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ABSTRACT

Coastal hazards associated with sea-level rise and extreme events threaten people and energy infrastructure in
Small Island Developing States. Coastal communities could benefit from conserving and restoring nearby eco-
systems that mitigate hazard impacts such as coral reefs, mangrove forests, and seagrass beds. However, the
intersection between nature-based coastal risk reduction, protected areas, and energy resilience is currently not
well-understood. This study aims to address these gaps by exploring where protected and unprotected ecosystems
reduce the risk of coastal hazards for people and energy infrastructure under future sea-level rise. Focusing on
Puerto Rico, where Hurricane Maria destroyed the electrical grid in 2017, we used a spatial model to estimate an
exposure index based on biophysical and oceanographic data. Our model shows that the number of people at
highest hazard risk would nearly triple if coastal ecosystems were lost, and the number of electrical substations at
highest risk would nearly quadruple. In total, ecosystems may reduce hazard exposure for over one third of the
coastline under sea-level rise, and a majority of that mitigation is sustained by protected areas. By exploring
where energy infrastructure within municipalities benefits from nature-based coastal risk reduction, our results
suggest sites for new protected areas that could enhance energy resilience. Leveraging protected areas for
disaster risk reduction and energy resilience reveals opportunities to engage new actors and institutions in
broader conservation initiatives and nature-based solutions.

1. Introduction

Coastal hazards such as storms, flooding, erosion, and sea-level rise
(SLR) pose a major threat to coastal communities and energy infra-
structure worldwide (Genave et al., 2020; Schaeffer et al., 2012). Over
time, the frequency and intensity of these hazards are increasing (IPCC,
2023). In the tropics, for example, hurricanes and other extreme storms
have become more severe and costly in recent decades (Hallegatte,
2012). At the same time, rapid population growth and urban develop-
ment in the coastal zone mean that many more people are becoming
exposed to hazards (Neumann et al., 2015). The buildup of electrical
infrastructure that supports growing populations necessitates strategies
for disaster risk reduction now and in the future (Schaeffer et al., 2012).

To build long-term resilience, coastal communities are increasingly
exploring natural and nature-based risk reduction approaches as an
alternative or complement to gray infrastructure. Nature-based solu-
tions utilize hazard mitigation and other regulating services provided by

coastal habitats such as coral reefs and mangrove forests (Duarte et al.,
2013; Spalding et al., 2014; TEEB, 2010). The physical formations of
these ecosystems attenuate wind and wave energy before hazards reach
the shore (Chang & Mori, 2021; Cunniff & Schwartz, 2015; Ferrario
etal., 2014; Narayan et al., 2016). These hazards are intensifying in part
due to SLR - a process that also threatens ecosystem health and the
delivery of services (Temmerman et al., 2013). However, ideal sediment
delivery conditions and unobstructed space may enable coral reefs,
mangroves, seagrasses, and marshes to accrete vertically and/or migrate
landward at a rate that outpaces SLR (Kirwan et al., 2016; Saunders
et al., 2013; Temmerman et al., 2013; Woodroffe et al., 2016). Addi-
tionally, co-occurring habitats are more resilient to degradation because
they reduce hazard risk for each other, helping to mitigate erosion and
wave impacts on both natural and built infrastructure as sea levels rise
(Guannel et al., 2016). Risk reduction strategies that leverage existing
habitats are considered “low-" or “no-regrets” approaches because
coastal ecosystems also provide a wide range of other services that
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sustain human well-being (Cheong et al., 2013; Mycoo & Donovan,
2017). Due to their co-benefits and cost-effectiveness, nature-based so-
lutions for coastal resilience are gaining policy and investment mo-
mentum globally (UNEP, 2021).

Conservation and restoration of coastal ecosystems is necessary to
maintain their hazard mitigation services amidst rapid degradation due
to changing environmental conditions, urban development, and over-
harvesting globally (Convention on Biological Diversity, 2022; Duarte,
2009; Mycoo & Donovan, 2017; Spalding et al., 2014). One approach to
curtail the impact of these anthropogenic pressures is to establish coastal
and marine protected areas. Protected areas can enhance ecological
recovery from long-term stressors and extreme events, including storms
and flooding (Hernandez-Delgado, 2024; Mellin et al., 2016; Roberts
et al., 2017; Sullivan-Stack et al., 2022). However, only a few studies
have explored the potential for ecosystems within protected areas to
mitigate the impact of coastal hazards for human communities (Grorud-
Colvert et al., 2021; Manes et al., 2023) — and the relevance of protected
areas for infrastructure resilience remains a gap in the research.
Furthermore, ecosystem-based risk reduction and other regulating ser-
vices are underrepresented in the protected area literature compared to
provisioning and cultural services (Arkema et al., 2024; Sala et al.,
2021).

Protected areas for coastal risk reduction and energy resilience could
be particularly beneficial in Small Island Developing States (SIDS). SIDS
are vulnerable to coastal hazards due to their isolated nature and low
accessibility; reliance on imported goods; limited natural and financial
resources; and food, water, and energy insecurity (Genave et al., 2020;
Thomas et al., 2020; UNDESA & UNDRR, 2022; Winters et al., 2022).
SIDS also tend to have centralized electrical grids that depend on im-
ported fossil fuels, which compounds disaster vulnerability (Dornan &
Shah, 2016; Surroop et al., 2018). In Caribbean SIDS, damages from
coastal hazards could exceed 20% of gross domestic product (GDP) by
end-of-century (UN-OHRLLS, 2015). To minimize loss and damage for
nearshore populations and infrastructure, cost-effective approaches to
build coastal resilience are imperative (UNEP, 2014). These approaches
are beginning to include nature-based solutions as set forth by the SIDS
Accelerated Modalities of Action (SAMOA) Pathway, which also calls for
expanded protected areas to sustain the delivery of ecosystem services
(UN General Assembly, 2014). Many SIDS have vast, yet declining,
coastal ecosystems that could support infrastructure resilience through
conservation and restoration measures (Hay, 2013; Hernandez-Delgado,
2024; Mercer et al., 2012).

The Commonwealth of Puerto Rico is a Caribbean SIDS that is
vulnerable to both chronic and acute coastal hazards. This was
demonstrated severely when Hurricane Maria destroyed the electrical
grid and other critical infrastructure systems in 2017 (Gallucci, 2018;
Kwasinski et al., 2019). When Hurricane Maria hit, Puerto Rico had one
of the most centralized energy systems in the U.S., with nearly 98% of its
electricity coming from imported fossil fuels. The territory had no local
fossil fuel resources, concentrated power plants, aging grid infrastruc-
ture, and minimal renewable energy. The centralized and fragile grid
was particularly vulnerable to the hurricane, leaving the majority of
Puerto Rico without power for over six months (Bennett et al., 2021).
The prolonged humanitarian crisis caused 4,645 deaths by one estimate
and $90 billion in damages (Kishore et al., 2018; Storlazzi et al., 2021).
This highlights the urgency to build disaster resilience that incorporates
ecosystems, people, and infrastructure in Puerto Rico. Local residents
understand the value of conserving mangroves and coral reefs for coastal
risk reduction, but this ecosystem service is underrepresented in the
protected areas documentation (Castro-Prieto et al., 2019; PRCZMP,
2018). Additionally, the scientific community has not yet evaluated the
potential for habitats to reduce risk for critical energy infrastructure,
which has major implications for coastal resilience in Puerto Rico and
other energy-vulnerable SIDS.

Our study aims to identify where protected and unprotected eco-
systems have potential to mitigate coastal hazards for people and energy
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infrastructure in Puerto Rico. We ask: (1) Where are people and energy
infrastructure highly exposed to coastal hazards under sea-level rise in
Puerto Rico? (2) Where do coastal ecosystems reduce the risk of coastal
hazards for people and energy infrastructure and by how much? and (3)
How could ecosystem-based risk reduction inform the siting of protected
areas? To answer these research questions, we used the InVEST® Coastal
Vulnerability model to generate a coastal hazard exposure index for
Puerto Rico. The InVEST model is widely used in nature-based resilience
studies to examine which coastal areas are at risk (Arkema et al., 2013;
Cabral et al., 2017; Manes et al., 2023; Silver et al., 2019). We build off
this literature by spatially linking hazard exposure data with energy
infrastructure and protected areas data. The insights generated by our
replicable approach help break down silos between disaster risk
reduction, energy resilience, and conservation efforts. In the following
sections, we explain the theory and data sources behind the model,
report the results of the analysis for different scenarios and spatial
scales, and discuss potential management implications. Our results
illustrate where ecosystems with and without protected status have the
potential to reduce coastal risk for communities and the energy infra-
structure they depend upon.

2. Methods

To understand the role of ecosystems and protected areas in reducing
risk to communities and energy infrastructure, we created a spatial
model of exposure to coastal hazards that considers multiple habitat and
sea-level rise (SLR) scenarios for Puerto Rico. We begin this section by
describing the physical, ecological, and social features of Puerto Rico
that influence vulnerability to coastal hazards. Next, we specify each
input variable of the InVEST Coastal Vulnerability model and explain
how our habitat degradation and SLR scenarios represent changing
environmental and management conditions. Lastly, we combine popu-
lation and energy infrastructure data with the coastal exposure results to
assess the benefits of ecosystems for coastal risk reduction.

2.1. Study area

The physical geography of Puerto Rico influences its exposure to
coastal hazards. Located in the eastern Caribbean Sea, Puerto Rico is an
archipelago of four major islands and over one hundred minor islets. On
the main island, the mountainous and forested interior terrain transi-
tions into tall cliffs on the western coast and a lowland plain on the
northern coast (Wagenheim et al., 2023). Small segments of the Puerto
Rican coastline are rocky or armored, but most of the shore is sandy or
vegetated (Barreto, 2017). The nearshore habitats of the archipelago
include coral reefs, mangrove forests, wetlands, seagrass meadows, and
algae beds (Fig. 1A, Fig. 1B, Fig. 1C) (Miller & Lugo, 2009). Despite the
extensive coverage of these habitats, the coastline is still hazard prone;
60% of Puerto Rico’s sandy beaches and dunes are undergoing erosion
due to heightened SLR (Barreto, 2017). More extreme hazards such as
hurricanes run through the main island from east to west, regularly
harming both interior and coastal communities (Morelock et al., 2001).

Two-thirds of Puerto Rico’s 3.29 million inhabitants live near the
coastline (NOAA Office for Coastal Management, 2023; U.S. Census
Bureau, 2021). With an urbanization rate of 94%, most of the energy
infrastructure and economic development are concentrated in coastal
cities such as the capital, San Juan, and Ponce (Fig. 1D) (Dobson et al.,
2020; U.S. Census Bureau, 2021). Vulnerability to coastal hazards is
compounded by Puerto Rico’s poverty rate of 42% — over triple that of
the United States (U.S. Census Bureau, 2021). Additionally, it is widely
recognized that poor governance practices and disenfranchisement of
the Puerto Rican people have led to perpetual economic hardship, en-
ergy insecurity, and unsustainable natural resource use (Caban, 2019;
Hernandez-Delgado, 2024; Joseph et al., 2020; Winters et al., 2022).

Human activity has degraded ecosystems throughout Puerto Rico’s
history — wetlands in particular have receded to 5% of their original
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Fig. 1. Coastal and marine habitats of Puerto Rico that have potential to reduce exposure to coastal hazards (A). Coastal and marine protected areas are also shown.
Additional detail is shown for the San Juan metropolitan area (B) and Ponce (C). Distribution of population and energy infrastructure (D). Note: islands in the Mona

Passage are not shown in (A) and (D).

range due to agriculture, urban development, and SLR (Miller & Lugo,
2009). The expansion of cities, fishing, and tourism have also caused
declines in Puerto Rico’s seagrass and coral reef ecosystems (Hernandez-
Delgado and Ortiz-Flores, 2022; Miller and Lugo, 2009; NOAA Coral
Reef Conservation Program, 2020). Widespread habitat degradation has
resulted in a loss of critical ecosystem services including the mitigation
of hazards, ultimately exacerbating climate vulnerability (PRCCC,
2022). In an effort to reverse degradation and sustain diverse ecosystem
services and cultural resources, the Puerto Rico Department of Natural
and Environmental Resources (DNER) established a network of 186
protected areas (Fig. 1A) (Castro-Prieto et al., 2019).

