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ABSTRACT. Decision makers that are responsible for stewardship of natural resources face many challenges, which are complicated
by uncertainty about impacts from climate change, expanding human development, and intensifying land uses. A systematic process
for evaluating the social and ecological risks, trade-offs, and cobenefits associated with future changes is critical to maximize resilience
and conserve ecosystem services. This is particularly true in coastal areas where human populations and landscape conversion are
increasing, and where intensifying storms and sea-level rise pose unprecedented threats to coastal ecosystems. We applied collaborative
decision analysis with a diverse team of stakeholders who preserve, manage, or restore tidal marshes across the San Francisco Bay
estuary, California, USA, as a case study. Specifically, we followed a structured decision-making approach, and we using expert judgment
developed alternative management strategies to increase the capacity and adaptability to manage tidal marsh resilience while considering
uncertainties through 2050. Because sea-level rise projections are relatively confident to 2050, we focused on uncertainties regarding
intensity and frequency of storms and funding. Elicitation methods allowed us to make predictions in the absence of fully compatible
models and to assess short- and long-term trade-offs. Specifically we addressed two questions. (1) Can collaborative decision analysis
lead to consensus among a diverse set of decision makers responsible for environmental stewardship and faced with uncertainties about
climate change, funding, and stakeholder values? (2) What is an optimal strategy for the conservation of tidal marshes, and what strategy
is robust to the aforementioned uncertainties? We found that when taking this approach, consensus was reached among the stakeholders
about the best management strategies to maintain tidal marsh integrity. A Bayesian decision network revealed that a strategy considering
sea-level rise and storms explicitly in wetland restoration planning and designs was optimal, and it was robust to uncertainties about
management effectiveness and budgets. We found that strategies that avoided explicitly accounting for future climate change had the
lowest expected performance based on input from the team. Our decision-analytic framework is sufficiently general to offer an adaptable
template, which can be modified for use in other areas that include a diverse and engaged stakeholder group.
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INTRODUCTION
Natural resource managers, planners, and policy makers are faced
with uncertainty in managing for sustainable long-term
ecosystems in the face of continued human development and
climatic change (Walker et al. 2002, McGranahan et al. 2007,
Nichols et al. 2011). Reconciling these uncertainties for long-term
conservation and ecosystem resilience is especially challenging
when working at the landscape or regional scale, where numerous
jurisdictions and stakeholders are involved (Beever et al. 2014).
This is particularly true in coastal zones where impacts from
changes in the climate, e.g., storms and sea-level rise (SLR),
threaten coastal ecosystems, which impact several stakeholder
groups with differing values and are adjacent to areas with dense
and growing human populations (Bernhardt and Leslie 2013).
Coastal ecosystems are some of the most threatened, with human
population density triple that of areas further from the coast
(Small and Nicholls 2003), and the population is expected to
continue to grow (Bengtsson et al. 2006). The resilience of coastal
ecosystems, which is the capacity to undergo change and
disturbance but retain essentially the same functions, is highly
uncertain and difficult to manage (Walker et al. 2002, 2004). For
conservation entities to manage resilience and adapt, they must

account for uncertainties about the rate, magnitude, and
likelihood of effects of climate change, particularly when
management strategies have not been identified and their
effectiveness is unknown (Heller and Zavaleta 2009, Nichols et
al. 2011). Coastal conservation strategies that address a range of
future potential scenarios are expected to be more beneficial than
strategies that consider a single scenario (Veloz et al. 2013).
Developing and implementing conservation strategies are often
hindered by the diversity of stakeholders with competing
objectives and by uncertain budgets (Wilson et al. 2007, Needles
et al. 2013).  

Within coastal ecosystems, tidal marshes offer an excellent case
study for examining ways in which decision makers can best use
limited funds for improving resilience that address both ecological
and social concerns. Tidal marshes are among the most
ecologically productive and economically valuable ecosystems in
the world (Mitsch and Gosselink 1993, Archibold 1995, Bell
1997). They provide ecosystem services that include water
regulation, coastal protection, erosion control and sediment
retention, carbon sequestration, nutrient cycling, recreation,
fisheries, and wildlife habitat (King and Lester 1995, Costanza et
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al. 1997, Lougheed et al. 2001, Zimmerman et al. 2002, Kirwan
and Murray 2008, Barbier et al. 2011, Gedan et al. 2011,
Greenberg 2012, Findlay and Fischer 2013). For example, it has
been estimated that each hectare of tidal marsh provides $8236
USD in coastal protection annually (Barbier et al. 2011).  

Conservation of tidal marshes and the services they provide
presents a great challenge in the face of climate change. They are
expected to experience increased flooding from SLR and greater
storm frequency and intensity, which will increase inundation and
erosion (Kirwan and Murray 2007, Solomon et al. 2009). SLR
projections globally range from 0.6 to as much as 1.9 m by 2100
(Vermeer and Rahmstorf 2009, Grinsted et al. 2010, Jevrejeva et
al. 2010, 2012). Storms pose significant threats to coastal areas
because of water-level surges, sustained winds, erosion, and large
amounts of rainfall in a short period of time, and can vary within
systems (Mousavi et al. 2011). Conserving tidal marshes under
projected climate impacts is challenged by existing human
infrastructure and land use, along with the diverse stakeholders
and concomitant concerns regarding the suite of services that
these tidal marshes provide (Convertino and Valverde 2013). An
explicit decision-analytic framework that can address the
challenges of managing for resilience of tidal marshes and their
ecosystem services would offer much-needed assistance for
decision makers struggling to allocate limited resources in the face
of social-ecological complexity and uncertainties.  

Our goal was to develop and evaluate an initial collaborative
decision analysis (CDA) that could be further refined to identify
an optimal conservation approach using expert judgment and
could be implemented by a diverse set of stakeholders who
manage and restore tidal marshes. After building a decision model
with stakeholders’ predictions and how they trade off  competing
objectives, we identified an optimal strategy that is robust to the
focal sources of uncertainty. Specifically we had two questions:
(1) Can CDA lead to consensus among a diverse set of decision
makers responsible for environmental stewardship and faced with
uncertainties about climate change, funding, and stakeholder
values? (2) What is an optimal strategy for conservation of tidal
marshes and what strategy is robust to the aforementioned
uncertainties? We identified measures of success for a suite of
fundamental objectives that were then linked with five alternative
management strategies to reach those objectives. We used expert
elicitation to predict the outcomes of these strategies, taking into
account effects of SLR, storm events, and available funding. We
then examined trade-offs between short- and long-term
conservation of ecological integrity and endangered species,
which were then analyzed using a Bayesian decision network with
the aim of identifying an optimal strategy that is robust to the
focal sources of uncertainty.

METHODS

Study area
San Francisco Bay (SFB) is the largest estuary on the Pacific coast
of North America and an important site for migratory birds and
endemic tidal marsh wildlife (Takekawa et al. 2006). In 1850, SFB
tidal marshes covered an estimated 2200 km² (Atwater et al. 1979),
but fragmentation and modification through local- and
watershed-scale land use changes resulted in loss of more than
80% of these marshes (Goals Project 2000). In this highly

urbanized region (Nichols et al. 1986), tidal marsh wildlife were
negatively affected by habitat and population fragmentation,
increased predation from human-associated nuisance species,
invasive species, and other threats such as pollution. Sea level rose
19.3 cm between 1900 and 2000 in SFB (Cayan et al. 2006), with
future projections up to 1.4 m for California by 2100 (Cayan et
al. 2009, NRC 2012). Today, SFB is an urban landscape consisting
of more than 8 million people and has some of the largest urban
centers in North America (Goals Project 2000). Because this
urban matrix limits the ability of tidal marshes to expand or
migrate inland with projected SLR (see EcoAtlas Baylands; http://
www.sfei.org/content/ecoatlas_habitats), this coastal ecosystem
is particularly vulnerable to climate change (Bulleri and Chapman
2010). Models of future inundation because of storm surges under
alternate SLR scenarios indicate that a 50-cm and a 150-cm SLR
would increase vulnerable areas by 20% (372 km²) and 60% (495
km²), respectively (Knowles 2010). Storm surges have been shown
to cause extended flooding in the marsh (Thorne et al. 2013) that
negatively affect endemic wildlife. During such flood events, tidal
marshes buffer storm effects on the adjoining human
communities and infrastructure (Costanza et al. 2008). Up to 93%
of current SFB tidal marsh is projected to be flooded by 2100,
and landward migration of future tidal marsh habitat is heavily
constrained by the lack of connectivity to suitable upland areas
(Stralberg et al. 2011).  

