Recovery Planning for
Natural Resources and
Parks in Puerto Rico
Natural and Cultural Resources Sector Report,
Volume I
SUSAN A. RESETAR, ABBIE TINGSTAD, JOSHUA MENDELSOHN, MIRIAM ELIZABETH MARLIER, BETH E. LACHMAN, KATHERINE ANANIA,
CHANDRA GARBER, DAVID M. ADAMSON

HS AC
HOMELAND SECURITY
OPER ATIONAL ANALYSIS CENTER

An FFRDC operated by the RAND Corporation under contract with DHS

Published in 2020

Preface

On August 8, 2018, the government of Puerto Rico submitted to Congress its economic and
disaster-recovery plan, as required by the Bipartisan Budget Act of 2018 (Pub. L. 115-123).
Under a contract with the Federal Emergency Management Agency, the Homeland Security
Operational Analysis Center (HSOAC) provided substantial support in developing the plan by
soliciting and integrating inputs from a wide variety of stakeholders, contributing analysis where
needed, and drafting the plan.
To support federal agencies evaluating and funding recovery actions, HSOAC is releasing
this detailed report for natural resources and park assets in the Natural and Cultural Resources
Sector.1 The purpose of this document is to provide decisionmakers greater detail on
•
•
•
•
•

the conditions in Puerto Rico prior to the 2017 hurricane season
damage from Hurricanes Irma and Maria
courses of action that we identified to help the sector (and, more broadly, Puerto Rico)
recover in a resilient manner
potential funding mechanisms
considerations for implementers as they move forward.

This document will likely also be of interest to other stakeholders funding or implementing
recovery activities in Puerto Rico, including commonwealth and local agencies,
nongovernmental organizations, and the private sector. Furthermore, this body of material
contributes to the larger literature about natural resources and disaster recovery and resilience
and might be of interest to other communities planning for or recovering from similar disasters.
This research was sponsored by the Federal Emergency Management Agency and conducted
within the Strategy, Policy, and Operations Program of the HSOAC federally funded research
and development center (FFRDC).

About the Homeland Security Operational Analysis Center
The Homeland Security Act of 2002 (Section 305 of Public Law 107-296, as codified at
6 U.S.C. § 185) authorizes the Secretary of Homeland Security, acting through the Under
Secretary for Science and Technology, to establish one or more FFRDCs to provide independent
analysis of homeland security issues. The RAND Corporation operates HSOAC as an FFRDC
for the U.S. Department of Homeland Security (DHS) under contract HSHQDC-16-D-00007.

1

Cultural resources and alternative tourism, also included in this sector, are treated in a separate report (Resetar
et al., forthcoming).

iii

The HSOAC FFRDC provides the government with independent and objective analyses and
advice in core areas important to the department in support of policy development,
decisionmaking, alternative approaches, and new ideas on issues of significance. The HSOAC
FFRDC also works with and supports other federal, state, local, tribal, and public- and privatesector organizations that make up the homeland security enterprise. The HSOAC FFRDC’s
research is undertaken by mutual consent with DHS and is organized as a set of discrete tasks.
This report presents the results of research and analysis conducted under task
order 70FBR218F00000032, “Puerto Rico Economic and Disaster Recovery Plan: Integration
and Analytic Support.”
The results presented in this report do not necessarily reflect official DHS opinion or policy.
For more information on HSOAC, see www.rand.org/hsoac. For more information on this
publication, see www.rand.org/t/RR2605. More information about HSOAC’s contribution to
planning for recovery in Puerto Rico, along with links to other reports being published as part of
this series, can be found at www.rand.org/hsoac/puerto-rico-recovery.
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Summary

In response to Hurricanes Irma and Maria, which devastated Puerto Rico in September 2017,
Congress appropriated funds for recovery and required the governor of Puerto Rico to submit a
recovery plan within six months (i.e., by August 8,
2018). The plan, Transformation and Innovation in
the Wake of Devastation: An Economic and Disaster
Recovery Plan for Puerto Rico (Central Office for
Recovery, Reconstruction and Resiliency, 2018),
covers the vision, goals, and strategic objectives for
rebuilding and transforming Puerto Rico, as well as
specific recovery actions identified to achieve these objectives. The recovery plan’s strategic
objectives—including the one focusing on the natural environment (see box)—address
investments tied to Puerto Rico’s economic growth and disaster resilience.
Response to and recovery from damage related to the natural environment is overseen by the
Natural and Cultural Resources (NCR) Sector, which encompasses both natural and built assets.
To support the evaluation and funding of recovery actions related to natural assets, the
Homeland Security Operational Analysis Center (HSOAC) is releasing this detailed report for
natural resources and park assets within the NCR sector. Although the recovery plan lays out a
comprehensive vision for Puerto Rico’s future and a pathway to get there, it provides limited
detail to support implementation of the identified recovery actions. The information included in
this report provides decisionmakers with greater detail on the conditions in Puerto Rico prior to
the 2017 hurricane season; damage from Hurricanes Irma and Maria; a framework for
understanding and shaping natural resource recovery; courses of action that were identified to
help Puerto Rico’s natural resources, parks, and communities in general recover in a resilient
manner; potential funding mechanisms for these actions; and material for implementers as they
move forward. Cultural and historical resources (archaeological sites, historic properties,
collections, libraries, archives, museums, artists, performers, and performing arts centers) and
alternative tourism, also included in the NCR sector, are discussed in a separate report.2
The information contained in this report reflects material that was available during the
development of the recovery plan, including what was known about damage and needs through
June 8, 2018. This document will likely be of interest to stakeholders funding or implementing
recovery activities in Puerto Rico, including commonwealth-level and local agencies,
nongovernmental organizations, academics, federal agencies, and the private sector.
2

See the companion information on cultural and historical resource recovery planning for the natural and cultural
resource sector, available at Resetar et al., forthcoming.
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The Importance of Recovering Natural Resources
For the purposes of recovery planning, we grouped Puerto Rico’s natural resources into
coastal resources (coral reefs and seagrasses, dunes and beaches, and wetlands), natural
resources (forests, soil sedimentation and erosion, and threatened and endangered species),
environmental issues (debris, landfills, and water quality), and parks and recreation assets
(Puerto Rico’s national parks, commonwealth recreation sites, and municipal recreation sites).3
Puerto Rico’s coasts, forests, waterways, and biodiversity are important assets for economic
development, for the health and well-being of residents and visitors, and for the functioning of
Puerto Rico’s natural systems.4 They provide food, clean air and water, materials, and business
opportunities in countless ways. And these resources play an important role in communities’
safety, cultural heritage, traditions, and sense of place.
The contributions or services that natural resources provide to residents and their
communities are characterized as provisioning services, regulating services, cultural services, or
habitat services (examples of which are illustrated in Figure S.1), each of which has economic
value.
As shown in the figure, Puerto Rico’s forests, mangrove swamps, and wetlands provide land
stabilization, water purification, and habitat for food sources, which protect built infrastructure
and reduce expenditures resulting from flooding or landslides. Coastal resources, such as beaches
and dunes, coral reefs, seagrasses, and marine wetlands, work together to attenuate wave action
and storm energy, providing the first line of protection to the 44 coastal municipalities in Puerto
Rico (Puerto Rico Climate Change Council, 2013, p. 5). These protections can be substantial: A
meta-analysis found that coral reefs can reduce wave energy by up to 97 percent (Ferrario et al.,
2014; National Ocean Service, undated). Furthermore, by absorbing storm surges and rainwater
runoff that can lead to flooding, coastal wetlands can reduce damage to homes and other built
infrastructure, which, in turn, reduces human exposure to mold, pollutants, and disease vectors.
In Puerto Rico, the economic benefits of provisioning services measured in economic terms are
those to productive agriculture, fisheries, recreation, and tourism opportunities. For example, the
latest available agricultural census figures indicate that, in 2012, more than 13,000 farms in
Puerto Rico sold a total of $547.6 million in agricultural products, which benefit from
pollination, pest regulation, air- and water-cycle regulation, and nutrient cycling services of
ecosystems (National Agricultural Statistics Service, 2015). Natural resources also contribute to
the ocean economy by providing seafood and marine products, recreational opportunities,
aesthetics, and cultural identity of the local community. Data from 2012 suggest that the ocean
economy accounts for 7 percent of Puerto Rico’s total employment, contributing nearly
3

Puerto Rico’s national park system is distinct from the U.S. National Park Service. Puerto Rico’s national park
system might be considered equivalent to a state park system.
4

Biodiversity means the variability among all living organisms, including diversity within species, between species,
and within ecosystems.
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$1 billion in wages (Abt Associates, Advantage Business Consulting, and Center for the Blue
Economy, 2016).
Figure S.1. Functions of Natural and Cultural Resources
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The connection to tourism is a special focus for NCR recovery, given the richness of Puerto
Rico’s natural and cultural resources. Puerto Rico’s natural resources play a key role in the
economy as tourist attractions. In addition, each municipality has natural (and cultural) areas and
local and commonwealth parks that are significant to residents and visitors alike. Alternative
tourism—which builds on ecological, adventure, gastronomical, agricultural, and cultural
attractions to create distinctive experiences—is especially salient because it generates economic
activity in areas outside the major metropolitan area of San Juan, helping local areas prosper.
Tourism provides income, jobs, and government revenue, a portion of which can be
reinvested in sustaining and managing natural resources. Between 2006 and 2015, annual tourist
visits averaged about 4.6 million. Overall data from 2016 show that Puerto Rico’s travel and
tourism industry contributed approximately $8.1 billion in direct and indirect revenues to the
economy, which is estimated to be about 8 percent of Puerto Rico’s gross domestic product
(“Stats,” 2018). Annual revenue to the government from tourism is estimated at $215 million in
state taxes, almost $20 million in city taxes, and $70 million from room taxes, some of which
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could be reinvested in properly managing natural resources. However, when ecosystems are
degraded and biodiversity is reduced, the benefits and ecosystem resilience (see box for the
definition included in the recovery plan) are reduced. Recovery choices that weigh alternative
policies and investments need to consider the full value of these ecosystem services provided to
communities. Frequently, however, the value of these services is not apparent to decisionmakers.
To remedy this, we included estimates of the value of these services taken from the literature.
Figure S.2 shows estimates of the value of some of the more-relevant ecosystem services for
Puerto Rico’s recovery. For example, in the figure, each hectare of wetlands generates
provisioning services (e.g., food, raw materials), regulating services (e.g., air quality, flood
control, water quality, erosion control), habitat services (e.g., nurseries), and cultural services
(e.g., aesthetics, recreation), together valued at $201,599 per hectare per year in international
units at 2009 price levels (Li and Fang, 2014).5 Corals and seagrasses provide $366,339 of
services per hectare per year, while forests provide $5,474 per hectare per year.
Resilience Defined
Enhance Puerto Rico’s ability to withstand and recovery from future disasters through
• Individual, business, and community preparedness
• Redundant systems
• Continuity of operations
• Improved codes and standards

Understanding the value that natural resources provide and identifying the interactions
between the natural world and society are essential for developing goals and activities to restore
both habitat and built structures damaged by the hurricanes.

5

These values are the averages of those developed in studies performed at various locations across the globe using
quite disparate methods. They do not reflect the unique situation of Puerto Rico.
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Figure S.2. Estimated Dollar Value of the Products and Services That Natural Systems Provide to
Communities

SOURCES: Central Office for Recovery, Reconstruction and Resiliency, 2018; Li and Fang, 2014.
NOTE: The amounts are in international dollars per hectare per year at 2009 price levels. The equivalent amounts
per acre are $148,255 for coral reef and seagrass, $81,586 for wetlands, and $2,215 for forests. The international
dollar, or the Geary–Khamis dollar, is used to denote the value of a good or service in common terms across
countries. It indicates the value in terms of the purchasing-power equivalent to US$1 (applying exchange rates and
purchasing-power parity of the identified year). Ecosystem values are from Li and Fang, 2014.

A Conceptual Framework for Natural Resource Recovery Planning
Natural resources often work together interdependently within and among ecosystems. For
example, coral reefs, seagrasses, and marine wetlands reduce storm energy and protect the
coastline in complementary ways and provide greater protection in aggregate than they could
individually (Guannel et al., 2016). Another consequence of this interdependence is that harming
one natural resource (or component subsystem) can affect the functioning of other natural
resources. Because ecosystems are complex and adapting, changes to a resource can affect
outcomes in unpredictable and nonlinear ways (i.e., very rapidly or abruptly). Furthermore, many
scientists believe that biodiversity plays a key role in system functioning and in an ecosystem’s
ability to recover from disturbances.
Portraying natural resource recovery within a formal, complex, adaptive social–ecological
system framework explicitly recognizes that natural resources and their ecosystems are complex,
dynamic, and interactive and that natural systems interact and are inextricably linked with human
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systems that are equally complex and adaptive. Each system influences and responds to another.
System interactions make it clear that natural resources have a complementary relationship with
resources in other recovery sectors, such as transportation, housing, municipalities, public
buildings, and economic development. Not only can they protect assets in these sectors if
managed properly; natural systems can provide compatible and, in some cases, more-robust
services than human-built or engineered systems. If these resources are properly managed and
comprehensive land-use planning occurs, natural resources can work in association with the built
environment to improve Puerto Rico’s overall resilience—of both its social and its ecological
systems—to future storms and other disturbances.
The hurricanes’ full effects on Puerto Rico’s natural and cultural resources will not be fully
understood for years to come. Moreover, although ecosystem succession often involves
disturbances from storms and other shocks, these recovery pathways are not well understood. As
mentioned earlier, because of interactions and adaptations at the individual through system
levels, complex social–ecological systems can adapt and evolve in uncertain and unpredictable
ways. Setting recovery goals for natural resources requires either explicit or implicit
consideration of disturbance-related recovery processes, in addition to considerations regarding
the severity of damage and all the previously mentioned system dynamics. For these reasons,
natural resource recovery is highly complex and uncertain and requires active participation of
diverse stakeholders who benefit from or manage these assets.
Adaptive management is a useful approach for disaster recovery when there is limited
baseline information on assets, gaps in scientific knowledge, and uncertainties regarding
recovery pathways. Continued assessment and monitoring and stakeholder involvement are two
key tenets of adaptive management (outlined in Figure S.3) used in natural resource management
and that are incorporated into the proposed recovery actions.
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Figure S.3. Adaptive Management as an Approach for Natural Resource Recovery

SOURCE: Williams and Brown, 2012, p. 13.

Summary of Damage to Natural Resources and Parks
Congress required the recovery plan to be developed from assessments of hurricane damage
to assets in Puerto Rico. The assessments provided an initial look at how some assets weathered
the storm, how others did not, and where the immediate damage occurred. We assessed damage
to coastal resources (coral reefs and seagrasses, dunes and beaches, and wetlands and mangrove
swamps), terrestrial resources (forests, sedimentation and erosion, and threatened and
endangered species), environmental issues (debris, landfills, and water quality), and parks and
recreation assets. Our insights from these assessments formed the basis for developing recovery
strategies. Although these assessments provided valuable early information for developing nearterm recovery strategies, ecosystem dynamics in response to disturbances are not well
understood, and the full array of effects that the extreme weather associated with Hurricanes
Irma and Maria had on Puerto Rico’s natural (and cultural) resources might not be fully realized
for years to come. For example, initial forest assessments might count the number of dead trees,
but there could be a long-term ecological lag in which additional trees might die from stress,
disease, spread of invasive species, or other vulnerability from the hurricanes. There might also
be cascading consequences to other plants or animals that rely on a forest canopy that will not be
realized until after some time.
Table S.1 provides a high-level summary of the known damage to natural resources and
parks at the time the recovery plan was being developed (June 2018). In some cases, we provide
examples to illustrate the information generated in the assessments.
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Table S.1. Summary of Known Damage to Natural Resources and Parks in Puerto Rico After
Hurricanes Irma and Maria

Natural Resource Assessed

Focus of Assessment (or
Illustrative Example)

Wetlands (Ambienta, 2018; Branoff, The main island
Cuevas, and Hernández, 2018)a

Summary of Initial Findings
A rapid assessment of 20 sites found that the
hurricanes significantly affected the areas
around wetlands and increased stress—
severely for forested wetlands and less so for
emergent wetlands. Wetlands were stressed by
hydrological changes; debris; and tree
defoliation, disease, and damage.

Five sites: Punta Tuna in
Maunabo, Punta Santiago
in Humacao, Piñones in
San Juan, Ciénaga las
Cucharillas in Cataño, and
Jobos in Isabela

Researchers used imagery data and ground
surveys to assess damage at five coastal
wetlands. All sites experienced defoliation,
uprooting of trees, and breaking of tree
branches and trunks. Damage varied, but
overall damage across the five sites was 27%
vegetative mortality, with mangrove mortality
higher, at 53%. Isabela and Punta Tuna each
experienced widespread mangrove mortality at
95% and 68 to 98%, respectively. Other sites
experienced less. Disturbance to the
hydrological conditions at Ciénaga las
Cucharillas altered the distribution of wetland
vegetative species.

Dunes (Mayer et al., 2018)

24 sites on the north coast

Dunes lost vegetation and were eroded,
particularly in areas with high levels of foot and
vehicular traffic.

Beaches (Barreto-Orta, 2018)

The main island

Preliminary results of beach damage Puerto
Rico–wide varied based on indicators of
erosion, scarring, channel incision, and
washout. Beaches in the areas of the west to
northwest (between Mayagüez and Camuy),
north central (Arecibo to West San Juan), and
east-southeast (Ceiba to Arroyo) experienced
the greatest damage from the hurricanes,
particularly those having experienced prior
erosion or human interference. Punta Santiago,
for example, lost more than 30 m of beach
width.
Assessments of over 400,000 m2 at 153 sites
found high variability in the damage—some
sites showing 100% damage and others
displaying little to no damage—for an average of
11%, or about 5,500 ha of reefs damaged.
Reefs on the path with the most storm energy
(northeast, north, and western parts of the
largest island and Vieques and Culebra)
displayed the most damage. The corals most
valuable for building reef structure, including
endangered corals, were the most severely
affected. To mitigate additional reef damage,
more than 10,000 loose corals were reattached
during the assessment process.

Coral reefs (NOAA, 2018b; personal Puerto Rico–wide
communication between Antares
Ramos, Susan Resetar, and
Katherine Anania, July 24, 2018)
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Natural Resource Assessed

Focus of Assessment (or
Illustrative Example)

Seagrasses (K. Kaufman, 2018b)

Puerto Rico–wide

Seagrass sites, which function in tandem with
corals, experienced possible or probable
hurricane-related damage because of wave
action, sediment scouring and deposition, and
stress caused by diminished water quality from
excessive sewage and other pollutants.

Forests (rapid forest assessment:
Puerto Rico–wide
Feng, Negron-Juarez, et al., 2018b.
Landsat observations were used.
Urban forests: Meléndez-Ackerman,
2018. Nurseries: G. Hernandez,
2018)

At-risk species (DRNA, 2015;
US FWS, 2019b; Rivera-Milán,
2018a; Rivera Milán and Martínez,
2018; Vilella and Gallardo, 2018)

Summary of Initial Findings

Forests experienced widespread damage
affecting forest functions that support plant and
animal habitats, provide ecosystem services,
and offer recreational and tourism opportunities.
This has also increased the potential for more
stormwater runoff; greater landslide risk; and
additional sedimentation in waterways, water
storage reservoirs, and utility systems.
Preliminary estimates suggested that the
hurricanes might have killed or severely
damaged 23 million to 31 million trees Puerto
Rico–wide, but more–in depth surveys are
needed to determine the severity and
permanence of damage.b

Río Abajo State Forest and
El Yunque National Forest

Preliminary results from lidar observations in
these two forests suggest average declines in
canopy height of 6 to 7 m since 2017.

Urban tree cover

In a regional-scale analysis of urban tree cover,
researchers found that the area of tree cover
declined by 25% in San Juan (about 18 km2),
6 percent in Ponce (a little more than 24 km2),
and 4% in Mayagüez (a little more than 6 km2).

Tree nurseries

Tree nurseries sustained substantial structural
and operational damage, and forest ecologists
in Puerto Rico believe that tree nurseries cannot
support Puerto Rico–wide tree planting efforts in
their current state.

Puerto Rico–wide

Puerto Rico’s Department of Natural and
Environmental Resources has identified
316 species of greatest conservation need,
which include 77 federally listed at risk as T&E
species. The hurricanes damaged ecosystems
Puerto Rico–wide with consequences to these
species and other wildlife (such as game
species), including direct loss of individuals, loss
of habitat (or changes in habitat structure and
function, which, in turn, could lead to additional
population losses), and increases in invasivespecies competition and predation.
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Natural Resource Assessed

Focus of Assessment (or
Illustrative Example)

Summary of Initial Findings

Individual T&E species

To determine losses to habitat and individuals,
ecologists and wildlife biologists performed
species-unique assessments on a limited
number of birds, amphibians, invertebrates, and
plants. Although the resulting assessments were
limited in number, they showed mostly dramatic
declines and threats. These effects have longterm cascading consequences likely leading to a
lowering of Puerto Rico’s biodiversity, including
potentially putting additional species at risk of
extinction and reducing the resilience of Puerto
Rico’s ecosystems.

Puerto Rican plain pigeon
(Patagioenas inornata
wetmorei)c

Surveys of the main island for this federally
endangered species show an estimated decline
of 94% (about 749 individuals left). In areas of
most abundance, the population declined by an
estimated 88%.

Puerto Rican sharp-shinned This federally endangered endemic species’
hawk (Accipiter striatus
population declined by an estimated 56%. In
venator)c
addition, 57% of the nest trees used by hawk
pairs were destroyed.
Landslides (Bessette-Kirton et al.,
2017; Larsen and Torres-Sánchez,
1998; Morales-Vélez and Hughes,
2018; imagery data gathered by
FEMA, NOAA, and Digital Globe;
sedimentation: Central Office for
Recovery, Reconstruction and
Resiliency, 2018, and USDA, 2018)

The main island

The hurricanes led to landslides in the largest
island’s interior that blocked roads, increased
sedimentation in reservoirs and behind dams,
and created debris. Especially vulnerable to
landslides are Puerto Rico’s steep mountain
terrain; areas exposed to intense storm tracks;
and areas that have been heavily modified by
human use, such as forested areas that have
been cleared for agriculture or roads. A
preliminary analysis showed that the density
reached more than 6,475 landslide events per
square kilometer in some parts of the main
island and more than 40,000 individual
landslides across the main island. Overall, all
these landslides had effects on water supply,
transportation, housing, other infrastructure,
forest structure, and marine and T&E species’
habitats.

Upper Río Grande de
Arecibo drainage basin

This area, which supplies part of the drinking
water supply to the San Juan metropolitan area,
experienced close to 15,000 distinct landslide
failure locations. Although these reservoirs were
filling with sediment before the hurricanes,
landslides exacerbated this environmental issue
and added an estimated 23 million m3 of
sediment potential to the watershed, enough to
fill 22 Empire State Buildings. Because Puerto
Rico experiences droughts, reservoir capacity is
a concern. Sedimentation and high flow
damaged three hydroelectric turbines at the Dos
Bocas Dam.
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Natural Resource Assessed
Water quality (Adams, 2018a,
pp. 10–11; NOAA, 2018a)

Focus of Assessment (or
Illustrative Example)

Summary of Initial Findings

Puerto Rico–wide

During the peak of Hurricane Maria, many
reservoirs were receiving and discharging more
than 2,000 m3 of water per second. Preliminary
reports on the short-term effects on fisheries
suggest that they were generally resilient.
However, untreated sewage discharge during
and after the storm affected water quality in
freshwater reservoirs, marine sites, and other
important ecological areas. Cumulative sewage
discharge is linked to degraded coastal water
quality. However, the full consequences of these
discharges are not fully known. Conservative
estimates of potential sewage discharges in
millions of liters by hydrological unit are
presented in the assessment report.

Watersheds near the San
Juan metropolitan region
(namely, in Cataño,
Carolina, and Loíza)

In the assessment, researchers estimated that
almost 52 billion L of sewage was discharged
into these watersheds.

Manatí, Mayagüez, and
Ponce

We estimated cumulative sewage discharge
near these areas at almost 3 billion to about
4.5 billion L.

Landfills and debris (Carpenter,
Puerto Rico–wide
2018a; Congressional Task Force
on Economic Growth in Puerto Rico,
2016; EPA, 2016b; Kennedy and
Migaki, 2017; Weston Solutions,
2018b)

Solid-waste management and landfill capacity
and compliance have been ongoing issues in
Puerto Rico. The hurricanes exacerbated these
problems. The storms created an estimated
4,740,240 m2 of waste and debris, enough to fill
about 43 football stadiums with waste eight
stories high (Kennedy and Migaki, 2017),
leaving Puerto Rico with an estimated two to
four years of remaining landfill capacity. About
one year of capacity was lost to hurricanerelated debris. Not accounted for in these
assessments is the potential demolition waste
from damaged buildings and structures.
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Natural Resource Assessed

Focus of Assessment (or
Illustrative Example)

Parks and recreational sitesd

Puerto Rico–wide

Summary of Initial Findings
Researchers’ qualitative estimates of hurricane
damage were that roughly 38% of parks rated
moderate and 16% experienced severe or nearcomplete levels of damage. Park damage was
heaviest in the direct path of the hurricanes,
where 20 to 25% of parks were rated as having
sustained severe or near-complete damage and
lightest on the west side of the main island,
where no park received either of those ratings.
Parks with hard-surface amenities (e.g.,
basketball courts, playgrounds, tennis courts)
were less likely than sports fields and other softsurface parks to receive high damage ratings.

NOTE: NOAA = National Oceanic and Atmospheric Administration. T&E = threatened and endangered.
a
Twenty sites across the main island that had been evaluated before the storms were reevaluated, five in detail.
b
Since we completed our analyses, a lidar analysis of the main island has indicated that 40 to 60 percent of the trees
that formed the forest canopy were damaged in the hurricanes. One Goddard ecologist, Doug Morton, said, “The
island lost so many large trees that forests were shortened by one-third. We basically saw 60 years’ worth of natural
treefall disturbances happen in one day” (Gray and Carlowicz, 2019).
c
Other T&E assessments were performed. These were selected to illustrate the type of hurricane effects
experienced.
d
Data collection performed by NCR staff with contractor support, February–June 2018. Cost estimates generated by
NCR staff, May–June 2018. Data analysis by HSOAC staff, May–July 2018.

Recovery Strategies and Actions for Natural Resources and Parks
We developed recovery strategies to restore and protect Puerto Rico’s natural assets from the
hurricanes’ effects and thereby create healthy, resilient ecosystems that support its people,
infrastructure, and economy. An NCR-sector damage and need assessment, recovery goals, and
25 courses of action (COAs) were developed by working groups of subject-matter experts and
stakeholders from Puerto Rico agencies, federal agencies, nongovernmental organizations
(NGOs), academic organizations, and HSOAC. The COAs are grounded in known damage to
natural resources and parks resulting from the hurricanes, informed by previous planning efforts
and natural resource management activities in Puerto Rico, and derived from accepted ecological
science and best management practices.
After discussing the COAs’ contributions to the recovery plan’s capital objectives and
strategic initiatives, Puerto Rico’s government selected the NCR COAs described in this report.6
Table S.2 presents the NCR COAs covered in this report and a brief description of key objectives
and activities. (This table does not present an exhaustive list of activities for each COA; full
descriptions appear in Appendix C.) Many COAs included in the plan, such as the selective
replanting of corals, seagrasses, and forests, are essential for natural resource recovery at a basic
level. However, the portfolio of COAs in the plan also includes implementing morecomprehensive conservation and recovery strategies, with an eye toward building greater
sustainability and resilience (especially considering complex, adaptive interactions among
6

For more information on this subject, see RAND Corporation, undated.
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various resources and the potential for climate change effects) and creating closer linkages to
economic activity while maintaining and protecting these resources.
Table S.2. Natural and Cultural Resources–Related Courses of Action and Key Objectives
COA ID

COA Title

Key Objective

NCR 5

Forest Recovery in Rural
Protected Areas, Private
Forests, Critical
Watersheds, and Urban
Areas

Develop and implement Puerto Rico–wide strategic forest recovery and
conservation strategies through public and private collaborations to restore
the function and structure of rural protected forests, ecological corridors,
private forested lands, agroforestry, and urban forests essential to species
recovery, soil stabilization, improved air and water quality, reduction of urban
heat islands, and improvements to stormwater management. Plant trees,
acquire conservation easements, build local capacity, and collaborate to
improve forest management and restoration for agriculture, wildlife habitat,
and greater overall resilience.

NCR 6

Implement Individual AtRisk Species Recovery
Activities

Implement tailored recovery plans for a limited number of at-risk bird,
invertebrate, amphibian, reptile, and plant species that combine habitat
restoration‚ captive breeding‚ and predation threat reduction to improve
ecosystem health and resilience that contributes to ecotourism and
agricultural production. In activities, emphasize maximizing habitat quality,
connectivity, and availability; increasing wild populations; and minimizing
invasive-species competition or predation to help prevent species from going
extinct, help recover habitats for multiple species, help improve overall
biodiversity, and help improve ecological services, such as water quantity
and quality.

NCR 7

Develop Partner Networks
for Recovering Plant and
Animal Species

Develop a comprehensive network of partners to work together to help fund
actions for species preservation, better align this funding, develop human
capital and capacity in species management, educate the public, and
develop experiential and tourism opportunities. Use the network of partners
to develop disaster response plans and contingencies, seek additional
funding sources, and identify new educational and tourism opportunities.

NCR 8

Increase Landfill Capacity to
Dispose of HurricaneRelated Waste and to
Properly Manage Future
Waste

Create approximately 18 new lined landfill cells and 11 new transfer stations,
increasing staff as necessary to manage permitting and inspection needs to
ensure sufficient landfill capacity to protect air, water, and soil quality and
public health.

NCR 9

Landfill Repair and Closure

Complete repairs to hurricane-damaged landfills and close unlined dumps,
which threaten public health and the environment and undermine incentives
to use compliant landfills. The dump closures will require municipalities to
transport waste to other landfills or facilities.

NCR 10 Clean Up and Eliminate Use Reduce threats to public health and the environment; ensure safe, effective,
of Unpermitted,
and compliant solid-waste management practices that are economically
Unregistered Dumps
sustainable; and positively affect tourism and other aspects of the visitor
economy, clean up and eliminate unregistered, unpermitted sites and
prevent new ones from forming. Use sorted materials to help recyclers and
farmers.
NCR 11 Establish a Long-Term,
Sustainable, Integrated
Solid Waste Management
Program

Update Puerto Rico’s Solid-Waste Management Plan as required by
42 U.S.C. § 6942(b), develop comprehensive solid-waste management
strategies and infrastructure‚ waste-reduction initiatives‚ and composting and
recycling practices. In addition to mitigating risks to the environment and
public health, this will help ensure sufficient landfill capacity in the future and
establish an improved capacity for managing storm-related debris.
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COA ID

COA Title

Key Objective

NCR 12 Develop Forest Products
Industry

Extend a pilot project to manage valuable wood gathered in the
posthurricane vegetation waste-removal process and to revive local markets
for hardwoods by building long-term capacity and expertise to manage
woody debris and reduce vulnerability to public health threats and damage
to buildings and infrastructure caused by delayed access during future
storms. Processed wood will provide economic, cultural, educational,
ecological, and research benefits. For example, processed wood will be
available for historical reconstruction projects and for local craft production.

NCR 13 Reduce Sediment Pollution
and Risk from Landslides

Stabilize soils in areas prone to landslides using vegetative, bioengineering,
and structural approaches. These activities will diminish future risk to
communities and critical infrastructure to prevent erosion and sedimentation,
reduce flooding, increase resilience to disasters, and reduce negative effects
on the environment and public health. Provide information on landslide
hazard to highest-risk communities and develop strategies, such as
response and land-use plans, to mitigate risk from future landslides.

NCR 14 Water Quality
Improvements at the
Watershed Scale

Develop watershed restoration and management strategies in four priority
watersheds: Arecibo‚ Cabo Rojo/Guánica‚ the Northeast Ecological Corridor,
and the San Juan metropolitan area (include control efforts for two highly
sensitive coastal areas, Mosquito Bay Natural Reserve and Tres Palmas
Marine Reserve) to help communities manage stormwater runoff and soil
erosion, to reduce future loss of reservoir capacity, and to reduce pollution
risk to freshwater bodies and the marine environment.

NCR 15 Coral Reef and Seagrass
Protection and Restoration

Develop management plans and replant damaged coral reef and seagrass
sites to maintain and increase the coastal protection services they provide to
coastal communities with large populations and significant economic activity.
Activities include creating marine benthic habitat maps; conducting field
assessments; establishing long-term monitoring programs; and establishing
farms and nurseries to grow and outplant seagrasses and coral through
collaboration among Puerto Rico and federal agencies, academia, NGOs,
private businesses, and communities.
These activities will provide cost-effective ways to increase coastal
protection from disasters; create jobs; increase biodiversity of coastal areas;
and enhance the fishing, tourism, and recreation economies. NCR 25, Blue
Shore Workforce Development, ensures that local capacity is available.

NCR 16 Wetlands Restoration

Restore coastal wetland capacity and hydrology at ten priority sites
throughout the main island with site-specific actions that include monitoring,
revegetation, and restoration of hydrology. This is to protect infrastructure,
agriculture, and habitats; provide aquifer recharge, filtration, and sediment
and erosion control; and protect coasts from storm surge and wave energy.

NCR 17 Reduce Coastal Erosion
and Provide Disaster
Protection Through
Beaches and Dunes

Stabilize and protect a limited number of beaches and dunes so that they
are resilient to storms and sea-level rise; protect human life‚ property, and
critical infrastructure in coastal areas; support biodiversity‚ tourism, and
recreation; and help improve the livelihoods of coastal communities.

NCR 18 Establish the San Juan
Barrier Reef System as a
Marine Protected Area

Declare the San Juan Barrier Reef a Puerto Rico marine protected area;
restrict fishing to support sustainable commercial and recreational fisheries;
and provide other protections to the restoration investment and the reef
system’s long-term health and resilience to provide long-term protection of
high-value infrastructure, tourism sites, and housing in San Juan and health
benefits to the community through reduced flooding.
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COA ID

COA Title

Key Objective

NCR 20 Redesign, Reorganize, and Reenvision and repair parks to building codes and standards; improve public
Rebuild Puerto Rican Parks access; employ low-impact development and green-infrastructure
approaches; establish greenways between parks; improve park governance
and management; and ensure that park services align with the needs of the
community. A first step is to assess the community needs; greenway and
green-infrastructure opportunities; and ways to improve the governance,
operations, planning, and maintenance of the parks for increased
sustainability and resilience.
NCR 21 Strategic Watershed,
Landscape, and
Conservation Corridor
Approaches

Develop and implement strategies to restore Puerto Rico’s forest,
agricultural, river, wetland, coastal, and watershed ecosystems by
implementing strategic, adaptive land and watershed management practices
that consider the interconnected nature of ecosystems through the creation
of land and river conservation corridors and the implementation of other
strategic approaches at watershed and landscape scales for key natural and
agricultural ecosystems; forests; and indicator, umbrella, and guild species
in partnership with landowners, private industry, and NGOs. Such actions
will enhance the resilience and hazard mitigation of these resources and
improve agricultural production, freshwater for human consumption, tourism,
recreation opportunities, human health, and watershed and natural and
agricultural ecosystem health across Puerto Rico.

NCR 22 Promote Alternative
Tourism for Economic
Development

Promote and increase alternative tourism in Puerto Rico to benefit
communities and increase their resilience by developing a geographically
focused destination strategy that capitalizes on existing natural, historical,
and cultural assets and by creating a supplementary and sustainable market
that supports economic growth and protects assets. This includes activities
to facilitate institutional, financial, and market development; develop human
capital and increase entrepreneurship; and develop strategies for
environmental conservation and land management in collaboration with all
stakeholders.
Network and collaborate with NGOs, universities, schools, businesses, and
aspiring entrepreneurs to build capacity and increase experience-based
tourism.

NCR 23 Protected Natural Area
Land Management for
Alternative Tourism

Develop alternative tourism to create revenues for local communities while
protecting natural resources over the long term. Develop management
planning systems, a revenue-generation program and concession policies,
and an impact investment program for alternative tourism on public, land
trust, and community-managed lands.

NCR 24 Enterprise Development for
Alternative Tourism

Foster small, medium, and micro enterprises for the development of
alternative tourism in three areas (Río Grande–Fajardo–Humacao;
Aguadilla, Aguada, and Moca; and Adjuntas and Penuelas) through market
visioning, exchange programs with market experts, loan and grant
programs, and market outreach activities to empower local communities.

NCR 25 Blue Shore Workforce
Development

Implement a strategically focused skilled-workforce development program to
build workforce capacity with needed capabilities, and create jobs in habitat
restoration and other recovery needs to support restoration efforts and
develop a skilled workforce. This workforce will be available to support other
recovery sectors and strategic objectives, such as increasing construction‚
education‚ and tourism.

NCR 26 Resource Management
Capacity Building

Provide a strategy-to-task framework for decisionmakers, managers, and
operators managing natural and cultural resources to improve planning for
and recovery of natural resources in future disaster responses. Update
resource management plans and guidance, train resource managers and
operators, create an overarching data management plan, and enable
professional information exchange to enhance resilience in future disasters.
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COA ID

COA Title

Key Objective

NCR 27 Expand Disaster Recovery
Sister Cities Connections

Expand the twinning program in Puerto Rico and target cities with similar
experience with disasters and recovery for professional development and
capacity building for Puerto Rico’s institutions and staff, as well as economic
and cultural exchange benefits.

NCR 28 Identify Funding for Natural
and Cultural Resources
Research

Establish a multisource (public and private) fund for additional scientific
research to support Puerto Rico’s strategic objectives for recovery, including
an enhanced understanding of the effects of Hurricanes Irma and Maria and
adaptive management and monitoring. Research topics would be linked to
the strategic objectives in the recovery plan.

NCR 29 Enhance Public
Participation and Education
Through Museum Exhibits

Create in-depth exhibits at museums, libraries, and other community-based
venues, such as the Parque de las Ciencias, on how different aspects of the
NCR hurricane recovery plans work and what the benefits and drawbacks
are to allow people to access the information through recreational activities
that will also provide a draw for tourism and education. These exhibits will
help facilitate collective understanding of the purpose of recovery efforts and
will enable continued dialogue and commitment to recovery and disaster
preparedness.

NCR 30 Create an Accessible Data
Repository of Natural and
Cultural Resources

Create a complete and accessible georeferenced data repository of Puerto
Rico’s NCRs using established data standards and accessible and
redundant data systems (such as cloud-based computing) to facilitate
response and recovery in the future and inform investment decisions for
natural, human, and economic resources. Actions would include integrating
the data system with the Puerto Rico Planning Board’s interactive mapa and
training human capital to gather and supply data and to perform additional
assessments.
NOTE: ID = identifier. For the full description of each COA listed here, see Appendix C. NCRs 1 through 4 and 19 are
for cultural resources and are not discussed in this report. More information about HSOAC’s contribution to planning
for recovery in Puerto Rico, along with links to other reports being published as part of this series (including the COAs
for cultural resources and water), can be found at www.rand.org/hsoac/puerto-rico-recovery.
a
Puerto Rico Planning Board, undated.

For each proposed COA, we developed order-of-magnitude cost estimates to support highlevel planning and inform decisionmaking. These estimates include both initial costs (e.g.,
construction investment) and annual costs (e.g., operations and maintenance) for an 11-year
period. Some cost estimates are more precise than others and might be ranges or point estimates,
depending on available information and the activities included in the COA. These details are
available in Appendix C.
Puerto Rico’s recovery over an 11-year period is estimated to cost nearly $140 billion, just
under $4 billion of which is for the full suite of NCR-only COAs. The focus of this report is on
the COAs for natural resource asset restoration and preservation ($1.5 billion); solid-waste
management ($800 million); parks ($495 million); and capacity building, workforce
development, and innovation targeting natural and cultural resources ($60 million).7 Alternative
tourism ($245 million) overlaps with general economic development activities and natural
resource recovery activities. (We present alternative tourism COAs here because they affect

7

NCR developed a total of 30 COAs that we included in this estimate. Five COAs for historical and cultural
preservation and three for alternative tourism are discussed in a separate report.
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natural and cultural resources, but a more in-depth discussion is included in the separate report
covering cultural resources.8)

Conclusion
The natural resource sector is extensive—encompassing many different assets that are
owned, managed, and used by diverse actors. Natural resources influence every aspect of life in
Puerto Rico. These resources affect the air people breathe, the water they drink, where they live,
the food they eat, and their opportunities for both work and play. Natural resources are important
to public health and well-being, to the economy, and to sense of place. They are so integral to
daily life that their criticality to the functioning of society is not always apparent.
A robust and comprehensive recovery process should consider the dynamic aspects and
strong interdependencies among natural resources, ecosystems, other recovery sectors, and
society. The hurricanes stressed and destroyed significant areas of natural resources on land and
at sea, many of which were already strained from pollution, habitat fragmentation and loss,
extraction, and weak enforcement of environmental and conservation laws. Greater cross-sector
coordination will be necessary during recovery implementation to ensure that successful and
effective investments are made. Taking a systems view is essential for pursuing effective
recovery strategies and ensuring the resilience of Puerto Rico’s natural and social resources to
future extreme events. A too-limited approach could threaten the recovery of substantial parts of
the system, and, in anticipation of climate change and other future disturbances, it is imperative
to ensure that recovery is robust and resilient.
Adaptive management, which includes monitoring outcomes and iteratively making
adjustments, will help with the knowledge gaps and uncertainties associated with recovery
pathways. The information developed through the adaptive-management process can be
harnessed to develop accessible, Puerto Rico–wide data on these assets, which will benefit the
scientific community, COA implementation, infrastructure recovery and land-use planning, the
ocean and visitor economies, agroforestry, and other value-proposition activities. The
combination of adaptive management’s stakeholder processes and creation of accessible data
provides additional transparency and accountability.
Perhaps most importantly, it is essential to involve the wide variety of stakeholders in the
process and to demonstrate to decisionmakers how NCRs contribute to the economy, health and
well-being, infrastructure protection, and overall resilience of Puerto Rico and how the economic
value generated by these assets can be used to protect and sustain them. The term stakeholders
encompasses a broad variety of actors, such as landowners and asset managers in both the public
and private sectors; scientists and academia; local, commonwealth, and federal government; and
NGOs. They also include individuals and their communities and the international community.
8

Alternative tourism is discussed in three reports that can be found at RAND Corporation, undated.
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Farmers, fishers, recreation and tourism businesses, and recycling and waste management
businesses are other relevant stakeholders. These stakeholder groups would benefit from
successful recovery of the natural resources and parks that help transform Puerto Rico from the
devastation of Hurricanes Irma and Maria in ways that are innovative, robust, and resilient.
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1. Natural Resources in Puerto Rico and Their Significance

In response to the hurricanes that devastated Puerto Rico in September 2017, Congress
appropriated funds for recovery and required the governor of Puerto Rico to submit a recovery
plan by August 8, 2018. The plan, Transformation and Innovation in the Wake of Devastation:
An Economic and Disaster Recovery Plan for Puerto Rico, covers the vision, goals, and strategic
objectives for rebuilding and transforming Puerto Rico, as well as specific recovery actions
identified to achieve these objectives (Central Office for Recovery, Reconstruction and
Resiliency, 2018). The strategic objectives—including the one focusing on the natural
environment (see box)—address critical infrastructure and other initiatives tied to Puerto Rico’s
economic growth and disaster resilience.
Response to and recovery
from damage to the natural
environment is overseen by
the Federal Emergency
Management Agency’s
(FEMA’s) Natural and
Cultural Resources (NCR)
sector, which encompasses
both natural and built assets.
To take a holistic, systems
view that considers the interactions among the resources and facilitates input from the relevant
scientific, management, and stakeholder communities, the NCR-sector Recovery Support
Function (RSF) and FEMA organized NCR recovery planning by major ecosystem—terrestrial
and marine—and further broke them down by the resources and issues that occur within these
ecosystems (parks and other natural resource issues, such as landfills and solid waste and
sedimentation, although they are not ecosystems in their own right, are included in these groups
because they interact with the living world). Thus, the basic components of Puerto Rico’s natural
resources include coastal resources (coral reefs and seagrasses, dunes and beaches, and wetlands
and mangrove swamps), natural resources (forests, sedimentation and erosion, and threatened
and endangered [T&E] species), environmental issues (debris, landfills, and water quality), and
parks and recreation (Puerto Rico’s national parks, commonwealth recreation sites, and
municipal recreation sites).9 Cultural and historical resources (archaeological sites, historic
properties, collections, libraries, archives, museums, artists, performers, and performing arts
9

Puerto Rico’s national park system is distinct from the National Park Service (NPS). Puerto Rico’s national park
system might be considered equivalent to a state park system.
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centers), along with alternative tourism (that leverages both natural and cultural resources), are
discussed in a separate report.10 Given the broad variety of topics that fall under this sector, the
RSF and FEMA organized recovery planning work by working groups and subgroups, creating
working groups of subject-matter experts and stakeholders to engage in assessing damage and
planning recovery.
Organization of This Document
First, this report introduces the natural resources addressed as part of the NCR sector, which
include a variety of natural and built features and structures, and the sector’s importance to
Puerto Rico’s health and economic vitality. In Chapter 2, we present a conceptual framework
used to guide recovery planning and describe the process we used to assess damage and develop
recovery goals and courses of action (COAs). We have divided the remainder of the report into
chapters organized by ecosystem: coastal resources (Chapter 3), natural or terrestrial resources
(Chapter 4), other natural resource issues (such as landslides and water pollution) (Chapter 5),
and parks (Chapter 6). Each of these chapters characterizes and describes the assets prior to the
hurricanes, followed by an overview of the damage caused by Hurricanes Irma and Maria. Each
chapter then describes relevant recovery goals and recovery COAs. Chapter 7 presents
conclusions.
In addition, we provide four appendixes: Appendix A shows federally listed T&E and at-risk
species in Puerto Rico. Appendix B describes stakeholders in the NCR sector. Appendix C
details NCR COAs, and Appendix D provides additional discussion of T&E species’ damage,
needs, and recovery.

An Overview of Natural Resources and Parks in Puerto Rico
Puerto Rico is rich in both natural and cultural heritage, which can be traced to its geologic
roots and human history. This heritage establishes societal connections and sense of place, which
are important assets to the economy and to the health and well-being of its residents and visitors.
Puerto Rico (9,104 km2) consists of a main island, which measures approximately 179 km
(east to west) by 58 km (north to south); two small populated islands off its east coast, Culebra
(62 km2) and Vieques (132 km2); and several smaller uninhabited islands (e.g., Mona) (MéndezMéndez and Fernández, 2015, p. 189). The main island is the third-largest island in the United
States.11 Situated between the Atlantic Ocean to the north and the Caribbean Sea to the south,12
10

For more information about the Homeland Security Operational Analysis Center’s (HSOAC’s) contribution to
planning for recovery in Puerto Rico, along with links to other reports being published as part of this series, see
RAND Corporation, undated.
11

Behind the islands of Hawaii, Hawaii, and Kodiak, Alaska (Sheth, 2019).

