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A Multiple Criteria Approach for Negotiating
Ecosystem Services Supply Targets and Forest
Owners’ Programs
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Land tenure heterogeneity may be an obstacle to forested landscape-level management planning and the provision of ecosystem services. This research focused on the
potential of combining participatory workshops and multiple criteria decision methods (MCDMs) to support the development and negotiation of targets for the supply
of ecosystem services and help design the management plan needed to meet those targets. We describe an application to two forested landscapes with several ownership
types in Portugal. The approach encompassed the design of two workshops involving more than 40 stakeholders (forests owners, the forest service, the forest industry,
local municipalities and other nongovernmental organizations). The list of ecosystem services included carbon stocks, cork, pine cones, and forest inventory at the end
of the planning horizon as well as volume flows from a range of forest species. Results demonstrated the potential of MCDM tools to help individual forest stakeholders
set and adjust ecosystem services target levels. They further demonstrated the potential of MCDMs to facilitate the negotiation of these targets by the stakeholders and
the reaching of meaningful solutions. Finally, they demonstrated that these tools provide valuable information to combine the negotiations of both targets and behaviors
and programs needed to attain them.
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The competition for fores t resources can be expected to in-
crease in the future due to global change, e.g., climate
change, market changes, population, and socioeconomic

developments (Kraxner et al. 2013). An effective multiple-purpose
approach to sustainable forest management requires the analysis of
trade-offs among conflicting goals such as timber production and
biodiversity conservation. Moreover, because multifunctional forest
management considers multiple values and perspectives, stakehold-
ers may need and want to be involved in the planning process.
Trade-off analysis becomes even more important when one is ad-

dressing multiple-owner integrated planning problems, i.e., prob-
lems that emerge when several holdings controlled by different de-
cisionmakers are bound together by economic, ecological, and social
goals and constraints (Davis and Johnson 2001).

The supply of ecosystem services often relies on the spatial dis-
tribution of management options across several properties. There-
fore, the provision of a wide range of ecosystem services from land-
scapes that encompass several property regimes depends on the
success of collaborative planning processes. Nevertheless, the effec-
tiveness of these processes and of the development and negotiation
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of targets for the supply of ecosystem services relies on the availabil-
ity of sound trade-off information (Tóth et al. 2006). Therefore,
there is a call for tools that may provide this information and thus
help develop forested landscape-level management planning when
land tenure is fragmented into several ownership types.

Multiple criteria decision methods (MCDMs) encompass a col-
lection of different mathematical methods for finding solutions to
decision problems with multiple conflicting goals or criteria (Belton
and Stewart 2002). Their potential to address collaborative forest
management planning has been discussed by several authors (e.g.,
Mendoza and Martins, 2006, Martins and Borges 2007, Diaz-
Balteiro and Romero 2008). The advantages of MCDMs are that
they make it possible to explicitly incorporate stakeholders’ prefer-
ences into the decisionmaking process and that they can support the
exploration of alternative solutions and preferences. They may be
used as learning devices to provide information about trade-offs
between goals and thus more insights about the planning problems
(e.g., Borges et al. 2014b).

MCDM techniques can be categorized according to how the
decisionmaker’s preferences are stated (Hwang and Masud 1979,
Miettinen 1999). No preference methods are used when no prefer-
ence information is available. In the case of a priori methods, the
decisionmaker may state his or her preferences without a priori
knowledge about solutions. The analyst takes into account those
preferences to generate one or more alternative solutions. In the case
of a posteriori methods, the analyst presents information about the
solutions to the decisionmaker to help him or her state his or her
preferences and make a decision. Both approaches may be used
interactively to help the decisionmaker and the analyst formulate
preferences and generate solutions.

The analytical hierarchy process (AHP) (Saaty 1990) is a fre-
quently used a posteriori method. Local and regional studies that
have applied AHP to involve stakeholders in the development and
choice of forest management plans or strategies have been reported
from Australia (Ananda 2007), Finland (Kangas 1994), Indonesia
(Mendoza and Prabhu 2000), Kyrgyzstan (Jalilova et al. 2012),
Nepal (Khadka and Vacik 2012), Spain (Rico and González 2015),
and Sweden (Nordström et al. 2010, 2011). The method is consid-
ered suitable for participatory planning. It is relatively easy to un-
derstand, and the pairwise comparison procedure allows stakehold-
ers to focus on the trade-off between two objectives at a time.
However, with increasing numbers of objectives and alternatives to
evaluate, the additional cognitive burden may increase the risk for
inconsistent judgments (Kangas and Kangas 2005, Nordström et al.
2010, Korosuo et al. 2011).

Other a posteriori methods used in participatory forest planning
studies are multicriteria approval voting (Laukkanen et al. 2002,
Pykäläinen et al. 2007, Hiltunen et al. 2008), multiattribute value
or utility models (Ananda and Herath 2003, Briceño-Elizondo et al.
2008, Mustajoki et al. 2011), the analytic network process (Grošelj
et al. 2015), and outranking methods (PROMETHEE II and
ELECTRE III in Kangas et al. 2001). Nevertheless, as the review of
the literature shows, these methods have been used to evaluate a
discrete set of alternatives. This means that planning problems were
simplified so that stakeholders might choose from a predefined and
usually small set of alternatives. Yet, as forest planning is about
making decisions regarding what treatments to apply and when in a
large number of forest stands (Rauscher et al. 2000), the planning
problems usually have a continuous character and the number of
possible alternatives is consequently very large.