2.2. Modeling exposure

We used the Integrated Valuation of Ecosystem Services and Trade-
offs (InVEST®) Coastal Vulnerability model to quantify exposure to
coastal hazards in Puerto Rico. InVEST is a free and open-source
ecosystem services assessment tool developed by the Natural Capital
Project (Natural Capital Project, 2024). The InVEST Coastal Vulnera-
bility model has been used to analyze risk from coastal hazards in
countries around the world at various spatial scales (Arkema et al.,
2013; Cabral et al., 2017; Silver et al., 2019). The model uses seven
spatial data layers — shoreline geomorphology, relief, habitats, SLR,
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wind exposure, wave exposure, and storm surge potential (Fig. 2) — to
estimate the exposure index (EI) for each coastline segment. This index-
based approach builds on previous models by explicitly considering the
role of ecosystems in coastal risk reduction (Silver et al., 2019). The
model calculates exposure using the geometric mean shown in the
equation below. R; represents the rank of each model input on a 1-to-5
scale with 1 meaning “lowest exposure” and 5 meaning “highest expo-
sure” (Natural Capital Project, 2024). All input variables are equally
weighted, and the geometric mean reflects the nonlinear nature of real-
world interaction effects between each variable. We set the model res-
olution to 250 m, so InVEST calculated the exposure index value for
every 250 m of coastline. The exposure value for each coastline segment
is relative to all other segments in the model and across the habitat and
SLR scenarios.

1/7
El = (RGeomorphologyRRelief RHabitaLxRSea Level RiseRWind ExposureRWave ExposureRSurge)

To run the InVEST Coastal Vulnerability model for Puerto Rico, we
collected spatial input layers and loaded them into the geographic in-
formation system software ArcGIS Pro (ESRI, 2022). We sourced each
input layer from various national and global datasets — except for the
Area of Interest and WaveWatch III layers (Table 1). We manually drew
the Area of Interest polygon around the maritime boundary of Puerto
Rico, and the WaveWatch III shapefile was automatically included in the
InVEST download package. To prepare each layer in ArcGIS Pro for
InVEST model runs, we adapted methods from the Allen Coral Atlas
Coastal Vulnerability Tutorial Version 1.0 (Allen Coral Atlas, 2022). The
rest of this section describes the data and methods we used to prepare
each of the model inputs.

We selected habitats to include as model inputs based on the degree
of coastal risk reduction provided by each habitat and the availability of
habitat data for Puerto Rico. Each habitat was given a rank from 1 to 5
(Table 2). We chose the rank and protective distance of each habitat
based on the InVEST User Guide recommendations as well as prior
studies that ran the Coastal Vulnerability model in other regions
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(Arkema et al., 2013; Cabral et al., 2017; Silver et al., 2019; Natural
Capital Project, 2024). Coral reefs, mangrove forests, and wetlands
provide relatively more protection from erosion, inundation, and wind
and wave energy through their stiff structure that can extend throughout
the water column and above the surface of the water (Ferrario et al.,
2014). Seagrass and algae provide relatively less but non-negligible
protection through their flexible, low-lying shoots (McHenry et al.,
2023; Natural Capital Project, 2024). Both of these habitats have
extensive range along the continental shelf, and The Nature Conser-
vancy dataset captures their spatial diversity by categorizing them into
“sparse” and “dense” varieties (Fig. 1A) (Schill et al., 2021). For coast-
line segments that have more than one habitat, InVEST accounts for the
protection services of all of them (Guannel et al., 2016; Natural Capital
Project, 2024).

The geomorphology input variable indicates the susceptibility of the
coastline segment to erosion and inundation from coastal hazards
(Natural Capital Project, 2024). Like habitats, each shoreline type was
assigned a rank based on the influence of the geomorphology on expo-
sure (1 = least exposed and 5 = most exposed) (Table 3). Rocky cliffs
and man-made structures such as seawalls are most resistant to erosion,
and sand or gravel beaches are least resistant (Silver et al., 2019; Natural
Capital Project, 2024).

InVEST calculates the relief variable using a digital elevation model
(DEM) of the landmass (U.S. Geological Survey, 2018). Each coastline
segment has an average elevation based on all elevation values in the
DEM within the elevation averaging radius, which we set to 5000 m. To
derive a rank, InVEST takes the distribution of average elevation above
sea level across the entire coastline and separates percentiles into a 1-to-
5 scale — lower elevation corresponds to higher rank and higher expo-
sure (Silver et al., 2019; Natural Capital Project, 2024).

Wind and wave exposure were automatically calculated using the
WaveWatch III dataset included within InVEST. These variables describe
patterns of wind and wave speed and direction on each coastline
segment. Higher wind and wave speeds lead to increased erosion and
damage during coastal hazard events. The bathymetry layer is also used

InVEST Model Exposure Communities and Energy
Input Data Index Infrastructure at Risk
Wind Exposure  Geomorphology Lowest |:]
Substation M
Wave Exposure  Relief Intermediate !
) ) Population
Surge Potential  Habitats Highest [
Sea-Level Rise
—
, I
Scenarios |
—.—
Low ‘ Al f
Priority
Protected conservation
int “ Area site
il All Habitats No Habitats No Habitats

Fig. 2. Conceptual diagram showing the steps of the coastal exposure analysis. For every 250 m of coastline, the InVEST model calculates a rank from 1 to 5 for each
of the seven input variables. We modified the habitat and sea-level rise layers to run the model under different scenarios, simulating future habitat degradation and
environmental change (see Section 2.3). For each scenario, the model generates an exposure index by calculating the geometric mean of the seven input variables.
The substations located within 2 km of a highly exposed coast and the inhabitants within 1 km are considered at greatest risk to coastal hazards. Priority sites for
conservation are nearshore areas that become highly exposed when habitats are lost and have significant population and energy infrastructure near the coast.
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Table 1
Source of each data layer
Input layer File Type Year Source
Area of Interest Shapefile 2022  Created for our analysis
Landmass Shapefile 2022  Database of Global Administrative
Areas (GADM, 2022)
Bathymetry TIF (15 arc 2022  General Bathymetric Chart of the
seconds) Oceans (GEBCO, 2022)
Relief TIF (1 arc 2018  Digital Elevation Shuttle Radar
second) Topography Mission (USGS, 2018)
Continental Shelf Shapefile 2019  Ifremer Continental Margin
Ecosystems (Marine Regions,
2019)
WaveWatch 111 Shapefile 2009  Included in the InVEST download
package (Natural Capital Project,
2024)

Habitats (coral, Shapefile 2022  The Nature Conservancy Caribbean
algae, seagrass) Marine Maps (Schill et al., 2021)
Habitats (mangrove,  Shapefile 2010  C-CAP Regional Land Cover (NOAA
wetland) Office for Coastal Management,

2010)

Geomorphology Shapefile 2000  Environmental Sensitivity Index (
NOAA OR&R, 2000)

Population* TIF (30 arc 2020  WorldPop Unconstrained

seconds) Population Density (WorldPop,

2020)

Sea-level rise Shapefile 2020  U.S. Army Corps of Engineers Sea
Level Tracker (USACE, 2020)

Protected areas*® Shapefile 2018  U.S. Department of Agriculture,
Protected Areas Conservation
Action Team (PA-CAT, 2018)

Electrical Shapefile 2022  Homeland Infrastructure

substations* Foundation-Level Data (USDHS,

2022)

Transmission lines* Shapefile 2022  Homeland Infrastructure

Foundation-Level Data (USDHS,
2022)

Each layer in the InVEST analysis is listed along with their file type, year, and
source. Layers marked with an (*) are not InVEST model inputs. The protected
areas layer was used in the preparation of habitat input layers for one of the
scenarios. Population and electrical substations were used in the subsequent
analysis following the application of InVEST. The transmission lines visually
demonstrate the connectivity of the electrical grid but were not a part of our
calculations (Fig. 1D). Note that we accessed the Homeland Infrastructure
Foundation-Level Data in 2022 when it was a public-facing portal. Now the
substation data can be accessed through (NOAA Office for Coastal Management,
2026) and the transmission line data through (Climate Mapping for Resilience
and Adaptation, 2026).

Table 2
Habitat ranks and protective distances

Habitat Rank Protection distance
(m)

Coral 1 2000

Mangrove 1 2000

Wetland 2 1000

Dense seagrass 4 500

Sparse seagrass 4.25 400

Dense algae 4 500

Sparse algae 4.25 400

Each habitat layer was assigned a rank from 1 (major contribution to coastal risk
reduction) to 5 (no contribution to coastal risk reduction) and a protection
distance, which is the maximum distance it can be located from the coastline to
provide protection (Natural Capital Project, 2024).

to determine the spatial variation of wave exposure in the model
(GEBCO, 2022). InVEST calculates the rank for wind and wave exposure
by separating the total distribution of values into percentiles using the
same process as calculating relief rank (Silver et al., 2019; Natural
Capital Project, 2024).

Storm surge is the temporary rise in sea level during a storm, causing
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Table 3
Geomorphology ranks

]
o
=]
5

Geomorphology type

Exposed rocky cliffs

Exposed, solid man-made structures
Sheltered, solid man-made structures
Exposed wave-cut platforms in bedrock
Exposed scarps and steep slopes
Sheltered, vegetated low banks
Mangroves

Riprap

Sheltered rocky shores

Sand or gravel beaches

G s h B WODNDDNDDNR= =

Each geomorphology type was assigned a rank based on its contribu-
tion to coastal risk reduction.

increased coastal erosion and property damage. To calculate the storm
surge potential rank on the same 1-to-5 scale as the other input vari-
ables, InVEST finds the distance between the landmass and continental
shelf layers, with higher distances leading to higher storm surge and
inundation. Every coastline segment has a storm surge rank — even those
that are seemingly protected by nearby landmasses (Natural Capital
Project, 2024).

2.3. Modeling future scenarios

To evaluate the role of habitats in coastal risk reduction, we created
three habitat scenarios that heuristically model varying degrees of
degradation due to human activity (Fig. 2). The “All Habitats” scenario
represents one extreme in which coastal habitats that exist today
maintain their extent, quality, and hazard mitigation services into the
future. It is important to note that this is not a best-case scenario as it is
embedded in prior habitat destruction (Hernandez-Delgado, 2024).
Conversely, the “No Habitats” scenario represents the other extreme in
which human development and ambient stressors cause further habitat
degradation. In the “No Habitats” scenario, we assume ecosystems are
too degraded to provide coastal resilience benefits. To model this,
InVEST ignores the contents of the habitat layer and gives every coast-
line segment a habitat rank of 5 (Natural Capital Project, 2024). These
two scenarios are common throughout the literature in the studies that
use the InVEST Coastal Vulnerability model (Arkema et al., 2013; Cabral
etal., 2017; Silver et al., 2019). While these scenarios represent extreme
conditions that may not occur across the whole territory, they are very
likely scenarios for any particular segment of coastline, especially due to
local conditions determining where habitats are vulnerable to future
SLR and where there is potential for adaptation (Cunniff & Schwartz,
2015; Temmerman et al., 2013). The habitat scenarios provide a method
to assess the influence of ecosystem-based coastal risk reduction relative
to the other variables in the model.

