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Abstract
Scientists and managers of natural resources have recognized an urgent need for improved methods and tools to enable
effective adaptation of management measures in the face of climate change. This paper presents an Adaptation Design Tool
that uses a structured approach to break down an otherwise overwhelming and complex process into tractable steps. The tool
contains worksheets that guide users through a series of design considerations for adapting their planned management
actions to be more climate-smart given changing environmental stressors. Also provided with other worksheets is a
framework for brainstorming new adaptation options in response to climate threats not yet addressed in the current plan.
Developed and tested in collaboration with practitioners in Hawai’i and Puerto Rico using coral reefs as a pilot ecosystem,
the tool and associated reference materials consist of worksheets, instructions and lessons-learned from real-world examples.
On the basis of stakeholder feedback from expert consultations during tool development, we present insights and
recommendations regarding how to maximize tool efficiency, gain the greatest value from the thought process, and deal with
issues of scale and uncertainty. We conclude by reflecting on how the tool advances the theory and practice of assessment
and decision-making science, informs higher level strategic planning, and serves as a platform for a systematic, transparent
and inclusive process to tackle the practical implications of climate change for management of natural resources.

Keywords Climate change ● Vulnerability ● Adaptation planning ● Natural resource management ● Decision making ● Coral
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Introduction

As the diverse effects of climate change have become
increasingly apparent, natural resource management has
grown to include adaptation to current and future climate
change stressors in addition to traditional management of
local stressors. One community of practice that recognized
early on the need to adapt to climate change was coral reef
managers. The extent and severity of increasingly frequent
heat-induced mortality episodes at the global scale (Done
et al. 2003; Hoegh-Guldberg 1999; Hughes et al. 2018;
Hughes et al. 2017; Wilkinson and Souter 2008; Wolanski
et al. 2017) catalyzed efforts by coral reef researchers and
managers to evaluate actions to address the impacts of cli-
mate change on reefs. Early recommendations focused on
accelerating the implementation of existing management
plans to reduce local pressures that impair the ability of
corals to withstand thermal stress, and developing coral
bleaching assessment information for early detection and
monitoring (Aeby et al. 2008; Hendee et al. 2001; Marshall
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and Schuttenberg 2006; Westmacott et al. 2000). Over time,
the urgent need to both adapt existing management actions
and adopt new strategies became evident, not only for coral
reefs (Anthony et al. 2015; Bellwood et al. 2004; Brown
et al. 2013; Edgar et al. 2016; Hughes et al. 2010; Intego-
vernmental Panel on Climate Change (IPCC) 2014; Mumby
and Steneck 2008; Sale 2008; U.S. Environmental Protec-
tion Agency (EPA) 2007), but also for other systems such
as wetlands, streams and rivers, watersheds, and estuaries
(Barbour et al. 2004; Chan et al. 2016; Hale et al. 2009;
Tecle et al. 2003; West et al. 2009). On the basis of a
growing mechanistic understanding of both the direct
effects of climate change and the interactions of climate
change with other stressors, scientists and practitioners are
striving to develop new and adapted management techni-
ques that protect and enhance the ecological properties that
underlie resilience (Allen et al. 2011; Cote and Darling
2010; Eason et al. 2016; Fujita et al. 2013; Sasaki et al.
2015; Stein et al. 2014).

However, designing and implementing ‘climate-smart’
management adaptations has proven problematic for a
variety of reasons. There has been increasing recognition
that top-down regulatory and technology-driven responses
are not sufficient to address environmental challenges that
occur at multiple spatial scales, unfold over long temporal
scales and have possible global implications (Grossarth and
Hecht 2007). Furthermore, these challenges may be difficult
to define, unstable, and socially complex, have no clear or
single solution and extend beyond the understanding of one
discipline or the responsibility of one organization (Bradley
and Yee 2015; Churchman 1967; National Research
Council (NRC) 2012; Rittel and Webber 1973; Stahl 2014).
To tackle such ‘wicked’ problems (Rittel and Webber
1973), a variety of conceptual models have been used to
help understand the interactions and cause-effect relation-
ships in complex social-ecological systems in order to
develop management strategies and actions (Binder et al.
2013; Bradley and Yee 2015; Conservation Measures
Partnership 2013). With the continuously growing under-
standing of climate change risks to coral reefs and other
ecosystems, there is a need to revisit these conceptual
models through a climate lens and reevaluate the appro-
priateness or feasibility of existing and planned manage-
ment activities.

It is in this context that several critical needs were
identified by the authors when working with U.S. and
international practitioners in natural resource management.
In particular, how do we apply climate-smart principles
within our current understanding of ecosystem management
to redesign and re-engineer management plans and actions
to address the new realities posed by climate change?
Initially, it was difficult for science and management to
move beyond existing conceptual frameworks that have

guided management under relatively stable climate condi-
tions for many decades (West et al. 2009). As a result,
management remained focused on non-climate stressors and
continued to emphasize accelerated implementation.
Another limitation was difficulty matching available climate
change vulnerability information with management actions.
Vulnerability assessments are often produced at a scope and
scale (e.g., regional or national) and by individuals or
groups not directly linked with natural resource manage-
ment (which is generally more localized). Thus, vulner-
ability information has to be summarized and applied from
larger scale studies that might not provide appropriate or
sufficient information to inform local management. Climate
change is associated with many uncertainties (e.g., climate
change projections, ecosystem responses) and surprises
(e.g. unanticipated threshold changes, unexpected differ-
ences in sensitivity to bleaching among coral species).
Therefore, managers need a systematic method to account
for unpredictable outcomes and support an adaptive man-
agement process where continual refinement and adoption
of new strategies should become the norm.