Even though tidal marshes have been known to provide important
ecosystem services, they have endured more than 150 years of
degradation by humans. This degradation has led to the listing of
endangered and threatened species and the establishment of
protected areas. Population declines and degradation of
ecosystem processes and function have compromised highly
valued ecosystem services including recreational activities, e.g.,
birding and hunting, and flood protection (Goals Project 2000).
Responding to historical losses and ongoing threats to tidal
marshes in SFB, a diverse group of stakeholders has been engaged
to ensure tidal marsh persistence in the face of human growth
and development (Goals Project 2000). Stakeholders in SFB are
mostly represented by federal agencies such as the U.S. Fish and
Wildlife Service (USFWS), the U.S. Geological Survey, and the
Army Corp of Engineers; state agencies such as the California
Department of Fish and Wildlife and California state parks; and
regional agencies and groups such as East Bay Regional Parks
and county land trusts. Most tidal wetlands and open space are
managed and owned by these groups, with little owned by civil
society in SFB. In the past two decades, extensive conservation
and restoration efforts worth millions of dollars have been made
to conserve and restore tidal marshes in SFB (Goals Project 2000).
In 2013, USFWS finalized a recovery plan for the tidal marsh
ecosystems of SFB with an estimated $1.3 billion cost (USFWS
2013). This plan included recovery objectives over a 50-year
period for 17 species of imperiled birds, plants, and animals
known to be highly susceptible to climate change effects
(Takekawa et al. 2006, Thorne et al. 2012).

Approach
We applied CDA to inform conservation of tidal marshes in SFB.
We defined CDA as a transparent, open, iterative process for
informing conservation that includes a decision-analytic
approach. Although decision analysis is an important
component, a key feature of CDA that distinguishes it from other
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approaches is stakeholder engagement, team formation, and
governance (Blomquist et al. 2010, Gregory et al. 2012, Conroy
and Peterson 2013). Although challenges of solving multicriteria
decision problems have received much attention in the
conservation and natural resource management literature
(Linkov and Moberg 2011), challenges of solving decision
problems with multiple objectives and multiple stakeholders have
received less attention. Another key feature of CDA is an iterative
process to deconstructing a decision problem into logical steps
and providing a clear decision structure informed by the relevant
decision maker, experts, and stakeholders. Structured decision
making (SDM) is a fully codified process that provides clear
descriptions of steps for conducting CDA. SDM offers an
approach to address problems on the basis of decision theory and
risk analysis (Runge et al. 2011a, Gregory et al. 2012, Conroy and
Peterson 2013, USFWS 2014). The steps followed under a SDM
framework include assessing problems, objectives, alternatives,
consequences, and trade-offs (Fig. 1, PrOACT; Hammond et al.
1999).

Fig. 1. Structured decision making (SDM) is a fully codified
process that provides clear descriptions of steps for conducting
collaborative decision analysis (CDA). SDM offers an approach
to address problems on the basis of decision theory and risk
analysis. The steps followed under a SDM framework include
assessing Problems, Objectives, Alternatives, Consequences, and
Trade-offs (PrOACT; Hammond et al. 1999).

Box 1. PrOACT steps for applying structured decision making
(Fig. 1) in a collaborative context  

1. Problem definition and stakeholder engagement. An essential
element throughout SDM in a collaborative context is team
formation, which involves engagement of the relevant
stakeholders and experts (henceforth partners; Gregory et al.
2012). Organizations that contribute major resources toward
planning or implementation of conservation actions must be
included or at least accounted for during the first and all steps of
the process to ensure successful implementation of the decision.
This is particularly essential during the first step, which involves
defining the problem and the management context. Experts with

a keen understanding of relevant system dynamics but also a sense
for the application of this information to decision making should
also be included. Ideally, one expert who works outside of the
focal conservation area/region should be involved to provide an
external perspective and to avoid “group think.” A decision
analyst who has experience applying quantitative decision-
analytic tools to conservation problems must also be involved.
One of the partners must take the role of team coordinator to
organize meetings and serve as a point of contact between the
decision analyst and the partners. The coordinator helps
communicate the decision context and elements to be included in
the decision analysis, and how the results of the decision analysis
should be applied by the decision makers. To summarize this step,
partners are identified and engaged, a concise decision question
is developed, relevant legal or regulatory issues are listed, and the
spatial and temporal dimensions of the problem are defined.
These elements form a conceptual foundation for any application
of SDM in a collaborative context.  

2. Objectives and drivers. Another crucial step in the process is to
elicit, ideally from the decision makers, the ultimate desires of the
stakeholders in conducting the conservation effort as defined in
the first step. Here, we distinguish two types of objectives:
fundamental and means objectives. Fundamental objectives have
intrinsic importance and are the ultimate desired end points of a
conservation effort. Means objectives, by contrast, are subservient
to achieving these fundamental objectives. Fundamental
objectives may be means objectives for other fundamental
objectives, something often apparent when constructing a
hierarchical diagram that shows the conceptual linkages between
objectives. Eliciting objectives from participants often involves
asking the following questions: What are your concerns? What
would you like to ultimately achieve? What do you need to satisfy
stakeholders? Often there are external drivers, i.e., those that are
beyond the control of decision makers, such as climate change.
There can be a large amount of uncertainty regarding the
magnitude of these drivers and their effects on the objectives.
External drivers should be identified so that they can later be used
to predict the consequences of alternative strategies. Following
this and each step, it is important to refer back to the previous
steps to ensure coherence and consistency.  

3. Alternative strategies. Once the objectives have been identified,
the next step is to identify alternative management actions that
may be combined into strategies for achieving fundamental
objectives. Long, exhaustive lists of possible actions can be quite
useful for realizing a creative and robust solution to a complex
conservation problem. Partners are therefore encouraged to
include alternatives that might otherwise appear at face value to
be infeasible or too costly. These individual actions can then be
combined into several categories and then into alternative
strategies so that they can be compared in a feasible manner.
Including the current, status quo strategy is useful as a baseline
from which to compare other alternative strategies. From this set
of alternative strategies, an optimal choice will be identified in
step 5.  

4. Consequences. With the conceptual elements of the problem in
place, i.e., fundamental objectives and the alternatives to
achieving those objectives, the next step is to develop a conceptual
decision model, or influence diagram, that links these elements.
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An influence diagram forms the basis for a series of quantitative
predictive models that provide the backbone for a decision
analysis (Howard 1988). Such quantification enables explicitness
and transparency in showing the steps involved in arriving at a
particular decision. It is worth noting here a key difference
between SDM and conceptual approaches to solving
conservation problems. For quantitative prediction and
modeling, a measureable attribute for each objective and driver
is required. Whenever possible, existing numerical models and
existing literature should be used to estimate magnitudes of
external drivers and to predict consequences for the objectives.
Expert elicitation is a useful approach to providing quantitative
predictions, especially when time is limited or no existing literature
or numerical models are compatible with the decision model
(Kuhnert et al. 2010). There is often much uncertainty
surrounding each quantified external driver and predicted
consequence, and these can be captured from available literature,
numerical models, or variation among expert-elicited input. An
influence diagram populated with quantities using one of the
methods described here is a crucial step toward identifying an
optimal decision and evaluating its robustness to uncertainties
regarding the external drivers and predicted consequences.  

5. Trade-offs and optimization. SDM in a collaborative context
very often includes multiple fundamental objectives because of
the diverse values of the stakeholders involved. In this step, these
competing objectives are weighed, i.e., traded off, as a key step
toward identifying an optimal decision from the set of
alternatives. Many approaches are available to weigh objectives,
but they all involve eliciting the values that the decision maker
and/or stakeholders place on each of the fundamental objectives.
Swing weighting is a useful technique for eliciting objective
weights while accounting for the range of consequences (Von
Winterfeldt and Edwards 1986). To identify a recommended
management alternative, the predicted consequences should be
weighed according to the levels of importance ascribed by the
relevant stakeholders. There are also many methods to identify
an optimal strategy, and the selected method should match the
class of problem. For example, many multicriteria decision-
analytic tools are available for solving decision problems with
multiple fundamental objectives, but a subset of these are suited
for problems for which probabilities have been assigned to the
external driver scenarios and predicted consequences.  