In addition to the “No Habitats” and “All Habitats” scenarios, we
follow (Manes et al., 2023) and add a middle-ground scenario called
“Protected Habitats,” in which only the habitats within current pro-
tected areas are assumed to provide risk reduction benefits. This sce-
nario represents a future in which all habitats outside of protected areas
have degraded, allowing us to explore the influence of protected areas
on coastal risk reduction. To create the protected habitats layer, we
clipped each habitat layer by separate boundaries of marine protected
areas, terrestrial protected areas, important management areas, and
karst buffer zones from the Puerto Rico DNER (Puerto Rico PA-CAT,
2018). Together, these three scenarios allow us to analyze how habitat
presence affects coastal exposure and examine where protected areas
have the potential to mitigate hazards.

We also generated three future SLR scenarios using the U.S. Army
Corps of Engineers Sea Level Tracker tool (Fig. 2) (USACE, 2020). The
tool combines local tide gauge data and the National Oceanic and At-
mospheric Administration (NOAA) 2100 global SLR projections to
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estimate the projected SLR of a specific area (Sweet et al., 2022). The
San Juan tide gauge data generated 2100 SLR projections of 0.40 m,
1.06 m, and 2.10 m for the Low, Intermediate, and High SLR scenarios
respectively — with no significant spatial variation in SLR around Puerto
Rico (NOAA Tides & Currents, 2022). We assigned a SLR rank of 1 for
Low, 3 for Intermediate, and 5 for High. To create the SLR input layer,
we started with an empty copy of an initial exposure index output layer
with points at every 250 m of coastline. Then, we added a column in the
attribute table for SLR rank and re-ran the model with this layer. Due to
limited predictive data on the effect of future SLR on Puerto Rico’s
ecosystems, interactions between SLR and habitat extent are not
included in our scenario design. This is standard practice for incorpo-
rating SLR into the InVEST Coastal Vulnerability model (Arkema et al.,
2013; Silver et al., 2019).

We ran the InVEST model for the three SLR scenarios and three
habitat scenarios, resulting in nine total sets of coastal exposure data
(Fig. 2). Each scenario represents a different combination of manage-
ment and oceanographic changes. For example, local results for the “All
Habitats, High SLR” scenario could represent successful conservation
actions to help ecosystems persist under SLR in sites where persistence is
possible (Epanchin-Niell et al., 2017; Woodroffe et al., 2016). In sites
where habitats may fail to adapt to SLR conditions, the “No Habitats,
High SLR” scenario gives an appropriate projection of relative hazard
risk.

To compare relative exposure to coastal hazards across scenarios, we
divided the distribution of exposure of all coastline segments into three
groups following (Silver et al., 2019): lowest exposure at < 2.087
(bottom 25%), intermediate exposure at 2.087-2.844 (middle 25-50%),
and highest exposure at > 2.845 (upper 50%). The highest exposure
cutoff was used throughout our analysis to compare the amount of
coastline most exposed to coastal hazards across the scenarios.
Throughout this study, “highest risk” refers to exposure values in the
upper 50% of the full distribution of exposure indices from all scenarios.

2.4. Assessing communities and energy infrastructure at risk

We used three variables to assess risk from coastal hazards in Puerto
Rico: length of coastline, number of people, and number of electrical
substations (Fig. 2). Each variable was analyzed in Microsoft Excel and
RStudio using exported data from the layers in ArcGIS Pro. To estimate
the length of coastline at highest risk, we took the sum of the number of
coastline segments with exposure values > 2.845 (upper 50%) in each
scenario. We calculated the number of people and substations highly
exposed to coastal hazards both in the entire territory (Section 3.1) and
in individual municipalities (Section 3.2). Territory-wide results explore
general patterns of exposure under different scenarios across the
coastline. Municipality-specific results highlight municipalities where
people and energy infrastructure stand to benefit most from the risk
reduction provided by habitats.

To estimate the number of people at highest risk, we loaded the
WorldPop 2020 population density layer in the InVEST model
(WorldPop, 2020). InVEST calculates the population density around
each exposure point according to the population search radius that we
set to 1 km. We divided these values by four to account for the scaling
factor between the 250 m resolution of the exposure index and the
resolution of the WorldPop layer (Silver et al., 2019; Natural Capital
Project, 2024). We chose not to model population growth because
Puerto Rico has a growth rate of 0.0% (U.S. Census Bureau, 2021).

To estimate the energy infrastructure at highest risk, we overlaid
electrical substation data from the Homeland Infrastructure Foundation-
Level Data in ArcGIS Pro (USDHS, 2022). We created Thiessen polygons
for each exposure point and then spatially joined the substation layer.
This step assigns an exposure value to each substation based on the
nearest exposure point. We used these data to calculate how many
substations within 2 km of the coast are highly exposed to coastal haz-
ards in each scenario.
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3. Results

In the first part of this section, we report the outputs of the InVEST
Coastal Vulnerability model for the entire territory of Puerto Rico. We
focus on the spatial distribution of risk, variation due to sea-level rise
(SLR), and the potential for habitats to reduce risk to people and energy
infrastructure. In the second part of this section, we analyze model
outputs for individual municipalities of Puerto Rico. Our analysis
identifies sites that could be prioritized for ecosystem-based risk
reduction with a focus on benefits to energy infrastructure and coastal
communities. For the San Juan metropolitan area and Ponce, we explore
how urban protected areas could contribute to energy resilience.

3.1. Territory-scale risk

Exposure to coastal hazards varies considerably across the Puerto
Rico coastline. With all habitats present, our modeled results indicate
the highest relative exposure along the northeastern coast, south-central
coast, and the northern coast of Vieques (Fig. 3A). This pattern is partly
driven by storm surge potential — an important driver of exposure to
coastal hazards on islands (Silver et al., 2019). Coastlines further from
the continental shelf boundary tend to have higher storm surge potential
and higher overall exposure, which is consistent with other studies that
applied the InVEST model (Silver et al., 2019; Natural Capital Project,
2024).

The magnitude and spatial distribution of exposure also varies with
presence of coral reefs, mangroves, wetlands, seagrasses, and algae that
reduce the impact of hazards to varying degrees (Fig. 1A) (Table 1). With
all habitats present under intermediate SLR, over 200 km of the coastline
is highly exposed to hazards: approximately 20% of the total length
(Fig. 3A, Fig. 4A). The extent of high-risk coastline increases to 340 km if
we assume only habitats within protected areas are healthy enough to
reduce risk from coastal hazards in the future and unprotected habitats
have been degraded or lost (Fig. 3B, Fig. 4A). With complete loss of
coastal ecosystems, our modeled results indicate over half of the coast-
line will be at highest risk (Fig. 3C, Fig. 4A).

The amount of people and energy infrastructure highly exposed to
hazards increases significantly if habitats are degraded or lost (Fig. 4B,
Fig. 4C). With intermediate SLR, if all habitats are present and intact, 13
substations and nearly ten thousand people are highly exposed (Fig. 4B,
Fig. 4C). These numbers more than double if habitats outside protected
areas are lost — and rise to 50 substations and more than 25,000 people if
all habitats are lost (Fig. 4B, Fig. 4C). Across all habitat scenarios, higher
SLR also leads to higher exposure, but this effect is nonlinear; the in-
crease in risk from Low to Intermediate SLR is larger than the increase
from Intermediate to High SLR (Fig. 4).

The relative importance of habitats for hazard risk reduction varies
along the coastline (Fig. 5). Coastlines where habitats play a larger role
in reducing risk represent candidate sites for new protected areas that
could support the health of ecosystems that mitigate hazards. Nearly
two-thirds of the coastal ecosystems in our model are currently pro-
tected, but protected areas do not always overlap with coastlines where
ecosystems play a significant coastal risk reduction role (Fig. 1A, Fig. 5).
Current protected areas are not necessarily the regions that supply the
greatest hazard mitigation benefits. However, some places do have
synergy between existing protected areas and ecosystem-based risk
reduction, such as the east end of the northern coast (Fig. 5). When siting
new protected areas for hazard mitigation, it is also important to
consider whether human communities and infrastructure are located
close enough to benefit (Tallis et al., 2015). Currently, there is little
overlap between communities that have “demand” for the ecosystem
service, such as large cities, and protected areas that preserve the
“supply” of the service (Figs. 1, 5). In the following subsection, we
examine ecosystem-based coastal risk reduction in individual munici-
palities to identify priority sites for protected areas that could enhance
risk reduction for people and energy infrastructure.
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3.2. Municipality-scale risk

Puerto Rico’s 44 coastal municipalities differ in their exposure to
coastal hazards and the extent to which habitats reduce risk to com-
munities and infrastructure (Fig. 6). Across all municipalities, the pro-
portion of people at highest risk with habitats present at intermediate
SLR ranges from zero to nearly three-quarters of the population. Over
one quarter of the municipalities in this scenario do not have any people

at highest risk from coastal hazards (Fig. 6). However, if habitats were
lost, the number of people highly exposed increases substantially. The
most at-risk municipality becomes Humacao with 95% of its population
highly exposed. Only Yauco, Maunabo, and Anasco continue to have
zero people at highest risk without the coastal risk reduction potential of
ecosystems (Fig. 6). In addition to population, we estimated the number
of electrical substations at highest risk in each coastal municipality,
which nearly quadruples if habitats were lost or degraded (Fig. 4C,



M.S. Perkins et al.

>
w

Ecosystem Services 79 (2026) 101847

501

40+

Substations

— ~ 301
g 5

5 g

0]

£ 3

= o 20
8 o=

o =

. S

—

(o] = 10+
£ 8 "
=2 a

S o

- . o

Low Intermediate High Low

Sea-Level Rise (2100)

Habitats: [::]
All

Intermediate High Low

Sea-Level Rise (2100)

Protected Areas

Intermediate High

Sea-Level Rise (2100)

None

Fig. 4. Length of coastline (A), number of people (B), and number of electrical substations (C) that are highly exposed to coastal hazards (exposure > 2.844) under

three habitat scenarios and three SLR scenarios.

Arecibo

30 km

San Juan

Loiza

Vieques

> Z

Lowest

Habitat role:

Intermediate

Highest

)

Protected Area

Fig. 5. Role of coastal and marine habitats in reducing exposure to coastal hazards. “Habitat role” equals the difference between exposure with no habitats present

2 e

and exposure with all habitats present. “Lowest,

intermediate,” and “highest” represent the three levels of habitat role calculated for intermediate SLR. Protected

areas are overlaid to show which coastlines with a high habitat role value are currently protected and which are not. Note that even if a protected area covers a
coastline with a low habitat role, it may still be important, as protected areas aim to achieve a variety of management goals in addition to risk reduction.

Fig. 6). Notably, every municipality with coastal electrical infrastructure
has more substations highly exposed without the presence of habitats
(Fig. 6).

Preserving ecosystem-based risk reduction is most important in
municipalities that have extreme increases in exposure to coastal haz-
ards if habitats are lost. In particular, the number of people at highest
risk in Dorado and Carolina rises from < 1% with habitats to 54% and
86% without habitats respectively (Fig. 6). Both municipalities have
coral reefs that buffer the populated and low-lying shoreline.
Conversely, other municipalities such as Vieques and Loiza only have a
marginal increase in risk if all habitats were lost, because population is

concentrated near seagrass beds with less resistance to hazards (Fig. 6).
The municipalities with the largest increases in highly exposed sub-
stations without habitats are San Juan, Ponce, Ceiba, Carolina, and
Salinas (Fig. 6). These areas could be prioritized for energy resilience
plans that incorporate ecosystem-based hazard mitigation.

