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ABSTRACT. In efforts to increase human well-being while maintaining the natural systems and processes upon which we depend,
navigating the trade-offs that can arise between different ecosystem services is a profound challenge. We evaluated a recently developed
simple analytic framework for assessing ecosystem service trade-offs, which characterizes such trade-offs in terms of their underlying
biophysical constraints as well as divergences in stakeholders’ values for the services in question. Through a workshop and subsequent
discussions, we identified four different types of challenging situations under which the framework allows important insights to clarify
the nature of stakeholder conflicts, obstacles to promoting more sustainable outcomes, and potential enabling factors to promote
efficiency and sustainability of ecosystem service yields. We illustrated the framework’s analytical steps by applying them to case studies
representing three of the challenging situations. We explored the fourth challenging situation conceptually, using published literature
for examples. We examined the potential utility and feasibility of using the framework as a participatory tool in resource management
and conflict resolution. We concluded that the framework can be instrumental for promoting pluralism and insightful analysis of tradeoffs. The insights offered here may be viewed as hypotheses to be tested and refined as additional unforeseen challenges and benefits
are revealed as the framework is put into practice.
Key Words: biophysical constraint; conflict; ecosystem service; human values; participatory tool; production possibility frontier;
sustainability; trade-off; utility
INTRODUCTION
Many approaches in sustainability science utilize the concept of
ecosystem services to characterize the interdependence of human
well-being and the environment. Ecosystems simultaneously
generate multiple services, although it is generally not possible to
manage ecosystems to simultaneously maximize all services, and
as a result trade-offs could occur (López-Ridaura et al. 2002,
Polasky et al. 2008, Smith et al. 2012). We use the term “tradeoff ” to describe what happens when a land use or management
decision leads to an increase in one service and a decrease in some
other service or services. Trade-offs appear to be particularly
common between provisioning services, whose benefits are
derived from extracting some food, fiber, or other material
product from the ecosystem or from transforming the ecosystem
to foster the supply of a material product, and regulating services,
which decline when the integrity of ecological processes are
compromised as provisioning services are gained (Bennett et al.
2009).
Trade-offs among ecosystem services can generate conflicts in
natural resource management, development, and planning.
Trade-offs can occur because of inherent constraints of the
biological, ecological, and physical system (called “biophysical”
hereafter). Conflicts may then arise as a result of divergent
preferences held by different service users and other stakeholders
(Martín-López et al. 2012). An example of a biophysical
constraint is the negative impact that timber harvesting may have
on a regulating service such as groundwater recharge. Conflicts
could arise between groups dependent on groundwater versus
those dependent on timber. Navigating such conflicts entails
recognizing the nature of biophysically based trade-offs and
reconciling divergent stakeholder preferences over those services.
Lack of explicit recognition of differences among stakeholders’
values is a crucial challenge in efforts to appreciate the
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implications of trade-offs and to identify viable and sustainable
solutions. Today, ecosystem service assessment approaches are
more commonly recognizing the need to separate biophysical
constraints from values as sources of conflict, as reflected in
slightly different ways by the dichotomies described by Daily et
al. (2009; services and values), Mouchet et al. (2014; supply-side
and demand-side associations), and Yahdjian et al. (2015; supply
and demand trade-offs).
Cavender-Bares et al. (2015) present a sustainability framework
(SF) that characterizes ecosystem service trade-offs in terms of
two dimensions of ecosystem service conflicts: biophysical
constraints and divergent values. The SF was largely developed
from first principles in ecology and economics, with the aspiration
that it would prove useful in analyzing and understanding
conflicts that arise in real-world situations involving ecosystem
service trade-offs. In the course of a series of workshops we (1)
explored the usefulness of the SF approach by applying it to a
range of hypothetical and empirical situations and (2) developed
a prototypical methodology for its practical use. We developed a
step-by-step process for using the SF in real-life case studies, and
the insights gained from the exercise were synthesized to identify
potential types of trade-off situations for which the framework
could serve as a particularly useful analytical tool.
METHODS
An environmental economic framework of ecosystem service
trade-offs
The SF proposed by Cavender-Bares et al. (2015) in the lead article
of this Special Feature, Ecosystem Service Trade-offs Across
Global Contexts and Scales, characterizes trade-offs between two
ecosystem services. The first “layer” of the SF uses the basic
economic concept of a production possibility frontier (PPF). The
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PPF indicates the maximum amount of service B that can possibly
be produced for each level of production of service A (Fig. 1A;
Bator 1957). In resource economics, this has become an
increasingly common tool for describing trade-offs between
ecosystem services (Polasky et al. 2008, Kline and Mazzotta 2012,
Smith et al. 2012). Cavender-Bares et al. (2015) illustrated that in
the case of ecological processes and renewable resources, the
frontier is the equilibrium solution to a system of equations
representing ecological interactions that affect the yield of the
two services in question. It would also be possible for the axes to
represent bundles of services that are assessed using a synthetic
metric, indicator, or proxy. For instance, percent forest cover may
be positively correlated with water quality, carbon sequestration,
and maintenance of biodiversity. The model does not necessitate
monetary valuations of ecosystem services. Any quantitative
measure of an ecosystem service can be plotted versus another,
based on the theoretical or empirically observed relationship
governing their joint production. It is important to recognize that
management practices and technology shape the PPF. Exploring
how technology or management regimes can change the PPF is
indeed one of the ways we believe this framework can be useful
in navigating trade-offs.
Fig. 1. Trade-off diagrams representing the basic steps of the
analytical framework of Cavender-Bares et al. (2015). A. Black
curve represents the production possibility frontier (PFF), or
maximum sustainable rendering of regulating service (y-axis),
for each level of provisioning service (x-axis) rendered. B. Blue
dashed curves are isoclines or indifference curves of
stakeholder utility values, with darker lines representing greater
utility. The blue point represents the maximum sustainable
utility that the stakeholder can garner, given the biophysical
constraints that define the PPF. C. Red and blue dashed lines
are utility indifference curves shown for two different
stakeholder groups; red and blue points represent each group’s
goals for optimal utility. The black diamond represents the
current levels of each ecosystem service being rendered in the
system. The wavy arrows represent two potential trajectories for
changing the levels of services rendered. Each pathway
increases utility of one stakeholder group but decreases utility
for the other. (Redrawn and modified from Cavender-Bares et
al. 2015 with permission.)

