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Abstract

Changing environmental conditions are forcing natural resource managers and communi-
ties to adapt their strategies to account for global shifts in precipitation, temperature, sea
level and more, all of which are occurring in addition to local human impacts. Adapting to
threats from climate change requires a fundamental shift in the practice of natural resource
management through the development of forward-looking “climate-smart” goals and strate-
gies. Here we present a proof-of-concept application of a decision-support tool to help
design climate-smart management actions for the watershed and coral reef management
plan for Guanica Bay watershed in southwest Puerto Rico. We also explore the connection
between adaptation planning and coral reef resilience, using a recently developed Puerto
Rico-wide reef resilience assessment. In the first phase of the study, we used the publicly
available Adaptation Design Tool to draft initial climate-smart versions of twelve proposed
management actions. In the second phase, two actions (dirt road management on steep
slopes, and coral reef restoration) were further refined through consultations with local
experts to make more detailed design adjustments; this included the option to use informa-
tion from the coral reef resilience assessment to inform design improvements. The first
phase resulted in moderately detailed assessments that broadly accounted for anticipated
direct and indirect effects of climate change on the planned management actions. The sec-
ond phase resulted in more site-specific technical assessments and additional important
design details. The expert panel charged with discussing climate-smart reef restoration
around Guanica used the reef resilience assessment to guide discussion of reef restoration,
highlighting the importance of having such information available for adaptation planning.
This study demonstrates how climate change impacts can be effectively incorporated into a
management plan at the most granular level of planning and how a structured, formalized
process can be as valuable as the resulting adaptation information.
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Introduction

Natural resource managers and local communities need to make both near-term (years) and
long-term (decades) decisions about how to manage environmental challenges. The effective-
ness of these decisions increasingly depends on successful adaptation to climate change, which
can affect management targets directly and through complex interactions with non-climate
stressors [1-4]. Climate change adaptation has been receiving increasing attention in response
to societal concerns regarding adverse impacts to species, ecosystems and human well-being.
Much of the adaptation guidance developed so far has been generic and aimed at high-level
policy rather than on formulating specific actions that are “climate-smart”. Structured
approaches to adaptation planning that integrate existing methods for vulnerability assessment
with design and evaluation of effective adaptation responses are needed [5,6]. This is because
management plans and actions that are well designed for current climatic conditions may not
perform as well under future conditions, such that the preferred course of action may differ
when climate change is considered. All natural resource management actions should be
assessed for their long-term effectiveness and made climate-smart by accounting for potential
climate change effects in their design, implementation, and maintenance [5,6]. Practical efforts
to operationalize climate-smart adaptation require consideration of climate change impacts
throughout the natural resource management planning and implementation process. A key
component is collaboration between communities, scientists, and managers in design of the
climate-smart management actions.

The climate-smart planning cycle (Fig 1) [6] assists natural resource managers with system-
atically addressing the challenges associated with adapting to climate change (e.g., potentially
large uncertainties around specific effects in a given location, the timing of climate change
effects, and indirect effects) during each step of the planning process. Tools, guidance and
numerous case studies exist for parts of the climate-smart management cycle, such as Step 2
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Fig 1. Climate-smart planning cycle with adaptation design framework. The Adaptation Design Tool [15] supports
Steps 4 and 6 of the cycle, outlined in red and yellow, respectively.

https://doi.org/10.1371/journal.pone.0253343.g001
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vulnerability assessments [7-9] and resilience assessments [10-14]. However, there is less
guidance on identifying and designing adaptation options for consideration (Step 4), or how
to engage in more detailed climate-smart design of selected actions with experts in preparation
for implementation (Step 6) [6]. These two steps are the focus of this study.

One available resource for identifying and designing climate-smart adaption options in
Steps 4 and 6 is the Adaptation Design Tool (ADT) [15]. The ADT lays out a stepwise process
structured through worksheets by which natural resource decision makers can use information
collected from local vulnerability and resilience assessments to link management actions to cli-
mate-smart adaptations. Through a series of targeted questions about the effects of climate
change on stressors being managed and system responses, the ADT can help scientists, natural
resource managers, and other stakeholders work together to apply the best available science to
brainstorm and design effective actions. The objective is to empower managers to evaluate and
select priority actions (Step 5, Fig 1) based on best-available information that proactively takes
climate change into consideration, while also identifying and documenting information gaps,
uncertainties, interactions among actions, and the sequences in which management actions
should be executed [16].