6. Sensitivity, robustness, and value of information. Often
considered as an extra step following the core steps of PrOACT,
this step is important for the decision makers to buy into the
process and feel confident that the optimal decision has been fully
evaluated. Uncertainties about not only the external drivers and
predicted consequences but also about the trade-offs among
fundamental objectives often impede following a single
recommendation without fully evaluating its robustness to these
uncertainties. The optimal decision may depend on many possible
sources of uncertainty, but the sources of uncertainty important
for decision making are often unknown before conducting all six
SDM steps. Often a decision maker would like to know whether
an optimal decision would change if  assumptions within the
decision model were changed or if  new information was
discovered. A sensitivity analysis can be conducted to evaluate
the robustness of an optimal decision, i.e., whether it changes
when assumptions are altered regarding external drivers,

predicted consequences, and/or trade-offs between objectives.
Such a sensitivity analysis allows for calculating the value of
perfect information (Runge et al. 2011a), which can be used to
guide needs for gathering new information. 

  

Recognizing the complexity of the problem, we used a
prototyping approach (Blomquist et al. 2010, Starfield and Jarre
2011, Schrage 2013), also known as decision sketching (Gregory
et al. 2012) or as appraisal of a decision basis (Howard 1988),
to generate an initial decision-analytic framework that is
intended to give decision makers guidance for decision making
across SFB and to identify needs for future refinements. The
initial prototype is intended to capture and assemble the main
elements of the decision problem, followed by a sensitivity
analysis to identify irrelevant objectives (see Appendix 1);
dominated alternatives, i.e., those that cannot be chosen as
optimal regardless of the trade-offs; and information gaps
having the largest influence on the recommended decision
(Blomquist et al. 2010, Starfield and Jarre 2011).

RESULTS

Problem framing
The initial task of our team was to identify and state the extent
of the overarching problem to address. For our problem, we
could not identify an individual or single institutional decision
maker that was responsible for all decisions about tidal marsh
restoration, management, and protection in SFB. Instead, we
worked with an array of stakeholders including federal, state,
and local natural resource managers, planners, and policy
makers. We did not include civil society during this initial effort
because very few tidal marsh areas in SFB are privately held or
managed. We invited five resource managers, five planners, and
five scientists who represented a wide array of stakeholders
(Table 1).  

We discussed concerns of stakeholders regarding tidal marsh
quality, quantity, and connectivity especially for endangered
species or species of concern to support their long-term recovery
and survival. We also discussed potential key uncertainties
including the rate and extent of SLR to 2100, changes in storm
frequency and intensity, and tidal marsh ecosystem response to
changing conditions, e.g., whether marsh accretion can keep up
with SLR. In addition, we discussed the level of uncertainty
regarding where and when management actions could contribute
to the persistence of the tidal marshes and their ecosystem
services. We developed a single decision question that best
captured the primary concerns of the stakeholders: To conserve
San Francisco Bay tidal marshes in light of future climate
change, what management, restoration, and protection actions,
if  any, should be conducted, and where, when, and how should
they be conducted?

Objectives and drivers
Within the context of our decision question, we listed several
possible draft objectives based on the concerns and values of
team members and the organizations they represented (Table
A1.1). This initial list was then organized in a means-ends
network to identify relationships among objectives (Fig. 2). This
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Table 1. Organizations, positions, and roles of team members who manage and restore tidal marshes for the San Francisco Bay, California, USA 
estuary. 
 

 
Organization Position 

SDM coaches 

 
USGS Western Ecological Research Center Research ecologist 

 
USFWS Endangered Species Office Endangered species biologist 

 
University of Vermont PhD candidate 

Stakeholders 
 

 
USFWS Sacramento Field Office Recovery biologist 

 
USFWS Region 8 Inventory and Monitoring Inventory and monitoring biologist 

 
California State Coastal Conservancy Climate change manager 

 
Bay Cons. & Development Comm. Chief deputy director, climate change 

 
California State Coastal Conservancy Deputy director 

 
SFB Joint Venture Joint Venture coordinator 

 
U.S. Army Corps of Engineers Environmental planner 

 
San Francisco Bay Joint Venture Science coordinator 

 
USFWS SFB National Wildlife Refuge Project leader 

 
California Department of Fish and Game Area biologist 

Scientists  
  

 
USGS Western Ecological Research Center Research wildlife biologist 

 
USGS Western Ecological Research Center Research ecologist 

 
USGS Western Ecological Research Center South Bay salt ponds lead scientist 

   

 
 

 

Fig. 2. Draft means-ends network showing relationships among objectives for maximizing the resilience of functions and ecosystem services for 
tidal marshes of San Francisco Bay. Bolded boxes indicate draft fundamental objectives (i.e., “ends”); unbolded boxes indicate means objectives. 
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diagram helped distinguish fundamental objectives, i.e., ultimate
desired end points of conservation, from means objectives, i.e.,
intermediate steps needed to achieve the fundamental objectives.
The means-ends diagram also facilitated categorizing the draft
objectives into ecosystem processes, services, and functions as well
as the human benefits of conserving tidal marshes (Table 2). We
summarized the draft objectives within an overarching objective
statement: to perpetuate marsh ecosystem function and services,
and human benefits by maximizing resilience to climate change.
For this prototype SDM process we chose a subset of the possible
fundamental objectives: maximize marsh ecosystem integrity,
maximize likelihood of California Ridgway’s Rail (Rallus
obsoletus obsoletus), previously known as the California Clapper
Rail (Rallus longirostris obsoletus), recovery as an example for
endangered species recovery, and maximize human benefits from
tidal marshes (Table 2).

Table 2. Classification of objectives for tidal marsh conservation
and restoration with future climate change in San Francisco Bay,
California, USA.
 
Ecosystem
Processes

Ecosystem
Functions

Ecosystem
Services

Human Benefits

Maintenance of
marsh elevations
 

Refugia Flood
mitigation

Recreation,
angling,

swimming
 

Ability to buffer
extreme events
 

Diversity Carbon
sequestration

Homes, property
values

 
Marsh migration
 

Nesting and
foraging

Water quality Commercial
fisheries

 
Sediment
dynamics

Primary
production

Reduce erosion Support
economy

Nursing/
spawning

habitat

Shoreline
stabilization

Aesthetics

Aquatic food
web

Terrestrial food
web

 

Alternative strategies
We developed five management categories containing actions that
could be undertaken by stakeholders (Table 3). Because
availability of funding and personnel for implementing actions
were considered finite, the team did not create an exhaustive list
of possibilities, but rather a list of what they thought were
important actions for this CDA. Three categories of actions were
focused on ways of adapting tidal marsh management to improve
resiliency and better prepare for the impacts of SLR and
storminess: resilient restoration, migration restoration, and
wildlife adaptation (Table 3). In addition to these categories, we
also included no action and a static restoration action that were
used for comparison with the alternative strategies focused on
climate change. These categories provided the basis for developing
resource allocation scenarios among these action categories (Fig.
3). Because SLR projections are relatively confident over the next
few decades (Cayan et al. 2009, Kettle 2012), we focused on
developing alternative management strategies to address not only

the expected effects of SLR but also the great uncertainty
associated with frequency of intense storms from 2012 through
2050.  

The set of alternative allocation strategies consisted of four ways
to allocate resources among categories of actions through time
(Fig. 3). Status quo represents the current ongoing strategy used
by SFB stakeholders and would allocate approximately 70% of
resources toward static restoration efforts with minimal
consideration of climate change (Fig. 3A). A second alternative
allocation strategy, marsh migration, would initially entail
resilient restoration actions in current marsh areas but later would
focus on areas that would provide the possibilities of landward
migration of marshes via migration restoration (Fig. 3B). Third,
the climate-smart restoration (Stein et al. 2014) strategy would
resemble the marsh migration strategy except that allocation to
climate restoration actions would remain dominant from 2015
through 2050 (Fig. 3C). As a fourth alternative allocation strategy,
climate restoration sans wildlife would resemble climate-smart
restoration, except the entire 10% allocation toward wildlife
adaptation actions would be eliminated by 2015 (Fig. 3D). Our
final management strategy was the option of do nothing, which
we defined as allocating no resources toward any tidal marsh
conservation or management actions.