12

Seventy miles north of the main island lies the Puerto Rico Trench, the deepest trench in the Atlantic Ocean at
27,600 feet.
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the land mass now known as Puerto Rico formed approximately 190 million years ago as a result
of volcanic activity caused by tectonic plate subduction.13 The originally formed volcano is now
extinct, and younger carbonate and other sedimentary rocks overlay the older volcanic material.
There is still considerable tectonic plate movement, which causes earthquakes and shapes aspects
of the coastline and near-shore features.
Much of the interior (40 percent of the land area) is characterized by steep slopes and narrow
valleys, with foothills (35 percent) and a narrow coastal plain that hosts agriculture and
population centers (25 percent) making up the rest (Kaye, 1959; Miller and Lugo, 2009, p. 19).
The Cordillera Central mountain range extends from the eastern to the western part of the main
island, separating the northern and southern coasts. The flow of trade winds over the
mountainous terrain yields significant variations in rainfall, ranging from 5,000 mm to 254 mm
annually, generating runoff that extends in all directions. The northern coastline, on the Atlantic
Ocean, experiences naturally high wave energy (lots of wave forces), while the southern
coastline, on the Caribbean Sea, has lower-energy wave action. Because of this, and the fact that
the southern coast receives less runoff, southern coastal marine ecosystems, such as coral reefs,
mangrove swamps, and seagrass beds, are generally more stable than those along the northern
coast (Miller and Lugo, 2009). Moreover, with its relative isolation, complex topography, and
tropical and diverse climate areas,14 Puerto Rico has not only a diverse variety of habitats and
ecosystems but also many plant and animal species that are found nowhere else in the world.
These diverse habitats and ecosystems include rainforests, woodlands, grasslands, natural
barrens, and wetlands (see the land cover map in Figure 1.1).
Hurricanes are one of the primary disturbances to Puerto Rico15 that have the potential to
cause significant long-term change (Miller and Lugo, 2009, p. 1). Indeed, the word hurricane is
one of the few that survives from the Taíno (early inhabitants of Puerto Rico). Human activity
has also dramatically affected Puerto Rico throughout its history. After Christopher Columbus
claimed the main island for Spain in 1493, its cash crop economy—built on coffee, tobacco, and
sugar cane—expanded agriculture into natural areas previously not heavily changed by humans.
In 1899, following the Spanish–American War, Puerto Rico became a U.S. commonwealth.
Beginning in the late 1940s and continuing through the 1970s, a series of projects involving
economic and tax reforms known as Operación Manos a la Obra (Operation Bootstrap) shifted
the economy away from agriculture and led to a concentration of pharmaceutical plants, medical
13

For more on the geologic history of Puerto Rico, see, for example, Cheadle, undated.
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The main island of Puerto Rico is separated into two climatologically distinct regions: the northern two-thirds,
which is relatively humid, and the southern one-third, which is semi-arid. Puerto Rico itself is subdivided into six
climate areas, with a seventh climate area for the outlying islands (Caribbean–Florida Water Science Center,
undated).
15

Hurricanes are not the only disturbance present in the Caribbean. Puerto Rico also lies in a seismically active
region. Puerto Rico, especially its coastal communities, is also at risk of earthquakes and earthquake-induced
tsunamis (Brink, 2006).
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device manufacturers, and other industries that, along with their economic benefits, left a legacy
of pollution and hazardous waste that is relevant to this sector (Miller and Lugo, 2009).
Similarly, military operations at Roosevelt Roads resulted in hazardous waste and unexploded
ordnance from bombing exercises near Vieques.
Figure 1.1. Simplified Land Cover Classification Map from the Puerto Rico Gap Analysis Project,
2000

A little more than 16 percent of Puerto Rico’s natural land is permanently protected
(Caribbean Landscape Conservation Cooperative, 2015)—significantly less than in the
continental United States and Costa Rica, where approximately 26 percent of the land is
permanently protected, or in the U.S. Virgin Islands, where 52 percent of the land is protected
(Para la Naturaleza, undated a).16 Protected land is owned and managed by Puerto Rico’s
government, the federal government, nongovernmental organizations (NGOs), and communitybased organizations. The Department of Natural and Environmental Resources (Departamento de
Recursos Naturales y Ambientales, or DRNA) also has agreements with community-based

16

In this report, continental United States refers to the 50 states, the District of Columbia, and all U.S. territories
and possessions other than Puerto Rico.
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organizations to manage some of the protected areas that Puerto Rico owns (AECOM, 2018,
pp. 8–9). Both the terrestrial and marine protected areas (MPAs) are shown in Figure 1.2.
Figure 1.2. Map of Terrestrial and Marine Natural Protected Areas in Puerto Rico

Puerto Rico’s varied topology and climate support a wide array of land, fish, wildlife, biota,
and water resources. NCR recovery planning was organized by habitat type: coastal resources
(which include coral reefs and seagrasses, dunes and beaches, and wetlands) and terrestrial
resources (which include forests, plant, and animal species). In addition, it covered topics related
to storm effects on these resources, such as the additional damage and challenges of dealing with
debris, solid-waste management and landfills, landslides and erosion, and water quality. Finally,
we include parks and recreational sites run by both Puerto Rico and the municipalities. Natural
resources and solid-waste management facilities can be publicly or privately owned and
managed. Table 1.1 provides a breakdown of the total natural resource assets present in Puerto
Rico; note that quantity as measured here is not necessarily an indicator of quality or importance
overall.
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Table 1.1. Puerto Rico’s Natural Resources
Asset

Amount of Asset

Coastal resource
Coastline, in kilometersa

1,127–1,287

b

500,001

c

62,160

Coral reef, in hectares
Seagrass, in hectares

Multiple sites in 13 municipalities on the north coast; volume unknownd

Dune
Beache

300; 209 km of coastlinee

Wetland, in hectaresf

87,255

Mangrove swamp, in hectaresg

6,700

Natural resource
Forest, in hectaresh

472,791

Critical wildlife area, in hectaresi

115,935

j

SGCN

316
k

Community park

500–700
j

Puerto Rico national park

18
l

60l

Managed-wilderness park

Total land area, in square kilometersi

9,086

NOTE: SGCN = species of greatest conservation need. SGCNs include Puerto Rico’s priorities and federally listed
species.
a
This figure includes the coastlines of Vieques and Culebra (Office for Coastal Management, undated; Puerto Rico
Climate Change Council, 2013).
b
Puerto Rico Climate Change Council, 2013.
c
Landscape Conservation Cooperative (LCC) Network, undated.
d
Mayer et al., 2018; Soto, 2018.
e
Puerto Rico Climate Change Council, 2013.
f
Diaz and Lilyestrom, 2010.
g
1999–2003 estimate in DRNA, 2016a, p. 36.
h
Brandeis and Turner, 2013.
i
Méndez-Méndez and Fernández, 2015, p. 189.
j
The DRNA has identified 316 SGCNs, which include 78 federally listed T&E species in addition to the DRNA priority
species. These species are classified into five categories as follows: critically endangered (CR), endangered (EN),
vulnerable (VU), low risk (LR), and data deficient (DD) (DRNA, 2015).
k
Department of Sports and Recreation, 2018. Puerto Rico’s national parks are not part of the NPS.
l
DRNA, 2018a.

The Importance of Natural Resources and Parks to Puerto Rico’s
Economy, Community Well-Being, and Resilience
Ecosystems and the biodiversity they embody constitute “environmental capital”
on which human well-being heavily depends. The “ecosystem services” that flow
from this capital include formation of soil and renewal of its fertility,
management of flows of fresh water, maintenance of the composition of the
atmosphere, pollination of flowers and crops, control of the distribution and
abundance of pests and pathogens, production of fish and game in unmanaged
and lightly managed ecosystems, aesthetic and recreational values from pristine
landscapes, maintenance of the “genetic library” of global biodiversity as a
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source of future insights and innovations benefitting humankind, and important
contributions to keeping climatic conditions in the range to which human society
and current ecosystems are adapted. (President’s Council of Advisors on Science
and Technology, 2011, p. i)
Resilience Defined
Enhance Puerto Rico’s ability to withstand and recovery from future disasters through
• Individual, business, and community preparedness
• Redundant systems
• Continuity of operations
• Improved codes and standards

Biologically diverse natural capital provides services that have economic value and cultural
significance and contribute to community well-being and resilience. Natural resources support
plant and animal life on the land and in coastal regions, and they provide residents with food,
clean water, recreational opportunities, and economic opportunities, thus providing economic
benefits that can be measured directly through provisioning and regulating services to productive
agriculture, forests, fisheries, and recreation and tourism opportunities. Puerto Rico’s forests,
mangrove swamps, and wetlands provide regulating and habitat services, such as land
stabilization, water purification, and habitat for pollinators and food sources, that have value but
are challenging to quantify in monetary terms. Forests, mangrove swamps, and wetlands also
provide protection to built infrastructure by mitigating flooding from storm surge and stormwater
runoff and by reducing excessive sedimentation and landslide potential. Coastal resources, such
as beaches and dunes, coral reefs, seagrasses, and marine wetlands, work together to attenuate
wave action and storm energy, providing the first line of protection to the 44 coastal
municipalities and the 60 percent of the population who live within 1 km of the coast (Puerto
Rico Climate Change Council, 2013, p. 5). Natural (and cultural) resources also contribute to
other aspects of human well-being.17 Figure 1.3 presents the specific services provided by each
class of natural resource.

17

There is no universally accepted definition of well-being, but one emerging definition is this: “stable well-being”
is the state in which someone has “the psychological, social and physical resources they need to meet a particular
psychological, social and/or physical challenge” (Dodge et al., 2012, p. 230).
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Figure 1.3. Functions of Natural and Cultural Resources

Mountain and polar
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and transport
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Timber
Freshwater
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Cultivated
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Climate regulation
Nutrient cycling
Recreation

(parks and gardens)

Drylands

Food
Fiber
Fuelwood
Local climate regulation
Cultural heritage
Recreation and
ecotourism
Spiritual values
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Food
Freshwater
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SOURCE: Millennium Ecosystem Assessment as cited in Endreny, 2016.

Ecosystem services are categorized by the four classes of services provided:
•

•

•

•

Provisioning services are the tangible products that a healthy ecosystem provides, such
as food, drinking water, and materials (e.g., wood, fuel, plants). For example, fish and
other wildlife can serve as a food source (delivering protein and iron), and plants both
support nutrition and have been the basis for numerous medicines.
Regulating services include pollination, decomposition, water and air purification,
erosion, sedimentation, flood control, carbon storage, and climate regulation. These
services affect disease vectors; provide climate and storm resilience; and, through effects
on the human biome, affect immune system (modulating infectious diseases) and brain
function.
Cultural services are nonmaterial benefits that contribute to the development and
cultural advancement of people, such as education, awareness of traditional or cultural
knowledge, creativity derived from interactions with nature (e.g., music, art), and
recreation. Collectively, these interactions contribute to human health by reducing stress,
improving cognitive function, boosting the immune system, and providing opportunities
to increase physical activity.
Habitat, or supporting, services are those that underpin robust ecosystem function and
health, such as the synthesis of new organic material, the cycling of nutrients,
photosynthesis, water cycling, and pollination. Without supporting services, the others
would not exist.
8

Biodiversity underpins the effectiveness and resilience of ecosystems and, as a result, affects
the delivery of these services that contribute to community well-being and provide economic
opportunities through the provisioning, regulating, and quality-of-life services (Elmqvist et al.,
2003).
When making policy decisions, or choices among alternative investments, it is important to
consider the full value of these ecosystem services provided to communities. These policy and
investment decisions, such as land-use planning and infrastructure, affect the natural world and
the provision of these services. When decisionmakers do not consider the value of the services
these resources provide, they can make suboptimal decisions. Frequently, however, the value of
these services is not characterized in monetary terms and therefore is not always apparent to
decisionmakers. To remedy this issue, methods for monetizing the value of these services so that
decisions regarding natural resource investment are better-informed and incorporate their full
value have been developed. (Estimating the value of these services is complex, in part because
they are challenging to precisely quantify in monetary terms, benefits can accrue to residents
across wide geographic and temporal scales, and some benefits are intangible.) During recovery
planning, we included estimates of ecosystem services to highlight to decisionmakers the
benefits of investments in natural resource recovery.
In Figure 1.4 are estimates of the value of some of the more-relevant ecosystem services for
Puerto Rico’s recovery. For example, in the figure, each hectare of wetlands generates
provisioning services (e.g., food, raw materials), regulating services (e.g., air quality, flood
control, water quality, erosion control), habitat services (e.g., nurseries), and cultural services
(e.g., aesthetics, recreational) valued at $201,599 per hectare per year in international units at
2009 price levels. Corals and seagrasses provide $366,339 of services per hectare per year, while
forests provide $5,474 per hectare per year (Li and Fang, 2014).
The connections to tourism are an area of special focus for recovery given the richness of
Puerto Rico’s natural and cultural resources and its financial condition and need for economic
opportunities. In particular, natural (and cultural) resources and parks are foundational elements
of alternative tourism, which builds off ecological, adventure-related, gastronomical,
agricultural, and cultural attractions to generate economic activity (see Box 1.1). This kind of
economic growth is especially salient because it allows each locality to determine its own vision
for economic prosperity, extends economic development outside San Juan, requires less capital
investment than more-traditional forms of tourism, and attracts visitors who stay longer and
spend more than what is typical for mass tourism.18

18

Alternative tourism is covered in more depth in the companion reports at RAND Corporation, undated.

9

Figure 1.4. Estimated Dollar Value of the Products and Services That Natural Systems Provide to
Communities

The services that natural capital provides are valuable
(The estimated dollar value of the products and natural services that natural capital provides to communities,
measured in international dollars/hectare/year.)
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Coral reef and
seagrass
Protection
of coastal
communities‚
human safety‚
health‚ and the
economy

Wetlands

Forests

Aquifer
recharge‚
filtration‚
sediment
and erosion
control

Habitat‚ water
quality‚ stormwater runoff‚
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SOURCE: Data from Li and Fang, 2014.

SOURCES: Data from Li and Fang, 2014; Central Office for Recovery, Reconstruction and Resiliency, 2018, p. 137.
NOTE: The amounts here are in international dollars per hectare per year at 2009 price levels. An international dollar,
also referred to as the Geary–Khamis dollar, is a theoretical currency used to present the value of a good or service
in common terms across countries. It represents the equivalent purchasing power of US$1 in a given country.
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Box 1.1. Natural and Cultural Resources Can Benefit the Economy Through Alternative Tourism
Alternative tourism, unlike mass tourism, involves travel that is personal and encourages
interaction with the local environment, people, and communities. Because of this focus, it is
also called sustainable tourism. In Puerto Rico, alternative tourism often involves market niches
that offer more-experiential interactions with nature and culture.
Alternative tourism involves interactions with different features of the community, such as
adventure tourism, agrotourism, cultural tourism, ecotourism, or gastrotourism. Adventure
tourism usually refers to physically challenging outdoor exploration and activities, such as hang
gliding, mountain biking, zip-lining, and kayaking, often with some level of risk, and can require
special skills. Agrotourism is travel that involves touring and experiencing agricultural growing
or processing sites for entertainment or educational purposes, such as touring a farm or ranch,
a shade-grown coffee farm (see Chapter 4), or gardens or observing cheese being made.
Cultural tourism is learning or experiencing another region’s culture or history, including local
customs and lifestyles, such as touring San Juan’s El Morro Fort established in 1539, touring the City of Ponce
Museum of Art, or watching a play or listening to a concert written by a local artist. Ecotourism involves visiting
special and pristine natural areas, such as a wilderness area in the EYNF, the Río Camuy Cave, or Vieques’s
Mosquito Bay, where large concentrations of luminescent dinoflagellates light up in the water at night. Gastrotourism
is travel to experience authentic local food—the culinary experience is a key motivation for travel. Because these
forms of tourism leverage a place’s unique characteristics, they generally are less capital-intensive and can provide
economic benefits for diverse members of local communities. Usually managed at a smaller scale, these forms also
require ensuring minimal to no negative impact on natural and other local resources while improving the well-being
of local people.
Puerto Rico is rich in all these alternative tourism opportunities, with many communities having potential in several
of these areas. For example, Naguabo, a village near the EYNF, provides adventure-, cultural-, and ecologicaltourism opportunities, such as hiking and biking in mountainous areas with scenic vistas and waterfalls; visiting
Taíno glyphs and other Taíno cultural sites; and listening to local traditional music. In fact, Puerto Rico has many
festivals and other activities that could contribute to alternative-tourism experiences. For instance, the town of
Luquillo has an annual Leatherback Turtle Festival (Festival del Tinglar) with a parade, educational talks,
exhibitions, local food kiosks, artisans, live music, and children’s activities. Similarly, the butterfly festival in
Quebradillas has educational exhibits, crafts, music and art activities for children, interpretive tours, and
presentations on the endemic Puerto Rico harlequin butterfly. Other NCR festivals include San Sebastián’s Festival
de la Hamaca (Festival of Hammocks) that showcases artists who make hammocks; the town of Morovis’s Festival
de Cuatristas y Trovadores (the cuatro is a three-, five-, or ten-stringed instrument created in Puerto Rico that is
similar to a guitar); and the Puerto Rico Chocolate Festival.
SOURCES: EplerWood International, 2018; GeoAdaptive and EplerWood International, 2018; GeoAdaptive and
EplerWood International, 2019a; National Agricultural Law Center, undated. Photo of La Coca Falls by Luis Andrei
Muñoz in Quiñones et al., 2018, p. 52.
NOTE: EYNF = El Yunque National Forest.

Furthermore, each municipality has natural (and cultural) areas that are significant to local
residents and a draw for visitors (see Box 1.2). Puerto Rico has hundreds of local and territorial
parks that provide opportunities for recreation and tourism. These parks and recreation sites are
frequently located on the coastline, and visiting these beach parks during holidays is a common
family tradition that is deeply rooted in the culture. Today, Puerto Rico’s natural (and cultural)
resources are closely tied to recreation and tourism and are growing in popularity (“Stats,” 2018).
In general, recreation and tourism are an important facet of Puerto Rico’s economy, and natural
and cultural resources play a large role.19

19

For example, Puerto Rico’s beaches routinely rank among the world’s best (see, e.g., “Best Beaches in the
World,” undated, and Bloom, 2017).
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Box 1.2. The Resilient Ceiba Tree of Vieques Embodies Nature, Culture, Community, and Tourism
The ceiba tree, also known as the kapok tree, is the national tree of Puerto
Rico. Its cultural significance dates to the original inhabitants, the Taíno
Indians, who believed that the ceiba trees were daughters of the goddess
Yaya and home to spirits of the dead who would communicate with the living
through the trees. After asking for permission, the Taínos used its wood to
build drums and canoes for fishing and interisland travel. One canoe,
reported to be large enough to hold 150 passengers, reportedly met
Christopher Columbus in 1493. Other parts of the tree have provided
materials for use in herbal medicines, and the silky hairs within the seeds
are used as filler in life vests and other products and for cloth. The seeds also contain oil that can be used as a
lubricant or for soap or paint. Wildlife is nourished from its seeds, and wild horses drink from pools of water that
accumulate under the trees after rainy days.
Today, an approximately 400-year-old ceiba stands on the island of Vieques as a testament to nature’s role in
cultural heritage, sense of place and community, education, provisioning services, and tourism. This tree has
weathered threats of all kinds—land development, prior storms, and U.S. Navy operations. After the U.S. Navy left
the island, the community organized to create a nature park in the area around the tree that now draws locals and
tourists from all over the world.
A nonprofit corporation under Puerto Rico’s laws, the park is a community project. Community members created the
park after the Navy ended operations, including repurposing the Navy guard gate into an information center.
Community members continue to maintain the park, which also runs educational programs. Sense of place refers to
the connection someone has to the place in which they live, the unique aspects of the place that creates a sense of
belonging. The ceiba tree and the Parque la Ceiba de Vieques (Ceiba Ecological Coastal Park) has become the
touchstone for community enjoyment and a vehicle for community engagement and educational opportunities for
learning about the tree’s cultural significance and preserving the surrounding area.
Damaged during the hurricanes, the tree has rebounded and bloomed.
“And she’s there to remind us of that, of how she can bring us all together. And no matter how hard
things get, you never give up” (Ardelle Ferrer Negretti, in “Puerto Rico’s Historic Ceiba Tree
Blooms After Hurricane Devastation,” 2019).
SOURCES: A. Kaufman, 2019; Keegan, Hofman, and Ramos, 2013; Miller and Lugo, 2009; “Puerto Rico’s Historic
Ceiba Tree Blooms After Hurricane Devastation,” 2019; personal communication between Susan Resetar, HSOAC,
and Ardelle Ferrer Negretti, Parque la Ceiba, August 2, 2019. Photos: Ardelle Ferrer Negretti, volunteer at Parque la
Ceiba (Parque la Ceiba de Vieques, undated). Used with permission.

Tourism provides income, jobs, and government revenue. Between 2006 and 2015, annual
tourist visits averaged about 4.6 million. Overall figures show that Puerto Rico’s travel and
tourism industry contributed approximately $8.1 billion in direct and indirect revenues to the
economy in 2016, which is estimated to be about 8 percent of Puerto Rico’s gross domestic
product (World Travel and Tourism Council, 2017). Annual revenue to the government from
tourism is estimated at $215 million in state taxes, almost $20 million in city taxes, and
$70 million from room taxes. As early as 2003, market analysis showed that demand for
overnight stays in the Caribbean and Central America was moving toward experiential tourism,
which includes all aspects of enjoying nature and culture, including participation in authentic
local culture (EplerWood International, 2003), and a bipartisan congressional commission noted
that there is room for significant growth in Puerto Rico’s tourism industry (Congressional Task
Force on Economic Growth in Puerto Rico, 2016).
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The ecosystem services that natural resources provide also contribute to agriculture and the
ocean economies.20 Ecosystem services to agriculture include pest regulation, nutrient cycling,
freshwater, pollination, and cultural heritage. The latest available agricultural census figures
indicate that Puerto Rico has more than 13,000 farms that sold a total of $547.6 million in
agricultural products (National Agricultural Statistics Service, 2014). Additionally, natural
resources’ contributions to the ocean economy are seafood and marine products, recreational
opportunities, aesthetics, and cultural identity of the local community (EPA, 2016a). Data on the
ocean economy in 2012 in Puerto Rico suggest that it accounts for 7 percent of total
employment, or somewhere between 68,600 direct jobs (i.e., not including those that supply
these businesses) and approximately 156,000 direct and indirect jobs, the large majority of which
are in tourism, recreation, and marine transportation. The lower bound on total wages was nearly
$1 billion in 2012 (Abt Associates, Advantage Business Consulting, and Center for the Blue
Economy, 2016).
Public health and well-being benefits from exposure to natural resources and spaces are
myriad but frequently overlooked. Natural resources provide life—the air that living beings
breathe, the water they drink, and the food they eat. They also contribute to positive health
outcomes by reducing exposure to pollutants and disease and strengthening physical response to
stressors through, for instance, air and water purification, stormwater management, reduction of
heat islands, exposure to microbiota, and provisioning material for medicines. They also improve
psychosocial well-being by contributing to sense of place21 and belonging and by providing
interactions with nature that have demonstrable positive effects on, for example, stress reduction,
mental health, socialization, cognitive abilities, immune systems, treatments for substance abuse
or other challenges, and team cohesion.22 Benefits to public health improve population wellbeing and save money by reducing health care costs.
In sum, natural capital and parks support well-being and economic activity in myriad ways
that contribute to society development. When ecosystems are degraded and biodiversity is
reduced, the aforementioned benefits and ecosystem resilience are reduced. As such, the
recovery and revitalization of this sector is fundamental to Puerto Rico’s recovery as a whole. By
engaging in proper land-use planning and employing natural resources to work in association
with the built environment, Puerto Rico’s overall resilience can be increased. Recovery choices
that weigh alternative policies and investments need to consider the full value of these ecosystem
20

Ocean economy refers to the industries of living marine resources (fishing and fish farming), marine construction,
marine transportation, offshore mineral resources, ship and boat building, and tourism and recreation.
21

Hurricane Katrina brought the concept of sense of place to the forefront. Sense of place refers to the connection
someone has to the place where they live, the unique aspects of the place that create a sense of belonging. These
aspects are very much determined by local people, which is, in part, why stakeholder involvement in the recovery
process is essential for full recovery (Morgan, Morgan, and Barrett, 2006).
22

For more on this subject, see Nowak and Dwyer, 2007; Sibthorp et al., 2008; van den Bosch, 2017; and Wolf and
Robbins, 2015.
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services provided to Puerto Rico’s communities. Frequently, however, the value of these services
is not often apparent to decisionmakers. To remedy this gap, in this report, we have included
rough estimates of the value of these services taken from the literature.

Developing the Strategy for Recovery
To restore the natural resources that were damaged during the hurricanes so they could
provide the full spectrum of human health and economic value, we identified approaches to
restoration and recovery. We organized these recovery approaches and activities into COAs
developed from stakeholder input and observations of damage and needs resulting from the
hurricanes that address recovery needs in 12-month, 24-month, and longer time frames (many
needs will require longer-term action). The assessments and COA development occurred in the
six-month time frame required by Congress (February 8, 2018, to August 8, 2018).23
To fulfill the congressional requirements, the NCR-sector RSF with Puerto Rico’s
representatives led the effort to develop strategies and implement protocols for assessing
damage. (The rigor and expansiveness of these assessments and the extent to which they enable
comparison with earlier baselines vary.) These assessments provided the basis for developing
recovery strategies and represent what was known about damage as of June 8, 2018. NCR as a
whole engaged in extensive outreach to enlist the support of subject-matter experts to perform
the assessments of damage and to provide necessary local knowledge and scientific expertise to
develop recovery actions.
The COAs developed for the recovery plan are higher-level strategies with supporting
activities and actions. Each COA presents the issue or problem observed; the objective; a
description of what the COA does; benefits that are expected; potential spillover effects on other
sectors; rough, order-of-magnitude cost estimates; potential funding sources; potential
implementers; pitfalls; and precursor COAs. The NCR COAs described in this report and
presented in detail in Appendix C were selected by the government of Puerto Rico and are
included in the recovery plan, Transformation and Innovation in the Wake of Devastation
(Central Office for Recovery, Reconstruction and Resiliency, 2018).

23

More specifically, Congress passed the Bipartisan Budget Act of 2018 on February 9, 2018 (Pub. L. 115-123),
which requires that, within 180 days, the governor of Puerto Rico, with support and contributions from the Secretary
of the Treasury, the Secretary of Energy, and other federal agencies having responsibilities defined under the
National Disaster Recovery Framework (U.S. Department of Homeland Security, 2016), produce an economic and
disaster-recovery plan that defines the priorities, goals, and outcomes of the recovery effort. Congress specified that
the plan include the following sectors: housing, economic issues, health and social services, natural and cultural
resources, governance and civic institutions, electric power systems and grid restoration, environmental issues, and
other infrastructure systems. In addition, the legislation calls for the plan to be based on an assessment of the
damage from Hurricanes Irma and Maria. Congress also required that Puerto Rico’s economic and disaster-recovery
plan be developed in coordination with and certified by the Financial Oversight and Management Board established
under the Puerto Rico Oversight, Management, and Economic Stability Act (Pub. L. 114-187, 2016); by federal
agencies; and by key partners from private and nongovernmental entities.
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Before we describe the analyses required to develop the recovery plan, we discuss some
overarching principles for recovery of natural resources and parks. Natural resource assets work
together to provide complementary and robust services; as a result, the functioning of one
resource can affect the functioning, status, and long-term resilience of others. Therefore, these
resources should not be considered in isolation.
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2. Principles for the Development of Strategies for the
Posthurricane Recovery of Puerto Rico’s Natural Resources

The land is one organism. Its parts, like our own parts, compete with each other
and cooperate with each other. The competitions are as much a part of the inner
workings as the cooperations. You can regulate them—cautiously—but not
abolish them. . . . If the land mechanism as a whole is good, then every part is
good, whether we understand it or not. If the biota, in the course of aeons, has
built something we like but do not understand, then who but a fool would discard
seemingly useless parts? . . . For the biotic community to survive, its internal
processes must balance, else its member-species will disappear . . . . That all
these should survive an internally balanced community for so many centuries
shows an astonishing stability of the original biota . . . . [S]tability and diversity
were apparently interdependent. (Leopold, 1953, p. 204)

Given the benefits of natural resources, their recovery from hurricane damage is critical. In
this chapter, we present a conceptual framework for guiding natural resource recovery and
discuss considerations and complications surrounding the recovery process and what recovery
means for natural resources, given that living assets are ever-changing. We also discuss the
challenges in assessing damage to natural resources immediately following the 2017 hurricanes,
highlighting the general limitations of rapid assessments and uncertainties surrounding long-term
recovery. We end the chapter with a discussion of how the NCR sector was organized to develop
COAs for the recovery plan.

Social–Ecological Systems: A Conceptual Framework for Natural Resource
Recovery
Natural resources are the building blocks of ecosystems; such resources often work together
interdependently and dynamically to create ecosystems. Harming one resource can affect the
functioning of the ecosystem. For example, the destruction of key forest areas can challenge the
existence of species that rely on this ecosystem, or it can affect water quality downstream.
Natural resources and the ecosystems that contain them can provide more-effective and resilient
services working together than any one of the component systems would provide individually.
Ecosystems do not function independently of human social systems. Human activities can
enhance, or impede, the functioning of ecosystems—through systems of organization, economic
activity, and governance, for example. Human activity can also have a significant impact on the
recovery of natural resources. How well natural systems respond to disturbances, such as
hurricanes, can be characterized by such systems’ ability to remain stable (resistance) and to
recover (resilience). However, the stability, diversity, and functioning of natural systems is
greatly influenced by human activities, such as land use, resource extraction, and pollution.
16

Preserving ecologically essential areas involves protecting them from the adverse effects of
human activities, such as chemical and bacterial pollution and incompatible land uses. In many
cases, natural resource recovery is also closely intertwined with the recovery of other sectors and
community goals. Equity and environmental justice concerns are additional factors that can
influence both needs and priorities for recovery. Effects on the natural world can reverberate
through socioeconomic sectors, such as agriculture, energy, and water.
These interactions are explicitly presented in the social–ecological system (SES) framework,
which provides a useful construct for planning natural resource recovery because it emphasizes
how human activities and ecosystems are interdependent and interactive over time.24 The SES
framework treats human and ecological systems together as a comprehensive system in which
interactions influence each system (as determined by ecological function, economic
opportunities, policy and governance, social–cultural structures, and technology, among other
contextual factors). These interactions occur in several dimensions (spatial, temporal, and
organizational). Figure 2.1 provides a representation of this framework.
Figure 2.1. The Social–Ecological System Framework

SOURCE: Gardner et al., 2013. Used with permission.

24

These models are also useful for sustainability planning.
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SESs are dynamic, adaptive, and complex—at both the system and subsystem levels. This
occurs because both social and ecological systems are made up of self-organizing subsystems
(e.g., specific communities, forests, coral reefs) in which the behaviors of individuals affect the
systems and, in turn, these larger systems affect the individuals. In other words, within a system,
subsystems of individual elements respond to their context, and the overall context responds to
individuals.25 Individual actors and subsystems adapt at different rates, and the relationships
among the components can be nonlinear (e.g., a forest might provide soil stabilization but at rates
that do not increase proportionally with forest size, or a species’ population might fall below a
certain threshold and the entire community suddenly dies off). Social systems too can be
unpredictable, in part because humans make decisions based on expectations for the future
(Collins et al., 2010). The resulting ecological and social systems adapt to these interactions and
evolve in hard-to-predict ways. By framing natural resources in this way, we see clearly that
recovery pathways for NCR involve considerable uncertainties.
Given the complexity and interrelated aspects of ecosystems and social systems, during
recovery planning and execution, we highlight the need to do the following:
•

•

•

Continue cross-sector planning and coordination. Natural resources and parks can
complement each of Puerto Rico’s other recovery sectors. For example, urban forests
integrated with housing can provide health and infrastructure benefits through
improvements to air quality, reductions in heat-island effects, control of sedimentation,
aesthetic value, and recreational opportunities.
Ensure that networks of stakeholders who influence the various relationships within the
system are involved in establishing goals, planning, implementing recovery, and
identifying revenue sources so that they are working across jurisdictional and ownership
boundaries in complementary and mutually reinforcing ways toward common goals.
Stakeholders include landowners, community representatives, natural resource managers,
local government, and economic and workforce development programs, from Puerto Rico
agencies, academia, federal agencies, NGOs, municipal government, and international
organizations (as appropriate).
Monitor natural resource recovery outcomes and adjust planning and execution
appropriately as more information becomes available.

25

SES frameworks and models are still developing and have extensive literatures, but the key points are that natural
resources are components of complex systems that evolve and adapt over time as a consequence of the behavior of
individuals and of the system as a whole, each affecting the other through feedback loops. As a result, the
relationships within and among these systems are determinants of change. In addition, the components of the system
generally provide many functions and can sometimes substitute for each other, further complicating the systems’
response to change. These complex relationships and interactions yield overall outcomes that are nonlinear (rates of
change are not constant), and they can have multiple local equilibria, meaning that a subsystem or the system as a
whole might appear to be functioning well but small perturbations can create sudden and dramatic declines if certain
thresholds are crossed (the opposite is also true—improvements can be sudden and dramatic). Thus, cause and effect
within these systems is difficult to disaggregate and predict: The sum of the parts does not equal the whole. Finally,
the boundary between the system and its context, or environment, is fuzzy. Thus, SESs “are inherently unpredictable
and deeply uncertain” in all aspects—ecological and human. For more on the topic of SESs and complex adaptive
systems, see Collins et al., 2010; Grau et al., 2003; Levin et al., 2013; Liu et al., 2007; McGinnis and Ostrom, 2014;
Ostrom, 2009; Preiser et al., 2018; and Redman, Grove, and Kuby, 2004.
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•
•

Plan and manage natural resource recovery holistically, preferably at multiple scales, to
capture sufficient system elements to affect recovery and improve Puerto Rico’s
resilience.
Consider the complexities and uncertainties of Puerto Rico’s ecosystem dynamics as they
interact across multiple scales. For instance, some species (such as some endemic plants)
and habitats occur only at the local level, while others, such as migrating birds, occur
over thousands of miles; some species have short lives, while others live for many
decades. So the planning approaches need to consider the different interactive dynamics
both spatially and over time.

NCR applied these principles to develop the recovery COAs. Additionally, we have
incorporated adaptive-management principles into NCR recovery activities. Adaptive
management, discussed later in this chapter, is an established approach for natural resource
management.
In addition to the conceptual framework and guiding principles, the recovery actions
developed for Puerto Rico’s economic and disaster-recovery plan were based on a rigorous
assessment of damage from Hurricanes Irma and Maria, as mandated by Congress. In the next
section, we briefly discuss key issues related to assessing damage to natural resources.

Overview of the Ways in Which Hurricanes Damage Natural Resources
Hurricane damage to natural resources results from high winds, excessive precipitation,
intense waves, and storm surges. For example, high winds can change the shape of the forest
canopy by downing trees or stripping them of their leaves, creating debris, and altering the
number and diversity of trees. Forests and other areas can also be reshaped by landslide activity
associated with intense rainfall. Animals that survive the storm are affected by the change in
forest structure, which could reduce overall food supply and increase competition for what
remains. High precipitation can overwhelm stormwater management systems and rivers, causing
flooding. Sewage systems can also experience disruptions and cause contamination of inland and
coastal areas, water resources, and recreational sites, such as beaches. Large volumes of highvelocity water also carry pollutants and sediment loads downstream that can settle in water
supply reservoirs or behind barriers, such as dams, degrading water quality, reducing storage
capacity, and limiting freshwater fish passage.26 Intense precipitation during hurricanes, as well
as building and woody debris generated by high winds, can exacerbate problems with flooding
and waste management and inhibit access during recovery. Pollutants, debris, and sediment also
enter the ocean, damaging and disrupting the ecosystems by covering wetlands, seagrasses, and

26

Reservoir capacity loss is a serious concern, as evidenced by the severe drought that affected Puerto Rico in 2015.
At that time, more than 85 percent of the region experienced a water deficit, leading to extreme and severe drought
conditions for 25 and 45 percent of the commonwealth, respectively. The drought reduced the main water storage
reservoir on the main island so much that many areas received water only one out of every three or four days, which
led to the strictest water rationing in its history (Natural Resources Conservation Service, undated a).
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reef systems and altering the hydrology of these systems in ways that can lead to additional
damage and long-term impacts to ecosystem function. Large amounts of freshwater entering the
ocean will carry sediment, pollutants, and excessive debris to ocean systems, altering acidity,
salinity, and turbidity. On the coast, strong wave action and storm surges induced by high winds
can structurally damage corals and mangroves, scour seagrass beds, and erode beaches. Wind
and water also damage and weaken built structures, such as recreational sites and park facilities.
The presence of water contributes to mold and mildew, which harm structures and their contents.
Excessive debris can compound this problem by reducing access. The disruption of public
services can create additional opportunities for damage to occur, such as when disruptions in law
enforcement services enable poaching of protected animals, sand, or theft of valuable park
building components.
The map in Figure 2.2 illustrates Hurricane Maria’s forces as measured by precipitation
intensity, wind speeds, and storm surges. The path of the storm itself contributed to variability in
destructive forces across Puerto Rico. Other factors, such as human intervention in natural
landscape processes (e.g., by building structures and roads) and topographic relief, also
contributed to the general pattern of hurricane impacts.
Figure 2.2. Map of Cumulative Precipitation, September 20–21, 2017, over Puerto Rico (in
Millimeters), with Wind Speed, Hurricane Track, and Protected Areas
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SOURCES: NHC, 2018; Gould et al., 2008; DRNA, 2018b.
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The full damage that the extreme weather associated with Hurricanes Irma and Maria
inflicted on Puerto Rico’s natural resources might not be fully realized or understood for years to
come. For example, initial forest assessments might quantify the number of dead trees; however,
there could be a long-term lag in which additional trees die from stress, disease, spread of
invasive species, or other vulnerability caused by the hurricanes. There might also be cascading
consequences to other plants or animals that rely on a forest canopy that will not be realized until
after some time has passed. Or loss of pollinator species could affect agriculture or other species
(such as birds that rely on seeds for food) until the next growing season. As a result, recovery
COAs include activities to continue assessments and basic scientific research, monitor these
resources, and incorporate this information into recovery actions, adapting them as necessary
(principles of adaptive management).
Challenges in Assessing Natural Resources

The assessment process in Puerto Rico has caveats and lessons learned for future recovery
planners. Several short- and long-term challenges arise when assessing natural resources and
damage to them.
For one, the sector is geographically large and topically diverse. This means that experts
from many institutions must cover a lot of land, coast, and marine area. The relatively short time
frame required by the congressional mandate (six months) made it challenging to deal with
normal seasonal variations, such as beach size or flora and fauna reproductive cycles, which had
to be considered. Further, the most-robust natural resource assessments require extensive
fieldwork, which impeded physical access (e.g., downed trees blocking trails in forested areas)
has hindered in Puerto Rico. Fieldwork might also require access to specialized equipment and
personnel who are trained and authorized to use it, either of which might not have been available
within the time limitations. Data gathered during the course of NCR damage assessments can
require surveying dozens of sites, which must then be compiled, manipulated and formatted,
analyzed, and interpreted, often with reference to a comparable baseline data set. In many cases,
analyses also rely on remotely sensed data from sensors aboard aircraft and satellites, which
require time for processing, exploitation, and assessment. Regardless of data-acquisition
methods, limited readily accessible baseline information is available with which to compare
posthurricane conditions. For these reasons, many assessments are based on a limited sample (for
example, particular areas of concern, or representative assets) and use the best available
methodological approach to glean a basic sense of hurricane effects.
Furthermore, long-term effects of hurricanes can be highly uncertain, especially for natural
systems that do not necessarily exhibit the full spectrum of effects immediately, as described
earlier. In addition, there is a dynamic between natural recovery and human intervention that
adds a level of complexity and uncertainty. Neither of these effects could be realistically
captured within the rapid damage assessments performed immediately after the hurricanes.
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Finally, many assets in the natural resource sector contribute primarily to long-term recovery
and quality of life, rather than immediate life sustainment and short-term necessities. Thus, in
Puerto Rico, some natural resource features did not receive intense focus early in response
efforts, and less was known about the damage to these assets going into the recovery phase,
leading to more pressure to get assessments done quickly for recovery planning. Despite these
challenges, nearly 30 rapid assessments were completed, providing critical data and indicators of
the type and extent of damage to natural resources and parks throughout Puerto Rico.

Principles Underlying Recovery Activities
Recovery can imply different things depending on the natural or recreational resource in
question, the level and extent of damage relative to that of the overall inventory, and future needs
of Puerto Rico’s communities. For natural resources, restoration activities might be needed to
recover the ecosystem to an undamaged or degraded state by restoring species, habitat and food
webs, and ecological functioning. It is important to bear in mind that disruption from storms and
other natural disasters27 is part of the regeneration or transition for many natural assets and that
therefore prestorm conditions have limited relevance but do nonetheless provide a first-order
baseline with which to compare. Additionally, many scientists believe that biodiversity plays a
key role in an ecosystem’s ability to recover from disturbances.28 Hence, restoration, although
needed, is not necessarily as clear-cut as it might be for other assets.
Restoration activities can include both passive and active strategies. Passive restoration
strategies include management actions that protect the habitat and allow for natural recovery and
improved ecological function, such as establishing protected areas that limit human interference
or reduce run-off and pollution. Active restoration strategies, on the other hand, include direct
interventions that speed recovery, such as tree or coral replanting (Reef Resilience Network,
undated). Active restoration seeks to restore a natural resource to its level of prestorm
functionality or a reference state by assisting natural processes to mitigate the loss of ecosystem
services or increase the resource’s resilience to future disturbances. The selection of a recovery
goal is therefore influenced by stakeholders’ expectations about the condition and function of
these natural resources. For example, there might be a desired beach width or urban tree density

27

We recognize that, in the social science literatures, the term disaster implies a human-caused event, and the terms
natural hazard and extreme events are more precise. However, we use the terms disaster and natural disaster with
respect to Hurricanes Irma and Maria because of the prevalence of these terms in FEMA and U.S. Department of the
Interior (DOI) documents. This includes the Stafford Act, which defines natural disaster as follows:
The term “natural disaster” means any hurricane, tornado, storm, flood, high water, wind-driven
water, tidal wave, tsunami, earthquake, volcanic eruption, landslide, mudslide, snowstorm,
drought, fire, or other catastrophe in any part of the United States which causes, or which may
cause, substantial damage or injury to civilian property or persons. (42 U.S.C. § 5195a[a][2])
28

The view of the SES as a complex adaptive system suggests that recovery pathways are neither linear nor readily
predictable.
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for recovery, irrespective of natural processes, because the hurricane-induced damage harms
housing, creates problems with urban stormwater runoff, reduces air quality, or inhibits tourism.
Thus, to a large extent, recovery embodies expectations about the benefits derived from these
resources, for which it can take years or decades to occur after a high-intensity storm.
Questions surrounding recovery goals are compounded by the uncertainty caused by the fact
that understanding the full extent of ongoing human effects on these natural systems and what
they mean for recovery is difficult. Because natural recovery is hampered by human interference
through numerous activities, such as deforestation, habitat segmentation, pollution, introduction
of invasive species, improper shoreline development, and overfishing, robust recovery strategies
require that these conditions be mitigated or at least taken into account. Recovery might present
an opportunity to learn from past challenges to redesign a system or improve management
practices to better serve Puerto Rico’s communities.
Adaptive Management: An Approach to Managing Recovery Activities
In addition to principles for defining recovery, COAs developed for the recovery plan can
incorporate adaptive-management principles in order to deal with the lack of baseline
information or the uncertainties about the recovery of natural resources in Puerto Rico.
Adaptive management is a structured decisionmaking process for iterative, learning-based
management of natural resources that is appropriate to situations with limited knowledge,
information, and certainty regarding ecosystems’ function, ecological system change, and
ongoing management decisions. Applicable to large- and small-scale areas, it is designed to
improve resource management as new knowledge and information become available. Adaptive
management is defined as a process that involves dynamic decisionmaking adjusted over time as
outcomes from management actions, environmental conditions, and other system conditions
become better understood. It employs careful monitoring and assessment to inform decisions.
Monitoring the outcomes of management actions gives decisionmakers the opportunity to
adjust their policies, investments, and actions. Monitoring, as part of an iterative learning
process, also advances knowledge creation and scientific understanding of natural resource
systems. Adaptive management is one approach to managing the uncertainty associated with
how natural resource systems function and respond to disturbances and management actions.
Adaptive management also reflects how natural variability contributes to ecological resilience
and productivity within the natural resource system. This method is designed to help make moreeffective decisions that help meet environmental, social, and economic goals while increasing
scientific knowledge and reducing tensions among stakeholders (Runge, 2011; Williams, Szaro,
and Shapiro, 2009).
The steps in applying adaptive management are as follows:
1. Stakeholder involvement: Engage all relevant stakeholders and ensure stakeholder
commitment to adaptively manage the enterprise for its duration.
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2. Management objectives: Identify clear, measurable, and agreed-upon management
objectives to guide decisionmaking and evaluate management effectiveness over time.
3. Alternative actions: Identify a set of potential management actions for decisionmaking.
4. Predictive models of the natural resource system: Identify models that characterize
different ideas (hypotheses) about how the natural resource system works.
5. Monitoring plan: Design and implement a monitoring plan to track resource status and
other key resource attributes.
6. Decisionmaking and action implementation: Select and implement management
actions based on management objectives, resource conditions, and understanding.
7. Follow-up monitoring: Use monitoring to track natural resource system responses to
management actions.
8. Assessment, evaluation, and learning: Improve understanding of resource dynamics by
comparing predicted and observed changes in resource status.29
Implementing adaptive management can be viewed as having two phases. The first is a
planning phase in which key parts of the process are put in place—specifically, the first five
steps listed above. The second is an iterative phase, which includes the last three steps above.
Figure 2.3 illustrates the phases and steps. The iterative phase, called technical learning, involves
the recurring process of making a decision, implementing actions, monitoring the impact of the
actions, and assessing the impacts to improve learning and understanding that feed into the next
decision. It is also important to periodically reconsider the setup elements of the adaptivemanagement process, which are process and institutional learning, and the outer feedback loop in
Figure 2.3.
Next, we briefly summarize how implementing this adaptive-management process can work
as recovery progresses.30 First, to start the process, a group of stakeholders is brought together,
and an initial team of committed stakeholders is created. Such stakeholders should include
resource managers, scientists, and other relevant people from federal, commonwealth, and local
agencies; private-sector interests; academics; NGOs; and community leaders and residents (see
Box 2.1 for a brief overview of collective-impact best practices).
Second, the team needs to frame the problem by defining the management scope and
assumptions, then agree on clear and measurable objectives for the process. The team might also
want to define a vision or overarching goal that the objectives would support. Such a broad
vision would be similar to the desired future conditions from the recovery models discussed
earlier.
Third, the resource managers and other stakeholders, working with scientists and other
relevant subject-matter experts, would identify a variety of alternative management actions from
which to choose during the decisionmaking phase.
29

These steps were modified slightly and are based on Williams and Brown, 2012, and Williams, Szaro, and
Shapiro, 2009.
30

This discussion of the implementation steps is based mostly on the longer discussions in Williams and Brown,
2012, and Williams, Szaro, and Shapiro, 2009.
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Figure 2.3. Phases and Steps in the Adaptive-Management Process

SOURCE: Williams and Brown, 2012, p. 13.

Box 2.1. Collective Impact Is a Best Practice
Adaptive management often requires collaboration, or collective impact, which recognizes that, for some problems,
especially those that are complex and adaptive, better outcomes are accomplished by working together. Indeed,
several COAs include actions to develop networks of actors or stakeholders, and these networks can benefit from
following best practices for successful collective-impact efforts:
•

a common agenda: Participants have a collective understanding of the problem and a shared vision that
allows them to agree on a common approach and actions.

•

shared measurement: Shared data and measurement contribute to accountability and help ensure that
participants’ activities are aligned.

•

complementarity of participants’ actions: Although participants work independently, their actions are mutually
reinforcing and do not operate in hindrance to others.

•

frequent communication: Communication is frequent and routine.

•

administrative support: A separate organization with the appropriate skills and resources provide coordination
and support of the participants. It is not collateral duty.

SOURCE: Stewart, 2016.

Fourth, the team identifies or develops models that forecast the impacts of management
actions and can compare management alternatives in terms of their costs, benefits, and resource
consequences. The predictive models can be informal, such as a basic description of system
dynamics, or formal, such as a detailed mathematical model of ecological change. The models
are also used to help assess and determine which management actions to take.
Fifth, a monitoring plan to measure observed system responses to compare with the modelbased predictions is developed to facilitate evaluation and learning. This plan must include
sufficient budget, facilities, personnel, and commitment by relevant stakeholders.
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In general, monitoring in an adaptive-management process provides data for four main
purposes: (1) to evaluate progress toward achieving objectives; (2) to determine natural
resources’ status, in order to identify and assess appropriate management actions; (3) to increase
understanding of ecosystem resource dynamics by comparing predictions with actual monitoring
data; and (4) to develop and refine models of ecosystem resource dynamics (Williams and
Brown, 2012, p. 14).
Sixth, the team starts the iterative decisionmaking process to choose and implement
management actions based on the analysis of the alternatives identified, the management
objectives, current natural resource conditions, financial and other resource constraints, and
current system understanding. This is where decisionmakers choose the actions to be
implemented. Actions will likely change over time as learning from increased system knowledge
and information and the status of the natural resource system change in response to management
actions and environmental conditions.
Seventh, the appropriate natural resource managers, scientists, and other stakeholders
measure and evaluate how the resources change in response to management actions over time.
Ongoing monitoring data are also used to update the models and to prioritize and adjust future
management actions. Finally, the team uses the monitoring data to assess, evaluate, and learn.
This assessment process compares predicted and actual outcomes to help evaluate the
effectiveness of management and measure its success in attaining natural resource objectives.
The assessment should also compare projected costs, benefits, and impacts; the comparison
results help in identifying useful management alternatives. This new knowledge feeds into the
next management decision (feedback into step 6).

Developing Recovery Goals and Courses of Action
For the NCR sector,31 natural resource recovery activities were developed through expert
elicitation via the creation of working groups (functionally organized by resource type, as
illustrated in Figure 2.4). Working groups sought consensus on recovery approaches through
deliberation in a series of regular meetings in which new information about damage and needs
was introduced and links between ends, ways, and means were considered. Key subject-matter
experts involved in the process included scientists and natural resource managers from Puerto
Rico and federal agencies, NGOs, and academic partners from the University of Puerto Rico
(UPR) and other institutions. HSOAC compiled and organized information about COAs, helped
guide discussions, and shaped COAs for crosscutting needs that applied to multiple working-

31

Each sector developed COAs using approaches most suitable to its assets. The National Disaster Recovery
Framework has six sectors: NCR, health and social services (which also includes education), community planning
and capacity building, housing, economic, and infrastructure (which was further subdivided into energy,
transportation, communications and information technology, water, and public buildings). A seventh, municipalities,
is a crosscutting sector.
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group focus areas. Key constraints considered in the COAs ultimately put forward for
consideration by Puerto Rico’s government included the following:
•
•
•

the availability of data and information about damage
the ability to link problems the hurricanes cause or exacerbated to approaches and
activities that would directly affect them
the existence of potential funding and sustaining mechanisms.32

Figure 2.4. The Structure of Federal Emergency Management Agency Natural Resources Sector
Working Groups and Subgroups
Working group

Subgroup
Corals and
Seagrasses

Dunes and
Beaches

Coastal
Resources

Forests
Wetlands

Natural
Resources

Landslides and
Sedimentation
T&E Species

Environmental
Issues

Water Quality

Landfills
Parks

NOTE: Cultural resources are covered in a different report.

The second constraint articulated above is an important one for driving the structure of
working-group discussions that resulted in the COAs that were ultimately proposed. Ensuring
robust links between needs, approaches, and specific activities proposed in the COAs was
32

Not strictly a requirement for putting forward an idea in the working groups, but the development of COAs
required some conceivable means of achieving this.
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important for qualitatively assessing COAs’ relevance to the hurricane recovery strategy as a
whole, as well as ensuring that potential funding might be secured (a key requirement with
demonstrated direct relevance to recovery).
To structure COAs to optimize relevance, HSOAC worked with experts to lay out explicit
goals for hurricane recovery based on damage and needs, relevant approaches for meeting these
goals based on clear objectives and accepted (by communities of practice) methods, and actions
to realize these approaches based on appropriate activities that made up the foundational
methods for the approaches. Figure 2.5 summarizes this structure. The approach amounts to a
study of ends, ways, and means—a framework for strategy that has most explicitly been
employed by the U.S. military.33 Through this process, we developed scientifically sound
recovery activities that took into consideration established management practices, previous
resource management plans, and existing conditions.