Goal programming (GP) and different varieties of GP are the
most common a priori methods used for participatory forest plan-
ning. Diaz-Balteiro et al. (2013) discussed approaches to model
decisionmakers’ preferences in a GP framework (e.g., weighted or
lexicographic). Studies from Spain discuss a regional planning case
where the aim is to incorporate social preferences (Maroto et al.
2013) and two local planning cases (Diaz-Balteiro et al. 2009, Aldea
et al. 2014). Nevertheless, the study by Diaz-Balteiro et al. (2009)
uses forestry students rather than local stakeholders for testing pur-
poses. In a case of forest planning for preservation of biodiversity
and fire prevention in Portugal, de Sousa Xavier et al. (2015) applied
extended GP and compromise programming. Eyvindson and Kan-
gas (2015) used compromise programming to include spatially ex-
plicit preferences (from simulated data) in a forest planning problem
in Finland. Nordström et al. (2009) used extended GP to aggregate
stakeholder preferences elicited with AHP in a local forest planning
case study in Sweden. In the context of participatory forest plan-
ning, a major problem with GP and other a priori methods is the
difficulty for stakeholders to state their preferences in terms of target
levels for objectives. This difficulty is a consequence of the lack of
knowledge about the production possibilities and the trade-offs be-
tween objectives (Tóth et al. 2006). One approach to overcome this
difficulty is to work iteratively so that the stakeholders have the
opportunity to learn about the problem, adjust their preferences,
and develop new alternative solutions (e.g., Eyvindson et al. 2013).
Nevertheless, this would lead to a convergence to an a posteriori
approach without taking full advantage of its benefits. Tóth et al.
(2006) presented an approach to finding the Pareto frontier for
problems considering two goals. The Pareto frontier describes the
limits of what is possible in terms of competing decision criteria, and
it illustrates the degree to which improving one particular criterion
requires accepting sacrifices in the achievements of others (i.e.,
trade-offs). Tóth and McDill (2009) extended the approach to pro-
vide information about the trade-offs among up to three goals. More
recently, Borges et al. (2014b) presented an alternative method for
finding and displaying the Pareto frontier for problems with up to
seven goals. Garcia-Gonzalo et al. (2015) described further the com-
putational implementation of this method within a decision support
system (DSS).

As each point of the Pareto frontier corresponds to an alternative
plan, solutions by this method are not restricted to a small set of
predefined alternatives as in the case of other a posteriori MCDMs.
Other potentially more suitable solutions corresponding better to
stakeholders’ preferences may be identified. In addition, by visual-
izing the Pareto frontier, stakeholders may analyze trade-offs be-
tween criteria and state their preferences based on full knowledge of
the production possibilities and ranges of the criteria. The reader is
referred to Lotov et al. (2004) and Borges et al. (2014b) for a de-
tailed description of this method as well as for its application to
scenario analysis by a single decisionmaker. Nevertheless, its fea-
tures suggested its potential to address multiple decisionmakers’
problems.

In this article, we develop an approach to help overcome land tenure
heterogeneity constraints to forested landscape-level management plan-
ning and to the provision of ecosystem services. The emphasis is on the
combination of participatory workshops and Pareto frontier a posteriori
MCDM to provide the trade-off information needed to address typical
multiple objective and multiple decisionmakers’ forest ecosystem
management planning problems. This approach is described and ap-
plied to two problems involving forested landscapes where land tenure
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is heterogeneous—the Zonas de Intervenção Florestal (ZIF), joint
management forest areas, in Northern and in Southern Portugal. The
ZIFs’ tenure heterogeneity derives from the number of ownership types
involved, e.g., nonindustrial private forestland (NIPF), industry, and
community/municipalities. ZIFs have a management board consisting
of a forest owners association. This management board is responsible
for developing the ZIFs’ forest management plans. Typically, the man-
agement board holds meetings with representatives from each owner-
ship type as well as with representatives from other stakeholders, e.g.,
other nongovernmental organizations (NGOs) or forest service, to en-
gage them in the development of the plan. The list of ecosystem services
encompassed both provisioning (e.g., timber and other forest products)
and regulating services (e.g., carbon). Specifically, it included carbon
stocks, cork, and pine cones as well as volume flows from a range of
forest species. One of the ZIFs’ forest ecosystem management planning
problems encompassed further the standing volume at the end of the
planning horizon as a criterion. We present results from two work-
shops, where more than 45 stakeholders negotiated targets, i.e., the
desired supply levels, for each ecosystem service. We also discuss the
forest management programs needed to achieve them, with the support
of trade-off information provided by a Pareto frontier a posteriori
MCDM.

Materials and Methods
Study Areas

After the 2003 wildfire season, when more than 400,000 ha
burned (Marques et al. 2011), policymakers designed the tool
ZIF—joint management areas that must encompass at least 1,000
ha and 50 forest owners—to promote the integration of multiple
owners’ forest management plans to address wildfire prevention
goals (Martins and Borges 2007). Local forest owners associations,
Associação de Agricultores da Charneca (ACHAR) and Associação
Florestal de Vale do Sousa (AFVS), decided to use the tool to inte-
grate forest management planning by their associates in Central and
Northwest Portugal, respectively. ACHAR and AFVS represent
about 800 forest owners, and their success in bringing together
forest owners to develop the Zona de Intervenção Florestal Chouto
Parreira (ZIF_Ch) and the Zona de Intervenção Florestal Paiva and
Entre-Douro e Sousa (ZIF_VS), respectively, derives from the sup-
port they have provided to their associates over more than 20 years.