Fig. 3. Contrasting strategies of allocating limited resources, i.
e., staff  time and management funds, among categories of
actions to conserve or restore tidal marshes in San Francisco
Bay through 2050. Strategies B-D explicitly address
uncertainties regarding sea-level rise and extreme storm events.

Consequences
After developing an influence diagram (Fig. 4), we identified a
suite of measureable attributes for each element of the decision
model. The influence diagram provided a platform by which we
could represent conceptually how the alternative allocation
strategies (Fig. 3; marsh migration, climate restoration sans
wildlife, climate-smart restoration, do nothing, and status quo)
would affect the fundamental objectives to maximize marsh
ecosystem integrity, likelihood of California Ridgway’s Rail
recovery, and human benefits from tidal marshes (see Table 4).
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Table 3. Five categories that contain management actions were developed by a team of decision makers, stakeholders, and scientists to address 
climate change effects on conservation and restoration of tidal marshes in San Francisco Bay, California, USA. 
 

Action category Reasoning Actions 

No Action  In light of climate change effects, the benefits of restoration 
and management actions in tidal marshes may be diminished. 
Thus, we considered the option of stopping all current and 
planned restoration projects. 

All restoration and management activities would stop. 

Static Restoration  Pursue existing tidal marsh goals, as outlined in Goals Project 
1999, with nominal consideration of climate change in 
implementation and planning. It was recognized that the term 
“status quo” is not truly reflective of current practice, as 
many project managers in SFB have begun incorporating 
climate change strategies into their policy and planning 
processes. However, we used the term to evaluate limited 
consideration of climate change. 

Management and restoration activities would continue as they are 
currently occurring with limited consideration of climate change 
effects. 

Resilient 
Restoration 

Restoration actions to increase resiliency of tidal marshes to 
climate change effects. Potential actions included exploring 
engineering options to improve resilience of future or past 
tidal restoration efforts to sea-level rise and storms, 
improving the health of existing tidal marshes, and increasing 
understanding through biophysical modeling of tidal marsh 
response to climate change. 

Pilot projects would be developed to evaluate engineering 
solutions for future restorations, to retrofit ongoing or past 
projects, or to enhance historic marsh. Tidal marsh restoration 
projects require flexibility to facilitate climate adaption (e.g., 
build levees bayward with gradual slope for movement, consider 
adjacent property options, flood control and water treatment 
projects) for near (20 - 50yr) and long-term (> 50yr) time frames. 
It would be necessary to accelerate the timeline for tidal marsh 
restoration, use upland fill to raise marsh elevations, and to 
restore marshes with the highest accretion potential. 

Migration 
Restoration 

Actions that would allow marshes to move with sea-level 
rise. Alternatives include identifying and prioritizing areas 
where tidal marshes could migrate, acquiring open lands 
adjacent to existing tidal marsh, and removing infrastructure 
barriers to marsh transgression. 

Upslope areas would be mapped and prioritized for acquisition to 
allow vertical and horizontal marsh transgression. Acquired 
upslope areas would be managed with rolling easements, rather 
than a fee title. Where feasible, development and infrastructure 
barriers, e.g., levees, would be removed or evaluated to facilitate 
marsh expansion and to assess ecosystem response. 

Wildlife Adaptation Increase resiliency of marsh dependent wildlife species of 
management and conservation concern in response to climate 
change. 

It is necessary to minimize stressors on marsh wildlife, including 
invasive and nuisance species, predators, and contaminants. Other 
potential actions include captive breeding or translocation 
programs for important management species, including federally 
threatened and endangered species, or the creation of artificial 
habitat elements and structure to improve species resilience. 

   

 
 

 

Table 4. Measureable attributes of fundamental objectives considered for tidal marsh conservation and restoration with future climate change in San 
Francisco Bay, California, USA. 
 

Variable name Description Low High 

External factors    

 Extreme events Annual frequency of extreme storm events 2011-2050 0-1 2-5 

 Budget 2011-2020 Available funds (Millions) for management and 
restoration 2011-2020 

60-299 300-400 

Fundamental objectives    

 California Ridgway’s Rail (Rallus obsoletus 
obsoletus) recovery 2020 

Success in meeting all habitat requirements in recovery 
plan in 2020 

Unrecovered Recovered 

 California Ridgway’s Rail recovery 2050 Success in meeting all habitat requirements in recovery 
plan in 2050 

Unrecovered Recovered 

 Marsh ecosystem index 2020 Integrates condition of 5 ecosytem components in 2020, 
independent of Ridgway’s Rail habitat requirements 

0-3 4-5 

 Marsh ecosystem index 2050 Integrates condition of 5 ecosytem components in 2050, 
independent of Ridgway’s Rail habitat requirements 

0-3 4-5 

 Human benefit 2020 Integrates risks in 2020 for disease transmission, 
flooding losses, and recreational opportunities 

0-1 2-3 

Means objective    

 Budget 2021-2050 Available funds (Millions) for management and 
restoration 2021-2050 

300-700 800-1000 
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Fig. 4. Influence diagram for conservation of tidal marshes in
San Francisco Bay, California, USA. This conceptual decision
model links alternative strategies (hexagon) to fundamental
objectives (rectangles) via an external driver (rounded
rectangle) and an intermediate driver or means objective (oval).
Solid arrows indicate effects occurring during the short-term
(2020) and the longer term (2050) response horizons; dashed
arrow indicates an effect modeled only during the long-term;
circular arrows indicate that the levels for each of these factors
at 2020 were considered as one of the predictors of the
outcomes for the same factor in 2050, for example, low marsh
integrity 2012-2020 would result in a greater likelihood of low
integrity 2021-2050 than if  integrity were high through 2020.

We identified two time horizons of management concern at which
most of the fundamental objectives would be evaluated: a short-
term horizon at 2020 and a longer term horizon at 2050, which
were based on current planning and response horizons for
restoration projects already in progress and for implementation
of new projects under consideration (Nicholls 2004, Bell et al.
2007, Stralberg et al. 2011, McCarthy et al. 2012, Veloz et al.
2013).  

We developed predictive models to enable comparison of our
alternative resource allocations in a more transparent and robust
manner, quantified each of these relationships, and incorporated
measures of uncertainty by constructing a Bayesian decision
network (BDN; Fig. 5) using Netica 4.16 (Norsys Software Corp,
Vancouver, British Columbia, Canada; http://www.norsys.com/).
The BDN provided a graphical representation and enabled
analysis of probabilistic relationships between our alternative
strategies, fundamental objectives, and external influences
(Henrion et al. 1991). In particular, our parameterized BDN
provided a platform to estimate likelihoods of outcomes for
California Ridgway’s Rail recovery, marsh integrity, and human
benefits as a function of alternative tidal marsh management
strategies and external influences of budget and storms. Details
regarding the measurable attributes, parameterization, and
sensitivity analysis are found in Appendix 1. The Netica file
containing the BDN can be accessed in Appendix 2.  

When comparing consequences of the climate-smart restoration
allocation with consequences of the other allocation scenarios,
we found the greatest levels of (1) likelihood of California
Ridgway’s Rail recovery for both management response horizons
(0.53 at 2020 and 0.55 at 2050); (2) marsh integrity index at 2020
(2.82 out of 5); and (3) human benefit index at 2020 (1.21 out of
3; Table 5). The marsh migration allocation yielded the highest

predicted marsh integrity index at 2020 (2.93 out of 5). Predicted
likelihoods for the outcomes in terms of the fundamental
objectives exhibited substantial variation among the alternative
allocation strategies, with do nothing and climate-smart
restoration having the lowest and highest predictions, respectively,
for every fundamental objective (Table 5). Likelihood of
California Ridgway’s Rail recovery at both response horizons
exhibited the most variation between the extremes, i.e., 97%
difference between do nothing and climate-smart restoration,
whereas human benefit in 2020 showed the least variation between
these strategies: a 4% difference. The panel estimated a 0.9
probability that extreme storm events would occur more than
twice annually from 2012 to 2050 (Table 5). The 2021-2050 budget
showed very little variation among alternative strategies. This can
be explained by the corresponding lack of variability in its
primary driver, 2020 human benefit (Table 5).