Approaches for
meeting natural
resource recovery
goals

Activities

Goals for
recovering from
the hurricanes

Objectives
and methods

Damage and
needs

Figure 2.5. The Structure of the Natural and Cultural Resources Recovery Model

Actions necessary
to realize
approaches

We accept that using the ends, ways, and means approach has limitations; notably, some
have argued that it is too formulaic and inhibits creative thinking.34 For our purposes, however,
this approach provided some methodological structure within a diverse, fast-paced recovery and
research environment. In our case, the “formula” provided an expedient check of whether
working groups were identifying viable options. Furthermore, any constraints on creativity
introduced by this structure were far outweighed by constraints presented by the limitations on
time, information, and potential funding.
In the NCR sector, recovery activities are asset-focused and prioritize locations of economic,
ecological, and cultural value and incorporate resilience, sustainability, and adaptivemanagement principles.35 Other recovery activities are foundational in that they seek to develop
accessible information and data, awareness, and workforces. A crosscutting set of activities

33

See, for example, Eikmeier, 2007.

34

See, for example, Cavanaugh, 2017.

35

DOI, responsible for NCR recovery planning, broadly defines community resilience and sustainability as follows:
“Resiliency is the ability to adapt to changing conditions and withstand, and rapidly recover from, disruptions due to
emergencies. Sustainability is meeting the needs of the present without compromising the ability of future
generations to meet their own needs” (DOI, undated).
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included in NCR are those to develop alternative tourism,36 which provides a direct link between
natural (and cultural) resources and economic development and opportunity for communities
throughout Puerto Rico.
NCR working groups developed recovery activities that targeted priority areas for recovery.
Although there is some choice on the scope or scale of these activities, the decision largely
becomes whether to invest to aid in recovery and restore ecosystem function and resilience.
At the same time, Puerto Rico’s government developed the vision and goals for the plan.
During the decisionmaking process, the COAs developed by the working groups with DRNA
input were aligned with the recovery plan vision and capital and strategic initiatives. These
COAs were prioritized and selected for inclusion in the recovery plan by representatives of
Puerto Rico’s government.
As described in the plan,
Investments in natural capital are necessary to protect communities and
businesses from disasters and to provide food, fiber, and fuel; habitat for native
species; and recreational and tourism opportunities. This natural capital is part of
what makes Puerto Rico a unique and desirable location. Investments in solid
waste infrastructure are also imperative to improve both the economic
environment and the natural environment; experts estimate that, in the absence of
action, Puerto Rico will run out of landfill capacity within two to four years.
(Central Office for Recovery, Reconstruction and Resiliency, 2018, p. 65)

Capital investments, including natural capital, provide the essential foundation for Puerto
Rico’s recovery and growth in the next several years. Complementing the capital investments in
the recovery plan are several strategic initiatives to catalyze specific areas for Puerto Rico’s
growth, to capitalize on an asset or strength in Puerto Rico, or to close a gap that could hinder
Puerto Rico’s economic development or resilience. Of the eight strategic initiatives included in
the plan, several are supported by recovery of the natural capital. The two that rely most heavily
on natural and cultural resources are
•

•

the ocean economy (e.g., the BLUEtide initiative): Integrate and promote all of Puerto
Rico’s ocean-dependent industries and ecosystems as a cohesive effort to promote
economic growth, improve quality of life for residents, and enhance the visitor’s
experience.
the visitor economy: Develop a strong visitor economy to help position Puerto Rico as a
global destination of investment, production, and wealth.37

36

Alternative tourism, unlike mass tourism, involves travel that is personal and authentic and encourages interaction
with the local culture, environment, people, and communities. Our report includes ecological, agricultural,
gastronomical, adventure-related, and cultural tourism within the definition of alternative tourism. Because these
forms of tourism leverage the unique characteristics of a place, they generally are less capital-intensive than
conventional tourism.
37

NCR COAs could support two other strategic initiatives: agricultural transformation (modernizing agriculture to
promote greater productivity and output and improve exports) and entrepreneurship (expanding opportunities for
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The recovery activities included in the COAs are not projects that have well-defined scopes
but are instead higher-level strategies with select actions and rough, order-of-magnitude cost
estimates:38
As more-detailed policy choices are made in support of these courses of action,
more-detailed cost–benefit analyses will help inform policymakers about various
investments’ effects on long-term fiscal sustainability. This will, in turn, support
consideration of different levels of implementation for some courses of action to
constrain costs and maximize benefits. Costs are associated with correcting prehurricane deficiencies, as well as addressing hurricane damage. Therefore, costs
do not necessarily align with or match estimates of hurricane damage in Puerto
Rico reported here and elsewhere. (Central Office for Recovery, Reconstruction
and Resiliency, 2018, p. 48)

Like with other sectors in Puerto Rico, some components of the natural resource sector were
especially vulnerable to storm effects because of existing management and maintenance
practices (e.g., limited management and poor maintenance, lack of preparedness and contingency
planning, land-use patterns that destroyed or fragmented habitat, development that altered beach
renourishment). Chapters 3 through 6 describe the prestorm conditions, poststorm damage,
recovery model, and COAs for each of the natural assets and parks.

entrepreneurship and development of small to medium local businesses that can compete globally to promote
economic development) (Central Office for Recovery, Reconstruction and Resiliency, 2018, p. 67).
38

We did not perform detailed cost–benefit analyses for this analysis, but they might be possible during execution.
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3. Recovery of Coastal Resources

This chapter documents damage assessments and recovery strategies for coastal resources.
We group coastal resources into three interdependent
ecosystems: coral reefs and seagrasses, dunes and beaches,
and wetlands. For each resource, we discuss prestorm
conditions, assessments of storm damage, and strategies and
action for recovery.39

Overview
Puerto Rico’s island environment features rich coastal areas, encompassing coastal,
estuarine, and marine ecosystems. Their key physical features include sandy dunes and beaches,
rocky shorelines, mangrove swamps, estuaries, submerged seagrasses, and coral reefs, which are
some of the oldest marine systems on this planet and range from 5,000 to 10,000 years old.40
These ecosystems provide valuable ecological, economic, health, and protective services to the
people of Puerto Rico. For example, coral reefs, mangrove forests, seagrasses, wetlands, dunes,
and beaches provide critical ecosystem services, such as storm and flood protection and habitat
for fisheries and other flora and fauna that support food production. Seagrasses and corals are
effective natural buffers against storm effects, providing protection to coastal communities. For
example, in a meta-analysis, researchers found that coral reefs can reduce wave energy by up to
97 percent (Ferrario et al., 2014). Thus, these assets provide the first line of defense for the
44 coastal municipalities in Puerto Rico. Moreover, research into the cost-effectiveness of using
nature-based approaches for coastal protection indicates that these can be more cost-effective
than gray infrastructure for comparable levels of protection (and not accounting for the
additional ecosystem services provided by coral reefs and wetlands), depending on site-specific
characteristics.41 These ecosystems are also considered critical to important industries, such as
tourism and commercial and recreational fisheries and nurseries, and they act as water-filtration
systems and provide habitat for T&E and other protected species. Nearly 65 percent of the
surveyed population of Puerto Rico responded to going to the beach is a preferred recreational

39

Photo: National Oceanic and Atmospheric Administration (NOAA) Center for Coastal Monitoring and
Assessment Biogeography Team, NOAA’s Coral Kingdom Collection, Puerto Rico, La Parguera, reef 1724, January
2005.
40

See, for example, Miller and Lugo, 2009, p. 267.

41

Gray infrastructure refers to engineered structures built of concrete, steel, or other synthetic materials. See
Narayan, Beck, Reguero, et al., 2016, and Reguero et al., 2018.
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activity (AECOM, 2018). Thus, these ecosystems provide valuable ecological, economic, health,
and protective services to the people of Puerto Rico.
By absorbing the brunt of wave energy and water from flooding and storm surges, these
coastal assets experienced direct damage during the storms. Seagrasses are damaged during
hurricanes because of wave action, debris, and sediment scouring and deposition. The primary
cause of hurricane-related damage to coral reefs is the strong waves. By absorbing this wave
energy, corals can break loose and can cause additional damage as they are thrust onto other
parts of the reef. Furthermore, debris and rubble on the ocean floor can also make it challenging
for these corals to find suitable space to reattach and grow.42 In addition to sustaining physical
damage, coral reefs and seagrasses can experience posthurricane stress when water quality is
diminished from excessive sedimentation, sewage, and other pollutants that are washed out to
sea in stormwater runoff. Once stressed, seagrass beds are at risk of being overrun by
opportunistic invasive species of lower nutritional value.
Wetland vegetation experiences damage from wind; debris; pollution and sedimentation; and
changes in hydrology due to flooding, sediment deposition, and saltwater intrusion. Changes to
wetland hydrology can also lead to changes in the mix of species or loss of biodiversity (which
affects wetland function), including the spread of opportunistic invasive species and a change in
the proportion of various types of vegetation (Ambienta, 2018). Dunes and beaches are damaged
from the high winds, strong wave action, and storm surge that can erode, overwash or breach,
and scour them. There also can be a corresponding loss of vegetation that further degrades and
weakens dunes and beaches. Hurricane effects are often amplified in areas with illegal sand
extraction, high levels of vehicular or foot traffic, or physical structures—each of which disturbs
the natural flow of sand that provides dune and beach material. Figure 3.1 shows this effect in
areas where development encroaches on an appropriate setback zone. Characterization of the
extent and type of observed damage to each of these natural resources after Hurricanes Irma and
Maria formed the basis for recovery planning in Puerto Rico.

42

Hurricanes can also have beneficial effects on coral reefs, such as lowering water temperatures, which, in summer
months, can help reduce corals’ heat stress (Heron et al., 2008; personal communication with Brent Murry, science
coordinator for the U.S. Fish and Wildlife Service [US FWS], June 8, 2018).
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Figure 3.1. Photographs of Beach Erosion’s Effects on Buildings

SOURCE: Aponte-Bermúdez et al., 2018.

The NCR Coastal Resources Working Group, with HSOAC analytical support and input,
conducted the hurricane recovery planning and developed the COAs. Members of the group
came from Puerto Rico’s agencies, federal agencies, scientists from the UPR, and contractors.
The recovery planning process began with the group identifying the assets that needed to be
assessed and developing approaches for these assessments. With DRNA input, the group then
identified initial recovery goals and activities and iterated them as information from the
assessments on the type and extent of damage became available. The goals and activities had to
be linked to the damage caused or exacerbated by the hurricanes. Frequently, the assessments
characterized damage and proposed scientifically derived activities to restore the resources. The
group also considered information from previous planning efforts, such as Build Back Better
(Governor of Puerto Rico, 2017), Puerto Rico State Wildlife Action Plan (SWAP) (DRNA,
2015), Puerto Rico’s State of the Climate 2010–2013 (Puerto Rico Climate Change Council,
2013), and Puerto Rico’s Coral Reef Management Priorities (Parsons, 2010).43
The group considered several other factors when determining recovery goals and specific
recovery strategies and activities for coastal resources. These included the following:
•
•
•
•
•

the amount of information available on prestorm conditions
the comprehensiveness of the assessment
the ecological value, importance to the community and region, and value of the
ecosystem services provided by these resources
protection of these investments
the feasibility, likelihood of success, and cost.

Table 3.1 presents the recovery model used to develop the COAs that resulted from an ends,
ways, and means analysis method described earlier, along with abridged versions of the recovery
goals, approaches, and sample actions for three categories of coastal resources. As stated earlier,
43

See also Diaz and Lilyestrom, 2010, and Ortiz, year unknown.
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the group used this structure to drive the discussion of what recovery for these resources should
encompass and to identify activities essential for achieving the goal. The process does not
explicitly treat the interdependencies among these resources, although, implicitly, subject-matter
experts are aware of these connections. For this reason, we note that the effectiveness of any one
COA can be diminished without others.
Table 3.1. A Recovery Planning Model for Coastal Resources
COA
ID
Recovery Goal

Approach

Example Action

NCR Coral and seagrass areas
physically damaged by hurricanes
15
are restored to enhance protection
of coastal communities, human
safety, and health and invigorate
the economy.

Repair five affected coral reef sites
and protect and restore seagrass to
enable future reduction of wave
energy and surface currents, as well
as soft-bottom sediment stabilization,
and provide fish habitats.

Establish coral nurseries.
Outplant corals.
Replant seagrass.
Monitor recovery.
Update maps.

NCR The San Juan barrier reef is
protected so it can recuperate
18
following hurricanes; physical (as
coastal protection), ecological, and
economic value has been
reestablished.

Create an MPA over the San Juan
barrier reef system, support
sustainable commercial and
recreational fisheries, and provide
other protections to the restoration
investment and the reef system’s
long-term health and resilience.

Declare the San Juan barrier
reef a Commonwealth of Puerto
Rico MPA.

NCR Beaches and dunes are stabilized
and resilient to storms and sea17
level rise so they can support
biodiversity and protect the human
life and livelihoods of coastal
communities.

Restore Puerto Rico’s priority
beaches and coastal dunes (material
and vegetation), and continue
assessment of erosion.

Continue to assess shoreline
changes.
Prioritize beaches for
restoration and develop
location-specific plans.
Install sand accretion systems.
Plant vegetation.
Construct wooden boardwalks.
Manage sand relocation.

NCR The functional capacity of Puerto
Rico’s coastal wetlands is restored
16
and resilient enough to act as a
natural barrier to reduce or
minimize the threats to lives and
livelihoods, public infrastructures,
and human health.

Return the capacity, resilience, and
ecological health and functions of ten
of Puerto Rico’s priority coastal
wetlands in areas selected because of
the communities they protect and their
economic and ecological value.

Plan a Puerto Rico–wide
restoration program.
Restore vegetation and
hydrological function as needed
at specific sites.

The COAs represented in the recovery model in Table 3.1 were ultimately selected for the
recovery plan. COAs were selected based on connections to the priorities for capital investment
and strategic initiatives. The coastal resource COAs are considered essential for the recovery
plan’s natural capital objective, and they contribute to the ocean economy and the visitor
economy strategic initiatives, among others.44

44

For a discussion of the COA selection process and the methodology for building the recovery plan, see RAND
Corporation, undated.
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The rest of this chapter provides detail on what was known about prestorm conditions, the
damage assessments for each of the coastal resources, a summary of the COAs (presented in
greater detail in Appendix C), and themes and conclusions for each of the coastal ecosystems.

Seagrasses and Coral Reefs
Seagrasses and coral reefs are two distinct ecosystems that work synergistically to protect
coastlines, provide habitat, and add cultural and economic value to Puerto Rico. These
ecosystems interact in complementary ways, providing greater protection in aggregate than they
could individually (Guannel et al., 2016). Coral reefs are highly effective at decreasing wave
energy during storm events because of their complex physical structures; seagrass vegetation
also dampens wave energy in a similar manner and stabilizes soft-bottom sediments. Both coral
reefs and seagrasses provide complex structures that support habitat for multiple marine species;
seagrasses especially are an important nursery ground for many fish, including commercially
viable species. Together with reef systems and wetlands, seagrasses are “the heart and soul of the
tropical nursery and feeding grounds for most of Puerto Rico’s insular shelf. This is especially
true of about 80 percent of the fish of commercial value that are fished from these waters”
(Miller and Lugo, 2009). Another consequence of this interdependence is that harming one
ecosystem can affect the functioning of other natural resources.
Seagrasses further support coral reefs by taking up nutrients and suppressing sedimentation,
either of which can damage coral reefs by encouraging high levels of algal growth and blocking
sunlight. Although coral reefs are generally considered more valuable from a human perspective
because of their aesthetic value for tourism, both seagrasses and coral reefs are highly diverse
ecosystems and, where they are geographically connected, should be managed in tandem.
Seagrasses’ Prestorm Conditions, How We Assessed Damage, and What We Found
Seagrasses are an ecologically valuable resource, and seven species of submerged seagrasses
can be found in the shallow waters of coral reef lagoons, bays, and mangrove channels along
Puerto Rico’s coast. These plants are critical to the coastal ecosystem for general and nursery
habitat, as a food source, and for sediment filtration and nutrient absorption, among other things
(Miller and Lugo, 2009). Their importance as the basis for highly productive shallow-water
coastal ecosystems cannot be overstated, and these “underwater meadows” are critical food
sources for the endangered West Indian manatee (Trichechus manatus) and green sea turtle
(Chelonia mydas) (Miller and Lugo, 2009). Two seagrass genera—Thalassia and Syringodium—
are particularly prominent where the coastal shelf is more protected in the east, south, and
southwest areas of Puerto Rico.
The DRNA is responsible for seagrass management. Seagrasses across the Caribbean have
been threatened by, among other things, dredging, effluent from both municipal and industrial
sources, oil spills, nutrient enrichment, sedimentation, erosion (from construction and as a result
35

of naturally existing processes), disruptive commercial fishing practices, introduction of
nonnative species, aquaculture (cropping), temperature changes (related to power plants and
naturally existing processes), storm scouring, and effects related to the El Niño–Southern
Oscillation and climate change. Native species of seagrass in the Caribbean are being threatened
by an invasive form of seagrass, halophila seagrass (Halophila stipulacea). H. stipulacea is fast
growing and easily spread; changes to local biodiversity have been detected, but the long-term
ecological changes associated with this invasive seagrass are still being studied (Willette and
Ambrose, 2012).
In 1999, NOAA conducted large-scale seafloor (benthic, or the ecological zone at or
immediately below the sediment surface) habitat mapping off the coast of Puerto Rico
(Landscape Conservation Cooperative Network, undated). As shown in Figure 3.2, the benthic
habitat mapping shows seagrasses primarily along the western, southern, and eastern coastlines
of the main island. These data were used to inform the 2015 SWAP (DRNA, 2015), but no full
benthic assessment was available after 1999. Although these data are useful to set a baseline, the
data collected by NOAA is rather old and might not be an entirely accurate representation of
prehurricane coastal conditions in Puerto Rico.
Figure 3.2. Map of Seagrass Cover in Puerto Rico

SOURCE: DRNA, 2018b.

Much of the poststorm damage assessment for seagrasses was performed using available remote
sensing information from moderate-resolution sensors, such as daily values from the Visible
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Infrared Imaging Radiometer Suite and high-resolution imagery (approximately 10 m to 30 m
spatial resolution) from the Landsat 8 Operational Land Imager and the multispectral imager on
Sentinel-2. To develop a first approximation of damage, researchers used several indicators of
physical changes and water-quality measurements from remote sensing sources to assess
locations where there were hurricane-related disturbances. Results of two assessments are
presented in the following paragraphs.
In the first assessment, analysts used the following criteria to identify areas with potential or
probable seagrass damage within the available pre- and poststorm imagery data (K. Kaufman,
2018b):
•
•
•
•
•

freshwater discharge points, which have expected pollution and sedimentation issues
eroding shorelines, which have increased wave energy and sedimentation
hurricane-related vessel groundings, which can cause uprooting and physical scarring of
seagrasses
high-reflectance areas, which can mean a bare seafloor absent any seagrasses
previously identified vulnerable areas.

Figures 3.3 and 3.4 are maps of probable and possible areas of seagrass damage, based on
remotely sensed information and known vessel groundings.
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Figure 3.3. Map of Probable and Possible Seagrass Damage
Probable hurricane disturbance
Visible change (possible
disturbance)
Culebra

SOURCE: K. Kaufman, 2018b.

Figure 3.4. Map of Known Vessel Groundings and 2001 Habitat Data

SOURCE: K. Kaufman, 2018b.

Table 3.2 details the estimated probable hurricane damage to seagrass, showing that more
than half of the seagrass damaged, by area, was affected by sediment plumes from freshwater
discharges.
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Table 3.2. Areas of Probable Damage to Seagrasses, by Damage Indicator Type
Area
Probable Hurricane Disturbance Square Meters Hectares
Erosional, terrestrial

2,300

0.23

Erosional, ocean

63,715

6.37

Sediment plume

128,560

12.86

Shoreline change

10,010

1.00

Submerged debris

95

0.01

Surface debris

3,530

0.35

Vessel scarring

1,860

0.19

210,070

21.01

Total damaged seagrass
SOURCE: K. Kaufman, 2018a.

In the second assessment, performed in the spring of 2018, NOAA analysts used moderateand high-resolution remote sensing techniques to assess two additional damage indicators: levels
of chlorophyll-a (chl-a) and Kd(490). Chl-a is used to measure the amount of chlorophyll
produced by phytoplankton in a system. Nominal, or baseline, chl-a levels are related to the
ecosystem type and the amount of organic matter that is generally present, so some interpretation
is required. However, high chl-a levels can indicate that the system has been “overfertilized”
because of runoff or sewage exposure, which can lead to an overgrowth of phytoplankton that
will eventually lead to high bacterial counts as the organic matter from the phytoplankton
decomposes.45 This process results in low dissolved-oxygen levels and low light penetration
through the water column, both of which can negatively affect seagrasses and corals. High
phytoplankton or algal growth can also outcompete seagrasses and coral reefs.
To estimate sewage discharges into the environment from September to December 2017,
scientists analyzed geographic information system (GIS) data consisting of Puerto Rico
Aqueduct and Sewer Authority (PRASA) wastewater-treatment plant (WWTP) shapefiles,
watershed boundaries (as identified in the U.S. Geological Survey [USGS] hydrologic unit codes
to the 12th digit), and the estimates of electrical outages. From this research, they estimated that
between 3 million and 4.5 million L of raw sewage was released into watersheds and coastal
areas after the storm (W. Hernández, 2018).
Kd(490) is a diffuse attenuation coefficient, which measures how well light penetrates a water
column and is used as a proxy for turbidity. A highly turbid system inhibits photosynthesis of
seagrasses and can indicate high sediment levels, which can reduce both sunlight and oxygen
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Low chl-a levels indicate that the system does not have a significant amount of organic matter and is generally
not considered a productive system. For some ecosystems, this is a normal state. For example, a beach with clear
water does not have a significant amount of nutrients to feed phytoplankton, so a low chl-a level would be
considered appropriate for that ecosystem.
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access for seagrasses and corals—essentially smothering the ecosystems (W. Hernández, 2018).
Following are a scientist’s interpretations of the results from the remote sensing data collection.
As the data in Table 3.3 show, an estimated 21 to 22 percent of the estimated 90,306 hectares
of seagrasses were moderately or highly exposed to high levels of chl-a and Kd(490)
(substantially more were exposed to above-average amounts of poor water quality). These
exposures are above established thresholds for healthy seagrass habitats. Sources of pollution
include sediment from landslides caused by the hurricanes, as well as untreated sewage
(discussed in more detail in Chapter 4).
Table 3.3. Seagrasses Affected by Hurricanes Irma and Maria
Remote Sensing
Measure

Estimated Percentage of
Seagrasses Affected

Measurement

Kd(490)

22

High or moderate exposure levels poststorm of Kd(490)
(measure of turbidity)

Chl-a

21

High or moderate exposure levels poststorm of chl-a
(measure of trophic health)

SOURCE: W. Hernández, 2018.

These findings indicate that, in addition to physical damage, seagrasses experienced
posthurricane stress from diminished water quality.
The assessments in this section are based on older benthic assessments and current remote
sensing; an updated benthic assessment would be useful to learn more about the health of the
seagrass ecosystem. Regardless, one method that will improve health of seagrass beds is properly
managing watersheds and minimizing pollutants and other stressors of seagrass and coral
systems.
Coral Reefs’ Prestorm Conditions, How We Assessed Damage, and What We Found

Coral reefs are another critical habitat in Puerto Rico. Puerto Rico has approximately
754 km2 of coral reef. Known as the rainforests of the oceans, coral reefs contain both biological
and geological elements. Coral reefs grow from the calcium carbonate secretions resulting from
the symbiotic relationship between certain types of corals and algae that live within their cells.
Coral reefs off the coast of Puerto Rico can be 5,000 to 8,000 years old (Adey, 1978).
Coral reefs provide a physical barrier for wave energy, thus reducing storm impacts to the
coastline. They are also biodiversity hotspots, and their complex structures provide food, habitat,
and nursery grounds for many marine species, which, in turn, yields compounds and genetic
material useful for developing medicines. Snorkeling and scuba diving on healthy coral reefs
make up a large tourism industry, and coral reefs support subsidence, commercial, and
recreational fisheries. A 2007 study commissioned by the DRNA estimated that the value of
coral reefs in northeastern Puerto Rico and Culebra is $1.1 billion, or nearly $2.6 million per
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linear kilometer of coastline. Most of this value stems from passive values, followed by
recreation and tourism (Estudios Técnicos, 2007).
However, coral reefs face many environmental and physical stressors, including ocean
acidification, storm energy damage, exposure to pollution from runoff and other sources
(potentially including sunscreen), and illegal and excessive fishing. Additionally, coral reef fish
are harvested as part of the saltwater aquarium industry, but illegal catch can also stress the coral
reef ecosystem when poorly enforced (Dee, Horii, and Thornhill, 2014). Coral reefs are sensitive
to climate-related stressors, including increasing temperatures and ocean acidification, which
lead to coral bleaching.46 Coral reef–driven tourism is a large draw, but tourists and recreational
users dropping anchors or kicking or touching reefs can also degrade coral reef health over time.
In addition, although harvesting coral for souvenirs is illegal in the United States, corals are still
damaged from the practice. For these reasons, corals and seagrasses might not fully recover from
the effects of the hurricanes as rapidly or effectively as they would have had they been healthier
before the storm. Figure 3.5 shows coral reef cover in Puerto Rico before the hurricanes.
Figure 3.5. Map of Coral Reef Cover in Puerto Rico

SOURCE: DRNA, 2018b.
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Coral bleaching occurs when a coral expels the algae living in its tissue and turns white. Pollution and higher
water temperatures are two causes of coral bleaching. Although bleaching does not necessarily kill the coral,
bleached corals are stressed and experience higher mortality rates.
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Coral reefs in Puerto Rico have been managed by commonwealth and federal government
agencies. The Act for the Protection, Conservation, and Management of the Coral Reefs in
Puerto Rico, passed in 1999, empowered the DRNA to develop a program to conserve, protect,
and manage reef ecosystems (Puerto Rico Act 147, 1999). In 2016, Puerto Rico established
Regulation 8809, which implements management mechanisms for protecting and conserving reef
ecosystems and communities, including imposing penalties for inappropriate activities (DRNA,
2016b; Ortiz, year unknown). The DRNA has jurisdiction over the reef system to 9 nm offshore.
At the federal level, the U.S. Coral Reef Task Force (cochaired by NOAA and DOI as
directed by Executive Order 13089 [Clinton, 1998]), part of NOAA’s Coral Reef Conservation
Program, supports the seven coral reef states and territories to develop local action plans for
coral reef conservation and protection (Ortiz, year unknown). In 2010, with the program’s
support and input from stakeholders, the DRNA identified three priority issues for the
management of coral reefs:
•
•
•

Improve the water quality of reef ecosystems by reducing pollution from terrestrial
sources.
Reduce effects from human activities that are most damaging to reef ecosystem health.
Promote recovery from previous storm events and anticipate the effects that increased
storm frequency and intensity, water temperature and acidification, and air pollution
could have on reef ecosystems.

Local action strategies were developed for 2012 through 2015, but still not every area with a
coral reef in Puerto Rico has a management plan.
NOAA’s coral reef management priorities for Puerto Rico were developed in 2010 (Parsons,
2010). Sites were chosen for the program based on three criteria: biological value, degree of risk
and threat, and site viability. The four sites that were identified as immediate priority reefs are
Culebra, Northeast Reserves, Cabo Rojo, and Guánica and its marine extension. In addition to
those four, 13 sites were identified as important reefs in Puerto Rico. The Culebra and Northeast
Reserves coral reef systems are the only Habitat Blueprint focus area in NOAA’s Habitat
Blueprint program that is in the Caribbean (National Ocean Service, undated). NOAA, with its
partners, employs a national framework to improve habitat for marine life, coastal communities,
and fisheries in these focus areas. Teams from various NOAA offices, two local nonprofits
(Ridge to Reef and Protectores de Cuencas [PDC]), students in Puerto Rico, and local volunteers
participated in restoration and maintenance of the Culebra reef system (NOAA, 2016).
More than 400,000 m2 of coral reef was assessed for physical storm damage after Hurricane
Maria (see Figure 3.6 for the locations assessed). A probabilistic sample design was utilized to
choose sites for assessment. A combination of diver-based transect and roving surveys were
performed, and 12 species of coral were chosen as the target species for this study (National
Ocean Service, undated). For this assessment, 150 sites were chosen, based on coral cover,
coastal protection provided, and the presence of endangered species. Where live coral had
broken off or fragmented from a larger structure and remained loose in the coral area, divers
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reattached coral to damaged reefs during the assessment, to save money in the long run and
increase the likelihood that the loose corals would survive. Not only does reattaching coral
increase reef survival rates and reduce reef recovery time; it also prevents loose pieces of coral
from further damaging the main reef during periods of strong wave action. As a result,
approximately 10,000 coral pieces had been reattached at the time of this writing (NOAA,
2018b). The majority of triage work occurred in the northeast, at Culebra, and on Vieques and in
the north. Figure 3.6 identifies the sites assessed for damage to elkhorn coral (Acropora
palmata). Similar maps were created for damage to lobed star coral (Orbicella annularis) but are
not presented here.
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Figure 3.6. Map of Sites Assessed for Elkhorn Coral (A. palmata) Reef Damage

SOURCE: NOAA, 2018b.
NOTE: Severe damage (red circles) was defined as more than 100 broken colonies and fragments at a site.
Moderate damage (orange circles) was defined as a site with 50 to 99 broken colonies and fragments, and minor
damage (yellow circles) was defined as a site with 49 or fewer broken colonies and fragments. Sites with no damage
or where A. palmata was not present are also indicated. A total of 14 sites were categorized with severe damage.

The coral reef damage assessment showed high variability of damage, with some sites
showing 100-percent damage and other locations displaying little to no damage. As can be
expected, those reefs on the path with the most storm energy (northeast, north, and western parts
of the main island plus Vieques and Culebra) displayed the most damage. Additionally, damage
was variable within each site; the variability could be related to a location’s orientation with
respect to wave direction or the type and number of species at that site. Corals with branches and
lobed structures tended to experience more damage than those with flatter structures.
An average of 11 percent of all reefs in Puerto Rico’s waters were damaged in the storms
(NOAA, 2018b). The corals most valuable for building reef structure and corals listed as
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threatened or endangered under the Endangered Species Act of 1973 (Public Law 93-205, 1973,
as codified at 42 U.S.C. Chapter 35) (ESA) were also the most–severely affected species. This
means that, without intervention, natural recovery will most likely be slower than average. The
images in Figure 3.7 depict some damaged corals in Puerto Rico’s waters.
Figure 3.7. Photographs of Damaged Coral Reefs

SOURCE: NOAA, 2018b.
NOTE: a = pillar coral (Dendrogyra cylindrus) that has broken. b = branching finger coral (Porites spp.) (spp.
indicating all species in the genus) reduced to fragments and covered with macroalgae. c = broken elkhorn coral
(A. palmata) and staghorn coral (Acropora cervicornis). d = a large colony of lobed star coral (O. annularis) that was
no longer anchored.

Assessment sites were selected in areas where there was at least 10-percent coral coverage,
coastal protection was greatest, and coral species at these sites typically included reef-building
species that show high probabilities of success if replanted (many of which are protected by the
ESA. A probabilistic sampling strategy was used for selecting sites (in 50 m by 50 m grid cells)
in shallow coral reefs surrounding mainland Puerto Rico, Vieques, Culebra, and the islands
within the Northeast Reserves corridor that met these criteria. Table 3.4 shows the corals targeted
for hurricane damage assessment surveys.
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Table 3.4. The Corals Targeted for Hurricane Damage Assessment Surveys
Latin Name
Acropora cervicornis

Common Name
Staghorn coral

Montastraea cavernosa Great star coral
Acropora palmata

Elkhorn coral

Orbicella annularis

Lobed star coral

Acropora prolifera

Fused staghorn coral

Orbicella faveolata

Mountainous star coral

Colpophyllia natans

Boulder brain coral

Orbicella franksi

Boulder star coral

Dendrogyra cylindrus

Pillar coral

Porites species pluralis Branching finger coral
Diploria labyrinthiformis Grooved brain coral
Pseudodiploria strigosa Symmetrical brain coral
SOURCE: NOAA, 2018b.

Figure 3.8 shows a variety of species of coral that were triaged and stabilized. They are
expected to have a higher probability of recovery than if they had not been reattached. The
species shown include some species of coral listed as threatened under the ESA: elkhorn
(A. palmata), lobed star (O. annularis), and pillar (D. cylindrus).
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Figure 3.8. Photographs of Corals Repaired Through Triage Work

SOURCE: NOAA, 2018b.
NOTE: a = elkhorn coral (A. palmata). b = lobed star coral (O. annularis). c = pillar coral (D. cylindrus). d = grooved
brain coral (D. labyrinthiformis). e = lobed brain coral (C. natans). f = mustard hill coral (Porites astreoides).

The data on the damage to the reefs are shown in Figure 3.9.
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Figure 3.9. Chart of the Percentage of Colonies Damaged, by Region
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SOURCE: NOAA, 2018b.

Physical damage to corals is one consequence of the hurricanes. An additional risk to coral
reefs during and after a hurricane is the high levels of sediment and runoff that enter marine
systems, combined with an increase in turbidity. With the remote sensing discussed in the
seagrass section, we also found that 16 percent of corals were at risk of high to moderate
exposure of both chl-a and Kd(490). Finally, disease outbreaks on coral reefs can occur when
corals are exposed to runoff, which, in addition to carrying high levels of sediment, can contain
raw sewage (W. Hernández, 2018).
Most species of corals are slow growing, so if hurricanes occur more frequently than coral
reefs are able to recover, it can be expected that hurricanes will cause long-term degradation to
coral reef systems (Puerto Rico Climate Change Council, 2013).
Recovery Model and Courses of Action for Seagrasses and Coral Reefs
Seagrasses and corals provided coastal protection to the coastline of Puerto Rico but, as a
result, suffered structural damage from wind and wave energy, damage from vessel groundings,
and stress from high levels of runoff and pollution from onshore.
The goal for recovery actions is not simply restoration but ensuring that these systems are
resilient to future disturbances, able to provide flood protection to coastal communities, and
capable of supporting local economies (see Box 3.1 for an example). To achieve this goal, the
strategy includes increasing protection of about 31 km of coastline by 2025 by increasing the
reef height by 1 m. This goal includes having 1 million corals in areas that sustained severe
hurricane damage and that have favorable habitat conditions for recovery to protect coastal areas
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with large populations and significant economic importance, such as San Juan, Fajardo, Culebra,
Aguadilla, and Arecibo.
Box 3.1. A Collaboration to Restore Seagrasses Helps Wildlife, Provides Jobs, and Improves
Island Resilience
Seagrasses provide habitat for fish; invertebrates; and T&E sea turtles, birds, and other wildlife. Seagrass meadows
also dissipate wave energy, reduce flooding from storm surges, improve water quality, and provide significant
carbon storage capacity. The Ocean Foundation, an international NGO, is partnering with Protectores de Cuencas
(PDC), a local NGO that helps to restore and protect watersheds in Puerto Rico, in a Conservación ConCiencia
project to restore 25 acres of seagrass in Puerto Rico’s Jobos Bay National Estuarine Research Reserve. The
reserve includes an intertidal tropical ecosystem dominated by seagrass beds, coral reefs, and mangrove swamps
and provides important habitat for the peregrine falcon, brown pelican, endangered West Indian manatee, and
endangered hawksbill sea turtle. The Ocean Foundation is raising $130,000 for this project. This project’s replanted
seagrasses will help provide hurricane resilience for future storms, including helping to protect infrastructure in
nearby communities, such as roadway evacuation routes and a power plant. The project also brings much-needed
economic activity to the area by providing fishers and divers with employment to remove debris and equipment from
the storms and to plant the seagrasses.
SOURCES: Ocean Foundation, undated; Spalding, 2018.

An additional goal is to develop a better understanding of seagrass distributions in order to
help ensure the sustainability of their economic and ecological contributions to the human and
coral communities and to aid in recovery of severely damaged seagrass sites to maintain their
coastal protection services to socioeconomically important communities. According to findings
from a preliminary seagrass damage assessment, Fajardo and Culebra, Salinas, and Vieques
experienced pronounced changes to seagrass and will be the focus of initial restoration activities.
The activities needed to support these goals for seagrasses and corals involve developing
plans, updating baseline information on these assets (benthic maps), and establishing monitoring
and restoration programs. For example, replanting seagrasses and corals (NCR 15, Coral Reef
and Seagrass Protection and Restoration) includes replanting 5 acres of seagrass and establishing
coral nurseries and farms near restoration sites in order to outplant more than 1 million corals on
select sites to increase reef height by 1 m at specified locations. These activities can leverage
skilled-workforce development programs, such as NCR 25, Blue Shore Workforce Development,
which references the proposed Blue Shore program to create a locally sourced, skilled labor
force that meets the needs of recovery and restoration in the short term while building human
capital expertise that will be required in the longer term as the recovery plan’s strategic
objectives are pursued. Recovery actions should also protect these habitats from overfishing,
vessel grounding and anchoring (NCR 18, Establish the San Juan Barrier Reef System as a
Marine Protected Area), and pollution runoff and coastal erosion (NCR 14, Water Quality
Improvements at the Watershed Scale).
Themes and Conclusions
Coral reefs, seagrasses, wetlands, dunes, and beaches are all systems that, although they are
ecologically separate, provide enhanced protection and ecosystem services when all three
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systems are healthy. Coral reefs and seagrasses provide important habitat and wave attenuation
before storm surge reaches land, thus protecting wetlands, beaches, and dunes. Wetlands,
beaches, and dunes, in turn, provide habitat for coastal species and filter water from onshore
before it enters the marine environment, thus preventing corals and seagrasses from being
exposed to high levels of sediment and pollutants. Although restoring just one of these systems
will provide habitat and storm protection, the benefits are multiplied when all systems are
restored in tandem.
Coral reefs and seagrasses provide crucial coastal protection services that significantly
reduce wave energy and flood inundation for all coastal communities’ infrastructure, buildings,
utilities, and services. Coral reefs also serve as habitat for commercially and recreationally
important fisheries and as a focus for tourism and recreation; they are therefore major
contributors to Puerto Rico’s economy. Finally, restoring reefs and seagrasses will create local
jobs and promote local capacity building (demonstrating mutually reinforcing goals of ecosystem
recovery, skilled-job development, and strengthening community). Key stakeholders should
include the UPR, NOAA, and the DRNA, as well as local tourism industry representatives and
local fishers.

Dunes and Beaches
The edge of the sea is a strange and beautiful place. All through the long history
of Earth it has been an area of unrest where waves have broken heavily against
the land, where the tides have pressed forward over the continents, receded, and
then returned. For no two successive days is the shore line precisely the same.
Not only do the tides advance and retreat in their eternal rhythms, but the level of
the sea itself is never at rest. It rises or falls as the glaciers melt or grow, as the
floor of the deep ocean basins shifts under its increasing load of sediments, or as
the earth’s crust along the continental margins warps up or down in adjustment to
strain and tension. Today a little more land may belong to the sea, tomorrow a
little less. Always the edge of the sea remains an elusive and indefinable
boundary. (Carson, 1955 [1998], p. 1)

Prestorm Conditions, How We Assessed Damage, and What We Found for Dunes and
Beaches
Puerto Rico has nearly 1,287 km of coastline, of which 206 km hosts more than 330 beaches,
97 of which are classified as swimmable and two of which are Blue Flag beaches prized for their
tourism value.47 The majority of Puerto Rico’s shore is rocky, with origins in ancient coral reefs
or as beach rock formations created from the cementation of sand, shell fragments, or calcium
carbonate (Miller and Lugo, 2009). Many organism types persist on these shores, including
47

Blue Flag is a voluntary designation awarded annually to applicants who meet and maintain the specified criteria
for water quality, environmental management, environmental education, and safety for beaches, marinas, or boats
used for tourism. For more on the program, see Foundation for Environmental Education, undated.
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snails, crabs, chitons, limpets, barnacles, algae, and land plants. Coastal scrub is also present on
the elevated cliffs above some rocky coasts. Only a small percentage of Puerto Rico’s shoreline
hosts sandy dunes and beaches, which are more prevalent in the north. Dunes are found in
Aguadilla, Isabela, Camuy, Hatillo, Arecibo, Barceloneta, Manatí, Dorado, San Juan, Carolina,
Loíza, Luquillo, and Culebra.48 Dry beach and dune areas are home to a variety of plants, and
shallow-water sandy areas can host productive seagrass habitats. Dunes are also sand storage
areas that supply the needed sand to beaches. Vegetation on dunes provides habitat but also holds
the sand in place. This vegetation is adapted to fairly harsh conditions, such as low-nutrient soils,
high-salinity conditions, direct sun, and a fluctuating water supply. However, even low levels of
vehicular or human traffic harms these plants. Without vegetation, a dune is exposed to wind
erosion, resulting in blowouts or breaches in the dunes that are weak spots, creating
vulnerabilities to high waves and storm surge. If the beach and dune system is healthy, the
system can absorb much of the wave energy of a large storm, thus protecting inshore land
(Office for Coastal Management, undated; Puerto Rico Climate Change Council, 2013).
Beach and dune system health is highly variable, depending on sediment transport in the
system. Ocean currents are constantly moving sand and reshaping beaches, while rivers provide
renourishment. A balanced beach and dune system has a typical cycle of many years of slow
accretion followed by a rapid depletion due to storm activity. Beach and dune poststorm
recovery rates depend on three variables: the health and stability of the dune systems; coastal
development; and the presence and status of naturally occurring coastal protections, such as
mangrove forests, seagrasses, coral reefs, and beach rocks.
Beaches are an integral part of Puerto Rico’s coastal ecosystem and are invaluable resources
for Puerto Rico’s tourism industry and cultural identity. For example, one study showed that
going to the beach is a preferred recreational activity for more than 63 percent of the people in
Puerto Rico (AECOM, 2018). The map in Figure 3.10 shows the distribution of beaches around
Puerto Rico that have been identified as used for recreation.
Beaches are also critical nesting habitat for sea turtles, which are an internationally protected
species under the Inter-American Convention for the Protection and Conservation of Sea Turtles
and a domestically protected species under the ESA. Puerto Rico has some of the most-important
nesting beaches in the world. For example, the Mona Island Natural Reserve was home to more
than 1,600 nests of the hawksbill sea turtle (Eretmochelys imbricata) in 2010, and the northeast
side of the main island is a nesting ground for the leatherback sea turtle (Dermochelys coriacea).
Additionally, NOAA Fisheries and the US FWS has declared the waters around Culebra critical
habitat for the green sea turtle (C. mydas) (NOAA Fisheries, undated).
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Personal communication between Robert Mayer, director, Vida Marina (Center for Coastal Conservation and
Restoration), and Susan Resetar, HSOAC, on May 31, 2018.
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Figure 3.10. Map of Beaches Identified as Recreational Areas in Puerto Rico

SOURCES: ESRI data, March 28, 2018; OpenStreetMap, beach data, February 2, 2020.

Beach and dune ecosystems provide critical storm protection but can be challenging to
manage because they have natural accretion (or erosion) cycles that can be exacerbated by
anthropogenic impacts, such as high traffic through sensitive areas or sand harvesting and built
structures, such as shoreline walls or development that disrupts sediment transport and sand
renourishment. Other exacerbating factors can be climate change, the condition of neighboring
ecosystems (e.g., seagrasses, corals and other reef types, wetlands that help beaches retain sand),
and major storms. Therefore, the beach and dune systems should be considered dynamic and
should be managed as such.
Many of Puerto Rico’s beaches and dunes had eroded before the 2017 hurricane season. Sand
mining, coastal development and hard shore protection (such as walls, riprap, breakwaters, or
jetties), all-terrain vehicle use, winter swells, large storms, and hurricanes have depleted Puerto
Rico’s beaches and dunes. Significant dune erosion dates back to large-scale mining for sand in
the 1960s and 1970s. Additionally, beaches were heavily eroded by hurricanes between 1995 and
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1999, and recovery was slower than is typical after heavy storms. Finally, built structures, such
as jetties, breakwaters, marinas, seawalls, and insufficient construction setback, are humancreated factors that have changed sediment flow patterns and have resulted in lower rates of sand
accretion at some beaches. Between the 1970s and 2010, approximately 60 percent of Puerto
Rico’s beaches were eroding (Barreto-Orta et al., 2019). Scientists estimate that the coastline is
eroding at a rate of up to 1 m per year in some areas of Puerto Rico, although erosion rates are
not uniform.49 Sea-level rise, continued human development, and increasing storm intensity are
all expected to worsen damage to Puerto Rico’s beaches. Loss of these beaches will make
coastline communities more vulnerable to future storms.
The DRNA is responsible for all beach and dune management, but it can receive federal
support and funding to protect beaches as critical nesting habitat for sea turtles.
Dune Assessment

Twenty-four high-priority dune locations were assessed for damage due to Hurricanes Irma
and Maria in 2017 and the subsequent northeasterly swells that occurred in early 2018. The
assessed sites are located on the north coast of the main island in the following seven
municipalities: Isabela, Camuy, Hatillo, Arecibo, Manatí, Dorado, and Luquillo (because of time
and funding limitations, the following sites were not assessed: Aguadilla, Barceloneta, San Juan,
Carolina, and Culebra) (Mayer et al., 2018).
Hurricanes and swells can damage dunes in several ways:
•

•

•

Overwash occurs when waves crest over the dune and sand is moved from the dune
inland. In Puerto Rico, overwash caused sand deposition that blocked many streets and
roadways. Roadways were cleared, and this sand was often moved with heavy machinery
but unfortunately was often transported to the landward side of the street rather than the
oceanside. Sand on landward sides of streets is not positioned to help with dune recovery.
Dune erosion and sand bites occur when storm-surge waves reach higher levels of
beach and remove sand from dunes. When this occurs, the front face of the dunes
becomes very steep, or scarped, reducing the dunes’ overall volume and elevation
because of the erosion. The eroded sediment is carried offshore and stored in large
sandbars. Dunes can naturally recover (gaining volume and elevation) over many years if
anthropogenic effects are effectively reduced (USGS, 2016).
Saltwater flooding can carry plants away or kill them, resulting in vegetation loss that
weakens dune structure.

As a result of dune damage, beaches can become more vulnerable to erosion, and built
structures and properties that those dunes once protected can become more vulnerable to future
storms and the potential for overwash. Dune sites were selected for assessment considering the
availability of prestorm data on dune volume and vegetation and using NOAA imagery
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The area studied was between Punta Higuero and Punta Cadena on Puerto Rico’s northwest coast (Thieler,
Rodriguez, and Himmelstoss, 2007).
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supplemented with site visits along the north coast of the main island. Dune sites were selected
for further study according to the investigators’ judgment as to where restoration would yield the
greatest benefit, such as in areas with high foot traffic and no vegetation that are used as beach
accesses, making them susceptible to breaching by strong wave action. Sites were also selected
using information available from NOAA imagery on dune proximity to buildings and other
property. In addition, most of these locations are also important habitat for protected species of
sea turtles (such as leatherback, green, and hawksbill sea turtles) and other organisms. Dunes
protect communities, built infrastructure, roadways, and nesting habitats for sea turtles. In
addition, dunes help to lessen light pollution, which can affect the success of sea turtle
hatchlings. Collectively, these sites represent opportunities for reaping the benefits of dune
restoration, including protection of built structures. These sites are shown in Figure 3.11.
Figure 3.11. Map of Locations of Dune Damage Assessments
•
•
•
•
•
•
•
•
•
•

End of Pedro Albizu Campos Street
End of Monte de Oca Street
Haudimar housing complex
Golondrinas Beach
West Secret Spot Beach
Breach between S. Spot and Middles
Breach on Middles Beach
Poza de Teodoro Beach
Shore Island Beach
Pozo Brujo
•
•

Villa Pesquera
Reserva Natural Finca Nolla
•

Urbanización Costa Norte
• Jarealito
• Maranto
•
•

Poza de las mujeres
Mar Chiquita
•
•

Isabela

Camuy

Hatillo Arecibo

Manatí

Caracol
El Único

•

Reserva Natural Corredor
Ecológico del Noroeste

Dorado
Luquillo

Puerto Rico

SOURCE: Mayer et al., 2018.

This assessment uses aerial imagery to provide a poststorm baseline of dune sand volume and
vegetative cover (data limitations precluded comparison with prestorm conditions in all but a
handful of sites). An unmanned aerial vehicle was used to create imagery of selected areas to
assess the damage that the extreme weather events had on these systems. Specifically, the aerial
imagery for each site included a contour map of the area (with elevation intervals of 1 m) and
red–green–blue three-dimensional (3-D) imagery (additive imagery using the colors red, green,
and blue) that was supplemented with orthomosaic models and digital surface models (common
approaches for processing imagery data to develop 3-D images that are true to scale). Images
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were captured between January and April 2018 and were analyzed for changes in dunes’
morphology (structure), creation of new breaches on the primary line of dunes, vegetative cover,
and patterns of sand accumulation. Information on the geographic coordinates, site description,
distance from structures and residential areas, percentage with vegetation cover, conservation
threats, and recommended ecological restoration actions is presented for each site. Although they
are useful for assessing storm damage, these images also provide a baseline and mechanism for
monitoring the progress of ecological restoration practices.
For example, the following three figures present imagery of Middles Beach in Isabela,
showing the effects that the extreme weather events had on the dunes. Figure 3.12 shows the
areas where waves and the ocean surge damaged the dunes’ structure, including saltwater
damage to the vegetation. Figure 3.13 presents the locations of damage and of anthropogenic
activity, demonstrating the strong correlation between the two in the area. Figure 3.14 shows the
recommended conservation actions developed as part of the overall assessment. Dunes are
relatively easy to protect from human effects, and most conservation actions include plans to
redirect damaging traffic and promote vegetative growth and sand accretion.
Figure 3.12. Storm Effects on Middles Beach, Isabela, Puerto Rico

SOURCE: Mayer et al., 2018.
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Figure 3.13. Conservation Threats to Middles Beach, Isabela, Puerto Rico

SOURCE: Mayer et al., 2018.

