous Mapuche people, who currently 
represent 23% of the population. In the last three decades, the region has experienced a rapid growth 
of monoculture conifer plantations (almost exclusively made of Pinus radiata and Eucalyptus sp.), at 
the expenses of native forest, marginal agricultural fields and grasslands. Remaining native forests are 
concentrated almost exclusively on the Coastal and Andes mountain ranges (CONAF et al. 1999; 
Gobierno de Chile, 2009). Another, and more recent, trend in land use is the development of market-
oriented forms of agriculture, such as berry production (ODEPA and CIREN, 2006). These changes in 
land cover and land use brought about a number of environmental problems, including water scarcity, 
water pollution, soil erosion and biodiversity loss (Echeverria et al., 2006; Lara et al., 2009).  

The characteristics of the study area drove the selection of the ecosystem services considered in this 
study, which include water purification, soil retention, carbon sequestration, provision of habitat for 
species and timber production. Water purification refers to the capacity of ecosystems to mitigate 
water pollution by retaining some non-point source pollutants. Soil retention refers to the capacity to 
keep soil in place, so avoiding erosion. Carbon sequestration is the capacity of plants and soil to store 
and accumulate carbon. The habitat service is the capacity of ecosystems to supply living space for 
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species, hence supporting biodiversity. Besides being extremely relevant to the land use change 
processes that characterize the study area, these ecosystem services were also selected because they 
represent a mix among different categories of services, namely regulating (water purification, soil 
retention, carbon sequestration), supporting (habitat for species) and provisioning (timber production) 
services. This allows us to understand a broad suite of ecosystem responses to land use changes and to 
assess the associated trade-offs (DeFries et al., 2004).  

In Chile, a new form of spatial plan at regional level has been recently introduced (the Plan Regional 
de Ordenamiento Territorial, PROT). This differs from existing plans because, among other things, it 
promotes the development of a land use zoning policy that defines the preferred land uses for the 
whole territory, rather than for urban areas only. This zoning policy aims at giving spatial 
representation to regional development strategies by specifying where the strategies’ objectives are to 
be achieved and through which uses of land (Subdere, 2010). The PROT has not been developed yet 
for The Araucanía region, even though preliminary analysis and planning tools exist (PRDUyT, 
2005). The information contained in these documents was employed in this study to draft possible 
land use zoning policies for the region. These were used to test the proposed method. The purpose was 
simply to formulate plausible zoning for the regional context, in the light of the existing information, 
rather than to develop actual alternatives. The first zoning policy (ZP0) is represented by the zero-
alternative, or “laissez-faire”approach where no constraints or preferences are set concerning the 
location of land use change processes. The second policy (ZP1) was inspired by the indications 
contained in the existing land use plan on the preferred and prohibited uses of different land units. The 
third policy (ZP2) was designed by merging indications resulting from a survey on land suitability 
conducted at municipal scale (PRDUyT, 2005). The policies subdivide the region into zones, 
specifying for each zone the land uses that are preferred, prohibited or disfavored. A sketch 
representing the policies is presented in Figure 2.  

 

Figure 1. Location of The Araucanía region in Chile (top right) and main land uses 
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Figure 2. Zoning policy 1 and 2 (for better visualization, only preferred land uses are represented) 

 

3. Methods 
The first step of the method consisted of the construction of land use scenarios associated with the 
three zoning policies previously described (Section 3.1). Subsequently, the effects of the land use 
scenarios on the provision of the selected ecosystem services were assessed in a spatially explicit way, 
by using state-of-the-art modeling tools (Section 3.2). Finally, a set of metrics was developed to 
compare scenarios and assess trade-offs (Section 3.3).   

3.1 Development of land use scenarios 
Map representations of land use scenarios were generated through spatial modeling in a GIS. In 
particular, empirical mathematical models of past change processes were applied to project maps of 
land use at a given time. The approach consisted of four main stages: land use change analysis and 
modeling, projecting future land use quantities, setting incentives and constraints according to the 
different zoning policies, and finally projecting future land use scenarios. All operations were carried 
out through the Land Change Modeler (LCM) tool implemented in the software package IDRISI 
Taiga (Eastman, 2009).  