ZIF_Ch is located in a rural part of Chamusca County in Central
Portugal, which has a Mediterranean climate. The ZIF_Ch area
extends over 19,526 ha and was classified into 5,681 stands. It is
dominated by cork oak (Quercus suber) and eucalypt (Eucalyptus
globulus Labill) stands (63 and 30% of the ZIF_Ch area, respec-
tively). Maritime pine (Pinus pinaster Ait.) and umbrella pine (Pinus
pinea) stands occupy about 7% of the ZIF_Ch area. It is a privately
owned area with 307 landowners. Small (�50 ha), medium (be-
tween 50 and 400 ha), and large (�400 ha) NIPF holdings extend
over 6, 30, and 52% of the area, respectively. About 77% of the area
of large holdings belongs to traditional forest owners for whom
farming and forestry are the primary sources of income, whereas
12% is owned by the pulp and paper industry (Borges et al. 2014a).
Cork and eucalypt pulpwood rank very high in the list of ecosystem
services provided by ZIF_Ch. The list of ecosystem services also
includes carbon storage, maritime pine saw logs, and umbrella pine
cones (pine nuts) (Borges et al. 2014a).

ZIF_VS is located in a rural part of Northwest Portugal, which
has a Mediterranean climate with an Atlantic influence. The
ZIF_VS area extends over 14,388 ha and was classified into 1,976

stands. It is dominated by pure stands of eucalypt (E. globulus Labill)
and mixed stands of eucalypt and maritime pine (P. pinaster Ait.)
(about 66 and 33% of the ZIF_VS area, respectively). The remain-
ing area is occupied by hardwoods. ZIF_VS encompasses 387 land-
owners. Community (local parish) property accounts for 35% of the
ZIF_VS area. Medium and large private properties (area greater
than 5 ha) extend over 60% of the ZIF_VS area. The remaining 5%
is owned by small or very small forest owners (Borges et al. 2014a).
Eucalypt pulpwood and maritime pine saw logs rank very high in
the list of ecosystem services provided by ZIF_VS. This list also
includes hardwood (chestnut) saw logs and carbon storage (Borges
et al. 2014a).

Sottomayor et al. (2014a, 2014b) described the scenarios that
drive change in both case study areas. These scenarios identified the
elements that may have an impact on the forest owner’s behavior
and the distribution of corresponding management programs over
the case study area over the next decades. In the case of ZIF_VS,
stakeholders highlighted the importance of establishing a program
for valuation of ecosystem nonmarket services (either by public sub-
sidies or through market payments) and of increasing ZIFs eligibil-
ity for support by forest policies (e.g., by public subsidies). Stake-
holders in ZIF_Ch emphasized the importance of the forest
ownership structure and the occurrence of forest pests and diseases.
Biber et al. (2015) used this information to assess the impact of
scenarios on the provision of ecosystem services from both study
areas. These scenarios were developed by the forest owners’ associ-
ations and a set of stakeholders selected based on their representa-
tiveness (Sottomayor et al. 2014a, 2014b). They provided the con-
text for the development of the ZIFs’ management plans by
ACHAR and AFVS and for the provision of ecosystem services from
each ZIF. The number of forest ownership types involved, the mul-
tiplicity of stakeholders, and the diversity of ecosystem services pro-
vided an excellent framework to develop and test the combination of
participatory workshops and Pareto frontier a posteriori MCDM to
address multiple objectives and multiple decisionmakers’ forest eco-
system management planning problems.

Model Building
The SADfLOR decision support toolbox (e.g., Borges et al.

2003, Ribeiro et al. 2004, Falcão and Borges 2005, Garcia-Gonzalo
et al. 2013, 2015) was used to automate the process of model build-
ing for trade-off analysis. First, its management information module
stored both alphanumeric and topological data from both case stud-
ies. Second, its prescription writer and simulation modules were
developed to encapsulate the scenario information, namely silvicul-
ture and growth and yield models and thus generate the input to
develop resource capability models (RCMs) (Davis and Johnson
2001) for both forest ecosystem management planning problems.
The RCMs are defined by the decision variables, or prescriptions, as
well as by their outcomes, i.e., their contribution to the provision of
ecosystem services (Davis and Johnson 2001). A total of 84,227 and
69,783 stand-level prescriptions were simulated over a planning
horizon extending over 90 years for the ZIF_Ch and ZIF_VS, re-
spectively. The stand-level prescriptions were classified into forest
management programs. The latter were associated with forest own-
ers’ behavior types identified by Sottomayor et al. (2014a, 2014b)
(e.g., eucalypt short-rotation coppice systems by pulp and paper
industry forest owners, cork oak agro-forestry system by small, me-
dium, and large NIPFs).
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The SADfLOR matrix generator automated the process of de-
veloping the resource capability linear programs from the output of
its prescription writer and simulation modules. The latter include
the forest models available to estimate the provision of ecosystem
services from the study areas (Biber et al. 2015). In the RCM,
stand-level prescriptions correspond to linear programming model I
type decision variables (Johnson and Scheurman 1977). The RCM
was further developed to include accounting variables to estimate
the provision of each ecosystem service from each case study as well
as to estimate the area assigned to each forest management program
in each ZIF.

Finally, the RCMs were edited further to identify the ecosystem
services for which trade-off information is needed. In the case of
ZIF_Ch, the list of ecosystem services included cork, pine saw logs,
pine cones, eucalypt pulpwood, and carbon. In the case of ZIF_VS,
that list included pine saw logs, carbon, eucalypt pulpwood, and
chestnut saw logs; an additional criterion was the standing volume
in the ending inventory. These lists were developed by the stake-
holders to reflect the relative importance of the ecosystem services in
each ZIF (Borges et al. 2014a). The Pareto frontier MCDM module
was then used to generate the set of criterion values for both forest
ecosystem management problems as well as to produce and display
the information about the trade-offs between criteria, i.e., ecosystem
services (and standing volume in the ending inventory in the case of
ZIF_VS).