Figure 3.14. Recommended Restoration Actions for Middles Beach, Isabela, Puerto Rico

SOURCE: Mayer et al., 2018.

As Figure 3.13 indicates, the types of damage that occurred at these sites include erosion,
breaching, and damage to vegetation, especially in areas where there were high levels of foot and
vehicular traffic, as well as illegal sand extraction.
Signs of dead vegetation were observed on the foredune, crest, and backdune areas of most
sites. This is most likely a result of increased salinity due to flooding. Additional damage
assessments included a few sites with posthurricane vegetation assessments that were reassessed
in early 2018, after winter storms. These results are shown in Table 3.5.
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Table 3.5. Comparison of Posthurricane Dune Vegetation Before and After 2018 Winter Storms, as
Percentages
Posthurricane Vegetation
Cover

Post–Winter Storm Vegetation
Cover

Calle Monte de Oca, Barrio Bajuras
Isabela

31.1

29.3

Western Secret Spot, Isabela

3.6

3.1

Maranto, Arecibo

20.4

15.6

Location

SOURCE: Mayer et al., 2018.

The assessment after the winter storms showed a decrease in the sand volume, as well as a
reduction of vegetation cover of the selected sites. The baseline data collected during this
assessment will allow future quantitative monitoring of these vegetation and sand amounts on the
sites studied.
Beach Damage Assessment

In contrast with baseline dune information, there is a significant amount of historical beach
data because these types of assessments occur on an ongoing basis. For example, the following
previously completed analyses and data sources are available to provide baseline and
supplemental information for assessment efforts:
•
•
•
•
•

2016 lidar mapping of sand loss
2018 FEMA flood maps
Puerto Rico–wide shoreline change analysis from 1977 to 2010
Rincón shoreline change analysis from 1936 to 2006
aerial photos from 1930.

Three assessments of hurricane damage were planned to inform recovery planning. These
include a new lidar mapping (which will be compared with the 2016 data to estimate new sand
loss); an effort to compare shorelines using aerial photographs taken posthurricane in 2017 with
those taken in 2010 and 2016, combined with fieldwork in the winter and summer of 2018; and
finally, some modeling and simulation to assess how waves affect Puerto Rico’s coasts, along
with resulting flooding and beach erosion (Adams, 2018a).
Most of these assessments were not available in June 2018, but preliminary results of the
aerial imagery analysis, combined with fieldwork, indicated variable effects on beaches and
associated dunes across the main island (see Figure 3.15). In this analysis, scientists from the
UPR assessed several indicators of beach condition, beach and dune erosion, beach and dune
scarps (vertical drop-off like a miniature cliff), washouts, and channel incisions (deepening and
scouring of a creek or riverbed). The most-severe effects on beaches were observed on the
western, northwestern, north central, and southeastern parts of the main island, particularly the
beaches of Añasco, Aguada, Aguadilla, Arecibo, Barceloneta, Humacao, Rincón, Manatí,
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Mayagüez, Naguabo, and Yabucoa. For instance, aerial imagery and GIS analysis indicate that
approximately 30 m of beach width was lost after hurricane Maria at Punta Santiago, Humacao.50
Figure 3.15. Map of the Results of a Preliminary Assessment of Damage to Puerto Rico’s Beaches

SOURCE: Preliminary results of beach erosion provided by Maritza Barreto and Nahir Cabrera, UPR, May 15, 2018.
NOTE: The figure shows the coastal geomorphic effects of Hurricane Maria at the municipal level in 2017.

The final step of the proposed beach study is to partner with the U.S. Army Corps of
Engineers (USACE) to develop a regional sediment management program for Puerto Rico, but
these results were not available in June 2018 (Aponte-Bermúdez et al., 2018).
Recovery Model and Courses of Action for Dunes and Beaches
Healthy dunes and beaches protect coastal infrastructure. According to Build Back Better,
42 communities were affected by coastal flooding during the 2017 hurricane season (Governor
of Puerto Rico, 2017). Coastal erosion makes storm effects worse, so improving beach and dune
health should mitigate future storm effects, and recovery goals seek to return these resources to
50

Preliminary results of geomorphological indicators on Puerto Rico’s beaches after Hurricanes Irma and Maria
provided to HSOAC by Maritza Barreto and Nahir Cabrera from the UPR, May 15, 2018.
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earlier conditions. Each needs renourishment, which can be interrupted when buildings are
erected too close to the shoreline or sediment is trapped behind dams. Hurricanes can increase
beach erosion past normally occurring levels and can cause dune structure to be weakened or
destroyed.
Beaches and dunes provide Puerto Rico with valuable recreational, cultural, coastal
protection, and habitat services for such species as nesting sea turtles. The desired future
condition for beaches and coastal dunes in Puerto Rico is that, by 2035, the beaches and coastal
dunes of Puerto Rico will be stable; be resilient to storms and sea-level rise; and protect human
life, property, and critical infrastructure in coastal areas. They will support biodiversity and such
activities as tourism and recreation and will help improve the livelihoods of people in coastal
communities. Sea turtle nesting beaches will have carefully planned protections to encourage
successful nesting. Illegal sand extraction will be effectively deterred with enforcement,
monitoring, and education.
To achieve these goals, the strategy for beach and dune restoration includes restoring coastal
dunes, promoting beach sand accretion, and preserving investment in dune and beach restoration
by reducing direct anthropogenic effects at 21 sites on the north coast. Additional strategies
include mitigating and restoring coastal erosion in priority areas by removing debris, performing
additional assessments of beach erosion, and identifying and implementing restoration actions.
Actions to support these goals for dune fall into three categories—dune function, dune
protection, and education—that involve both passive and active activities specific to the features
of each site. Dune function is restored through revegetation and biomimicry (to encourage sand
accretion). Additionally, immediately following a storm, displaced sand relocation off roads and
other areas can assist dune recovery if done properly. This was a lost opportunity in the wake of
Irma and Maria, but additional awareness and education could help for future storms. A sand
relocation program should be implemented to clear displaced sand and nourish dunes; displaced
sand could be moved to locations where it will renourish and restore dunes. The level and type of
anthropogenic activity in the area will inform the types of dune protection and educational
activities that are necessary for each site and can include a combination of fencing, boardwalks,
law enforcement activities, and educational signage. Awareness, education, and enforcement
could be provided by the DRNA, municipal governments, local police departments, and an
environmental education initiative for schools. Finally, the data collected for this damage
assessment will be used as a baseline in monitoring the progress of sand accumulation and the
effectiveness of the ecological restoration techniques used. See NCR 17, Reduce Coastal Erosion
and Provide Disaster Protection Through Beaches and Dunes, in Appendix C for more detail. To
preserve these investments, an efficient law enforcement action plan to reduce illegal sand
extraction should be developed by the DRNA and the US FWS. Finally, actions should include
an outreach and environmental education program to increase and leverage community
involvement and support.
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Actions to reduce additional beach erosion after the hurricanes are less well-developed and
begin with the development of a poststorm beach assessment. This assessment would require
mapping and tracking pre- and poststorm shoreline changes for Puerto Rico to identify beaches
with high and severe erosion and to select eight vulnerable coastal sites for restoration.
After the eight priority sites are selected, beach restoration can begin by assessing benthic
conditions at selected sites and identifying the location of displaced sediment from the storms,
relocating when appropriate (renourishment). Regional sediment management studies should
also be performed to prioritize restoration efforts. Protocols to deal with beaches facing critical
erosion should be developed, including custom-made planning and recovery coastal intervention
for beaches with major sediment losses based in study findings, for both the short and long
terms. To increase beach width and elevation, natural coastal barriers (dunes, coral reefs,
seagrass beds, and beach rock) should be enhanced, and coastal debris should be removed.
Finally, infrastructure near beaches and coastlines in high-risk flood zones should be evaluated
for potential relocation, and the results should be communicated to local governments. To
support coastal planning and policy, the poststorm beach assessment should be included in the
plan de ordenación municipal for use as a planning tool.
A final recommendation is to pass legislation that establishes strategies to reduce beach
erosion, increase beach protection, and execute coastal adaptation and resilience, while including
community members in the local coastal planning and decisionmaking processes.
Themes and Conclusions
As discussed previously, beaches and dunes should be restored in tandem with coral reefs,
seagrasses, and wetlands. The UPR, the DRNA, local law enforcement, property developers,
infrastructure planners, and the tourism industry should be involved in beach and dune
restoration. The sectors that will be affected by beach and dune restoration include infrastructure
(e.g., roads, commercial buildings, houses, public buildings), economics (e.g., business, tourism)
and municipalities.

Wetlands
Puerto Rico has several salt- and freshwater wetland ecosystems, including mangroves.
Because wetlands are a transitional area between bodies of water (both fresh and salt) and
terrestrial systems, they are not always easily differentiated. Distinguishing characteristics of
wetlands include continuous or periodic standing water, soil type and saturation, and vegetation.
A simplified categorization of wetlands in Puerto Rico identifies seven types, by amount and
type of vegetation, type of water, and hydrology, as outlined in Table 3.6.
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Table 3.6. Seven Types of Wetland
Type

Vegetation

Water

Example

Marine
Aquatic Dominated by free-floating, rooted, or
otherwise-attached herbaceous plants,
including macroscopic marine algae

Permanently inundated by saline
or brackish water

Seagrass bed

Flata

25% or less vegetative cover

Flooded by saline water that
evaporates, creating high–salt
content soils

Nonvegetated
intertidal zone

Marsh

More than 25% vegetative cover of
herbaceous plants but 40% or less cover by
woody plants

Experiencing a range of flooding
by saline water

Smooth cordgrass
marsh

Typically flooded by brackish or
saline water

Mangrove swamp

Aquatic Usually dominated by free-floating or rooted
aquatic herbs

Semipermanently or permanently
flooded by freshwater

Floating duckweed
mat

Marsh

Typically has standing freshwater
for part of the year

Cattail marsh

Regularly flooded by freshwater

Cypress swamp

Swamp More than 40% cover of woody plants
Inland

More than 25% vegetative cover of
herbaceous plants but 40% or less cover by
woody plants

Swamp More than 40% cover by woody plants

NOTE: Brackish water is freshwater that mixes with saltwater.
a
Not common in Puerto Rico.

Prestorm Conditions, How We Assessed Damage, and What We Found: Wetlands and
Mangrove Forests
Puerto Rico has 87,255 ha of wetlands; 36 percent of these are estuarine or freshwater, while
27 percent are marine wetlands (Diaz and Lilyestrom, 2010). Wetlands are rich in both species
density and diversity and are highly productive systems. Wetlands provide services, such as
coastal protection, erosion reduction, pollination, wood provision, water filtration, habitat,
spawning grounds, and carbon sequestration (Puerto Rico Climate Change Council, 2013). They
protect coastal areas by providing a physical vegetative barrier to absorb wave energy, which can
lessen flood damage by absorbing excess rainwater and coastal flooding, act as a filter to protect
the marine environment from coastal runoff, and prevent shore erosion. Studies have indicated
that mangroves in the Caribbean have substantial effects on fish in neighboring coral reefs,
observing that the biomass of commercially important species is more than doubled when adult
habitat is connected to mangroves (Miller and Lugo, 2009, p. 203).
Salt- and freshwater wetland ecosystems are common in Puerto Rico, and Puerto Rico also
has several types of estuarine wetlands (Miller and Lugo, 2009). Swamps are present along
coasts and estuaries where saltwater makes contact with the land and are generally dominated by
mangrove species. The largest estuarine forested wetland is east of San Juan in Carolina and
Loíza. Mangroves in the north extend quite some distance inland because of the rivers there
through which saltwater flows upstream, while emergent marshes have largely disappeared from
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Puerto Rico. Coastal flats have high concentrations of salt in soils and water and are often
located at the seaward end of mangrove swamps.
The map in Figure 3.16 shows the distribution of freshwater, marine, and brackish wetlands
along the coast of Puerto Rico.51 Note that inland freshwater wetlands were not the focus of this
analysis and are therefore not shown.
Figure 3.16. Map of Puerto Rico’s Marine and Brackish Coastal Wetlands

SOURCE: DRNA, 2018b.
NOTE: Freshwater wetlands in the interior of the main island are not shown. Marine refers to wetlands exposed to
waves and currents of the open ocean with salinity greater than 30 parts per thousand.

Mangrove forests, which are also classified as wetlands, are prominent coastal features in
Puerto Rico. Mangroves are an especially valuable ecological resource because they provide
high levels of coastal protection through wave absorption and habitat for multiple species. For
example, in a 1999 study, researchers found that tsunami wave energy passing through 200 m of
mangrove can be reduced by 75 percent, and a 1.5-km swath of mangroves can entirely absorb a
wave 1 m in height (Puerto Rico Climate Change Council, 2013). Mangroves are also estimated
51

Marine refers to location in the ocean. Inland and coastal wetlands can be in saltwater but not in the ocean.
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to be habitat for 70 to 90 percent of marine life with recreational or commercial value for at least
part of their life cycles (DRNA, 2015). The services provided by coastal wetlands have been
valued at $201,599 per hectare per year in international units at 2009 price levels (Li and Fang,
2014).52
In 1999, researchers inventorying coastal habitats identified areas with mangrove systems in
Puerto Rico. On the northern coast, mangroves have many stressors, such as high wave energy,
high precipitation, and river runoff; the southern coast has fewer stressors. There are four
common species in Puerto Rico: red mangrove (Rhizophora mangle), black mangrove (Avicennia
germinans), white mangrove (Laguncularia racemosa), and green buttonwood (Conocarpus
erectus). And there are three main types of mangrove communities in Puerto Rico: R. mangle–
dominated stands in coastal or estuarine habitats; A. germinans and L. racemosa in basins as pure
or mixed stands; and C. erectus and bay cedar (Suriana maritima) in mixed stands. Mangrove
communities are affected by salinity, oxygen levels, thermal stressors, nutrients, runoff, and
wind and wave energy due to storms (Wells, Ravilious, and Corcoran, 2005). The map in
Figure 3.17 shows the distribution of mangrove forests across Puerto Rico.

52

In a 2005 study, researchers valued mangrove habitats at between US$20,000 and US$90,000 per hectare per year
(Wells, Ravilious, and Corcoran, 2005).
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Figure 3.17. Map of Benthic Mangrove Habitat Around Puerto Rico

SOURCE: DRNA, 2018b.

Bioluminescent Wetland Systems: Puerto Rico’s Treasure

A notable natural phenomenon and draw for visitors is Puerto Rico’s bioluminescent bays.
There are only five major bioluminescent wetland systems in the world, three of which are in
Puerto Rico. These are Bahía Fosforescente in Lajas, Laguna Grande in Fajardo, and Puerto
Mosquito in Vieques. All three are surrounded by rare mangrove communities (Puerto Rico
Climate Change Council, 2013). Bioluminescence is caused by a photochemical reaction to
mechanical stimulation in the single-celled microorganisms called dinoflagellates, and these
ecosystems are considered highly delicate. As Puerto Rico’s State of the Climate 2010–2013
says, bioluminescent systems
resulted from the interaction of factors, such as, climatology, physiography,
hydrology, geology, chemistry, and finally biology over periods of decades to
hundreds of years, if not millennia. Any alteration of the above due to
anthropogenic causes or climate changes, may trigger ecosystem shifts that may
cause unexpected or irreversible effects. (Puerto Rico Climate Change Council,
2013, p. 209)
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As can be expected, bioluminescent bays have significant value for the tourism industry and are
a draw for travelers worldwide. After Hurricane Maria, Scripps Institution of Oceanography
reported that Puerto Mosquito and Laguna Grande lost their phosphorescence because of levels
of freshwater runoff and high winds, but they have since recovered. Bahía Fosforescente
experienced minimal effects from the hurricanes (Latz Laboratory, 2017). Wetland regulations
are overseen by the U.S. Environmental Protection Agency (EPA), the US FWS, the Natural
Resources Conservation Service (NRCS), and USACE. Furthermore, the DRNA and the Puerto
Rico Planning Board also have a role in guiding wetland protection.
Wetland Damage Assessment

The data that fed into the wetland assessment included a baseline study that was completed
one month before Hurricanes Irma and Maria hit Puerto Rico. Poststorm, two assessments were
performed.
The first wetland assessment started with a late-2016 prestorm baseline of the health of
151 wetland sites. These assessments provided an up-to-date record of wetlands’ health before
Hurricanes Irma and Maria hit Puerto Rico.53 This baseline assessment provided information on
wetlands’ conditions for the three categories of indicators commonly used to assess wetland
health: areas immediately surrounding the wetland, ecological condition, and stressors.
In the poststorm wetland rapid damage assessment, 20 sites were evaluated. The sites were
selected using criteria to isolate the effects of the hurricanes (i.e., selecting those sites in natural
areas in good condition before the hurricanes) and represent the four wetland classes in Puerto
Rico (five sites for each of the four classes, which are estuarine emergent, estuarine forested or
with scrub shrub, palustrine emergent, and palustrine forested or with scrub shrub). The rapid
assessment showed that Hurricane Maria greatly affected overall conditions of the wetlands, as
determined by an assessment of the areas immediately surrounding them and indicators of stress
within the wetland. Stress indicators were present at 75 percent of the sites and included
•
•
•

changes in hydrology, sediment, or debris that limited drainage, which increased the
extent of flooding
significant amounts of tree debris that would affect the substrate
tree defoliation and the presence of dead or unhealthy vegetation (Ambienta, 2018).

Any of these can contribute to increases in unhealthy conditions. Disease and structural damage
can be stressors as well.
Ecological structure is a third characteristic used to evaluate wetland health that is not
generally associated with hurricane effects. The hurricanes did not strongly affect ecological
structure, with the exception of forested species, which were significantly more affected than
others (Ambienta, 2018).
53

Although this is a robust sample, there was no time during the rapid assessment to validate that it is representative
of all the wetlands in Puerto Rico.
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A second posthurricane assessment was performed in April 2018 at five sites, chosen based
on expert judgment of the ecological and economic importance of the locations (Branoff,
Cuevas, and Hernández, 2018): Punta Tuna and Punta Santiago (landfall locations), Isabela (exit
location), Cucharillas, and Piñones (industrial centers and urban). Figure 3.18 shows prestorm
aerial imagery of these sites and ground measurement locations.
Figure 3.18. Map and Prestorm Imagery, Circa 2010, of Wetland Sites Assessed for Damage

SOURCE: Branoff, Cuevas, and Hernández, 2018.
NOTE: White lines show aerial survey boundaries.

The assessment examined the following factors (Branoff, Cuevas, and Hernández, 2018):
•
•
•
•
•

area, structure, and composition of wetlands: based on aerial imagery from satellites,
drones, GIS, and lidar
climatic variables: precipitation, evapotranspiration, storm events, and droughts
hydrology: stream inflow, amount, quality, and variability of groundwater movement
marine effects: salinity, conductivity, and pH
sources of freshwater: rainfall, groundwater, or stream flow.

Table 3.7 shows the results of the assessment.
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Table 3.7. Pre- and Posthurricane Condition, by Site
Mortality, as a
Percentage
Overall

Mangrove

Total Area of
Vegetation Lost,
in Hectares

Jobos Bay in
Isabela

67

95

13

Punta Tuna

29

95

8

Ciénaga las
Cucharillas

6

Not
applicable

1.6

16% and 8% of palustrine emergent and estuarine
forests, respectively, were damaged. Vegetation
habitats seem to be shifting because of management
of flood gates and pumps.

Punta
Santiago

34

1.6

Most damage was due to high winds; the area seems
to be naturally regenerating.

Site

Piñones

Not
30
Not reported
reported
SOURCE: Branoff, Cuevas, and Hernández, 2018.

Note

The drainage creek was blocked, which caused
prolonged flooding for up to four months.

The area seems to be regenerating naturally.

This assessment was valuable to get a greater understanding of the extent of damage and the
underlying needs of the wetlands, as well as to develop site-specific recovery strategies that
could be used to inform recovery at other sites.
Mangroves

The consequence of mangrove forests being effective coastal protection is that the mangroves
are often damaged by wind, wave energy, fresh- and saltwater intrusion, debris impacts, high
sedimentation rates, and increases in pollutants. Although this is expected, anthropogenic
stressors can retard mangrove recovery, thus reducing future storm protections.
Mangroves were damaged during Hurricane Maria by high winds, flooding, debris and debris
removal, and hydrologic effects. In multiple incidents, private vessels were caught in mangroves
(an estimated 375 vessels), leading to additional damage when owners cut into the forest to
extract their boats.54
Recovery Model and Courses of Action: Wetlands
Wetlands provide coastal soils, beaches, and community protection to Puerto Rico; provide
important habitat for culturally and commercially valuable fish and wildlife; and act as a
filtration system to help protect coastal water. After the hurricanes, several of Puerto Rico’s
wetlands experienced direct damage from wave and wind energy and from flooding and indirect
damage due to shifts in hydrology (such as prolonged exposure to saltwater because storm

54

Email thread between members of the Coastal Resources Working Group, March 2, 2018, shared with the authors
by NCR RSF Keenan Adams.
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sediment deposition restricts flow, inundation due to inoperable pumping stations, or changes in
vegetation due to shifts in salinity).
The desired future condition for wetlands is to restore the functional capacity of Puerto
Rico’s coastal wetlands (hydrology and vegetation structure) to a state of resilience sufficient
that they can act as a natural barrier to reduce or minimize the threats to lives and livelihoods,
public infrastructure, and human health. To achieve this goal, the strategy includes restoring
coastal wetland capacity, which is highly productive and protective to absorb and attenuate storm
effects while protecting coastal communities’ infrastructure. The priority sites for this strategy
are Isabela, Punta Tuna, Cucharillas, Piñones, Punta Santiago, and possibly Martín Peña. Other
candidate wetlands (not assessed in detail) include Fajardo and Pterocarpus forests in Dorado
Beach, Punta Viento in Patillas, and Palmas del Mar in Humacao.
At each site, there is a basic level of restoration needed, which includes returning changes in
coastal wetland hydrology and functional habitat coverage to prestorm conditions. There is also
the possibility for an extended level of restoration, which requires improving wetland function
beyond prestorm conditions and establishing an ongoing wetland management program in Puerto
Rico to reduce anthropogenic effects. The recommended actions to reach this goal include
identifying best practices and success stories at similar locations. Following the best-practice
assessment, Puerto Rico–wide assessments of conditions should be performed using a
probabilistic survey of more than 750 sites. Once assessments are complete, restoration strategies
for Puerto Rico should be developed with site-specific management plans, restoring wetland
hydrology where needed to take advantage of the natural functions of wetland systems (e.g.,
aquifer recharge, filtration, sediment and erosion control, protecting coasts from wave energy).
Finally, public policy plans to support wetland health in the long term must be developed. More
detail is provided in the COA description for NCR 16, Wetlands Restoration, in Appendix C.
Recovery and restoration will require skilled labor as well. NCR 25, Blue Shore Workforce
Development, which is a program to create a locally sourced, skilled labor force that meets the
needs of recovery and restoration in the short term while building human capital expertise that
will be required in the longer term while the recovery plan strategic initiatives and capital
objectives are pursued, will also provide synergistic benefits to wetlands’ recovery planning and
restoration activities.
Themes and Conclusions
Wetlands are best restored in tandem with coral reefs, seagrasses, beaches, and dunes. The
UPR, the DRNA, and municipal wastewater facility managers should be involved in wetland
restoration planning. Wetland restoration should benefit the transportation, housing, power,
public building, health and social services, capacity building, economic, and municipal sectors.
Coastal resources in general benefit from additional foundational COAs described in
Appendix C.
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4. Recovery of Terrestrial Resources

This chapter documents the damage assessments and recovery strategies for the terrestrial
resources of forests, T&E species, and other at-risk species.55 Specifically, it provides a summary
of the prestorm and poststorm conditions, an overview of the proposed recovery model and
COAs, and themes and conclusions. The discussion is divided into two areas: forests and at-risk
species.

Overview
Puerto Rico has rich flora and fauna biodiversity that contributes to ecosystem and species
health. Forests cover 55 percent of the land area of the main island, 90 percent in Culebra, and
74 percent in Vieques (Brandeis and Turner, 2013). In addition, Puerto Rico’s diverse geography
(e.g., topography, microclimates, soils) is reflected in its wide variety of forest types. These
include subtropical moist forests, wet forests, rainforests, and dry forests. Puerto Rico’s forests
also exhibit the influence of past natural and human disturbances. Most of the main island’s
forests are classified as young secondary forests (68 percent), and 12 percent are mature forests
(DRNA, 2016a).
Puerto Rico, like many tropical islands, has rich biodiversity with many endemic species that
are at risk of extinction.56 Actually, more species are threatened with global extinction now than
ever before. It is estimated that, across the planet,
1 million species already face extinction, many within decades, unless action is
taken to reduce the intensity of drivers of biodiversity loss. Without such action
there will be a further acceleration in the global rate of species extinction, which
is already at least tens to hundreds of times higher than it has averaged over the
past 10 million years. (Díaz et al., 2019, p. 3)57

Biodiversity means the variability among all living organisms: diversity within species,
between species, and within ecosystems. Given Puerto Rico’s many unique species that are
vulnerable to possible extinction, the DRNA has identified many species of concern. In fact, the
55

We use the term at-risk species to refer to T&E species, SGCNs, and other species that are important to Puerto
Rico and might have been significantly damaged from the hurricanes. These other species can include game species
and pollinators, which can include native and nonnative species, such as with bees.
56

An endemic species is a species that exists naturally in only one geographic area on earth.

57

This source also states,
The rate of global change in nature during the past 50 years is unprecedented in human history.
The direct drivers of change in nature with the largest global impact have been (starting with those
with most impact): changes in land and sea use; direct exploitation of organisms; climate change;
pollution; and invasion of alien species. (p. 3)

69

DRNA has identified 316 SGCNs, those it considers conservation priorities because of their
potential vulnerability and risks of extinction (DRNA, 2015).
In Puerto Rico, much of the land that contains forests and other natural areas is owned by
private landowners. In fact, most forested land (approximately 85 percent) is owned by private
landowners, followed by the government of Puerto Rico (11 percent), with a small percentage
managed by the U.S. Forest Service (FS), the US FWS, and other federal agencies (see
Table 4.1).
Table 4.1. Forested Area in Puerto Rico in 2009, by Ownership
Owner

Forest Area, in Hectares

FS

10,962

US FWS

4,761

U.S. Department of Defense or U.S. Department of Energy

2,681

Government of Puerto Rico

54,588

Nonindustrial private
SOURCE: Brandeis and Turner, 2013.

417,975

Puerto Rico’s terrestrial resources provide ecosystem services, such as water and air
purification, carbon dioxide sequestration, temperature management, and surface and
groundwater flow regulation; natural protection and increased resilience against storm surges,
floods, and hurricanes; and mitigation against landslides, soil erosion, and sedimentation. Puerto
Rico’s food production relies on biodiversity for a variety of foods and for pollination, pest
control, nutrient provision, genetic diversity, and disease prevention and control. Thus,
biodiversity also provides economic benefits by contributing to productive agriculture, forests,
fisheries, and recreation and tourism opportunities (Miller and Lugo, 2009, pp. 277–278).
Hurricanes affect forests and species by defoliating and downing trees, potentially altering
the mix of species; changing seed and seedling bank dynamics; causing landslides that can
destroy critical habitat for nesting sites, shelter, or food sources; and can release large amounts of
sediment that damage water quality or create barriers that trap water. However, some terrestrial
resources are adapted to hurricanes as a natural disturbance process (although altered patterns of
hurricane frequency and severity resulting from climate change adds uncertainty about natural
systems’ ability to respond to these new conditions) (Miller and Lugo, 2009, p. 277; Puerto Rico
Climate Change Council, 2013, pp. 174, 179, 183). Some tree species, for example, take
advantage of increased light from forest canopies opened by hurricanes to grow more quickly
(Miller and Lugo, 2009, pp. 27, 36).
Hurricane effects on species include direct loss of individual species, loss of habitat, and
changes in habitat structure and function (which, in turn, can lead to additional losses) and
increasing invasive-species competition and predation. These effects have long-term cascading
consequences, likely leading to a lowering of Puerto Rico’s biodiversity, putting more species at
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risk of extinction, and reducing the resilience of Puerto Rico’s ecosystems.58 The hurricanes
affected their habitats by defoliating forests, decreasing tree canopy, knocking down and
uprooting trees, destroying and damaging different animals’ food supplies and shelter, modifying
microclimates, and changing seeds and seedling bank dynamics in many parts of Puerto Rico.
Extensive landslides, especially in some mountain areas, also destroyed forests and other
habitats.
However, before presenting information on prestorm and poststorm conditions, we explain
the process of recovery planning that was used to guide and develop the proposed actions. While
hurricane damage was being assessed, the Forests and T&E Species subgroups of the Natural
Resources Working Group began identifying recovery goals and approaches to achieve those
goals. Recovery goals for ecosystem recovery were established by consensus. The goals had to
be based on the damage that the hurricanes caused or exacerbated and the resulting needs for
recovery (which include ecosystem function and reflect community values). The relevant
approaches for meeting these goals were based on objectives and accepted (by communities of
practice) methods. The groups developed actions necessary to realize these approaches based on
appropriate activities that constituted the foundational methods for the approaches. Approaches
and activities were informed by what was known about damage from the hurricanes, scientific
principles of ecosystem restoration (such as forest restoration adaptive management), previous
and ongoing planning and assessments (such as the Puerto Rico Forest Action Plan, Build Back
Better, the SWAP, and ReImagina Puerto Rico),59 and best management practices (BMPs). This
was an iterative process, and the recovery goals, approaches, and activities were updated and
revised as more information became available from the assessments about the specific extent and
type of damage. Because the assessments identified the type and extent of damage and problems,
they often included suggested recovery actions.
Table 4.2 presents an overview of this process of recovery planning for forests and at-risk
species by presenting key recovery goals, the main approaches to terrestrial resource recovery,
examples of actions, and the corresponding COA numbers (see Appendix C for more details on
the actions in the COAs). It is important to note that, because of the interrelationship of these
resources with other resources areas and activities, these are not the only COAs that can help
support the recovery of the terrestrial resources. The table presents only some key illustrative
actions and the main COAs that were developed to demonstrate the analysis method used during
the terrestrial resource recovery planning process.
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These are complex, adaptive systems, so these longer-term consequences, including thresholds and tipping points
that could cause ecosystems to decline suddenly or rapidly, are not well understood.
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In addition to DRNA, 2015; DRNA, 2016a; Governor of Puerto Rico, 2017; and Resilient Puerto Rico Advisory
Commission, 2018, the plans include AECOM, 2018, and DRNA, 2015.
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Table 4.2. Recovery Planning Model for Terrestrial Resources
COA ID Recovery Goal

Approach

Sample Action

NCR 5

Natural, urban, and working
forests have recovered from
the hurricane damage; have
become structurally healthy
and resilient to future highintensity disturbances;
provide ecosystem services
along with economic
opportunities; and minimize
hazards.

Develop and implement Puerto Rico–
wide strategic forest recovery,
restoration, and conservation
strategies through public and private
collaborations to restore the function
and structure of rural protected
forests, ecological corridors, private
forested lands, agroforestry, working
lands, and urban forests.

Remove debris.
Assess damage.
Develop response to pest and
disease control.
Replant forests on public and
private lands.
Conduct outreach.
Acquire conservation easements.

NCR 6

Selected T&E species,
populations, and habitats are
restored and enhanced to
facilitate species recovery
and the long-term health and
resilience of these species
and habitats.

Develop and implement a set of
species recovery plans that includes
the appropriate combination of habitat
restoration actions, activities to
increase wild species populations, and
invasive-species threat reduction
activities.

Implement species-specific plans
to restore quality habitat (such as
planting species’ food and shelter
sources), increase wild species’
population numbers and health
(such as through captive breeding
and release programs), and
decrease threats of invasivespecies competition and predation
(such as controlling rats).

NCR 7

The capacity and capability
for recovering and protecting
ecosystems are increased.

Develop a comprehensive network of
partners to work together to help fund
this habitat recovery, develop human
capital and capacity in habitat and
species management, educate the
public, and develop experiential and
tourism opportunities. Such partners
would include commonwealth, local,
NGO, federal agency, and privatesector partners.

Hold a series of workshops among
potential partners and
stakeholders to help develop
networks, funding opportunities,
and possible educational and
tourism activities related to the
species to enhance both
conservation and economic
opportunities and share damage,
recovery, and mitigation costs
among the different partners.

Develop and implement strategies to
restore Puerto Rico’s natural
resources by focusing on strategic,
adaptive land and watershed
management practices through the
creation of land and river conservation
corridors, and others at watershed and
landscape scales for key natural and
agricultural ecosystems; forests; and
indicator, umbrella, and guild species.

Implement easements on state
forests, natural areas, and
agricultural lands, and develop a
network of conservation corridors
for land and rivers within
watersheds and key landscapescale areas. Corridor activities
include identifying and acquiring
land and conservation easements
to create the corridors in several
geographical areas.

NCR 21 Puerto Rico–wide natural and
agricultural ecosystems are
healthy and biodiverse where
T&E species and other flora
and fauna’s habitats and
species populations are
restored and enhanced to
facilitate recovery, so these
natural systems are more
resilient.

Another important part of the recovery process for terrestrial resources is understanding and
considering who owns and manages the land on which the natural resources exist. The diverse
landownership (see Table 4.1) is an important consideration for managing the recovery of Puerto
Rico’s forests after Hurricane Maria. Because private landowners (such as farmers and
conservation NGOs) manage so much of the forests and other natural areas, they are key actors
in the recovery of forests and the species that depend on them. For example, Para la Naturaleza
(a unit of the Conservation Trust of Puerto Rico) manages 9,712 ha of natural protected areas
(NPAs) (Para la Naturaleza, undated c). The terrestrial natural resource recovery process depends
72

on all these diverse stakeholders. They include private, NGO, and state, local, and federal
landowners and managers; universities; other NGOs (such as environmental groups); other
businesses (such as tourist companies); and community members who manage, use, live, affect,
research, or have other interest in or dependency on Puerto Rico’s terrestrial resources.60
The COAs represented in the recovery model in Table 4.2 were ultimately selected for the
recovery plan. COAs were selected based on connections to the capital investment and strategic
initiatives described in the recovery plan. The terrestrial resource COAs are considered essential
for the natural capital objective and contribute to water and health and well-being objectives in
addition to the ocean economy and the visitor economy strategic initiatives.61

Forests
In this section, we first provide some background information about Puerto Rico’s forests
and their associated benefits. We then describe an overview of the prestorm and poststorm
conditions of Puerto Rico’s forests, including the assessments of forest damage Puerto Rico–
wide, damage to tree nurseries, and damage to urban forests. Finally, we present an overview of
the proposed recovery model and COAs for forests and the themes and conclusions relevant to
forest recovery.
Forest cover in Puerto Rico has increased in the past several decades as land-use pressure
shifted away from a primarily agricultural economy toward industrialization in urban centers.
Forests now cover over 50 percent of the main island (Brandeis and Turner, 2013). Puerto Rico’s
forests are also extremely diverse given its size. They vary, from rain forests to dry forests;
lowland forests to lower montane forests; saltwater to freshwater forested wetlands; and forests
on alluvial, karst, and volcanic substrates. There are approximately 750 different tree species,
more than 520 of which existed before Europeans arrived and more than 140 of which are
endemic (Méndez-Méndez and Fernández, 2015, p. 192). The African tulip tree (Spathodea
campanulata) is the most common tree species encountered, but native species, such as
American muskwood (Guarea guidonia) and pumpwood (Cecropia schreberiana) are also
common, and this mix of native and nonnative species contributes to unique forest structure,
composition, and ecology across Puerto Rico (Brandeis and Turner, 2013).
Puerto Rico’s urban and rural forests can provide multiple benefits across spatial scales, from
the individual tree to a city or region as a whole. Some of these benefits include mitigating the
urban heat-island effect (and lowering building energy usage), providing forest habitat, reducing
stormwater runoff, and improving air and water quality (see Figure 4.1) (Livesley, McPherson,
and Calfapietra, 2016). For example, shading from urban forests in the San Juan Bay estuary
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For more information about these land managers and other stakeholders, see Appendix B.

61

For a discussion of the COA selection process and the methodology for building the recovery plan, see RAND
Corporation, undated.
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(SJBE) reduced building energy consumption by 19,000 megawatts, among other environmental
and social benefits (Brandeis, Escobedo, et al., 2014). Forests also provide community
recreational and tourism opportunities. For example, there are 24 miles of recreational hiking
trails in the EYNF (see Box 4.1) (FS, undated b). Para la Naturaleza, a local nonprofit, has been
working in partnership with FS and other stakeholders to develop a more extensive trail system
across Puerto Rico. The effort aims to connect communities and visitors with NPAs in
northeastern Puerto Rico and is currently in the concept planning phase to guide development of
future trails between NPAs and the EYNF.62 Hurricane-caused damage to some trails was
measured as part of the park assessments (see Chapter 6), but damage to other trails remains
unknown. Puerto Rico’s forest and individual trees, such as the ceiba tree, can also have
significant cultural and community value, as exemplified in the discussion in Box 1.2 in
Chapter 1.
Forests in Puerto Rico also provide a variety of economic benefits by generating wood
products, offering educational and alternative tourism opportunities (see Box 4.1), among other
ecosystem services. The 2009 Forest Inventory and Analysis estimated that there is more than
36.2 million cubic meters of merchantable wood in Puerto Rico, mostly on private land
(Brandeis and Turner, 2013). The annual average value of exported wood and wood products
from 2005 through 2013 was $24 million (more than $2.5 billion in solid wood was imported
during the same period). The production and sale of these products could serve as a motivation
for private landowners to manage their forests. The economic value of forests is also linked to
ecosystem services and various societal benefits, as mentioned previously. Global estimates of
the annual ecosystem services provided by tropical forests and urban green spaces are estimated
at $5,474 and $4,800, respectively, per hectare per year (in 2009 international units).63 For
example, maintaining forest cover can be a cost-effective way to reduce runoff and
sedimentation effects in reservoirs; economic incentives could be used to promote reforestation
on private land to improve watershed management. In addition, reforestation and carbon
sequestration could be another opportunity for private landowners to manage forestry resources.
However, Puerto Rico Forest Action Plan notes that more public education about the benefits
and value provided by forestry resources is needed (DRNA, 2016a).
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Personal communication with Soledad Gaztambide-Arandes, Para la Naturaleza, June 22, 2018.
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This includes a variety of benefits, including provisioning services (food, water, raw materials, genetic resources,
medical resources, and ornamental resources), regulating services (air quality and climate regulation, disturbance
moderation, water flow regulation, waste treatment, erosion prevention, nutrient cycling, pollination, and biological
control), habitat services (nursery service and genetic diversity), and cultural service (aesthetic information,
recreation, inspiration, spiritual experience, and cognitive development). See Li and Fang, 2014.
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Figure 4.1. Illustration of Examples of Ecosystem Services Provided by Urban Forests Across
Spatial Scales

SOURCE: Livesley, McPherson, and Calfapietra, 2016.
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Box 4.1. El Yunque National Forest Provides Recreation, Research Opportunities, and Ecosystem
Benefits
The EYNF is a 11,544-ha tropical rain forest and the largest forest in Puerto
Rico. It is located on the eastern side of the main island of Puerto Rico in the
Sierra de Luquillo Mountains. The forest is a biosphere reserve site and
attracts about 750,000 visitors per year. One of the earliest forest reserves in
the western hemisphere, the EYNF has special cultural significance: The
Taíno believed that it was the home of the god Yúcahu, who protected Puerto
Rico from storms and evil spirits; additionally, many petroglyphs are carved in
the rocks near streams and rivers.
The EYNF has high biodiversity, with at least 225 native tree species,
164 vertebrate species, and thousands of fungi and invertebrate species, and
is home to multiple T&E species, including the Puerto Rican parrot (Amazona
vittata), the Puerto Rican sharp-shinned hawk (Accipiter striatus venator), the
Luquillo Mountain babyboot orchid (Lepanthes eltoroensis), and the plant
palo colorado (Ternstroemia luquillensis). Ecosystem services provided by
the EYNF include air-quality benefits, water-quality and supply benefits, pollination services, soil formation, nutrient
cycling, and genetic diversity. This national forest also offers numerous recreation opportunities, including hiking
trails, camping, guided tours, shelter picnic areas, lookouts, and a visitor center.
In addition to its ecosystem and recreation benefits, the EYNF is the only U.S. national forest with an experimental
forest. The Luquillo Experimental Forest, which was initiated in the 1940s and designated a Long Term Ecological
Research site in 1988, has provided an opportunity for substantial data collection over many decades. Among the
research areas that have been examined are past hurricanes’ effects on natural ecosystems—by assessing, for
example, forest structure, tree mortality, nutrient cycles, population and species dynamics, landslides, and animal
species population changes—as well as processes for recovery from such disasters. By January 2018, more than
1,000 scientific publications had been written based on research that was conducted in the EYNF.
SOURCES: Miller and Lugo, 2009; Quiñones et al., 2018. Photo: Gary Potts, Mount Britton Trail, the EYNF, in
Quiñones et al., 2018, p. 55.

Prestorm Conditions, How We Assessed Damage, and What We Found: Forests
Prior to the hurricanes in 2017, Puerto Rico’s forests developed in different stages of
succession, including those influenced by human activities, those recovering from hurricanes and
other natural disturbances, and those in mature stages of development (Miller and Lugo, 2009,
p. 80). In 2009,
Puerto Rico had 118 natural areas that included federal reserves, commonwealth
forests and refuges, and non-government conservation areas. They range in size
from the 11,336 hectare (28,000 acre) El Yunque National Forest (EYNF) in the
Luquillo Mountains, to the commonwealth protected 2-hectare (4.94 acre)
mangrove swamp located at Naguabo. (Miller and Lugo, 2009, p. 298)

Puerto Rico has 14 commonwealth forests. They are functioning forests and are operated under
the principles of multiple-use resource management. All have trail systems, and some have welldeveloped bike trails and camping facilities.
Forests and other natural areas in Puerto Rico have undergone considerable changes in the
past. Agricultural development was associated with widespread deforestation and habitat
degradation for many T&E animal species. However, many forests regenerated with Puerto’s
Rico’s transition to a more industrialized economy after World War II (DRNA, 2016a). Forest
cover has increased rapidly in the past few decades, from approximately 284,090 ha in 1980 to
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484,810 ha in 2009 (DRNA, 2016a),64 and most forests are owned by private landowners
(Brandeis and Turner, 2013). In 2000, approximately 53 percent of Puerto Rico was covered by
woody vegetation (forests, woodlands, or shrublands) (Figure 4.2) (Gould et al., 2008).
Figure 4.2. Map of Forest Cover in 2000 with Locations of Conservation Priority Areas

Culebra
Mona

Forest cover
Conservation priority area

Vieques

SOURCES: DRNA, 2018b; Gould et al., 2008.

However, multiple pressures were affecting forests before Hurricanes Irma and Maria.
Examples include urban and suburban development, the need for more-sustainable land-use
planning, invasive-species threats, forest and other habitat fragmentation, climate change,
wildfires, and pests and diseases (DRNA, 2015; Resilient Puerto Rico Advisory Commission,
2018). To address these issues, Puerto Rico Forest Action Plan identified overarching goals to
conserve working forest landscapes, protect forests from harm, and enhance public benefits. The
plan focuses on forest fragmentation; forests’ ability to maintain water quality and volume; and
measuring and communicating how publicly and privately owned forests provide ecosystem
services, mitigate threats from natural disturbances and invasive species, and provide economic
opportunities (DRNA, 2016a, pp. 78–80).
Existing and proposed strategies to achieve these goals include the acquisition of contiguous
forest at the urban wildland interface; protecting habitats in critical wildlife areas for the mostthreatened species in Puerto Rico; maintaining forest cover in areas critical for water supply and
64

Adapted from Brandeis and Turner, 2013.
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riparian corridors; reducing risk in wildfire-prone areas; unifying conservation strategies with
federal, state, and nongovernmental partners in joint priority areas; protecting private forested
lands that are threatened by conversion (for example, the Forest Legacy Program has eight
identified forest legacy areas); and creating an overarching conservation strategy that
incorporates natural resource and community benefits (DRNA, 2016a, pp. 80–100). Because
approximately 85 percent of forested lands are owned by private landowners, followed by
11 percent in Puerto Rico–owned areas, many of these programs consider funding mechanisms
that encourage collaboration among multiple types of governance structure (Appendix B).
Action plans, such as the Puerto Rico Forest Action Plan, serve as a useful guide for
understanding the status of Puerto Rico’s forests and identifying potential priority recovery
strategies following the impacts of Hurricanes Irma and Maria. These issues vary across
temporal and spatial scales, from longer-term pressures (such as climate change) to short-term
shocks (such as droughts) and from Puerto Rico–wide initiatives (such as sustainable land-use
planning) to more-localized issues (such as invasive-species threats). There is an
interdependence of natural resources with other sectors—that benefit from ecosystem services—
but that also affect ecosystem connectivity and health.
Hurricanes Maria and Irma damaged forests and other natural areas. To comprehensively
assess damage and plan recovery strategies, planners needed detailed assessments of canopy
defoliation, tree mortality, and species-specific effects, among other variables. In this section, we
present available assessments from Puerto Rico–wide forest damage assessments and targeted
assessments of tree nurseries and urban forests. Other assessments are ongoing and will provide
critical information to inform forest recovery strategies for existing protected areas, as well as for
the substantial forest area located in private forested lands, agroforestry systems, and urban
forests.
Puerto Rico–Wide Forest Damage

A rapid assessment of forest damage across Puerto Rico used Landsat 8 satellite observations
to monitor changes in nonphotosynthetic vegetation (NPV), which represents the increased
fraction of exposed wood and vegetation litter (Figure 4.3). The results of this preliminary
analysis suggest that Hurricane Maria might have killed or damaged 23 million to 31 million
trees across Puerto Rico. However, more-detailed site assessments are needed to more accurately
determine the extent of tree mortality and to monitor natural recovery processes (Feng, NegronJuarez, et al., 2018b). More-targeted remote sensing analysis in the EYNF found severe damage
to most of the 11,493 ha, confirming initial reports of widespread canopy defoliation
(Monitoring the Andean Amazon Project, 2017). Estimates from tree inventory data were that
Hurricane Maria had double the tree mortality of Hurricane Hugo and broke two to 12 times the
number of tree stems that either Hurricane Hugo or Georges did (Uriarte, Thompson, and
Zimmerman, 2019).
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Figure 4.3. Map of Disturbance Intensity of Puerto Rico’s Forested Areas After Hurricane Maria,
Along with Locations of Conservation Priority Areas
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priority area
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0.3–0.4
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0.7–0.8
0.9–1.0

SOURCES: DRNA, 2018b; Feng
et al., 2018.
NOTE: Change in the nonphotosynthetic-vegetation spectral response is a metric that quantifies the increased
fraction of exposed wood and surface litter associated with tree mortality and crown damage from a storm.
Darker shades of red represent more-intense disturbance (Feng
et al., 2018).

The National Aeronautics and Space Administration’s Goddard Space Flight Center’s Lidar,
Hyperspectral, and Thermal airborne imager collected high–spatial resolution remote sensing
data between April 22 and May 2, 2018. This instrument uses (1) lidar to measure the 3-D forest
canopy structure, (2) imaging spectroscopy to measure species composition and other
biophysical variables, and (3) thermal data to measure physiological conditions. The 2018 data
collection replicated flight paths from March 2017 to facilitate comparison with prehurricane
conditions (Goddard Space Flight Center, 2019).65 The 2018 flight paths covered 12 percent of
Puerto Rico’s land area and sampled diverse forest types, bioclimatic zones, geology,
topography, forest age, and legacy land use. Overall, the assessment covered 81,430 ha
(Figure 4.4), including data collected from 12 billion laser pulses and more than 60,000 highresolution (3-cm) aerial photographs.

65

Additional details are available from Cook et al., 2013, and Keller, 2018.
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Figure 4.4. Map of Locations of Flight Lines from the 2018 Campaign by National Aeronautics and
Space Administration Goddard’s Lidar, Hyperspectral, and Thermal Imager

SOURCE: Keller, 2018.
NOTE: Magenta represents locations with data collection in both 2017 and 2018; turquoise represents locations from
which additional data were collected in 2018 only.

Lidar observations were used to derive the maximum canopy height (in meters above ground
level) at a nominal 1-m spatial resolution (Figure 4.4). In 2017, the mean canopy height for the
lidar transect of 882 acres within Río Abajo State Forest was 20 m; in 2018, the mean height in
same area was 13 m, indicating an average canopy height loss of 7 m. (In the EYNF, the average
canopy height change was a loss of 6 m.) The deep-red in Figure 4.5 represents a loss of more
than 25 m of canopy height, indicating downed trees. Comparisons with high-resolution aerial
photographs are consistent with the lidar data and show dramatic changes in canopy structure
from 2017 to 2018 (Figure 4.6). This damage assessment is preliminary, and processing of the
full Goddard data set is ongoing. Ultimately, the data will be used to analyze changes in forest
canopy cover, measure landslide effects on forests, and complement detailed field surveys to
inform the forest recovery process, among other insights.66

66

Since we completed our analyses for the recovery plan, these assessments have been completed. A Puerto Rico–
wide lidar analysis indicated that 40 to 60 percent of the trees that formed the forest canopy were damaged in the
hurricanes. One Goddard ecologist, Doug Morton, said, “The island lost so many large trees that forests were
shortened by one-third. We basically saw 60 years’ worth of natural treefall disturbances happen in one day” (Gray
and Carlowicz, 2019).
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Figure 4.5. Map of the Change in Forest Canopy Height from 2017 to 2018 According to the Lidar
Transect over Río Abajo State Forest and El Yunque National Forest

SOURCES: Cook et al., 2013, CC BY-NC-SA 3.0. Data are available from Goddard Space Flight Center, undated.
NOTE: The top image is of Río Abajo, and the second from the EYNF. Blue areas indicate areas of forest height gain
from 2017 to 2018; red areas indicate areas of canopy height loss from 2017 to 2018; white areas indicate areas of
no change. The deep-red areas represent a loss of more than 25 m of canopy height, indicating downed trees. The
bottom image shows the change in forest canopy structure from 2017 to 2018 using a subset of data in the lidar
transect.
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Figure 4.6. High-Resolution Aerial Photographs of Forest Canopy Structure Changes from March
2017 and April 2018 in El Yunque National Forest

SOURCE: Keller, 2018.
NOTE: The images show part of the EYNF in March 2017 (left) and April 2018 (right).