The input to the first stage was represented by two land use maps of 1994 and 2007, which were 
available with a 30-m spatial resolution. After having harmonized their legend, the two maps were 
processed and compared to detect land use changes. A transition matrix was built, showing the 
amount of land that was converted from each land use to any other use. Consistently with the 
objective of the study, the modeling of future land uses focused only on the main man-induced 
transitions, as opposite to transitions due to natural processes (e.g., from shrubs to forest). In 
particular, the following six transitions were considered: agriculture to urban, grassland to urban, 
forest to agriculture, and forest/grassland/agriculture to conifer plantation. For each transition, a 
mathematical sub-model was developed. Sub-models are based on the combination of user-selected 
explanatory variables, using the binomial logistic regression and the Maximum Likelihood method 
(more information on this procedure can be found in Aldrich and Nelson, 1984, and Clark and 
Hosking, 1986). In short, each sub-model determines how the different variables explain a specific 
land use transition that occurred in the period 1994–2007, and on the basis of this information is able 
to generate a map of “transition potential” for a given time in the future. The variables were selected 
from the existing regional database or generated from such a database through GIS analysis (e.g., 
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reclassification, distance calculation). For example, the sub-model for the agriculture-to-plantation 
transition included the following variables: elevation, slope, aspect, soil type, proximity to 
infrastructure and urban areas, and proximity to existing plantations. Prior to their use in the sub-
models, the explanatory power of variables was tested using Cramer’s V, in order to discard variables 
that showed low association with land uses (Eastman, 2009).  

In the second stage, the rate of future land use transitions was set. Two rates of change were 
considered in this study to illustrate the effects of the zoning policies in different conditions, hence 
expanding the scope of their comparison. The first one (“Rate 1”) was derived from a Markov Chain 
prediction (Bell, 1974), which assumes that the type and rate of future land use transitions will be 
equivalent to the ones that occurred in the past. Using the results of the land use change analysis, the 
Markov Chain determines exactly how much land would be expected to transition from each land use 
category to every other category in a given time in the future. The second rate (“Rate 2”) was 
computed by increasing by 50% the Markovian rate of the considered land use transitions. This was to 
simulate a condition characterized by a more rapid increase in conifer plantations, urban areas and 
agriculture, considered as a possible future trend for the area.  

In the third stage, maps of constraints/incentives were formulated to reflect the implementation of the 
different zoning policies. For each zoning policy and each land use transition, a map of 
constraints/incentives was built by classifying the zones into the following categories: absolute 
constraints (value zero), constraints (value 0.5), unconstrained areas (value 1) and incentives (value 
2). In the LCM, these maps are multiplied by the transition potentials maps developed in the first 
stage. As a result, absolute constraints become areas where the land use transition under consideration 
cannot occur, whereas constraints and incentives areas are, respectively, disfavored and favored for 
that transition. Finally, land use scenarios were generated for the three zoning policies, under the two 
assumptions concerning the future rate of land use change processes. The final time horizon was set to 
2050, even though scenarios were developed also for two intermediate times (2020 and 2035) in order 
to gain a better understanding of temporal trends. Hence, a total of 18 land use scenarios was 
constructed (see Figure 3). Operationally, scenarios are generated in LCM by an algorithm that first 
looks through all transitions and creates a list of host classes (classes that will lose some amount of 
land) and a list of claimant classes (classes that will acquire land) for each host (see Eastman, 2009 for 
more details). The land quantities for each class are determined as described in stage two. A multi-
objective allocation process is then run to assign land for all claimants of a host class, using as a 
reference the maps of transition potential developed in stage two (and then adjusted according to the 
incentives/constraints maps, as per stage three). The results of the allocation of each host class are 
then overlaid to produce the final land use map (full details on the allocation procedure can be found 
in Eastman et al., 1995). Therefore, at any time horizon, land use scenarios associated with the three 
policies are characterized by constant quantities of each land use type, but different spatial patterns. 