(Fig. 1B). Where the isocline of greatest utility is tangential to the
PPF, that particular stakeholder gains the greatest satisfaction
possible from provision of ecosystem services. This point can
serve as an optimal target for land use or management.
Groups of stakeholders may be characterized by a generalized,
representative utility function that reflects their common
preferences based on similarities in their livelihoods, cultural
values, economic outlooks, and so forth. Preferences may be
influenced not only by the direct benefits associated with the two
services, but also by stakeholders’ world views, values regarding
nature, and the benefits of nature for a good quality of life. Norms
and the influence of identity and history may also play a role in
stakeholder preferences for different ecosystem states (MartínLópez et al. 2012). Utility functions can therefore implicitly
integrate other values and services that stakeholders associate
with different levels of the trading-off services being plotted.
Quantitative methods for assessing values, such as stated or
revealed preferences, manifest stakeholder utilities and can
thereby capture the suites of values and considerations that affect
preference for different levels of the two trading-off services (De
Groot et al. 2010, Chan et al. 2012). For instance, small-scale
farmers in a forest-crop mosaic may be able to earn more money
by converting their entire area to crops, but because they would
lose their access to wild plant foods, sacred sites, or the value they
hold for the aesthetic of their cultural landscape, their utility may
be highest when a large fraction of the landscape remains forested.
When utility functions for different stakeholder groups are
mapped onto the first layer, i.e., the trade-off PPF, this can reveal
that groups harbor quite divergent preferences regarding the
optimal balance of services (Fig. 1C).
The two layers of the framework capture the state of the system
with respect to biophysical and technological constraints, possible
optimal efficiencies associated with trade-offs, and stakeholder
preferences. The framework can be applied formally or
graphically to assess the state of a given system. Onto this
graphical representation, one can plot the actual level of both
services currently rendered (Fig. 1C). The visualization of actual
levels of services relative to desired optima by different
stakeholders may offer an accessible tool to actors of diverse
backgrounds for discussing barriers, enabling factors, and
conflicting preferences for desired future trajectories.
Workshop-style analyses of trade-off situations
When the SF was initially developed, the same researchers held a
workshop to more carefully explore the framework’s practical
usefulness and to develop a protocol for its implementation to
facilitate analyses and management decision making. The
participants included five faculty members and five graduate
students from three academic institutions. Their ongoing research
addressed ecosystem services across a range of social-ecological
contexts.

The second “layer” of the SF assesses human preferences for
different possible combinations of ecosystem services that trade
off. Although all points on the PPF are efficient, they may not be
equally desirable to all stakeholders. Each point in the trade-off
parameter space offers a particular stakeholder a certain level of
satisfaction, which economists call utility. These utility values can
be graphically superimposed onto the trade-off parameter space;
points of equal utility are drawn as isoclines or indifference curves

The 1.5-day workshop began with a generalized discussion of the
practical uses the SF could potentially provide. Then we devised
five steps by which that utility might be effectively achieved in a
participatory context with multiple stakeholders concerned with
land use and management decisions. Four of the participants took
turns working through the proposed process, using their primary
research context as a case study. The presenters were asked to
identify a trade-off of significance in their system. All cases
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explored the joint production of a provisioning service and a
trading-off nonprovisioning resource. The case studies
represented four different food production systems: cattle
ranching in Mexico; avocado and maize agriculture in Mexico;
subsistence pastoralism in Kenya; and shifting cardamom, maize,
and cassava farming in Tanzania. Having identified a trade-off,
the goal was for the presenter to provide key information and lead
a collaborative process of characterizing their case study in terms
of the five analytical steps, i.e., to derive the information presented
in Figure 2.
Each presenter used different sources of information to derive a
graphical representation of the putative PPF for their case study.
In the Mexico cases, PPFs were drawn to reflect empirically
measured trade-offs (González-Esquivel et al. 2015; F. Mora, P.
Balvanera, E. García-Frapolli, A. Castillo, J. Trilleras, and D.
Cohen, unpublished manuscript). The Kenya case PPF was a
graphical representation of generalized threshold-exhibiting
vegetation dynamics in drylands (May 1977, Scheffer et al. 2001).
In the Tanzanian case, the PPF reflected measured farming
practice–forest cover relationships (Mwampamba 2009,
Mwampamba and Schwartz 2011) and qualitative representations
of current trends in market values of different crops (T.
Mwampamba, personal communication). Each presenter
proposed putative utility functions for stakeholder groups, based
on their knowledge of stakeholder values and ecosystem service
preferences. The group iteratively discussed and refined the
proposed protocol in response to challenges and new
opportunities that arose. Two workshop participants authored a
study that utilized the SF to analyze a case study involving
midwestern U.S. corn production (Ewing and Runck 2015).
Although we did not have time to work through their case study
during the workshop, their article presented PPFs derived from
empirical research and discussed other relevant components of
the system. We interpreted their findings in terms of the five steps
of the analytical procedure and corresponded with them to ensure
we had characterized the system properly.
Interspersed with and following the case study presentations, we
characterized classes of situations in which we anticipated that
the framework would be particularly informative in planning and
conflict resolution. We also deliberated over the practicality,
advantages, and weaknesses of the approach. Discussions were
informed and contextualized by conducting a literature search of
other participatory and valuation methods using search terms
such as participatory, ecosystem services, valuation, and multiple
stakeholder preferences.
RESULTS
We envisioned the framework serving as a point of reference,
implemented as a participatory tool for understanding trade-offs
and for identifying obstacles and potential enabling factors to
overcome them. Developing a protocol through which the
framework could be implemented was the first key outcome of
the project. Based on our “test drives” of the protocol using case
studies and accompanying discussions, the next key outcome was
the identification of four general types of challenging situations
in which we believe the SF assessment protocol can yield
constructive insights.