Damage assessments also included site visits to DRNA forests and other natural areas.
Preliminary assessments conducted in January 2018 found forest canopy damage, blocked trails
and roads, and damaged infrastructure and recreational facilities. More-detailed field assessments
by academic and government researchers are ongoing (Fountain, 2018). These field surveys will
be important for several reasons, including that they (1) provide in-depth observations that can
also calibrate results from remote sensing analyses; (2) foster understanding of longer-term
structural changes to forests and forests’ natural ability to regenerate following a disturbances;
and (3) inform resilient forest recovery strategies, including the appropriate mix of species to be
used in tree enrichment planting.
Tree Nurseries

Damage to tree nurseries can affect Puerto Rico–wide forest recovery. Prior to the storm,
there were 14 nurseries in Puerto Rico; the government of Puerto Rico operated 11, and private
entities operated the other three. Nurseries managed by Para la Naturaleza produce and distribute
native tree species while also providing public education programs for teaching about the
selection and care of tree species for reforestation purposes (Para la Naturaleza, undated b).
Puerto Rico Forest Action Plan also highlights the need to increase the number of nurseries,
high-quality nursery stock standards, and public education of landowners (DRNA, 2016a,
p. 105). Prehurricane data were collected during site visits conducted mostly in 2003 and 2007.
Damage assessments focused on nurseries managed by the DRNA and Para la Naturaleza.
DRNA nurseries include Cambalache, Los Caños, Arecibo, Mayagüez, Ponce, and Guayama.
Preliminary estimates are based on surveys of the DRNA’s Cambalache nursery, which, when it
is fully operational, supplies seeds to five DRNA satellite nurseries and produces 200,000 to
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300,000 plants and 57 species. It is expected that the other nurseries sustained a similar level of
damage. Assessments also included Para la Naturaleza’s Río Piedras nursery, and preliminary
estimates suggest that other nurseries at Barranquitas, Fajardo, and Ponce sustained similar levels
of damage. Puerto Rico’s Department of Transportation and Public Works also operates two
small nurseries, but these were not visited for damage assessments.
According to these damage assessments, tree nursery capacity is limited and cannot support
Puerto Rico–wide tree planting efforts (Table 4.3). Because of the amount of damage sustained,
significant capital and labor inputs are needed to restart the nurseries. Neither the DRNA nor
Para la Naturaleza has been able to visit seed-collection sites to assess the damage to these areas;
native tree species in these areas could take months to start producing seeds. In addition, many
tree species produce recalcitrant seed, which cannot be stored for long periods, and the
unavailability of these seeds will affect rural and urban forest replanting efforts (G. Hernandez,
2018).
Table 4.3. The Hurricanes’ Effects on Tree Nurseries
Owner

Nursery Site

Summary of Damage

DRNA

Cambalache

Seedling protection structures (hoop houses and coverings) destroyed
by wind; ground irrigation damaged by debris; equipment damaged;
seed storage system destroyed because of electricity loss; unknown
damage to seed-collection areas

Para la
Naturaleza

Río Piedras

Seedling protection structures destroyed by wind; ground irrigation
system damaged by debris

Private
sector

Tropical Growers Corporation Not reported
in Toa Baja; Margo Nursery
Farms in Vega Alta

SOURCE: G. Hernandez, 2018.

Urban Forests

Urban forests provide wildlife habitat; aesthetics; and ecosystem services, such as improving
air quality, mitigating the urban heat-island effect, increasing property values, and providing
flood control (DRNA, 2016a). This assessment focused on changes in ecosystem services
provided by urban forests in three municipalities (San Juan, Ponce, and Mayagüez), using i-Tree,
a set of tools and computer models developed by the FS. First, a landscape-scale analysis based
on remote sensing observations was completed for all three municipalities. The i-Tree platform
estimates the change in ecosystem services based on photo interpretation of land cover and
estimated tree cover from satellite images. Then, it performed a fine-scale targeted analysis from
on-the-ground data collection for selected locations in San Juan—the Santurce Peninsula and
urban residential plots in the Río Piedras watershed. This incorporated information from field
surveys conducted before and after the hurricanes and was used to estimate changes in a broader
variety of ecosystem services.
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The regional-scale analysis found that tree cover declined by nearly 25 percent in San Juan,
approximately 6 percent in Ponce, and approximately 4 percent in Mayagüez (Table 4.4). This
resulted in a loss of ecosystem services, including air pollution removal (–29 to –30 percent),
carbon storage (–25 percent), and carbon sequestration (–25 percent).
The fine-scale analysis was completed in San Juan in the Santurce Peninsula and Río Piedras
watershed. There was a 26-percent stem reduction in the Santurce Peninsula. This corresponded
to 13-percent tree cover (39-percent tree cover loss), as well as reductions in pollution removal
by 45 percent (valued at $42,600 loss per year), carbon sequestration by 24 percent per year
($790,000 loss per year), oxygen production by 13 percent per year ($29,000 loss per year), and
avoided runoff by 49 percent ($162,000 loss per year). Replacement costs for trees were
estimated at $4.8 million. In the Río Piedras watershed, an assessment of 69 residential yards
found a 27-percent loss in the number of trees, with reductions in ecosystem services at
26 percent for pollution removal, 15 percent for carbon storage, 48 percent for carbon
sequestration, 32 percent for oxygen production, 39 percent for avoided runoff, and a 67-percent
loss in the structural value of the tree cover.
These assessments were limited to three municipalities and targeted sampling within San
Juan. Expanded efforts are needed in other municipalities to support urban forest planning and
recovery. Fine-scale information on urban forest damage and site characteristics can be used in
development of forest recovery plans; ground sampling can better enable accounting for finescale variations in ecosystem service impacts (Meléndez-Ackerman, 2018).
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Table 4.4. The Hurricanes’ Effects on Urban Tree Cover and Ecosystem Services and Estimated Change from Prehurricane Conditions
Tree Cover,
in Square Kilometers

Municipality Prehurricane Posthurricane

Current Tree Cover,
as Percentages

Pollution Removal

Carbon Storage

Carbon Sequestration

Of
Municipality
Area, 2018

Change from
Prehurricane

Amount,
in Tonnes per Year

Percentage

Amount,
in Kilotons per Year

Percentage

Amount,
in Kilotons per Year

Percentage

1,073.2

–25.2

70.64

–25.3

San Juan

44.0

33.0

25.7

–24.8

320.3

–29.9

Ponce

218.8

204.0

67.6

–6.2

170.3

–29.2

627.0

–25.2

41.2

–25.3

Mayagüez

97.2

93.1

61.1

–4.2

93.5

–29.5

337.49

–25.1

22.1

–25.3

SOURCE: Meléndez-Ackerman, 2018.
NOTE: One tonne = 1,000 kg. One kt = 1 million kg.
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Recovery Model and Courses of Action: Forests
The hurricanes damaged Puerto Rico’s rural forests, urban forests, and tree nurseries. This
contributed to a loss of ecosystem services, including reductions in species diversity, habitat for
animal species, water quality and storm runoff control, soil stabilization, urban heat-island effect
mitigation, and economic and recreational opportunities. Figure 4.7 presents an overview of the
various ways in which trees can contribute to water-quality improvements through erosion
control and pollutant reduction if planted and managed properly. For example, planting trees
around agricultural fields can reduce erosion; flowering trees support a more robust pollinator
population and help in food production; trees and other forms of vegetation near waterways
reduce erosion and pollution flowing into them after rain events. Forest damage also created
downed woody debris, tree hazards that blocked access to certain areas, and increased the risk of
pest and disease damage. These are considerations that shape the COAs for forest recovery.
Figure 4.7. Ways in Which Forests Contribute to Water Quality

SOURCE: Nature Conservancy, undated. Used with permission.
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The desired future condition is that natural, urban, and working forests in Puerto Rico are
functionally and structurally healthy, resilient to future high-intensity disturbances, and able to
provide ecosystem services and economic opportunities. To do this, a comprehensive network of
public and private partners will work together toward the same goal to address recovery and
develop resilient networks to address future disturbances.
The overarching strategy to achieve this goal is to develop and implement strategic landscape
habitat conservation strategies that restore the function and structure of rural protected forests,
ecological corridors, private forested lands, working lands, and urban forests (NCR 5, Forest
Recovery in Rural Protected Areas, Private Forests, Critical Watersheds, and Urban Areas). This
will be achieved through public and private collaborations.
Specific actions to support this goal can be divided into four groups: tree planting, local
capacity building, conservation easements and expansion of green corridors, and forest health.
The overall goal for tree planting efforts is to restore 17,503 ha in protected areas, 809,371 ha in
private forests in critical watersheds, 2,529 ha in agroforestry systems, and urban forest planting
(area data not available). This would correspond to planting 2.4 million trees in critical areas
across Puerto Rico in the next five to ten years while increasing forest diversity and resilience to
future disturbances by planting locally sourced seedlings. To increase local capacity,
recommended actions include increasing the number of private landowners participating in
conservation programs; restoring tree nurseries and developing protocols to respond to future
disturbances; building public outreach and local capacity building through educational programs
at the UPR, urban forester programs, and workshops that encourage citizen involvement and
public awareness of forest benefits; and including diverse public and private stakeholders in the
forest restoration planning process. Conservation easement programs will enhance the resilience
of priority areas for rehabilitation efforts in critical areas for wildlife, habitats, and watersheds.
Assessments are needed to develop a comprehensive recovery plan, remove hazard trees,
increase tree nursery production, and monitor and mitigate pest and disease threats. A detailed
description of this COA can be found in Appendix C in the discussion of NCR 5, Forest
Recovery in Rural Protected Areas, Private Forests, Critical Watersheds, and Urban Areas.
Themes and Conclusions
Multiple challenges are associated with a resilient forest recovery process. First, Puerto
Rico–wide damage assessments are needed to inform restoration activities, such as the number
and type of trees for replanting. Remote sensing observations can provide a broad overview, but
field visits are critical to confirming the extent of damage. Unfortunately, it was not possible to
visit all sites in Puerto Rico, particularly on the more-immediate time scales needed to inform
recovery. Second, baseline data are not always available to compare with hurricane-related
damage. Many tree species have adapted to hurricanes as a disturbance process, so restoration
activities will need to be balanced with natural recovery actions. Finally, forests in Puerto Rico
are managed by private landowners, nonprofit organizations, and government agencies. The
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coordination of restoration activities among these different groups and ensuring that replanting
activities augment natural recovery processes are other challenges for forest rehabilitation.
Forests have benefits across multiple sectors. For example, restored forest function would
improve water quality, reduce stormwater runoff, reduce sedimentation, reduce energy needs by
mitigating the urban heat-island effect, and provide economic (ecotourism, agroforestry, and
payments for conservation practices on private lands) and recreational opportunities. This
interrelated nature was difficult to capture in preliminary damage assessments but will be
important in the development of priority areas for recovery actions. For example, landslides were
widespread across Puerto Rico and caused severe forest damage in some areas. Approaches that
address landslide mitigation with forest recovery strategies will be important for future
resilience.

At-Risk Species
Puerto Rico is considered a biodiversity hotspot. A biodiversity hotspot is an area with
unusual high concentration of diverse species, many of which are endemic, that has had high
rates of habitat loss (has lost at least 70 percent of its original native habitat) and faces additional
serious threat to its biodiversity.67 Puerto Rico is part of the Caribbean islands’ biodiversity
hotspot, one of the world’s 36 designated biodiversity hotspots. This region is an archipelago of
habitat-rich tropical and semitropical islands consisting of 30 nations and territories that stretches
across nearly 4 million square kilometers of ocean. This hotspot is considered one of the world’s
greatest centers of endemic biodiversity because of the region’s geography and climate (Critical
Ecosystem Partnership Fund, 2010, p. 1). The Caribbean islands’ hotspot contains a high amount
of biodiversity within its terrestrial ecosystems, with a high percentage of species that are
endemic to the hotspot. For instance, of its 11,000 plant species, 72 percent are endemic; of its
herpetofauna (amphibians and reptiles), 100 percent of the 189 amphibian species and 95 percent
of the 520 reptile species are endemic. This hotspot’s endemic species of birds is 26 percent of
564 and, for mammals, 74 percent of 69 species, most of which are bats. This hotspot’s endemic
species are 2.6 percent of the world’s 300,000 plant species and 3.5 percent of the world’s
27,298 vertebrate species (Critical Ecosystem Partnership Fund, 2010, p. 3). The Caribbean
region and Puerto Rico specifically have high levels of endemism, although the percentage of
endemic species varies by major species group and island. For example, Puerto Rico’s
herpetofauna species are highly endemic, and only seven (9.2 percent) of its native herpetofauna
species are found in other Caribbean islands (Miller and Lugo, 2009, p. 47).
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According to “Biodiversity Hotspots,” 2017,
The two criteria for a region to be classified as a biodiversity hotspot are: 1) it must contain at
least 1,500 species of vascular plants (> 0.5% of the world’s total) as endemics; and (2) it has to
have lost ≥ 70% of its original native habitat.
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Biodiversity is important for maintaining ecosystem, habitat, and species health. Diverse and
healthy ecosystems also contribute to human health and well-being by providing provisioning,
regulating, cultural, and supporting services. Provisioning services refers to the tangible products
that a healthy ecosystem provides, such as food, medicine, and materials. For example, wildlife
is an important source of protein and iron, while plants are the basis for a large proportion of
medicines. Food production relies on biodiversity for variety and for pollination, pest control,
nutrient provision, genetic diversity, and disease prevention and control. For instance, diverse
native (and some nonnative) insects are important for the pollination of tropical fruit crops, such
as carambola (Averrhoa carambola), passionfruit (Passiflora spp.), and pitaya (Hylocereus spp.),
and the health of this variety of insect populations is important to the long-term sustainability of
Puerto Rico’s tropical fruit production. Regulating services include water and air purification;
carbon dioxide sequestration; natural protection and increased resilience against storm surges,
floods, and hurricanes; and mitigation against landslides, soil erosion, and sedimentation. These
services affect disease vectors; provide climate and storm resilience; and, through effects on the
human biome, affect immune system (modulating infectious diseases) and brain function.
Cultural services provide opportunities for recreation, education, and awareness of traditional or
cultural knowledge that collectively can reduce stress, improve cognitive function, boost the
immune system, and increase physical activity. Finally, supporting services are those that
underpin robust ecosystem function and health, such as the synthesis of new organic material, the
cycling of nutrients, and pollination. Thus, in addition to the benefits of improved human health
and well-being, biodiversity provides direct economic benefits by contributing to productive
agriculture, forests, and fisheries and by providing recreation and tourism opportunities. When
biodiversity is reduced, animal and plant species become increasingly scarce; some will become
extinct, and the aforementioned benefits and ecosystem resilience are reduced. Maintaining and
enhancing T&E species’ habitats and populations help promote biodiversity, ecosystem
resilience, and all its associated benefits (Buttke, Allen, and Higgins, 2018; Gascon et al., 2015).
Puerto Rico has a wide variety of climates and natural areas, including its coasts and the
mountains that lead to its rich biodiversity. The main island of Puerto Rico is separated into two
climatologically distinct regions: the northern two-thirds, which is relatively humid, and the
southern one-third, which is semi-arid. Puerto Rico itself is subdivided into six climate areas
with a seventh climate area for the outlying islands. The Sierra de Luquillo rainforest in the
eastern part of Puerto Rico has a mean annual total rainfall of 4,305 mm per year; the area of
Guánica at Ensenada in southwestern Puerto Rico has a mean annual total rainfall of 768 mm per
year (Caribbean–Florida Water Science Center, undated). This diversity of climate, along with
complex topography and soils, creates a variety of distinct life zones and a diversity of
ecosystems and vegetation associations, such as high-elevation elfin forest to coastal alluvial
swamps. Puerto Rico also has a diverse marine environment, including some of the deepest
waters in the world (the Puerto Rico Trench) and shallow ecosystems dominated by coral reefs
and seagrass prairies (DRNA, 2015, p. 13).
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All this variation in climate, topology, and soils contributes to the rich biodiversity and
critical wildlife areas throughout Puerto Rico in different land cover types, including forests,
woodland, grasslands, natural barrens, and forested and nonforested wetlands (see Figure 4.8).
Researchers estimate that there are around 3,000 species of flora in Puerto Rico, nearly 350 bird
species, nearly 15 bat species, 25 amphibian species, nearly 70 reptile species, and 18 marine
mammal species (Méndez-Méndez and Fernández, 2015, p. 192). One measure of the
biodiversity is species richness. Species richness refers to the number of different species
represented in an area (in this case, across Puerto Rico) (see Figure 4.9). However, species
richness uses simply a count of species and does not take into account the abundances of
individual species or their relative abundance distributions, which are additional measures that
are important for measuring species diversity.
Figure 4.8. Simplified Land Cover Classification Map for Puerto Rico, 2000

SOURCES: DRNA, 2018b; Gould et al., 2008.
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Figure 4.9. Map of Total Species Richness and Critical Wildlife Areas

Critical wildlife
area

Culebra
Mona
Vieques

All-species richness
Low
Low to moderate
Moderate
Moderate to high
High

SOURCES: DRNA, 2018b; Gould et al., 2008.
NOTE: Species covered span the categories of amphibians, birds, mammals, and reptiles.

Problems that affect T&E species and other SGCNs include invasive species, changes in
habitat availability and accessibility, impacts from natural events, pollution, small or scattered
populations in fragmented habitats, and lack of environmental management organizational and
enforcement capacity (Adams, 2018b, pp. 6–7). According to the US FWS, Puerto Rico has
13 federally listed threatened species, 58 endangered species, and six at-risk species, for a total
of 77 federally classified species (see Appendix A). The DRNA has identified many more
species of concern (as have many states). The DRNA has identified 316 SGCNs using the five
categories from the International Union for Conservation of Nature’s (IUCN’s) Red List of
Threatened Species: CR, EN, VU, LR, and DD (see Table 4.5). Puerto Rico has also developed
the SWAP, which includes several related goals, including the identification of SGCNs;
promoting biological corridors to benefit native, endemic, and migratory species; promoting
landscape ecology conservation through emblematic species; and eradicating invasive species
(DRNA, 2015, pp. 9–10).
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Table 4.5. Department of Natural and Environmental Resources’ Categories to Classify Priority
Species
Name

Definition

CR

Faces an extremely high risk of extinction in the wild in the immediate future

EN

Faces a very high risk of extinction in the wild in the near future

VU

Faces a high risk of extinction in the wild in the foreseeable future

LR

Has been evaluated as not satisfying any of the other categories

DD

Has insufficient information for a direct or indirect assessment of its risk of extinction based on distribution
and population status. Some aspects of the ecology of a species in this category might be well studied, and
its biology might be well known, but appropriate data about its abundance and distribution might be lacking.
Therefore, DD is not a threat category.

SOURCE: DRNA, 2015, p. 20.

Table 4.6 shows the number of species per taxon that the DRNA has identified in each of
these categories. This table shows that 89 of these species are considered EN (41) or CR (48).
Many of these species, including 45 of the bird species, are also classified as DD.
Table 4.6. Number of Species of Greatest Conservation Need, per Taxon, 2015
Taxon

CR

EN

VU

LR

DD

Total

Amphibians

4

1

4

0

6

15

Birds

5

6

16

9

45

81

Reptiles

3

5

4

0

8

20

Marine mammals

0

2

0

0

2

4

Terrestrial mammals

0

0

2

1

10

13

Freshwater fish

0

0

0

6

9

15

Saltwater fish

1

1

5

0

57

64

Invertebrates

3

0

13

8

19

43

Plants

32

26

3

0

0

61

Total
SOURCE: DRNA, 2015, p. 22.

48

41

47

24

156

316

Prestorm Conditions, How We Assessed Damage, and What We Found: Threatened
and Endangered Species
Hurricanes Irma and Maria affected plant and animal species in multiple ways. High winds
and precipitation resulted in the direct deaths of individuals. Widespread fallen trees and other
debris have damaged habitats and made species assessments more difficult to conduct. Destroyed
and compromised habitat from the widespread impact on forests and other ecological systems
disrupted species food sources, shelter, nesting opportunities, breeding areas, and protection
from predators. In some cases, death or disruption of plants and animals presents opportunities
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for invasive species to crowd out or overtake a native species. Similarly, damage to native plant
nurseries makes recovery of forests and other habitats more difficult.
A variety of techniques are being used to assess the damage to and status of at-risk species.
Remote sensing and other broad monitoring techniques are used to assess forest and other habitat
changes, including several of the data sources mentioned previously. Site-level damage
assessments are conducted to assess more-localized changes in indirect and direct measures of
habitat robustness and species’ populations. These include counting individual species;
determining the status of food sources; identifying ongoing invasive-species threats; and
assessing breeding and other reproductive needs, such as nesting site conditions.
Given that Puerto Rico, like many islands and island groups, has many species at risk of
extinction, the challenge is choosing how and where to focus damage assessments and recovery
activities. Time and resource limitations have meant that a relatively limited number of damage
assessments were conducted—fewer than a dozen species out of the more than 300 SGCNs. This
number was limited for several reasons. First, as noted earlier, it is difficult to conduct
assessments for some species because there is little baseline information for more than
50 percent of the 316 SGCNs. Scientific understanding is lacking about many of these species,
their ecosystems’ dynamics, and their populations’ status before the hurricanes (those species
with the most information about their populations and habitat are for the federally listed species).
Second, for some species, six to eleven months is too early to be able to assess the impact. Third,
practically speaking, there was neither much time nor many resources for people to be able to
submit proposals and conduct the assessments. For example, no one submitted any proposals
regarding bat species, despite 13 bat species being on the DRNA’s list of SGCNs.68 However,
because these bats are important to agriculture (because of dispersing seeds) and human health
(bats consume an estimated 21 million tons of mosquitos per month in Puerto Rico), there are
concerns about bat populations declining because of the hurricanes (Joel Méndez, 2018).
For these reasons, the main focus of the species’ damage assessments has been on endemic
federally listed species that the hurricanes likely affected. They were generally chosen using two
criteria:
•

•

those that exist primarily outside federal lands: Because many species already have
habitat protections when located on federal lands, the federal agency that is responsible
for the land is assumed to conduct damage assessments and recovery activities for these
species, so they are considered outside the scope of the recovery plan.
those that require specialized actions (such as captivity or relocation of nests) for
recovery to occur. Some species do not require such actions and can recover if the habitat
was restored, such as through reforestation.

68

These 13 bat species are the terrestrial mammals in Table 4.6. Ten of them have insufficient data to illuminate
their species status; two are considered vulnerable. For the list of these bat species, see DRNA, 2015, p. 23.
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The T&E Species subgroup, part of the Natural Resources Working Group, developed the
COAs related to T&E and other at-risk species. As part of this process, they received a variety of
proposals to help assess and recover T&E species that became part of NCR 6, Implement
Individual At-Risk Species Recovery Activities (see Appendix C). The key terrestrial T&E
species identified for assessment and recovery actions in the recovery plan by the DRNA, the US
FWS, and other federal agencies that were part of the T&E Species subgroup include69
•
•
•
•
•
•
•
•
•
•
•

Puerto Rican plain pigeon (Patagioenas inornata wetmorei)
Puerto Rican sharp-shinned hawk (A. striatus venator)
elfin-woods warbler (Setophaga angelae)
Puerto Rican parrot (A. vittata)70
yellow-shouldered blackbird (Agelaius xanthomus)
Virgin Islands boa (Chilabothrus granti)
Gesneria pauciflora (has no common name)
Leptocereus grantianus (sebucán)
higo chumbo (Harrisia portoricensis)
Puerto Rican crested toad (Peltophryne lemur) (locally called sapo concho)
Puerto Rico harlequin butterfly (Atlantea tulita) (locally called mariposa arlequín).

In Table 4.7, we provide a brief overview of each species’ status before and after the
hurricanes. This table includes information about the range, threats, T&E status, and population
status before the hurricanes; then any known information about impact assessments for each of
these species after the hurricanes; and finally a brief summary of some of the recovery actions
from the proposal for that species that was submitted to the T&E Species subgroup. Most of the
specific recovery actions for individual species in the recovery proposals submitted to the T&E
Species subgroup include (as needed) one or more of the following:
•
•
•

habitat recovery: actions to maximize habitat quality, connectivity, and availability of
the species’ food, reproduction, nesting, shelter, breeding, and other needs
recovery of the actual population: actions to increase the wild population of the
species, such as initiating captive breeding to avoid extinction in the wild and improving
reproduction success
addressing invasive-species problems: actions to minimize the effects of invasive
species that prey on the species or compete for food, shelter, or some other survival need.

69

In a proposal, the T&E Species subgroup also identified three sea turtle species (leatherback, hawksbill, and green
sea turtles) for recovery actions, but, because they are aquatic and coastal species, we do not discuss them in this
chapter.
70

The Puerto Rican parrot’s hurricane recovery was being addressed through a different funding source, so the T&E
Species subgroup did not have a hurricane recovery proposal for this species. We include it in this discussion
because it is such an emblematic species for Puerto Rico and its recovery was discussed as part of the T&E Species
subgroup’s process.
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For more details on each of these species’ proposed recovery actions, as well as the details
about the other information summarized in Table 4.7, see Appendix D, which provides a longer
description for each species.
We illustrate the type of damage assessment and proposed recovery information available for
each of these species and this more-detailed information in Appendix D by presenting
information about the Puerto Rican plain pigeon (P. inornata wetmorei) in the next section. We
also discuss an additional species of concern, the coquí llanero (Eleutherodactylus juanariveroi),
to highlight that there are other significant species that were not a focus in this impact assessment
process and thereby illustrate the importance of continuing assessments and recovery actions for
species using other processes.
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Table 4.7. Summary Status Information About Key Terrestrial Threatened and Endangered Species Identified by the Threatened and
Endangered Species Subgroup’s Recovery Proposals
Status
Name

Federal

Range Prior to the
DRNA
Hurricanes

Besides
Hurricanes, the
Main Threats to
Survival

Summary of Status
Before the
Hurricanes

After the Hurricanes

Summary of the
Proposed
Recovery Actions

Birds
Puerto Rican plain EN (listed
pigeon
in 1970)
(P. inornata
wetmorei)

EN

Since the 1960s,
these were found
only in Puerto Rico
and most abundant
in east-central
Puerto Rico.

Habitat loss
Hunting
Parasitic flies and
infections
Competition and
predation by other
species, including
rats, feral cats, and
other birds

By 1963, only 52 birds
were left in the wild.
Forest regeneration
and a captive
breeding program
helped increase the
population. A Puerto
Rico–wide survey in
the spring of 2017
estimated the
population to be
11,980 birds.

Puerto Rico–wide surveys
showed an estimated
decline of 94% (about
749 individuals left). In
areas of most abundance,
the population had declined
by an estimated 88%.

Address invasive
species (including
controlling rats).
Reforest the
habitat.
Use satellite
telemetry to assess
the bird’s patterns.
Conduct a
management
workshop.

Puerto Rican
sharp-shinned
hawk (A. striatus
venator)

CR

These are endemic
to Puerto Rico and
located in five
forest areas of the
main island.

Widespread habitat
loss and forest
fragmentation
Nestling mortality
by botfly parasitism
Low density and
limited distribution
of individuals

By 1992, only about
150 individuals were
left in the wild; by
2013–2016, there
were only 51 birds at
33 surveyed
locations.

According to surveys at the
same known locations, the
population declined by an
estimated 56%. In addition,
57% of the nest trees used
by hawk pairs were
destroyed.

Provide
supplemental
feeding and
manage nesting of
wild populations.
Establish a captive
breeding program.
Reforest 500 acres
of new habitat in
36 months.

EN (listed
in 1994)
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Status
Name
Elfin-woods
warbler
(S. angelae)

Federal

Range Prior to the
DRNA
Hurricanes

Threatened EN
(listed in
2016)

Besides
Hurricanes, the
Main Threats to
Survival

Summary of Status
Before the
Hurricanes

After the Hurricanes

Summary of the
Proposed
Recovery Actions

Endemic to Puerto
Rico, these were
thought to exist
only in the EYNF in
the east and in and
around Maricao
State Forest in the
west.

Habitat loss,
fragmentation, and
degradation
Climate change
Human-induced
fires

In 2009, the species
population was
estimated to be
1,800 birds in the
EYNF and Maricao
State Forest.

Results of one limited
population study in and
around Maricao State
Forest suggest that the
population numbers were
roughly the same, but no
information was available
on the effects on
reproduction nor on the
populations in the EYNF.

Population
monitoring should
continue to
determine the
hurricanes’ impact
on the first
posthurricane
reproductive cycle.
No hurricane
recovery proposal
was submitted.

Puerto Rican
EN (listed
parrot (A. vittata)a 1967)

CR

Endemic to Puerto
Rico, these were in
the wild only at the
EYNF and Río
Abajo State Forest.
There were also
two captive
breeding facilities
and three release
sites in Puerto
Rico.

Habitat loss
Parasitic flies
Invasive bee
speciesb
Predation by rats,
red-tailed hawks,
and other birds

Population was
estimated at 350–
450 birds in 2012,
with about 300 of
those being in the
captive breeding
program.

Aviary facilities sustained
damage; 59–64 of all the
parrots were lost, with 9
dying at one aviary and the
wild flock of 50–55 birds
disappearing from the
EYNF—an estimated 13–
18% loss in the parrot
population.

Continue the
captive breeding
program.
Reforest.
Repair
infrastructure.
Rebuild affected
aviary facilities and
the release sites to
make them more
resilient for future
hurricane events.

Yellowshouldered
blackbird
(A. xanthomus)

EN

Endemic to Puerto
Rico, these used to
be widespread.
They are now in
only a few locations
around mangrove
forests, on which
they depend for
nesting and
breeding.

Loss of coastal
forests
Mites
Lice
Avian pox
Brood parasitism
by the invasive
shiny cowbird
Predators, such as
rats, feral cats, and
green iguanas

The population
declined by more than
50% between 2004
and 2012, leaving
fewer than
400 individuals in
southwestern Puerto
Rico. Human activities
that altered
hydrological patterns
were a major factor in
mangrove habitat
loss.

Because the bird depends
on mangrove forests,
mangrove health was
assessed. Of the
mangroves in Pitahaya,
25% have massive
mortality that started before
the hurricanes, but the
mortality rate is also higher
since the hurricanes.

Reforest
mangroves.
Restore the
seawater
connection to the
mangrove areas.
Control and
eradicate
predators.
Redesign and
relocate artificial
nest structures.

EN (listed
in 1976)
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Status
Name

Federal

Range Prior to the
DRNA
Hurricanes

Besides
Hurricanes, the
Main Threats to
Survival

Summary of Status
Before the
Hurricanes

After the Hurricanes

Summary of the
Proposed
Recovery Actions

Reptiles
VI boa (C. granti)

EN (listed
in 1979)

CR

Endemic to Puerto
Rico and the U.S.
and British Virgin
Islands, they had
fragmented
distribution within
these areas and
were restricted to
few small islands
within the region,
often in offshore
cays or islets.

Habitat loss and
predation by
nonnative species,
such as rats and
feral cats; they can
do well on small
islands with good
habitat and limited
invasive predators.

Data are lacking
because of the boa’s
secretive and
nocturnal nature. A
captive breeding
program started in
1985 with boas being
reintroduced on two
small islands.

In nighttime boa surveys in
six areas, 13 boas were
observed. Habitat areas
have recovered
significantly, but invasive
rats were found at five
sites, and one of those also
had green iguanas.

Improve habitats
and remove rats
and feral cats in
selected offshore
cays.
Establish new and
increase existing
boa populations
through a captive
breeding program.

G. pauciflora

Threatened VU
(listed in
1995)

Endemic to Puerto
Rico, it grows
mostly in the
Maricao State
Forest and nearby
private lands in the
mountains in rocks
along rivers and
streams.

Floods, landslides,
and other extreme
events
Low pollinator
visitation

Locations of at least
49 colonies of this
plant are known in
and near Maricao
State Forest.

Surveyors found
7,853 individual plants, but
only 397 (approximately
5%) had active
reproductive structures.
The 1,650 plants that had
been studied for two years
experienced a 70%
mortality rate.

Implement a
breeding program
by producing
propagules in situ
and ex situ and
planting the
propagules in the
wild, both on the
existing sites and
on five new sites.

L. grantianus

EN (listed
in 1993)

Endemic to Puerto
Rico, this cactus
appears only at
elevations between
sea level and 10 m
on Culebra, an
island off the
northeast coast of
the main island.

Heavy storm
surges
Agricultural,
residential, and
tourist
development
The harrisia cactus
mealybug
(H. pungens), an
invasive insect that
kills its plant hosts

Only one population
of this species is
known, and it has
fewer than
50 individuals.

Likely damaged by heavy
storm surges, cacti infested
by the harrisia cactus
mealybug (Hypogeococcus
pungens) in 2016 remained
infested in 2018. There was
no widespread dispersal of
the mealybug. However,
the time required for new
mealybug infestations to
become obvious might
have gone beyond the end
of the study period.

Collect cactus
cuttings and seeds.
Establish the
plants in a Puerto
Rican nursery and
at three U.S.
botanical gardens.
Implement a longterm storage
strategy for the
cactus seeds.

Plants

CR
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Status
Name
Higo chumbo
(H. portoricensis)

Federal

Range Prior to the
DRNA
Hurricanes

Besides
Hurricanes, the
Main Threats to
Survival

Summary of Status
Before the
Hurricanes

After the Hurricanes

Summary of the
Proposed
Recovery Actions

Threatened EN
(listed in
1990)

Endemic to Puerto
Rico, these are only
on the islands of
Mona, Monito, and
Desecheo.

Natural
catastrophes
Habitat
modification
Low genetic
variation
Herbivory by
invasive animals
(such as goats and
rats) and the
harrisia cactus
mealybug.

In 2013, the locations
of 72 individual plants
were known on
Desecheo. We do not
have any data for the
other two islands.

Likely damaged by heavy
storm surges, cacti infested
by the mealybug in 2016
remained infested in 2018.
There was no widespread
dispersal of the mealybug.
However, the time required
for new mealybug
infestations to become
obvious might have gone
beyond the end of the study
period.

Collect cactus
cuttings and seeds.
Establish the
plants in a Puerto
Rican nursery and
at three U.S.
botanical gardens.
Implement a longterm storage
strategy for the
cactus seeds.

Threatened CR
(listed in
1987)

Endemic to Puerto
Rico and the British
Virgin Islands, only
two wild
populations remain
in Puerto Rico’s
karst regions. Zoos
have a breeding
program with six
release sites in
Puerto Rico.

Habitat loss,
especially breeding
ponds
Invasive and native
species that
compete with or
prey on them

There are no good
data on the population
estimates in the wild,
but they range
between 300 and
3,000, not including
the release sites.

Species habitat was lost
and release sites damaged,
including damage to
concrete release ponds and
structures that prevent
predators from accessing
the ponds. Toads in
Tamarindo had little
damage in terms of
seawater infiltration.

Reforest and make
improvements to
release ponds at
the six release
sites.
Continue releasing
tadpoles at them.
Remove predator
and invasive
species at the six
release sites and
at the natural
breeding ponds.
Establish two new
populations.

Amphibians
Puerto Rican
crested toad
(P. lemur)
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Status
Name

Federal

Range Prior to the
DRNA
Hurricanes

Besides
Hurricanes, the
Main Threats to
Survival

Summary of Status
Before the
Hurricanes

After the Hurricanes

Summary of the
Proposed
Recovery Actions

Invertebrates
Puerto Rico
AR
harlequin butterfly candidate
(A. tulita)
(listed in
2011)

CR

Endemic to Puerto
Rico, they occur in
very few locations:
in Maricao State
Forest and the
coastal cliffs in a
small area of
Quebradillas.

Habitat loss
Low reproductive
capacity

In 2011, the
population was
estimated to be about
45 or fewer adults,
and the number in the
Maricao State Forest
population was
unknown. In 2017,
multiple surveys at
nine sites found only
20 adult butterflies.

Each of the nine habitat
survey sites had major
damage, with up to 50% of
their trees damaged, and
invasive plants have
appeared in the understory.
This habitat damage likely
decreased butterfly
populations.

Initiate habitat
restoration.
Construct
greenhouses and
grow and plant
host plants.
Design a captive
breeding program.
Raise and release
butterflies into the
wild.

a
The Puerto Rican parrot’s hurricane recovery was being addressed through a different funding source, so the T&E Species subgroup did not have a hurricane
recovery proposal for the Puerto Rican parrot. However, we include it in this table and Appendix D because it is such an emblematic species for Puerto Rico.
b
European and Africanized bee species can invade Puerto Rican parrot nests in order to establish their colonies. These invasive bees sting and kill baby birds that
cannot fly away (US FWS and Sea Grant Puerto Rico, undated c).
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The Puerto Rican Plain Pigeon

The Puerto Rican plain pigeon (P. inornata wetmorei) is a large pigeon about the same size
and shape of a domestic pigeon (see Figure 4.10). It was listed as federally endangered in 1970.
The DRNA also classifies it as an endangered species. A Puerto Rico–wide survey conducted
between April and June 2017 estimated the population size at more than 11,980 individual birds
(Rivera-Milán, 2018b; Rivera-Milán and Martínez, 2018). A posthurricane assessment was
conducted in the spring of 2018 in order to establish impacts to habitat (Vilella and Weitzel,
2018). The primary focus was comparing Landsat 8 satellite imagery taken before and after the
hurricanes to estimate forest disturbance. A corollary complementary rapid bird survey was also
conducted to establish a sense of whether and how the hurricanes had affected the presence of
the plain pigeon. The analysis of satellite data revealed widespread disturbance in forests.
Further, fewer plain pigeons were observed during the bird survey than had been seen during
previous DRNA monitoring efforts. Specifically, before the hurricanes, the DRNA found an
average of 50 or more individual pigeons along the survey routes; after the hurricanes, the rapid
assessment team found an average of 15 to 17 pigeons along the survey routes (Vilella and
Weitzel, 2018).
Figure 4.10. Illustration of an Endangered Puerto Rican Plain Pigeon

SOURCE: US FWS and Sea Grant Puerto Rico, undated a.

Additional analysis has been conducted on this species population since this assessment was
completed in May 2018. According to a comparison of surveys conducted between April and
June 2018 in east-central Puerto Rico, where the birds are most abundant, and a similar survey
between April and June 2017, the Puerto Rican plain pigeon population in east-central Puerto
Rico after Hurricane Maria declined from 4,257 individual birds to 528 birds, an 88-percent
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drop.71 Given how few of these birds are left alive in the wild in Puerto Rico, the U.S.
Department of Agriculture (USDA) Animal and Plant Health Inspection Service (APHIS) has
funded an emergency project to try to help recover the plain pigeon and prevent its extinction.
This yearlong project is focused on identifying nesting sites of the Puerto Rican plain pigeon and
enhancing reproduction by controlling the rat population near nesting sites; the hope is that this
will help increase the pigeon’s nest survival rates because rats are a major nest predator for this
species (Rivera-Milán, 2018a). The emergency project and similar species recovery activities to
control predatory rats could also help human health (see Box 4.2).
Box 4.2. Efforts to Save Endangered Species Can Benefit Human Health
After Hurricane Maria, the rat population increased in Puerto Rico, raising concerns about how such increases
would affect other species. Rats prey on the eggs and chicks of several T&E bird species in Puerto Rico, including
the Puerto Rican plain pigeon, the Puerto Rican parrot, and the yellow-shouldered blackbird. Rats also prey on the
nests, eggs, and young of other Puerto Rican T&E species, including the Virgin Islands boa (Chilabothrus granti)
and sea turtles. Such predation, in addition to habitat and food losses and hurricane-related population losses,
contributes to species survival challenges.
For instance, consider the endangered Puerto Rican plain pigeon, which is at risk of extinction because its
population has declined an estimated 88% since Hurricane Maria.a Rats pose a significant threat to this species’
survival—predation by rats on eggs and chicks in plain pigeon nests have historically accounted for 79% of nest
losses, driving down the number of birds that survive to adulthood.b Because of these risks, APHIS has funded an
emergency recovery project to control rats near Puerto Rican plain pigeon nests on farms in east-central Puerto
Rico.
Efforts to control rats because of species concerns also have the potential to benefit human health because rats are
a disease vector for human populations. Historically, increases in rat populations have contributed to the spread of
human diseases, such as the plague, hantavirus pulmonary syndrome, salmonellosis, and leptospirosis. In fact,
doctors in Puerto Rico found a rise in the cases of leptospirosis in the six months after Hurricane Maria, with
clinicians reporting 26 deaths from leptospirosis. Leptospirosis, a relatively rare bacterial infection in humans, is
most commonly transmitted to people from the urine of rats and other animals when it is ingested in drinking water
or absorbed through cuts in the skin or through contact with eyes or with the mucous membranes.c
Activities to kill rats because of efforts to help bird, sea turtles, and other T&E species, such as the project to control
rats near Puerto Rican plain pigeon nests and other proposed activities in NCR 6, Implement Individual At-Risk
Species Recovery Activities (see Appendix C), can also potentially benefit nearby human populations by decreasing
the rat populations that spread diseases to humans.
SOURCES: Panditharatne, 2018; Rivera-Milán, 2018a; Rivera-Milán, 2018b; Rivera-Milán and Martínez, 2018;
Rivera-Milán, Ruis, et al., 2003; Sutter and Sosa Pascual, 2018.
a
The Puerto Rico–wide estimated decline in this species population is actually 94 percent; the 88 percent is for the
east-central region of the main island, where most of the birds are known to live (Rivera-Milán, 2018a; Rivera-Milán,
2018b; Rivera-Milán and Martínez, 2018).
b
Rivera-Milán, Ruis, et al., 2003.
c
Panditharatne, 2018; Sutter and Sosa Pascual, 2018.

Besides this emergency project, other activities are needed to help recover the Puerto Rican
plain pigeon and its habitats, such as reforestation of nesting and foraging habitats. Another
proposal was submitted through the T&E Species subgroup to help recover this species that
71

The comparison of Puerto Rico–wide surveys for this species population between the same time periods shows an
estimated decline of 94 percent after the hurricane (from 11,984 individuals to 749 individuals) (Rivera-Milán,
2018a; Rivera-Milán, 2018b; Rivera-Milán and Martínez, 2018).

102

would help address invasive-species issues and restore vegetation cover and food sources for the
species. It would also use satellite telemetry to help understand habitat and seasonal movements,
as well as conducting a workshop to assess the population monitoring and modeling data to help
figure out other management actions (T&E Species Subgroup, 2018d). This proposal is part of
NCR 6, Implement Individual At-Risk Species Recovery Activities (see Appendix C).
Other Species of Concern

There are many other T&E species and SGCNs that have likely been affected by the
hurricane, as shown in Table 4.6.
Given that so many species are at risk of extinction, the challenge is choosing those on which
to focus damage assessments and recovery. Primarily because of time and funding constraints,
the main focus has been on endemic species that the hurricanes likely affected. Obviously, ESA
legal requirements drive many of the choices as well, especially given funding constraints.
However, the species were chosen largely based on two criteria. First, they were chosen if they
are not mostly located on federal lands. Because many species already have federal protection
when located on federal lands, it is assumed that the federal agency that is responsible for the
land will conduct damage assessments and recovery activities for these species, so such species
are considered outside the scope of the recovery plan. Second, some specialized actions exist that
can be taken that will help recover the species. For some species, human intervention can make a
difference through species-specific activities (such as captivity or relocation of populations),
while other species would be taken care of if the approach were to improve the broader habitat,
such as with reforestation. We also note that, in spite of the fact that 61 plant species are at risk,
with 32 plant species being considered critically endangered and 26 endangered (DRNA, 2015,
p. 22), there is a limited focus on plant species. Known populations occur on localized sites—in
some cases, mostly on federal property, such as in the EYNF—so it is assumed that the federal
agency responsible for the property, such as FS, is funding and conducting these plant species
damage assessments.
Next, we briefly discuss another category of species, coquí frogs, that has been mentioned as
a significant concern in Puerto Rico but has not been discussed as much in the damage
assessment and T&E species discussions. Coquí frogs are important cultural symbols in Puerto
Rico. They are well known for the “ko-kee” call that is made by the common coquí
(Eleutherodactylus coqui). The coquí frog is Puerto Rico’s state animal. In fact, many Puerto
Ricans associate the sound of the coquí with their homeland. Many Taíno myths and art, such as
pictographs and pottery, feature the coquí (Stofman, 2007). Puerto Rico has 16 distinct coquí
species that are native only to Puerto Rico. Two to four of these coquí species are believed
extinct, and most of the rest are very rare and in decline. In fact, the DRNA considers 13 of these
coquí species to be SGCNs.72
72

For the names and status of these coquí species, see DRNA, 2015.
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The coquí llanero, also called the Puerto Rican lowland coquí or plains coquí, is one of the
smallest tree frogs in the world and is a U.S. federal endangered species. IUCN has designated
this species as critically endangered, as has the DRNA. Adult coquí llaneros are smaller than a
dime and generally light brown to yellow in color (see Figure 4.11). The species is found in only
one herbaceous freshwater wetland in Puerto Rico, and it lays its eggs on only one plant (US
FWS and Sea Grant Puerto Rico, undated b). Historical threats to the species have included
herbicides, urban and industrial development, climate change, and toxic substances leaching
from a city dump (Center for Biological Diversity, undated a; NatureServe, 2014). Scientists
have used models for predicting the sea level’s impact on marshes, and estimated changes in land
use and land cover, to conclude that sea-level changes “will spell the gradual demise of this
frog’s only home.”73
Figure 4.11. Illustration of an Endangered Coquí Llanero

SOURCE: US FWS and Sea Grant Puerto Rico, undated b.

Given that this species occurs in only one wetland, faces risks from contamination, and its
habitat was likely damaged in the hurricanes, the coquí llanero was probably affected by the
storm. We do not have any information about the damage to the habitat of this or other coquí
species. However, the US FWS has funded a damage assessment of bird and anuran74 species
distributions and composition before and after Hurricanes Irma and Maria in the Luquillo
Mountains that includes ten coquí species and 16 bird species, including the Puerto Rican parrot,
the elfin-woods warbler, the sharp-shinned hawk, the Puerto Rican oriole (Icterus portoricensis),

73

Daniel Dávila Casanova of the UPR has done modeling to assess the effects that climate change could have on
this frog’s habitat. See NatureServe, 2014.

74

A class of animals that includes frogs and toads.
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and the Puerto Rican bullfinch (Melopyrrha portoricensis).75 The selected species are a starting
point for species recovery.
The material discussed above and in Appendix D presents what is known about select species
of concern after the hurricanes. Given the large number of species endemic to Puerto Rico that
are at risk and were affected by the hurricanes, additional activities might be merited. Other
species could benefit from damage assessments and restoration activities through other processes
besides the recovery plan and the FEMA recovery process. We expect that the US FWS, the
DRNA, FS, other state and federal agencies, NGOs, businesses, and individuals will continue to
implement a wide variety of activities to help SGCNs and their habitats if funding becomes
available. One example of such activities is farmers and natural resource managers working
together to replant and expand shade-grown coffee farms that were damaged by the hurricanes
and that benefit farmers, the economy, tourism, and SGCNs (see Box 4.3).
In addition, creating and enhancing land and river conservation corridors and watersheds is
important to more holistically and comprehensively help recover species and habitats, as is
proposed in NCR 21, Strategic Watershed, Landscape, and Conservation Corridor Approaches.
In the future, it might be beneficial to consider conducting a broad systems analysis of Puerto
Rico’s ecosystems, including identifying keystone, indicator, and foundational species for
different ecosystems, to help strategically plan recovery of both species and the ecosystems that
support them. However, given the lack of scientific understanding of many of Puerto Rico’s
species and ecosystems, such an analysis would be challenging, and more research is needed.
Given these challenges, and the large number of species at risk of extinction, it is important to
implement more-strategic, landscape-scale, watershed-wide approaches that incorporate
adaptive-management principles. However, it is also important to consider multiple levels of
scale (from local, regional, Puerto Rico, the Caribbean islands, and the Americas) because of the
complexities of Puerto Rico’s ecosystem dynamics and being a tropical island biodiversity
hotspot and recognizing that some species (such as some endemic plants) and habitats exist only
at the local level, while others, such as migrating birds, exist over thousands of kilometers.