 

Figure 3. Diagram of the set of land use scenarios resulting from the combination of the three zoning policies 
and the two rates of change, at three different time horizons 
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3.2 Ecosystem service modeling 
The provision of the selected ecosystem services was modeled across the 18 different land use 
scenarios and also for the 2007 land use map, which was used as a baseline for comparison. Modeling 
of carbon sequestration, water purification and soil retention was performed through a recently 
developed set of GIS-based models, the Integrated Valuation of Ecosystem Services and Tradeoffs 
tool (InVEST) (Tallis and Polasky, 2009). Habitat provision was modeled using MaxEnt (Phillips et 
al., 2004). Finally, timber production was modeled by considering the land area covered by 
plantations. An overview of the models and of the input data that were used in this study follows. A 
full description of the models, including information on their assumptions and limitations, can be 
found in Tallis et al. (2011) and Phillips et al. (2004, 2006).  

The carbon sequestration model aggregates the amount of carbon stored in four carbon pools: 
aboveground biomass (living plant material above the soil, such as trunks and branches), belowground 
biomass (root systems), soil organic matter and dead organic matter (litter and dead wood). The model 
allows also inclusion of a fifth carbon pool, namely the harvested wood products (e.g., firewood or 
charcoal), which represents the biomass removed through harvest. However, this pool was not 
considered here because data concerning harvesting intensity and frequency across the study region 
were lacking. The basic assumption of the model is that each land use type has a fixed storage level, 
so that changes over time are due to transition from one land use type to another, disregarding other 
effects, such as natural succession of vegetation. This assumption is acceptable for the purpose of this 
work, which aims at assessing differences caused by land use changes, rather than attempting to 
measure absolute values. Data on carbon stored in each of the four pools for each land use type were 
taken from published reference data (IPCC, 2006), by using information on the climate domain of the 
study region. The outputs of this model are maps that represent the amount of carbon (in Mg per grid 
cell) that will be stored under the different land use scenarios.  

The water purification service refers to the capacity of ecosystems to mitigate water pollution by 
retaining some non-point source pollutants through the action of vegetation and soil. The InVEST 
model uses data on runoff, land use, nutrient loading and filtration rate to determine the nutrient 
retention capacity of every grid cell in a given land use scenario. Nitrogen was selected as target 
nutrient in this study. The model first calculates average runoff from each cell. Subsequently, it 
estimates how much nitrogen leaves each cell using appropriate export coefficients. Finally, it 
determines how much of this load is retained by the downstream cells, and eventually how much 
pollutant reaches waterways from each cell. The latter output (expressed in kg of N per cell) is the one 
used in this study to model the effect of the different land use scenarios.  

The soil conservation service refers to the capacity of vegetation to keep soil in place. For any given 
land parcel, the service is modeled by comparing the erosion rate on that parcel with the rate that 
would occur if no vegetation were present. Erosion rates are predicted by using the Universal Soil 
Loss Equation (USLE, Wischemeier and Smith, 1978), which accounts for land use, soil type, rainfall 
intensity and topography. The model also estimates how much of the sediment eroded is trapped by 
downstream vegetation. The final outputs are maps containing the total sediment retained by each cell 
(sediment retained on the cell itself + sediment removed from the loadings of the upstream cells) 
under the different scenarios.  

The habitat provision service is the capacity of ecosystems to supply living spaces for species. In this 
study, it was modeled by selecting the kodkod cat Oncifelis guigna as a target species. O. guigna, one 
of the world’s smallest and least known felids, has a very small geographical distribution, restricted to 
a narrow strip of temperate forests within southern Chile and Argentina (Sanderson et al., 2002). Its 
habitat includes forests and semi-open areas, and it is strongly associated with Araucaria native 
forests, which are endemic in the study region (Dunstone et al., 2002). O. guigna is considered 
endangered in Chile, its survival being threatened by forest loss and fragmentation (Acosta-Jamett et 
al., 2003). Presence data of O. guigna in the study region, collected over the last few years, were 
available. These data, in combination with GIS layers of environmental and land use variables thought 
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to influence species distribution (vegetation type, elevation, slope, distance from water bodies, 
distance from roads, etc), were used to model the habitat of O. guigna. Modeling was performed using 
MaxEnt, a species distribution model based on the ecological niche concept (Phillips et al., 2004). 
MaxEnt is a machine-learning model based on the maximum entropy concept that provides as a result 
maps showing the probability gradient for the potential distribution of a species in a 0-1 range. Further 
details on the tool and its algorithms can be found in Phillips et al. (2006; 2004). The selection of 
MaxEnt was suggested by recent studies that showed its good performance in comparison with other 
models (Gontier et al, 2010; Hernandez et al., 2006). Additionally, MaxEnt works with only species 
presence data, while other models require also absence data, which were not available for the study 
area. The model was run for the 2007 baseline and for the 18 land use scenarios.  