In the ADT (Fig 2), Activity 1 helps managers and planners assess the effects of climate
change on proposed management actions and adjust their designs to be more robust under
changing conditions. Users list each management action under consideration and respond to
questions about two categories of design considerations: 1) how climate change may affect
stressors that are being managed by, or could affect, the action (worksheet 1A); and 2) what
these indirect effects, along with any direct destructive effects of climate change on structural
components, may mean for the effectiveness of the management action and how it could be
modified to remain effective (worksheet 1B). Activity 2 (worksheet 2) then aids the brain-
storming of new actions based on climate impacts and vulnerabilities that have not yet been
addressed. The new actions are in turn passed through Activity 1 for analysis and design. The
ultimate outputs of this structured process are descriptions of climate-smart management
actions that can be evaluated (in Step 5 of the climate-smart planning cycle) instead of the
actions that do not explicitly incorporate climate change, thus ensuring that climate change
effects are considered in management decisions. While the ADT does not include analysis of
cost-benefit ratios, political or social limitations, or other non-climate factors, insights on
these issues are documented in the area for notes in Activity 1 and then considered during
Step 5 evaluation and selection of priority actions. Once priority actions have been selected,
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Fig 2. Flow chart of the Adaptation Design Tool [15]. Outputs from worksheets 1A and 1B from this case study can
be found in S3 Table. Activity 2 and supplementary outputs have been faded in the figure, as they were not part of this
study. The CCAP (Corals and Climate Adaptation Planning) Compendium, a thematically organized compilation of
adaptation options for coral reefs, can be found in [6].

https://doi.org/10.1371/journal.pone.0253343.g002
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the ADT can be used again with subject matter experts to engage in more detailed implemen-
tation planning and design.

Although the ADT was developed and tested with the help of coral reef management practi-
tioners using example actions in specific locations [6,15], its implementation in an actual man-
agement planning context has not been formally explored. In this case study, we concentrated
on Activity 1 of the tool, examining existing brainstormed actions in a concrete management
situation. This proof-of-concept exercise aims to increase the tool’s utility by revealing strengths
and identifying areas for improvement during real-world implementation. It also demonstrates
how climate change can be integrated into environmental decision making, rather than handled
as a separate process. If climate change was not incorporated into the original management
plan, a good time to incorporate climate change is during management plan revision because,
during this time, activities are being reevaluated, reprioritized, and redesigned. As priority
actions are being considered for an updated plan, designing actions to be climate-smart from
the beginning may be easier and more economical than retrofitting adaptation into them later.

This study focused on a management plan revision for the Guanica Bay watershed and asso-
ciated coastal habitats in southwest Puerto Rico, with special focus on coral reef ecosystems.
The watershed and coastal area are relatively well studied with active management activities.
The current watershed management plan addresses a variety of threats (see Site Description
section in Methods), many of which are expected to be affected by climate change. Thus, this
was a good opportunity to incorporate climate change considerations in a planning cycle
using the ADT, covering both watershed and coral reef management activities. As part of this
process, we simultaneously explored the connection between adaptation planning and coral
reef resilience, using a recently developed Puerto Rico-wide climate change reef resilience
assessment [17] that we modified to focus on southwest Puerto Rico. Reef resilience assess-
ments use reef attributes that are indicators of sensitivity and adaptive capacity to estimate the
relative resilience of sites and present spatial information on surveyed reef locations [13]. Like
vulnerability assessments, resilience assessments inform management decisions, programs,
and activities, and are thus part of the climate-smart cycle and essential inputs to the ADT.
However, this is the first case where resilience assessment information and this tool have been
applied together in a structured process. In this paper, we describe how the ADT and resilience
assessment were used in an actual watershed management planning cycle, report on resulting
improvements to adaptation designs, and discuss lessons learned from the case study.

Methods
Site description

The Guanica Bay watershed (390 km?), located approximately 32 kilometers west of Ponce
and 160 kilometers southwest of San Juan, Puerto Rico, is dominated by evergreen forest (51%
of land cover) and grassland (26%), with the remaining watershed consisting of agricultural
land (e.g., cultivated land, pasture/hay, coffee), scrub/shrub habitat, developed land, wetland,
and bare land. Guanica Bay itself receives fresh water primarily from the mouth of the Rio
Loco at the town of Guanica near the northern end of the bay. In the 1950s, five reservoirs and
two hydroelectric plants were built on the mountain ridges north of Guanica Bay to increase
and regulate potable water from the high elevation watersheds of the central mountain range
for use by the populations of coastal cities [18-20]. Canals and streams were also constructed
to divert water from just below the southernmost reservoir along the foothills to the west to
provide agricultural irrigation in the Lajas Valley. A long drainage channel was constructed
along the southern edge of the Lajas Valley to return the water eastward into the Rio Loco near
its mouth [21-24] (Fig 3).
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Fig 3. Map of the Guanica Bay watershed and southwest Puerto Rico reef. Rivers and streams from [25] and coral extent from [26].

https://doi.org/10.1371/journal.pone.0253343.9003

The Guanica Bay Watershed includes several existing conservation areas, including the
Guanica Dry Forest (which is both a state forest and a United Nations International Biosphere
Reserve), the Punta Ballenas Reserve (which is along the coast of the Guanica Forest and is
managed as part of the Gudanica Dry Forest), Cayo Aurora (commonly known as Gilligan’s
Island also managed as part of the Guanica State Forest), and the Susta State Forest (located
between Yauco and Sabana Grande in the foothills of the Central Range). There is also the
Lajas Valley Agricultural Reserve, which is managed for agricultural use. The Guanica Lagoon
is also currently managed for agricultural use but has been identified by the Puerto Rico
Department of Natural and Environmental Resources as a priority for wetland restoration.