75

The results of this damage assessment were expected to be released after the data collection was completed for
this study.
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Box 4.3. Restoring Shade-Grown Coffee Farms Helps Farmers, Tourism, the Economy, Species,
and the Environment
In the wild, coffee grows on small trees and shrubs in the forest understory: Coffee plants
naturally grow under a larger canopy of trees that provide shade. The seeds, or coffee
beans, are used to make coffee beverages and other products. Commercially grown
coffee cultivated under other trees is called shade-grown coffee. However, about 40 years
ago, sun-tolerant coffee plants were developed to yield higher production. This led to the
destruction of forest habitat to make way for coffee farms that grow coffee in the sun.
These farms usually use pesticides and fertilizers that pollute the water and can poison
insects, birds, and other wildlife. In fact, three-quarters of the world’s coffee plants are
grown in the sun.a However, in Puerto Rico, like in other parts of the world, farmers have
planted shade-grown coffee farms that are closer to reproducing the natural forest
systems because of the numerous economic and environmental benefits. Shade-grown coffee farms are considered
stable agroforestry ecosystems that benefit farmers and provide habitat, nesting, and feeding for many native,
endemic, and migratory species, including T&E species, such as the Puerto Rican parrot, the Puerto Rican sharpshinned hawk, the elfin-woods warbler, the Puerto Rican nightjar (Antrostomus noctitherus), and the Puerto Rican
boa (Epicrates inornatus). The benefits to the farmer include higher-quality and more-profitable coffee beans; less
use of herbicides and fertilizers; more bees and other pollinators; increased life span for the coffee trees; and much
cooler temperatures in the field, which is better for workers when harvesting the beans. Farmers also benefit by
incorporating secondary crops into shade-grown coffee farms, such as oranges, plantains, bananas, heliconia, and
other flowers and timber products, diversifying their cash crops for more-sustainable farming. These farms also
increase biodiversity, reduce soil erosion and pollution, increase water quality and volume, and contribute to
groundwater recharge.b These Puerto Rico shade-grown coffee farms also can serve as ecological corridors by
creating additional habitat near natural reserves, thereby providing a smooth transition between urban and natural
areas.
Another important benefit of shade-grown coffee trees is that they increase ecotourism and agrotourism, in which
visitors can taste the coffee and tour the coffee farms to learn how the farms benefit the environment while making
quality coffee. For example, in Costa Rica, shade-grown coffee tours have successfully shown tourists how the
coffee benefits nature and biodiversity as they tour the farms and roasteries, pick coffee beans and sample coffees,
and learn about local cultures. Similar shade-grown coffee tours have started in Puerto Rico.c Farmers, local NGOs,
and tourism leaders in Puerto Rico are hoping to expand coffee tourism in the central-mountain region of Puerto
Rico to help provide jobs and economic growth to this area, which has high rates of unemployment and poverty.d
Prior to the hurricanes, Puerto Rico coffee, some of which was shade grown, was a key agricultural product. For
instance, by summer 2017, NRCS, the US FWS, the DRNA, EnviroSurvey, and local groups had worked with more
than 340 farmers to implement a shade-grown coffee approach on at least 162 ha and planted more than
140,000 native tree species on coffee farms.e These shade-grown coffee farms had created the start of a habitat
corridor connecting the Maricao State Forest with other forest habitat in the western central-mountain region of
Puerto Rico, which is the main coffee-growing area and lies in 22 different municipalities. The plans were to
continue to create more shade-grown coffee areas. However, the shade-grown and sun-grown coffee farms were
significantly damaged in the 2017 hurricanes, with an estimated 18 million coffee trees being destroyed. These
coffee trees will be difficult to replace quickly because coffee trees take about 3.5 to 5 years to mature. The coffee
industry in Puerto Rico suffered an estimated $18.3 million in crop production and infrastructure damage because of
the two storms.f As Puerto Rico works to recover these coffee farms (see, for example, NCR 5, Forest Recovery in
Rural Protected Areas, Private Forests, Critical Watersheds, and Urban Areas, and Economics [ECN] 9, Invest in
Agricultural Recovery Assistance), shade-grown coffee tree areas are likely to recover and be expanded because of
the environmental and economic benefits, especially to help with strategic conservation corridors, as is proposed as
part of NCR 21, Strategic Watershed, Landscape, and Conservation Corridor Approaches.
SOURCES: Envirosurvey, 2018; National Agroforestry Center, 2015; US FWS, undated b; Wright, 2016. Photo credit:
Lilibeth Serrano, US FWS, coffee flower and a prematurely ripe bean, Maricao, Puerto Rico, April 25, 2011.
a
Smithsonian’s National Zoo and Conservation Biology Institute, undated.
b
Envirosurvey, 2018; National Agroforestry Center, 2015; US FWS, undated b.
c
For tour examples see Gwenn, 2018, and Vacasa, undated.
d
USDA and Cafiesencia, 2016.
e
Envirosurvey, 2018; Wright, 2016.
f
These coffee crop damage estimates are based on a single growing season and likely underestimate the damage.
For more information about HSOAC’s contribution to planning for recovery in Puerto Rico, along with links to other
reports being published as part of this series (including the economic-sector recovery plan supplemental report), see
RAND Corporation, undated.
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Recovery Model and Courses of Action: At-Risk Species
Hurricane Maria decreased Puerto Rico–wide ecosystem health, which caused increased
T&E species, other SGCNs, and other fish and wildlife habitat changes, habitat loss, and habitat
accessibility problems, including exacerbated impacts of invasive species. These impacts
lowered Puerto Rico’s biodiversity; reduced the populations of SGCNs and other wildlife
(including game species); and decreased species richness and distribution in forests and other
natural areas, putting more species at risk of extinction. The impacts also reduced ecotourism and
other economic productivity related to species, such as bird-watching tourism and agricultural
pollination services. The desired long-term future condition is healthy Puerto Rico–wide
ecosystems and biodiversity, in which T&E species’, other SGCNs’, and other wildlife’s habitats
and species populations are restored and enhanced to facilitate species recovery and the longterm health and resilience of Puerto Rican species and habitats. Such ecosystems include local
and landscape-scale and natural infrastructure elements consisting of healthy habitats in a diverse
network of natural, urban, and agricultural areas and biological and river corridors involving a
combination of federal, state, urban, NGO, agricultural, and other private-sector lands. These
healthy ecosystems, habitats, and wildlife species populations also contribute to a strong
ecotourism industry throughout Puerto Rico.
To help achieve this goal, a key strategy is to develop and implement species recovery plans
that include the appropriate combination of habitat restoration, captive breeding, and predation
and competition threat reduction activities for each species within a key set of individual T&E
species and other SGCNs. Starting actions for this strategy are to develop and implement a
specific recovery plan for each of about a dozen T&E species that includes, as needed for the
species, the following:
•
•
•

maximizing habitat quality and availability (for the species’ food, reproduction, shelter,
and other needs)
increasing the population of the species in the wild (e.g., use captive breeding to
repopulate)
minimizing invasive-species competition and predator threats.

NCR 6, Implement Individual At-Risk Species Recovery Activities (see Appendix C)
proposes such hurricane recovery plans and actions for the following species: the Puerto Rican
plain pigeon (P. inornata wetmorei), the Puerto Rican sharp-shinned hawk (A. striatus venator),
the yellow-shouldered blackbird (A. xanthomus), the Virgin Islands boa (C. granti),
G. pauciflora, the sebucán (L. grantianus) and higo chumbo (H. portoricensis) cacti, the Puerto
Rican crested toad (P. lemur), the Puerto Rico harlequin butterfly (mariposa arlequín) (A. tulita),
the leatherback sea turtle (D. coriacea), the hawksbill sea turtle (E. imbricata), and the green sea
turtle (C. mydas).
Another problem related to species recovery is that Puerto Rico lacks sufficient human
capital, other resources, and collaborative networks for recovery. Having a comprehensive

107

network of public and private partners that work together is one way to leverage scarce resources
and to enhance Puerto Rico’s recovery and its ability to recover from future disturbances. These
networks can work together to address species recovery and management needs while educating
the public, developing a strong ecotourism industry, and creating resilient social networks.
Through these collaborative networks, Puerto Rico can seek to improve the recovery of flora and
fauna species, including T&E species and other SGCNs, so they have healthy habitats and
populations, are resilient to future high-intensity disturbances, and provide ecosystem services
and economic opportunities. Such partners could include commonwealth, local, NGO, federal,
and private-sector partners. Specific actions for this strategy are outlined in the discussion of
NCR 7, Develop Partner Networks for Recovering Plant and Animal Species, in Appendix C.
In addition to implementing individual species recovery actions and developing a
comprehensive network of partners, a more strategic approach is needed for land and natural
resource management to address broader ecosystem health concerns and needs. Hurricanes Irma
and Maria decreased Puerto Rico–wide ecosystem health by significantly damaging forests;
waterways and water quality; agricultural lands and production; marine and coastal areas,
including fisheries; agricultural production; biodiversity; freshwater and marine water quality;
and tree, animal, and other species richness and distribution in natural areas. Damage to these
ecosystems also places infrastructure and communities at risk for future damage from flooding
and landslides; reduced drinking water reservoir capacity; and reduced fishery productivity,
agricultural productivity, tourism opportunities, and other economic productivity. Thus, a
slightly broader more strategic goal than developing individual plans and a network is to seek
healthy natural and agricultural ecosystems Puerto Rico–wide to sustain biodiversity such that
T&E species’ and other flora and fauna’s habitats and populations are restored and enhanced.
This approach facilitates both recovery from the hurricanes and the long-term health and
resilience of Puerto Rico’s natural systems that provide these protections and other benefits to
communities. This recovery goal focuses on restoring larger ecosystems at local and landscape
scales to create healthy habitats in a diverse network of natural, urban, and agricultural areas.
Elements of this overall approach include the following:
•
•
•

strategically creating land and river conservation corridors and implementing watershed
management practices for key natural and agricultural ecosystems
developing management plans and practices for indicator species, umbrella species, and
guilds
applying adaptive-management principles to land, water, and species planning and
management.

This approach would involve many stakeholders because these resources exist on a combination
of federal, state, urban, NGO, agricultural, and other private-sector lands. Details on these
strategies and actions are included in NCR 21, Strategic Watershed, Landscape, and
Conservation Corridor Approaches (see Appendix C), which focuses on employing strategic
watershed, landscape, and conservation corridor approaches over time that protect natural and
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agricultural lands and develop land and river conservation corridors. This COA suggests starting
with four select areas as watershed and conservation corridor areas as follows:
•
•
•
•

the central-mountain region, a conservation corridor area that begins on the west at the
Marico State Forest and goes east to about the Toro Negro State Forest
the Northeast Ecological Corridor
the Guánica Bay and Río Loco watershed
the Arecibo watershed.

These actions can include incorporating working lands that help natural ecosystems and
species, such as shade-grown coffee farms. Other COAs that are not specific to species but will
contribute are
•
•
•
•
•

NCR 5, Forest Recovery in Rural Protected Areas, Private Forests, Critical Watersheds,
and Urban Areas
NCR 25, Blue Shore Workforce Development
NCR 28, Identify Funding for Natural and Cultural Resources Research
NCR 29, Enhance Public Participation and Education Through Museum Exhibits
NCR 30, Create an Accessible Data Repository of Natural and Cultural Resources.

Themes and Conclusions
T&E species and other SGCN recovery is not an easy task because of the challenges these
species faced before the hurricanes that were then compounded by the hurricanes; limited
resources; and the lack of sufficient data and scientific understanding about the species, their
habitats, and the broader ecosystem dynamics and hurricane response. Their recovery depends on
both local actions that focus on trying to recover individual species (such as proposed with
NCR 6, Implement Individual At-Risk Species Recovery Activities; see Appendix C) and morestrategic and broader watershed- and landscape-scale actions that focus on recovering and
conserving land and river corridors for key natural and agricultural ecosystems; forests; and
indicator, keystone, and foundational species and on employing adaptive management for
restoring farms, forests, rivers, coastal, and other natural habitats (as is proposed in NCR 21,
Strategic Watershed, Landscape, and Conservation Corridor Approaches). This multilevel
approach can help recover both species and their broader ecosystems. Preserving broader habitat
and ecosystems is key to help recover more species, especially because there are not enough
resources to focus intensively on recovering all the individual SGCNs. Given the lack of
scientific understanding of many of Puerto Rico’s species and ecosystems, more monitoring,
research, analysis, and adaptive-management approaches are needed as part of this process to
help deal with the lack of data and knowledge and uncertainty of these systems. Integrating
species recovery into reforestation, cultural resource recovery, working farms, ecotourism and
other tourism, and economic activities is also critical.
This recovery process is also dependent on all stakeholders working together in the process,
including local community members, municipalities, the private sector (including agricultural
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and tourism companies), Para la Naturaleza and other local NGOs, local businesses,
commonwealth agencies (such as the DRNA), key federal agencies (including the US FWS,
USDA [such as FS, NRCS, and APHIS], the NPS, NOAA, and USGS), the UPR and other
universities, and other national organizations (such as the National Fish and Wildlife
Foundation). Last, it is important to remember that this NCR FEMA recovery process is just the
first step in Puerto Rico’s species recovery process: It is a long-term process that involves these
many different stakeholders working together to restore and enhance the unique species and
ecosystems that help make Puerto Rico such a beautiful, diverse, and naturally rich part of the
United States.
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5. Other Natural Resource Issues

This chapter discusses other natural resource issues that the hurricanes exacerbated. The
analysis focused on four distinct issues that involve natural resources and the environment:
landslides, water quality, debris, and landfills.
In addition to the direct effects on each of these assets, the problems resulting from the
hurricanes affect natural resources in other ways that are important to recovery. Several issues
result from management and conservation practices. For example, unsustainable agricultural
practices, insufficient land-use planning, and deforestation can contribute to landslides and
excessive sedimentation that affect both natural resources and the built environment (such as
transportation, water, energy infrastructure, and housing). Resource use, as well as solid-waste
and landfill management, are inextricably linked to debris generation and water quality, which,
in turn, present risks to human health and built infrastructure because of flooding and pollution.
Many of these issues were present in Puerto Rico and were exacerbated by Hurricanes Irma
and Maria. The large amounts of household and vegetative debris created inaccessible areas,
flooding, and waste generation that overwhelmed landfills and created human health hazards.
Water-quality degradation, which is an indicator of ecosystem health, resulted from high rates of
sedimentation and damage to wastewater-treatment facilities. Excessive sedimentation affects
ecosystem health and reduces the capacity of essential water storage reservoirs and energygeneration infrastructure. Maintaining reservoir capacity is a serious issue for Puerto Rico, which
has experienced lengthy droughts in 1994, when half of Puerto Rico was experiencing water
rationing, and again in 2015 when more than 85 percent of the region experienced a water
deficit, much of it severe or extreme. Water rationing was implemented—the strictest water
rationing in its history—in which some households had running water only one out of every four
days (NRCS, undated a; Navarro, 1994). In this chapter, we describe the hurricanes’ effects on
these different categories of natural resources but emphasize that many are interrelated.
With HSOAC analytic support and input, the NCR Environmental Issues Working Group
planned and developed the COAs for hurricane recovery related to these issues. Members of the
group came from Puerto Rico’s agencies, federal agencies, academics, and contractors. Because
this is a rather diverse set of issues, recovery planning for each of these natural resource issues
proceeded slightly differently depending on the stakeholder group. Generally speaking, however,
the group identified initial recovery goals and activities, with DRNA input, and iterated them as
information on the type and extent of damage became available from the assessments. The goals
and activities had to be linked to the damage caused or exacerbated by the hurricanes.
Frequently, the assessments characterized damage and proposed activities based on BMPs to
restore the damaged assets. Information from previous planning efforts (such as Build Back
Better (Governor of Puerto Rico, 2017) and Puerto Rico Integrated Solid Waste Management
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Strategy [Sustainable Materials Management]: Implementation Options) (Puerto Rico Recycling
Partnership, 2013), previous solid-waste management studies and plans, and watershed
management plans were also considered.
When determining recovery goals and specific recovery strategies and activities, the group
considered several other factors. These varied somewhat by issue but included the following:
•
•
•
•

the amount of available information on prestorm conditions
the comprehensiveness of the assessment
legal and regulatory requirements
feasibility and cost.

Table 5.1 presents the recovery model used to develop the COAs that resulted from an ends,
ways, and means analysis method described earlier. It provides an abbreviated version of the
recovery goal, approach, and sample action for each category of coastal resources. As stated
earlier, this structure was used to drive the discussion of what recovery for these resources
should encompass and to identify activities essential for achieving the goal.
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Table 5.1. Recovery Planning Model for Other Natural Resource Issues
COA ID Recovery Goal

Approach

Example Action

NCR 13 Public safety hazards from
landslides and unstable soils
are mitigated.

Reduce the landslide and
sedimentation threat to homes and
transportation networks, effects on
ecosystems, and reduction in
reservoir storage capacity, and build
capacity to understand landslide risk.

Use stabilization measures.
Divert runoff.
Assess effects on bodies of
water.
Inform decisions on land use.

NCR 8

Obtain sufficient, compliant
landfill capacity to safeguard
human health and the
environment.

Increase legal, lined, compliant landfill Hire and train JCA staff to meet
capacity available to meet waste
permitting and inspection
management needs.
demands.
Open new, lined landfills.

NCR 9

Hurricane-related damage
sustained to landfills and open
dumps is repaired. Unlined
open dumps are closed.

Repair damaged infrastructure at
Complete repairs.
landfills, and reduce the threat that
Close unlined landfills.
noncompliant waste disposal poses to
the environment.

NCR 10 Unpermitted, unregistered
dumps, used to dispose of
hurricane debris, are cleaned
up and policies put in place to
prevent them in the future.

Eliminate illegal dumping.

Continue assessment of sites.
Close sites and dispose of
waste.
Establish policy and enforcement
procedures.

NCR 11 Waste management in Puerto
Rico is sustainable and
financially solvent.

Establish a long-term solid-waste
management program and develop
necessary human capital.

Develop a long-term sustainable
waste management plan.
Perform a waste characterization
analysis.
Develop composting and
recycling programs and
infrastructure.

NCR 12 Capability exists to process and Remove wood waste and enable
economic opportunity.
repurpose woody debris.

Continue pilot programs.
Perform a market analysis.
Build capability and facilities to
manage woody debris and
hardwoods for wood products
and artisan markets.

NCR 14 Water quality is at little risk
Employ watershed management.
from future storm runoff that
pollutes waterways, creates
transportation and flood
hazards, and diminishes
reservoir capacity.
NOTE: JCA = Junta de Calidad Ambiental (Environmental Quality Board).

Stabilize and mitigate sources of
sediment and pollution with
vegetative barriers and BMPs in
agriculture (done in conjunction
with water-sector COAs).

The COAs represented in the recovery model in Table 5.1 were ultimately selected for the
recovery plan. COAs were selected based on connections to the priorities for capital investment
and strategic initiatives. These COAs are considered essential for the recovery plan’s natural
capital objective and contribute, to varying degrees, to transportation, housing, health and wellbeing, the visitor economy, and the ocean economy.76

76

For a discussion of the COA selection process and the methodology for building the recovery plan, see RAND
Corporation, undated.

113

Landslides
Prestorm Conditions, How We Assessed Damage, and What We Found
Landslides are a persistent threat to human lives, property, tourism, agricultural and natural
resource productivity, and natural habitats across the United States and around the world.
Common landslide triggering mechanisms include severe storms, earthquakes, coastal wave
activities, and volcanic activity (USGS, 2005). Previous studies have examined historical
landslides in Puerto Rico. Locations that are especially vulnerable include steep mountainous
areas (those with a gradient of more than 12 degrees), high elevations (more than 300 m)
associated with greater mean annual rainfall, and areas exposed to intense storm tracks.
Landslides are also more common in parts of Puerto Rico that have been heavily modified by
human use, such as forested areas that have been cleared for agriculture or roads (Larsen and
Torres-Sánchez, 1998). For example, analysts studying historical landslides found that the
frequency increased five times, from six to 30 landslides per square kilometer, at distances of
85 m or less on either side of a road (Larsen and Parks, 1997).
Landslides resulting from Hurricane Maria damaged houses, buildings, and roads. As a
result, many areas were inaccessible to response operations that provided emergency supplies
and care to residents. Landslides also damaged natural areas and habitat and released large
amounts of sediment into waterways, causing problems for potable water systems, reservoirs,
and the wildlife in these waterways and the marine environment. Understanding the location and
scale of landslides informs land stabilization investments, recovery of natural areas, and potential
mitigation measures for other land uses to both recover and mitigate future landslides and
sedimentation. Two Puerto Rico–wide landslide assessments informed the COAs developed for
the recovery plan.77 These assessments reflect the varying levels of detail that could be
incorporated as more information and data became available in the weeks and months after the
hurricanes. In-depth analysis of these assessments at the watershed scale was then used to
develop recovery strategies.
Shortly after the hurricanes in October 2017, USGS released a preliminary geospatial
database of landslides associated with Hurricane Maria, based on analysis of high–spatial
resolution (less than 1 m) satellite imagery collected between September 26, 2017, and
October 8, 2017.78 To estimate the density of landslides, USGS researchers divided Puerto Rico
into 4-km2 grid cells, then mapped landslide scars based on the presence of exposed soil, rock,
and morphology typical of landslides. For the area examined, 156 km2 had a landslide density of
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Additional analysis on the influence of landslides on sedimentation in a specific watershed is presented in the
“Water Quality” section of this chapter. Because of time limitations, no additional assessment was performed to
estimate the sediment loading on critical water infrastructure.
78
USGS received $3.2 million in supplemental funding after the hurricanes to deliver landslide hazard assessments
and to provide recovery strategies for the government of Puerto Rico (Adams, 2018a, p. 6).
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more than 25 km2; 3,031 km2 had a landslide density of less than 25 km2, and 4,909 km2 had no
landslides (Figure 5.1). Landslides were mostly clustered in the steeper topography in the central
part of the main island. Most landslides were triggered by heavy rainfall during Hurricane Maria,
but rainfall during Hurricane Irma earlier in September could also have triggered some of the
landslides (Bessette-Kirton et al., 2017).
Figure 5.1. Map of Landslides Caused by Hurricane Maria

SOURCE: Bessette-Kirton et al., 2017.

In the weeks following Hurricane Maria, USGS also identified the locations of landslide
effects on property and infrastructure in the northwestern part of the main island, which were
made publicly available to assist in recovery and response. However, a detailed accounting of
landslide losses has not been compiled at this time (Bessette-Kirton et al., 2017). Landslides
were also reported in other areas, such as the Maricao Forest, which likely damaged habitat for
endangered species, such as Gesneria pauciflora; damage assessments with lidar data will be
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used to evaluate landslides’ effects on forest structure and critical habitat areas (Adams, 2018a,
pp. 7, 16).
Researchers at the UPR completed more-detailed mapping of landslide occurrence due to the
hurricanes. This effort was more time-intensive than the rapid-response USGS assessment and
involved delineating more than 40,000 individual landslide locations across the main island
using high-resolution imagery from FEMA, NOAA, and DigitalGlobe (Morales-Vélez and
Hughes, 2018). The researchers also identified specific areas that landslides significantly
affected, information that can be used to examine landslide risk factors and prioritize areas for
recovery (Figure 5.2). For example, there were approximately 15,000 distinct landslide failure
locations in the Dos Bocas watershed, which supplies part of the drinking water supply to the
San Juan metropolitan area. Sediment from landslides likely increased short-term sedimentation
rates and reduced reservoir capacity; this information can be used to quantify these
sedimentation rates. In addition to water supply impacts, landslides also affected transportation
and other lifeline infrastructure. Figure 5.3 shows an example of these impacts.
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Figure 5.2. Map of Individual Landslides Across Puerto Rico and in the Upper Río Grande de
Arecibo Drainage Basin

SOURCES: Morales-Vélez and Hughes, 2018. Images from K. Hughes et al., 2019; used with permission.
NOTE: Each red dot in the images represents an individual landslide site. The top image is of Puerto Rico overall,
and the bottom one is of the river basin alone.
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Figure 5.3. Photograph of Landslides’ Effects on Road Networks in Barranquitas

Recovery Model and Courses of Action: Landslides
Extensive landslides across Puerto Rico, particularly in mountainous regions, threatened
homes and isolated many communities, destroyed natural habitat for plant and animal species,
and contributed to sedimentation impacts in bodies of water. Furthermore, the exposed and
unstable soils are more vulnerable to future landslides and could contribute to additional
sedimentation impacts.
The desired future situation for landslides includes elements of short-term responses and
long-term planning. In the short term, the focus is on stabilizing soils in landslide-prone areas
and reducing sediment impacts in bodies of water. From a longer-term perspective, the goal is to
increase capacity to understand heterogeneity in landslide risk and develop networks to
communicate risk to different communities across Puerto Rico.
To achieve these goals, the strategy is to stabilize soils in areas that experienced landslides
and in other landslide-prone areas. This will serve to reduce future risk to public safety and
critical infrastructure and to reduce the effects on reservoirs. This can be achieved through
vegetative, bioengineering, and structural approaches as appropriate for different soil-type and
landslide characteristics (width, height, and slope). Some example of these actions include
revegetation and planting permanent vegetation in critical areas with high erosion rates, using
wire-mesh gabions to reinforce unstable ground, constructing hillside ditches to divert and help
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control runoff, constructing rock waterways to divert water from landslide-prone areas, applying
polyacrylamide polymers for erosion control, using woven wire to protect road edges at high risk
of rockslides, and building soil reinforcements and retaining walls to stabilize existing landslides.
Further details are provided in the discussion of NCR 13, Reduce Sediment Pollution and Risk
from Landslides, in Appendix C.
Other supporting actions are critical to the success to this recovery action. First, estimates of
these recovery activities were completed for the Dos Bocas watershed only and were assumed to
scale Puerto Rico–wide. However, more information is needed on regional variations in landslide
incidence and effects on public safety, infrastructure, and sedimentation in bodies of water.
Second, priority areas for stabilization measures could vary with stakeholder preferences
depending on threats to public safety, property, infrastructure, or drinking water supplies. Third,
community outreach is also critical to ensure knowledge of landslide prevention strategies.
Themes and Conclusions
Landslides have been an ongoing threat in Puerto Rico but were widespread during the
hurricanes. Although preventing all landslides is impossible, reducing risk is possible. In the long
term, increased understanding of landslide risk heterogeneity could help to reduce risk from
future landslides and inform land-use and development decisions. Work is underway by the
UPR, USGS, the Puerto Rico Planning Board, and FEMA to identify high-risk areas, develop
mitigation and response plans, and inform long-term planning decisions. Both short- and longterm strategies to lessen the risks associated with landslides that occurred during the hurricanes
and reduce the incidence of future landslides are closely tied with other aspects of recovery.
Specifically, there are interdependencies with transportation and community access to medical
care, job opportunities, and other services.

Water Quality
Prestorm Conditions, How We Assessed Damage, and What We Found
Water quality is a critical natural resource for Puerto Rico’s human population and
environment in general and can be affected by sedimentation, sewage contamination, and other
forms of pollution that occurred during and following the hurricanes. Damage assessments that
examined water-quality changes from a natural resource perspective addressed sedimentation,
flooding and fish passage, and coastal water–quality impacts. These assessments helped to
inform recovery strategy to improve the amount and quality of drinking water in reservoirs,
reduce flooding hazards, rehabilitate wildlife habitat, and restore coastal water quality.
Sedimentation and Erosion

Sedimentation, which affects wildlife habitat, recreational opportunities, and flood-control
systems, is also an ongoing issue for water systems in Puerto Rico but can be exacerbated by
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hurricanes. Sediment loads reduce reservoir storage capacity, increase the cost of treating
drinking water, fill up storm drains and catch basins, and contribute to ecological stress by
transporting contaminants and nutrients to estuaries and coral reefs. Sedimentation can also
negatively affect aquatic species in reservoirs and waterways, preventing natural vegetation from
growing, and disrupt the habitat of food sources for fish (Haycock and Muscutt, 1995;
Verhoeven et al., 2006).
Although sedimentation depends on many complex watershed characteristics, in general,
suspended sediment loads in rivers and streams are influenced by land use, precipitation,
topography, and soil erodibility. Areas with vegetation cover, even with steep slopes and
following high-precipitation events, generally have lower suspended sediment loads than
watersheds with more-developed land uses or barren lands (Yuan et al., 2015). Past USGS
research in Puerto Rico included assessments of sedimentation impacts on reservoir storage
capacity following hurricanes and found average reductions of 35 percent after Hurricanes
Hortense and Georges (Soler-López, 2001). In general, 90 percent of the sediment accumulation
in reservoirs is deposited during storm events that occur 1 percent of the time (Adams, 2018a,
p. 6).
To understand the magnitude of the problem, USDA estimated sediment loads associated
with landslides during Hurricane Maria. This assessment was focused in the 46,136-ha Dos
Bocas watershed,79 which is an important source of water for the San Juan metropolitan area and
for which previous studies of sediment volumes had been performed (Soler-López, 2007).
Analysts mapped 12,597 landslide polygons in the watershed, covering 1,203 ha.80 Additional
data were collected on more than 600 landslides and extrapolated for the rest of the watershed.
As shown in Figure 5.4, these landslides were categorized and measured to estimate the volume
of sediment available and the stability of the site, both of which are also used to determine the
most cost-effective stabilization method. Most of the landslides were categorized as translational
landslides (77 percent of total landslide area) or earthflows (15 percent of total landslide area).
The total amount of sediment from landslides that affected the Dos Bocas watershed was
estimated at 23 million cubic meters, equivalent to the volume of 22 Empire State Buildings
(USDA, 2018).

79

A Puerto Rico–wide assessment was impracticable given the available time and resources, so this watershed was
prioritized as an example.
80

This analysis used polygons, which number at 12,640, to estimate sediment volume. As discussed earlier in the
report, the total number of landslide points for the Dos Bocas watershed (including Caonillas subwatershed) is
15,035. Each point represents one head-scarp failure site.
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Figure 5.4. Landslide Types and Distribution in the Dos Bocas Watershed

SOURCES: NRCS, 2018; USGS, 2006. Photo by Joxelle Velázquez, NRCS.
NOTE: Percentages represent the proportion of all the landslides in the Dos Bocas watershed that are of that type.

Landslides and other sediment transported during and immediately following Hurricanes
Irma and Maria reduced reservoir storage capacity, which, in turn, limited the reservoirs’ ability
to generate electric power and regulate water inflows to the North Coast Superaqueduct Project,
which supplies water to the 2.5 million residents of the north coast of Puerto Rico.81 Preliminary
assessments were performed for the Lago Dos Bocas and Lago Caonillas reservoirs in the Dos
Bocas watershed, which were built in the 1940s for hydroelectric power generation. This
methodology first assessed historical relationships between precipitation and streamflow to
reconstruct missing stream gauge data from the storms (presumably resulting from damage to the
81

Maintaining reservoir capacity is a serious issue for Puerto Rico, which has experienced lengthy droughts: in
1994, when half of Puerto Rico was experiencing water rationing, and most recently in 2015, when rationing
occurred and households had running water only one out of every four days—the strictest water rationing in its
history (Navarro, 1994; NRCS, undated a).
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gauges). The researchers then examined the relationship between historical three-day streamflow
and sediment loads, using both a nonlinear relationship (quadratic or power function) between
streamflow and sediment load and a conservative lower bound based on a linear relationship.82
Using past reservoir trapping efficiency and sediment density estimates, soil scientists calculated
that the sediment load to Lago Caonillas was likely an average of 813,745 million (546,125
million to 1,079,550 million) metric tons, which reduced capacity by 2.1 percent from
prehurricane estimates in 2012. For Lago Dos Bocas, the estimated sediment load was an
average of 1.361 million (1,179 million to 2,268 million) metric tons, which reduced capacity by
9.7 percent from prehurricane estimates in 2005, although this could be a conservative estimate
(Norfleet, 2018). Indeed, at the Dos Bocas Dam, sedimentation and high flow damaged all three
hydroelectric turbines (Central Office for Recovery, Reconstruction and Resiliency, 2018, p. 48).
Flooding and Fish Passage

During the peak of Hurricane Maria, many reservoirs were receiving and discharging more
than 2,000 m3 of water per second. This might have altered the balance of aquatic communities
and might have facilitated the spread of invasive species (Adams, 2018a, pp. 10–11). There are
seven native freshwater fish species in Puerto Rico, and all were threatened before Hurricane
Maria by human influences, such as habitat modification (water withdrawals and dam
construction), pollution concerns, and overfishing. In addition to native species, 24 established
nonindigenous fish species were introduced to Puerto Rico for sportfishing (Garcia et al., 2005,
p. 2).
Stream barriers that existed before Hurricane Maria, including perched culverts, bridges, and
dams, are barriers for fish passage and pose a flood hazard by impeding the flow of debris and
limiting flow capacity during high-intensity events (Adams, 2018a, p. 6). Previous work has
mapped 335 physical barriers to fish migration in Puerto Rico, but many of these physical
barriers are no longer in use and, before Hurricane Maria, were identified as candidates for
retrofitting or removal (Cooney and Kwak, 2013).
In coordination with DOI, multiple agencies and conservation groups identified high-priority
locations for stream restoration in focal watersheds in north-central and northeast Puerto Rico.
PDC, a nonprofit organization focused on restoration, erosion and sedimentation control, and
green-infrastructure projects, developed a geodatabase of stream-crossing structures and lowhead dams in focal watersheds that can disrupt the migration of aquatic species. In addition to
assessing Hurricane Maria’s effects, this work is a conservation priority for the US FWS Habitat
Restoration Program strategic plans, the SWAP, and Caribbean LCC conservation goals while
complementing priorities of the Southeast Aquatic Resources Partnership and the US FWS’s
Fish and Aquatic Conservation initiative in the Caribbean (DRNA, 2015). The damage
assessment included Río Grande de Arecibo, Río Grande de Manatí, and Río Espíritu Santo to
82

No previous precipitation event was as intense as Hurricane Maria, a fact that adds uncertainty to these estimates.
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the Cabezas de San Juan watersheds, which includes critical wildlife habitat areas, areas in the
DRNA’s Heritage River Program, and developed coastal areas. In addition, aquatic habitat
restoration would benefit at-risk aquatic species, such as the sirajo goby (Sicydium plumieri) and
the American eel (Anguilla rostrata), and DRNA species of concern.
From March to May 2018, PDC collected field survey data for 144 stream crossings
(120 bridges and 24 culverts) in the three selected watersheds. Approximately 61 percent of the
structures presented signs of structural damage, of which most will require repairs (84 of
88 damaged structures). Overall, most of the structural damage was categorized as low (67 of
88 damaged structures), medium (12 of 88), or high (9 of 88). Most damage (76 percent) was due
to stream bank erosion or blockage by debris. Table 5.2 shows detailed results for the individual
watersheds (PDC, 2018).
Table 5.2. Fish Passage Assessment in Priority Watersheds

Number of Stream
Crossing Structures

Percentage of
Structures with
Structural Damage

Río Grande de Arecibo

106

67

15 stream crossing
structures, high priority for
repair

Río Grande de Manatí

23

52

Not reported

Río Espíritu Santo to the
Cabezas de San Juan
SOURCE: PDC, 2018.

15

31

Good: 69%; partial: 31%

Watershed

Stream Connectivity

By comparing changes in fish population, reservoir habitat, and water quality, a second
damage assessment quantified the effect that catastrophic flooding during Hurricane Maria had
on the short-term resilience of reservoir fish communities. The fish population data were
collected by electrofishing in five reservoirs geographically distributed across the island: Carite,
Carraízo, Cerrillos, Dos Bocas, and Guajataca. Water-quality parameters (dissolved oxygen,
specific conductance, pH, temperature, and turbidity) in the Lucchetti, Cerrillos, Guajataca, and
Dos Bocas reservoirs were collected to compare with data collected before the hurricane. Surface
water was also sampled for nutrient content.
Analysis was ongoing at the time this report was being written, preliminary reports at the
time suggested that the extreme flooding had a short-term impact and that the fisheries were
generally resilient. All reservoirs had fish communities similar to those found in prehurricane
assessments, except for Carraízo Reservoir, where the sport fish community might have
collapsed and other species declined in relative abundance. Further research is needed, including
how the low water levels required to repair the dam at Guajataca reservoir could affect fish
communities (Neal, Haley, and Moran, 2018).
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In a preliminary water-quality analysis, researchers did not find substantial changes in these
reservoirs’ pre- and posthurricane data. However, the researchers also observed significant
sedimentation, loss of reservoir capacity, woody debris, and the absence of the water hyacinth
(Eichhornia crassipes) in the Dos Bocas and Carraízo reservoirs, where it has historically been
an issue. The preliminary assessment indicates that these structures and the subsequent flooding
did not generally affect fish communities in reservoirs. As a result, the NCR team did not
develop any COAs for fish passage recovery. However, these structures might have posed
problems for roadways and could pose long-term threats to fish populations. Therefore, we refer
the reader to potential COAs in the transportation sector that might have been developed to
alleviate flooding that could have beneficial spillover effects for fish passage.83
Coastal Water Quality

Sewage contamination during and after the hurricanes also affected water quality in
freshwater reservoirs, marine sites, and other important ecological areas. Across Puerto Rico,
51 PRASA WWTPs treat approximately 59 percent of the population’s sewerage. The remaining
41 percent is treated by non-PRASA systems that include individual and communal septic
systems and community wastewater-treatment systems owned by commonwealth agencies other
than PRASA (NOAA, 2018a; PRASA, 2018b).
Potential sewage contamination sources included untreated sewage discharges from PRASA
and commonwealth WWTPs operating without electricity during and after the hurricanes,
leakage and overflows from non-PRASA systems (i.e., septic tanks), sanitary-sewer overflows
and combined-sewer overflows from PRASA conveyance systems and discharges from
stormwater systems with illicit sanitary connections. Hurricane-related damage sustained by
PRASA systems included electricity loss, flooding, trunk sewer collapses, and damage to pipes,
which disrupted sewage treatments for many months (PRASA, 2018a). This resulted in untreated
sewage from communities flowing into the environment, such as waterways, drainage ditches,
and stormwater pipes, and ultimately into coastal waters. There is less information (pre- and
posthurricanes) regarding non-PRASA systems, although many likely had limited to no capacity
for sewage treatment after sustaining hurricane-related damage (NOAA, 2018a).
A preliminary assessment of potential sewage discharges into the environment focused on
quantifying sewage effluent from PRASA systems only (NOAA, 2018a). These estimates are
highly conservative because they do not consider all potential sources of sewage contamination.
The assessment correlated information about PRASA WWTP locations, watershed boundaries
(at the 12-digit hydrologic unit code [HUC-12] subwatershed level), and estimates of electricity
outages from September to December 2017. Several assumptions were made, including
(1) sewage discharges were due to electricity losses only; (2) sewage discharges were equally
83

These COAs can be found in separate reports that discuss the COAs and the transportation sector, at RAND
Corporation, undated.
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dispersed across subwatersheds; (3) to approximate prehurricane treatment levels, half the
treatment capacity of each PRASA WWTP was discharged into the environment after the
hurricane; and (4) there was a linear increase in regaining electricity power from no electricity in
September 2017 to full electricity in 2018. Although this last assumption simplifies the rate of
electricity loss and regain, it is likely conservative because many PRASA WWTPs continued to
have electricity disruptions after February 2018. By mid-October 2017, more than 40 percent of
WWTPs were out of service, and the remainder were classified as being in partial service.
Cumulative sewage discharges into the environment varied across Puerto Rico, depending on
the treatment capacity of each PRASA WWTP. In the assessment, NOAA researchers found that
there were more than 51.86 billion liters of sewage in watersheds near the San Juan metropolitan
region: Cataño, Carolina, and Loíza. Cumulative sewage discharges near Manatí, Mayagüez, and
Ponce were estimated at 2,953 million to 4,516 million liters. In addition, this assessment
revealed potential links with coastal water–quality impacts. Figure 5.5 shows elevated chl-a
concentrations in coastal waters adjacent to San Juan and Carolina. Untreated sewage contributes
to nutrient loadings, and chl-a is often shown to increase following increases in nutrient
availability. Over time, the sewage discharges declined from September to December 2017,
assuming that PRASA WWTPs and pump stations gradually regained power, and the remotely
sensed data indicate that coastal water quality improved over time (NOAA, 2018a).
Figure 5.5. Map of Estimated Cumulative Sewage Discharge, in Millions of Gallons, by Watershed
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Recovery Model and Courses of Action: Water Quality
Water quality after Hurricanes Maria and Irma was dramatically degraded. This included
excessive sedimentation and sewage discharge that affected the water supply for both the human
population and natural environment.84 Excessive erosion and sedimentation associated with the
hurricanes caused multiple environmental issues by altering hydrological systems, creating
transportation and flooding hazards, reducing reservoir storage capacity, blocking fish passage,
and overwhelming the marine environment.
The desired future state is that water quality is improved and maintained to sustain the
population’s well-being and natural ecosystems through watershed management strategies.
Sediment control management and engineering practices reduce the potential for excessive
sedimentation from future storm run-off while (in at least some cases) preserving fertile soils for
agriculture.
Strategies to achieve this future state include watershed-scale restoration and adaptivemanagement strategies that would reduce sedimentation and pollution effects and lessen the risk
from future storms. These actions can be focused initially in four priority watersheds that are
important for coastal water quality and broad ecological value: Arecibo, the San Juan
metropolitan area, Cabo Rojo and Guánica, and the Northeast Ecological Corridor. Additional
sedimentation control measures can be implemented in two highly valuable habitats: Vieques
Natural Reserve and Tres Palmas Marine Reserve.85 Some specific actions to support these
watershed-scale strategies include reducing flooding hazards by restoring natural flow paths and
wetlands, green-infrastructure retrofits, reducing the threat of landslides, establishing erosion
control practices, conservation practices in agricultural areas, soil stabilization, and promoting
integrated pest management to reduce herbicide application and control erosion. Companion
activities required for watershed management that involve PRASA and other water systems’
infrastructures are included in water-sector COAs.86
This recovery activity was grouped under a broader strategy for water-quality improvements
at the watershed scale (NCR 14, Water Quality Improvements at the Watershed Scale). For this
activity to succeed, planners and implementers will need to work closely with the water and
transportation sectors and to incorporate these and relevant water-sector actions under a
comprehensive watershed coordinator.
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Water supply impacts, such as additional treatment costs, are covered in more detail in the recovery plan
supplemental report for the water sector, see RAND Corporation, undated.

85

Vieques Natural Reserve is different from Vieques National Wildlife Reserve. The COA is for an area in
Mosquito Bay (also known as Puerto Mosquito), which has commonwealth, federal, and private lands.
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The Water Sector COAs that are needed for this COA are WTR 11, Repair, Replace, and Improve PRASA
Wastewater Treatment Plants and Sanitary Sewer Collection Systems; WTR 18, Invest in Stormwater System
Management; WTR 19, Reduce Urban Nuisance Flooding; WTR 27, Protect and Rehabilitate Groundwater Systems;
and WTR 28, Secure Drinking Water Sources Against Contamination.
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Themes and Conclusions
Although some principles will apply to multiple areas, no single, overarching strategy will
work across Puerto Rico, so strategies will need to be tailored to specific areas. The four priority
watersheds were selected because each has independent watershed assessment efforts that have
identified restoration actions that could improve coastal water quality. The two highly sensitive
coastal areas—Mosquito Bay Natural Reserve and Tres Palmas Marine Reserve—were selected
based on the DRNA’s prioritization of ecological value and level of damage due to Hurricane
Maria.
The identification and selection of a watershed coordinator is an important element of these
strategies. The watershed coordinator could be an individual or government entity that ensures
watershed-scale coordination of site-level projects and benefits to hydrology, water quality, and
communities dependent on the water supplies. These actions are interdependent with many
actions of the water sector, particularly Water Sector COAs WTR 27, Protect and Rehabilitate
Groundwater Systems, and WTR 28, Secure Drinking Water Sources Against Contamination.
Many of these actions could involve multiple sectors because they overlap with priorities of
municipal, jurisdictional, and federal agencies and nonprofits. Watershed coordination will be
key to aligning the priorities of different agencies and entities. We refer the reader to the watersector report for further details on damage assessments of water-quality impacts, particularly for
human consumption (Preston et al., forthcoming).87

Debris
Prestorm Conditions, How We Assessed Damage, and What We Found
Hurricanes are a natural disturbance in, among other places, Puerto Rico that can generate
large amounts of vegetative debris. In previous work on the Luquillo Experimental Forest,
researchers found that vegetative debris generally has a limited impact on tropical forests but has
been found to increase tree basal area and the microbial diversity of leaf litter. Vegetative debris
also interacts with other hurricane effects on natural ecosystems—notably, the opening of forest
canopies, which can affect understory biodiversity and soil composition (Shiels, González, and
Willig, 2014).
After Hurricane Maria, vegetative debris caused road and trail closures in public areas and
flooding hazards or barriers to aquatic species when caught in stream obstructions. In state
forests, natural reserves, ecological corridors, and wildlife refuges listed in “Puerto Rico
Assessment and Response Needs for Natural Resource Recovery Post–Hurricane Maria,”
officials from most locations noted that access to some or all the sites were obstructed by
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See also RAND Corporation, undated.

127

vegetation or debris (Adams, 2018a, pp. 12–15).88 In addition to vegetation, other categories of
debris include marine, construction, demolition, and household waste (including hazardous
materials).
USACE is responsible, under the National Response Framework, for assisting localities and
states with debris removal (USACE, undated). USACE’s traditional method of removing
vegetative debris is air curtain incineration, in which trained personnel burn debris from fallen
trees and other vegetation. However, members of some local communities have expressed
concern that burning vegetation will emit harmful air pollutants that could have detrimental
health effects on people with respiratory or cardiovascular conditions. Burning vegetative debris
also removes nutrients from soils that plants need to naturally regenerate following a disturbance.
Alternatives include composting, mulching, and recovering valuable hardwoods for woodcraft
(Lichtenstein, 2017).
FEMA tasked USACE to collect 3.17 million cubic meters of debris, the equivalent of
1,258 Olympic-sized swimming pools, from 55 participating municipalities in Puerto Rico. By
May 15, 2018, USACE had collected 3.06 million cubic meters of debris (Carrasco, 2018).
Vegetative debris is turned into mulch, and other materials are sent to recycling centers or
landfills, preferably for use as cover material, or to farms. Mulch can also be blown into forests
to decompose. Precious woods can be harvested and made available for future needs, such as for
commercial sale or repairs to historic properties (see Box 5.1). This federal effort does not
include 23 municipalities and the government of Puerto Rico that opted out and are responsible
for removal of an additional 1.76 million cubic meters of debris (Kornacki, 2018).
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For specific trail closures, see the “Forests and Other Natural Areas” section of Adams, 2018a.
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Box 5.1. Salvaging Valuable Hardwoods in the Debris from Hurricane Maria Helps Local Artisans
The 249-kmh winds, rains, and landslides from Hurricane Maria damaged or killed an estimated 23 million to
31 million trees across Puerto Rico.a All these downed tree trunks and branches contributed to an estimated
3.1 million to 4.6 million cubic meters of debris. This debris includes a large amount of valuable hardwoods. USACE
has estimated that there were 10,000 to 20,000 logs at USACE-managed debris sites alone. Originally, some of this
wood debris was being chipped and thrown in landfills or was potentially to be burned. Instead, the Caribbean
Climate Hub, based at the FS International Institute of Tropical Forestry in Puerto Rico, worked with the nonprofit
educational organization GreenWood to salvage some of the woody debris left from the hurricanes.
Instead of being mixed with other types of debris in landfills, valuable hardwoods can be recycled for use by local
artisans or in rebuilding efforts. Public information campaigns help local residents to understand the type and
condition of wood that is useful for artisans, best practices for handling wood to preserve its economic value, and
available processing facilities around Puerto Rico.
GreenWood also visited Puerto Rico to assess long-term strategies for promoting a sustainable timber salvage
industry. This includes expanding local capacity for sawmilling; wood handling; production of furniture, musical
instruments, and other recycled-wood products, and developing new tourism plans, such as artisan ecotouring
workshops. Such an effort brings together local, state, and federal landowners in a more comprehensive
sustainable community solution to manage and reuse woody debris produced by the hurricanes. Not only do these
efforts help with Hurricane Maria response; also, by building a sustainable local industry, they help increase Puerto
Rico’s ability to handle debris from future hurricanes. This is a resource that could be managed sustainably to help
grow the economy.
SOURCES: Caribbean Climate Hub, 2017; FS, 2018; GreenWood, undated.
a
Findlay, 2018.

Recovery Model and Courses of Action: Debris
Debris created hazards, caused flooding, blocked trail and road access for emergency and
recovery response, and overwhelmed the capacity of landfills and dumps. Furthermore, precious
hardwoods downed by the storm were mixed with general debris, but some of these hardwoods
have economic or cultural value. Recovery of these materials is time-sensitive and is critical for
the reconstruction of historical buildings and provision of economic opportunities for local
artisans working with wood products, construction, or historical renovation industries.
The desired future condition is the capability to process and repurpose woody debris for
alternative uses, such as historical reconstruction, local craft production by Puerto Rico’s
artisans, the development of new wood products, vocational training and research in wood
product properties, development, and marketing. This will provide economic, cultural,
educational, and research benefits for the people of Puerto Rico.
One way to achieve this future goal is to expand on a pilot project implemented after the
hurricanes to harvest valuable tropical wood gathered during the waste-removal process and
revive local markets. Specific actions include rapidly assessing downed woody debris across
Puerto Rico and sawmilling capacity and developing a standardized process for removing woody
debris from public and private lands. Another critical aspect is building the long-term capacity
and expertise to manage the waste stream following storm events, including market research for
these wood products, pilot training workshops for local artisans, and incentives to promote a
sustainable forest product industry (NCR 12, Develop Forest Products Industry).
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Themes and Conclusions
The generation of hurricane-related debris had widespread consequences—causing flooding
hazards, blocking access to trails and roads during the recovery process, affecting species habitat
and the forest recovery process, and contributing to overfilled landfills. As a result, a variety of
groups will be involved with recovery strategies. This includes forestry experts, such as the FS
International Institute of Tropical Forestry, local artisan and cultural groups, municipal leaders,
and waste management experts.