The final model may be described as follows:

�
j�1

Mi

xij � ai, i � 1, . . . ,N (1)

�
i�1

N

�
j�1

Mi

pinewijtxij � PineWt, t � 1, . . . ,T (2)

�
i�1

N

�
j�1

Mi

eucalyptwijtxij � EucalyptWt, t � 1, . . . ,T (3)

�
i�1

N

�
j�1

Mi

chestnutwijtxij � ChestnutWt, t � 1, . . . ,T (4)

�
i�1

N

�
j�1

Mi

corkAijtxij � CORKAt, t � 1, . . . ,T (5)

�
i�1

N

�
j�1

Mi

conesijtxij � Conest, t � 1, . . . ,T (6)

�
i�1

N

�
j�1

Mi

carbijtxij � CARBt, t � 1, . . . ,T (7)

NPV � �
i�1

N

�
j�1

Mi

cijxij (8)

Cork � �
t�1

T

CORKAt (9)

Cones � �
t�1

T

Conest (10)

PineSawlogs � �
t�1

T

PineWt (11)

EucalyptPulpwood � �
t�1

T

EucalyptWt (12)

ChestnutSawlogs � �
t�1

T

ChestnutWt (13)

Carb � �
t�1

T

CARBt/T (14)

VEI � �
i�1

N

�
j�1

Mi

veiijxij (15)

A_FMPf � �
i�1

N

�
j�1

Mi

xij (16)

where f � FMPf, f � 1, … , 3, F.

xij � 0, � i, j (17)

where

N � the number of stands (5,681 for ZIF_Ch and 1,976 for
ZIF_VS)

Mi � the number of prescriptions for each stand i
F � the number of forest management programs (4) (see Tables 2

and 4)
FMPf � the set of prescriptions that were classified as belonging to

forest management program
T � the number of planning periods (9)
xij � the number of ha of stand i assigned to prescription j
ai � the total area of the stand i
pinewijt � the pine timber flow in period t that results from assign-

ing prescription j to stand i
eucalyptwijt � eucalypt timber flow in period t that results from

assigning prescription j to stand i
chestnutwijt � chestnut timber flow in period t that results from

assigning prescription j to stand i
corkAijt � adult cork flow in period t that results from assigning

prescription j to stand i
conesijt � pine cone flow in period t that results from assigning

prescription j to stand i
carbijt � average yearly carbon stock in period t that results from

assigning prescription j to stand i
cij � net present value associated with prescription j in stand i (it

includes the soil expectation value)
veiij � standing volume in the ending inventory in stand i when

assigned to prescription j
A_FMPf � the area assigned to forest management program f.
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Equations 1 state that the sum of areas in a stand assigned to each
prescription cannot exceed the corresponding stand area ai. Equa-
tions 2, 3, and 4 define, respectively, the pine, eucalypt, and chest-
nut timber yield. Equation 4 was included only in the case of
ZIF_VS. Equations 5, 6, and 7 define, respectively, the adult cork
yield, the pine cone yield, and the average carbon stock in each
planning period. Equations 5 and 6 were considered only in the case
of ZIF_Ch. Equations 8 to 14 define, respectively, the net present
value, the total adult cork yield, the total cone yield, the total pine
saw logs yield, the total eucalypt pulpwood yield, the total chestnut
saw logs yield, and the average carbon stock across planning periods.
Equation 15 was included only in the case of ZIF_VS to define the
standing volume in the case study area at the end of the planning
horizon. These equations thus define the values of the criteria con-
sidered for testing purposes in each case study area. Equations 16
define the area assigned to each forest management program. They
thus report the forest owner’s behavior and corresponding manage-
ment programs that would be needed to meet the ecosystem services
target levels. The inequalities 17 state the nonnegativity constraints.

Group Decisionmaking
The workshops were designed to take place over a full day. The

stakeholders in each set were selected with the support of ACHAR
and AFVS to represent all relevant private and public interests.
These participants were ACHAR and AFVS board members and
other representatives of forest owners and representatives from in-
dustry, forestry firms, central and local public administration, envi-

ronmental groups, and local development NGOs. Stakeholders had
been formerly involved in meetings with the research team to de-
velop the driver scenarios described by Sottomayor et al. (2014a,
2014b). In the case of ZIF_VS, the workshop involved 20 stake-
holders, representing the NIPFs (3), the pulpwood industry forest
owners (3), the maritime pine industry (2), the furniture industry
(1), the forest services providers (1), the forest service (3), local
municipalities (3) and NGOs (4). In the case of ZIF_Ch, the work-
shop involved 26 stakeholders, representing the NIPFs (8), the
pulpwood industry forest owners (3), the pine industry (3), the cork
industry (4), the forest service (3), local municipalities (2), and
NGOs (3). The NGOs included environmental groups as well as
local development organizations. The team that conducted the
workshops included five researchers.

The workshops were structured so that stakeholders would pro-
vide first an estimate of the target supply level for each ecosystem
service from the case study area. The first estimate resulted from a
discussion by all stakeholders. No assistance from the DSS and from
its Pareto frontier MCDM module was provided regarding the fea-
sibility set or the trade-offs between criteria (Figure 1).

Next, the research team described the process by which it gener-
ated the RCM for each ZIF and the ecosystem services trade-off
information for the global supply scenarios. It further demonstrated
the use of the DSS and its Pareto frontier MCDM module so that
stakeholders might take advantage of the information provided by it
to redefine their ecosystem services target supply levels.