Given the continuing crisis surrounding coral reef
degradation and associated management needs at multiple
scales, our initial focus for adaptation methods has been
coral reef systems. At the local scale, coral reefs are
threatened by a variety of anthropogenic stressors, including
polluted runoff, land-use practices in adjacent watersheds,
coastal development and near-shore dredging (Acevedo
et al. 1989; Bak 1978; Bejarano and Appeldoorn 2013;
Bradley et al. 2009; Center for Watershed Protection (CWP)
2008; Dodge et al. 1974; Dodge and Vaisnys 1977; Fabri-
cius 2005; Hubbard 1986; Rogers 1990; Storlazzi et al.
2015; Vega Thurber et al. 2014; Warne et al. 2005;
Wooldridge and Done 2009). At the same time, over-fishing
has continued to dramatically alter fish community com-
position on coral reefs (Appeldoorn and Meyers 1993; Ault
et al. 1998; Ault et al. 2008; Brandt et al. 2009; Hay 1984;
Hay 1991; Hughes 1994; Jackson 1997; Jackson et al. 2014;
Jackson and Sala 2001; Knowlton and Jackson 2008; Mora
2008; Pandolfi et al. 2003; Sala et al. 2001).

At the global scale, consequences for coral reefs of rising
atmospheric CO2 concentrations include accelerating
changes in sea surface temperatures, precipitation patterns,
sea level rise and carbonate saturation equilibrium (pH)
(Durack and Wijffels 2010; Durack et al. 2012; Hansen
et al. 1988; Hansen et al. 2005; Hansen et al. 2000; Hoegh-
Guldberg 2014; Integovernmental Panel on Climate Change
(IPCC) 2013; Rayner et al. 2003; Rogers and Miller 2006).
There is also considerable evidence for increasing intensity
of tropical storms in some regions since the 1970s (Inte-
governmental Panel on Climate Change (IPCC) 2014),
which is increasing the force of wave action in coastal areas
(Hamylton et al. 2013; Saunders et al. 2016). Due to the
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combination of these interacting local and global factors,
coral reef ecosystems are degrading rapidly (Hoegh-Guld-
berg 2014; Hoegh-Guldberg et al. 2017; Hughes et al. 2003;
Jackson et al. 2014; Jackson et al. 2001; McField and
Kramer 2007; Pandolfi et al. 2003; Waddell 2005; Wilk-
inson 2008; Wilkinson 2004), with declines of 50% or more
over the past 30–50 years in large parts of the world’s
tropical regions (Bruno and Selig 2007; De’ath et al. 2012;
Gardner et al. 2003; Hughes 1994). As mass coral bleaching
and mortality events are now occurring globally, there is
strong evidence that coral dominated ecosystems will be
unable to cope and will continue to disappear without
effective management interventions (Done et al. 2003;
Eakin et al. 2010; Hoegh-Guldberg 1999).

The Adaptation Design Tool described in this paper was
undertaken with the above challenges in mind. Availability
of a specifically-applicable tool to help address climate
change adaptation will enable natural resource managers to
take a systematic approach and engage in more focused
evaluation of interactive climate and non-climate impacts
on targeted ecosystems and management actions. The
Adaptation Design Tool is a product of the Corals & Cli-
mate Adaptation Planning (CCAP) project, a collaborative
effort of the Climate Change Working Group of the inter-
agency U.S. Coral Reef Task Force, whose mission is to
tailor and test general principles of climate-smart adaptation
(Stein et al. 2014), specifically for coral reef management.
In the first phase of the CCAP project, West et al. (2016)
developed a ‘Compendium’ of adaptation options from the
literature, to help coral reef managers consider new climate-
smart adaptation strategies and management actions as part
of their existing management portfolios.

In this paper, we describe the next phase of the project:
the development and testing of the Adaptation Design Tool
(hereafter called the Design Tool). The Design Tool consists
of a structured process that is supported by worksheets
(Tables 2, 3 and 4), instructions and examples to help
managers (1) analyze and adapt existing management
actions in the context of climate-smart design, and (2)
identify new adaptation options using the Compendium. The
Design Tool was developed and tested over a three-year
period in collaboration with coral reef managers, scientists,
and practitioners. We begin by providing an overview of the
Design Tool in the context of the climate-smart cycle (West
et al. 2016), followed by a description of the basic compo-
nents and workflow for using the tool (Parker et al. 2017)1.
The results from testing the Design Tool in two coral reef
settings--Guánica Bay, Puerto Rico and West Maui,
Hawai’i--are compared in order to examine similarities,

differences, and lessons learned. Insights gained from this
process are discussed in terms of tool effectiveness and
efficiency, value-added benefits from the thought process,
and overarching issues of scale and uncertainty. Conclusions
highlight the tool’s role in advancing assessment theory and
practice, informing higher-level strategic planning, and
facilitating systematic, transparent and inclusive dialogue to
address climate change vulnerabilities.

Adaptation Design Tool: Overview

Conceptual Background from Previous Work

As mentioned, the first phase of the CCAP project (West
et al. 2016) adapted the general climate-smart cycle (Stein
et al. 2014) and assessed its applicability to coral reefs.
Figure 1 shows the adapted climate-smart cycle, which
includes general steps in a typical planning process where
climate change information can be used to improve man-
agement effectiveness. This facilitates accounting for cli-
mate change effects in everything from defining goals and
objectives; to assessing vulnerabilities from interacting cli-
mate and non-climate stressors; to identifying, selecting and
implementing climate-smart management responses; to
monitoring effectiveness. Making use of extensive vulner-
ability and resilience information already available for coral
reefs (Step 2), we focused on how such information can be
applied for brainstorming and designing potential manage-
ment adaptation options (Step 4) and—once priority actions
have been selected (Step 5)—how to further specify more
detailed design for implementation (Step 6). While this
paper will primarily focus on Step 4, we will touch on Step
6 as well as implications of results for other steps where
appropriate. This applicability to multiple steps is consistent
with the iterative nature of management planning, where
adjustments may become necessary at any step—leading to
potential changes in other steps in response--as new and
improved information becomes available. These concepts
are explored further below.

The adaptation design framework (center of Fig. 1) was
used to build a Compendium of adaptation ideas for coral
reef managers, drawn from an extensive review of the lit-
erature (West et al. 2016). The Compendium organizes
information according to seven general adaptation strategies
(Box 1) (West and Julius 2014), placing ideas for specific
adaptation options into these ‘bins’ to ensure that all cate-
gories of approaches are considered. Central to the entire
framework is the concept of climate-smart design con-
siderations (Fig. 1). In order to make a generic adaptation
idea truly climate-smart for a specific reef system in a
particular location, it is necessary to apply two categories of
design considerations (Box 2).