Proposed analytical protocol
The first three steps are the basis of the SF itself. The first step is
identifying two ecosystem services of concern that have tradeoffs. The second step is to derive and graph the PPF for those
services as the first layer of the framework. The third step is
identifying utility functions of different stakeholder groups,
superimposing their respective indifference curves onto the graph,
and identifying the point on the PPF that yields highest utility for
each stakeholder group. At this stage, one can also plot the
system’s current yield of both services and visualize how
trajectories of change would affect the utility for different
stakeholder groups. To extend the SF to its intended application
in resource management and conflict resolution, the fourth step
is to reflect on the graph, evaluate whether stakeholders have
divergent preferences for future changes to the system, and
consider the limiting conditions and obstacles to achieving more
efficient, sustainable, and mutually acceptable levels of trade-offs
in the future. The fifth step is a creative evaluation of potential
enabling factors and strategies that would resolve limitations and
tensions revealed in step 4.
We applied the step-by-step protocol to four case studies, and the
results are illustrated in Figure 2. In discussions of the case studies,
we sought to determine how the framework helped us understand
and potentially resolve challenges posed in each case study. In
doing so, we identified three types of challenging situations that
arose as generic, cross-cutting types of problems for which the
protocol generated analytical insights. We also discussed a fourth
type of challenging situation that was not exemplified in our case
studies. We organized our presentation of the results according
to the four types of challenging situations because they give a
more generalized idea of where we believe the use of the protocol
can be productive in understanding system dynamics and
sustainability implications. We elaborate on the case studies in
Figure 2 as appropriate to provide illustrations of the challenging
situations. We illustrate the fourth challenging situation with
examples from the literature. We recognize that they are not the
only potential situations in which the framework may prove
useful, but they stood out to us as salient challenges and useful
for organizing the outcomes of our deliberations.
Types of challenging situations in which the trade-off framework
provides insights to conflicts
Challenging situation 1: Stakeholder-dependent variation in
utility functions
Challenging situation 1 is illustrated in case studies A (Mexico),
B (midwestern United States), and C (Tanzania) in Figure 2.
Within a region and spatial scale, different land users may have
distinctly different priorities and, thus, utility functions. This
challenge is what the SF was designed to graphically demonstrate,
and it is visualized in the first three steps of the analytical
protocol.
Case study A (Fig. 2A) provides one illustration: The SF was to
visualize conflicting utility functions of different stakeholders in
the dry forested regions of western Mexico, where ranchers use
different land use practices. A single PPF describes the range of
combinations of livestock fodder production and forest woody
biomass that are potentially attainable at the spatial scale of plots
(about 1-5 ha), given current agroforestry techniques (Fig. 2A,
step 2). However, step 3 of the analysis revealed that all
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Fig. 2. Four case studies (columns A-D) of provisioning-regulating service trade-offs explored in the workshop. Each case study was
analyzed using the 5-step protocol, as indicated in the left column. Cases A, B, and C provide examples of challenging situation 1
(stakeholder divergence in utility functions) and challenging situation 2 (if and when win-win outcomes can be achieved). Case D
represents challenging situation 3 (thresholds).
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stakeholder groups aim to increase services, but they vary strongly
in their preferred combination of services rendered along the PPF,
resulting in highly contrasting targets (Fig. 2A, step 3). The
different utility optima arise because stakeholder groups associate
abundance of woody vegetation with different degrees of
economic, normative, and cultural service values. In Figure 2, step
3, case studies B (midwestern United States) and C (Tanzania)
also include utility functions for different stakeholder groups,
illustrating similar potential tensions between stakeholder
preferences.
Some stakeholder-dependent variation in preferences can arise
when different groups’ aims are focused on different spatial scales.
A globally important example of this can be seen in the broad
geographical trend of greater concentrations of biodiversity in
less developed, tropical countries (Cavender-Bares et al. 2013).
International conservation organizations use political pressure
and incentives to encourage the protection of habitat for
biodiversity conservation, whereas local communities, who in
many cases are subsistence and small-scale agriculturalists, have
strong preferences for increased agricultural productivity to meet
minimum livelihood needs (Sunderlin et al. 2005, García-Barrios
et al. 2009). Neglecting local preferences in larger policy decision
making is an issue that arises repeatedly in struggles to achieve
sustainable development (Muradian et al. 2013). The SF offers a
means of visualizing such tensions via competing utility functions
held by different stakeholders.
Challenging situation 2: Identifying if and how win-win outcomes
can be achieved
Challenging situation 2 is illustrated in case studies A (Mexico),
B (midwestern United States), and C (Tanzania) in Figure 2. The
goal of sustainable development is to improve livelihoods while
maintaining the ecological processes that support life on Earth.
Translated to cases of two-service trade-offs, the goal of policy
makers is often to increase provisioning and regulating services
simultaneously, i.e., to generate win-win outcomes. Win-win can
also refer to the simultaneous increase in utility for multiple
stakeholder groups. This is an extremely important distinction,
and this framework allows one to evaluate the feasibility of winwin proposals both in terms of biophysical constraints and
stakeholder preferences.
In the generalized example illustrated in Figure 1C, the SF
diagram illustrates that there is in fact available parameter space
within the PPF to sustainably improve the yields of both services.
However, the diagram also reveals that some shifts toward the
PPF may actually cause a decrease in utility for some stakeholders.
Importantly, the diagram can also demonstrate that in some cases,
despite one stakeholder group’s rhetoric, real, feasible win-win
options may not in fact exist for the two services being examined,
either because of the strong concavity of the PPF or strongly
contrasting utility functions of different stakeholders. In such
cases, side payments may offer a way to compensate for losses of
utility experienced by some stakeholders, but with recognition
that not all services can be substituted through financial
mechanisms.
The SF helped to illustrate if and how win-win outcomes could
be attained in three of our case studies. Returning to case study
A from Mexico, step 4 used the state-of-the-system diagram to
identify two potential obstacles: a highly concave PPF and highly
contrasting utility functions for different stakeholders. Under