Trade-offs and optimization
Utilities assigned by stakeholders representing how they valued
each possible outcome, except for the worst possible (utility = 0)
and best possible (utility = 100) outcomes, ranged from 12 to 87
under the baseline parameterization (Appendix 1, Table A1.2).
The lower utility represented a scenario in which all outcomes
were pessimistic except for marsh integrity in 2050, whereas the
higher utility reflected all optimistic outcomes except for
California Ridgway’s Rail recovery by 2020. The likelihood of
California Ridgway’s Rail recovery received the lowest
importance weight (0.17) and was exceeded by human benefit
index in 2020 and marsh integrity in 2020 and 2050, with
California Ridgway’s Rail recovery in 2050 having the greatest
importance weight (0.27; Table 5).  

According to the baseline parameterization, the climate-smart
restoration allocation (defined in Fig. 3C) had the greatest
expected utility, although its confidence interval overlapped the
other allocations except for do nothing (Fig. 3D). The climate-
smart restoration was optimal regardless of nearly every
assumption regarding knowledge about the system and for every
advocacy scenario (Fig. 3). Allocations that addressed SLR and
storm effects consistently yielded more positive outcomes than
did the do nothing or status quo allocation management scenarios
(Table 5), neither of which was optimal under any assumption
regarding knowledge about the system nor any of the advocacy
scenarios.

DISCUSSION
We used a collaborative decision-analytic approach by following
a SDM process to identify a strategy to allocate limited resources
for conservation of SFB tidal marsh by a diverse set of
stakeholders. We investigated how stakeholders’ values influenced
their decision making and how they viewed trade-offs, and
identified an optimal strategy that is robust to the focal sources
of uncertainty.

Can a CDA approach lead to consensus among a diverse set of
decision makers responsible for environmental stewardship and
faced with uncertainties about climate change, funding, and
stakeholder values?
The SFB is an excellent example of a system demonstrating social-
ecological complexity in terms of the diverse stakeholders and
concomitant concerns regarding managing for tidal marsh
resilience along with uncertainty (Goals Project 2000). Involving
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Fig. 5. A Bayesian decision network showing averages of elicited model predictions and computed expected
utilities of alternative management allocations for conservation and of tidal marshes in San Francisco Bay.
Predicted probabilities of possible management outcomes are given as percentages next to the histogram for each
stochastic node (green box) and are averaged across alternative allocations. A mean ± SD is also provided as a
computed prediction for each stochastic node that is a continuous variable and has been discretized for the
decision analysis. The utility node integrates the five fundamental objectives (indicated by incoming arrows) and
contains the elicited utilities from panel experts. Storm frequency and 2011-2020 budget represent external
factors; the 2021-2050 budget is a means objective. Climate-Smart Restoration has the highest expected utility
and therefore was recognized as the best strategy to manage for tidal marsh resilience and California Ridgeway’s
Rail, formerly California Clapper Rail, recovery while accounting for human benefits.

relevant stakeholders and technical experts is crucial for generating
robust decision-analytic frameworks that are ultimately
implemented on the ground, and this team approach is especially
important when dealing with many jurisdictions (e.g., Arkema et
al. 2006, Levin et al. 2009). The structure and parameterization of
our decision-analytic framework, including the elicited utility
values, were based on the collective input of our team (Goals Project
2000). By involving a subset of stakeholders in our prototype SDM
process, we were able to quickly develop a BDN that incorporates
multiple sources of uncertainty and a representative set of
objectives that are relevant for SFB decision making. Through this
transparent process, consensus was reached that continuing
restoration projects as currently planned without explicit climate
change adaptation is much less preferred than strategies that
anticipate future SLR and storms. Consensus was also reached that
it is worth continuing to invest in restoration efforts, especially if
they explicitly account for SLR and storms.  

We believe such a prototyping approach will lead to a more widely
accepted and implementable strategy faster than if  we had tried to
incorporate additional complexity by integrating other objectives
and uncertainties. Involving a broader set of stakeholders, e.g.,
project-specific land managers, local municipalities, and civil
society, and additional technical advisors would enable refinement
of the decision-analytic framework to ensure its robustness and
increase acceptance of the chosen management strategies.
Involving a broader set of experts would enable explicit

incorporation of additional system components of concern,
such as other intertidal habitats, e.g., tidal flats, and other high-
profile endangered species, e.g., the salt marsh harvest mouse
(Reithrodontomys raviventris; Goals Project 2000).

What is an optimal strategy for the conservation of tidal
marshes and what strategy is robust to aforementioned
uncertainties?
For achieving desired social and ecological objectives over the
next four decades, we found that an immediate shift of
investment from more traditional tidal marsh restoration
activities to those focused more directly on mitigating effects of
SLR and storms, i.e., climate-smart restoration (Stein et al.
2014), would be most beneficial in SFB. This finding was robust
to substantial levels of uncertainty about system dynamics and
management responses over multiple time scales, and also to
considerable variability in elicited utilities among stakeholders.  

A factor that limits the ability to make predictions about the
multifaceted response of tidal marsh to environmental and man-
made drivers is the unavailability of a measurable index that
incorporates the multiple elements of concern regarding marsh
ecosystem functions and processes. In our prototype, we
proposed a marsh ecosystem index consisting of measurable
attributes, e.g., marsh area, species richness, and accretion
capacity, that could be monitored to assess management actions
(Table 3). This index of marsh integrity, once refined, would
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Table 5. Predicted outcomes under alternative temporal allocations of management dollars to conserve or restore tidal marshes in the
San Francisco Bay, California, USA. Predictions presented as mean ± standard deviation. Rail = California Ridgway’s Rail (Rallus
obsoletus obsoletus).
 
Alternative allocation Likelihood of

Rail recovery
by 2020

Likelihood of
Rail recovery by

2050

Marsh integrity
index in 2020†

Marsh integrity
index in 2050†

Human benefit
index in 2020‡

Budget ($M)§

2020-2050

Do Nothing| 0.01 0.02 1.90 ± 1.2 1.68 ± 1.1 1.16 ± 0.87 706 ± 200
Status Quo| 0.19 0.18 2.26 ± 1.4 2.21 ± 1.4 1.18 ± 0.87 707 ± 200
Marsh Migration 0.38 0.43 2.64 ± 1.5 2.93 ± 1.4 1.20 ± 0.87 708 ± 200
Climate Restoration 0.53 0.55 2.82 ± 1.4 2.89 ± 1.4 1.21 ± 0.87 708 ± 200
Climate Restoration Sans
Wildlife

0.41 0.43 2.68 ± 1.5 2.72 ± 1.5 1.20 ± 0.87 708 ± 200

Average prediction¶ 0.30 0.32 2.46 ± 1.4 2.49 ± 1.4 1.19 ± 0.87 707 ± 200
Importance weight# 0.14 0.27 0.21 0.20 0.17 NA
† Marsh integrity index was scored on a scale of 0-5, with 5 being the highest predicted level of integrity.
‡ Human benefit index was scored on a scale of 0-3, with 3 being the highest predicted level of human benefit.
§ Long-term budget is a means objective defined as available US dollars (in millions) for conducting tidal marsh management and restoration,
including needed equipment, travel, and personnel costs. In the Bayesian Decision Network, it was defined as a function of human benefits in 2020.
| The Do Nothing and Status Quo allocations were dominated alternatives, as the predicted probabilities of optimistic outcomes were equal to or
less than those of at least one other allocation. As such, they cannot be optimal decisions regardless of the elicited utilities.
¶ Averaged predictions across the five alternative allocations.
# Importance weight for each fundamental objective calculated based on elicited utility values using Simple Multiattribute Rating Technique
(Hammond et al. 1999).

enable constructing new models or refining existing ones for
predicting the response of tidal marsh to climate drivers and
management strategies (Stralberg et al. 2011). Specifying
additional categories of tidal marsh response would necessitate
another round of sensitivity analyses to evaluate the value of
collecting more information to update predicted outcomes for
tidal marsh integrity under alternative management strategies,
budgets, and climate scenarios (see Appendix 1). Identifying high-
value uncertainties would form the basis of future research
endeavors and possibly an adaptive management program (Runge
et al. 2011a).  