1 Please see West et al. (2016) for additional key background on the
conceptual foundations of this work, and Parker et al. (2017) user
guide for more detailed step-by-step instructions on tool application.
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Feedback from participants engaged in the initial testing
of these general concepts (reported in West et al. (2016))
affirmed the value of addressing climate-smart design con-
siderations for making their watershed and coastal man-
agement activities more climate-smart. Participants also
recognized the complexity of the considerations raised and
articulated a need for an expanded, step-by-step process to
break the design consideration concepts (presented in gen-
eral form in the Compendium) into more detailed and
specific place-based questions for their own locations.

The new Design Tool presented in this paper was
developed in response to this need. It is structured to aid in
‘unpacking’ climate-smart design considerations into a
series of questions that lead the user through the process of
brainstorming and crafting climate-smart adaptation actions.
As a result, the Design Tool provides a link between climate
change vulnerability assessment and the design and imple-
mentation of on-the-ground management adaptations that
are climate-smart. It is based on the premise that manage-
ment actions must work in the context of and adjust for
global stressors. In Step 4 of the planning cycle (Fig. 1), the
Design Tool provides a systematic, transparent and defen-
sible approach to help managers to do the following: (1)
integrate climate-smart design considerations into their
existing management actions; and (2) build out an expanded
set of actions based on options found under general adap-
tation strategies using information from the literature or
from expert consultation.

Introduction to the Adaptation Design Tool

The structure and flow of the Design Tool are shown in Fig.
2. For more detailed descriptions of tool protocols, please
refer to the user guide (Parker et al. 2017). In brief, Fig. 2
depicts two activity work-streams that enable the user to
apply information about climate vulnerabilities to the re-
engineering or redesign of existing or planned management
actions, and to the identification of new adaptation options.

Activity 1

Develop information to address climate-smart design con-
siderations and apply it to adapt existing actions to account
for climate change effects (see Table 2 Worksheet 1A and
Table 3 Worksheet 1B).

Activity 2

Identify additional, general adaptation options that may be
needed to more comprehensively address climate change
impacts, tailor them as place-based actions, and add them as
a second iteration of Activity 1 (see Table 4 Worksheet 2).

The ultimate output (Fig. 2) of the combined activities is a
set of management actions that are described in terms of the
design adjustments that will be necessary to ensure maximum
effectiveness in the context of climate change. The sub-
sequent process of evaluating and selecting (Step 5 of the

5. Evaluate 
& select 

adaptation 
actions

4. Identify
adaptation 

options

7. Track
& evaluate 
adaptation 

actions

1. Define
planning 

purpose & 
objectives 

6. 
Implement

priority 
adaptation 

actions

2. Assess
climate 

impacts & 

3. Review
& revise 
goals & 

objectives

General Adaptation 
Strategies

Specific Adaptation 
Options

Climate-Smart 
Design 

Considerations

vulnerabilities

Fig. 1 Climate-Smart Cycle with
Adaptation Design Framework
(Stein et al. 2014; West et al.
2016)
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planning cycle) from among the resulting set of climate-smart
actions will determine which actions are ultimately selected
for implementation. Furthermore, once a subset of priority
actions has been selected, those actions can be run through

Activity 1 a second time with specialists, to attain a more
detailed level of design for actual implementation (Step 6).

The tool process can be initiated with either Activity 1 or
Activity 2, depending on the manager’s preference. Activity
1 can be the starting point to make management activities in
an existing plan more climate-smart through application of
design considerations (Worksheets 1A and 1B). Alter-
natively, Activity 2 can be the starting point if the first
priority is to identify actions (Worksheet 2) to fill gaps in
the existing management plan due to unaddressed climate
vulnerabilities, or if there is not yet an existing plan. In both
cases, vulnerability and resilience information and the
Compendium (West et al. 2016) are key inputs to the
climate-smart design process. For information and resources
on how to summarize existing vulnerability and resilience
information, and to access the full Compendium of adap-
tation options, see the tool user guide (Parker et al. 2017).

What follows is a brief overview of the tool activities.
Fully-completed examples are presented in the next section
(‘Testing the Tool’, Tables 2–4). Please refer therein for the
detailed column listings and heading definitions.

Box 2 Climate-Smart Design Considerations

For any management action to be considered Climate-Smart, two
categories of Climate-Smart Design
Considerations must be applied:

Category 1 Design Considerations

How will climate change directly or indirectly affect how the
stressor of concern impacts the system?

Category 2 Design Considerations

How will climate change affect the functionality of the manage-
ment action (through effects on the stressor and/or effects on the
action directly), and as a result how will the action need to be
adjusted (in terms of location, timing, or engineering design)?

Source: ‘Adaptation Design Tool: Corals & Climate Adaptation
Planning’, NOAA Technical Memorandum (Parker et al. 2017);
www.coris.noaa.gov/activities/CCAP_design.

Box 1 CCAP Compendium of General Adaptation Strategies, Adaptation Options, and Climate-Smart Design Considerations

The CCAP Compendium (West et al. 2016) provides examples of management adaptation options for coral reef ecosystems compiled from the
literature. These are organized using a structure (adapted from West and Julius 2014) for brainstorming and ‘binning’ adaptation options
according to categories of ecologically-oriented general strategies familiar to managers, but specifically viewed through the climate change
lens. These include:

General Strategy Definition

A. Reduce Non-Climate Stresses Minimize localized human stressors that hinder the ability of species or ecosystems
to withstand or adjust to climatic events

B. Ensure Connectivity Protect habitats that facilitate movement of organisms (and gene flow) among
resource patches

C. Support Evolutionary Potential Protect a variety of species, populations and ecosystems in multiple places to bet-
hedge against losses from climate disturbances, and where possible manage these
systems to assist positive evolutionary change

D. Protect Key Ecosystem
Features

Focus management on structural characteristics, organisms, or areas that represent
important ‘underpinnings’ or ‘keystones’ of the current or future system of interest

E. Restore Structure & Function Rebuild, modify or transform ecosystems that have been lost or compromised, in
order to restore desired structures and functions

F. Protect Refugia Protect areas less affected by climate change as sources of ‘seed’ for recovery or
as destinations for climate-sensitive migrants

G. Relocate Organisms Engage in human-facilitated transplanting of organisms from one location to
another in order to bypass a barrier (e.g., conflicting current)

Within each general strategy, the Compendium provides a variety of ideas for management adaptation options for coral reefs, along with
examples of climate-smart design considerations. In conjunction with available vulnerability information, these can provide a starting point for
identifying any gaps in your current plan and crafting specific place-based actions to add to your list.
Source: ‘Adaptation Design Tool: Corals & Climate Adaptation Planning’, NOAA Technical Memorandum (Parker et al. 2017); www.coris.
noaa.gov/activities/CCAP_design. Full Compendium available therein, and in West et al. (2016).) The example adaptation options and climate‐
smart design considerations in the Compendium are meant to be illustrative rather than comprehensive and to stimulate ideas for site‐ releva nt
po ss ibil itie s. As new re search a nd practice s e merge, th e rang e o f examples will continue to grow and the Compendium will need to be
reviewed and updated over time.