The two municipalities with the largest number of substations at
highest risk without habitats are San Juan and Ponce (Fig. 6). The San
Juan metropolitan area is the largest population center in Puerto Rico —
its coastline spans the municipalities of Catano, Guaynabo, San Juan,
and Carolina (Munoz-Erickson et al., 2014). Under intermediate SLR,
most of the metro area’s coastline is either highly exposed to coastal
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hazards with habitats present or becomes highly exposed if habitats
were lost (Fig. 7A). A network of seagrass, algae, and coral along the
northern shore helps to mitigate hazards for people and energy infra-
structure, but only a small fraction of this ecosystem’s extent is protected
by the Isla Verde Reef Marine Reserve (Fig. 1B). This protected area
conserves habitats that potentially reduce risk for the two easternmost
substations at the SJU International Airport (Fig. 7A). Other substation
and population clusters near segments marked as “additional shoreline
at highest risk (w/out habitats)” are priority sites to conserve nearby
ecosystems that reduce hazard risk for communities (Fig. 7A). New
protected areas established on these coastlines could provide benefits to
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the greatest number of people and infrastructure.

Ponce is the central hub of energy infrastructure on the southern
coast and a multitude of its substations become highly exposed to haz-
ards if habitats were lost (Fig. 1D, Fig. 6, Fig 7B). Extensive patches of
marine seagrass and algae, as well as coastal wetlands and mangroves,
moderate the impacts of coastal hazards for the electrical grid in Ponce
(Fig. 1C). A large portion of these habitats are protected by the Punta
Cucharas Nature Reserve, which prohibits certain human activities and
provides risk reduction ecosystem services in addition to its original
purpose of biodiversity conservation (Fig. 7B) (Puerto Rico House Bill
#3797, 2008). This protection benefits a large cluster of westernmost
substations (Fig. 7B). On the eastern shore, Punta Cabullones is a nature
reserve that was established in part to reduce storm surge by conserving
mangroves and wetlands (Fig. 1C, Fig. 7B) (Rodriguez-Martinez & Soler-
Lopez, 2014). However, Ponce’s substations are located away from
Punta Cabullones and our model suggests they do not directly benefit
from its hazard mitigation services (Fig. 7B). Conversely, the Port of
Ponce has a cluster of substations that may become highly exposed to
hazards if nearby habitats were lost, and these habitats are currently
unprotected (Fig. 7B).

4. Discussion

We present a coastal hazard model for Puerto Rico that accounts for
the risk reduction services provided by corals, mangroves, and sea-
grasses in the context of protected areas, sea-level rise (SLR), population,
and energy infrastructure. Our modeled results show where coastal
communities benefit from ecosystem-based risk reduction under future
SLR (Fig. 3, Fig. 7). By identifying where habitats within and outside of
protected areas mitigate hazards for electrical substations, our results
suggest a potential link between ecological conservation and energy
resilience (Fig. 6, Fig. 7). This is especially relevant because access to
electricity is necessary for communities in SIDS to recover from disasters
induced by coastal hazards (Winters et al., 2022). In Puerto Rico, inte-
rior communities rely on electricity that is generated in coastal areas and
then delivered inland via transmission lines (Fig. 1D) (Kwasinski et al.,
2019). Thus, the electrical grid serves to amplify the serviceshed of
coastal ecosystems that reduce hazard risk, extending access to benefits
to the entire territory — not just the coastal municipalities evaluated in
our model (Ribot & Peluso, 2003; Tallis et al., 2015).

4.1. Advancing previous studies and frameworks for ecosystem services

Our analysis of energy infrastructure and protected areas advances
previous assessments of coastal risk reduction provided by ecosystems.
Prior studies have used the InVEST Coastal Vulnerability model to
generate exposure indices and evaluate populations at risk under
various habitat scenarios, but none have evaluated energy infrastructure
at risk (Arkema et al., 2013; Cabral et al., 2017; Manes et al., 2023;
Silver et al., 2019). Accounting for the electrical grid makes the model
outputs more relevant to Puerto Rico and other energy-vulnerable SIDS
(United Nations General Assembly, 2014; Winters et al., 2022). Another
overlooked element is the potential role of protected area siting and
management for nature-based coastal risk reduction. Our modeled sce-
narios demonstrate where protected areas could conserve or restore
ecosystems that have the greatest potential to bolster disaster and en-
ergy resilience for coastal communities (Fig. 5, Fig. 7). In doing so, we
contribute to an emerging effort to broaden the scope of protected area
benefits beyond biodiversity, fisheries, and tourism to also include
coastal risk reduction (Arkema et al., 2024; Grorud-Colvert et al., 2021).

In addition to filling gaps in the energy resilience and protected area
literatures, our study advances specific elements within ecosystem ser-
vice frameworks. For example, hazard mitigation is well-understood to
be one of nature’s benefits to people, but we expand on how this benefit
contributes to human wellbeing by modeling the implications of coastal
risk reduction for energy resilience (Diaz et al., 2015). Our results
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suggest that hazard mitigation services provide several dimensions of
value (TEEB, 2010). Specifically, we show where ecosystems have po-
tential to offer economic value by reducing the risk of damages to as
many as 37 substations in Puerto Rico (Fig. 4, Fig. 6). Nature-based
coastal risk reduction also provides indirect social and ecological
value — continued access to electricity helps alleviate poverty and en-
ables people to pursue more sustainable livelihoods (Genave et al.,
2020). Further, our analysis positions protected areas as a mechanism to
maintain communities’ access to hazard mitigation services if they are
able to sustain ecosystem function over time (Ribot & Peluso, 2003).
Future studies could evaluate how access to benefits is influenced by
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disparities in critical infrastructure coverage, zoning patterns, and other
institutional factors (see Section 4.4) (Berbés-Blazquez et al., 2017;
Tallis et al., 2015).

4.2. Management implications

Our approach could be used to generate spatial data that support the
development of integrated land and ocean use plans that simultaneously
build disaster resilience, balance stakeholder objectives, and safeguard
ecosystem services (Delevaux et al., 2024). The implementation of such
policies would require new collaborations between diverse sectors, such
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as local and territorial government, renewable energy, tourism, fish-
eries, and shipping. In addition, participation from socially vulnerable
populations can help inform where to site conservation or restoration
projects to benefit communities most in need of coastal resilience
(Grorud-Colvert et al., 2021; Mycoo and Donovan, 2017; PRCCC, 2022).
Our methods of identifying priority locations for new protected areas
could be combined with engagement practices and vulnerability as-
sessments to fully account for trade-offs and community goals (Arkema
et al., 2024; Sala et al., 2021; Seddon et al., 2020; Sullivan-Stack et al.,
2022). This transdisciplinary work is especially important in coastal
cities characterized by competing uses of the coastal zone, immense
natural and built infrastructure exposed to hazards, and a dearth of
protected areas that could reduce risk (Fig. 1, Fig. 7). In Puerto Rico and
other SIDS, the decline of nature in and around cities presents an urgent
opportunity for decision makers to conserve ecosystems and their
disaster resilience benefits (Duarte et al., 2020; Hernandez-Delgado,
2024; Mazor et al., 2021).

Protected areas managed for nature-based risk reduction and energy
resilience could synergize multiple initiatives in Puerto Rico that are
currently siloed. The Climate Change Act lists separate objectives for the
protection of degraded habitats, mitigation of coastal hazards, and siting
of renewable energy (Puerto Rico Climate Change Act, 2019). Our study
connects these objectives by demonstrating the potential for habitats in
protected areas to reduce risk for nearby communities and energy
infrastructure (Fig. 5). We also identify infrastructure-dense munici-
palities that could benefit most from nature-based resilience strategies
amidst the effort to transition to 100% renewable energy by 2050
(Fig. 6). The PR100 study highlights coastal hazard mitigation as a key
element of energy resilience under future conditions, but it does not
mention nature-based approaches (Baggu & Burton, 2024). The growing
momentum for conservation and restoration in Puerto Rico — along with
emergent research on nature-based coastal resilience — could be lever-
aged to support the development of renewable energy (Castro-Prieto
et al., 2019; Dobson et al., 2020; FEMA, 2024).

As a relatively new approach, nature-based solutions for disaster risk
reduction have several limitations that represent opportunities for
further research (Arkema and Ruckelshaus, 2017; Bridges et al., 2021).
These limitations include uncertainty about effectiveness due to trade-
offs and site-specificity, slow growth rates of certain species, and
vulnerability of ecosystems in protected areas to ambient stressors
(Bates et al., 2019; Cunniff & Schwartz, 2015; Ruckelshaus et al., 2016;
Seddon et al., 2020). In the case of SLR, an ambient stressor, protected
habitats are more likely to adapt if the conserved area includes adjacent
land that the habitats can migrate to without experiencing coastal
squeeze from human development (Epanchin-Niell et al., 2017; Yu et al.,
2019). It is also possible to develop SLR resistance by planting species
that are more resilient to higher water levels or improving water quality
around the protected area (Saunders et al., 2013; Woodroffe et al.,
2016). However, these strategies do not fully eliminate the risk of SLR
and other coastal hazards (Bates et al., 2019).

Our modeled results are useful for identifying sites where conser-
vation or restoration could be appropriate for hazard mitigation, or
where alternative strategies may be more suitable. For example, it may
be necessary to build gray or hybrid infrastructure along a coastline that
is already at highest risk when all habitats are intact because a protected
area on its own may not provide any additional reduction in exposure
(Fig. 7). By modeling the entire Puerto Rico coastline at a 250 m reso-
lution, our study meets the demand for accessible hazard risk data that
could help decision makers operationalize a variety of disaster resilience
approaches while accounting for ecosystems, energy infrastructure, and
people (Mycoo and Donovan, 2017; UNDRR, 2015).

4.3. Model limitations and opportunities

Our methodology to model nature-based coastal resilience in Puerto
Rico comes with important limitations. First, our model does not
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consider social vulnerability indicators such as age or income when
assessing exposure to coastal hazards. Second, our data sources for
mangroves, wetlands, and geomorphology predate Hurricane Maria
(Table 1). We encourage future studies to incorporate post-Maria data
once it becomes available, as well as demographic data, to improve the
accuracy of the exposure index and make the results more relevant to
vulnerable communities (Cabral et al., 2017; Silver et al., 2019).

Third, the InVEST model makes several assumptions to simplify the
hazard dynamics calculations. For example, it does not account for
interaction effects between input variables and it underestimates expo-
sure to severe storms (Natural Capital Project, 2024). Despite these as-
sumptions, other studies for the United States and Mozambique
validated the accuracy of the exposure index and found high agreement
with observed hazard data (Arkema et al., 2013; Cabral et al., 2017).
Fourth, we simplify the data requirements of our modeled scenarios by
defining SLR as a standalone input variable that does not affect habitat
extent, following (Arkema et al., 2013; Silver et al., 2019). Under high
SLR, it is possible that nature-based resilience for people and energy
infrastructure could be weakened if local conditions interfere with
sediment accumulation or landward migration — or protected areas are
not managed for SLR adaptation (Epanchin-Niell et al., 2017; Saunders
et al., 2013; Woodroffe et al., 2016; Yu et al., 2019). Thus, the exposure
values for the “All Habitats” and “Protected Habitats” scenarios may be
underestimates (Fig. 4). Future studies could account for this interaction
effect using tools such as Sea Level Affecting Marshes Model in
conjunction with InVEST models (Reddy et al., 2016).

4.4. Questions for further research

Our study uses an ecosystem services approach to explore connec-
tions between nature-based risk reduction, protected areas, and energy
resilience in Puerto Rico. We pose the following questions for future
studies to build on our work and adapt the approach to specific disaster
resilience and management contexts:

1. Where do coastal habitats reduce hazard exposure for other parts of
the energy grid (fuel terminals, transmission lines, etc.) — or for other
types of infrastructure (transportation, water, telecommunications,
etc.)?

2. Where are human activities currently degrading or restoring habitats
that provide coastal resilience for communities and energy
infrastructure?

3. In potential sites for new protected areas, what tradeoffs exist be-
tween managing for hazard mitigation and other regulating services
vs. provisioning and cultural services?