Prior to the 20" century, the coral reefs of Puerto Rico and the wider Caribbean were domi-
nated by branching corals, with structure and diversity enhanced by several species of mound-
ing corals as well as sea urchins, large schools of game fish, and abundant sharks, turtles, and
marine mammals [27]. Coral reefs still form extensive structures at the mouths of coastal
embayments such as Guanica Bay and fringe many small islands along Puerto Rico’s southern
coast [28-30]. However, these coral reefs have been significantly degraded over the past four
decades by the cumulative effects of global and local stressors [2,30,31]. Local stressors (e.g.,
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sediment, nutrient, and contaminant efflux from human activities in the adjacent watershed)
have affected the reefs near Guanica and La Parguera (to the west), with dramatic reductions
in living colonies of reef-building stony corals [32-34]. These losses have been further exacer-
bated by the impacts of rapid environmental changes and extreme events, such as hurricanes,
altered precipitation patterns, droughts, ocean acidification and warm-water bleaching events
[29,35].

In 2005, the U.S. National Oceanic and Atmospheric Administration’s (NOAA) Coral Reef
Conservation Program contracted the Center for Watershed Protection (CWP) to develop a
watershed management plan for the Guanica Bay watershed [21]. The plan identified the prin-
ciple sources of pollution that threatened coral reef habitats in southwest Puerto Rico: upland
erosion in coffee farms, reservoir sedimentation and transport, in-stream channel erosion, loss
of the Guanica Lagoon, legacy contaminants, and inadequate sewage treatment. A series of
management actions were identified to target these sources of pollution. In 2018, a follow-on
report [36] summarized the activities that had taken place since the original management plan
was released and provided a list of recommended actions for the future protection and restora-
tion of the watershed and coral reefs. A revised management plan for the Guanica Bay water-
shed is currently being developed (R. Viquiera Rios, personal communication).

The U.S. Coral Reef Task Force (USCRTF) has identified terrigenous sediment as a major
stressor to coral reefs at large and determined that its reduction is essential for maintaining
coral reef resilience [37,38]. In southwest Puerto Rico, mass forest clearing, poor soils, and
runoff associated with dirt roads, particularly in the mountain ridges, has resulted in increased
sediment deposition and transport in the Guanica Bay watershed [39]. At the scale of individ-
ual farms, dirt roads have been found to be responsible for more than 90% of the annually gen-
erated sediment [40]. For this reason, management of sedimentation from dirt roads (e.g.,
water conveyance, diversion and flow reduction) is a priority and was examined in greater
detail by an expert panel using the ADT (see Application of the Adaptation Design Tool sec-
tion below).

NOAA’s National Marine Fishery Service (NMES) released a recovery plan for elkhorn
(Acropora palmata) and staghorn coral (A. cervicornis) in 2015 that included several adapta-
tion measures, including increasing monitoring of disease and bleaching events, reducing
local impacts of temperature stress (e.g., shading of reefs, pumping cooler waters onto reefs),
researching the viability of land-based rearing and wild re-stocking of coral species, and testing
approaches to culture resistant and/or resilient strains of corals (e.g., disease or biotoxin resis-
tance, thermal or pH tolerance) [24]. For this reason, coral restoration, including land-based
rearing (coral nursery) and wild re-stocking of species (outplanting), were examined in greater
detail by an expert panel using the ADT (see Application of the Adaptation Design Tool sec-
tion below).

Puerto Rico has experienced a variety of climate change effects which are expected to con-
tinue this century (SI Table). Air and sea surface temperatures have increased throughout
Puerto Rico, with sea surface temperatures warming faster in southern Puerto Rico than in
northern Puerto Rico. Sea level has also risen, while precipitation trends are unclear so far.

Application of the Adaptation Design Tool

Prior to applying the ADT, we compiled a list of potential management actions being consid-
ered for the updated Guanica watershed and reef management plan. These actions were drawn
from the 2008 watershed management plan [21], summaries of multiple Guanica stakeholder
workshops [22,23], and conversations with local managers about their priorities for the new
plan (R. Viquiera Rios and P. Sturm, personal communication). This yielded a list of 80
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potential actions, from which we selected using the following criteria: (1) adequate informa-
tion and specificity about the proposed action and (2) at least some potential effect of climate
change on the action. Examples of the types of actions that were excluded based on these crite-
ria included developing rainwater collection systems (non-specific) and improved secondary
school education about the importance of coral reefs (the education itself is not directly
affected by climate change, though the content is). Using these criteria, we pared down the list
to 14 actions (Table 1).

Next, we applied the ADT in two phases. The goal of the first phase was to develop basic cli-
mate-smart information for more robust evaluation and selection (Step 5 of the cycle) of prior-
ity actions through an initial screening process, corresponding to Step 4 of the climate-smart
cycle. The goal of the second phase was to work with panels of subject matter experts to
develop more detailed climate-smart designs for three of the management actions, corre-
sponding to Step 6 of the climate-smart cycle; these would later be discussed with community
members prior to implementation. Through these two applications, we were able to more
comprehensively evaluate the tool in a real-world context.