these circumstances, none of the points along the efficiency
frontier represent mutually acceptable outcomes. In step 5,
however, we considered the potential impact of improved
agroforestry practices, which maintain grass for livestock grazing
and provide tree cover. This would ameliorate the severity of
trade-offs, creating a more convex PPF (Fig. 2A, step 5, dashed
black line), and it would open up the parameter space to allow
higher woody biomass and high livestock forage production,
thereby enabling a win-win outcome in terms of biophysical tradeoffs. Many ranchers recognize that woody fodder can be very
important in the dry periods of the year, can contribute to soil
protection, and can provide shade for the cattle (F. Mora, P.
Balvanera, E. García-Frapolli, A. Castillo, J. Trilleras, and D.
Cohen, unpublished data). This offers a potential enabling factor;
if these improved agroforestry practices were shared through
information campaigns or peer-to-peer learning, the farmers’
intense preferences could be reshaped to include the acceptance
of more woody cover in pastures (Fig. 2A, step 5, dashed red line).
In fact, agroforestry approaches are increasingly being considered
by intensive ranchers as a viable win-win option. Through
improved agroforestry techniques and raising awareness of the
multiple benefits they provide, a zone would emerge that could
provide each stakeholder group with acceptable levels of utility
(Fig. 2A, step 5, yellow region).
Case study B, which consists of large-scale corn production in the
midwestern United States, is another case in which the current
PPF (Fig. 2B, step 2) could be expanded through technological
advances that create more favorable trade-off parameter space.
In their analyses of counties in Iowa and southern Minnesota,
Ewing and Runck (2015) found that industrial agricultural
operations were operating near or at the maximum efficiency
attainable from their fertilizer application techniques. In other
words, they were applying as much fertilizer as plants could
benefit from, but not very much more because fertilizer costs are
a key consideration in industrial agricultural management. Soil
and natural resource conservation agencies aim to work with
farmers to decrease excess fertilizer use and environmental
impacts without compromising yields (Fig. 2B, step 3, horizontal
blue utility curves), a strategy that may not be prioritized by
extension agents who work for fertilizer companies. Precision
technologies now allow fertilizer application rates that account
for localized plant demand and soil conditions. A simulation
model showed that if fertilizer application is spatially optimized,
provisioning yields can be maintained or increased while
improving the regulating ecosystem services rendered by higher
quality surface water conditions (Fig. 2B, step 5). Improved
technology offers a strategy to increase water quality without
compromising crop yields.
In case study C, the SF is used to consider alternative production
systems as possible win-win outcomes in a shifting cultivation
system in Tanzania upland forest areas. In montane farming
regions of Tanzania, farmers can grow cardamom or maize and
cassava as cash crops (Fig. 2C). Because cardamom can be grown
in shade, whereas maize and cassava yields decrease with shade,
these contrasting crop production systems have markedly
different trade-off curves with respect to biodiversity
maintenance (Fig. 2C, step 2). Switching from maize to
cardamom farming can generate more income and maintain more
biodiversity, thus offering broader win-win parameter space.
However, if we consider the temporal trajectory of a system
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switching from maize to cardamom, we encounter the challenge
of low provisioning during the time necessary for cardamom
shrubs and tree cover to mature (Fig. 2C, step 5, left dashed
arrow). If farmers are eligible to receive payments for
reafforestation during that lag, through programs such as
Reduced Emissions from Deforestation and Degradation or
Payments for Ecosystem Service, this can reduce their short-term
costs of switching (Mwampamba 2009) and serve as an enabling
factor.
Challenging situation 3: Dynamic systems with uncertainty,
traps, and zones of resilience
Challenging situation 3 is illustrated in case study D (Kenya) in
Figure 2. Ecological dynamics can play out at different time scales.
In the short term, the biophysical frontier can actually be
exceeded, but this represents an unsustainable level of benefits
garnered. In systems where there is uncertainty regarding the
location of the PPF, and in systems that exhibit threshold behavior
and alternate stable states, the potential to overshoot the frontier
merits some cautious consideration.
Case study D involves a semiarid rangeland (Figure 2D), an
ecosystem well studied for its potential threshold behavior
(Rietkerk et al. 1996, Scheffer et al. 2001, Bestelmeyer 2006). The
provisioning service in this case is forage consumed by livestock,
which is proportional to stocking density. The regulating service
is the integrity of the remaining perennial vegetation, which must
persist to capture rainfall and ensure regrowth of forage in the
next season. If grazing pressure exceeds a threshold intensity, the
ecosystem may cross a functional threshold, beyond which abiotic
conditions (soil surface sealing, runoff) create ecohydrological
feedbacks that result in much lower forage production, even if
grazing intensity is reduced (King and Hobbs 2006, Turnbull et
al. 2012). As illustrated by May (1977), the equilibrium solution
(and thus the PPF) has two alternative domains at moderate
stocking intensities: a prethreshold region where vegetation is
fairly intact and a postthreshold, degraded state with very little
vegetation (Fig. 2B, step 2). This situation is characterized as a
discontinuous PPF, with the attainable state being path dependent
on whether the threshold has been crossed.
Because the utility function of most ranchers and pastoralists is
likely to favor the largest sustainable herd, the management target
would be the point on the upper segment of the PPF with the
greatest herd size (Fig. 2D, step 3). Unfortunately, that point is
also a bifurcation point, which if exceeded, would elicit a
threshold shift to lower productivity. For the system to recover,
grazing intensity would have to be greatly reduced and might
entail an unacceptably low level of livelihood provisioning from
livestock. The bifurcation point is not necessarily fixed. It could
shift inward under low rainfall conditions, leading to a collapse
under grazing intensities that might have previously been
supportable. This illustrates the prudence of establishing
management goals within what we term a “zone of resilience” at
some lesser grazing intensity than the preferred optimum (Fig.
2D, step 5). In a wide array of natural resources systems, we see
surprises, i.e., unexpected shifts in ecosystems because of poorly
understood nonlinearities, underestimations of human impacts,
or a failure to account for temporal variability (Carpenter et al.
2009). The SF can help illustrate that maximizing efficiency may
not be the most resilient strategy if exceeding a threshold carries
the risk of shifting to a degraded state.