648 Environmental Management (2018) 62:644–664
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Activity 1

In this activity, two worksheets are used to apply climate-
smart design considerations (Box 2) to existing manage-
ment actions. Worksheet 1A (Table 2) guides coral reef
managers through a series of information-gathering steps
designed to address Category 1 design considerations about
how climate change is expected to affect the stressor(s) that
are being targeted by or accounted for in each management
action. Worksheet 1B (Table 3) carries forward the outputs
of Worksheet 1A to explore the implications of these
stressor changes for the effectiveness of the management
action, and consequently what adjustments are needed in
location, timing, or structural design in order for it to remain
effective given climate change.

The final output is captured at the end of Worksheet 1B
as a redesigned version of the management action, which
incorporates climate-smart design considerations. Also of
key importance are insights that emerge during this
thought process, which are recorded in the Notes columns
of each worksheet. Documentation of reasoning, assump-
tions, information gaps, supporting science citations, and
issues related to applying actions is of paramount impor-
tance, not only for immediate needs in design and imple-
mentation, but for future reference for adaptive
management. Supplementary Output (SO) worksheets are
offered to help organize this information so it can be
carried forward to: inform data-gathering and research
needs (SO1); and understand synergies, trade-offs and
sequencing among actions (SO2), which is relevant for
evaluation and selection of a final priority list. These SO
worksheets are provided in the Design Tool user guide
(Parker et al. 2017).

Activity 2

In this activity, Worksheet 2 (Table 4) is used to help
identify actions that could be added to a management plan.
Key vulnerabilities that are not sufficiently addressed in the
existing plan can be examined, in conjunction with the
Compendium, to brainstorm and craft actions to fill those
gaps. Or, if there is no existing plan and it is being devel-
oped for the first time, Activity 2 is equally effective for
brainstorming a list of actions from scratch. The CCAP
Compendium developed for coral reefs (Box 1; Parker et al.
(2017); West et al. (2016)) informs the activity by providing
general adaptation strategies, adaptation options, and
climate-smart design considerations compiled from an
intensive review of the literature. The ecologically-based,
general adaptation strategies provide a structure for con-
sidering the full range of available adaptation options. In
Worksheet 2, general ideas are converted into specifically-
defined actions appropriate to the particular reef’s unad-
dressed vulnerabilities. These are then run through Activity
1 in order to apply climate-smart design.

The culmination of these two activities--an expanded list
of climate-smart actions—is intended to provide the fullest
range of ideas possible for evaluation and selection (Step 5;
Fig. 1) and for potential inclusion in a new or revised (more
climate-smart) plan. The list is comprised of better-crafted
actions with respect to climate change implications for
timing, placement (siting), engineering, and other physical
aspects of design. Sometimes, putting pre-existing actions
through Activity 1 may reveal that some actions will no
longer be feasible as climate changes. In that case, Activity
2 can be used in a more targeted manner to replace those
eliminated actions.

Fig. 2 Flow Chart of Activities of the Adaptation Design Tool
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In the next section, we present the results of expert
consultations carried out with practitioners in Pacific and
Caribbean reef locations. These results were used to
improve the tool and draw lessons-learned for adaptation
planning moving forward.

Testing the Tool: Guánica Bay and West
Maui Expert Consultations

Background

Two consultations with experts in coral reef and watershed
management were conducted to test the draft Design Tool.
The goal of the expert consultations was to solicit feedback
on the use and relevance of the tool in incorporating infor-
mation on climate change vulnerability into coral reef man-
agement using specific case studies. These consultations were
conducted in Guánica Bay, Puerto Rico (November 2015)
and West Maui, Hawaiʻi (January 2016), areas identified as
priority coral reef watersheds by the U.S. Coral Reef Task
Force (USCRTF). These two settings (Table 1) represented a
range of management contexts for testing the utility of the
tool. Both consultations were 1 ½ days in length, allowing
for several management actions to be put through the tool.

The Guánica Bay watershed is highly modified, having
been artificially increased in drainage area by a series of inter-
watershed transfer channels, five reservoirs and two hydro-
electric plants. It was designated as a priority watershed by the
USCRTF because its associated coral reefs are threatened by
extensive land-based sources of pollution. Therefore, coral
reef protection and recovery efforts have a significant focus
on watershed management. In 2008, the Center for Watershed
Protection developed a watershed management plan (Center
for Watershed Protection (CWP) 2008) outlining a compre-
hensive set of actions and an overall management strategy for
improving and protecting the Guánica Bay watershed from
pollution from land uses and alterations. In 2010–2012, the U.
S. Environmental Protection Agency held a series of stake-
holder workshops that resulted in a comprehensive list of
potential management actions to supplement those in the 2008
plan that was undergoing revisions (Bradley et al. 2014;
Bradley et al. 2016).

In West Maui, the planning scale consists of five water-
sheds and adjacent reefs. Management issues recognized by
USCRTF priority watershed designation include nutrient
inputs from injection wells, unsustainable fishing practices,
and land-based pollutant runoff. A Conservation Action Plan
for the reef area itself, plus three watershed management
plans, have been developed through a multi-agency effort
(Barger and Clark 2012; Hawaii Department of Land and
Natural Resources et al. 2014; Sustainable Resources Group
International 2012a; Sustainable Resources GroupTa
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International 2012b). Planning for two additional watersheds
was underway at the time of the consultation.