Of the 14 actions in Table 1, actions 1 through 8 were related to watershed management,
actions 9 and 10 to aquatic ecosystem protection, and actions 11 through 14 to aquatic ecosys-
tem restoration. Actions 11 and 12 focused on the establishment of land-based fish and coral
nurseries; although terrestrial, nurseries were identified as needing adaptation to climate
change because of the threat to infrastructure posed by increasingly powerful storms. In the
case of actions 13 and 14, there was insufficient information on coral reef resilience to guide
decisions on fish releases and outplanting of corals during the first phase, so action 14 was
only addressed during the second phase when resilience information became available (see
Coral reef resilience assessment section below). Action 13 was never run through the tool.

Table 1. The twelve first phase management actions and two actions (in italics) that could not be addressed dur-
ing the first phase because no reef resilience assessment had been completed.

Action Action

number

Plant cover crops in Guanica Valley farms

Plant riparian buffers along the Rio Loco where it passes through farms
Replace sun-grown coffee with shade-grown coffee

Hydroseed bare soils associated with roads and homes

Construct swales to treat urban stormwater (as a type of green infrastructure)

Restore Gudnica Lagoon

NN s W N =

Use water diversion structures and flow reduction practices (e.g., water bars, vetiver and rock check
dams, culverts) to manage sediment from existing dirt hills and mountain roads

8 Construct wetlands for tertiary treatment at the Guanica WWTP

9 Protect seagrass meadows

10 Protect mangrove forests

11 Capture larval fish of target species and establish reef fish aquarium-based nurseries

12 Collect corals and establish aquarium-based coral nurseries

13 Release nursery-raised fish (from action 11) on reefs

14 Outplant nursery-raised corals on reefs (from action 12) around Gilligan’s Island to protect the

coastline

Once the resilience assessment was available, it was possible to address action 14 along with action 12 in the second
phase because they were so closely related to each other. Actions 7, 12, and 14 were covered during the second phase.

Action 13 was not addressed in either the first or second phases.

https://doi.org/10.1371/journal.pone.0253343.t001
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One of us (DAG) completed the ADT Activity 1 worksheets for the actions 1 through 12
during the first phase, taking 3-4 hours on each action. Resources used included (1) the exist-
ing watershed management plan [21], (2) local reports and background resources on each
action, (3) a Puerto Rico climate change vulnerability assessment (prepared by author PB
using Puerto Rico Climate Change Council reports [41] and based on the Local Early Action
Planning Tool [42] (S1 Table), and (4) focused discussions with local experts for some infor-
mation on potential actions (e.g., the design status of the wastewater treatment plant’s tertiary
filtration wetland and the history of Guanica Lagoon). The tool was applied iteratively to the
actions because responses to one action sometimes influenced or informed others. For exam-
ple, several of the actions related to watershed management were intended to manage the same
stressors, so information gathered for one action could sometimes be applied to others. For
some of these watershed actions (e.g., water diversion techniques to reduce road erosion), the
sole stressor being managed was sediment, while nutrients and toxic chemicals were additional
stressors to be managed by other actions (e.g., restoring Guanica Lagoon).

To synthesize the output of the two ADT worksheets, we developed five-column summaries
that consolidated outputs for each action into a row that could fit on a single page, rather than
on the two pages generally required for the full ADT worksheets. The Guanica Bay watershed
managers felt that these five-column summaries would be a preferable format for decision
makers and community members who may prefer a more concise synopsis. They suggested
that the five-column summaries be included in the bodies of reports in general and the full
ADT output be placed in report appendices.

For the second phase, we selected two of the initial 12 management actions (Table 1) that
were being implemented or that local managers were highly confident would be implemented:
dirt road management in mountainous farms (action 7), and establishment of coral nurseries
(action 12). With the reef resilience assessment now available (see next section), it also was
possible to examine coral outplanting (action 14) as a closely related reef restoration activity
supported by coral nurseries. Both dirt road management and coral reef restoration are long-
standing priorities for the Gudnica area because mountainous roads are recognized as major
contributors to stream and coastal sediment loads [40,43-45] and there is a strong emphasis in
the community to improve the health and recovery of reef communities.

The approach for this phase involved working with local experts to elicit the more detailed
level of adaptation information needed for implementation planning. Two panels of six experts
(one for dirt road management and one for coral reef restoration) were consulted (S2 Table).
Experts were selected on the basis of having complementary skills and knowledge of southwest
Puerto Rico, as well as combining local actors with scientists. They were fully aware of the
existing conservation areas and existing management efforts.