After this stage, stakeholders were organized into heterogeneous

Figure 1. The workshop structure and information flow. ES, ecosystem service; MA, management alternative or prescription.
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working groups with representatives from all stakeholders’ catego-
ries (forest owners, industry, public administration, and NGOs).
This setting was designed so that the negotiation process might be
initiated at this stage with the support of the DSS and its Pareto
frontier MCDM module. Each working group was provided with a
laptop computer on which the DSS had been installed. The group
used the DSS to generate information about the feasibility frontier
and the trade-offs between criteria. Using this information, the
group developed a second estimate of the target supply level for each
ecosystem service from the case study area. The research team com-
piled these estimates and made them available to all participants at
the end of the working session. During the last stage of the work-
shop, all stakeholders worked together using the DSS and its Pareto
frontier MCDM module in an effort to reach a solution that might
be accepted by all groups and participants.

At the end of each workshop, each participant was asked to
complete a questionnaire (see Figure 6). The questionnaire was de-
veloped for evaluating the workshop and the support provided by
the a posteriori MCDM approach for defining the ecosystem ser-
vices target levels and corresponding landscape-level forest ecosys-
tem management programs. It contained 11 statements. Partici-
pants were asked their degree of agreement or disagreement with
each statement. Answers were provided on a 5-point Likert scale,
and it was possible for participants to write comments.

Results
The first estimates by the stakeholders (Tables 1 and 3) resulted

from a discussion with no support from the DSS and its Pareto
frontier MCDM module. Stakeholders were allowed to define the
targets they thought desirable for the case study area. For example,
in the case of ZIF_VS representatives from NGOs put emphasis on
the provision of chestnut saw logs, whereas the pulp industry was

Figure 2. Tradeoffs between three ecosystem services: VH_Pbravo, pine saw logs; VH_Euc, eucalypt pulpwood; VH_Castan, chestnut saw
logs. Each of the nine decision maps corresponds to a level of supply of VH_Castan; the latter ranges from 0.05 to 0.45 � 106 m3. Each
decision map displays the trade-offs between the provisions of VH_Pbravo and VH_Euc for each level of supply of VH_Castan.

Table 1. ZIF_Ch ecosystem services target levels by stakeholders.

Ecosystem services

90-yr period

Unit First estimate

Second estimates

Third estimate solutionGroup 1 Group 2

Cork @ (15 kg) 13.6 � 106 14.65 � 106 14.65 � 106 14.65 � 106

Pulpwood m3 8.14 � 106 8.14 � 106 8.14 � 106 8.14 � 106

Pine saw logs m3 0.24 � 106 0.26 � 106 0.27 � 106 0.05 � 106

Pine cones Mg 0.06 � 106 0.03 � 106 0.06 � 106 0.16 � 106

Average carbon stock Mg/yr 0.98 � 106 0.94 � 106 0.98 � 106

Table 2. Areas allocated to each forest management program to
meet the ecosystem services target levels solution in ZIF_Ch.

Forest management programs

Current
To meet targets
(third estimate)

ha % ha %

1. Cork oak (Quercus suber) forest
system for cork production

12,323 63.1 12,323 63.1

2. Eucalypt (Eucalyptus globulus)
forest system for pulpwood
production

5,878 30.1 5,878 30.1

3. Umbrella pine (Pinus pinea)
forest system for pine nuts
production

205 1.1 436 4.6

4. Even-aged maritime pine (Pinus
pinaster) forest system for saw logs
production

1,121 5.7 890 2.2
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mostly concerned with the provision of eucalypt pulpwood. Thus,
with no check on the overall feasibility of meeting those targets.
Furthermore, they could not be translated into a quantifiable set of
forest owner behaviors and corresponding forest management pro-
grams (e.g., to an allocation of area to each forest management
program). Nevertheless, they were grounded by the stakeholders’
experience and former knowledge about the study area and its po-
tential for supplying the range of ecosystem services. Stakeholders
thus felt confident about providing targets for most ecosystem ser-
vices. Nevertheless, they decided to check the information provided
by the tool before setting targets for the average carbon stock in both
case study areas and for the volume of ending inventory in the case
of ZIF_VS.

The DSS demonstration session did provide the expertise needed
for the stakeholders to work independently with the Pareto frontier
MCDM module. Stakeholders used the tool to check the feasibility
of their first estimates. For that purpose, they started by selecting
three ecosystem services out of the range provided by each case study
area (Figure 2). For example, in the case of ZIF_VS, they started by
analyzing the trade-offs between the provision of pine saw logs,
chestnut saw logs, and eucalypt pulpwood. The Pareto frontier
MCDM module displays this information in decision maps. Each
decision map is associated with a specific level of chestnut saw logs
and thus provided information about the trade-offs between euca-
lypt pulpwood and pine saw logs (Figure 2). Each decision map
corresponds to a set of solutions in a two-criteria space, the two
criteria being in this case the eucalypt pulpwood and the pine saw
logs. It represents all feasible combinations of supply values for
eucalypt pulpwood and pine saw logs for a given value of the third
criterion, chestnut saw logs. The set of decision maps highlights
further the trade-offs between the supply of chestnut saw logs and
the supply of the two other ecosystem services. The supply of chest-
nut saw logs competes more with the supply of pine saw logs than
with that of eucalypt pulpwood.

After this first check, participants considered all ecosystem ser-
vices simultaneously. Use of the DSS and MCDM module facili-
tated this procedure and helped stakeholders interpret the informa-
tion provided by the tool about the set of feasible values for the
criteria as well as about the trade-offs between the ecosystem ser-
vices. The tool enabled the generation of a solution that all stake-
holders in the group were comfortable with (Tables 1 and 3). The
development of the second estimate also made use of the informa-
tion provided by the tool about the areas that would be needed for
allocation to each forest management program to meet the targets.
The resulting estimated area allocation was all the more acceptable
because all groups included representatives of forest owners.