Challenging situation 4: Spatial and scale-dependent variation in
biophysical trade-offs
Challenging situation 4 is illustrated with a literature example
from Mexico and generically in Figure 3. There is wide recognition
that the biophysical constraints on ecosystem service trade-offs
vary greatly depending on the location and spatial scale at which
they are assessed (Rodríguez et al. 2006, Costanza et al. 2007,
Nelson et al. 2009). However, our workshop did not examine a
case study that directly addressed PPFs at different scales.
Therefore, our discussions of this situation drew from published
examples.
Fig. 3. A stylized representation of challenging situation 4,
spatial and scale-dependent variation in production possibility
frontiers (PPFs), as illustrated with an example from Mexico
(see text). Trade-offs between agricultural productivity and
biodiversity maintenance are considered at local scales in three
ecological regions in Mexico and at the broader national scale.
Curves A, B, and C represent region-specific PPFs for the
trade-off, and the black curve (D) represents the national PPF,
aggregated over the included regions. Region A represents an
area with low agricultural potential but high species richness,
region C represents an area with high agricultural potential but
low species diversity, and region B is intermediate. Small closed
circles indicate local targets for achievement of a national landsparing strategy to maximize both biodiversity and agricultural
output at the national level. Small open circles represent local
targets according to local values within each region. The large
closed circle represents the national-level service rendering
under “land sparing,” which is optimally efficient at the
aggregate, national level. The large open circle represents the
national-level services that would be rendered if each region
were managed according to local priorities, which are not
optimal by national standards but maximize utility for
stakeholders in each region. (See Appendix 1 for details
regarding the assumptions and calculations used to the derive
curves.)
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In Mexico, for example, the karst soils of the Yucatan Peninsula
limit agricultural productivity (Duch 1995), but these are regions
of high biodiversity endemism (Ibarra Manriquez et al. 1995). In
contrast, northwestern regions of Mexico have deep fertile soils
and access to irrigation that can support high agricultural
production, but have a lower proportion of endemic species
(Arriaga et al. 1997). The two regions will have distinctly
differently shaped PPFs (Fig. 3, curves A and C). Intermediate
regions that hold a mosaic of valley bottoms with fertile soils and
hills that host endemic biodiversity are found in central Mexico
(González-Esquivel et al. 2015; Fig. 3, curve B). These regional
PPFs can be aggregated to generate a national-level PPF, based
on optimal assignment of land uses to different regions (Fig. 3,
curve D; see Appendix 1 for calculation details). In effect, the
most efficient service yields would be achieved by allocating large
tracts of land to either agriculture or conservation, depending on
their biophysical suitability to render provisioning and regulating
services, a so-called “land-sparing” strategy (Fischer et al. 2008).
In the Mexico example, a land-sparing strategy at the countrylevel scale would entail massive conservation set-asides and
minimal local food production in the Yucatan (Fig. 3, curve A),
while intensive food production would be concentrated in
transformed landscapes of northwest Mexico with reduced local
regulating services (Fig. 3 curve C), and a mosaic of agricultural
areas and high biodiversity areas would be maintained in the
central part of the country (Fig. 3, curve B). Despite efficiency
optimization at the national scale, the strategy may not be optimal
to local residents, who may prefer land-sharing strategies that
generate a local balance of regulating and provisioning ecosystem
services, or who may prefer income maximization, regardless of
their ecological region, even if it would not contribute optimally
to national goals (García-Barrios et al. 2009, Perfecto and
Vandermeer 2010).
Changes in trade-offs across space are readily represented using
the first layer of the framework: identifying PPFs. In fact, a
number of studies have adopted this approach to produce
spatially optimized PPFs of biodiversity maintenance and
provisioning services over a heterogeneous landscape (Nelson et
al. 2008, Polasky et al. 2008, Kline and Mazzotta 2012, White et
al. 2012). Because ecosystem service yields can show nonlinear
increases with increasing spatial scale (Koch et al. 2009, Laterra
et al. 2012), aggregating service yields may require a mathematical
rather than qualitative application of the framework. Also,
scaling and aggregating across regions require knowledge or
assumptions about the substitutability of services across regions.
For instance, if the regulating service of interest is being indexed
as species diversity, the analysis would incorporate region-specific
species-area curves and endemism for the taxa being considered
and would consider adjacency of spatial units to calculate the
area under similar land use practices (Nelson et al. 2009).
Applying the second layer of the framework, the overlay of utility
functions, is more problematic when PPFs are drawn to reflect
different spatial scales. Identifying the most desirable points for
local stakeholders on their local PPF is graphically tractable when
considering only one spatial scale. Understanding how their
utility functions change across scales and reconciling those with
utilities of larger scale agents present a substantial challenge.
Local stakeholders’ preferences may be focused only on local