We used the following structure for the discussions. In an initial 90-minute web meeting,
we introduced the ADT and the case study. We also provided the results from the first phase
on which the second phase would be built, plus the recent preliminary results of the resilience
assessment of Puerto Rico’s coral reefs (see next section). We followed the introductory call
with two 90-minute web discussions a few weeks apart, during which the authors facilitated
discussion of the actions following the structure of the ADT worksheets. Our goal was to elicit
as much information on the actions from the experts as possible, rather than achieve consensus
among experts. The authors updated the ADT worksheets in real time using the conference
system’s screenshare, enabling the experts to share their respective opinions on and reactions
to proposed text in the ADT worksheets. During the two web discussions for each panel, we
added increasingly more detail to the information from the first phase, with some revising of
the focus of the first phase actions. Experts reviewed successive drafts of the worksheets and
their comments were collated within the ADT output.
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Coral reef resilience assessment

Concurrently with the ADT case study, a desktop resilience assessment of Puerto Rico’s coral
reefs was conducted [17] using data from the most recently completed NOAA National Coral
Reef Monitoring Program (NCRMP) survey of Puerto Rico. Based on the methods of [46], it
involved selecting seven expert-vetted indicators of coral reef resilience to ocean warming
associated with climate change (percent live coral cover, coral diversity, percent algae cover,
incidence of coral disease, thermal tolerance of hard corals, biomass of herbivorous fish, and
benthic rugosity), then rescaling them so that all indicator sites (n = 103) were assigned frac-
tional values between 0 and 1, with 1 being the site most resilient to thermal stress. The indica-
tors at each site were averaged to calculate a relative resilience score for each site, and sites
were ranked by resilience (S1 Fig). Each site was also assigned a relative score for the stressors
of fishing pressure [47] and land-based sources of pollution, with the values scaled the same
way as the resilience indicators. Land-based pollution was modeled using OpenNSPECT [438]
for watersheds and a simple coastal dispersion model to estimate relative sediment loads at
reef sites. Indicator values, stressor values, and the resilience score were all relative to the sur-
veyed sites, not based on any absolute scale. Using this assessment, reefs most suitable for spe-
cific management actions (e.g. reef restoration or mitigation of land-based sources of
pollution) can be identified by defining criteria for those actions based on the individual indi-
cators, stressors, and/or resilience scores (called “management action queries”). For more
information, refer to [17].

We presented a preliminary version of this Puerto Rico-wide assessment to both expert
panels as potential input for their use of the ADT, with the intent of assessing how the resil-
ience assessment helped inform the design of the management actions that were considered in
detail (S1 Fig). Based on feedback from the coral reef restoration panel when they discussed
the two coral restoration-related actions, we localized the Puerto Rico-wide assessment to the
area surrounding Guanica Bay. For this, we used the same methods as [17], but included just
the 15 NCRMP survey sites in southwest Puerto Rico that had the full suite of collected survey
data, and rather than rescaling indicators and resilience to the “best” value for all of Puerto
Rico, we rescaled among the 15 local sites. This approach allowed the Guanica sites to be con-
sidered relative to each other (rather than sites throughout Puerto Rico) region, making the
approach more relevant for Guanica-area planning (S1 File and https://github.com/dagibbs22/
Puerto_Rico_Resil_assmnt).

Results
Adaptation Design Tool

The main output of this case study is the adaptation information from the first and second
phases of using the ADT, as well as the comparison between them. Tables 2 and 3 present com-
bined and condensed versions of both the first phase (black text) and second phase (blue text)
results for the selected actions. Table 2 summarizes the climate change effects on stressors
(worksheet 1A), while Table 3 summarizes the climate change effects on the management action
(worksheet 1B). The information from both worksheets culminates in Column B7, which is the
climate-smart design (highlighted in Table 3). The full-length versions of the first phase results
for all 12 actions are available in S3 Table, the results for the second phase are in S4 Table, and
the five-column summaries for the 12 actions evaluated in the first phase are in S5 Table. Uncer-
tainties in and limitations of existing data are found in the “Notes” columns of all tables.

First phase results. Because the eight watershed-focused actions addressed similar stress-
ors, the tool outputs were similar for the effects of climate change on stressors (worksheet 1A);
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however, the outputs diverged for the effects of climate change on management actions and
how to adapt (worksheet 1B) (S3 Table). For the most part, the watershed-focused manage-
ment actions (e.g., management action 7 in Tables 2 and 3) centered on adapting to changes in
precipitation patterns due to climate change and being able to mitigate impacts from both
drought and flood conditions. Indeed, most of the actions had notes about similar information
gaps in precipitation projections, suggesting that the same research could be used to fill knowl-
edge gaps for many of the actions. The actions also had similar monitoring concerns, such as
capturing action effectiveness under the full range of stressor loads during storms of increased
intensity. The importance of adaptive monitoring to measure the effectiveness of actions was
highlighted as a priority.

One key piece of information that was consistently missing from the watershed manage-
ment actions was what the target land-based pollution reduction should be for a given action
at a specific site, as well as for all actions in aggregate. Part of the uncertainty was due to a lack
of information on the historical and projected effects of land-based pollution on coastal eco-
systems, including coral reefs. Potential effects on coral reefs, and uncertainties about those
effects, were included in the watershed actions insofar as climate change affects how runoff is
distributed in the ocean (plume extent, frequency, particle size, etc.) and how often reefs’ toler-
ance thresholds for land-based pollution might be exceeded.