Although general habitat requirements are understood for most
tidal marsh wildlife species under current conditions, quantifying
their response to management actions and climate change effects
remains a challenge (Thorne et al. 2012). However, developing a
transparent framework to conserve species occurring throughout
the SFB, e.g., California Ridgway’s Rail, would require
coordinating these actions among projects based on predictive
models linking the consequences of project-scale actions to SFB-
wide outcomes. Using expert elicitation in the absence of
predictive models, however, can help identify modeling needs by
targeting the high-value sources of uncertainty. For example, our
analysis indicated that optimality of the climate-smart restoration
scenario was robust to uncertainty about California Ridgway’s
Rail recovery over the next four decades.  

Over the past decade, there have been increasing calls for action
to better address and manage for resilience to the effects of climate
change on ecosystem services and human communities (Kettle
2012, Thorne et al. 2012). Public support for expenditures to
conserve or restore these ecosystems may decrease if  the benefits
to human health and well-being are poorly addressed (Fujita et
al. 2013). Our team of diverse stakeholders who want to manage
for tidal marsh resilience believed that diverse ecosystem services
should be considered, including plant productivity, sediment
trapping, improved water quality, carbon sequestration, and

flood mitigation (Duarte et al. 2013). In addition to this ecosystem
service accounting, the team also emphasized the importance of
maintaining habitats for at-risk wildlife that rely on tidal marshes
such as the endangered California Ridgway’s Rail. Based on our
findings, shifting resources from traditional marsh restoration to
climate-smart restoration actions would provide the greatest
positive outcomes through 2050.

CONCLUSION
Our project was the first application of CDA to assist SFB
stakeholders in managing for tidal marsh resilience while
incorporating uncertainty about future climate change effects and
available funding. The process helped to build consensus across
an interdisciplinary team by enabling agreement on an
overarching objective: to perpetuate marsh ecosystem function
and services and human benefits by maximizing resilience to
climate change. A single decision question best captured the
primary concerns of stakeholders: To conserve San Francisco Bay
tidal marshes in light of future climate change, what management,
restoration, and protection actions, if  any, should be conducted,
and where, when, and how should they be conducted? Through
a transparent process, consensus was reached that continuing
restoration projects as currently planned, i.e., the status quo,
without explicit climate change adaptation built into the process,
and stopping restoration efforts altogether, i.e., doing nothing,
were much less preferred than strategies that anticipate future
climate change. Consensus was then reached that it is worth
continuing to invest in restoration efforts that explicitly account
for future climate change, i.e., climate-smart restoration and
marsh migration. This shared understanding will increase the
likelihood of maximizing resilience and increase the probability
of conservation in light of a highly uncertain future across the
SFB landscape.  

The SDM approach allowed us to consider social concerns and
scientific uncertainty explicitly by having key partners work
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together to discuss their shared issues. Because a decision model
was specified, the process became more transparent and aided the
ability of partners to learn from and refine the framework for
future applications, which may be used to support funding
decisions. This approach adds value when decisions need to be
made in light of uncertainty and within complex ecosystems. The
outcome of this exercise was not viewed as a final result, but
instead as a first prototype to address a complex problem. Future
directions include modifying the decision-analytic framework by
engaging a broader range of stakeholders, civil society experts,
and technical experts to refine the spatial scale of the decision
model while incorporating more issues, e.g., sediment availability;
species of concern, e.g., the salt marsh harvest mouse; and
modeling strategies with SLR and storms extending beyond 2050.
In addition, the framework should help to identify future adaptive
management needs that can update and improve the decision
model in future iterations. Not only does this decision-analytic
framework provide a basis for refinement and application in the
SFB, it provides a potential jump start for conservation partners
struggling with collaborative decision making in other
ecosystems.

Responses to this article can be read online at: 
http://www.ecologyandsociety.org/issues/responses.
php/7018
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Appendix 1. Supplementary information regarding a structured decision making (SDM) 

process to inform management of tidal marshes in San Francisco Bay (SFB), California 

USA. 

 

 

METHODS  

 

Study Area 

A tremendous amount of information is available on the internet about the San Francisco 

Bay estuary including tidal marshes.  For detailed maps and information about SFB (see  

http://www.sfei.org/content/ecoatlas_habitats, EcoAtlas of Baylands).   

 

Problem framing: 

 

Guidelines for workshop were to: (1) limit the number of expert panelists to 10-15; (2) 

require them to attend the entire 5-day session; and (3) preferentially invite resource 

managers, planners, and policy makers over scientists to focus more on defining the 

management questions and objectives.   

 

We then developed a series of questions related to our problem statement: 

 

• When and where should restoration or adaptation occur? 

• How do we evaluate cost-effectiveness of actions? 

• Is there a way to maximize or optimize benefits? 

• What are the considerations of time and spatial scales for this problem? 

• How do we compare the cost of restoration with the wetland benefits and  

services gained over the short- and long-term? 

• Should we focus on preserving existing marshes or on creating or re-establishing 

them?  

• Should there be a focus on particular target species? 

 

 

RESULTS 

 

Consequences 

 

With the exception of human benefits that were only evaluated for 2020, the fundamental 

objectives were evaluated at both the 2020 and 2050 time horizons. In addition to 

simplifying the decision model, focusing solely on the shorter-term horizon for human 

benefits is consistent with the limited timeframe for projections of human health due to 

coastal hazards under climate change. 



 

We assigned a measureable attribute to each objective along with external factors so that 

consequences of alternative management strategies could be evaluated (Table A1.1, Main 

Document Table 2).  For likelihood of recovering endangered species, we chose as an 

example the California Ridgeway’s Rail (henceforth Clapper Rail; Rallus obsoletus 

obsoletus), a federally endangered and secretive marsh bird that is representative of 

species requiring mid to high-elevation tidal marsh.  For recovery of the Clapper Rail, we 

used the likelihood of meeting its habitat requirements defined in the tidal marsh 

recovery plan (USFWS 2009).   

 

To incorporate important tidal marsh ecosystem services in the decision analytic 

framework we developed two multi-attribute indices (Main Document Table 2).  First, an 

index of marsh ecosystem integrity was based on five attributes including the area of 

marsh within three elevation classes (i.e., low, mid, and high), native plant species 

richness, and accretion rate.  Our marsh ecosystem index (0 to 5) was the sum of scores 

for the five individual ecosystem attributes; each ecosystem attribute received a score of 

0 to 1 where 1 was the most desired outcome.  The marsh ecosystem index was 

developed to be independent of Clapper Rail habitat requirements.  Second, an index of 

human benefits incorporated three attributes including the incidence of mosquito-borne 

diseases, condition of human infrastructure with respect to flooding, and recreational 

opportunities in tidal marshes.  As with the marsh integrity index, each attribute of the 

human benefits index received a score of 0 to 1 for least to most desirable and was then 

summed for a total human-benefit score of 0 to 3.  When modeling outcomes resulting 

from the alternative management strategies with respect to the fundamental objectives at 

each time horizon, we accounted for uncertainty regarding the available budget and the 

annual frequency of intense storms (Table A1.2).  

 

Our BDN was comprised of 10 nodes, including a utility node, a decision node, and 8 

stochastic nodes (Main Document Figure 4; Table 2).  The Netica file containing the 

BDN can be accessed in Appendix 2.  Of the stochastic nodes, one represented external 

storms and two represented operating budgets under two time frames (i.e., 2012-2020 and 

2020-2050).  SLR was treated as a constant linear increase in this prototype due to the 

shorter time horizon and because SLR is expected to have a gradual increase through 

2050.  Five of the other stochastic nodes represented fundamental objectives regarding 

Clapper Rail recovery, marsh ecosystem integrity, and human benefits.  The remaining 

stochastic node was the budget from 2021-2050, which represented the only means 

objective in the network.  Predictor variables were represented by arrows going into each 

stochastic node within the BDN (Main Document Figure 5).  To our knowledge, there 

were no mathematical predictive models available to parameterize the probabilistic 

relationships in our BDN.  For the purposes of rapid prototyping and in minimizing the 



required predictions to elicit from the panel, we discretized the continuous stochastic 

nodes for the analysis into two categories each (Main Document Table 4).   