Finally, commercial timber production was estimated by using the land area of plantations as a proxy. 
This index is commonly used to assess the productive capacity of forests (Haynes, 2003). The actual 
estimate of the volume of harvested timber would have required spatially-distributed data on harvest 
level and cycle, which were not available. The proposed proxy is adequate to the purpose of this work, 
which aims at assessing changes from baseline conditions, as opposite to absolute biophysical or 
monetary quantification of services.  

3.3 Metrics for policies comparison  
The following metrics were developed to compare the effects of the zoning policies on the selected 
ecosystem services:  

1. Percentage of change in service provision across the region with respect to the 2007 baseline; 

2. Percentage of the landscape where the service is preserved. In any given cell, a service is 
considered preserved if its 2050 value is at least equivalent to 90% of its 2007 value; 

3. Percentage of the landscape where the service is degraded. In any given cell, a service is 
considered degraded if its 2050 value is less than 50% of its 2007 value.  

The combined used of these metrics aim at providing further understanding on the performance of the 
different policies. For example, they help to discriminate policies with good overall performance but 
severe local degradation of services, from policies with relatively lower performance but more 
homogeneous effects across the landscape.  

 

4. Results 
The transition matrix resulting from the analysis of the land use change between 1994 and 2007 is 
presented in Table 1. A simplified legend is used to highlight transitions of interest for this study. 
Conifer plantations increased by about 32%, at the expenses of agricultural land, forest and grassland 
in that order. Urban areas increased by 24%, mainly as a result of the encroachment of agriculture and 
grasslands. Native forest experienced a total reduction of about 4%, due to conversion to agriculture 
and plantations. As anticipated in Section 3, these were the transitions addressed here. Other land use 
changes are either minor, due to natural processes, or partly explained by classification errors 
affecting the land use maps (e.g., plantation to forest and forest to grassland/shrub) (Gobierno de 
Chile, 2009). These results were used to compute the two rates of future land use changes, which in 
turn were used to project the size of the different land uses in 2020, 2035 and 2050 (Figure 4).  

The land use scenarios resulting from the modeling are presented in Figure 5 (for conciseness only the 
2050 scenarios are shown). A visual comparison of the scenarios shows the effects of the different 
zoning policies. ZP0 causes plantations to first grow in the northwestern sector, and then gradually 
expand to the South in a more scattered and patchy fashion. ZP1 produces an intrusion of plantations 
mainly in the central sector of the region, generating a more fragmented agricultural landscape. Under 
ZP2, plantations develop along a ring from the northern to the southwestern sectors of the region, 
leaving an agricultural core in the middle. As to changes in the forest cover, ZP0 and ZP1 tend to 
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encroach native forest with similar patterns, affecting mainly the southeastern sector, whereas ZP2 
causes forest loss especially in the northeastern areas. 

The results of the ecosystem services modeling are presented in the maps of Figure 6 (for 2050 and 
Rate 1 only, spatial patterns being similar in the other scenarios) and in the graphs of Figure 7. The 
latter figure shows the trends of the five ecosystem services through time under the three zoning 
policies and for the two rates of change (metric 1, Section 3.3.). The values reported in the diagrams 
are obtained by summing up the value of the service in each cell across the maps and then normalizing 
by the 2007 values. The habitat provision service represents an exception in that the values were 
obtained by counting the cells with probability gradient above 0.5 (i.e., by looking at how many 
locations have a highly suitable habitat, rather than at the average habitat suitability). A sensitivity 
analysis was run by also testing different thresholds (0.75 and 0.85), but this did not change the 
relative performance of the policies. As expected, all policies produced the same general trend: a 
decline in water purification, soil retention and habitat provision (triggered by the progressive 
conversion to less natural land covers), and an increase in carbon sequestration and timber production 
(promoted by the expansion of conifer plantations). Timber production does not differ among policies 
because the adopted indicator measures the size of plantation areas. Carbon sequestration is also very 
similar because it is strongly related to the size of different land use types. The spatial patterns of 
carbon sequestration and timber production are clearly associated with the land use changes that 
occurred in the different scenarios (compare Figure 5 and 6). However, the decline in water 
purification and soil retention is the result of watershed-scale phenomena, and also affects areas not 
directly involved in land use changes (e.g., the central sector of the coastal strip and part of the pre-
cordillera).  