4. What social-ecological factors influence access to hazard mitigation
services in urban areas?

5. Conclusion

This study explores the potential for ecosystems to reduce exposure
to coastal hazards for both people and energy infrastructure in Puerto
Rico. Our results reveal sites where infrastructure is co-located with
coastal habitats that mitigate hazards, enabling decision makers to
leverage nature-based solutions and protected areas to build resilience.
These approaches could help Puerto Rico and other SIDS achieve cost-
effective and co-beneficial disaster risk reduction under future SLR
(UN DESA, 2022). By connecting conservation to disaster and energy
resilience, we invite actors from new sectors to participate in the siting
of protected areas, potentially broadening support for the effort to
protect 30% of Earth’s lands and waters by 2030 (Convention on Bio-
logical Diversity, 2022). Further, protected areas that enhance hazard
mitigation ecosystem services could contribute to multiple Sustainable
Development Goals that converge on the patterns explored in our study,
including but not limited to: No Poverty, Affordable and Clean Energy,
Climate Action, and Life Below Water.
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Meaningful engagement across sectors is critical for implementing
ecosystem-based risk reduction, which has been shown by other studies
that used the InVEST Coastal Vulnerability model in Belize and The
Bahamas (Arkema & Ruckelshaus, 2017; Silver et al., 2019). In Puerto
Rico, our study could serve as a starting point for similar cross-sectoral
sustainable development projects. Researchers in other SIDS could also
benefit from running the InVEST model, as this methodology is repli-
cable even in data-limited areas. Our approach illustrates spatial re-
lationships between ecosystems, protected areas, and energy
infrastructure in coastal communities where it is increasingly urgent to
explore opportunities for nature-based solutions to build resilience to
natural hazards.

CRediT authorship contribution statement

Maxwell S. Perkins: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Resources, Project adminis-
tration, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Jonathan D. Bakker: Writing — review & editing,
Supervision, Methodology, Investigation, Conceptualization. Katie K.
Arkema: Writing — review & editing, Supervision, Methodology,
Investigation, Funding acquisition, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank our institutions for their support. This study was initiated
as part of an internship for Maxwell Perkins at the Pacific Northwest
National Laboratory, operated by Battelle Memorial Institute, for the
United States Department of Energy under Contract DE-ACO05-
76RL01830. The study was completed through the University of
Washington School of Environmental and Forest Sciences Departmental
Honors Program and the Program on Climate Change Graduate Certifi-
cate in Climate Science (GCeCS). We thank Miriam Bertram for her
advisership during the GCeCS and Jess Silver and the software team at
the Natural Capital Project for their support in applying the InVEST
Coastal Vulnerability Model. We also thank Elise Boos and Shon Zim-
merman for their help with the spatial analysis. Lastly, we thank the
student and faculty community at the University of Washington School
of Marine and Environmental Affairs for their support and feedback
throughout the project.

Data availability

The model outputs available  here:

org/10.17632/n4gzfjddz2.1.

are https://doi.

References

Allen Coral Atlas, 2022. Coastal Vulnerability Tutorial. Arizona State University. https://a
llencoralatlas.org/resources/.

Arkema, K.K., Field, L., Nelson, L.K., Ban, N.C., Gunn, C., Lester, S.E., 2024. Advancing
the design and management of marine protected areas by quantifying the benefits of
coastal ecosystems for communities. One Earth 7 (6), 989-1006. https://doi.org/
10.1016/j.oneear.2024.04.019.

Arkema, K.K., Guannel, G., Verutes, G., Wood, S.A., Guerry, A., Ruckelshaus, M.,
Kareiva, P., Lacayo, M., Silver, J.M., 2013. Coastal habitats shield people and
property from sea-level rise and storms. Nat. Clim. Chang. 3 (10), 913-918. https://
doi.org/10.1038/Nclimate1944.

Arkema, K.K., Ruckelshaus, M., 2017. Transdisciplinary Research for Conservation and
Sustainable Development Planning in the Caribbean. In: Levin, P.S., Poe, M.R. (Eds.),
Conservation for the Anthropocene Ocean. Elsevier, pp. 333-357.

12

Ecosystem Services 79 (2026) 101847

Baggu, M., & Burton, R. (2024). Puerto Rico Grid Resilience and Transitions to 100%
Renewable Energy Study (PR100): Final Report. https://www.nrel.gov/docs/fy240sti/
88384.pdf.

Barreto, M., 2017. Assessment of beach morphology at Puerto Rico Island. University of
Puerto Rico.

Bates, A.E., Cooke, R.S.C., Duncan, M.L, Edgar, G.J., Bruno, J.F., Benedetti-Cecchi, L.,
Coté, .M., Lefcheck, J.S., Costello, M.J., Barrett, N., Bird, T.J., Fenberg, P.B., Stuart-
Smith, R.D., 2019. Climate resilience in marine protected areas and the 'Protection
Paradox'. Biol. Conserv. 236, 305-314. https://doi.org/10.1016/j.
biocon.2019.05.005.

Bennett, J.A., Trevisan, C.N., DeCarolis, J.F., Ortiz-Garcia, C., Pérez-Lugo, M., Etienne, B.
T., Clarens, A.F., 2021. Extending energy system modelling to include extreme
weather risks and application to hurricane events in Puerto Rico. Nat. Energy 6,
240-249. https://doi.org/10.1038/541560-020-00758-6.

Berbés-Blazquez, M., Bunch, M.J., Mulvihill, P.R., Peterson, G.D., van Wendel de
Joode, B., 2017. Understanding how access shapes the transformation of ecosystem
services to human well-being with an example from Costa Rica. Ecosyst. Serv. 28,
320-327. https://doi.org/10.1016/j.ecoser.2017.09.010.

Bridges, T. S., J. K. King, J. D. Simm, M. W. Beck, G. Collins, Q. Lodder, and R. K. Mohan,
eds. (2021). International Guidelines on Natural and Nature-Based Features for
Flood Risk Management. Vicksburg, MS: U.S. Army Engineer Research and
Development Center. https://apps.dtic.mil/sti/trecms/pdf/AD1149687.pdf.

Cabdn, P., 2019. Hurricane Maria’s aftermath. Current History 118 (805). https://www.
jstor.org/stable/48614413.

Cabral, P., Augusto, G., Akande, A., Costa, A., Amade, N., Niquisse, S., Atumane, A.,
Cuna, A., Kazemi, K., Mlucasse, R., Santha, R., 2017. Assessing Mozambique's
exposure to coastal climate hazards and erosion. Int. J. Disaster Risk Reduct. 23,
45-52. https://doi.org/10.1016/j.ijdrr.2017.04.002.

Castro-Prieto, J., Gould, W. A., Ortiz-Maldonado, C., Soto-Bayd, S., Llerandi-Roman, I.,
Gaztambide-Arandes, S., Quinones, M., Canén, M., & Jacobs, K. R. (2019). A
Comprehensive Inventory of Protected Areas and other Land Conservation Mechanisms in
Puerto Rico. (IITF-GTR-50). San Juan, PR Retrieved from https://data.fs.usda.gov/r
esearch/pubs/iitf/iitf_gtr_50_eng lowres.pdf.

Chang, C.W., Mori, N., 2021. Green infrastructure for the reduction of coastal disasters: a
review of the protective role of coastal forests against tsunami, storm surge, and
wind waves. Coast. Eng. J. 63 (3), 370-385. https://doi.org/10.1080/
21664250.2021.1929742.

Cheong, S.M., Silliman, B., Wong, P.P., van Wesenbeeck, B., Kim, C.K., Guannel, G.,
2013. Coastal adaptation with ecological engineering. Nat. Clim. Chang. 3 (9),
787-791. https://doi.org/10.1038/Nclimate1854.

Climate Mapping for Resilience and Adaptation. (Accessed 2026). U.S. Electric Power
Transmission Lines (Archive). https://resilience.climate.gov/pages/infrastructure
-content-gallery.

Convention on Biological Diversity. (2022). Kunming-Montreal Global biodiversity
framework. Montreal, Canada: United Nations Environment Programme Retrieved
from https://www.cbd.int/doc/c/e6d3/cd1d/daf663719a03902a9b116¢34/cop-15-
1-25-en.pdf.

Cunniff, S., & Schwartz, A. (2015). Performance of Natural Infrastructure and Nature-based
Measures as Coastal Risk Reduction Features. E. D. Fund. https://www.edf.org/sites/
default/files/summary ni_literature_compilation_0.pdf.

Database of Global Administrative Areas. (Accessed 2022). Puerto Rico GADM data
(version 4.1) [level-0 KMZ]. https://gadm.org/download_country.html.

Delevaux, J.M.S., Silver, J.M., Winder, S.G., Bood, N., Chevez, L., Velasquez, P., Vela, A.
C.V., Barlett, R., Porta, M.A., Wolny, S.A., Bailey, A., McField, M., Muniz-Castillo, A.
1., Arkema, K.K., 2024. Social-ecological benefits of land-sea planning at multiple
scales in Mesoamerica. Nat. Sustainability 7 (5). https://doi.org/10.1038/541893-
024-01325-7.

Diaz, S., Demissew, S., Carabias, J., Joly, C., Lonsdale, M., Ash, N., Larigauderie, A.,
Adhikari, J.R., Arico, S., Baldi, A., Bartuska, A., Baste, I.A., Bilgin, A., Brondizio, E.,
Chan, K.M.A,, Figueroa, V.E., Duraiappah, A., Fischer, M., Hill, R., Zlatanova, D.,
2015. The IPBES Conceptual Framework - connecting nature and people. Curr. Opin.
Environ. Sustain. 14, 1-16. https://doi.org/10.1016/j.cosust.2014.11.002.

Dobson, J. G., Johnson, I.P., Rhodes, K.A., Lussier, B.C., and Byler, K.A. (2020). Puerto
Rico Coastal Resilience Assessment. National Fish and Wildlife Foundation. https
://www.nfwf.org/sites/default/files/2020-08/puerto-rico-coastal-resilience-assess
ment.pdf.

Dornan, M., Shah, K.U., 2016. Energy policy, aid, and the development of renewable
energy resources in Small Island developing States. Energy Policy 98, 759-767.
https://doi.org/10.1016/j.enpol.2016.05.035.

Duarte, C.M., 2009. Global Loss of Coastal Habitats: Rates, Causes and Consequences.
Fundaciéon BBVA. https://www.biophilia-fbbva.es/wp-content/uploads/sites/3/20
19/07/DE_2009_Global_Loss.pdf.

Duarte, C.M., Agusti, S., Barbier, E., Britten, G.L., Castilla, J.C., Gattuso, J.P.,
Fulweiler, R.W., Hughes, T.P., Knowlton, N., Lovelock, C.E., Lotze, H.K.,
Predragovic, M., Poloczanska, E., Roberts, C., Worm, B., 2020. Rebuilding marine
life. Nature 580 (7801), 39-51. https://doi.org/10.1038/541586-020-2146-7.

Duarte, C.M., Losada, 1.J., Hendriks, I.E., Mazarrasa, 1., Marba, N., 2013. The role of
coastal plant communities for climate change mitigation and adaptation. Nat. Clim.
Chang. 3 (11), 961-968. https://doi.org/10.1038/Nclimate1970.

Epanchin-Niell, R., Kousky, C., Thompson, A., Walls, M., 2017. Threatened protection:
Sea level rise and coastal protected lands of the eastern United States. Ocean Coastal
Manage. 137. https://doi.org/10.1016/j.ocecoaman.2016.12.014.