 

For a baseline parameterization of our BDN, we elicited expert judgments from 

stakeholders and scientists on the panel for quantifying the likelihood of optimistic and 

pessimistic scenarios for external influences along with the likelihood of possible 

outcomes for the objectives.  These likelihoods were entered in probabilistic contingency 

tables for each of the 8 stochastic nodes.  For the external factors, the contingency table 

had just one probability for each of the two possible levels representing belief weights 

that sum to 100 and represent alternate hypotheses about the magnitude of these factors.  

The objectives, however, required specification of a larger set of probabilities for their 

predicted outcomes.  For example, there were 2×2×2×5=40 possible combinations of 

predictor states for the 2050 marsh ecosystem index, which was a function of the 2020 

marsh ecosystem index, 2021-2050 budget, frequency of storms, and the allocation 

strategy, respectively.  For each of the possible predictor states regarding the 2050 marsh 

ecosystem index, each expert was asked to assign a probability that the marsh ecosystem 

index would be 0-3 as opposed to 4-5.  

 

Consistent with the Delphi method stakeholders and scientists on the panel provided 

independent predictions for stochastic nodes representing fundamental objectives with 

the exception of human benefits at 2020, which were elicited by consensus across the 

panel for the sake of rapid prototyping.  Likewise, predicted likelihoods for levels of 

storms and budgets were elicited as a group.  For probabilities that were elicited 

individually, we evaluated the logical consistency of the original elicited predictions from 

each panel member.  For example if probability of Clapper Rail recovery was 0.9 when 

assuming low frequency of intense storms, then probability of rail recovery under high 

frequency of intense storms must be ≤ 0.9 because of the potential negative (but not 

positive) impacts of storm events on rail habitat.  Whenever such logic was violated, we 

corrected the probabilities to ensure logical consistency.  Elicitation fatigue is an 

important source of bias when experts are asked to provide many predictions in a short 

period of time.  

 

Summary statistics of individually elicited and corrected predictions were provided to the 

expert panel.  Panel members were then offered the opportunity to revise their predictions 

in light of these, but in our case, none of them did so.  In addition to incorporating 

elicited predictions as a baseline parameterization, the BDN allowed for sensitivity 

analyses to examine the relative importance of alternate sources of uncertainty about 

management effectiveness and environmental dynamics (see Sensitivity analyses).   

 

Tradeoffs and optimization  



 

An important element of our decision analysis was accounting for tradeoffs among 

multiple fundamental objectives.  To quantify these tradeoffs, we asked the panel of 

decision-makers and stakeholders to independently express a utility value representing 

their relative preference for each of the 2
5
=32 possible outcomes across the five measures 

for the fundamental objectives (Table A1.2).  Fundamental objectives were represented in 

our BDN by stochastic nodes with arrows connecting to the utility node (Main Document 

Figure 4).  Utility values were elicited on a scale from 0 to 100, where 0 represented the 

least favorable and 100 the most favorable outcome.  Taken as an example, we asked 

each team member to assign a utility value to the possible outcome where marsh integrity 

is low in 2020 but high in 2050, California clapper rail is not recovered in 2020 nor 2050, 

and human benefits are low in 2020.  Panelists filled out their utility value then for every 

possible outcome with respect to the five fundamental objectives. 

 

Again consistent with the Delphi method, stakeholders on the panel were asked to 

independently assign their utility values to alternative outcomes in terms of the 

fundamental objectives.  Likewise, we offered stakeholders the opportunity to revise their 

utilities following a group discussion, but none did.  To arrive at a consensus utility value 

for each possible outcome, we presented participants with summary statistics on each set 

of elicited utility values across team members.  As with the predictions (see 

Consequences, above), panelists were offered to modify their elicited utility value 

following a group discussion, but they were satisfied with the original values and 

declined. As with the predicted probabilities, we evaluated the logical consistency of the 

original elicited utilities from each stakeholder.  For example if a stakeholder assigned a 

utility of 10 to a case where all outcomes were pessimistic except for human benefits, 

then all cases with an optimistic outcome for human benefits should receive a utility of 

≥10.  Whenever such logic was violated, we corrected the utilities to ensure logical 

consistency. The panelists agreed to use the average of the final elicited utilities across all 

experts to reflect the utility of a given potential outcome, giving equal weight of 

importance to each expert.  We used the upper and lower 95% confidence intervals 

among elicited utilities for computing the corresponding upper and lower 95% 

confidence intervals for expected utilities among alternative allocations to account for the 

variation in utilities among experts. 

 

We used Netica to compute the expected utility for each of the allocation strategies based 

on the elicited likelihoods of external effects and predicted outcomes along with the 

elicited utility values.  The expected utility from an allocation was the value a decision 

maker would expect to realize following implementation of that allocation and was on the 

same unit scale as the elicited utilities, which ranged 0-100.  The maximum expected 

utility across alternative allocations then indicated the optimal decision. 



 

Sensitivity analyses 

 

We conducted two sets of one-way sensitivity analyses where we adjusted one factor at a 

time within the BDN to investigate its effect on decision-making.  First, we evaluated 

how expected utilities, and therefore how the optimal decision, changed under alternative 

assumptions representing knowledge about the system. For this purpose we toggled 

predictions one at a time between their low and high values for each of the stochastic 

nodes representing external factors and objectives.  After each perturbation, expected 

utilities were recalculated.  For example for the Clapper Rail perturbation, we computed 

the expected utilities when Clapper Rails were assumed to be recovered by 2020 and 

computed the expected utilities again assuming rails were unrecovered by 2020 while all 

other stochastic nodes retained their baseline parameterization.  Across the 8 stochastic 

nodes, we conducted 16 perturbations.  If the strategy that was optimal under the baseline 

parameterization still had the maximum expected utility following perturbations of a 

particular node, then we concluded the decision was robust to that source of uncertainty.  

Otherwise, we concluded the decision was sensitive to that stochastic node.  

 

Second, we examined how expected utilities changed under alternative scenarios 

regarding the utility values placed on potential outcomes.  To this end we constructed 

alternative scenarios representing three types of advocacy, with each advocacy scenario 

corresponding to one of three focal fundamental objectives.  The advocacy scenarios 

were developed to illustrate the potential for a stakeholder campaign to advocate a 

preference for a particular objective and how this would change the optimal decision, if at 

all.  For example, Clapper Rail Advocacy was constructed to illustrate the consequences 

of hypothetically enhancing stakeholder preference for long-term Clapper Rail recovery 

over the other objectives.   To represent this scenario, we selected the maximum utility 

across participants for each possible outcome where the Clapper Rail is recovered by 

2050 and the minimum utility for outcomes when rails were unrecovered.  This set of 

modified utilities was then entered into the utility node of the BDN, and expected utilities 

were recomputed.  Scenarios for Marsh Advocacy and Human Benefits Advocacy were 

constructed in an analogous fashion representing advocacy for long-term marsh integrity 

and short-term human benefit.  These three scenarios provided a contrast to the Status 

Quo Advocacy, which was represented by the average utility across participants for each 

potential outcome under the baseline parameterization (Figure A1.1, A1.2).   

 

The optimal allocation was robust when perturbing stochastic nodes or adjusting 

advocacy scenarios individually (Figures A1.1 and A1.2).  Exceptions occurred when 

conducting a two-way sensitivity analysis by simultaneously assuming the Marsh 

Advocacy scenario and optimistic scenarios for storms or for marsh integrity at 2020, 



which resulted in the Marsh Migration allocation strategy becoming the optimal 

decision (not shown in Figure A1.1).  Resolving the uncertainty about storm frequency or 

marsh integrity at 2020 under the Marsh Advocacy scenario would be expected to 

increase expected utility by an EVPI <0.4 on a scale of 0 to 100.  This quantity is the 

Expected Value of Perfect Information (EVPI), which is the value of resolving a 

particular source of uncertainty. In cases where perturbations did not change the optimal 

decision, EVPI equaled zero.  