Results show that the Pareto frontier MCDM module helped
stakeholders revise their initial estimates to take into account the

feasibility of the proposed ecosystem services baskets. In the case of
ZIF_VS, the initial estimate of the target provision of eucalypt pulp-
wood over the 90-year period was decreased by about 0.8 � 106 m3

(Table 3). This was a consequence of an overestimation of the po-
tential for joint supply of eucalypt pulpwood and pine saw logs from
areas where mixed stands predominated (areas allocated by NIPFs to
programs for the management of eucalypt and pine forests). The
stakeholders’ development of the second estimate for targets in the
ZIF_VS took further advantage of the exploration of the potential
for change in current behavior: participants considered the potential
for converting small NIPFs’ lightly managed mixed stands to more
actively managed chestnut stands or to pure eucalypt stands. The
decrease in the target provision of eucalypt pulpwood and pine saw
logs was matched by an increase in the target provision of chestnut
saw logs by all groups. All three groups in ZIF_VS had representa-
tives from all stakeholders’ categories. Nevertheless, one group stood
out for targeting higher harvest levels at the expense of the volume of
ending inventory (Table 3).

Conversely, in the case of ZIF_Ch, the Pareto frontier MCDM
module indicated that the initial target estimates underestimated the
productive potential of the case study area. The initial estimate of
the target provision of cork over the 90-year period was increased by
about 1.05 � 106 kg (Table 1). This increase did not lead to a
decrease in the provision of any of the other ecosystem services.
Although both groups targeted the same levels of cork and eucalypt
pulpwood supply, they differed in the targets assigned to the supply
of maritime pine saw logs and umbrella pine cones (Table 1). The
trade-off information provided by the Pareto frontier MCDM mod-
ule helped each group negotiate the target levels for both ecosystem
services. Higher cone and pine harvest levels in the case of targets set
by group 2 led to a decrease in the average carbon stock. The infor-
mation about the allocation of areas to the corresponding forest

Table 3. ZIF_VS ecosystem services target levels by stakeholders.

Ecosystem services Units

2014–2104

First
estimate

Second estimates

Third estimate solutionGroup 1 Group 2 Group 3

Eucalypt pulpwood m3 15.4 � 106 14.6 � 106 14.6 � 106 14.9 � 106 14.5 � 106

Pine saw logs m3 0.69 � 106 0.01 � 106 0.24 � 106 0.27 � 106 0.2 � 106

Chestnut saw logs m3 0.01 � 106 0.45 � 106 0.31 � 106 0.27 � 106 0.34 � 106

Volume of ending inventory m3 1.5 � 106 1.5 � 106 1.1 � 106 1.4 � 106

Average carbon stock Mg/yr 0.6 � 106 0.6 � 106 0.6 � 106 0.6 � 106

Table 4. Areas allocated to each forest management program to
meet the ecosystem services target levels solution in ZIF_VS.

Management programs

Current
To meet targets
(third estimate)

ha % ha %

1. Mixed maritime pine (Pinus pinaster)
and eucalypt (Eucalyptus globulus)
forest system, dominance of
maritime pine

2302 16.0 462 3.2

2. Mixed maritime pine (Pinus pinaster)
and eucalypt (Eucalyptus globulus)
forest system, dominance of eucalypt

2446 17.0 769 5.3

3. Chestnut (Castanea sativa) forest
systems for production of chestnut
saw logs

101 1 1282 8.9

4. Eucalypt (Eucalyptus globulus) forest
system for pulpwood production

9499 66.0 11875 82.5
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management programs provided by the tool helped further check the
acceptability by forest landowners of the resulting landscape-level plans.

Results from the third stage confirmed the usefulness of the tool
to sort out differences between stakeholders and working groups
and to reach a solution: a basket of ecosystem services and the
corresponding landscape-level management plan. The baskets re-
flected the vision negotiated by all stakeholders. The landscape-level
management plan for each case study area was the means to help
each ZIF meet the ecosystem services supply target values that the
stakeholders collectively envisioned. Those plans were accepted by
the forest owners’ representatives and specify the area to be allocated
to each forest management program.

In the case of ZIF_VS, stakeholders started by agreeing on levels
of average carbon stock and volume of ending inventory: both the
level of the inventory stock over the planning horizon as measured
by carbon stored (0.6 � 106 Mg/year) and the level of the inventory
to be left after the implementation of the 90-year landscapewide
plan (1.4 � 106 m3) (Figure 3). They used the corresponding set of
decision maps to check the trade-offs between the three other eco-
system services and select the solution that best reflected their joint
preferences (Figure 4). The final target provision of eucalypt pulp-
wood was slightly lower than the targets set earlier by all working
groups (Table 3). The negotiation of targets for the remaining two
ecosystem services led to a basket where the provision of chestnut
and pine saw logs was set to 0.34 � 106 m3 and 0.2 � 106 m3,
respectively (Table 3). This negotiation was supported by the infor-

mation regarding the allocation of area to each management pro-
gram provided by the Pareto frontier MCDM module. Several so-
lutions were analyzed before the final one was selected. The increase
in the area assigned to the chestnut and the eucalypt forest systems at
the expense of mixed forest systems stood out as the major change to
take place in the landscape (Table 4).

In the case of ZIF_Ch, the stakeholders followed a similar pro-
cess to arrive at the solution. After agreeing on the average carbon
stock level (0.98 � 106 Mg/year) and on the level of pine saw logs
supply (0.05 � 106 m3), they used the tool to analyze the trade-offs
between the remaining three ecosystem services and select potential
baskets (Figure 5). The corresponding allocation of areas to forest
management programs by the Pareto frontier MCDM module
helped the participants to select the solution. In this solution, the area
allocated to the umbrella pine system was increased at the expense of the
area allocated to the maritime pine system (Table 2). The shift from the
second to the third estimate (Table 1) resulted from a more thorough
discussion of the impacts of wildfires and outbreaks of insects and dis-
ease on the sustainability of the maritime pine system.