trade-offs, whereas larger scale stakeholders’ preferences may
incorporate, to varying degrees, both large-scale goals and
concern for local well-being (Roe and Walpole 2010, Kari and
Korhonen-Kurki 2013). With scale-dependent variability in
stakeholder values and nonlinear scaling of ecosystem service
yields, there is tremendous scope for complexity embedded in the
exercise of associating values with trade-off outcomes at multiple
spatial scales (Hein et al. 2006, Ernstson et al. 2010, Daw et al.
2011). Reconciling trade-offs at multiple spatial scales is a salient
theme in a number of research programs that seek to promote the
applicability of the ecosystem service concept in sustainability
science and sustainable development (e.g., Hein et al. 2006, Biggs
et al. 2007, Müller et al. 2010, Haase et al. 2012, Labiosa et al.
2013). Developing and evaluating the potential utility of this
framework in that endeavor are areas of active ongoing study.
DISCUSSION
In this study we developed a methodology for implementing the
SF to analyze ecosystem service trade-offs, applied the concepts
to case studies, and identified four kinds of situations where the
framework helps chart out the nature of trade-offs, highlighting
conflicting preferences and identifying obstacles and enabling
factors. We now reflect on our workshop experience with the SF
and existing literature on participatory assessments to consider
two topics: (1) putative guidelines for applying the framework in
participatory settings and (2) key strengths, weaknesses, and
limitations of the framework.
Using the framework in participatory planning and conflict
resolution
In making recommendations for implementing the SF protocol
in a real-world participatory process, we reflected on workshop
experiences and literature on participatory assessments to offer
putative guidelines for each step of the protocol. We envision that
a participatory process would begin step 1 of the protocol by
focusing on a known trade-off for which there exist researchderived and local knowledge bases that can be called upon to
sketch or calculate efficiency frontiers and characterize
stakeholder utility. In each of the workshop case studies we
examined, at least some stakeholders were aware of and
concerned about an ecosystem service trade-off in their system,
and there was knowledge from scientific or economic research
regarding that trade-off. We found that the selection of variables
or indicators to use on the x- and y-axes required iterative
discussion of the conflict itself, as well as the biophysical dynamics
of the system, to identify variables that were meaningful and
tractable in both contexts. In a participatory setting, we expect
that facilitation by participants familiar both with the stakeholder
divergences and the biophysical conditions would be useful and
perhaps necessary to get the process started. We anticipate that
facilitators would need to adjust the orientation process to
account for levels of literacy of the engaged stakeholders and
their familiarity with graphical representations of information.
For step 2 of the protocol, i.e., deriving the PPF, the framework
can be used for a quantitative analysis with mathematical models
(e.g., Nelson et al. 2009) or empirical data (e.g., GonzálezEsquivel et al. 2015). Alternatively, we believe that using the
framework for hypothetical or graphical analysis, as we did in the
workshop, may also be instrumental in understanding conflicts
and visualizing solutions. We envision that stakeholder groups,
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either separately or jointly, would work through a process of
generating hypothesized PPFs, with the input of facilitators or
participants who have ecological expertise. We expect that
facilitation would be useful to initially explain and maintain focus
on the concept of the frontier as representing the joint levels of
services that can be sustainably garnered. The goal of
cogenerating the PPF is to build a shared awareness of the
balances of services that can potentially be achieved.
For step 3 of the protocol, i.e., proposing utility functions for
stakeholders, we used hypothetical comparative stated
preferences between different points in the parameter space,
starting with points along the PPF. The presenters attempted to
focus on holistic preferences, so that embedded values for other
services and preferences were also reflected. They were essentially
trying to guess the answer that a stakeholder would give if asked,
“Given a future that looks like A and a future that looks like B,
which would you prefer?” Then, using the same approach, they
considered other parts of the parameter space to estimate where
utility would remain equal. From this iterative exploration, utility
indifference curves were sketched. We envision that this iterative,
hypothetical approach would prove useful for eliciting preferences
in a participatory context. Other participatory planning and
analysis protocols use visioning and preference ranking
approaches effectively (Lynam et al. 2007, Plieninger et al. 2013),
so we expect that they could be used to help define utility functions
in the context of the SF as well.
Once the two layers that characterize the state of the system are
collaboratively generated, with the current service yields also
plotted onto that diagram, the result, like other participatory
planning tools, would provide a visual basis for the next steps of
the protocol: exploratory discussions regarding goals, obstacles,
and enabling factors for more sustainable trajectories (Lynam et
al. 2007, Castella 2009, Grêt-Regamey et al. 2013). Because of
the framework’s two-layer construction, the participatory process
can tease apart two important dimensions of enhancing
sustainability: (1) biophysical constraints on directions in which
the system can go and (2) value-based decisions, obstacles, and
enabling strategies regarding where the system should go.
To initiate step 4, i.e., identifying obstacles, we propose
participants first discuss the PPFs and the system’s current
location in the parameter space. If the system’s current
performance is well below the PPF, participants can explore and
identify specific factors that pose obstacles to greater efficiency.
Discussion would focus on social, political, economic, and
technical barriers. Once obstacles are identified, discussion can
focus on enabling factors that would overcome those obstacles.
A second issue is the shape and location of the PPF itself. For
instance, if the PPF is strongly concave, imposing sharp tradeoffs, participants can explore what technological or management
improvements would change the shape of the PPF so as to create
more favorable, attainable yields of both services. Changes in land
use, policy, or technology can expand the PPF itself, creating more
“space” for sustainable, higher yielding resource use regimes.
In step 5 of the protocol, participants seek to identify
opportunities and enabling factors. We propose a discussion that
focuses on strategies to overcome obstacles and conflicts
represented by second layer of utility divergences. Because many
conflicts are rooted in divergent values, the framework can be