Table 1. Transition matrix showing land use changes (in thousands of hectares) that occurred between 1994 and 
2007 (the bold font indicates transitions addressed in this study) 

               2007 
1994 Urban Plantation Agriculture Grassland/scrub Forest Other 

Urban 10.48 0.04 0.00 0.00 0.00 0.03 

Plantation 0.25 545.52 0.00 0.00 38.82 2.57 

Agriculture 1.74 107.69 856.89 0.00 0.00 0.00 

Grassland/scrub 0.43 54.28 0.00 394.68 0.00 2.36 

Forest 0.12 63.05 14.24 13.97 820.71 0.00 

Other 0.10 7.78 0.00 0.00 9.64 236.55 
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Figure 4. Land use projections under the two rates of land use change 

 

Figure 5. The land use scenarios generated for the three zoning policies and the two rates of land use change 
(time horizon: 2050) 
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The diagrams of Figure 7 show that the gradient of the decline in water purification, soil retention and 
habitat provision depends upon the land use zoning policy. The results indicate that ZP1 has the 
smallest impact in the conservation of the two regulating services of water filtration and soil retention, 
as well as the supporting service of habitat provision. Differences between the best and the worst 
performing policies are on the order of 5% for water and soil, and 10% for habitat. These differences 
are comparable in magnitude to the differences that characterize, for the same policy, the two rates of 
land use changes (compare solid and dotted lines in Figure 7). For example, the implementation of 
ZP0 assuming Rate 1 generates in 2050 the same decline in water filtration as the implementation of 
ZP1 assuming Rate 2 (hence increasing by 50% the rate of land conversion to urban areas and 
plantations). This is even more evident for soil retention and habitat: ZP1 assuming Rate 2 causes less 
reduction in these services than ZP2 assuming Rate 1. The trade-off diagrams represented in Figure 8 
offer a clear picture of the dominance of ZP1 over ZP0 and ZP2. The first set of diagrams (Figure 8 a-
c) focuses on the trade-offs between provisioning (timber) and regulating and supporting services (soil 
retention, water purification, habitat provision). The second set (Figure 8 d-f) illustrates trade-offs 
between regulating services that occur at different spatial scales: changes in soil retention and water 
purification (which can be considered regional-scale services) are compared with changes in carbon 
sequestration, a global-scale service. All diagrams show that ZP1 is the most efficient policy: for the 
same levels of timber production or carbon sequestration, it preserves more habitat, soil and clean 
water.   

Finally, Table 2 presents metrics 2 and 3. These were computed only for water, soil and habitat, as 
they are not relevant to the other two services. According to these metrics, the ranking of the policies 
is more variable. However, SP1 is characterized by the best, or very close to best, performance in 
terms of both minimizing areas where the three services are highly-degraded (metric 3), and 
maximizing areas where they are well preserved (metric 2). The only exception is represented by the 
preservation of habitat, for which SP2 has a much better performance.  

 

Figure 6. Results of the ecosystem service modeling for Rate 1 (time horizon: 2050) 
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Figure 7. Trends of the five ecosystem services through time under the three zoning policies 

 

Table 2. Results obtained by applying metric 2 (percentage of the landscape where the service is preserved) and 
metric 3 (percentage of the landscape where the service is degraded). 

 Water filtration 
[% of area] 

Soil conservation 
[% of area] 

Habitat provision 
[% of area] 

 Preserved Degraded Preserved Degraded Preserved Degraded 
ZP0 29.92 19.59 76.12 4.58 24.73 14.98 
ZP1 43.78 15.12 82.96 4.75 26.93 10.39 
ZP2 44.09 16.93 72.85 10.44 43.37 28.93 
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Figure 8. Diagrams of the trade-offs between pairs of ecosystem services. a-c represent trade-offs between 
provisioning and regulating/supporting services. d-f represent trade-offs between regulating services that occur 

at regional and global scale. 