Expert Consultation Preparation and Design

Prior to the consultations, available information on climate
change vulnerability was assessed, and for both locations
was found to be summarized in a manner that did not relate
explicitly to the management actions being reviewed.
Therefore, a summary vulnerability assessment table was
created using the Local Early Action Planning (LEAP) Tool
for climate change adaptation developed for the Coral Tri-
angle region (U.S. Coral Triangle Initiative Support Pro-
gram 2013). This was provided to each group as a resource
(‘input’) when using the Design Tool.

In collaboration with the project team, each expert group
selected 3–5 management actions from their existing plan,
which they considered priorities for climate-smart design.
The actions were selected because they had known sensi-
tivities to climate change and had already been identified by
the experts as priority actions for their plans. As such, the
selected actions reflect the interest of the experts in building
climate-smart knowledge in these areas and does not reflect
opinions or advocacy on the part of the project team for use
of these actions.

Guánica Consultation

A small group of watershed and coral reef experts participated
in the consultation. The facilitator had not been involved in the
development of the tool but had extensive knowledge of coral
reef science and management in Puerto Rico, and therefore
brought a fresh perspective to the test application. Prior to the
consultation, the facilitator conducted several phone calls with
the expert group to choose actions from the 2008 Watershed
Management Plan and the EPA Workshops to run through the
tool. There were two participants, a watershed manager and a
coral reef manager. A member of the project team with a
background in coral reef ecology and management also par-
ticipated on the first day to ensure understanding of the tool.
The consultation began with an overview of the Design Tool
and the worksheets and an introduction to the CCAP Com-
pendium. This overview was very important, but time-
consuming. It was recommended that in future consultations,
an overview could be provided as a webinar prior to the
consultation. It was also suggested that a slightly larger group
of experts would be optimal. These recommendations were
adopted for the West Maui Consultation two months later.

West Maui consultation

Three webinars were held with reef and watershed man-
agers to plan the consultation, identify participants and

select actions for the tool. Webinars provided participants
with an overview of the Design Tool and ensured that key
inputs to the tool (vulnerability assessment and a list of
management actions) were available and reviewed in
advance of the consultation. The facilitator was a member
of the project team with extensive knowledge of coral reef
science and management in Hawai’i, as well as experience
using the Design Tool. The management actions that were
selected helped define the spatial and technical scope of the
consultation, which in turn helped identify the experts
needed (5 watershed managers and one coral reef scientist)
for the in-person consultation.

For both consultations, the selected management actions
were used to pre-populate columns 1 and 2 of worksheets
1A and 1B. Participants were asked to review the CCAP
Compendium in advance of the consultation along with the
draft Design Tool user guide. In particular, participants
were asked to think about how existing management actions
were aligned with the general adaptation strategies and to
identify potential gaps.

Results

The participants of both expert consultations successfully
completed climate-smart designs for 3–5 actions using the
Design Tool over the 1 ½ -day periods. The Guánica Bay
and West Maui experts generated noteworthy findings for
their respective management areas from Activities 1 and 2
and both supplemental worksheets. Example actions from
each location are provided in Tables 2–4 and described in
detail below, along with general feedback on using the
worksheets.

Activity 1

Worksheet 1A: application and feedback

Using Worksheet 1A (Table 2), participants examined the
impacts of climate change on stressors addressed by or
accounted for in the selected management actions. They
were able to use the prepared vulnerability assessments to
document the implications of climate change for those tar-
get stressors.

For Guánica Bay, the 2010 Guánica Decision Workshop
yielded many ideas for management actions in addition to
those in the 2008 Guánica Bay Watershed Management
Plan. One of these–establish coral nurseries–was chosen for
the consultation. There has already been significant loss of
habitat for mobile species as a result of land-based stressors
(nutrients, sediments, etc.) and increasing sea surface tem-
perature anomalies. The participants identified that climate
change will likely cause increased intensity of rainfall
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events, exacerbating the land-based stressors. Also, elevated
sea surface temperatures exceeding the bleaching threshold
may soon occur during half of each year. This information
was documented in Worksheet 1A.

In the case of West Maui, there was a plan to establish
infiltration basins in low-lying urban areas to limit sedi-
ments, nutrients, and other contaminants from entering
near-shore waters. This was because increased precipitation
and incidences of severe storm-runoff due to climate change
were deemed likely to result in increased sedimentation and
nutrient runoff above and beyond what had been historically
seen. Different models, however, predicted vastly different
future levels of precipitation—some wetter, others drier.
These different projections were documented in Worksheet
1A. Participants highlighted the importance of capturing
such differing scenarios and carrying them through the
climate-smart design process. Documenting alternative
future conditions explicitly accounts for location-specific
uncertainties, and supports a flexible and adaptive approach.

Worksheet 1B: application and feedback

Using Worksheet 1B (Table 3), participants carried forward
their analyses from Worksheet 1A to evaluate the implica-
tions for the design of effective management actions in the
face of climate change impacts. This culminated in a
restatement of the existing or planned management action
that incorporated everything from both worksheets that
should be included in climate-smart design.

All participants agreed that the information developed in
Worksheet 1B was extremely valuable. They found it espe-
cially useful to be provided a series of smaller steps to achieve
a final synthetic restatement of the management action incor-
porating consideration of climate change. They recognized
that this can lead to important new insights about effective use
of management actions. The Guánica Bay group identified the
need to choose coral strains/clades that are temperature resi-
lient and to add more reef-building coral species (in addition to
Acroporids) for their coral nursery action. For West Maui,
after incorporating climate-smart design considerations, the
expert team identified the need to not only re-engineer the
basin design for future runoff, but also to incorporate a new
design element to address an anticipated climate change
effect--drainage of the basin to mitigate potential disease
vectors, such as mosquitoes, that could emerge as a result of
ground water inundation of low lying coastal areas due to
increasing air temperatures and rising sea levels.