used facilitate an open discussion of the disparate goals held by
different stakeholders. With contrasting utility functions plotted
for each stakeholder group, the participants can more clearly
evaluate the degree and points at which their preferences in fact
diverge. By identifying a region of the parameter space where
utility functions overlap to promote multiple groups’ values, a
zone of acceptability may be identified as a mutual, consensus
goal (as in case study A, Fig. 2A). The ability to identify potential
space for conflict resolution is an important asset of this
framework. Participants can explore how policies, incentive
mechanisms, or educational initiatives could alter stakeholder
perceptions of utility and create new, mutually beneficial
parameter space (Bryan 2013).
Strengths, weaknesses, and limitations
SF, as presently developed, directly assesses trade-offs between
two services
In developing the SF, the main intention was assessment of tradeoffs between provisioning and nonprovisioning services. The
graphical nature of the assessment owes its clear, simple
explanatory power to the low dimensionality. But there are
drawbacks to considering only two services, as well as some
windows of opportunity for further model refinement. In the case
studies explored, we used ecological conditions such as forest
cover and herbaceous biomass as proxies for nonprovisioning
services (y-axes), because the system’s biophysical constraints
arise from the ecological relationship between these state variables
and provisioning. In each case, however, that ecological condition
actually represented multiple nonprovisioning services, including
cultural services, that are associated with the chosen metric (Fig.
2, Regulating Service row). The framework does not explicitly
evaluate synergies between the multiple services associated with
the chosen metrics. The framework does, however implicitly
incorporate additional services.
To the extent that stakeholder preferences account for them,
cultural services implicitly enter the evaluation via utility
functions. Cultural services arise from ecological conditions that
provide nonmaterial benefits that individuals value (Daniel et al.
2012). Because utility or preference is the sum of benefits gained
from a point in the trade-off space, utility is not necessarily only
because of economic values, but should reflect the cultural
services, norms, history, and ethics that a stakeholder associates
with a point in the trade-off space. Devising a clearer
methodology to make these embedded values more explicit could
help improve the SF’s utility in conflict resolution and is a topic
meriting further research (Chan et al. 2012).
SF distinguishes between biophysical and value-based obstacles
The clear distinction between the biophysical trade-offs in
ecosystem services and stakeholders’ divergent valuations of
those services is expected to facilitate better fit between obstacles
and potential solutions for more effective resource management.
If the SF protocol reveals constraints to sustainability posed by
the PPF itself, this directs the participants toward consideration
of biophysical solutions. In other cases, if obstacles arise because
of tensions between different stakeholders’ perceptions of utility,
solutions may use social processes such as participatory planning,
compromise and negotiation, reconciliation, and appropriate
incentive systems. In other cases, a long history of social, cultural,
and institutional drivers has contributed to highly inefficient
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conditions. In case study A from Mexico, for example, we were
able to link biophysical obstacles with potential technological
enabling strategies, while the analysis pointed to knowledgesharing strategies to overcome value-based obstacles posed by
ranchers’ intensive preferences for forest clearing. In case study
C from Tanzania, financial incentives to overcome short-term
obstacles could contribute to more desirable solutions.
Another way that we expect the distinct layers of the SF to prove
useful is by drawing attention to the biophysical limits of the
system from the beginning. Some desirable solutions may not be
possible to attain sustainably. Centering the planning or conflict
resolution process around a graphical representation of the
biophysically attainable levels of services may help keep
deliberations focused on achievable goals and necessary
compromises.
SF can account for different stakeholder values for the same level
of a service
A notable advantage of this framework is the clear distinction
between, and simultaneous visualization of, the quantities of
services yielded in a trade-off situation and the utility of those
services. Most ecosystem valuation methodologies in current
practice are economically based and tend to blur the distinction
between quantity and utility by implicitly assuming that they are
basically the same (De Groot 2006). This confusion may stem
from the fact that we use the term “value” both for preferences
(utilities) and quantification (quantities). Even in approaches that
acknowledge the distinction between quantities and values, the
issue of divergent values can remain obfuscated. For instance, in
their framework for including ecosystem services in decision
making, Daily et al. (2009) distinguished between biophysical and
valuation processes, and they addressed the challenge of valuing
nonprovisioning services, such as cultural services. However, they
did not address the issue of divergent values for the same quantity
of a service. The SF highlights how quantities and utility need
not necessarily coincide, even for provisioning services that
generate cash for livelihoods. Different utility optima arise
because stakeholder groups associate different degrees of
historical, ethical, and cultural service values with a given level of
provisioning-service production. We believe that capturing such
divergences is a critical advantage of the SF in diagnosing the
nature of value-based conflicts that arise in association with
ecosystem service trade-offs. The supply-side and demand-side
trade-off typologies used by Mouchet et al. (2014) and Yahdjian
et al. (2015) offer other new approaches for distinguishing
between biophysical constraints and divergent stakeholder values,
and both reports recognize that decision making entails
reconciliation between the two. The simultaneous visualization
of both dimensions of trade-offs in the SF may offer a tractable
starting point for such reconciliation in participatory settings.
SF can be utilized through qualitative or mathematical methods,
and can account for nonlinear and complex associations between
ecosystem services
In the case studies examined, PPFs were derived using varying
combinations of theoretical, empirical, qualitative, and
quantitative information. We found this flexibility to be a strength
in that each presenter was able to propose a PPF, using whatever
forms of information they had. Although each case assessment
began with the general notion that more provisioning would mean

fewer regulating services, we found the nonlinearities in each
system’s biophysical dynamics led to differently shaped curves in
each case, with different consequences for subsequent evaluation
of divergences in stakeholder preferences.
SF is expected to stimulate and facilitate participatory
stakeholder discussions, and help build shared mutual
understanding
Although ecosystem services are analyzed and modeled
extensively, there is so far relatively limited transfer of these
methods to participatory processes (Etienne et al. 2011). However,
there is extensive recognition of the importance of participatory
processes in establishing common understanding of problems and
finding solutions (Lynam et al. 2007, Reed 2008). Efforts to
develop effective tools to facilitate both ecosystem service
valuation and participatory planning/conflict resolution are
intensifying. For a framework to work well as a valuation tool in
a participatory context, it must offer a valid and useful
representation of the system’s dynamics, while also being simple
and accessible enough for nonspecialists from different
backgrounds to understand and engage with.
By integrating stakeholder knowledge and experience with
scientific knowledge of ecological dynamics and constraints, this
process can help participants build a shared mental model of
causal relations that explain the nature of ecosystem service tradeoffs. Establishing shared mental models is receiving increasing
attention in natural resource management as an important step
to facilitate cooperation, mutual understanding, and capacity for
adaptive governance (Biggs et al. 2011, Jones et al. 2011, StoneJovicich et al. 2011, Grêt-Regamey et al. 2013). This framework
provides a novel way to use both empirical data and stakeholder
experiences to collaboratively form a mental model, and also to
identify important information gaps. We expect that the visual
nature of the assessment tool, which represents all stakeholders
on a common playing field, will also help make the concepts more
accessible to participants.
The framework’s second layer, thinking through and mapping
utility functions for different stakeholder groups, necessitates
pluralistic thinking and can build a rich mutual understanding of
different groups’ motivations and points of dissatisfaction,
making very clear the reasons why conflicts arise and persist.
Because the framework explicitly recognizes that different
stakeholders vary in the way they integrate economic, social,
ethical, and other values, it becomes more evident that there may
be no single “correct” value that can be assigned to an ecosystem
service. However, ignoring or denying the legitimacy of other
groups’ values is often a key part of power dynamics in natural
resource conflicts (Brosius 2010); powerful parties may resist the
pluralistic approach of the framework’s second layer.
Although this participatory process may help identify
opportunities to create more mutually preferred parameter space,
additional discussion of rights, priorities, and power is also likely
to be necessary to mitigate conflicts in such cases. Power
imbalances among stakeholders are likely to exist, and resource
use decisions by the most powerful may negatively impact the
utility of some stakeholders. To address this, the framework could
be used to identify minimum service provisions and lower bounds
of tolerable losses to utility for less powerful stakeholders, which
if transgressed would critically threaten livelihoods (Leach et al.