The final outputs (descriptions of climate smart versions of the actions) included not just
changes to actions’ physical sizes (i.e., climate change adaptation does not simply require mak-
ing the action physically bigger), but also included changes to siting and construction method-
ologies or materials. Additionally, many of the climate smart actions specifically identified
adaptations that might be needed for maintaining the action, not just adaptations in the con-
struction. For example, hydroseeding bare soils will require more follow-up to sustain soil cov-
erage (S3 Table). Because the exact location of where most of these actions would be
implemented was not specified in the sources they were extracted from, the adaptations were
based on general principles for prioritizing locations (e.g., soil types or slopes). Finally, some
of the climate-smart actions had to address the possibility of a wider range of levels due to
fewer or stronger storms (e.g., restoration of Guanica Lagoon). This was accomplished by
including recommendations for vegetation that were both drought-resistant and well-rooted.

The first-phase focus for coastal actions (seagrass and mangrove protection, creating larval
fish nurseries, creating coral nurseries) was altering the location of interest (habitat protection)
and target species and traits (fish and coral nurseries). As with watershed actions, the two habi-
tat protection actions and the two nursery actions were more similar in worksheet 1A (effects
of climate change on stressors) than in worksheet 1B (effects of climate change on manage-
ment actions and how to adapt). For targeting the action location, emphasis was placed on
maximizing intra- and inter-habitat connectivity under climate change, filtering/trapping
land-based pollution, and identifying habitats that could serve as climate refugia while
accounting for existing conservation areas (S3 Table). Because sea level rise is a threat to both
mangroves and seagrasses, it was considered a protection criterion for both resources. For the
nurseries (actions 11 and 12 in Table 1), the focus was on how climate change could affect con-
tinuous operation of the nurseries during extreme events, the acquisition of fish and corals for
the nurseries, and what species and traits to genetically select for propagation. Terrestrial nurs-
eries are expected to be threatened, and their operations interrupted, more often by large
storms and hurricanes, and therefore require additional emergency abilities (e.g., how to han-
dle lack of clean water and prolonged power failures). Aside from resilience of the nursery
facilities themselves, the water in the aquaria should be as similar as possible to the water at the
outplanting sites (e.g., temperature, pH, sediment loads). In general, adaptive traits for corals
and fish were theorized to include lower sensitivity to high temperatures, tolerance of more
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acidic water, and disease resistance (for corals). Finally, a key precondition for these two
actions was noted: in situ water characteristics and habitat must be of sufficient quality to
make undertaking these worthwhile. If local stressors are not addressed and there is no suitable
habitat into which to release nursery-raised fish or corals, the effort put into the nurseries may
be better directed elsewhere.

Second phase results. During the second phase analysis by the expert panel, the focus of
the actions was refined and shifted based on new considerations (Tables 2 and 3, S4 Table).
For dirt road management in coffee farms, the experts wanted to focus on a narrower set of
actions, so they shifted from flow diversion and flow reduction practices to water conveyance
practices. However, they noted that water conveyance, flow diversion, and flow reduction
practices are often implemented concurrently, so they ultimately included a broader suite of
interventions in their discussion. In order to show development of more location-specific
detail using an example, the experts discussed a farm known to have owners who were inter-
ested in erosion control and would be favorably inclined to make their plans more focused on
adaptation. While using that farm as a specific case, the experts also generalized their observa-
tion to other locations with similar conditions during the discussions.

After narrowing of the types of water management actions under consideration, the road
management expert panel generally agreed with the first phase information but added new
details as well as important research needs captured in the Notes (Tables 2 and 3). For exam-
ple, they proposed a few situations where climate change could affect the system in divergent
ways. One such situation was whether a hard crust of dirt (hard pan) might form during dry
periods, thereby reducing sediment loss during some ensuing storms. They also discussed
changes in sediment particle sizes due to changing precipitation patterns (including resuspen-
sion on coral reefs), although they concluded there was not enough information for them to
make any predictions about how sediment particle sizes would change. They also emphasized
the potential reduction in project lifespans under climate change due to more rapid wear and
greater chances of destruction, and that those revised lifespans must be built into project plan-
ning and budgets. Similarly, they noted that maintenance needs for projects would likely
increase and would need to be accounted for early in project development. Just as in the first
phase, they were not able to assign a target percent reduction for sediment loads from dirt
roads in coffee farms because too little is known about the system. Finally, prompted by their
experience during Hurricane Maria (2017), they acknowledged that adaptation to storms
above some intensity is infeasible, although they did not identify where that threshold would
occur.