 

5. Discussion and conclusions 
This paper applied spatially-explicit models to generate land use scenarios associated with different 
zoning policies and to predict their effect on a set of ecosystem services. The research contributes to 
the growing literature on the interactions between land use changes and the provision of multiple 
ecosystem services (Polasky et al., 2011; Nelson et al., 2010). Consistent with an emerging consensus 
in this literature (Birch et al., 2011), the approach compared the effects of alternative policy actions, 
rather than performing a static analysis of current service provision. In typical scenario exercises, 
future land uses are projected by making different assumptions on the driving forces, or on their 
intensity. In this study, we assumed that the driving forces are identical, but we changed their effects 
by imposing spatial constraints/incentives on the location of possible land use conversions. The results 
illustrated the importance of taking into account the spatial arrangement of land uses produced by 
different policies.  

In line with the literature on scenario analysis, scenarios have been used in this study to describe what 
could happen, rather than to predict what will happen, or even what is likely to happen (Shearer, 
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2005). In particular, the use of empirical modeling allowed building land use scenarios that are 
realistic because they are based on the analysis of the factors that have driven past land use transitions 
(e.g., slope, soil, proximity to roads). In this way, scenarios represent the possible effects “on the 
ground” of the different zoning policies. This is particularly relevant at the regional level, where land 
use zoning aims to provide indications on the general allocation of land uses, rather than specifying 
the future use of each land parcel (Geneletti et al., 2007). The use of two different rates of future land 
use change processes allowed us to compare the magnitude of the effects on the ecosystem services 
attributable to changes in the size of land uses with the one attributable to changes in their pattern. The 
results indicate that, for this case study, spatial configuration of land uses is as an important factor as 
their size. This suggests that the analysis of land use patterns deserves attention, and that this 
information should be included in scenario exercises aimed to support spatial planning. By using the 
two different rates, we also wanted to test to what extent the relative performance of the policies was 
influenced by the rate of the land use change processes. One final consideration concerning the land 
use scenarios developed here is that, in reality, land use change processes and zoning policies are not 
likely to be independent from each other, as it can be argued that the policies themselves drive, at least 
to some extent, the intensity of future changes (especially if the zoning schemes are particularly 
restrictive). However, keeping them independent was instrumental to the purpose of the paper, which 
was to contribute to fill a gap identified in the current literature, by testing the effects of different 
arrangement of land uses on ecosystem services.  

The research made use of InVEST, a state-of-the-art GIS tool to model the future provision of 
multiple ecosystem services. The use of InVEST has been demonstrated in several scientific papers 
over the last years (Nelson et al., 2009 and 2010; Polasky et al., 2011; Kareiva et al., 2011), and this 
tool currently offers the most complete suite of models for the spatial representation of services. 
Although a discussion on the models’ performance and limitations goes beyond the objectives of this 
paper, the reliability of the results is obviously an issue of concern, particularly if we need to choose 
among policies whose differences is quite narrow (in some case less than 10%, as shown in Figure 7). 
An obvious strategy to improve the reliability of the results would be to improve the input data, which 
in this research were limited to those data that are typically available in a regional planning setting. To 
test the feasibility of the approach in actual settings, only existing data generated by local authorities 
and research institutions were used, complemented by available global-scale information (e.g., on 
carbon storage in different climate domains). Fieldwork can be performed to calibrate and refine such 
data. Additionally, sensitivity analysis can be run to test the robustness of the ranking of the policies, 
and to determine the most critical input variables for the different ecosystem service models.  