Landfills
Prestorm Conditions, How We Assessed Damage, and What We Found
Waste management and landfill capacity and compliance are ongoing concerns in Puerto
Rico. Before Hurricane Maria, Puerto Rico had 29 operating landfills, but most were operating
beyond capacity. Since 2002, EPA has been working with the JCA to focus on closing open
dumps that were classified as noncomplying landfills, implementing recycling programs,
reducing gas emissions at landfills, and improving landfill operations. As of September 2016,
EPA had legal agreements to close 12 landfills. The JCA, which received federal approval in
1994, has the primary responsibility for regulating landfills in Puerto Rico through permitting
and solid-waste enforcement; EPA has authority under the Resource Conservation and Recovery
Act (RCRA) to require actions that address serious environmental and health risks (Pub. L. 94580, 1976). Before the hurricanes, budget shortfalls hampered Puerto Rico’s ability to improve
or close landfills (EPA, 2016b), and approximately 70 percent of landfills were in violation of
environmental regulations (Congressional Task Force on Economic Growth in Puerto Rico,
2016). In 2010, to help address the volume of solid waste in Puerto Rico, EPA helped establish
the Puerto Rico Recycling Partnership to promote reuse, recycling, and composting (Puerto Rico
Recycling Partnership, 2013).
Hurricane Maria produced large amounts of solid waste that exceed the capacity of landfills.
However, many of the landfills that were (and might continue to be) accepting this debris were
ordered to close before the hurricanes for violation of environmental standards, including
hazardous gas emissions, leaching of toxic chemicals into the soil and water, and unstable slope
management (U.S. Public Interest Research Group Education Fund and Frontier Group, 2017). In
prehurricane assessments of 31 landfills in Puerto Rico, researchers found that 15 were open and
had waste capacity and 16 had limited to no capacity (one of which is closed and one of which is
no longer operating) (Plössl, 2018b; Plössl, 2018c). Of these landfills, five are in karst
landscapes (porous soils, putting aquifers at risk), 14 could affect wetlands and waterways, five
are in floodplains, nine could affect drinking water supply, five could affect natural reserves, 12
could affect federal endangered species, 21 had medium to high landfill gas potential, and eight
were close to homes or schools (Plössl, 2018a). In addition, the hurricanes caused varying
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degrees of damage on the structural integrity of sanitary landfill systems and open dumps, which
include erosion, water channeling, debris, slope damage, landslides, and damaged roads
(Carpenter, 2018b).
In preliminary assessments of landfill capacity at the 29 landfills and open dumps in Puerto
Rico, researchers found that nine had little, no, or negative capacity and five had limited capacity
(Figure 5.6). Most remaining capacity, as well as future planned capacity, is in the southern and
eastern parts of Puerto Rico. With current waste-generation and disposal rates, Puerto Rico needs
to produce 21.8 million to 31.8 million metric tons of additional capacity every decade. The
researchers also determined that Puerto Rico has between three and four years of remaining
capacity in operational landfills and two to three years in lined, environmentally protective
landfills. Approximately 0.8 to 1.1 years of capacity was lost to hurricane-related debris disposal.
However, this estimate is highly uncertain and does not include debris in unpermitted,
unregistered dump sites that ultimately should be transferred to legal sites (Weston Solutions,
2018b), nor does it include potential demolition waste from buildings that might be demolished
as the recovery process proceeds.
Additional information is needed on the amounts of debris taken to landfills after the
hurricane; the extent of unpermitted, unregistered open dumps across Puerto Rico (roughly
estimated at 1,600 to 2,000 sites) (Carpenter, 2018a), and the environmental effects that the
hurricanes had on the release of toxic and other dangerous materials from the landfills.
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Figure 5.6. Map of Landfills in Puerto Rico, with Population Density by Municipality

SOURCES: DRNA, 2018b; Plössl, 2018b; Plössl, 2018c; U.S. Census Bureau, 2016.

Recovery Model and Courses of Action: Landfills
The hurricanes created, or exacerbated, several interrelated problems relevant to landfills and
solid-waste management in Puerto Rico. First, there is insufficient capacity to meet waste
management needs across Puerto Rico, and debris associated with the hurricanes overwhelmed
this limited capacity. Second, damaged landfills and open dumps that sustained damage during
the hurricanes need to be repaired, and others have health or environmental threats that
necessitate closing. Third, the unpermitted, unregistered dumps throughout Puerto Rico are
challenging to locate and routinely monitor. These dumps were used to dispose of hurricane
debris but pose threats to human health and the environment, and they provide disincentives for
the use of compliant landfills. Fourth, solid-waste management in Puerto Rico is not sustainable
or cost-effective. Existing high waste-generation rates and low recycling rates, when combined
with storm debris generation, overwhelmed landfill capacity.
The desired future state is sufficient landfill capacity to dispose of hurricane-related waste
and to meet the long-term needs of Puerto Rico, which will require an increase in the number of
compliant landfills and accompanying increases in the needed permitting and inspection staff.
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Hurricane-related damage sustained to landfills and open dumps will be repaired, and unlined
open dumps will be closed. Unpermitted, unregistered open dumps used to dispose of hurricane
debris are cleaned up, and policies are in place to prevent them in the future. To achieve this
state, an assessment of the number, nature, and magnitude of hurricane-related dumps is needed.
This waste can then be sorted, recycled, and disposed of in compliant landfills and policies and
enforcement mechanisms can be put in place to prevent operation of unpermitted and
unregistered dumps in the future. Finally, a long-term, sustainable integrated waste management
program reflects posthurricane conditions; ensures future capacity; and prioritizes waste
reduction, recycling, and composting. Further details on the recovery strategies are in
Appendix C for COAs NCR 8, Increase Landfill Capacity to Dispose of Hurricane-Related
Waste and to Properly Manage Future Waste, through NCR 11, Establish a Long-Term,
Sustainable, Integrated Solid Waste Management Program.
Themes and Conclusions
Solid-waste management was an ongoing challenge in Puerto Rico; the magnitude of waste
produced during and after the hurricanes stressed this system further. The recovery actions
developed for this sector focus on increasing landfill capacity to absorb debris produced by
Hurricane Maria (and for future storms); repairing damage sustained during the storms; closing
unpermitted, unregistered open dumps that were used to dispose of hurricane waste; and
implementing a long-term waste management plan. Taken together, these actions can benefit
environmental quality (soil, water, and air), public health, municipal operations, the local
economy, and tourism.
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6. Recovery of Parks and Crosscutting Courses of Action

Just as management efforts cannot ignore ecological interrelations among species
and habitats, we need to recognize that ignoring the spiritual and psychological
connections between humans and the natural world, and not allowing space for
those experiences, can result in detrimental implications for society.89

This chapter presents our analysis of damage to parks and activities for recovery. The
analysis focuses on a single area: parks. We define the term parks broadly as a human–nature
interface, fostering natural ecosystems in urban areas, facilitating recreation in natural settings,
and harnessing natural processes as population-sustaining services. Data on Puerto Rican parks
are limited, but Puerto Rico has at least 500 parks. Most are community parks in urban areas, but
approximately 60 are large-acreage “managed-wilderness” parks, and 18 compose Puerto Rico’s
national parks (which are distinct from the NPS). In addition, around 20 lakes have been created
through river damming and are generally accessible for park-like recreational activities.90 Even
before the hurricanes, Puerto Rico’s parks faced challenges: Years of economic recession and an
ongoing government debt crisis have led to shortfalls in facility maintenance and asset
replacement. Ownership and maintenance responsibilities for park facilities are sometimes
ambiguous. Many communities do not have easy pedestrian access to park space.
Following Maria and Irma, NCR staff and contractors worked with the DRNA, the DRD, and
municipality governments to assess the damage to parks. This involved three tasks, which were
carried out iteratively over the course of four to six months: building a complete roster of parks,
documenting all existing damage to the parks, and estimating the cost to repair the damage. As
part of this assessment, personnel rated parks on a damage scale that ranged from minimal to
near-complete damage. Roughly 38 percent of parks rated at least moderate, and 16 percent
experienced severe or near-complete damage. The damage was heaviest in the direct path of the
hurricanes, where 20 to 25 percent of parks were rated as severe or near-complete damage and
lightest on the west side of the main island, where no park received either of those ratings.
Within regions, parks with hard-surface amenities (e.g., basketball courts, playgrounds, tennis
courts) were less likely to receive high damage ratings than those with more-delicate amenities
(e.g., baseball fields). Cost assessments to repair parks averaged out to roughly $2.71 million for
large nature parks, just under $1 million for Puerto Rico’s national parks, and $0.33 million for
community parks. Assuming approximately 60 nature parks, 18 Puerto Rico national parks, and
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Park count estimates are based on consultation with NCR staff and HSOAC staff analysis of Department of
Sports and Recreation (Departamento de Recreación y Deportes, or DRD), 2018; DRNA, 2018a; and Google Maps,
undated h.
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500 to 700 community parks, this could place total repair costs at roughly $343 million to
$409 million.91
However, if the parks of Puerto Rico are just restored to an undamaged state, a tremendous
opportunity will have been missed. Puerto Rico’s parks can foster natural ecosystems more
effectively if they are made more economically viable and ownership and maintenance
responsibilities are clarified. Parks can facilitate human activity in nature more effectively (and
their operators and managers spend maintenance funds more efficiently) if park sites are
realigned with the needs of their surrounding communities and made easier to access. Parks can
harness natural processes to better sustain human populations if they are redesigned to channel
floodwater, maximize natural purification, and provide community garden space. Table 6.1
presents the recovery model used to develop the other natural resource COAs that resulted from
an ends, ways, and means analysis method described earlier. As stated earlier, this structure was
used to drive the discussion of what recovery for these resources should encompass and to
identify activities essential for achieving the goal. Abbreviated versions of the recovery goal,
approach, and sample actions for park recovery are presented (originally, we proposed an
alternative COA to repair parks without realigning them to suit existing community
demographics and meet community needs. The government rejected this COA, so we do not
present it here).
Table 6.1. Parks and Recreational Site Recovery Planning Model
COA ID Recovery Goal
NCR 20 Parks and recreational sites
are rebuilt from hurricane
damage in ways that meet
community needs.

Approach

Example Action

Reengineer and reorganize parks to more effectively
provide recreational services, withstand extreme
weather events, determine how the park system can
enhance revenue streams, and be more efficient
while meeting community needs.

Conduct community
need assessments.
Repair damaged
sites.
Replace underutilized
facilities based on
community needs.
Utilize green
infrastructure where
appropriate.
Create greenways.

Ultimately, the park recovery COA was selected for the recovery plan based on the
contribution to the recovery plan priorities for human health and well-being, water resources, and
the visitor economy objectives and strategic initiatives.92
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Data collection performed by NCR staff with contractor support, February–June 2018. Cost estimates generated
by NCR staff, May–June 2018. Data analysis by HSOAC staff, May–July 2018.
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For a discussion of the COA selection process and the methodology for building the recovery plan, see RAND
Corporation, undated.
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This chapter presents parks’ roles in communities, prestorm conditions and challenges, and
the damage assessments, followed by a summary of the recovery activities and themes and
conclusions.

Conceptualizing Parks: A Key Human–Nature Interface
Parks can be a key interface between natural ecosystems and human activity. They provide
green space for ecosystems and facilities for recreation. They excel at blending the two in
facilitating recreation-in-nature activities and providing nature-as-infrastructure services for
human populations. Each park offers a unique portfolio of services at the nature–human
interface, navigating trade-offs in nature versus human accommodation, and convenience versus
comprehensiveness. Together, a park system strives to offer a complete spectrum of services.
Viewed through this lens, a park system has at least three major functions as a human–nature
interface:
Parks as Human–Nature Interface: Fostering Natural Ecosystems Amid Development
Human development generally stresses natural ecosystems. Parks can provide places in
developed areas where that stress is diminished. This function relies primarily on political and
economic action to protect and maintain natural resources. Puerto Rico’s EYNF is a prime
example of this function. FS states that this “rainforest is noted for its biodiversity,” including
23 tree species that grow nowhere else. The forest has a dedicated ecosystem management team
(including a forest planner) and a dedicated law enforcement and investigation team (FS,
undated a). The EYNF receives about 600,000 visitors each year, and fees completely support
the operation of its El Portal Visitor Center, along with select other services (USDA, 2014).
Parks as Human–Nature Interface: Facilitating Human Activity in Nature
Natural settings provide health benefits, both directly through effects on human psychophysiology and indirectly through active recreation (Kaczynski and Henderson, 2007; Maller
et al., 2006). Parks provide spaces for human activity in nature, blending natural settings with
infrastructure and accessibility. This function relies primarily on administrative action to manage
facilities and location offerings of the park system. It can be the most difficult human–nature
interface feature to exemplify because it is opportunistic—striving to make the most of available
outdoor spaces in populated areas. Parque de la Hoare, Parque Jesús T. Piñero, and Parque
Fernando Botero illustrate some of the varied forms that “facilitating human activity in nature”
might take in dense urban environments. Parque de la Hoare is roughly 49 × 27 m of concrete
walkways crisscrossing flat-packed dirt, located in the middle of the densely populated, highly
urbanized Santurce neighborhood of San Juan. Its only facilities are concrete benches and tables,
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under the shade of about a dozen trees.93 In short, this park is almost entirely geared toward
serving as activity space, with nature playing a supporting role in shading and beautifying the
space. However, it is a tree-shaded respite in the middle of a highly urban neighborhood. Parque
Jesús T. Piñero is an approximately 366 × 335 × 183-m triangular park in the suburban Caparra
Heights neighborhood of San Juan. It hosts a basketball court with a steel canopy, a playground,
a small indoor event space, and a large green lawn dotted with trees and benches. In short, this
park hosts no elaborate ecosystems but does provide a space for recreating in fresh air, sunshine,
and green surroundings.94
Parque Fernando Botero is a 30 × 43-m park on the Condado shoreline of San Juan. It has a
modest grass lawn with a large steel sculpture and adjoining water fountain. The main attraction,
however, is the adjoining beach. The park has a row of park benches that look out over the sea,
as well as easy stair access down to the sand.95 In short, this park offers some amenities in itself,
but the main attraction is scenic views and access to natural amenities next door. In all three
examples, the parks are geared primarily toward human activity and facilitate that activity in
settings that are more natural than the surrounding urban environments.
Parks as Human–Nature Interface: Engineering Natural Processes to Sustain Human
Populations
Natural ecosystems provide multiple services beneficial to human populations. This includes
the purification of air and water and the absorption of heat and floods (Coutts and Hahn, 2015;
Sandström, 2002). Traditional infrastructure provides some of the same services in developed
areas, such as when storm drain systems absorb floodwater. However, parks can harness natural
processes to replace or augment those systems. Such green infrastructure can be as effective as
traditional infrastructure and more cost-effective (Jaffe, 2010). This function relies primarily on
technical design and action to maximize parks’ green-infrastructure capabilities. El Bosque
Estatal del Nuevo Milenio is a good example of this function. Located in the middle of the Río
Piedras section of San Juan, this verdant area was declared a state forest to protect one of the last
remaining “green lungs”96 in the densely populated San Juan municipality. The park is integrated
into the Ecological Corridor of San Juan, which the DRNA specifically extols in natural
infrastructure terms, citing flood protection, temperature reduction, pollution absorption, and
sedimentation control among the values it brings to the community (DRNA, 2009).
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Direct observation; Google Maps, undated b.
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Direct observation; Google Maps, undated f.
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Direct observation; Google Maps, undated e.
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Parkland with trees and vegetation that replenishes the oxygen in the air.
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Prestorm Conditions and Challenges
The Parks of Puerto Rico
In Puerto Rico, at least 400 to 500 centrally owned and 100 to 200 municipally owned parks
carry out the three functions described in the previous section for the population. At least 60 are
large-acreage parks dedicated to protecting existing natural areas while making them more
accessible than unmanaged wilderness. They include the state forest, nature reserve, and wildlife
reserve systems of Puerto Rico, as well as the EYNF. Although these parks generally consist of
managed wilderness, some contain historical sites, and one offers rentable cabins. These parks
are generally under the administration of the DRNA.
Maricao State Forest, known as Monte del Estado, is an example of this kind of park.
Spanning more than 4,047 ha of forests, this rural nature park is in mountainous, sparsely
populated Maricao. Most of the state forest is best suited to wilderness hiking and camping. It
has many rough trails, and camping permits are available. However, within the park are some
special sites that offer less rustic options. The Monte del Estado contains more–closely
manicured trails, as well as scenic outlooks, restrooms, gazebos, and camping areas. The Monte
del Estado vacation center contains rental cabins, a pool, basketball courts, picnic gazebos,
ample parking, and easy road access. Maricao State Forest is under the administration of the
DRNA (Conoce a Puerto Rico, 2016; Google Maps, undated d; Lonely Planet, undated).
Eighteen are moderate-acreage parks with a stronger emphasis on making natural amenities
accessible to the public while mitigating the degradation of these resources over time. They
compose Puerto Rico’s national park system; the majority of parks in this system are public
beaches. The system also includes one of the world’s largest underground river cave systems, the
Cavernas de Camuy. Most of Puerto Rico’s national parks charge fees to offset maintenance
costs, and many contain vacation centers with rentable cabins as an additional revenue source.
Historically, these parks have been under DRD administration. However, Law 171 of 2018
requires that Puerto Rico’s national parks be transferred to the DRNA within 180 days, so they
were expected to be under DRNA administration by 2019 (Act 171 of 2018; “Recursos Naturales
investiga las muertes de animales in el zoológico de Mayagüez,” 2018).
Parque Luis Muñoz Rivera, along with the adjoining Parque del Tercer Milenio and
Balneario el Escambron, is an example of this kind of park space. Situated on the northeast
corner of the island of Old San Juan, this 28-ha cluster of parks offers a wide portfolio of
services in a pleasant setting filled with tree groves and grassy fields. Amenities offered at this
cluster of adjoining parks includes a beach, scuba diving, athletic fields of multiple kinds,
playgrounds, the historic Escambron fortress, and the Pabellón de La Paz pavilion, where
community events are held. There are also gardens and picturesque sites around the park. The
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park is easily accessed from the coastal walkway encircling the island, marked bike lanes, or
roads and provides multiple venues for events.97
The remaining parks are moderate- to small-acreage community parks embedded in
developed areas. Many of these are under the administration of individual municipalities or of
the DRD. These parks bring nature to populated areas rather than bringing people to natural
areas. They can vary widely in form, depending on the trade-offs made in space devoted to
natural or recreational facilities. San Patricio Forest and Villa Nevarez Park illustrate this
variation well.
Bosque Estatal San Patricio is one example of this kind of park. Located in the Caparra
Heights neighborhood near the port of San Juan, it is co-managed by the DRNA and the
Comunidad Asociada de Caparra Heights. This urban nature park was formerly a housing
complex for U.S. Navy personnel. The buildings on this site were demolished, and the area
converted to a protected forest area. The result is 28 ha that nature has reclaimed and covered in
soaring trees. The site is exceptionally wheelchair accessible, thanks to an extensive network of
“trails” that used to be roads when the Navy housing complex was occupied, and provides
opportunities to observe many species of wildlife.98
Villa Nevarez is another example of this kind of park, perhaps corresponding more closely to
the classical notion of a community park. Situated in the middle of the Villa Nevarez
neighborhood in Río Piedras, this park is under the administration of the municipality of San
Juan and packs a baseball field, walking and running track, covered basketball court, playground,
and outdoor fitness structures into a six-acre lot. It puts fitness and active recreation options on
residents’ doorsteps. In terms of natural infrastructure, the park drains into a small stream that
feeds into a nearby river, providing some level of flood protection to the neighborhood.99
As noted earlier in this chapter, about 20 lakes have been created as a by-product of
damming. These lakes typically provide flood control, hydroelectric power, or drinking water
reservoirs. Although lakes do not occur naturally in Puerto Rico, these reservoirs now host lake
ecosystems and provide benefits similar to those that parks provide. Because these lakes are
infrastructure by-products, PRASA, the Puerto Rico Electric Power Authority (PREPA), or the
DRNA typically has an ownership or management role in these lakes.
Lago Caonillas is a good example of the nuances of lakes in Puerto Rico. PREPA dammed
Río Caonillas in 1948 to generate hydroelectricity, creating the lake, which is a major source of
drinking water. Along with Lago Dos Bocas, discharge from these lakes flows from the dam
feeds into the Arecibo River, where up to 379 million liters per day is channeled through an
aqueduct system to the San Juan metropolitan area (USGS, 2008). Lago Caonillas hosts a
vacation center under the ownership of the Puerto Rico national park system. This collection of
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Direct observation; Google Maps, undated c; “Parque Luis Muñoz Rivera,” undated.
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Direct observation; Google Maps, undated a; Ciudadanos Pro Bosque San Patricio, 2017.
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Direct observation; Google Maps, undated g; Yulín Cruz, 2014.
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rentable cabins is less than 30 m away from the lake and offers ample access to the natural
amenities in the area (“Remodelan villas juntos al Lago Caonillas,” 2010). Among those
amenities are the lake’s stock of fish, including largemouth bass, and fishing is allowed for
anyone who obtains a permit from the DRNA.
Prestorm Challenges: Fostering Natural Ecosystems Amid Development
Recall our three functions of parks as nature–human interfaces. Puerto Rico’s parks face
specific challenges in terms of fostering natural ecosystems amid development and facilitating
human activity in nature. They also have potential opportunities in terms of the third—
engineering natural processes to sustain human populations.
To sustain their facilities, services, and natural ecosystems in developed environments, parks
require management, regular maintenance, protection, and economic resources. However, Puerto
Rico has experienced long-term economic decline, a government debt crisis, and dramatic
changes in commonwealth and municipal fiscal policy. As an economic reform plan from Puerto
Rico’s governor in 2006 states, “What once was Puerto Rico’s vigorous and enviable economic
development has lost its power during the last thirty years” (Vilá, 2006). Since that report was
published, Puerto Rico has experienced 12 consecutive years of negative or no economic growth
and expansion of public debt such that it is now larger than its gross domestic product, which
was more than $100 billion in 2018 (Marxuach, 2015; World Bank, undated). The consequences
of this are that government entities that manage parks have consistently had diminished budgets,
diminished staff, diminished ability to protect ecosystems, and diminished investment. For the
DRD specifically, this included incentivizing voluntary retirement, divestiture of park assets,
sacrifice of some functions to keep high-priority activities funded, multiple budget cuts,
deterioration of facilities, accumulation of Puerto Rico’s national park debt, and additional losses
to embezzlement and corruption (Alvarado León, 2017a; Ayala Gordián, 2018; Bauzá, 2015;
“Brujería deportiva,” 2013; Del Valle Hernández, 2016; “El DRD dará apoyo al Albergue
Olímpico y al COPUR,” 2013; Ruiz Kuilan, 2015a; Saker Jiménez, 2018; Vilá, 2006). For the
DRNA, this includes loss of political authority to protect nature reserves from economic
development, not being able to supply funding promised for forest conservation projects, and
enforcement personnel shortages (Alvarado León, 2016; Alvarado León, 2017a; Bauzá, 2016;
Binns, 2018; Caro González, 2018a; Ruiz Kuilan, 2015b). Although the DRNA’s flood-control
budget has been a funding priority recently, many DRNA assets have accumulated significant
deferred maintenance needs (Alvarado León, 2017b). For municipalities, information on parks
specifically is more difficult to obtain. There are examples of high-profile parks closing down for
large stretches of years because of infrastructure deterioration, but community park deterioration
often goes undocumented.100 However, municipality governments are under financial strain
comparable to that of their DRD and DRNA counterparts (“A la calle a cobrarle a deudores del
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municipio,” 2013; Caro González, 2018a), and this has likely produced similar park
challenges.101
As a result of these difficulties, often park assets that reach the ends of their life cycles are
not replaced. Some park assets do not receive needed maintenance. Parks have not generally
been updated or realigned to meet the changing needs and demography of the population.102
Prestorm Challenges: Facilitating Human Activity in Nature
To effectively facilitate human recreation in nature, parks require routine maintenance and
periodic reevaluation of community needs. However, ambiguous ownership and responsibility
structures can impede maintenance, and community need alignment has likely not been
reevaluated for many park sites since the economic recession took hold.
The ownership and responsibility structure of park assets can be complex for some sites and
is not always aligned with the division of responsibilities for those sites. FS maintains the EYNF,
and the NPS maintains the San Juan National Historic Site, including its tree groves, shorelines,
and extensive lawns. US FWS maintains several national wildlife refuges in Puerto Rico,
including Cabo Rojo and Vieques National Wildlife Refuges. The DRNA holds most other
nature-centered park systems, such as the state forest, nature reserve, and wildlife reserve
systems. The DRD and many of the 78 municipalities own many of the more recreation-centered
parks, but the DRNA owns a handful. The electrical utility (PREPA) and water utility (PRASA)
have some holdings related to natural recreational areas, primarily reservoir lakes. The private,
nonprofit Conservation Trust of Puerto Rico and its Para la Naturaleza unit have some holdings
related to their conservation mission, as do other similar organizations. However, these sites are
not wholly separate. Different entities can own adjacent parcels of park land, or one might
manage facilities that are on the land of another. Some sites were devolved to municipalities but
without any transfer of funding to upkeep them. Communities informally maintain some sites as
a grassroots reaction to lack of maintenance from the official maintaining entity. Although local
managers generally understand the assets in their community portfolios, that information is not
necessarily compiled at the commonwealth level. This can make interagency coordination
around park sites difficult and impede federal assistance after a disaster because finding out who
has ownership and responsibility for a given site can be difficult.
Park accessibility could be improved. In general, most of the population of Puerto Rico lives
near a park. Ninety-seven percent of the population lives within 8 km of at least one park,
usually a DRD recreation-focused park (90 percent). However, pedestrian access to parks
remains constrained. Only 32 percent live within a 20-minute walk (1.6 km) of a park, which
stands in stark contrast to the joint NPS/Centers for Disease Control and Prevention/U.S.
Department of Health and Human Services health recommendation that everyone be within half
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that distance of a high-quality park space (Merriam et al., 2017). The hazardous state of Puerto
Rico’s pedestrianism compounds the issue. In 2015, Puerto Rico experienced a pedestrian
fatality rate of 2.91 per 100,000 residents (Puerto Rico Traffic Safety Commission, 2017). This is
significantly higher than the continental U.S. average that year of 1.53 per 100,000 and suggests
that shorter pedestrian distances to parks could be particularly salient for Puerto Rico (Retting
and Rothenberg, 2016). Table 6.2 presents estimates of the percentage of people in Puerto Rico
living within a set distance of either a recreation-focused small- to moderate-acreage “city oasis”
park or a large-acreage managed-wilderness park.
Table 6.2. Percentage of the Population in Puerto Rico Within a Given Distance of a Given Type of
Park
Percentage of the Population Within That Distance
Distance, in Miles

Any Park

City Oasis

Managed Wilderness

1

32

29

2

2

58

52

10

3

77

68

22

4

91

81

35

5

97

90

46

6

99

94

57

7

100

97

68

8

99

77

9

99

86

10

100

94

11

97

12

99

13

100

SOURCE: Park location and census data.

Prestorm Challenges: Engineering Natural Processes to Sustain Human Populations
Most of Puerto Rico’s parks were built long before green infrastructure had become a
consideration in park design. Most of Puerto Rico has a tropical rainforest climate, and the
stormwater infrastructure is not especially hardened against power outages or extreme weather.
Enhancing the green-infrastructure features of Puerto Rico’s parks could relieve some of the
infrastructural burden of this vulnerable system and make neighborhoods more flood resistant.
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Damage Assessment
Damage Assessment: Methodology
Developing damage assessments for parks required three basic steps: compiling a census of
parks; inventorying their damage; and estimating the costs to repair, including the costs of
bringing properties up to modern building codes. For this damage assessment, these steps
proceeded iteratively, rather than sequentially. No master list of parks in Puerto Rico existed, so
NCR staff worked in conjunction with the DRNA, the DRD, and municipal governments to
create a list of parks. This list grew and contracted over time as agencies delivered batches of
records and assessment teams visited different areas. Assessors traveled to parks on the list to
confirm that the records were correct, weed out duplicate entries, inventory damage, and estimate
costs to repair. For some parks, the damage inventory and repair cost estimate were performed
on separate site visits.
Assessment teams inventoried damage using structured apps. These apps run assessors
through checklists to determine what amenities each park possesses, then ask a series of
questions to determine their status. For example, checking the basketball court box would result
in these questions:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Basketball court damage? Yes/No/NA [not applicable]
Basketball court location? (App generates precise coordinates from location)
Damage to court surface? Yes/No/NA
Damaged lighting? Yes/No/NA
Bleacher damage? Yes/No/NA
Fence damage? Yes/No/NA
Roof damage? Yes/No/NA
Type of roof damage? Yes/No/NA
Predominant roof construction material? Yes/No/NA
10. Safety hazard at basketball court? Yes/No/NA
11. Basketball photos? Yes/No/NA.
For each question answered in the affirmative, the app has a structured framework for taking
photos, geotagging, and adding a sentence or two of descriptive notes.
Unfortunately, different assessment teams used different amenity checklists, so some
amenities (restrooms, parking lots, camping areas, soccer fields, and running tracks) are assessed
in only some regions. Table 6.3 presents the two checklists. Format A was the most common.
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Table 6.3. The Two Park Amenity Checklists Used in the Field
Format A

Format B

Baseball Field

Baseball Field(s)

Basketball Court

Basketball Court(s)

Community Center Bldg. Community Center Building
Playgrounds

Playground(s)

Tennis Court

Tennis Court(s)

Swimming Pool

Swimming Pool(s)

Outdoor Lighting

Outdoor Lighting

Rental Equipment

Rental Equipment

Beaches

Beaches

Gazebos

Gazebos

Rental Villas

Rental Villas

Offices

Offices, Maintenance, or Storage Buildings

Concession Stands

Concession Stand(s)

Pumping Station

Pumping Station

(Not asked)

Restrooms (Stand Alones Only)

(Not asked)

Parking Lot(s)

(Not asked)

Campgrounds/Picnic Areas

(Not asked)

Soccer Field(s)

(Not asked)

Track(s)

In addition, the app asked certain standard questions about the overall status of the park,
regardless of amenities. This includes questions on the overall damage, usability, and needs
underlying the park. Overall park damage is particularly central to this damage assessment. It
asks assessors to make a qualitative judgment on where a particular park falls on a spectrum
from undamaged (0-percent damage) to destroyed (100-percent damage), using the five options
below:
1.
2.
3.
4.
5.

Near Complete (80%–100%)
Severe (60%–80%)
Moderate (40%–60%)
Light (20%–40%)
Minimal (0%–20%).

After this initial round of assessments, staff returned to many damaged sites and conducted
more-detailed assessments of the costs to repair damaged facilities, using construction costestimation software. As noted earlier, because of limited information on prestorm conditions,
such assessments do not distinguish between prestorm and storm damage. However, they do
factor in the cost of bringing repaired facilities into compliance with current building codes.
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Damage Assessment: Findings
Hurricanes Irma and Maria exposed Puerto Rico’s parks to high-speed winds, floods, and
flying debris impacts. After the storms, disruption of public services left parks vulnerable to
vandalism and looting. This combination of neglect and extreme weather resulted in substantial
damage to parks. Approximately 61 percent of parks experienced at least light damage,
38 percent of parks experienced at least moderate damage, and roughly 16 percent experienced
severe or near-complete damage. The severity of the damage corresponded the proximity of the
path of the hurricanes. In the eastern part of Puerto Rico, nearly half the sites experienced at least
moderate damage; in the western portion, that proportion was just 10 percent.
Park damage generally consisted of either defoliation or facility damage. Facility damage
was more of an issue in community parks because they have more facilities and less foliage. In
contrast, defoliation, and trail damage tended to be the larger issue in managed-wilderness parks.
Across Puerto Rico, the extent of the damage to park sites closely mirrors the path of the
hurricanes. Maria made landfall in the southeast near Yabucoa and moved northwest across the
main island before exiting near Arecibo. Along this path, roughly 20 to 23 percent of community
parks experienced severe or near-complete damage, and 42 to 49 percent experienced at least
moderate damage. Irma passed along the northeast corner of the main island, near Culebra. In the
northeast corner of the main island, roughly 25 percent of parks experienced at least severe
damage, and 45 percent experienced at least moderate. Parks in the San Juan area were adjacent
to both hurricane paths, with 11 percent suffering at least severe damage and 32 percent suffering
at least moderate damage. In contrast, no park in the west experienced severe damage. Among
managed-wilderness parks, debris-removal and trail-clearing costs were, on average, four times
higher in the hard-hit east than in the less affected west. These trends are shown in Figures 6.1
and 6.2.
In addition to this assessment, the condition of Puerto Rico’s forests is discussed in more
detail in the “Forests” section of Chapter 4. Like we found for parks, urban forests experienced
pronounced defoliation. In the San Juan area, tree cover in sampled areas decreased 25 percent,
with proportional declines in pollution absorption capacity. In the less affected west, sampled
areas in Mayagüez experienced a 5-percent decrease in tree cover. This parallels the regional
damage assessment findings for parks.
Parks with sports fields and other soft-surface amenities were far more vulnerable to damage
than those with only hard-surface amenities. In the San Juan area, parks with basketball courts,
tennis courts, and playgrounds were 63-percent, 71-percent, and 33-percent, respectively, less
likely to suffer severe damage. In contrast, parks with baseball fields were 25-percent more
likely to suffer severe damage.
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Figure 6.1. Locations of Regional Parks Under the Department of Sports and Recreation, Overlaid
on a Map of Estimated Average Damage to Parks in Each Municipality

Taken together, damage among park sites averaged out to roughly $2.71 million per
managed-wilderness park, $1 million per Puerto Rico national park, and $0.33 million per
community park. Assuming 60 wilderness parks, 20 Puerto Rico national parks, and 500 to
700 community parks, this could place total damage costs at roughly $160 million for managedwilderness parks, $18 million for Puerto Rico national parks, and $165 million to $231 million
for community parks.103 However, park counts likely underestimate the total number of parks in
Puerto Rico, and repair costs do not account for any of the additional activities that might be
necessary to address the full spectrum of challenges that Puerto Rico’s parks face in their role as
human–nature interfaces.

103

Discussions with NCR staff, February–July 2018.
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Figure 6.2. Map of Nature Reserves, State Forests, and Wildlife Refuges, Overlaid on a Map of
Estimated Average Damage to Parks in Each Municipality

Recovery Model and Courses of Action: Parks
Park recovery goals in Puerto Rico involve reorganizing parks to more effectively provide
recreational services that meet community needs and are able to withstand extreme weather
events. Out-migration, changing demographics, and outmoded facilities make restoring parks in
their previous form untenable. Park recovery activities need to include function-driven
assessments to understand how the park system can be more resilient, efficient, aligned with
community needs, and suffused with modern advances in park design. These assessments could
help the system rebuild to more-resilient standards. Table 6.4 outlines the challenges that Puerto
Rico’s parks face, the potential solutions that might be applied, and how both relate to the role of
parks as human–nature interfaces.
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Table 6.4. Functions, Challenges, and Solution Strategies for Puerto Rico’s Parks as Human–
Nature Interfaces
Human–Nature
Interface Pillar

Primary Challenge

Strategy

Fostering natural
ecosystems amid
development

Maintaining natural ecosystems amid development
costs political and economic resources; parks have
accumulated significant deferred maintenance
needs and were more easily damaged as a result.

Use public–private partnerships to
offset costs.
Use access fees to offset costs.
Attract and monetize tourism.
Use cost–demand analysis to guide
determinations of which facilities
parks should have.

Facilitating human
activity in nature

Ownership and maintenance responsibility for park
assets is not always clear.

Create a centralized database of park
ownership and responsibilities.
Simplify ownership and responsibility
structures.

Parks are not easily accessible to all residents;
parks might have drifted away from the current
needs of the community.

Build parks where everyone lives
within easy reach of a park.
Improve park accessibility so that
travel to existing parks is easier.
Assess the community’s park needs
and adjust the asset mix accordingly.

The hurricanes damaged many park facilities.

Repair existing park facilities with
more-durable materials where
possible.
Change the park facility mix to
consist of mostly durable assets.

Park sites could be better engineered to enhance
green-infrastructure functionality.

Reengineer parks to protect
surrounding areas from floodwater.
Increase natural area (especially
forested area) of existing parks to
maximize water and air purification
and urban cooling.
Build community gardens.

Engineering natural
processes to sustain
human populations

Courses of Action: Fostering Natural Ecosystems Amid Development
To sustain natural ecosystems in developed environments, including ongoing maintenance
costs, parks require protection and economic resources. After 14 years of negative or no
economic growth and a government debt crisis, these costs are more sharply felt.104 As a
consequence, many parks have accumulated significant deferred maintenance needs and likely
suffered more hurricane damage as a result.
To improve park viability, park maintainers can either increase revenues or decrease costs.
Puerto Rico’s national parks already charge access fees, and permits are used in some cases for
managed-wilderness parks. There might be opportunities to use fees and permits more widely to
generate maintenance revenue. Tourism could increase existing streams of revenue: Puerto
Rico’s tourism industry is smaller than those of some of its Caribbean neighbors. Puerto Rico’s
104

For economic growth data, see World Bank, undated; for more about the government debt crisis, see Marxuach,
2015.
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parks offer access to unique ecosystems, as well as vibrant historical and cultural sites. By
advertising and incorporating parks into tourism company itineraries, it might be possible to
increase revenue-generating visits to parks. Among many others, one particular tourism
opportunity could be the creation of a Puerto Rico–wide trail that connects the east and west
coasts, passing through numerous state forests and other parks across Puerto Rico. Public–private
partnerships have also shown significant promise at some sites, such as renting out concession
facilities in some parks. Expanding the opportunities for such partnerships could enable some
community parks to become revenue generators. A complementary approach might focus on
reducing maintenance costs by identifying facilities that have high maintenance costs but
relatively low usage. Such facilities could be replaced with low–maintenance cost facilities. In
addition, significant research advances have been made in terms of durable building materials
and facility designs for parks. Incorporating such advances into facility repair and replacement
could be another option for lowering long-term maintenance costs.
Courses of Action: Facilitating Human Activity in Nature
Parks facilitate human activity in nature, especially recreation and fitness (Kaczynski and
Henderson, 2007; Pretty et al., 2005). However, these services can be of varying quality and can
become misaligned with a population’s service needs. The hurricanes damaged facilities, directly
affecting quality of service. However, maintenance of facilities has long been uneven, with some
park assets persisting past their life spans and others lacking clear delineations of maintenance
responsibility. Moreover, the neighborhoods surrounding many of these parks have changed
since they were built, and this places old facilities at risk of becoming misaligned with the needs
of their communities. At least two types of misalignment are likely at issue. First, the median age
in Puerto Rico has steadily climbed, but park facilities remain geared toward a younger
population (i.e., 80 percent of parks have basketball courts [basketball is a high–joint impact
sport], and 50 percent have playgrounds [a young-demographic facility], but low–joint impact
facilities, such as walking tracks and swimming pools, remain rare) (“Rodeados de agua,” 2012).
Second, although data on trends in Puerto Rico’s vehicle usage are sparse, there is reason to
believe that the population is driving less. Between 2009 and 2014 (the only recent available
data), vehicle-kilometers traveled per capita dropped 4.4 percent (Federal Highway
Administration, 2011; Federal Highway Administration, 2015). However, only a third of the
population lives within a 20-minute walk of a park. This suggests that the spacing of parks might
be increasingly misaligned with communities that are driving less.
These misalignments complicate the options for recovery. Repairing damage and wear on
highly used park facilities is an obvious step toward restoring the services they provide for the
community, especially if modern innovations in durable materials and design are incorporated
into the restoration process. However, if all parks and park facilities are restored to the exact
prehurricane function condition without consideration on how to best deploy limited resources, a
significant opportunity will have been squandered. Additional analysis is necessary to determine
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how the parks of Puerto Rico could be redesigned to provide better-aligned services at lower
cost. Such analysis might start with the creation of a centralized database of park locations,
facilities, ownership, and maintenance responsibilities. This database could be the starting point
for efforts to simplify ownership and responsibilities and better align them to park
characteristics. It will also speed up the recovery process after future hurricanes.
One avenue of analysis might assess the behavior of potential park users in the
neighborhoods surrounding parks. Examining how they do or would get to their parks can reveal
the kinds of accessibility barriers that can be addressed. Crosswalk improvements or pedestrian
bridges can prevent busy roads from discouraging park use. Graded paths and alternatives to
stairs can improve accessibility for people with mobility limitations. Linear parks—narrow
corridors of park trail that connect parks together—can create convenient options of
nonmotorized transit between park sites and for other travel needs, potentially alleviating traffic
along the way (NPS, 2018b). Lighting improvements can enhance safety and usability.
Another avenue of analysis might examine the use of existing park facilities. Facilities that
have high maintenance costs or space requirements but low usage could be replaced with
facilities more in step with the current population or with lower costs (or both). For example, the
ubiquity of baseball stadiums might be reconsidered: Some evidence suggests that baseball’s
popularity is diminishing (Castillo, 2012). Fitness paths might take their place; these versatile
facilities can provide both low-intensity fitness options for an aging population and higherintensity fitness options for younger residents.
Courses of Action: Engineering Natural Processes to Sustain Human Populations
Traditionally, the natural environments of parks have been upheld for their intrinsic value.
However, nature performs many of the same functions as built infrastructure, such as channeling
stormwater. Parks create an opportunity to harness this “natural infrastructure” on behalf of
urban populations. Moreover, although any natural landscape will provide some level of
infrastructural services, parks can be engineered to enhance those services. This can be
especially important for small-acreage community parks embedded in heavily urbanized areas.
Such parks are ideally located to provide services but have limited surface area with which to
provide it. By making the most of available space, these little parks can provide outsized services
for their communities.
One such service is floodwater protection. The porous surfaces in parks allow the soils to
absorb water, acting as natural equivalents to storm drains. Park drainage can be engineered
(e.g., use of swales, rain gardens, porous pavers) to collect and channel water that would
otherwise flood the surrounding neighborhood or stress conventional flood infrastructure during
severe weather events (see Box 6.1). As an added benefit, water is purified as it passes through
these porous surfaces, so better park drainage can address the high levels of contaminants that
accumulate in urban floodwater (Coutts and Hahn, 2015; Sandström, 2002).
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Box 6.1. Parks Can Provide Hurricane Resilience, Water Management, and Other Benefits
Parks across the United States have provided recreation benefits and can act as green infrastructure to provide
multiple services. According to EPA’s definition, green infrastructure, varying in scale from a specific feature to a
larger area of land, uses vegetation, trees, soils, and natural processes to manage water. Not only does this
practice create healthier urban environments, but interconnected networks of green infrastructure used in
conjunction with more-traditional (gray) infrastructure enhance community resilience (especially for future
hurricanes) by reducing flooding, improving water quality, combating urban heat-island effects, and increasing water
supplies. Not only can green infrastructure be cost-effective (because it leverages the protection provided by natural
systems); green infrastructure offers additional benefits, such as wildlife habitat, aesthetics, temporary water
storage, aquifer recharge, recreational opportunities, and adaptability to changing conditions.
We illustrate with two examples. First, Hunter’s Point South Park, a 4.5-ha waterfront park in Queens, New York, is
an example of green infrastructure that provides flood control. In lieu of concrete barriers to prevent flooding, this
park is a marshland, designed to flood with the tide. The former industrial site, a multilevel park planted with
seagrasses in low areas, acts as a sponge and protects the surrounding community while supporting wildlife and
offering a café, playground, dog park, kayak launch pad, outdoor gym, and other outdoor opportunities. A storm
surge resulting from Hurricane Sandy in 2012 flooded the park and then receded, leaving the park intact (in contrast
to other areas) and preventing damage to adjacent properties.
Second, Bellevue, Washington, was an early mover in developing innovative stormwater management investments
that are dual use. A partnership between its water district and park department resulted in investments in which the
water district purchased the land and built stormwater management features and the park department built and
maintained recreational facilities at each of these locations. For example, the park department built a tennis court
over a stormwater vault; in another location, a stormwater detention basin functions as a soccer field. Parks in
Puerto Rico have the potential to provide the same resilience benefits with future storms, along with recreation
benefits.
SOURCES: Benepe, 2017; Doumar, 2018; Office of Water, 2014.

Two other natural infrastructure services include air purification, and cooling that counteracts
the urban heat-island effect. Plants absorb some toxins and particulates from the air in a variety
of ways: through intake during respiration and through capture, or chemical reaction, with
pollutants that stick to leaf surfaces. Sunlight energy capture and other natural processes
moderate heat. Both of these services can be enhanced by increasing the amount of park area
used as natural space (especially forested area) and increasing the density of foliage in existing
spaces (Coutts and Hahn, 2015; Sandström, 2002). Even the most-artificial, steel-and-concrete
parks in Puerto Rico typically have lawn space that could provide these benefits with the
addition of vegetation.
Another natural infrastructure service is food production. Puerto Rico imports much of its
agricultural produce (“Puerto Rico Exposed to a Food Crisis,” 2014), which can raise prices,
degrade freshness, and create vulnerabilities during hurricane season. Although commercial
agriculture is at a competitive disadvantage with those imports, several reports have noted that
community gardens could improve food security and nutritional options for some local
communities (Urban Resilience to Extremes Sustainability Research Network, 2017; Resilient
Puerto Rico Advisory Commission, 2018).
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Themes and Conclusions
Parks are a key human–nature interface, bridging natural ecosystems and developed areas.
The parks of Puerto Rico provide and have the potential to provide a variety of interface services
that can be quite valuable for society. However, parks’ societal impact rests on recognizing that
parks can be part of the solution to important problems.
For example, like most Caribbean islands, much of Puerto Rico receives heavy rainfall105 and
is prone to hurricanes. Many of its “flood control assets have been undermaintained and were
designed to standards that are now outdated” (Central Office for Recovery, Reconstruction and
Resiliency, 2018, p. 101). After the hurricanes, not only did many areas flood, but billions of
gallons of wastewater spills occurred (Central Office for Recovery, Reconstruction and
Resiliency, 2018). Parks can be part of the solution. They can be engineered to serve as green
infrastructure, taking some of the burden off Puerto Rico’s stressed flood-control and water
purification infrastructure.
If parks are treated as traditionally imagined recreational spaces, their full value will not be
realized. However, if parks are embraced as functional components of urban areas, they can
harness the power of natural processes and reimagined purposes to provide a greater variety of
services and functions that support the well-being of Puerto Rico’s residents.
The previous discussions centered on recovery actions derived from damage to an asset. The
remaining discussion presents additional recovery actions that transcend and support these assets
as a whole.

Crosscutting Courses of Action
Several COAs proposed for recovery are not specific to one asset category but affect natural
resources and parks more generally. Alternative tourism, for example, is an activity that creates
economic opportunities throughout Puerto Rico while leveraging the recovery of natural and
cultural resources. These COAs are intended to provide crosscutting or foundational elements in
the areas of alternative tourism, data and information, human capital and workforce
development, and community education that are necessary for effective recovery and future
resilience. Tourism overall fell after the storms, small businesses and entrepreneurs who rely on
tourism lost income, and those communities and entrepreneurs who provide experiences for
tourists with natural and cultural assets will not fully recover until these assets and supporting
infrastructure are restored. Three COAs address the short- and long-term needs for infrastructure,
human capital, and resource management necessary for recovering and improving economic
105

The main island of Puerto Rico is separated into two climatologically distinct regions—the northern two-thirds,
which is relatively humid, and the southern one-third, which is semi-arid—so normal rainfall can vary significantly.
For example, the Sierra de Luquillo rainforest in the eastern part of Puerto Rico has a mean annual total rainfall of
4,305 mm per year, while the area of Guánica at Ensenada in southwestern Puerto Rico has a mean annual total
rainfall of 768 mm per year (Caribbean–Florida Water Science Center, undated).
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opportunities through alternative tourism (NCR 22, Promote Alternative Tourism for Economic
Development; NCR 23, Protected Natural Area Land Management for Alternative Tourism; and
NCR 24, Enterprise Development for Alternative Tourism).
Recovery and long-term economic development cannot occur without a workforce that has
the necessary capacity and skills. Several NCR COAs would benefit from a skilled-workforce
development program to ensure that there is enough local talent for NCR restoration.
Conceptually, this program could leverage the demand for human capital for restoration to
strategically develop a workforce that can also meet long-term demand for skills that generate
economic development (NCR 25, Blue Shore Workforce Development).
Without accessible data, it will be challenging to comprehensively manage NCRs,
understand disturbance recovery, and make land-use decisions that cross jurisdictions. Moreover,
having accessible data helps with transparency and compliance (NCR 30, Create an Accessible
Data Repository of Natural and Cultural Resources). Natural resource managers do not always
have the capacity to develop disaster response plans to mitigate the effects of future disasters.
Moreover, enabling professional exchanges of information and student outreach can help identify
solutions to common problems and ensure that best practices are implemented (NCR 26,
Resource Management Capacity Building).
Other COAs address the intersection of natural resources with streams of scientific research
and community outreach through education that contribute to improved natural resource
management, as well as innovation (e.g., new medicines, products based on biomimicry) and
general education that can lead to greater appreciation and understanding of the contributions
and value of natural resources (NCR 28, Identify Funding for Natural and Cultural Resources
Research; NCR 29, Enhance Public Participation and Education Through Museum Exhibits; and
NCR 30, Create an Accessible Data Repository of Natural and Cultural Resources, respectively).
A final crosscutting COA has to do with collaborating with people elsewhere who have prepared
and responded to natural disasters to share lessons learned and best practices (NCR 27, Expand
Disaster Recovery Sister Cities Connections) through a sister-city approach.
Table 6.5 provides an abbreviated summary of the crosscutting recovery issue and goal, the
approach to achieve this goal, and example actions for the remaining, crosscutting COAs
included in Puerto Rico’s recovery plan.
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Table 6.5. Recovery Model for Mechanisms That Support Recovery Across Sectors
COA ID Recovery Goal

Approach

Example Action

NCR 21 Enable a systems approach to
recovery; encourage partnerships
across groups responsible for
different aspects of recovery.

Develop and implement strategies to
restore Puerto Rico’s natural resources
and support human health, infrastructure,
and economic outcomes.

Ensure strategic
watershed and
ecosystem conservation.
Develop conservation
corridor networks and
collaborative
management.

NCR 22 Increase alternative tourism
opportunities; reverse negatively
affected short-term business
opportunities to establish a vibrant
tourism sector built off NCRs that
contributes to economic growth,
sustainable resource use, and wellbeing.

Create a geographically focused
destination strategy that capitalizes on
existing assets and seeks to create a
supplementary and sustainable market
that supports economic growth and
protects key historical, cultural, and
natural assets; focus on SMEs.

Develop opportunities in
specific hubs.
Develop human capital.
Sustainably manage
resources and enhance
capacity to leverage
unique natural, cultural,
and historical assets.
Develop community
members’
entrepreneurial skills.

NCR 23 Public, private and community land
co-managers have protocols for the
sustainable use of public and
private NPAs of ecological value for
tourism.

Provide advice on the required policies
and actions for the DRNA, the prominent
land trust Para la Naturaleza, and other
public or community land management
entities in Puerto Rico that seek to support
and help manage the development of
alternative tourism that is sustainable in
the long term.