Ecology and Society 20(3): 25
http://www.ecologyandsociety.org/vol20/iss3/art25/

2010). It is also valuable to recognize that scale and power
dynamics are often coupled. Examples of this can be seen in the
case of large-scale hydropower interventions in which the state,
the energy sector, and private actors can set resource use priorities
to enhance their utility, while multiple local, disempowered
stakeholders are deprived of their land, livelihoods, and water
access (Matthews 2012).
SF utilizes biophysical and economic understandings and ways of
representing dynamics
In decision-making processes with participants from different
disciplinary backgrounds, Smith and others (2012) found PPFs
to be effective boundary objects, or points of reference that are
shared between groups with otherwise very different
conceptualizations of a system. Although the process is
participatory in that stakeholders’ inputs are part of the
cogeneration of the PPFs, it is constrained a priori to utilize PPFs
and not any other construct to characterize the system. PPFs
themselves reflect the scientific and economic paradigms of
thought from which they emerged. Although these paradigmatic
approaches are fundamental to the field of sustainability science
today (Clark 2007), they may neglect knowledge systems used by
other stakeholders. Disparate nonscientific stakeholders may
have never considered the dynamics of ecosystem service tradeoffs in such an explicit manner; this approach may not be easy to
understand. Additionally, for the PPF to hold credibility and
legitimacy, those stakeholders would need to trust the empirical
data (if they exist), trust the natural resource ecologists or
economists contributing to the framework application, and trust
one another as they reason through the causal relationships that
determine the shape of the PPF. It remains an open question as
to whether, or which, stakeholders will relate to and embrace the
SF’s approach to characterizing their system. Participatory
visioning and planning processes are gaining salience in resource
management, with proponents arguing that they are not only
more effective but also more legitimate than top-down approaches
(Etienne et al. 2011). In the same way that participatory processes
have advanced through iterations of implementation and
refinement (Castella 2009, Helming and Pérez-Soba 2011), we
expect implementation of the SF to lead to new lessons learned
and adaptations that improve its applied usefulness.

could conceivably be used with a wide number of monetary and
nonmonetary valuation techniques for determining stakeholder
utility. We recognize, however, that because the approach is
grounded in economic and ecological perspectives on resource
use conflicts, the concepts may require thoughtful introduction
to participants who view human-environment relations from
fundamentally different perspectives. As with any single framing
tool used in a participatory setting, its effectiveness will depend
on the trust and willingness of participants to work within the
framework to visualize their sustainability challenges. We
anticipate that much more will be learned about the framework’s
utility as our research team, and others, use the approach in the
practice of natural resource management and conflict resolution.
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Appendix 1. Governing equations and parameters used to calculate production possibility
frontiers (PPFs) in Figure 3, which provides a stylized representation of the tradeoffs
between agricultural production and species richness at the national scale, and at local
scales within 3 different ecological regions, in Mexico.
General species-area and agricultural production-area functions
The trade-off between the biodiversity or species richness (S) that can be sustained from
land area in natural habitat (AH) on the one hand, and the agricultural production (P) that
can be derived from land area dedicated to crops (AC) can be expressed mathematically as
follows: The total land area (AT) under consideration can be partitioned between habitat
(AH) and crop (AC) production such that
AT = AH + AC.

(A1.1)

Both species richness and agricultural production are a function of area such that
S = AHz
P = AC,

(A1.2)
(A1.3)

where z is the slope of the log-log relationship between S and AH,  is a constant (yintercept) and  is the crop yield per unit area. The relationship between species richness
(S) and agricultural production (P) can thus be written as:
S = (1-P/)z

(A1.4)

Calculations of stylized PPFs for Figure 3
Figure 3 provides an example of an aggregated land area, in this case the country of Mexico,
that is subdivided into three regions (i=1,2,3), each of which has different biophysical
capacities to support agriculture and biodiversity. The full spatial extent of the aggregated
region, AT, is set to unity; mi is the fraction of total land area apportioned to the regional
subdivision i, and these values also sum to unity.
m1 +m2 + m3 = AT = 1

(A1.5)

The regional-level coefficient i is the y-intercept log-log species-area relationship for
region i, and influences the total number of species that can accumulate in a given area of
land in that region; zi is the slope of the log-log species-area relationship for region i.

Crop area, ACi, for each region i is the total land area less the area conserved as habitat for
biodiversity AHi,
ACi = mi-AHi

(A1.6)

and total crop area for the aggregated regions, rearranged from (A1.1) is ACT = AT - AHT.
Each region has a different capacity to produce food, determined by the coefficient,
iotal crop productivity at the aggregate national scale, PT, can be written as

PT  1 AC1   2 AC 2  3 AC 3



PT   i Aci

(A1.7)



Each region has a different capacity for maintaining species diversity, determined by
parameters i and z i . The total number of species (ST) that can accumulate in the nation if
all land is conserved as habitat for biodiversity is the sum of each parcel:

ST = a1 ( m1 AH ) 1 + a2 ( m2 AH ) 2 + a3 ( m3 AH ) 3
z

z

z

(A1.8)

z
ST = Séëai ( mi AH ) i ùû

Table A1.1: Parameters used to simulate three distinct ecological regions (i=1,2,3) and
generate PPFs in Figure 3.
Region (i)
1
2
3

Region label
in Figure 3
A
B
C

i

zi

i

mi

20
10
5

0.3
0.26
0.27

10
15
20

0.25
0.35
0.4

R-code to run the example shown in the paper can be found at
https://github.com/cavender/Trade-offs.