The results of the questionnaires showed the potential of the
approach proposed to overcome obstacles of landscape tenure het-
erogeneity to landscapewide management planning (Figure 6).
Overall, the participants were positive, especially about the negoti-
ated solution (Questions 8–11) but also about the use of the a
posteriori approach in the framework of the workshop to get to that
solution (Questions 1–7). In the case of ZIF_Ch, the participants

Figure 3. Tradeoffs between five ecosystem services: VolEI, volume of the ending inventory; CarbMedio, average carbon stock;
VH_Pbravo, pine saw logs; VH_Euc, eucalypt pulpwood; VH_Castan, chestnut saw logs. Each line displays the sets of decision maps for
a level of CarbMedio; the latter ranges from 400 to 600 � 103 Mg/year. Each column displays the sets of decision maps for a level of
VolEI; the latter ranges from 1.15 to 1.45 � 106 m3. Each set of nine decision maps displays the trade-offs between VH_Pbravo, VH_Euc,
and VH_Castan for specific levels of CarbMedio and VolEI. Each of the nine decision maps in a set corresponds to a level of supply of
VH_Castan; the latter ranges from 0.05 to 0.45 � 106 m3. Each decision map displays the trade-offs between the provisions of VH_Pbravo
and VH_Euc for each level of supply of VH_Castan. The set of decision maps selected by stakeholders in ZIF_VS for further exploration
and selection of a solution is circled.
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were in general positive about the MCDM tool and especially about
the vision produced. Time for using the tool, in both the intragroup
and the intergroup settings (Questions 6 and 7), seems to have been
the most critical point. In the case of ZIF_VS, the participants were
more critical about the tool and the scarcity of time for using it, and

yet they were as positive about the vision created as the participants
in the case of ZIF_Ch. In ZIF_VS and ZIF_Ch, a certain share of
participants either did not answer the questions or stated that they
did not know how to answer; this uncertainty pertains especially to
the questions on the vision (Questions 8–11).

Figure 4. Set of decision maps (for volume of the ending inventory equal to 1.4 � 106 m3 and average carbon stock equal to 0.6 � 106

Mg/year) from which stakeholders selected the solution (third estimate). VH_Pbravo, pine saw logs; VH_Euc, eucalypt pulpwood;
VH_Castan, chestnut saw logs. Each of the nine decision maps corresponds to a level of supply of VH_Castan; the latter ranges from 0.05
to 0.45 � 106 m3. Each decision map displays the trade-offs between the provisions of VH_Pbravo and VH_Euc for each level of supply
of VH_Castan. The white line represents the Pareto frontier selected by stakeholders; it is associated to VH_Castan � 0.34 � 106 m3. The
point selected by stakeholders in this frontier corresponds to VH_Euc � 14.5 � 106 m3 and VH_Pbravo � 0.2 � 106 m3.

Figure 5. Set of decision maps (for average carbon stock equal to 0.98 Mg/year and pine saw logs supply equal to 0.05 � 106 m3) from
which stakeholders in ZIF_Ch selected the solution (third estimate). VH_Euc, eucalypt pulpwood Chamusca; Cortica, cork; Pinha, umbrella
pine cones. Each of the six decision maps corresponds to a level of supply of Pinha; the latter ranges from 14.75 to 16.0 � 104 Mg. Each
decision map displays the trade-offs between the provisions of Cortica and VH_Euc for each level of supply of Pinha.
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Discussion and Conclusions
The combination of participatory workshops and Pareto frontier

a posteriori MCDM developed by this research did meet the effi-
ciency and effectiveness requirements for addressing typical multi-
ple objective and multiple decisionmakers’ forest ecosystem man-
agement planning problems. The data and information
management processes to generate the trade-offs between the forest
management decision criteria were fully automated, thus meeting
the forest management process efficiency requirement. This was a
key factor for the success of the participatory workshops as it pro-
vided real-time support to the negotiation between stakeholders.
Computational improvements may be possible. These relate to the
coding of DSS modules and of the linkages between them. Never-
theless, SADfLOR and the current implementation of the Pareto
frontier a posteriori MCDM module ran efficiently and did provide
the timely information required by the participants in the work-
shops. The approach was influential in helping the stakeholders
frame the problem and set targets for the criteria. As a result, the
approach contributed to enhance forest management effectiveness
in both study areas.

Web-based DSS platforms have been proposed to address forest
management planning problems (e.g., Reynolds et al. 2008, Ram-
mer et al. 2014). Future research will target the integration of Pareto
frontier a posteriori MCDM modules in such platforms. This may
help widen the involvement of stakeholders in participatory work-

shops and thus contribute to enhance the effectiveness of the forest
management process and the quality of the decisions. In some cases,
a higher number of forest owners’ representatives might be necessary
for a negotiated solution to be accepted.

Results demonstrated the effectiveness of the approach. In con-
trast with other a posteriori methods used in participatory forest
planning (e.g., Mendoza and Prabhu 2000, Kangas and Kangas
2005, Pykäläinen et al. 2007, Korosuo et al. 2011, Nordström et al.
2010, 2011, Grošelj et al. 2015, Rico and González 2015), our
Pareto frontier approach was not constrained by the need to simplify
the problem and select a smaller discrete set of alternatives. In fact,
our forest management decisionmaking problems in ZIF_VS and
ZIF_Ch involved a large number of alternatives. Further it did not
require stakeholders to define the ecosystem services target supply
values before considering the possible supply values that derive from
the resource capability models. This may contribute to a compre-
hensive representation of forest management decisionmaking prob-
lems involving large number of alternatives. The framing of the
problem took into account complexity at the landscape level. Mod-
els were developed from 84,227 stand-level alternatives for ZIF_Ch
and 69,783 stand-level alternatives for ZIF_VS. Stakeholders were
able to check information about all landscapewide combinations of
these alternatives when making decisions.