For the coral reef restoration action, the experts discussed both nursery creation (included
in the first phase) and outplanting steps of coral restoration (not included in the first phase)
because they are so closely related and because outplanting was of particular interest to coral
reef managers in Guanica. The outplanting action had not been considered in the first phase
because it was judged that a resilience assessment was needed for effective site selection before
designing an outplanting scheme. However, with the help of the draft resilience assessment
that was completed between the first phase and the second phase (see resilience assessment
results below), the experts were able to choose an outplanting location and objective for resto-
ration using the resilience assessment’s suggestion of suitable sites for targeting interventions.
Hence, they expanded their focus to examine outplanting of corals (action 14 in Table 1)
around Gilligan’s Island (Cayo Auroro) with the objective of protecting the coastline from ero-
sion. Gilligan’s Island, located a mile off the coast of Guanica, is part of the Biosphere Reserve
of Guanica, and is managed by the Puerto Rico Department of Natural Resources. Although
there are no reef resilience assessment sites at Gilligan’s Island, it is relatively near and shares
characteristics with one of the survey sites that was identified as suitable for restoration.
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For the coral reef restoration second phase, the experts emphasized ocean acidification and
legacy sediments more heavily than was done during the first phase analysis. They also noted
that site conditions are changing directionally (lower pH, higher temperature) and that nurs-
ery conditions need to reflect those ongoing shifts. Their proposed success metrics included
maintaining genetic diversity of corals, benefits throughout the full life cycle of corals, the
community consequences of restoration (e.g., functional roles served by outplants for other
taxa), and reductions in storm surge and coastal damage. The experts were more specific
about the traits that corals will need under climate change, including heat tolerance, sediment
removal, and maintaining growth in low pH water, and how there might be tradeoffs among
these. They proposed conducting long-term monitoring that would capture effects from the
rare, large storm or bleaching event and would be highly responsive to such events. In terms of
the siting for outplanting, they noted the need to account for potential shifts in locations and
extents of sediment plumes under climate change, although they did not have specific predic-
tions or recommendations for the study area. A final theme was the depth for out-planting cor-
als, recognizing tradeoffs between risks from increased storms and temperature at shallow
depths versus limits of each species depth range.

Coral reef resilience assessment

The road design expert panel acknowledged that watershed management activities like road
design affect coral reefs, but the group was primarily interested in practices to reduce overall
erosion from dirt roads rather than how road specifications were related to reef resilience; thus
they did not see a map of reef resilience as informative for road design. In contrast, the coral
restoration expert panel did use the coral reef resilience assessment to identify areas of high
and low resilience and areas that might be good restoration opportunities based on pre-deter-
mined criteria for selecting coral restoration sites (management query, per [17]). However,
they noted that the Puerto Rico-wide coral reef resilience assessment was too large-scale for
reef actions focused on Guanica, prompting us to localize the resilience assessment to just the
Guanica region (Fig 4). This approach allowed the Guanica sites to be considered relative to
each other (rather than relative to all sites throughout Puerto Rico), making the approach
more relevant for Guanica-area planning. One of the two sites that fit the criteria for coral res-
toration was just to the east of the mouth of Gudnica Bay (number 3 in Fig 4), not far from Gil-
ligan’s Island, the site that the restoration panel considered for the second phase. It likely
would not receive much land-based pollution from the Gudnica watershed because the major
ocean currents in this area flow to the west. The next steps after identifying this specific survey
site as having high potential for restoration based on resilience would be to discuss with stake-
holders and confirm benthic habitat suitability through field investigations.

Discussion

This is the first application of the ADT during a management planning exercise. To that end,
selecting potential management actions, running them through the tool as a first phase, and
determining how best to summarize them (e.g., five-column summaries, S5 Table) for use in
evaluation and prioritization was novel. Likewise, this is the first application of the ADT to
explicitly produce the detailed level of information needed to carry out the implementation
step of the climate-smart planning cycle (Step 6 of the climate-smart planning cycle, Fig 1).
This dual use of the ADT allowed for a comparison between the pre-climate-smart manage-
ment actions, first phase management actions made partially climate-smart by a single non-
expert, and second phase actions made more thoroughly climate-smart by groups of experts.
The generalities of the first phase outputs lend themselves to more regionally applicable
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Fig 4. Reef resilience assessment for southwest Puerto Rico, including sites’ resilience ranks (1-15) and potential management actions at each site.
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guidance on making management actions climate smart that can be further customized and
elaborated upon for specific locations; the outputs could serve as reference material for related
actions in similar situations. We also identified the extent to which the ADT can contribute to
planning for implementing actions; experts can provide significant details towards implemen-
tation while using the tool, assuming the action is sufficiently specific in location and objective.
These outputs need to be further discussed with local stakeholders if they have not already
been included during the use of the ADT to make sure stakeholder knowledge is reflected and
buy-in is achieved. The integration of stakeholder knowledge with expert use of the ADT dur-
ing project implementation is an opportunity for further research.

The two expert panels found the ADT worksheets useful for systematically evaluating the
potential impacts of climate change on intended management actions and for working
through adaptation strategies. During the two 90-minute discussion sessions for each panel,
the experts added considerable detail to the first phase of the actions and moved toward plans
for action implementation for specific locations in the Guanica region. The experts provided
in-depth knowledge on the limits of management actions (e.g., when it is just not possible to
have a large enough culvert to mitigate more intense/frequent storm runoff) and the timing
needed for actions to be effective.