ESRI. (Accessed 2022). ArcGIS Pro. https://www.esri.com/en-us/arcgis/products/arcgis
-pro/overview.


https://doi.org/10.17632/n4gzfjddz2.1
https://doi.org/10.17632/n4gzfjddz2.1
https://allencoralatlas.org/resources/
https://allencoralatlas.org/resources/
https://doi.org/10.1016/j.oneear.2024.04.019
https://doi.org/10.1016/j.oneear.2024.04.019
https://doi.org/10.1038/Nclimate1944
https://doi.org/10.1038/Nclimate1944
http://refhub.elsevier.com/S2212-0416(26)00035-5/h0020
http://refhub.elsevier.com/S2212-0416(26)00035-5/h0020
http://refhub.elsevier.com/S2212-0416(26)00035-5/h0020
https://www.nrel.gov/docs/fy24osti/88384.pdf
https://www.nrel.gov/docs/fy24osti/88384.pdf
http://refhub.elsevier.com/S2212-0416(26)00035-5/h0030
http://refhub.elsevier.com/S2212-0416(26)00035-5/h0030
https://doi.org/10.1016/j.biocon.2019.05.005
https://doi.org/10.1016/j.biocon.2019.05.005
https://doi.org/10.1038/s41560-020-00758-6
https://doi.org/10.1016/j.ecoser.2017.09.010
https://apps.dtic.mil/sti/trecms/pdf/AD1149687.pdf
https://www.jstor.org/stable/48614413
https://www.jstor.org/stable/48614413
https://doi.org/10.1016/j.ijdrr.2017.04.002
https://data.fs.usda.gov/research/pubs/iitf/iitf_gtr_50_eng_lowres.pdf
https://data.fs.usda.gov/research/pubs/iitf/iitf_gtr_50_eng_lowres.pdf
https://doi.org/10.1080/21664250.2021.1929742
https://doi.org/10.1080/21664250.2021.1929742
https://doi.org/10.1038/Nclimate1854
https://resilience.climate.gov/pages/infrastructure-content-gallery
https://resilience.climate.gov/pages/infrastructure-content-gallery
https://www.cbd.int/doc/c/e6d3/cd1d/daf663719a03902a9b116c34/cop-15-l-25-en.pdf
https://www.cbd.int/doc/c/e6d3/cd1d/daf663719a03902a9b116c34/cop-15-l-25-en.pdf
https://www.edf.org/sites/default/files/summary_ni_literature_compilation_0.pdf
https://www.edf.org/sites/default/files/summary_ni_literature_compilation_0.pdf
https://gadm.org/download_country.html
https://doi.org/10.1038/s41893-024-01325-7
https://doi.org/10.1038/s41893-024-01325-7
https://doi.org/10.1016/j.cosust.2014.11.002
https://www.nfwf.org/sites/default/files/2020-08/puerto-rico-coastal-resilience-assessment.pdf
https://www.nfwf.org/sites/default/files/2020-08/puerto-rico-coastal-resilience-assessment.pdf
https://www.nfwf.org/sites/default/files/2020-08/puerto-rico-coastal-resilience-assessment.pdf
https://doi.org/10.1016/j.enpol.2016.05.035
https://www.biophilia-fbbva.es/wp-content/uploads/sites/3/2019/07/DE_2009_Global_Loss.pdf
https://www.biophilia-fbbva.es/wp-content/uploads/sites/3/2019/07/DE_2009_Global_Loss.pdf
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1038/Nclimate1970
https://doi.org/10.1016/j.ocecoaman.2016.12.014
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview

M.S. Perkins et al.

FEMA. (2024). Natural and Nature-Based Solutions Job Aid for Sandy Shorelines/Dune
Restoration/Enhancement in Puerto Rico. https://www.fema.gov/sites/default/
files/documents/fema_4339-guide-nnbs-job-aids-coastal-puerto-rico.pdf.

Ferrario, F., Beck, M.W., Storlazzi, C.D., Micheli, F., Shepard, C.C., Airoldi, L., 2014. The
effectiveness of coral reefs for coastal hazard risk reduction and adaptation. Nat.
Commun. 5. https://doi.org/10.1038/ncomms4794.

Gallucci, M., 2018. Rebuilding Puerto Rico's Grid eight months after Hurricane Maria,
electricity is nearly restored-but that's just the beginning. IEEE Spectr. 55 (5), 30-38.
https://doi.org/10.1109/Mspec.2018.8352572.

Genave, A., Blancard, S., Garabedian, S., 2020. An assessment of energy vulnerability in
Small Island developing States. Ecol. Econ. 171. https://doi.org/10.1016/j.
ecolecon.2020.106595.

General Bathymetric Chart of the Oceans. (Accessed 2022). Gridded Bathymetry Data
Download [TIF]. https://download.gebco.net/.

Grorud-Colvert, K., Sullivan-Stack, J., Roberts, C., Constant, V., Costa, B.H.E., Pike, E.P.,
Kingston, N., Laffoley, D., Sala, E., Claudet, J., Friedlander, A.M., Gill, D.A., Lester, S.
E., Day, J.C., Gongalves, E.J., Ahmadia, G.N., Rand, M., Villagomez, A., Ban, N.C.,
Lubchenco, J., 2021. The MPA Guide: a framework to achieve global goals for the
ocean. Science 373 (6560). https://doi.org/10.1126/science.abf0861.

Guannel, G., Arkema, K., Ruggiero, P., Verutes, G., 2016. The power of three: coral reefs,
seagrasses and mangroves protect coastal regions and increase their resilience. PLoS
One 11 (7). https://doi.org/10.1371/journal.pone.0158094.

Hallegatte, S., 2012. ECONOMICS the rising costs of hurricanes. Nat. Clim. Chang. 2 (3),
148-149. https://doi.org/10.1038/nclimate1427.

Hay, J.E., 2013. Small island developing states: coastal systems, global change and
sustainability. Sustain. Sci. 8, 309-326. https://doi.org/10.1007/s11625-013-0214-
8.

Hernédndez-Delgado, E.A., 2024. Coastal Restoration challenges and strategies for Small
Island developing States in the Face of Sea Level rise and climate Change. Coasts 4,
235-286. https://doi.org/10.3390/coasts4020014.

Hernéndez-Delgado, E.A., Ortiz-Flores, M.F., 2022. The long and winding road of coral
reef recovery in the anthropocene: a case study from Puerto Rico. Diversity-Basel 14
(10). https://doi.org/10.3390/d14100804.

IPCC, 2023. Summary for Policymakers. In: Climate Change 2023: Synthesis Report.
Contribution of Working Groups I, II and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. IPCC. https://doi.org/10.59327/IPCC/
AR6-9789291691647.001.

Joseph, S.R., Voyles, C., Williams, K.D., Smith, E., Chilton, M., 2020. Colonial Neglect
and the right to Health in Puerto Rico after Hurricane Maria. Am. J. Public Health
110 (10), 1512-1518. https://doi.org/10.2105/Ajph.2020.305814.

Kirwan, M.L., Temmerman, S., Skeehan, E.E., Guntenspergen, G.R., Fagherazzi, S., 2016.
Overestimation of marsh vulnerability to sea level rise. Nat. Clim. Chang. 6,
253-260. https://doi.org/10.1038/nclimate2909.

Kishore, N., Marqués, D., Mahmud, A., Kiang, M.V., Rodriguez, 1., Fuller, A., Ebner, P.,
Sorensen, C., Racy, F., Lemery, J., Maas, L., Leaning, J., Irizarry, R.A., Balsari, S.,
Buckee, C.O., 2018. Mortality in Puerto Rico after Hurricane Maria. N. Engl. J. Med.
379 (2), 162-170. https://doi.org/10.1056/NEJMsal803972.

Kwasinski, A., Andrade, F., Castro-Sitiriche, M.J., O'Neill-Carrillo, E., 2019. Hurricane
Maria Effects on Puerto Rico Electric Power Infrastructure. IEEE Power Energy
Technol. Syst. J. 6 (1). https://doi.org/10.1109/JPETS.2019.2900293.

Manes, S., Gama-Maia, D., Vaz, S., Pires, A.P.F., Tardin, R.H., Maricato, G., Bezerra, D.D.,
Vale, M.M., 2023. Nature as a solution for shoreline protection against coastal risks
associated with ongoing sea-level rise. Ocean & Coastal Management 235. https://
doi.org/10.1016/j.ocecoaman.2023.106487.

Marine Regions. (2019). Continental margins between 140m and 3500m depth (IFREMER -
COMARGE, 2009) [GIS data]. Flanders Marine Institute. https://www.
marineregions.org/sources.php#comarge.

Mazor, T., Friess, D.A., Todd, P.A., Huang, D.W., Nguyen, N.T.H., Saunders, M.I.,
Runting, R.X., Lowe, R.J., Cartwright, P., Gilmour, J.P., Lovelock, C.E., 2021. Large
conservation opportunities exist in >90% of tropic-subtropic coastal habitats
adjacent to cities. One Earth 4 (7), 1004-1015. https://doi.org/10.1016/j.
oneear.2021.06.010.

McHenry, J., Rassweiler, A., Lester, S.E., 2023. Seagrass ecosystem services show
complex spatial patterns and associations. Ecosyst. Serv. 63. https://doi.org/
10.1016/j.ecoser.2023.101543.

Mellin, C., MacNeil, M.A,, Cheal, A.J., Emslie, M.J., Caley, M.J., 2016. Marine protected
areas increase resilience among coral reef communities. Ecol. Lett. 19 (6), 629-637.
https://doi.org/10.1111/ele.12598.

Mercer, J., Kelman, I., Alfthan, B., Kurvits, T., 2012. Ecosystem-based adaptation to
climate change in caribbean small island developing states: integrating local and
external knowledge. Sustainability 4 (8), 1908-1932. https://doi.org/10.3390/
su4081908.

Miller, G.L., Lugo, A.E., 2009. Guide to the Ecological Systems of Puerto Rico IITF-GTR-35.
U.S Department of Agriculture, Forest Service, International Institute of Tropical
Forestry. Retrieved from. https://data.fs.usda.gov/research/pubs/iitf/iitf gtr 35.
pdf.

Morelock, J., Capella, J., Garcia, J. R., & Barreto, M. (2001). Puerto Rico - Seas at the
Millennium. Coastal Research and Planning Institute of Puerto Ruco (CoRePI).

Munoz-Erickson, T.A., Lugo, A.E., Meléndez-Ackerman, E., Santiago-Acevedo, L.E.,
Seguinot-Barbosa, J., MéndezLazaro, P., Hall, M., Quintero, B., Ramirez, A., Garcia-
Montiel, D., Pontius Jr., R.G., Ramos-Gonzdlez, O.M., Santiago-Bartolomei, R.,
Verdejo-Ortiz, J., Ortiz-Zayas, J.R., Concepcion, C.M., Cusack, D., Giusti, J.,
McDowell, W., Cuadrado-Landrau, V.F., Magaly, 2014. Knowledge to serve the city:
insights from an emerging knowledge-action network to address vulnerability and
sustainability in San Juan, Puerto Rico. Cities Environ. 7 (1). http://digitalcommons.
Imu.edu/cate/vol7/iss1/5.

13

Ecosystem Services 79 (2026) 101847

Mycoo, M., Donovan, M.D., 2017. A Blue Urban Agenda: Adapting to Climate Change in
the Coastal Cities of Caribbean and Pacific Small Island Developing States. https://
doi.org/10.18235/0000690.

Narayan, S., Beck, M.W., Reguero, B.G., Losada, I.J., van Wesenbeeck, B., Pontee, N.,
Sanchirico, J.N., Ingram, J.C., Lange, G.M., Burks-Copes, K.A., 2016. The
effectiveness, costs and coastal protection benefits of natural and nature-based
defences. PLoS One 11 (5). https://doi.org/10.1371/journal.pone.0154735.

Natural Capital Project. (2024). InVEST 0.0. Stanford University, University of
Minnesota, Chinese Academy of Sciences, The Nature Conservancy, World Wildlife
Fund, and Stockholm Resilience Centre. https://naturalcapitalproject.stanford.
edu/software/invest.