 

 

Spatiotemporal linkages 

 

Conservation of coastal ecosystems is complicated not only by socioecological 

complexity, but also by having decisions that are enacted among numerous spatial units 

and whose consequences are linked across space and time (Wilson et al. 2011).  Our 

framework was intended as an initial prototype and a case study that considered the entire 

SFB estuary as a single management unit and temporal allocation options that were 

prescriptive rather than adaptive.  Scaling up the effects of conservation strategies from 

individual management units to regional scales is a great challenge on its own (Mattsson 

et al. 2012).  Recognizing that biophysical processes and management constraints vary at 

intermediate subregional scales within SFB (Goals Project 1999), this subregional level 

may provide a critical lynchpin for linking the local management strategies to regional-

scale outcomes.  This challenge of linked spatial scales combined with the challenge of 

developing a matrix of optimal strategies across space and time poses a difficult problem, 

but one that can be solved with the tools and methods available in the literature and in the 

SDM toolbox (Conroy and Peterson 2012, Runge et al. 2011, Wilson et al. 2011).  A 

starting point may be to identify optimal strategies to allocate climate restoration actions 

across space and time through 2050, as the Climate-Smart Restoration strategy was 

optimal under our aspatial decision analytic framework (Runge et al. 2011, Wilson et al. 

2011, Conroy and Peterson 2012,).  A more robust and transparent strategy would 

explicitly account for these spatiotemporal linkages in the consequences of decisions for 

conserving the resilience of the SFB ecosystem and the services it provides. 

 

 

 

Table A1.1.  Draft objectives that were later refined and 

condensed for the prototype decision model. 

Draft objectives 

Increase understanding of climate change forcing on wetland processes‡ 

Increase understanding of where and how wetlands will migrate and persist‡ 



 

 

 

 

 

 

 

 

 

 

 

 

Table A1.2.  Utility values elicited from stakeholder panel.    

Averages presented as mean ± standard deviation. 

 

Outcome scenarios† 

 

Stakeholder utility values‡ 

Marsh 

Integrity 

in 2020 

Marsh 

Integrity 

in 2050 

Rail 

recovery 

by 2020 

Rail 

recovery 

by 2050 

Human 

benefits 

in 2020 

 1 2 3 4 5 6 7 8 9  Average 

low low no no low  0 0 0 0 0 0 0 0 0  0 ± 0 

low HIGH no no low  5 5 10 20 50 10 40 1 10  17 ± 17 

Provide transition areas to allow for wetlands to migrate upslope with SLR 

Maintain and expand tidal wetlands functions and services in light of future climate change 

Increase wetland resiliency against extreme climatic events 

Manage tidal wetlands to maximize biodiversity, diversity of wetland types 

Recovery of endangered species 

Ensure habitat persistence and quality for endangered species 

Reduce non-climate stressors to increase resiliency (subset of wetland functions and services) 

Maintain human services 

Clearly articulate a justification for wetlands protection, management and restoration† 

Be open to innovate ideas for restoration and augmentation of wetlands† 

Develop engineering methods to sustain marsh plain, such as dredge or upland sediment use 

Understand tradeoffs of linked consequences of mud flat, marsh and upland transition‡ 

†Process objective – a goal to improve the planning process for reaching decisions 

‡Knowledge objective – a goal describing the need for information to support making decisions 



low low YES no low  10 5 5 20 18 5 20 20 5  12 ± 7 

low HIGH YES no low  30 10 15 40 50 10 40 50 10  28 ± 17 

low low no YES low  10 6 10 40 45 5 60 20 10  23 ± 20 

low HIGH no YES low  30 10 35 50 85 15 70 40 15  39 ± 26 

low low YES YES low  20 11 15 50 55 8 75 78 20  37 ± 28 

low HIGH YES YES low  50 15 35 70 85 15 80 85 25  51 ± 30 

low low no no HIGH  20 5 10 40 10 7 30 5 5  15 ± 13 

low HIGH no no HIGH  60 25 45 40 60 13 60 37 10  39 ± 20 

low low YES no HIGH  30 20 16 40 18 10 40 70 15  29 ± 19 

low HIGH YES no HIGH  70 70 60 50 60 13 65 80 20  54 ± 23 

low low no YES HIGH  40 35 25 50 50 7 68 40 15  37 ± 19 

low HIGH no YES HIGH  70 70 70 70 85 15 85 70 20  62 ± 26 

low low YES YES HIGH  40 50 30 50 55 10 75 80 30  47 ± 22 

low HIGH YES YES HIGH  80 75 70 80 85 20 95 90 35  70 ± 25 

HIGH low no no low  20 5 20 20 20 5 10 20 40  18 ± 11 

HIGH HIGH no no low  40 10 55 50 65 18 50 37 50  42 ± 18 

HIGH low YES no low  30 10 16 40 18 5 20 50 40  25 ± 15 

HIGH HIGH YES no low  50 15 70 60 65 18 60 60 60  51 ± 20 

HIGH low no YES low  30 10 20 50 45 5 65 50 45  36 ± 20 

HIGH HIGH no YES low  50 15 60 60 90 25 75 80 70  58 ± 25 

HIGH low YES YES low  40 11 50 50 60 8 75 78 50  47 ± 25 

HIGH HIGH YES YES low  70 20 95 80 90 25 85 100 80  72 ± 29 

HIGH low no no HIGH  60 10 16 50 10 7 45 20 40  29 ± 20 

HIGH HIGH no no HIGH  90 55 65 70 65 35 65 37 60  60 ± 17 

HIGH low YES no HIGH  60 45 16 50 18 10 55 70 50  42 ± 22 

HIGH HIGH YES no HIGH  90 85 85 70 65 50 85 80 70  76 ± 13 

HIGH low no YES HIGH  80 65 60 50 80 10 68 70 60  60 ± 21 

HIGH HIGH no YES HIGH  90 95 95 80 100 75 95 80 70  87 ± 11 

HIGH low YES YES HIGH  80 65 75 80 80 10 90 90 60  70 ± 25 

HIGH HIGH YES YES HIGH  100 100 100 100 100 100 100 100 100  100 ± 0 

†Outcomes presented as binary levels of five attributes of fundamental objectives including an index of marsh integrity, recovery 

of California clapper rail, and an index of human benefits from tidal marshes. 

‡Utility values for the worst-case and best-case scenarios were fixed at 0 and 100, respectively.  Stakeholder identities are 

anonymized to protect their anonymity.  One member recused themselves from the elicitation. 



Figure A1.1. Changes in expected utilities based on a one-way sensitivity analysis 

among four advocacy scenarios for conservation and restoration of tidal marshes in San 

Francisco Bay through 2050.  Three advocacy scenarios (A-C) were represented by 

choosing one of nine elicited utility values among stakeholders for each outcome.  For 

example, in the Clapper Rail Advocacy scenario (A), the maximum utility among experts 

was chosen for each outcome where the California clapper rail was recovered in 2050, 

otherwise the minimum utility was chosen.  This method was used to select a set of 

perturbed utilities that were used to generate the expected utilities for alternative 

strategies under each advocacy scenario.  In graph D, each bar height and whisker 

represents the mean and 95% confidence interval estimated from the distribution of 

elicited utilities among stakeholders. No whiskers are shown in the remaining graphs, as 

they each represent a single set of perturbed utility values.  The Climate-Smart 

Restoration allocation strategy had the highest expected utility among the alternatives 

under all four advocacy scenarios. 

 

 

 
 

 

 

 

 

 

 

 

 

 



Figure A1.2.  Changes in expected utilities based on a one-way sensitivity analysis 

among contrasting assumptions regarding predictions for stochastic nodes in a Bayesian 

decision network to inform conservation and restoration of tidal marshes in San Francisco 

Bay.  Bar heights were based on a baseline parameterization of the stochastic nodes; the 

perturbed node is identified at the top of each graph. Upper dashed line and lower solid 

lines represent optimistic and pessimistic perturbations of the predictions, respectively. 

 

 

 



Appendix 2. File containing input for the Bayesian Decision Network (BDN). Download the free version of the Netica software
(http://www.norsys.com/) to run and review the network.

Please click here to download file ‘appendix2.neta’.

http://www.ecologyandsociety.org/7018/appendix2.neta
http://www.ecologyandsociety.org/7018/appendix2.neta
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