We also explored how spatial resilience assessments could be used in conjunction with the
ADT. The climate-smart cycle indicates that information on resilience along with vulnerability
are inputs to Step 4 of the climate-smart cycle (identifying adaptation options); however, direct
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use of a resilience assessment in identifying adaptation options had not previously been tested.
While spatial patterns of coral reef resilience were not deemed relevant to road design, the
coral reef restoration expert group used the island-wide resilience assessment to discuss out-
planting design, providing insights into the connection between spatial resilience data and the
ADT. There are two general ways in which resilience data can inform use of the ADT: site
selection and identifying and designing climate-smart management actions.

First, maps of relative resilience can be used to select priority sites for management activi-
ties, whether the objective is to maintain resilient sites or to improve less resilient sites. For
example, the survey site just east of the mouth of Guanica Bay has the third-highest resilience
based upon multiple contributing factors. The prevailing ocean currents are driven by trade
winds and flow westward, transporting effluent from Guanica westward towards La Parguera
[31,49]. The Guanica State Forest (Bosque Estatal de Guanica) and UNESCO Biosphere
Reserve extend to the east of Guanica Bay. The Guanica Dry Forest has been a protected eco-
system with minimal anthropogenic land use (United Nations Biosphere Reserve since 1981
and a commonwealth forest since 1917) [50]. The Guanica State Forest also manages Punta
Ballenas Reserve, which contains mangrove forest, submerged aquatic vegetation and coral
reefs, and the Cayos de Caia Gorda, a group of three uninhabited, mangrove-covered cays.
The natural, native terrestrial landscape, protected mangroves, seagrass and coral reefs, com-
bined with the westward ocean currents contribute to the high resilience of these coastal sys-
tems. Aware of these conditions contributing to the relatively high resilience of the site, the
experts chose one of the nearby three cays (Gilligan’s Island) as the focus for reef restoration
(Fig 4).

Second, in terms of identifying and designing actions, the management queries of the resil-
ience assessment help managers identify which actions can maintain or improve resilience at a
given site. The ADT can then be used to design those actions so that they are successful under
current and future conditions. For example, the Gilligan’s Island site is indicated for coral res-
toration, so restoration interventions in this location would then be put through the ADT.
Information on the relative resilience of candidate sites—and what is conferring that resilience
—also can be essential for aiding climate-smart management action design. For example, ADT
worksheets for activities involving acquiring resilient corals (e.g., collecting corals for nurseries
and outplanting, or identifying potential refugia for protection) ask for what is known about
the location of resilient corals and/or the condition of the site with regard to key factors that
support resilience (such as healthy herbivore populations). This explains why, in this study, the
resilience maps were not as helpful for experts whose main objective was reducing sediment
loads throughout a watershed that had already been selected (e.g., Guanica Bay). However, the
resilience maps were of greater interest to the expert group focused on setting up nurseries and
outplanting corals; for them, the resilience maps provided some clues as to where resilient cor-
als might reside and be collected for propagation, and what sites are already resilient and ready
to receive outplants.

A different extent of resilience assessment might be needed when considering how to
reduce sediment throughout the watershed. In natural systems, multiple processes operate
simultaneously at numerous spatial and temporal scales [51-53], and patterns or relationships
observed at one scale may be invisible when examined at another scale [54]. Climate change
adaptation requires consideration of the broader landscape context [5]. In this case, consider-
ation of the number and location of dirt road restorations required to protect/increase coral
reef resilience could be a follow-on study. Additional information at the watershed scale would
be required, including locations of all dirt roads, identification of which streams would be
receiving the stormwater runoff from the dirt roads and how that would affect the streams
themselves, and how much water could be diverted from the dirt roads under various rainfall
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scenarios. This could be added to the resilience assessment as a best practice for those facilitat-
ing the process. The alignment of scale and extent between the resilience assessment and ADT
is one difficulty that future researchers and managers should consider early in the manage-
ment cycle.

Finally, it is important to note that use of resilience assessments and the ADT is iterative.
As resilience assessments are updated, it can signal to managers when site selection and
selected actions need to be re-evaluated. Likewise, as new actions or locations are evaluated
and selected, a new resilience assessment may be needed, including updated and/or new types
of data. The management action designs crafted with the tool are only as good as the informa-
tion available to managers (e.g. vulnerability and resilience assessments), but the ADT can be
used iteratively as new information becomes available.

In conclusion, the use of the Adaptation Design Tool in conjunction with a coral reef resil-
ience assessment is a proof-of-concept consistent with adaptive management, a key compo-
nent of which is to proceed with the best information available and work iteratively. We have
demonstrated how a spatial resilience assessment can (1) contribute to identifying sites at
which to prioritize adaptation actions and (2) help with designing actions. The ADT leverages
existing information to more effectively protect and restore valuable natural systems such as
watersheds and coral reefs, and combines that information to provide insights into adaptation.
As the expert panels noted, the value of convening an interdisciplinary group of experts to
tackle a complex problem using a logical decision process is as valuable as the resulting infor-
mation itself. This process of combining multidisciplinary information on resilience, vulnera-
bility and their implications for adaptation design supports robust decision making within the
context of the uncertainties associated with climate change, by using the best available infor-
mation while allowing the flexibility for continued improvements in the future.
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