Neumann, B., Vafeidis, A. T., Zimmermann, J., & Nicholls, R. J. (2015). Future Coastal
Population Growth and Exposure to Sea-Level Rise and Coastal Flooding - A Global
Assessment (vol 10, e0118571, 2015). Plos One, 10(6). https://doi.org/10.1371/j
ournal.pone.0131375.

NOAA Coral Reef Conservation Program. (2020). Coral reef condition: A status report for
Puerto Rico. Retrieved from https://doi.org/10.25923/nc9w-5716.

NOAA Office for Coastal Management. (2010). Puerto Rico C-CAP [Shapefile]. www.coa
st.noaa.gov/htdata/rasterl/landcover/bulkdownload/30m_lc/.

NOAA Office for Coastal Management. (2023). Puerto Rico. Retrieved July 20 2024 from
https://coast.noaa.gov/states/puerto-rico.html.

NOAA Office for Coastal Management. (Accessed 2026). Electric Power Substations.
https://www.fisheries.noaa.gov/inport/item/66139.

NOAA Office of Response and Restoration. (2000). Puerto Rico Environmental Sensitivity
Index [Shapefile]. https://response.restoration.noaa.gov/esi_download#PuertoRico.

NOAA Tides & Currents. (Accessed 2022). Relative Sea Level Trends. https://tidesa
ndcurrents.noaa.gov/sltrends/.

Protected Areas Conservation Action Team. (2018). Puerto Rico Protected Areas Database
[GIS data]. https://research.fs.usda.gov/iitf/products/dataandtools/puerto-rico-pro
tected-natural-areas-2018.

Puerto Rico Climate Change Council. (2022). Puerto Rico’s State of the Climate
2014—2021. Retrieved from https://www.pr-ccc.org/wp-content/uploads/202
3/06/PR_StateOfTheClimate_2014-2021_PRCCC-09-2022-1.pdf.

Puerto Rico Climate Change Mitigation, Adaptation, and Resilience Act, § Law No. 33.
Senate Bill #773 33-2019 (Legislative Year 2019). https://bvirtualogp.pr.gov
/ogp/Bvirtual/leyesreferencia/PDF/2-ingles/0033-2019.pdf.

Puerto Rico Coastal Zone Management Program. (2018). Public perception study on risk
and resilience to climate change. Prepared by Estudios Técnicos Inc. for the
Department of Natural and Environmental Resources, Office of the Coastal Zone and
Climate Change Program. Retrieved from https://www.pr-ccc.org/wp-content/uplo
ads/2023/06/Resumen-Ejecutivo_Estudio-de-percepcion-publica-sobre-el-riesgo-y-
la-resiliencia-al-cambio-climatico.pdf.

Puerto Rico House Bill #3797, § Law No. 227. (Legislative Year 2008). https://bvirt
ualogp.pr.gov/ogp/Bvirtual/leyesreferencia/PDF/2-ingles/0227-2008.pdf.

Reddy, S.M.W., Guannel, G., Griffin, R., Faries, J., Boucher, T., Thompson, M.,
Brenner, J., Bernhardt, J., Vertues, G., Wood, S.A., Silver, J.A., Toft, J., Rogers, A.,
Mass, A., Guerry, A., Molnar, J., DiMuro, J.L., 2016. Evaluating the role of coastal
habitats and sea-level rise in hurricane risk mitigation: an ecological economic
assessment method and application to a business decision. Integr. Environ. Assess.
Manag. 12 (2), 328-344. https://doi.org/10.1002/ieam.1678.

Ribot, J.C., Peluso, N.L., 2003. A theory of access. Rural. Sociol. 68 (2), 153-181.
https://doi.org/10.1111/j.1549-0831.2003.tb00133.x.

Roberts, C.M., O'Leary, B.C., McCauley, D.J., Cury, P.M., Duarte, C.M., Lubchenco, J.,
Pauly, D., Sdenz-Arroyo, A., Sumaila, U.R., Wilson, R.W., Worm, B., Castilla, J.C.,
2017. Marine reserves can mitigate and promote adaptation to climate change. PNAS
114 (24), 6167-6175. https://doi.org/10.1073/pnas.1701262114.

Rodriguez-Martinez, J., Soler-Lopez, L.R., 2014. Hydrogeology and Hydrology of the Punta
Cabullones Wetland Area, Ponce, Southern Puerto Rico, 2007-08. U.S. Geological
Survey. https://doi.org/10.3133/sir20145102.

Ruckelshaus, M.H., Guannel, G., Arkema, K., Verutes, G., Griffin, R., Guerry, A.,

Silver, J., Faries, J., Brenner, J., Rosenthal, A., 2016. Evaluating the Benefits of
Green Infrastructure for Coastal areas: Location, Location. Location. Coastal
Management 44 (5), 504-516. https://doi.org/10.1080/08920753.2016.1208882.

Sala, E., Mayorga, J., Bradley, D., Cabral, R.B., Atwood, T.B., Auber, A., Cheung, W.,
Costello, C., Ferretti, F., Friedlander, A.M., Gaines, S.D., Garilao, C., Goodell, W.,
Halpern, B.S., Hinson, A., Kaschner, K., Kesner-Reyes, K., Leprieur, F., McGowan, J.,
Lubchenco, J., 2021. Protecting the global ocean for biodiversity, food and climate.
Nature 592 (7854). https://doi.org/10.1038/541586-021-03371-z.

Saunders, M.I., Leon, J., Phinn, S.R., Callaghan, D.P., O'Brien, K.R., Roelfsema, C.M.,
Lovelock, C.E., Lyons, M.B., Mumby, P.J., 2013. Coastal retreat and improved water
quality mitigate losses of seagrass from sea level rise. Glob. Chang. Biol. 19,
2569-2583. https://doi.org/10.1111/gcb.12218.

Schaeffer, R., Szklo, A.S., de Lucena, A.F.P., Borba, B.S.M.C., Nogueira, L.P.P.,
Fleming, F.P., Troccoli, A., Harrison, M., Boulahya, M.S., 2012. Energy sector
vulnerability to climate change: a review. Energy 38 (1), 1-12. https://doi.org/
10.1016/j.energy.2011.11.056.

Schill, S.R., McNulty, V.P., Pollock, F.J., Luethje, F., Li, J.W., Knapp, D.E., Kington, J.D.,
McDonald, T., Raber, G.T., Escovar-Fadul, X., Asner, G.P., 2021. Regional high-
resolution benthic habitat data from planet dove imagery for conservation decision-
making and marine planning. Remote Sens. (Basel) 13 (21). https://doi.org/
10.3390/1rs13214215.

Seddon, N., Chausson, A., Berry, P., Girardin, C.A.J., Smith, A., Turner, B., 2020.
Understanding the value and limits of nature-based solutions to climate change and
other global challenges. Philos. Trans. R. Soc. B-Biol. Sci. 375 (1794). https://doi.
org/10.1098/rstb.2019.0120.


https://www.fema.gov/sites/default/files/documents/fema_4339-guide-nnbs-job-aids-coastal-puerto-rico.pdf
https://www.fema.gov/sites/default/files/documents/fema_4339-guide-nnbs-job-aids-coastal-puerto-rico.pdf
https://doi.org/10.1038/ncomms4794
https://doi.org/10.1109/Mspec.2018.8352572
https://doi.org/10.1016/j.ecolecon.2020.106595
https://doi.org/10.1016/j.ecolecon.2020.106595
https://download.gebco.net/
https://doi.org/10.1126/science.abf0861
https://doi.org/10.1371/journal.pone.0158094
https://doi.org/10.1038/nclimate1427
https://doi.org/10.1007/s11625-013-0214-8
https://doi.org/10.1007/s11625-013-0214-8
https://doi.org/10.3390/coasts4020014
https://doi.org/10.3390/d14100804
https://doi.org/10.59327/IPCC/AR6-9789291691647.001
https://doi.org/10.59327/IPCC/AR6-9789291691647.001
https://doi.org/10.2105/Ajph.2020.305814
https://doi.org/10.1038/nclimate2909
https://doi.org/10.1056/NEJMsa1803972
https://doi.org/10.1109/JPETS.2019.2900293
https://doi.org/10.1016/j.ocecoaman.2023.106487
https://doi.org/10.1016/j.ocecoaman.2023.106487
https://www.marineregions.org/sources.php#comarge
https://www.marineregions.org/sources.php#comarge
https://doi.org/10.1016/j.oneear.2021.06.010
https://doi.org/10.1016/j.oneear.2021.06.010
https://doi.org/10.1016/j.ecoser.2023.101543
https://doi.org/10.1016/j.ecoser.2023.101543
https://doi.org/10.1111/ele.12598
https://doi.org/10.3390/su4081908
https://doi.org/10.3390/su4081908
https://data.fs.usda.gov/research/pubs/iitf/iitf_gtr_35.pdf
https://data.fs.usda.gov/research/pubs/iitf/iitf_gtr_35.pdf
http://digitalcommons.lmu.edu/cate/vol7/iss1/5
http://digitalcommons.lmu.edu/cate/vol7/iss1/5
https://doi.org/10.18235/0000690
https://doi.org/10.18235/0000690
https://doi.org/10.1371/journal.pone.0154735
https://naturalcapitalproject.stanford.edu/software/invest
https://naturalcapitalproject.stanford.edu/software/invest
https://doi.org/10.1371/journal.pone.0131375
https://doi.org/10.1371/journal.pone.0131375
https://doi.org/10.25923/nc9w-5716
https://www.coast.noaa.gov/htdata/raster1/landcover/bulkdownload/30m_lc/
https://www.coast.noaa.gov/htdata/raster1/landcover/bulkdownload/30m_lc/
https://coast.noaa.gov/states/puerto-rico.html
https://www.fisheries.noaa.gov/inport/item/66139
https://response.restoration.noaa.gov/esi_download#PuertoRico
https://tidesandcurrents.noaa.gov/sltrends/
https://tidesandcurrents.noaa.gov/sltrends/
https://research.fs.usda.gov/iitf/products/dataandtools/puerto-rico-protected-natural-areas-2018
https://research.fs.usda.gov/iitf/products/dataandtools/puerto-rico-protected-natural-areas-2018
https://www.pr-ccc.org/wp-content/uploads/2023/06/PR_StateOfTheClimate_2014-2021_PRCCC-09-2022-1.pdf
https://www.pr-ccc.org/wp-content/uploads/2023/06/PR_StateOfTheClimate_2014-2021_PRCCC-09-2022-1.pdf
https://bvirtualogp.pr.gov/ogp/Bvirtual/leyesreferencia/PDF/2-ingles/0033-2019.pdf
https://bvirtualogp.pr.gov/ogp/Bvirtual/leyesreferencia/PDF/2-ingles/0033-2019.pdf
https://www.pr-ccc.org/wp-content/uploads/2023/06/Resumen-Ejecutivo_Estudio-de-percepcion-publica-sobre-el-riesgo-y-la-resiliencia-al-cambio-climatico.pdf
https://www.pr-ccc.org/wp-content/uploads/2023/06/Resumen-Ejecutivo_Estudio-de-percepcion-publica-sobre-el-riesgo-y-la-resiliencia-al-cambio-climatico.pdf
https://www.pr-ccc.org/wp-content/uploads/2023/06/Resumen-Ejecutivo_Estudio-de-percepcion-publica-sobre-el-riesgo-y-la-resiliencia-al-cambio-climatico.pdf
https://bvirtualogp.pr.gov/ogp/Bvirtual/leyesreferencia/PDF/2-ingles/0227-2008.pdf
https://bvirtualogp.pr.gov/ogp/Bvirtual/leyesreferencia/PDF/2-ingles/0227-2008.pdf
https://doi.org/10.1002/ieam.1678
https://doi.org/10.1111/j.1549-0831.2003.tb00133.x
https://doi.org/10.1073/pnas.1701262114
https://doi.org/10.3133/sir20145102
https://doi.org/10.1080/08920753.2016.1208882
https://doi.org/10.1038/s41586-021-03371-z
https://doi.org/10.1111/gcb.12218
https://doi.org/10.1016/j.energy.2011.11.056
https://doi.org/10.1016/j.energy.2011.11.056
https://doi.org/10.3390/rs13214215
https://doi.org/10.3390/rs13214215
https://doi.org/10.1098/rstb.2019.0120
https://doi.org/10.1098/rstb.2019.0120

M.S. Perkins et al.