More generally, the modeling of ecosystem services performed here can be improved in different 
ways. First of all, the effects of climate change can be included by using available predictions to 
model the future provision of services in a dynamic way (i.e., by changing precipitation and 
temperature through time). The reduction in precipitation and the increased frequency of droughts, in 
particular, are issues of concern in the study area. Further improvements in the scenarios consist of 
considering also the natural evolution of ecosystems (e.g., scrub to forest transition and transition 
among different forest types), as well as important parameters, such as timber harvesting frequency in 
different parcels. However, this requires extensive fieldwork to produce more detailed data on land 
use and land cover. The timber production model can be improved by considering issues of 
accessibility and the fact that the linear relationship between production and plantation area might 
break down for small plantations areas, due to edge effects (Balmford et al., 2008). One final note 
concerns the set of ecosystem services addressed here. The study can be complemented by modeling 
additional important services, such as water yield, i.e., the amount of available fresh water. This 
service was originally included in the set but discarded during the analysis due to lack of data. Water 
yield, and its seasonal fluctuation, is critically associated with land use changes occurring in the study 
region, and particularly with the replacement of native forest with conifer plantation (Lara et al., 2009; 
Little et al., 2009). Its inclusion in the study would provide a more comprehensive picture of the 
effects of the different zoning policies. 
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Spatial planning eventually results in actions that may affect the provision of a wide range of 
ecosystem services and that are instrumental to their conservation and enhancement (TEEB, 2010). 
Hence, spatial planning decisions would benefit from a systematic consideration of their effects on 
ecosystem services. Despite the increasing body of literature, the use of ecosystem service concepts to 
support real-life decision-making processes is still limited, and there is a need to move “from 
conceptual framework and theory to practical integration of ecosystem services into decision making, 
in a way that is credible, replicable, scalable and sustainable” (Daily and Matson, 2008). This research 
presented an approach to include information of ecosystem services in a specific aspect of spatial 
planning, namely the comparison of land use zoning policies. This comparison was characterized by 
two elements that are further discussed next: the use of multiple metrics to express the effects on 
ecosystem services and the representation of the trade-offs among services.  

The literature has emphasized that studies in ecosystem services should not focus only on the average 
level of services, because local “bottlenecks” may be very important in constraining service supply 
and use (see for instance van Jaarsveld et al. 2005). By building on this concept, additional metrics 
were computed in this study to describe effects such as the degradation and preservation of services 
across the landscape. The inclusion of these metrics offers a broader picture of the consequences of 
the different policies. However, the proposed metrics are meant to be exemplary only, and further or 
different metrics can be developed, ideally to answer case-specific questions. Analogously, in this 
study the thresholds that define the preservation and degradation conditions were arbitrarily set. These 
thresholds can be revised and adapted in the light of available scientific evidence and/or by 
considering policy objectives. For example, the importance of maintaining portions of the landscape 
where a given service is well-preserved can be suggested by the state of conservation and/or the 
strategic relevance of the service at different scales (e.g., at national level). Finally, as shown in this 
research, the computation of similar metrics requires spatially-explicit representation of service 
provision. We consider the availability of this information to be a key element to mainstream 
ecosystem services in decision making. 

Spatial planning is about resolving conflicts on competing demand for limited resources and uneven 
distribution of costs and benefits. Hence, the analysis of trade-offs associated to planning choices 
represents a pivotal issue. By driving future land use changes, spatial planning decisions affect the 
relative mix of ecosystem services within a region, determining trade-offs among them. Such trade-
offs can be an explicit choice but can also arise without awareness (Rodriguez et al., 2006). Typically, 
trade-offs involving regulating services and trade-offs across space (e.g., when benefits accrue locally, 
but the cost are borne elsewhere) are less visible, hence less likely to be properly addressed. This 
study generated a representation of the trade-offs between provisioning and regulating services, and 
between regulating services that occur at different spatial scales. The resulting trade-offs curves are 
useful to identify inefficient alternatives, but also to highlight conditions such as “small loss-big gain” 
(when a small reduction in one service has major benefit for another service), or vice-versa (DeFries 
et al., 2004). This information provides valuable support to planning by narrowing the scope of 
potential decisions.  

One last note addresses a potential further improvement of this research, currently under development: 
the analysis of how different policies affect the fruition of services by beneficiaries. Policies may 
differ not only in terms of changing the flow of services across the landscape, but also in being more 
or less effective in providing the services where they are most needed and used. A conceptual 
framework needs to be built to link changes in services with expected effects on the well-being of 
beneficiaries (for instance in terms of material assets, sufficient food, safety, health, etc.). This can be 
achieved by combining the output of this study with spatially-resolved socioeconomic variables (e.g., 
population density, livelihood systems, poverty indicators) that estimate the appropriation of services 
by people. In this way, the scope of the policy comparison can be expanded to include the analysis of 
trade-offs among different groups of beneficiaries, characterised by different needs and levels of 
dependency on the selected services. 
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