Supplemental Output Worksheets Application and
Feedback

In discussions of Supplementary Output 1 (information and
data gaps), Guánica Bay participants noted a need to

research ways to build coral nurseries that could be moved
around during storm events to avoid their destruction. They
also recommended assessment of how several land-based
coral nurseries could be established in Puerto Rico to
address the Territory-wide scale of coral loss. Participants
of the West Maui consultation identified the need for
observational research and modeling of projected rainfall
(spatial and temporal patterns as well as intensities) as cri-
tical for improving climate-smart adaptation actions. This is
an example of how considering climate change influences
on the stressors and the actions caused participants to
recognize information gaps that would prompt a return to
the vulnerability assessment step (Fig. 1; Step 2) of the
climate-smart cycle.

Regarding Supplementary Output 2 (interactions among
actions), participants affirmed the usefulness of examining
synergies, trade-offs and sequencing among management
actions. For Guánica Bay, establishing coral nurseries was
deemed synergistic with capture and nursery-raising of
larval fish of target species to replenish depleted popula-
tions, including herbivores that help maintain favorable
habitat through grazing. Both actions were also considered
critically dependent on establishment of protected areas to
ensure effective protection and management of reefs to
which these coral and fish populations are restored. For
West Maui, interactions among several adaptation options
were recognized as important to support climate-smart
adaptation. The success of infiltration basins will depend on
simultaneous actions to reduce sediment load by stabilizing
streambanks and reforesting fallow agricultural lands. In
terms of sequencing, changes in county government rules
would be needed first to require on-site stormwater infil-
tration for all new construction.

Activity 2

Worksheet 2: application and feedback

Using Worksheet 2 (Table 4), participants identified new
adaptation options that filled gaps in plan coverage by
identifying vulnerabilities not addressed by current man-
agement actions. Using the CCAP Compendium (Parker
et al. 2017; West et al. 2016) along with the summary
vulnerability assessments provided, participants converted
general adaptation options into place-based actions appro-
priate for their management context.

The Guánica Bay participants reviewed the Compendium
and identified additional adaptation options that would
contribute to more comprehensively addressing climate
change impacts, and tailored them as place-based actions
specific to the Guánica Bay Watershed. For example, the
group felt that sewage and waste water treatment problems
are major concerns in coastal and island communities. This
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stimulated the identification of an action to ‘convert all
homes with on-site sewage disposal systems to tertiary level
waste-water treatment’.

The West Maui participants recognized that the current
plan did not include actions to address the vulnerability of
coral reefs to bleaching events, such as that which occurred
during the 2014–2015 El Niño. As a result, the group
identified new management actions, which included
expanding or duplicating herbivore replenishment areas in
reefs in the five watersheds and adjacent source areas and
targeting for protection those reefs with a history of expo-
sures to multiple stressors such that they may have accli-
mated or adapted to challenging conditions.

Insights and Recommendations for Using the Tool

Overall, the process structured by the Design Tool was well-
received by the participants of both expert consultations. No
overhaul of the process or worksheets was recommended.
However, after both consultations had been completed, a
comparison of general comments and recommendations led
to some refinements of the Design Tool and development of
a user guide (Parker et al. 2017). This included key insights
and recommendations that fall into the following three
general themes: (1) improving effectiveness and efficiency
in using the tool, (2) valuing the process as being equally
important as the ultimate outputs, and (3) addressing over-
arching considerations such as matching temporal and spa-
tial scales, identifying and documenting uncertainty, and
integrating outputs into other planning and decision-making
processes. Each of these themes is discussed below.

Improving Effectiveness and Efficiency in Using the
Tool

The Design Tool can be effective at the following two
levels of application for climate-smart design: (1) rapid and
(2) in-depth. Overall efficiency is maximized by selecting
the best type of effort for your need. Under the rapid (or
‘rough cut’) application, an individual manager or small
group can put a broad range of actions through the tool
quickly, for a basic understanding of the functionality and
adaptability of each action under climate change; the goal is
to develop sufficient information to support credible eva-
luation and selection under Step 5, or as a precursor to a
more in-depth assessment. The in-depth application consists
of a more comprehensive group effort, in which one or
more expert panels would delve into greater detail for a
subset of actions, in order to support more rigorous analysis
of design needs; the goal in this case is to develop detailed
specifications for implementation.

The process of reviewing many management actions
using the tool can be a significant time investment. To

increase efficiency, the following two recommendations
were proposed during the consultations: (1) screening
management actions to identify those that should take pre-
cedence for tool application, and (2) grouping management
actions that target the same stressor(s) and sources. Actions
can be screened for precedence if they and the stressors they
address will be significantly affected by climate change;
actions that are not much affected by climate change will
not benefit from going through the tool (e.g., education
campaigns for keeping beaches clean). Then the actions can
be further screened for their perceived importance (e.g., by
stakeholders or lawmakers) or urgency (e.g., due to funding
availability or post-extreme event opportunity), or other
criteria; thus, certain actions would be put through the tool
first, representing an initial batch of climate-smart actions.
Such screening must be balanced by retaining actions that
may not appear to be priority actions but might become so if
climate change considerations were incorporated into them.
Ideally, all possible actions should have climate smart-
design considerations applied (Step 4 of the climate-smart
cycle) and be part of a structured evaluation and selection
process (Step 5). However, the concept of screening man-
agement actions can be important under time constraints;
this was emphasized in the West Maui consultation,
reflecting the participants’ experience of having to incor-
porate a very large number of recommended actions into an
integrated watershed-to-coral-reef management plan.

The other efficiency concept, also raised in the West
Maui consultation, was grouping actions that address
similar stressors (e.g., excess sediment runoff) and sources
(e.g., erosion from agricultural fields), which would be
similarly affected by climate change. This can minimize
potentially redundant efforts in filling out worksheet col-
umns that will have similar answers. This must be balanced
with caution against consolidating actions that will be too
dissimilarly affected by climate change, which would lead
to overly generalized responses to the adaptation design
considerations and impair the process of developing
climate-smart redesigns.