Silver, J.M., Arkema, K.K., Griffin, R.M., Lashley, B., Lemay, M., Maldonado, S.,
Moultrie, S.H., Ruckelshaus, M., Schill, S., Thomas, A., Wyatt, K., Verutes, G., 2019.
Advancing coastal risk reduction science and implementation by accounting for
climate, ecosystems, and people. Front. Mar. Sci. 6. https://doi.org/10.3389/
fmars.2019.00556.

Spalding, M.D., Mclvor, A.L., Beck, M.W., Koch, E.W., Moller, I., Reed, D.J., Rubinoff, P.,
Spencer, T., Tolhurst, T.J., Wamsley, T.V., van Wesenbeeck, B.K., Wolanski, E.,
Woodroffe, C.D., 2014. Coastal ecosystems: a critical element of risk reduction.
Conserv. Lett. 7 (3), 293-301. https://doi.org/10.1111/conl.12074.

Storlazzi, C. D., Reguero, B. G., Viehman, T. S., Cumming, K. A., Cole, A. D., Shope, J. B.,
Groves, S. H., Gaido L., C., Nickel, B. A., & Beck, M. W. (2021). Rigorously Valuing the
Impact of Hurricanes Irma and Maria on Coastal Hazard Risk in Florida and Puerto Rico.
U.S. Geological Survey. https://doi.org/10.3133/0fr20211056.

Sullivan-Stack, J., Aburto-Oropeza, O., Brooks, C.M., Cabral, R.B., Caselle, J.E., Chan, F.
C., Duffy, J.E., Dunn, D.C., Friedlander, A.M., Fulton-Bennett, H.K., Gaines, S.D.,
Gerber, L.R., Hines, E., Leslie, H.M., Lester, S.E., MacCarthy, J.M.C., Maxwell, S.M.,
Mayorga, J., McCauley, D.J., Grorud-Colvert, K., 2022. A scientific synthesis of
marine protected areas in the United States: Status and Recommendations. Front.
Mar. Sci. 9. https://doi.org/10.3389/fmars.2022.849927.

Surroop, D., Raghoo, P., Bundhoo, Z.M.A., 2018. Comparison of energy systems in Small
Island developing States. Util. Policy 54, 46-54. https://doi.org/10.1016/j.
jup.2018.07.006.

Sweet, W. V., Hamlington, B. D., Kopp, R. E., Weaver, C. P., Barnard, P. L., Bekaert, D.,
Brooks, W., Craghan, M., Dusek, G., Frederikse, T., Garner, G., Genz, A. S., Krasting,
J. P., Larour, E., Marcy, D., Marra, J. J., Obeysekera, J., Osler, M., Pendleton, M., . ..
Zuzak, C. (2022). Global and Regional Sea Level Rise Scenarios for the United States:
Updated Mean Projections and Extreme Water Level Probabilities Along U.S. Coastlines.
Silver Spring, MD: NOAA National Ocean Service. https://earth.gov/sealevel/
us/internal_resources/756/noaa-nos-techrpt01-global-regional-SLR-scenarios-US.
pdf.

Tallis, H., Kennedy, C.M., Ruckelshaus, M., Goldstein, J., Kiesecker, J.M., 2015.
Mitigation for one & all: an integrated framework for mitigation of development
impacts on biodiversity and ecosystem services. Environ. Impact Assess. Rev. 55,
21-34. https://doi.org/10.1016/j.eiar.2015.06.005.

TEEB. (2010). The Economics of Ecosystems and Biodiversity Ecological and Economic
Foundations (P. Kumar, Ed.).

Temmerman, S., Meire, P., Bouma, T.J., Herman, P.M.J., Ysebaert, T., De Vriend, H.J.,
2013. Ecosystem-based coastal defence in the face of global change. Nature 504
(7478), 79-83. https://doi.org/10.1038/nature12859.

Thomas, A., Baptiste, A., Martyr-Koller, R., Pringle, P., Rhiney, K., 2020. Climate change
and small island developing states. Annu. Rev. Env. Resour. 45 (45), 1-27. https://
doi.org/10.1146/annurev-environ-012320-083355.

U.S. Army Corps of Engineers Climate Preparedness and Resilience. (Accessed 2020). Sea
Level Tracker.

U.S. Census Bureau. (2021). Puerto Rico. Retrieved May 26, 2023 from https://data.censu
s.gov/profile/Puerto_Rico.

14

Ecosystem Services 79 (2026) 101847

U.S. Department of Homeland Security Geospatial Management Office. (Accessed 2022).
Homeland Infrastructure Foundation-Level Data United States Electrical Substations [GIS
data]. https://www.dhs.gov/gmo/hifld.

U.S. Geological Survey. (2018). USGS EROS Archive - Digital Elevation - Shuttle Radar
Topography Mission (SRTM) 1 Arc-Second Global [TIF]. https://www.usgs.gov/ce
nters/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topography-
mission-srtm-1.

United Nations Department of Economic and Social Affairs & United Nations Office for
Disaster Risk Reduction. (2022). Gaps, Challenges and Constraints in Means of
Implementing the Sendai Framework for Disaster Risk Reduction in Small Island
Developing States. Retrieved from https://www.un.org/ohrlls/news/gaps-challen
ges-and-constraints-means-implementing-sendai-framework-disaster-risk-reduction.

United Nations Environment Programme. (2014). GEO Small Island Developing States
Outlook. https://www.unep.org/resources/report/global-environment-outlook
-small-island-developing-states-outlook-geo-sids.

United Nations Environment Programme. (2021). State of Finance for Nature 2021.
https://www.unep.org/resources/state-finance-nature-2021.

United Nations General Assembly. (2014). SIDS Accelerated Modalities of Action (SAMOA)
Pathway. (Agenda item 13 (a) GA Res 69/15). Retrieved from https://documents.un.
org/doc/undoc/gen/n14/628/45/pdf/n1462845.pdf.

United Nations Office for Disaster Risk Reduction. (2015). Sendai Framework for Disaster
Risk Reduction 2015-2030. Sendai, Japan Retrieved from https://www.undrr.
org/publication/sendai-framework-disaster-risk-reduction-2015-2030.

United Nations Office of the High Representative for the Least Developed Countries
Landlocked Developing Countries and Small Island Developing States. (2015). Small
Island Developing States In Numbers: Climate Change Edition 2015. https://sustainable
development.un.org/content/documents/2189SIDS-IN-NUMBERS-CLIMATE-CHAN
GE-EDITION_2015.pdf.

Wagenheim, K., Wagenheim, O. J., & Matthews, T. G. (2023). Puerto Rico. Encyclopaedia
Britannica. Retrieved May 26 2023 from https://www.britannica.com/place/Puerto
-Rico.

Winters, Z.S., Crisman, T.L., Dumke, D.T., 2022. Sustainability of the water-energy-food
nexus in caribbean small island developing states. Water 14 (3). https://doi.org/
10.3390/w14030322.

Woodroffe, C.D., Rogers, K., McKee, K.L., Lovelock, C.E., Mendelssohn, I.A., Saintilan, N.,
2016. Mangrove Sedimentation and Response to Relative Sea-Level rise. Ann. Rev.
Mar. Sci. 8 (8), 243-266. https://doi.org/10.1146/annurev-marine-122414-034025.

WorldPop, 2020. The spatial distribution of population density in 2020, Puerto Rico [TIF]. In:
Center for International Earth Science Information Network (CIESIN). Columbia
University. https://doi.org/10.5258/SOTON/WP00674.

Yu, M., Rivera-Ocasio, E., Heartsill-Scalley, T., Davila-Casanova, D., Rios-Lopez, N.,
Gao, Q., 2019. Landscape-level consequences of rising sea-level on coastal wetlands:
saltwater intrusion drives displacement and mortality in the twenty-first century.
Wetlands 39, 1343-1355. https://doi.org/10.1007/s13157-019-01138-x.


https://doi.org/10.3389/fmars.2019.00556
https://doi.org/10.3389/fmars.2019.00556
https://doi.org/10.1111/conl.12074
https://doi.org/10.3133/ofr20211056
https://doi.org/10.3389/fmars.2022.849927
https://doi.org/10.1016/j.jup.2018.07.006
https://doi.org/10.1016/j.jup.2018.07.006
https://earth.gov/sealevel/us/internal_resources/756/noaa-nos-techrpt01-global-regional-SLR-scenarios-US.pdf
https://earth.gov/sealevel/us/internal_resources/756/noaa-nos-techrpt01-global-regional-SLR-scenarios-US.pdf
https://earth.gov/sealevel/us/internal_resources/756/noaa-nos-techrpt01-global-regional-SLR-scenarios-US.pdf
https://doi.org/10.1016/j.eiar.2015.06.005
https://doi.org/10.1038/nature12859
https://doi.org/10.1146/annurev-environ-012320-083355
https://doi.org/10.1146/annurev-environ-012320-083355
https://data.census.gov/profile/Puerto_Rico
https://data.census.gov/profile/Puerto_Rico
https://www.dhs.gov/gmo/hifld
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topography-mission-srtm-1
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topography-mission-srtm-1
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-radar-topography-mission-srtm-1
https://www.un.org/ohrlls/news/gaps-challenges-and-constraints-means-implementing-sendai-framework-disaster-risk-reduction
https://www.un.org/ohrlls/news/gaps-challenges-and-constraints-means-implementing-sendai-framework-disaster-risk-reduction
https://www.unep.org/resources/report/global-environment-outlook-small-island-developing-states-outlook-geo-sids
https://www.unep.org/resources/report/global-environment-outlook-small-island-developing-states-outlook-geo-sids
https://www.unep.org/resources/state-finance-nature-2021
https://documents.un.org/doc/undoc/gen/n14/628/45/pdf/n1462845.pdf
https://documents.un.org/doc/undoc/gen/n14/628/45/pdf/n1462845.pdf
https://www.undrr.org/publication/sendai-framework-disaster-risk-reduction-2015-2030
https://www.undrr.org/publication/sendai-framework-disaster-risk-reduction-2015-2030
https://sustainabledevelopment.un.org/content/documents/2189SIDS-IN-NUMBERS-CLIMATE-CHANGE-EDITION_2015.pdf
https://sustainabledevelopment.un.org/content/documents/2189SIDS-IN-NUMBERS-CLIMATE-CHANGE-EDITION_2015.pdf
https://sustainabledevelopment.un.org/content/documents/2189SIDS-IN-NUMBERS-CLIMATE-CHANGE-EDITION_2015.pdf
https://www.britannica.com/place/Puerto-Rico
https://www.britannica.com/place/Puerto-Rico
https://doi.org/10.3390/w14030322
https://doi.org/10.3390/w14030322
https://doi.org/10.1146/annurev-marine-122414-034025
https://doi.org/10.5258/SOTON/WP00674
https://doi.org/10.1007/s13157-019-01138-x

	Exploring the disaster risk reduction and energy resilience benefits of coastal ecosystems and protected areas in Puerto Rico
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Modeling exposure
	2.3 Modeling future scenarios
	2.4 Assessing communities and energy infrastructure at risk

	3 Results
	3.1 Territory-scale risk
	3.2 Municipality-scale risk

	4 Discussion
	4.1 Advancing previous studies and frameworks for ecosystem services
	4.2 Management implications
	4.3 Model limitations and opportunities
	4.4 Questions for further research

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