The modular structure of the SADfLOR decision support tool-
box facilitates the update of forest models to estimate the provision

Figure 6. Results of the questionnaires from the two workshops (n � 46). The vertical, dashed line shows the midpoint of the five-point
Likert scale; the share of respondents that agree with the statements is displayed to the left of the midpoint line (in lighter shades) and the
share of respondents that disagree to the right (in darker shades). Neutral responses (value 3 on the Likert scale) are displayed in gray
with equal shares on either side of the midpoint line.
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of ecosystem services from the study areas. As the trade-off curves
depend on the projections made by these models, that modularity is
important to increase the accuracy of the trade-off information as
new models become available. The set of ecosystem services from
each ZIF was designed in cooperation with the forest owners asso-
ciations and the stakeholders to reflect a balance between flows
(timber, cones, and cork) and stocks (carbon and inventory). It
included thus only provisioning and regulating ecosystem services.
Other forest ecosystem management planning objectives may be
relevant in other contexts. Therefore, the research may be expected
to focus on diversifying the range of objectives considered, such as
protection against wildfires (Ferreira et al. 2015) and biodiversity
(Bugalho et al. 2011), to increase the applicability of the approach.
This will entail the development of forest models to assess the im-
pact of stand-level management options on the provision of other
ecosystem services. This research highlighted how to address obsta-
cles to landscape-level management planning that derive from a
heterogeneous land tenure structure. However, no spatial optimiza-
tion methods were used, and stakeholders did not check the solution
spatial patterns. Future research will thus also explore the incorpo-
ration of other planning techniques, e.g., such as mixed integer
programs with spatial conditions’ targets into the Pareto frontier
MCDM tool to address objectives as well as the provision of ecosys-
tem services that depend on the spatial distribution of stand-level
management options. This work will help evaluate the effect of
spatial context on both stand- and landscape-level outcomes.

Although the workshop participants had former knowledge
about the study area and had actually been involved in the develop-
ment of its driver scenarios (Sottomayor et al. 2014a, 2014b), they
either overestimated or underestimated the forested landscapes’ pro-
duction potential. This outcome highlights the importance of trade-
off information in developing effective natural resources manage-
ment policies, such as those for forest plantations. The tool helped
them realize what that potential was and contributed to a better
informed negotiation to develop the second estimate of what the
targets should be. Stakeholders were fully aware of the implications
of their selection of ecosystem services supply values on the alloca-
tion of areas to forest management programs, when selecting the
landscape-level solution (the workshop third estimate). This infor-
mation was provided in real time by the tool. Current research is
building on these findings to explore the policy options that may
facilitate the implementation of the forest management programs.

The effectiveness of the approach was demonstrated further by
stakeholders’ responses to the questionnaires. Overall, the evalua-
tions were quite positive. In both case studies, the participants were
especially satisfied with the resulting vision. The tool did provide the
information needed for an informed negotiation of the ecosystem
services targets and of the forest management programs needed to
realize the stakeholders’ vision. Nevertheless, the responses suggest
that the effectiveness of the participatory workshops may be in-
creased further by the development of laboratory sessions for stake-
holders to become more familiar with the use of the tool. Sufficient
time for exploring and using the tool is clearly important. Limited
time is often a problem in participatory forest planning (Duinker
1998, Buchy and Hoverman 2000), and it may be accentuated by
the use of technical tools that provide complex information that the
stakeholders need to understand for the process to be meaningful to
them (Menzel et al. 2012). Responses from ZIF_VS stakeholders
expressed this need; the research team provided less instruction
about the use of the tool to these groups than to ZIF_Ch stakehold-

ers. ZIF_VS participants perceived time to be a limiting factor dur-
ing their negotiation. This constraint will be more severe if concerns
with spatial impacts of solutions are to be analyzed. The SADfLOR
decision support toolbox integrates a geographical information
module. Nevertheless, the spatial analysis by multiple decisionmak-
ers will require more workshop time. Using computational tools in
participatory settings may be problematic if the tool is not compre-
hensible to stakeholders but seen as a black box (Menzel et al. 2012).
Future research could aim to improve the participatory component
of our approach by considering the development of an outreach
session before the participatory workshop and by testing alternative
workshop settings, e.g., the number and size of working groups.

In summary, this research demonstrated that the combination of
participatory workshops and Pareto frontier a posteriori MCDM
may help overcome land tenure heterogeneity constraints to land-
scape-level management planning and to the provision of forest
ecosystem services. The use of the Pareto frontier a posteriori
MCDM in participatory planning contexts is innovative and may
contribute to facilitate negotiation and planning as it does not re-
quire stakeholders to specify ecosystem services supply values before
they check their feasibility and trade-offs. It efficiently and effec-
tively provides an informed negotiation setting, where stakeholders
and decisionmakers may sort out their differences to set targets for
the provision of ecosystem services and to develop an acceptable
landscape-level plan. The assessment of the approach by stakehold-
ers was overall positive as shown in the responses to the question-
naires. The approach may thus be used to support and enhance any
ecosystem management planning process in which collaborative
planning and participatory processes are key to the success of the
effort.
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BRODRECHTOVÁ, V. BRUKAS, ET AL. 2015. How sensitive are ecosystem
services in European forest landscapes to silvicultural treatment? Forests
6:1666–1695.
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KOROSUO, A., P. WIKSTRÖM, K. ÖHMAN, AND L.-O. ERIKSSON. 2011. An
integrated mcda software application for forest planning: A case study in
southwestern Sweden. Math. Comput. For. Nat. Resour. Sci. 3:75–86.
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