Valuing the Process of Using the Tool

Undertaking the full process of using the tool provides
value to planning beyond just the climate-smart redesign of
individual actions. The tool process highlights gaps in
information or in planned actions that might otherwise have
been missed. Including citations in the spreadsheets can
help users compile a list of relevant resources and show
where foundational science is lacking or ample. And while
each action is reviewed separately, the process of scruti-
nizing action-related stressor, climate, and other environ-
mental information often yields insights on potential
interactions with other actions (e.g., synergies, trade-offs,
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linked interdependencies), as well as sequencing or timing
needs. This information, which is captured in the ‘Notes’
columns of the worksheets, can be of great value in future
formulation of an implementation plan. It advances a
systems-based understanding by crossing the boundaries
between actions to convey the idea that actions are not
performed in a vacuum and are part of a larger system. The
value of this aspect was apparent in Guánica Bay, where
management planning and plan revision were sometimes
isolated from close interactions with technical experts (e.g.,
climate scientists, watershed scientists) who could con-
tribute inter-disciplinary expertise to the review and revision
process. Having experts with knowledge across a range of
inter-related system components results in learning about
other parts of the system in ways that generate new insights.

The tool establishes an iterative process at multiple
levels, between activities within the tool and among steps
throughout the climate-smart planning cycle. When using
each worksheet within an activity, the thinking required to
fill out later columns can generate insights that cause users
to return to earlier columns, or even to other actions.
Likewise, working on later worksheets may cause
users to return to an earlier worksheet to add more infor-
mation there. Therefore, while a linear progression through
the tool will generate an ‘answer’ (an action revised to be
climate-smart), it is the opportunity afforded by the
iterative process to focus and refine management-relevant
information that is beneficial, regardless of initial entry
point.

Use of the tool also highlights information needs and
produces insights that prompt a return to earlier or later
steps in the climate-smart planning cycle, which might not
otherwise be revisited. For example, a common experience
while testing the tool was that the scale and/or level of detail
of vulnerability information typically available from Step 2
(Vulnerability Assessment) was not sufficient to address the
questions that the tool poses about climate change effects on
the site-specific actions and associated stressors. Common
deficiencies were that the existing summary of climate
vulnerability information was too general, large-scale, long-
term, non-specific in terms of time frame, and/or non-
specific in terms of spatial distribution to be relevant to the
action being considered. Thus, the process of using the tool
helped inform the specific needs for revised climate vul-
nerability information and thus directed attention back to
Step 2 while maintaining progress on Step 4.

Progressive application of the tool can help generate a
better grasp of what can (and cannot) be achieved through a
set of management actions in the face of climate change.
Given the importance of setting realistic, achievable goals
and objectives, the process of using the tool may prompt a
return to Step 3 to revise management objectives. Use of the
tool often generates ‘ancillary’ information that is relevant

to future planning steps, including evaluation and selection
(Step 5), or plan formulation and implementation (Step 6),
as well as directly elicited information on performance
targets and metrics that are moved forward to Step 7
(Monitoring). For example, information is often captured
that relates to criteria typically used in evaluation and
selection, such as economic feasibility, flexibility, urgency,
or social or political barriers. Similarly, as has been men-
tioned, the tool process captures information on project
interactions, sequencing and timing that is brought forward
to Step 6. Furthermore, the tool itself can be used to develop
more in-depth design information for Step 6.

Climate-smart strategies and design principles focus on
climate; however, other global changes such as population
growth and development trajectories often have important
interactions and feedbacks with climate change effects, as
well as critical influences on what adaptation methods and
locations are feasible and effective. The tool lends itself to
inclusion of these other drivers of global change, which are
often presented in vulnerability assessments. A key out-
come of the tool process is to refocus resource management
planning and incorporate consideration of future conditions,
including other important global changes.

Overarching Considerations in Using the Tool

In developing, testing, and refining the Design Tool, over-
arching considerations were identified regarding the fol-
lowing: (1) dealing with uncertainty, (2) matching temporal
and spatial scales, and (3) integrating the outputs of the tool
into other planning and decision-making processes. For the
first consideration, uncertainties in both magnitude and
direction of a change can affect the vulnerability assess-
ment, how actions are adapted, and ultimately what adap-
tation strategies are selected. In some cases, divergent
climate change projections for the area of interest (e.g., the
area will get wetter under some scenarios but drier under
others, as in the West Maui) must be considered. Uncer-
tainty surrounding climate change projections must there-
fore be incorporated into the Design Tool in Activity 1, and
there are multiple options for accomplishing this. For the
case of diverging climate projections, actions that will be
affected by this uncertainty can be given multiple rows in
the tool worksheets—one for each alternative scenario. For
such divergent scenarios, each scenario can be expected to
require unique responses to the climate-smart design ques-
tions, and thus can be addressed separately. Alternatively, if
there are only two highly divergent scenarios, they can be
addressed in a single row of the tool with information for
each scenario included in that one row. Or, if one scenario
has more serious implications than another, users may
choose to focus first on the scenario with the greatest
‘downside’. In all cases, uncertainties should be
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documented and characterized to the extent possible in the
worksheets. For cases where climate projections may not
diverge in direction but have high uncertainties in the
magnitude of the projected change, the nature of the
uncertainty must be carried through the design considera-
tions to arrive at what revisions to the action (e.g., redesign
or relocation) would be needed for the action to continue to
function within the bounds of that uncertainty. To the extent
that a high level of uncertainty may not be able to be fully
accounted for through redesign, the implications of the
uncertainty should be noted for consideration in Step 5
(evaluation and selection) of the planning cycle, potentially
through a risk assessment.

The second consideration is matching the scale of cli-
mate change information to the temporal and spatial scale of
the actions going through the tool. Outputs of vulnerability
information from Step 2 of the planning cycle must speci-
fically inform the tool worksheets. There are many options
for how to conduct and summarize outputs from a climate
change vulnerability assessment, and a particular approach
is not required for using this tool. However, the match in
scale of information between the management action and
the relevant climate change effects is critical. Both the West
Maui and Guánica experts noted this was important. In
practice, there are often difficulties with obtaining appro-
priately scaled climate information. For instance, climate
change models downscaled to the resolution at which
management decisions are occurring may not be available,
and similarly, there may not be climate projections at
management-relevant time scales. Moreover, it could be
discovered that in light of anticipated climate changes, some
actions may need to be implemented at larger scales than
managers have been considering previously (for example,
increasing spatial scale to capture pathways of intra- or
inter-system connectivity). Vulnerability information would
need to be matched to that larger scale, as well. Never-
theless, whatever location-specific and time-relevant climate
vulnerability information is available should be considered.
It is preferable to proceed with whatever information is
available rather than wait for ideal or complete information.

The third consideration is the ability to use the tool in
concert with different planning processes, and for different
ecosystems. It supports structured decision-making (SDM)
by being inclusive, transparent, and systematic. It promotes
inclusive planning by convening stakeholders from different
areas of expertise, and giving each an equal voice. While
there are places and times when small groups of experts can
use the tool, given the importance of inclusivity to the
ultimate acceptance and success of a decision process, there
are also places and times when a broader group of stake-
holders would be beneficial. The tool promotes transpar-
ency because as an explicit component of the process, users
document their decisions and associated supporting

information in a consistent manner. This is valuable not
only because it provides a mechanism for other managers
and future decision makers to understand and replicate the
process, but also because it helps establish a common
understanding and acceptance of the associated decisions,
thus building support as the process moves forward toward
implementation. It is systematic because it standardizes the
adaptation thought process and records the logic used to
identify adaptation options. Collectively, this facilitates
revisiting previous adaptation decisions in light of new
information and technology, supports organizational con-
tinuity, and increases the legitimacy of the decisions.

Finally, the tool can be used for non-coral reef systems
with little modification. The concepts behind the column
headings in the tables are applicable to other systems, such
as watersheds, wetlands, or estuaries, although the termi-
nology used may need minor adjustments. The major
alteration needed for application to non-coral systems
would be the CCAP Compendium. This was developed
specifically for coral reefs, though managers from a non-
coral system could apply the ideas of the Compendium in
an analogous way to their own systems. Alternatively, they
could do their own literature review to make their own
system-specific Compendium, or gather ideas directly from
experts via expert elicitation. The transferability of the tool
is already being recognized by other organizations who
have recently taken it up for use in management planning
for wetland habitat, submerged aquatic vegetation and toxic
contaminants.

Conclusions

The overall intent of the Adaptation Design Tool is to
catalyze transformational thinking on how to convert cli-
mate change science to adaptation action on the ground. In
the past, a business-as-usual approach to adaptation plan-
ning has often overlooked the need to redesign or add new
actions based on key vulnerabilities and has thus resulted in
a limited range of adaptation options. Through incremental
steps, the tool helps users collate and document the knowns
and unknowns in order to generate an expanded portfolio
of climate-smart ideas—each explicitly crafted for most
effective timing, location, and structural design--to support
a more rigorous evaluation and selection of priority actions.
By laying out a logical, step-wise process for linking vul-
nerability-to-impacts-to-adaptation, the tool helps scien-
tists, natural resource managers, and other stakeholders
work together to apply the best available science to
brainstorm and design effective actions. This ‘logic chain’
concept is consistent with other assessment processes
employed by EPA and other resource management agen-
cies. Examples include causal assessment and the EPA
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Causal Analysis/Diagnosis Decision Information System
tool (Barbour et al. 2004; Norton et al. 2014; https://www.
epa.gov/caddis); and risk assessment (Kunreuther et al.
2013; National Research Council (NRC) 2009). However,
these are retrospective in that they are diagnostic of past
causes of current conditions. In contrast, the Design Tool is
forward-looking, addressing the challenge of future climate
change impacts that are otherwise difficult to tackle in a
systematic way. This approach makes an overwhelming
process more tractable through small steps and documents
the best available information and solutions, while also
revealing where information needs to be further developed
for continued improvement of our actions. These small
steps also encourage users to follow the logic chain in its
entirety and not skip steps in the progression based on
assumptions that could lead to partial or incorrect results.
Overall, this transparent process facilitates better decisions
now and in the future and provides a record that can be
revisited when conditions change.

Because the Design Tool’s framework supports,
strengthens and informs all steps in the climate-smart
planning cycle, including revision of goals and objectives, it
can also inform higher, strategic levels of planning. Some
organizations, such as the Chesapeake Bay Program, are
using the tool to consider adjustments to their strategic (The
Chesapeake Bay Trust, 2018). In general, a strategic plan
comes into being in the first place because of a recognized
need to manage threats to a natural resource from existing
stressors, in order to meet goals and objectives for main-
taining the resource; and presumably, there are management
actions that have been identified to address those stressors.
Therefore, the way to determine whether adjustments will
be needed to higher-level strategies is to first assess whether
the current actions (and any new ones that might be added)
will or will not be able to be made climate-smart such that
management objectives can be met under climate change. If
the answer to this question is ‘no’, then changes in objec-
tives, goals, and the strategies themselves may be war-
ranted. Overall, this underscores the fluid nature of
adaptation planning as an iterative and often nonlinear
process that is not a ‘one-off’ exercise. This is the ‘new
normal’ of management planning, where a structured
approach is used to document collaborative knowledge
sharing and uncertainty as a foundation for adaptive man-
agement through time.

The challenge that the Design Tool tackles—supporting
conversion of science to action on the ground--is essential
but difficult. Research on the topic of producing useful
science suggests that information should be developed
through inclusive processes (for legitimacy), applied spe-
cifically to the decision makers’ questions (for saliency),
and documented thoroughly and transparently (for

credibility) (Cash et al. 2002; Hegger et al. 2012).
Employing these attributes of information production is
particularly important when addressing adaptation planning
and design. Large barriers to action are created by uncer-
tainties surrounding climate change projections, coarse
spatial and temporal scales at which they are produced, and
difficulty translating climate projections into impacts that
managers can use to design adaptation responses. The
Design Tool addresses these difficulties by facilitating a
dialogue among scientists, coral reef managers, and other
stakeholders to improve existing and identify new man-
agement strategies to address climate change realities. This
dialogue helps identify deficiencies in existing climate
vulnerability information and supports an iterative process
of assessment, review, and refinement. Rather than ignor-
ing climate change uncertainties, participants are encour-
aged to explore their effect on adaptation selection and
design, and document changes in potential responses to the
climate-smart design questions. The tool provides a plat-
form for diverse views and opinions to be expressed,
explored and recorded. Participants engage in learning
through iterative dialogue, leading to successful joint
knowledge production that is incorporated into adaptation
planning and design (Hegger et al. 2012). The doc-
umentation of these thought processes is a defining feature
of the tool. Through use of this tool, adaptation imple-
mentation is supported by providing salient, legitimate and
credible information that accounts for uncertainties in cli-
mate change projections and impacts.
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