Create plans and
policies and take action
to support and monitor
tourism development.
Develop an investment
program and revenuegeneration strategy.

NCR 24 Address cash flow shortages for
SMEs dependent on tourism; local
communities have the
entrepreneurial skills necessary to
pursue alternative tourism
opportunities.

Develop SMEs and micro enterprises as
Build basic
the primary engine for the development of entrepreneurial skills.
alternative tourism in proposed regions.
Launch new tourism
enterprises.
Foster business
exchange programs.
Empower locally driven
visioning and marketing
planning.

NCR 25 Recover human capital loss;
provide the skilled workforce
needed for restoration and
economic development.

Create and utilize a locally sourced, skilled
labor force to bring jobs to the region and
support recovery efforts with habitat
restoration and other recovery needs as
both a short- and long-term strategy for
workforce development.

Invest in skill
development.
Create jobs related to
NCR development.
Provide labor for
recovery and restoration.

NCR 26 Natural resource managers have
the capacity to plan and execute
management strategies and
disaster preparedness.

Generate a comprehensive approach to
enable disaster-management readiness.

Provide a management
framework, training, and
student research
opportunities.
Update plans.
Improve data
management and
accessibility.
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COA ID Recovery Goal
NCR 27 Puerto Rico’s communities can
learn recovery lessons from other
disaster-affected areas.

Approach

Example Action

Find opportunities for people in Puerto
Rico to build capacity by interfacing with
decisionmakers, managers, and operators
in other parts of the world that have
participated in disaster recovery and
preparedness.

Establish plans and
protocols for twinning
areas of Puerto Rico with
additional disasteraffected cities.

NCR 28 Puerto Rico has an improved
Fund additional research and monitoring
capability to generate information
to ensure that recovery actions continue to
and understand recovery pathways meet the goals of the recovery plan.
and status.

Establish a public–
private consortium to
fund scientific research
and work in support of
recovery.

NCR 29 Garner public support for recovery. Encourage public education and
participation in recovery.

Design and implement
exhibits and programs at
museums and other
community venues that
explain the recovery
process.

NCR 30 Strengthen resource management
and recovery activity.

Develop methods and
protocols for data
collection, storage, and
assessment.

Provide comprehensive data on the
characteristics and locations of key natural
resources for improved resource
management and land-use planning.

NOTE: SME = small or medium enterprise.

This concludes the discussion of natural resource and park recovery planning—conceptual
framework, principles, damage and needs, and COAs––for each of the assets and issues
prioritized by the NCR RSF and Puerto Rico agency personnel. Chapter 7 presents some overall
observations and concluding remarks.
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7. Concluding Remarks and Research Needs

The Caribbean is home to some of the richest land and marine environments on
earth and sadly, it is one of the most threatened; which is why it is among the
world’s top 5 designated Biodiversity Hot Spots in need of conservation. The
Caribbean supports approx. 8,000 endemic species in only 65,000,000 acres
[about 26,305,000 ha] (about the size of Illinois and Kentucky, which together
have fewer than 200 endemic species). (US FWS, 2015)

Natural resources influence every aspect of life in Puerto Rico. These resources affect the air
people breathe, the water they drink, where they live, the food they eat, and opportunities for
both work and play. Natural resources are important to public health and well-being, to the
economy, and to sense of place. They are so integral with daily life that it is not always apparent
how critical they are to the functioning of society.
As the quotation at the top of this page suggests, Puerto Rico’s natural resources, as part of
the Caribbean environment, have international significance. Puerto Rico is an important
biodiversity hotspot with many endemic species that has worldwide significance, given the many
benefits of such rich biodiversity.
A robust and comprehensive recovery process should consider the dynamic aspects and
strong interdependencies among natural resources, ecosystems, other recovery sectors, and
society. The hurricanes stressed and destroyed significant areas of natural resources on land and
at sea, many of which were already strained from pollution, habitat fragmentation and loss, landuse patterns, extraction, and weak enforcement of environmental and conservation laws. Greater
cross-sector coordination will be necessary during recovery implementation to ensure that
successful and effective investments are made. Taking a systems view is essential not only for
pursuing effective recovery strategies; doing so will also likely increase the resilience of Puerto
Rico’s natural resources, and its society, to future extreme events.
Recovery in Puerto Rico is hampered by the lack of comprehensive and up-to-date
information on natural resources—their abundance and condition—and ecosystem response to
disturbance is poorly understood. Adaptive management, which includes the tenets of involving
stakeholders, establishing management objectives and goals, planning, monitoring the system,
assessing the outcomes, and adjusting actions in response to the new information, is a useful
approach to managing the uncertainties and dynamic aspects of an SES’s recovery. This
approach will help address knowledge gaps, differing rates of adaptation and recovery, and
uncertainties associated with recovery pathways. Furthermore, the information developed
through the adaptive-management process and the additional assessments included in the COAs
can be harnessed to develop accessible, Puerto Rico–wide data on these assets. This information
will benefit COA implementation, infrastructure recovery and land-use planning, the scientific
community, the visitor economy, agroforestry, and other value-proposition activities. The
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combination of adaptive management’s stakeholder processes and creation of accessible data
also provides additional transparency and accountability for recovery and management of these
resources.
Natural resource recovery and management also provide many opportunities for community
education and engagement, contributing to a sense of well-being. These include creating
awareness of the importance and functions of natural resources, commitment to managing these
resources, coordination of recovery activities and investments, and transparency and
accountability for ensuring that investments are protected and laws and regulations are complied
with. Community engagement during recovery can also help ensure that community priorities,
needs, and interests are addressed (including environmental justice concerns) and that local
workforce capacity required for long-term sustainable solutions to the problems created or
exacerbated by the hurricanes are developed.
Finally, natural resources create direct and indirect economic value and opportunities in
Puerto Rico. Society loses the economic value of ecosystem services when an ecosystem is
diminished. Recovery investments that can generate economic returns—such as those from
natural infrastructure; recycling and solid-waste management; an expanded forest product
industry; agriculture; fisheries; and alternative tourism (including ecological, cultural, and
agricultural tourism)—can provide economic opportunities, but nature-based solutions are often
overlooked. Incorporating the value of ecosystem services into recovery decisionmaking is a first
step toward considering the economic value of these resources. Investments in natural resource
recovery will reap public health and economic benefits for years to come, and the resulting
economic value can provide financial returns for sustaining these resources.

What We Learned in Puerto Rico Recovery Planning for Natural Resources
The Puerto Rico–wide devastation left by Hurricanes Irma and Maria led to a need for morecomprehensive recovery planning for NCR assets, including a greater emphasis on characterizing
overall damage and needs for developing recovery strategies and actions. In the NCR sector, this
meant that procedures and protocols had to be developed to perform rapid assessments, which
applied scientific principles of the diverse assets included in this sector. These assessments
provided critical preliminary information about the storms’ effects on natural resources and
parks. For a variety of reasons, including lack of prestorm baseline information, limited
accounting of assets and ownership, logistical and contracting challenges, and weather and
seasonality considerations, conducting comprehensive assessments for each asset category in the
time frame was not possible. However, when combined with local expertise, the completed
assessments provided a good indication of the damage and were foundational to developing
recovery COAs.
Remote sensing capabilities and information provided valuable early Puerto Rico–wide clues
on the extent of hurricane damage and needs. For example, satellite and airborne remote sensing
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collection provided initial estimates of the locations of severe damage to forests across Puerto
Rico. However, in many cases, this information will require using ground surveys and morerefined analyses over a longer period of time to determine the proper balance of natural and
managed recovery processes.
In the future, having established protocols and contracts in place would aid in the efficient
collection of data to inform recovery strategies. In addition, leveraging the assessment-generated
information to ensure that it can inform FEMA programs directly and natural resource
management in the future would be helpful. This could be accomplished by creating a GIS-based
data management system to help store, manage, share, and maintain the data and other processes
to document, verify, validate, and update the data for the long term. For example, the rapid
assessments of parks identified locations and facilities. Moreover, the assessments found that all
categories of natural resources and parks were damaged in the hurricanes but that spatial
variability across Puerto Rico needs to be considered in recovery strategies. Having this
information in geospatial format would help with recovery implementation, improved geospatial
planning, and other recovery program needs to contribute to a more effective and efficient
recovery process.
NCR’s use of working groups of subject-matter experts and stakeholders is a recovery
planning best practice for several reasons. They provide a means to
•
•
•
•
•
•

quickly access local knowledge and data sources
reach out to others when resource or knowledge gaps exist
establish recovery goals and objectives
identify interdependencies and synergies with recovery actions in other sectors
create momentum for recovery implementation
ensure that COAs incorporate the priorities and capabilities of all actors and stakeholders
in recovery.

Effectively, these working groups sought to maximize the benefits of ecosystem services by
prioritizing areas according to ecological value and contributions to the well-being of Puerto
Rico’s people and economy, consulting previous planning documents where possible. They used
a conceptual recovery model to stimulate and focus discussion (given more time, a formal logic
model could be another approach to stimulate discussion) and to drive to consensus on paths
forward.
Although actual implementation of these actions was beyond the scope of our project, we
note that implementation will require cooperation and coordination of many stakeholders that
could include local, Puerto Rico, and federal agencies; landowners and natural resource
managers; educational institutions; businesses; tourist attractions; and international
organizations. Recovery will be sustainable if innovative financing methods are established for
reinvesting economic activity into natural resource restoration and management to reap human
health and well-being benefits, enhance ecological health, pursue economic prosperity, and
achieve greater resilience.
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Research Needs and Remaining Challenges

Puerto Rico presents an opportunity for the study of how these systems respond to and
recover from hurricanes. Although recovery can also occur naturally in some ecosystems that are
adapted to hurricanes, no one knows whether natural resources can fully recover to a desired
state in a timely manner, given anthropogenic effects. Puerto Rico offers an opportunity to
improve understanding of the appropriate mix of passive and active measures to assist natural
processes, as well as the policies and procedures and other mechanisms to limit human
interference over spatial and temporal scales.
Many research questions remain about the specific recovery pathways of each of these
natural resources in the long term. More research is needed in Puerto Rico on, for example,
•
•
•
•
•
•
•
•
•
•
•
•

coastal erosion, factors, and solutions, including beach and dune nourishment and sand
sheds
wetland resilience and hydrology, soil chemistry, and species distribution
seagrass location and recovery
coral species that are resilient to changes in climate
innovative propagation methods for mangroves and corals
soils and agricultural practices
relationship of terrestrial and coastal resources with the fisheries of Puerto Rico
resilient forest species composition
individual T&E species, habitats, guild species, and ecosystem dynamics
invasive-species management in land and marine environments
alternative uses for solid-waste material, such as tires or construction and demolition
waste
landslide hazard characterization.

Furthermore, these research questions also need to incorporate complex and often interacting
effects from recurrent hurricanes and other potentially harmful factors, such as land-use
management, climate change effects, environmental pollution, and the spread of invasive species
and infectious diseases. Research into the resilience provided by enhanced and leveraged natural
resources is another area worth pursuing.
Other areas of research that could support recovery in Puerto Rico include community
recreational needs and park services, locations of unpermitted landfills, and economically
sustainable waste management approaches; all of these are areas ripe for research and additional
information. Two crosscutting issues that would have been helpful to explore in greater depth are
the complementarities and economic contributions between natural resources and agriculture and
fisheries (although we touch on these issues in discussions of shade-grown coffee, pollinators,
sedimentation and water quality, and coastal resources strategies, we were not able to more
comprehensively address the linkages).
Another area is improving estimates of the value of ecosystem services in Puerto Rico and
ensuring that they are used to inform benefit–cost analysis.
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Finding sufficient funding for natural resource recovery is another major challenge.
Establishing methods for reinvesting economic activity (particularly that supported by natural
resources) into financing the sustainment of these resources is key. Funding for natural resource
management is generally a challenge, and finding sufficient funding will require inventive ways
to provide sustainable revenue streams. There are opportunities to draw in interest from
international organizations, U.S. organizations, and the research community because of Puerto
Rico’s endemic and rich biodiversity. The NGO community has also been active in supporting
recovery activities; for example, the Ocean Foundation has established a fund to pay for the
replanting of seagrasses using local fishers in a nature preserve, and Para la Naturaleza is fundraising and working with Rotary International to replant native trees throughout Puerto Rico. The
U.S. Tennis Association Foundation has pledged monies to restore tennis facilities and restart
tennis programming throughout Puerto Rico. Public–private partnerships are another way to
leverage funding or kick-start new enterprises, such as programs to promote conservation
practices by private landowners. Furthermore, many federal programs have relevant programs
that can provide some assistance, but additional funding will generally be required for moresubstantial work.
In addition to developing sustainable revenue streams for managing these resources,
enhancing or obtaining organizational capacity and a skilled workforce needs to be part of
recovery project planning in Puerto Rico. Puerto Rico agencies have limited staff and resources
for managing recovery and for sustaining these assets in the long term. Recovery projects might
require a workforce with new or specialized skills. Ensuring that organizational capacity is
developed and the necessary workforces are locally sourced will help with the long-term
sustainability of these SESs and have spillover effects on other sectors’ recovery goals.
Concluding Remarks

This report presents material developed to inform and develop Puerto Rico’s recovery plan,
Transformation and Innovation in the Wake of Devastation (Central Office for Recovery,
Reconstruction and Resiliency, 2018). It presents a summary of the damage observed and the
natural resource–related COAs included in the recovery plan. As such, it represents a first step in
the recovery of natural resources, which will take years to decades to realize.
During recovery planning, it is essential to demonstrate to decisionmakers how NCRs
contribute to the economy, health and well-being, infrastructure protection, and overall resilience
of Puerto Rico and how the economic value generated by these assets can be used to protect and
sustain them. Puerto Rico could benefit from the experiences of others with creative financing
approaches to sustain these resources.
Resilient recovery requires more than asset restoration; it requires understanding the
relational aspects within and among the ecosystems, in addition to their relationships to society.
Too-limited recovery could threaten the recovery of a substantial number of resources, and, as
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climate change and other future disturbances affect Puerto Rico’s SESs, ensuring that recovery is
robust and resilient for the people of Puerto Rico is even more imperative.
Governance, management responsibilities, compliance and enforcement accountabilities, and
ownership are diffuse. Because of this, resilient and effective recovery will benefit from
collaboration among all stakeholders to coordinate and harmonize activities so that whole-system
benefits are achieved and to share new information as recovery progresses. Ultimately, the goal
for natural resource recovery is to ensure resilience in natural and cultural resources and to
communities overall that will benefit the health and welfare of the people of Puerto Rico for
generations to come.
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Appendix A. Federally Listed Threatened, Endangered, and AtRisk Species in Puerto Rico

Table A.1. Federally Listed Threatened, Endangered, and At-Risk Species in Puerto Rico
Status

Category

At risk

Bird

Latin Name

Common Name, in English, Spanish, or Both

Pterodroma hasitata

Black-capped petrel

Setophaga angelae

Elfin-woods warbler

Butterfly

Atlantea tulita

Puerto Rico harlequin butterfly or mariposa
arlequín

Reptile

Spondylurus culebrae

Culebra skink

Spondylurus monae

Mona skink

Spondylurus nitidus

Puerto Rican skink

Endangered Amphibian Eleutherodactylus juanariveroi
Bird

Coquí llanero

Accipiter striatus venator

Puerto Rican sharp-shinned hawk

Agelaius xanthomus

Yellow-shouldered blackbird

Amazona vittata

Puerto Rican parrot

Buteo platypterus brunnescens

Puerto Rican broad-winged hawk

Caprimulgus noctitherus

Puerto Rican nightjar or Puerto Rican whip-poorwill

Patagioenas inornata wetmorei

Puerto Rican plain pigeon

Mammal

Trichechus manatus

West Indian manatee or manatí del Caribe

Plant

Adiantum vivesii

Puerto Rico maidenhair

Aristida chaseae

Chase’s threeawn

Aristida portoricensis

Pelos del diablo

Auerodendron pauciflorum

Turtlefat

Banara vanderbiltii

Vanderbilt’s palo de ramón or palo de ramón

Buxus vahlii

Vahl’s boxwood

Callicarpa ampla

Capa rosa

Catesbaea melanocarpa

Tropical lilythorn

Chamaecrista glandulosa var.
mirabilis

Jamaican broom

Cordia bellonis

Serpentine manjack

Cornutia obovata

Palo de nigua; capá jigüerilla

Cranichis ricartii

Puerto Rico helmet orchid

Crescentia portoricensis

Calabash tree or higuero de sierra

Cyathea dryopteroides

Elfin tree fern

Daphnopsis hellerana

—

Elaphoglossum serpens

Serpent tonguefern or Cerro de Punta jayuya
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Status

Category

Reptile

Latin Name

Common Name, in English, Spanish, or Both

Eugenia haematocarpa

Uvillo or Luquillo Mountain stopper

Eugenia woodburyana

Woodbury’s stopper

Goetzea elegans

Beautiful goetzea

Gonocalyx concolor

Island brittleleaf

Ilex cookii

Cook’s holly

Ilex sintenisii

Sintenis’ holly

Juglans jamaicensis

West Indian walnut or nogal

Lepanthes eltoroensis

Luquillo Mountain babyboot orchid

Leptocereus grantianus

Sebucán

Lyonia truncata var. proctorii

Proctor’s staggerbush

Mitracarpus maxwelliae

Maxwell’s girdlepod

Mitracarpus polycladus

Cana gorda girdlepod

Myrcia paganii

Ausu

Ottoschulzia rhodoxylon

Palo de rosa

Peperomia wheeleri

Wheeler’s peperomia

Pleodendron macranthum

Chupacallos

Polystichum calderonense

Monte Guilarte hollyfern

Solanum drymophilum

Erubia

Styrax portoricensis

Palo de jazmín

Tectaria estremerana

—

Ternstroemia luquillensis

Palo colorado

Ternstroemia subsessilis

El Yunque colorado

Thelypteris inabonensis

Cordillera maiden fern

Thelypteris verecunda

Barrio Charcas maiden fern

Thelypteris yaucoensis

Puerto Rico maiden fern

Trichilia triacantha

Bariaco

Vernonia proctorii

—

Zanthoxylum thomasianum

St. Thomas prickly-ash

Anolis roosevelti

Culebra Island giant anole

Dermochelys coriacea

Leatherback sea turtle or tortuga-marina laúd

Epicrates inornatus

Puerto Rican boa

Epicrates monensis granti

Virgin Islands tree boa

Eretmochelys imbricata

Hawksbill sea turtle or tortuga-marina de carey

Sphaerodactylus micropithecus

Monito gecko

Threatened Amphibian Eleutherodactylus cooki

Puerto Rican rock frog or guajón

Eleutherodactylus jasperi

Golden coquí

Peltophryne lemur

Puerto Rican crested toad or, locally, sapo concho

Bird

Sterna dougallii dougallii

Roseate tern

Plant

Calyptronoma rivalis

Manac palm or palma de manaca
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Status

Category

Reptile

Latin Name

Common Name, in English, Spanish, or Both

Gesneria pauciflora

Yerba maricao de cueva

Harrisia portoricensis

Higo chumbo

Schoepfia arenaria

Arana

Stahlia monosperma

Cóbana negra

Varronia rupicola

Puerto Rico manjack

Chelonia mydas

Green sea turtle or tortuga-marina verde-del
Atlántico

Cyclura stejnegeri

Mona ground iguana

Epicrates monensis monensis
Mona boa
SOURCES: US FWS, 2019b; additional taxonomy information and species names for incomplete references taken
from Integrated Taxonomic Information System, 2019.
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Appendix B. Terrestrial Natural Resource Land Managers and
Other Key Stakeholders

Multiple government agencies and other organizations are involved with the management of
terrestrial natural resources in Puerto Rico. Key government agency landowners and managers
include the Department of Natural and Environmental Resources (Departamento de Recursos
Naturales y Ambientales, or DRNA), the U.S. Forest Service (FS), the U.S. Fish and Wildlife
Service (US FWS), and other federal agencies (such as the U.S. Department of Defense). In
addition to these direct land managers, other state and federal agencies have responsibility for
enforcement of environmental and conservation laws and regulations that affect terrestrial
species and land, such as the U.S. Environmental Protection Agency (EPA). Table B.1 provides
examples of some of the main government agencies that have responsibility for Puerto Rico’s
natural resources. However, private-sector organizations (including agricultural and forest
companies and conservation nongovernmental organizations [NGOs]) own much of the land and
manage terrestrial natural resources. In fact, most of Puerto Rico’s forested land (roughly
85 percent) is owned by private landowners, followed by the government of Puerto Rico
(11 percent), and a small percentage managed by federal agencies (see Table 4.1 in Chapter 4).
This diversity of ownership is an important consideration for managing the recovery of Puerto
Rico’s forests after Hurricane Maria. All these landowners and managers are key stakeholders
and actors in the recovery process. In addition, other NGOs and community groups are key
stakeholders that can help in recovery. Table B.2 shows examples of some of these stakeholders.
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Table B.1. Examples of Government Agencies Responsible for Natural Resources
Agency

Role

Example of Relevant Legal Authority

DRNA

Is authorized to enforce protection of natural
resources, manage water resources, and protect
wildlife.

Organic Act of the Department of Natural and
Environmental Resources (Act 23 of 1972); Law for
the Conservation, Use, and Development of Water
Resources of Puerto Rico, as amended (Act 136 of
1976); Act 241 of 1999; Puerto Rico Conservation
Easement Act (Act 183 of 2001)

FS

Protects the health, diversity, and productivity of
ESA; National Environmental Policy Act of 1969
(Pub. L. 91-190, 1970); National Forest
national forests and grasslands, including by
Management Act of 1976 (Pub. L. 94-588); RCRA
managing the El Yunque National Forest (EYNF).
In Puerto Rico, FS also works with private and state
landowners in these areas and promotes research
at the International Institute of Tropical Forestry,
including the Luquillo Experimental Forest.

US FWS Has responsibility for conserving, protecting, and
enhancing fish and wildlife and their habitats,
including programs related to migratory birds,
endangered species, fish and marine mammals,
and inland sport fisheries. The US FWS also
manages national wildlife refuges, including five
units of the Caribbean Islands National Wildlife
Refuge Complex in Puerto Rico. The Caribbean
Ecological Services Field Office of the US FWS
was established in 1974.

ESA; Pub. L. 73-121, 1934, as amended and
codified at 16 U.S.C. Chapter 5A, Subchapter I;
Executive Order 13112 (Clinton,1999)

EPA

Has enforcement authority to require that
substantive actions be taken to address serious
environmental and health risks.

RCRA; 33 U.S.C. § 403; Pub. L. 80-845, 1948,
§ 404, as amended by Pub. L. 92-500, 1972, § 2

U.S.
Coast
Guard

Is responsible for at-sea federal fishery law
enforcement and marine environmental protection
(marine-mammal, sea turtle, and endangeredspecies protection; pollution prevention; and
invasive-species prevention).

For environmental protection, 33 U.S.C. § 1321; for
fisheries, Magnuson–Stevens Fishery Conservation
and Management Act (Pub. L. 94-265, 1976), as
amended and codified at 16 U.S.C. Chapter 38;
Lacey Act, as amended and codified at 16 U.S.C.
Chapter 53; ESA, as amended and codified at
16 U.S.C. Chapter 35; and National Marine
Sanctuaries Act (Pub. L. 92-532, 1972, as amended
and codified at 16 U.S.C. Chapter 32)

NOAA

Is responsible for fishery law enforcement in the
Pub. L. 92-522, 1972; ESA (Pub. L. 93-205, 1973);
exclusive economic zone (the area between 9 and Magnuson–Stevens Fishery Conservation and
Management Act (Pub. L. 94-265, 1976)
200 nm off the coast), commercial fishery
management; conservation; protection of marine
mammals, coral reefs, coastal zones, T&E species,
and federally managed marine-management areas.

SOURCES: DRNA, 2015; FS, undated c; NOAA, 2019; NOAA Fisheries, 2019; U.S. Coast Guard, undated; US FWS,
2013b.
NOTE: ESA = Endangered Species Act of 1973 (Pub. L. 93-205). RCRA = Resource Conservation and Recovery Act
of 1976 (Pub. L. 94-580). NOAA = National Oceanic and Atmospheric Administration.
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Table B.2. Examples of Key Stakeholders Identified for Natural Resources
Stakeholder

Type

Role

Note

Caribbean LCC

Public–private
partnership

Serves as a regional platform for
NCR conservation

LCCs were established by Secretarial
Order 3289 of 2009 (Secretary of the
Interior, 2009).

Para la
Naturaleza

Nonprofit

Leads educational and volunteer
events to promote natural
ecosystem conservation

The goal is to increase protected areas in
Puerto Rico to 33% of all of Puerto Rico’s
land by 2033.

PDC

Nonprofit

Has a mission to restore and protect It maintains an interagency network,
watersheds and associated
including municipal mayors, as well as
ecosystems
Puerto Rican and federal agencies.

Ciudadanos del
Karso

Nonprofit

Has a mission to protect and
conserve Puerto Rican karst

Karst ecosystems play an important role.

Luis Muñoz
Nonprofit
Marín Foundation

Is an educational and cultural
organization

The foundation houses historical
materials related to the social, cultural,
and natural history of Puerto Rico.

SJBE

Nonprofit

Protects the estuary ecosystem on
the coast from Toa Baja to Loíza

The estuary reaches eight metropolitan
municipalities.

UPR

Academic

Provides educational training

Casa Pueblo

Community
organization

Protects and promotes appreciation The foundation manages forest reserves
of natural, cultural, and human
and biological corridors.
resources

Foundation for
Puerto Rico

Nonprofit

Promotes social and economic
development

Private
landowners

Individuals

Through various programs, receive Of Puerto Rico’s forests, 85% are
assistance to promote conservation privately owned.
and ecosystem services

SOURCES: Brandeis and Turner, 2013; Casa Pueblo, undated; DRNA, 2015; Foundation for Puerto Rico, undated;
Luis Muñoz Marín Foundation, undated; Para la Naturaleza, 2016; PDC, undated; SJBE Program, undated.
NOTE: This table presents an initial list of the many stakeholders that help with natural resources in Puerto Rico.
Many individuals and organizations play important roles, and we welcome input to expand this table to capture these
many natural resource stakeholders. LCC = landscape conservation cooperative. NCR = natural and cultural
resources. SJBE = San Juan Bay estuary. UPR = University of Puerto Rico.

Such landowners and other stakeholders are even more important for recovery of terrestrial
natural resources given the relatively small acreage of protected areas in Puerto Rico and their
management plans. As mentioned in Chapter 2, a little more than 16 percent of Puerto Rico’s
natural land is permanently protected (Caribbean LCC, 2015)—significantly less than in the
continental United States and Costa Rica, where approximately 26 percent of the land is
permanently protected, or in the U.S. Virgin Islands, where 52 percent of land is protected (Para
la Naturaleza, undated a). Figure B.1 shows the land stewardship of terrestrial protected areas for
Puerto Rico. An assessment of protected areas for the Puerto Rico Gap Analysis Project
(PRGAP) identified 90 stewardship areas, with 77 managed in some way for conservation.106 Of
106

The PRGAP was an effort to identify conservation “gaps” by using established methods to gather information on
Puerto Rico’s land cover, vertebrate occurrences, natural history, and land stewardship to determine the degree to
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these areas, 59 percent were managed by government of Puerto Rico agencies, 30 percent by
federal agencies, and 11 percent by other organizations. However, an important finding was that
management plans for many of these stewardship areas either do not exist or are outdated and do
not adequately reflect current conditions. The inventory of protected areas through the PRGAP
has undergone a comprehensive review of their management status through a partnership of
multiple stakeholders and the Caribbean LCC known as the Protected Areas Conservation Action
Team (DRNA, 2016a). Figure B.1 shows the current spatial distribution of protected areas.
Figure B.1. Map of Land Stewardship of Terrestrial Natural Protected Areas in Puerto Rico

Culebra
Mona
Vieques

PRASA
Citizens of the Karst
DRNA
DRNA and Casa Pueblo
Public domain
Luis Muñoz Marín Foundation
Global Ecotechnics Corporation
ICP

Para la Naturaleza
National Parks Company
UPR
U.S. Fish and Wildlife
Service
U.S. Forest Service
Public lands
Public and private lands

SOURCES: DRNA, 2018b; Gould et al., 2008.

which animal species and natural communities are represented in conserved lands. For more information on the
analysis, see Gould et al., 2008.
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Appendix C. Extended Descriptions of Natural and Cultural
Resource Courses of Action

This appendix presents the full descriptions of 25 of the 30 courses of action (COAs)
developed by the Natural and Cultural Resources (NCR) Sector team for the Puerto Rico
recovery plan that are focused on natural resources, parks, and alternative tourism (the cultural
resource COAs are presented in a companion report).107 These COAs are not projects that have
well-defined scopes but rather higher-level strategies with select actions and rough, order-ofmagnitude cost estimates. All the COAs included in this report were selected by the government
of Puerto Rico for the recovery plan because they fully or partially contribute to capital
investment priorities (e.g., natural capital, water, human capital, housing, transportation) or
strategic initiatives (e.g., ocean economy, visitor economy).
To more effectively gather information and focus the discussions among diverse actors in
this sector, damage was assessed and COAs were developed by the focus areas of ecosystem
type (e.g., coastal, terrestrial), other natural resource issues, and parks.108 NCR working groups
of subject-matter experts worked in collaboration with the Homeland Security Operational
Analysis Center (HSOAC) team within these focus areas. In particular, working groups and
teams made significant contributions to the COAs as noted in Table C.1.
Table C.1. Organizations That Made Significant Contributions to the Courses of Action
Organization
Natural Resource Working Group

COA
NCR 5, NCR 6, NCR 7, NCR 12, NCR 13, NCR 21

Environmental Issues Working Group NCR 8, NCR 9, NCR 10, NCR 11, NCR 14
Coastal Resources Working Group

NCR 15, NCR 16, NCR 17, NCR 18, NCR 21

Parks Working Group

NCR 20

Water Sector solutions team

NCR 14

EplerWood International

NCR 22, NCR 23, NCR 24

GeoAdaptive

NCR 22, NCR 24

Key subject-matter experts involved in the process were scientists and natural resource
managers from Puerto Rico and federal agencies, nongovernmental organizations (NGOs), and
academic partners from the University of Puerto Rico (UPR) and other institutions. The HSOAC
team compiled and organized information about COAs, helped guide discussions, and shaped
107

See RAND Corporation, undated.

108

Alternative tourism was managed by an HSOAC subcontractor, GeoAdaptive.

169

COAs for crosscutting needs that applied to multiple working-group focus areas. Key constraints
considered when developing the COAs included
•
•
•
•

the availability of prestorm conditions
the comprehensiveness of the data and information about the extent and type of
damage109
the ability to link problems the hurricanes caused or exacerbated to approaches and
activities that would directly affect them
the feasibility and existence of potential funding and sustaining mechanisms.

To structure COAs to optimize relevance, the HSOAC team worked with experts to lay out
explicit goals for hurricane recovery based on damage and needs, relevant approaches for
meeting these goals based on clear objectives and methods accepted by communities of practice
methods, and actions to realize these approaches based on appropriate activities that constituted
the foundational methods for the approaches. Through this process, scientifically sound recovery
activities were developed that took into consideration established management practices,
previous resource management plans, and existing conditions. The following plans were
considered during the process:
•
•
•
•
•
•
•
•
•
•

Build Back Better (Governor of Puerto Rico, 2017)
“Puerto Rico State Wildlife Action Plan: A Ten-Year Review” (Department of Natural
and Environmental Resources [Departamento de Recursos Naturales y Ambientales, or
DRNA], 2015)
Puerto Rico’s State of the Climate 2010–2013 (Puerto Rico Climate Change Council,
2013)
Puerto Rico’s Coral Reef Management Priorities (Parsons, 2010; Ortiz, year unknown)
Puerto Rico Forest Action Plan, 2016 (DRNA, 2016a)
Puerto Rico Integrated Solid Waste Management Strategy (Sustainable Materials
Management) (Puerto Rico Recycling Partnership, 2013)
Puerto Rico’s solid waste management plan for 2007 and previous studies
select watershed management plans110
ReImagina Puerto Rico (Resilient Puerto Rico Advisory Commission, 2018)
Natural Infrastructure (AECOM, 2018).

For each proposed COA’s associated cost, the NCR working groups and HSOAC team made
rough order-of-magnitude cost estimates to support high-level planning and inform
decisionmaking in 2018 dollars. The estimates represent only the costs for which a specific
payment is made by some source to carry out a specific action; they do not include all the costs
to society that might be associated with recovery actions. Some cost estimates are more precise
than others because of the quality of data available at the time, and the estimated costs can vary
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Information on damage and needs used to develop these COAs was current as of June 8, 2018.

110

For example, Diaz and Lilyestrom, 2010.
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according to the scale of implementation or other choices made between technical, financial, and
policy options.
Cost information should be regarded as preliminary because more-specific cost estimates will
require specificity about recovery option implementation and the completed damage
assessments. Insufficient information is available to provide even rough order-of-magnitude
estimates for all contingencies, so some actions might have incomplete cost estimates. For more
information on COA cost methodology, see the project’s webpage.111
Many COAs also indicate possible implementers, although this information is preliminary
because details about how the COAs will be implemented will not be known until there is
additional clarity about available funding.
The numerical assignment of these COAs is random and does not indicate a specific
prioritization.
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More information about HSOAC’s contribution to planning for recovery in Puerto Rico, along with links to
other reports being published as part of this series, can be found at RAND Corporation, undated.
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NCR 5
Forest Recovery in Rural Protected Areas, Private Forests, Critical
Watersheds, and Urban Areas
Sectors Impacted
Economic, Infrastructure, Municipalities, Natural and Cultural Resources, Water
Issue/Problem Being Solved
Hurricanes Irma and Maria damaged Puerto Rico’s rural forests (protected areas, private
forests, and working lands), urban forests, and tree nurseries and seed banks, which are critical
for reforestation.
Preliminary estimates indicated that 23 million to 31 million trees were severely damaged or
destroyed (see Figure C.1) (Feng et al., 2018). Subsequent field assessments of tree mortality
rates and forest stem density are needed to refine these estimates, but the damage was extensive
and created hazards due to downed trees and branches in urban areas; blocked access to trails and
roads; and increases the future risk for fire, pests, and disease.112 Forest damage across Puerto
Rico also contributed to a loss of ecosystem services, including reductions in species diversity,
habitat for animal species, water quality and stormwater runoff control, land stabilization, urban
heat-island effect mitigation, recreation, and economic opportunities.
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Since we completed our analyses, the results of a Puerto Rico–wide lidar analysis have indicated that 40 to
60 percent of the trees that formed the forest canopy were damaged in the storm. Said one ecologist, “The island lost
so many large trees that forests were shortened by one-third. We basically saw 60 years’ worth of natural treefall
disturbances happen in one day” (Doug Morton, Goddard Space Flight Center, as quoted in Gray and Carlowicz,
2019).
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Figure C.1. Map of the Disturbance Intensity of Puerto Rico’s Forested Areas After Hurricane
Maria, Along with Locations of Conservation Priority Areas

Conservation
priority area

Culebra
Mona
Vieques

Disturbance intensity
<0.0
0.1–0.2
0.3–0.4
0.5–0.6
0.7–0.8
0.9–1.0

SOURCES:
DRNA , 2015; Feng et al., 2018.
NOTE: Change in the nonphotosynthetic-vegetation spectral response is a metric that quantifies the increased
fraction of exposed wood and surface litter associated with tree mortality and crown damage from a storm.
Darker shades of red represent more-intense disturbance (Feng et al., 2018).

Description
Develop and implement Puerto Rico–wide strategic forest recovery and conservation
strategies through public and private collaborations to restore the function and structure of rural
protected forests, ecological corridors, private forested lands, agroforestry, and urban forests.
This includes planting more than 2.4 million trees over approximately five to ten years in
17,480 ha of protected forests, 809,370 ha in private forests in critical watersheds, 2,530 ha in
agroforestry plots, and urban forest planting and acquiring conservation easements over a one- to
ten-year period (see Figure C.2). In addition, the forest recovery will aim to increase diversity
and resilience to future high-intensity disturbances, use native seedlings to facilitate recovery,
and identify and mitigate potential pest and disease impacts.

173

Figure C.2. Map of Tree Planting Locations in Protected Areas, Agroforestry Areas, and Critical
Watersheds

SOURCE: Email correspondence between FS employees in the Forests subgroup, May 11, 2018.
NOTE: NHC = National Hurricane Center. DNER is another abbreviation for DRNA. Agroforestry and watershed
planting shows locations for the first year of planting activities, but approximately five years of planting are proposed.

Potential Benefits
The benefits of forest recovery include restored ecological function and the provision of
ecosystem services, including habitat connectivity and quality for species, increased wildlife
habitat availability, reduced threat of invasive species, and land stabilization through
sedimentation control. The removal of tree hazards would improve public safety and reduce the
risk for pest and disease damage.
Healthy and resilient forests with restored ecological function provide habitat connectivity
and quality for threatened and endangered species and other species of greatest conservation
need, watershed management and opportunities for local economic growth. Restored forests
include biological conservation corridors and natural infrastructure elements to create a Puerto
Rico–wide landscape habitat conservation system, and designed conservation corridors and
natural infrastructure systems mean that the forests are more resilient than forests without these
designed elements to future disturbances.
Forests can also provide a source of economic activity through agroforestry and private
landowner involvement in conservation strategies, as well as employment opportunities
associated with forest recovery actions. The value of ecosystem services provided by tropical
forests globally is estimated at Intl$5,264 per hectare per year at 2007 price levels, where global
estimates have been converted into U.S. dollars based on purchasing-power parity). Nearly half
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of this value comes from regulating services, which include the benefits that forests provide for
air quality, climate, disturbance moderation, water flows, waste treatment, erosion, nutrient
cycling, pollination, and biological control (de Groot et al., 2012).
Potential Spillover Impacts to Other Sectors
Restored forest function can improve water quality, reduce stormwater runoff, lower energy
needs by mitigating the urban heat-island effect, and provide economic (such as ecotourism,
agroforestry, and payments for conservation practices on private lands) and recreational
opportunities.
Forests provide ecosystem services that crosscut with watershed management, cooling effects
to reduce energy usage in urban areas, and provide economic opportunities in working forests.
Potential Costs
Potential up-front costs: $70 million–$120 million in estimated up-front costs (5 years)113
Potential recurring costs: $4.5 million in estimated recurring costs (11 years)
Potential total costs: $75 million–$120 million in total estimated costs
The estimated up-front cost is $70 million–$120 million, with approximately $0.5 million in
additional annual maintenance costs. These costs could be reduced if NCR 25, Blue Shore
Workforce Development, is implemented and provides labor.
We require additional information on ranking priority recovery actions, as well as ranges for
cost estimates for all activities. The costs included in this total address a comprehensive forest
recovery process that involves replanting efforts, ongoing maintenance to protect the investment,
building human capital and increasing local capacity in the forestry sector, and developing
public–private partnerships. The forest restoration and damage mitigation total from Build Back
Better is $20 million but focuses on protected forests and tree nurseries only (Governor of Puerto
Rico, 2017). The costs estimated for these two activities alone are similar in this course of action,
but this course of action also addresses comprehensive forest recovery and local capacity
building in parts of Puerto Rico outside the protected areas. This is important because 85% of
forests are on privately owned lands (Brandeis and Turner, 2013). Currently, the potential upfront costs can be divided into the following categories:
•

assessments and forest health: $4.7 million
- Develop a recovery plan to assess urban forest damage and remove hazard trees:
$1.15 million.
- Increase seed collection and production in nurseries: $0.5 million.
- Monitor, respond to, and mitigate pests and disease: $3.05 million.

•

planting costs (include tree planting and maintenance costs): $58.6 million
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Up-front costs are over 5 years with the exception of conservation easements, which have the option to run for
10 years.
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- Conduct tree enrichment planting in DRNA protected areas and Para la Naturaleza
areas: $21.6 million.
- Conduct tree enrichment planting in private forests: $31.3 million.
- Conduct tree enrichment planting in agroforestry plots: $3.13 million.
- Plant new trees and shrubs in urban areas: $2.65 million.
•

local capacity building and training: $1.84 million
- private landowners: increase participation of private landowners with forest
management plans, conduct focus groups to effectively implement recovery, and
develop communication materials and training.
- urban foresters: Complete training to develop local disaster plans, assist
municipalities with disaster plans, train communities to prepare for tree hazards and
local capacity building, sponsor professional certifications, and develop an urban
forestry strike team to serve Puerto Rico and the Caribbean islands.
- tree nursery operators: Document, consolidate, and disseminate seed-collection,
storage, germination, and growing protocols; assess tree nursery damage and develop
protocols to increase resilience and public–private partnerships. Restoring tree
nurseries is critical to supporting the forest recovery process.
- those managing forest health: Develop an interagency pest and disease coordinating
team, and deliver public education on pest and disease in forests.
- all stakeholders in forest ownership and management: Develop a decision-support
framework to optimize the benefits of managed restoration efforts for connected
forest habitats (agricultural ecosystems and forest reserves) for both sustainable
agriculture and wildlife habitat; hold trainings in Puerto Rico for decisionmakers.
This can include local communities, nongovernmental organizations, and other
relevant stakeholders, which will help to build local capacity.
- local stakeholders: Hold workshops to encourage public involvement in Puerto Rico’s
forest recovery.

•

conservation easements and expansion of green corridors: $5 million–$50 million based
on $5 million per year for up to 10 years (included in up-front costs above)
- low estimate: 1 year, $5 million
- high estimate: 10 years, $50 million.

Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of the Interior, government of Puerto Rico,
Department of Natural and Environmental Resources, municipal governments, nongovernment
sources, public–private partnerships
Programs that are potential funding mechanisms include the Forest Legacy and Forest
Stewardship Programs at the U.S. Department of the Interior and the Environmental Quality
Incentives Program from the Natural Resources Conservation Service, the Animal and Plant
Health Inspection Service, and the Emergency Forest Restoration Program at the U.S.
Department of Agriculture. Potential nongovernment funding sources include the Conservation
Trust of Puerto Rico and the National Fish and Wildlife Foundation.
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Potential Implementers
U.S. Forest Service, Department of Natural and Environmental Resources, municipal
governments
Potential Pitfalls
Completed damage assessments are not representative of Puerto Rico–wide forest damage.
Field sampling and airborne remote sensing data collection would collect targeted
information on damage to forests. For example, airborne remote sensing data collection covered
15% of the main island, but it would not be possible to visit all sites across Puerto Rico.
Likely Precursors
•
•

Conduct damage assessments to rural, working, and urban forests. More than
40,000 landslides were mapped across the main island, which caused severe forest
damage in some areas (Morales-Vélez and Hughes, 2018).
Integrate landslide mitigation approaches with forest recovery strategies to ensure a
resilient recovery process to future extreme events.
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NCR 6
Implement Individual At-Risk Species Recovery Activities
Sectors Impacted
Economic, Natural and Cultural Resources, Water
Issue/Problem Being Solved
Hurricane Maria severely affected habitats and decreased Puerto Rico–wide ecosystem
health. This likely increased the number of species of greatest conservation need (SGCNs); in the
future, this could increase the number of threatened and endangered (T&E) species. In addition,
the hurricane caused other fish and wildlife habitat changes, habitat loss, and habitat accessibility
problems and exacerbated negative effects of invasive species. These effects lowered Puerto
Rico’s biodiversity, reduced the populations of SGCNs and other wildlife (including game
species), and decreased species richness and distribution in forests and other natural areas,
putting more species at risk of extinction. Hurricane effects also reduced ecotourism and other
economic activities related to species (such as bird-watching tourism and pollination services for
plants and agricultural crops).
Description
Develop and implement proposed recovery actions for species that include the appropriate
combination of habitat restoration, captive breeding, control of invasive species, and threat
reduction activities for each species of interest (10–15 individual SGCN or T&E species
identified).
For each of the 10–15 T&E species or SGCNs that were known to be significantly affected
by Hurricane Maria and needing help through this process, there will be specific recovery actions
that include some of the following:
1. Maximize habitat quality, connectivity, and availability (for the species’ food,
reproduction, nesting, shelter, and other needs).
2. Increase the wild population of the species (such as initiating captive breeding to avoid
extinction in the wild and improving reproduction success).
3. Minimize invasive-species competition or predation.
Table C.2 shows the names of the list of identified T&E species and SGCNs and the types of
actions needed to help them recover from Hurricane Maria. All the species identified in this table
are federally listed T&E or at-risk species. Puerto Rico has rich biodiversity, with many endemic
species, and has many other species that are at risk of extinction besides the ones in this table.
According to the U.S. Fish and Wildlife Service (US FWS), Puerto Rico has 13 federally listed
threatened species, 58 endangered species, and 6 at-risk species (US FWS, 2019). In addition,
the Department of Natural and Environmental Resources (Departamento de Recursos Naturales y
Ambientales, or DRNA) has identified many more species of concern—more than 300, using the
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International Union for Conservation of Nature Red List categories to classify priority species
(DRNA, 2015). Many of these other species were affected by the hurricanes and are also in need
of recovery help, and the challenge is choosing those on which to focus in recovery actions.
Largely because of time and funding constraints, the main focus has been on endemic species
that were likely affected by the hurricanes. Obviously, a focus on legal requirements because of
the federal Endangered Species Act of 1973 (Pub. L. 93-205, 1973) drives many of the choices,
especially given funding constraints. However, the species were chosen mostly based on two
criteria. First, they were chosen if they were not located mostly on federal lands. Because many
species already have federal protection when on federal lands, the federal agency that is
responsible for the land will presumably conduct damage assessments and recovery activities for
these species. Second, they were chosen if specialized actions could be taken that would help
recover the species. For some species, human intervention can make a difference through
species-specific activities (such as captivity or relocation of nests), while other species would be
taken care of if the broader habitat were restored, such as with reforestation and by protecting
conservation corridors. In addition, some species are receiving help through other sources, such
as with the Puerto Rican parrot and some of the endangered coquí frogs. However, given the
large number of species at risk, as well as the uncertainty and data challenges related to many of
these species,114 still other species are likely in need of recovery help.

114

Of the more than 300 SGCNs identified by the DRNA, many of these species are also classified as data deficient,
such as 40 of the 64 saltwater fish species (DRNA, 2015).
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Table C.2. Selected Species with Proposed Recovery Actions
Common Name
Latin Name

English

Spanish

Estimated Proposal
Cost, in Dollars

Proposal
Timeline, in
Months

Action
1

2

3
x

Peltophryne lemur

Puerto Rican
crested toad

Sapo concho

458,999

36

x

x

Atlantea tulita

Puerto Rico
harlequin butterfly

Mariposa arlequín

73,646

36

x

x

Agelaius xanthomus Yellow-shouldered
blackbird

322,000

36

x

Accipiter striatus
venator

Puerto Rican sharp- Falcon de sierra
shinned hawk

475,000

24

x

x

Chilabothrus granti

Virgin Islands tree
boa

494,500

36

x

x

Yerba maricao de
cueva

173,736

24

160,425a

36

x

x

x

Gesneria pauciflora

x

x

x

Dermochelys
coriacea

Leatherback sea
turtle

Tortuga-marina
laúd

Eretmochelys
imbricata

Hawksbill sea turtle

Tortuga-marina de
carey

(Part of a three–sea
turtle package)

36

x

x

x

Chelonia mydas

Green sea turtle

Tortuga-marina
verde-del Atlántico

(Part of a three–sea
turtle package)

36

x

x

x

Setophaga angelae

Elfin-woods
warblerb

N/A

N/A

Patagioenas
inornata wetmorei

Puerto Rican plain
pigeon

2,945,385

36

78,325d

18

x

(Part of sebucán
proposal)

18

x

Paloma sabanera

Leptocereus
grantianusc

Sebucán

Harrisia
portoricensisc

Higo chumbo

Address invasivespecies threats

N/A
x

x

267,950

Total
5,449,966
NOTE: The “Invasives Causing Extinction to Threatened and Endangered Species in Puerto Rico Posthurricane”
proposal addresses more than 70 threatened and endangered species, which, in this table, are not listed but instead
grouped. Recovery activities for the Puerto Rican parrot (Amazona vittata) are being funded other ways and going
through separate processes from the species listed in this table.
a
Funding would support leatherback, hawksbill, and green sea turtles.
b
Assessed but has no project proposal.
c
Federally listed.
d
Funding would also support higo chumbo.

In the next section, we illustrate the actions with examples for 3 species: the yellowshouldered blackbird (A. xanthomus), the sapo concho (P. lemur), and various sea turtle species.
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Species Affected
The Yellow-Shouldered Blackbird

•

Restore habitat condition in Pitahaya and Bahía Sucia by 90% in three years.
-

•

Open, improve, and guarantee access to Pitahaya and Bahía Sucia blackbird sites.
Restore sea water connection to the mangroves and the Pitahaya lagoon.
Reforest with black and red mangroves at Pitahaya lagoon.
Help improve nesting and nest locations.

Decrease invasive-species predation by rats, cats, dogs, mongoose, green iguanas, and
American kestrel on these blackbirds by 80% in three years.
- Eradicate or control rats, mongoose, stray dogs, and cats.115
- Control green iguanas through hunting.
- Control predation by American kestrels through nest redesign.

The Sapo Concho

•

Maximize habitat quality and availability by 80% in 36 months.
- Conduct improvements to the release ponds and breeding ponds at El Tallonal, Río
Encantado Natural Protected Area (NPA), Manglillo Grande, Hacienda la Esperanza
Nature Reserve, Gabia Farm, and El Convento NPA.
- Restore and improve access to three release sites (Manglillo Grande, Río Encantado
NPA, and El Convento NPA) by removing vegetative debris material from the release
and breeding ponds, and open the monitoring trails.
- Enhance habitats on six sites (Río Encantado, Gabia Farm, Hacienda La Esperanza,
and Cuevas el Convento, El Tallonal, and Manglillo) by reforesting a 500-m radius
around the ponds. Reforestation will include planting T&E and native species.

•

Using the existing captive breeding program to establish a second population per
reintroduction zone.
- Release tadpoles at six existing sites.
- Monitoring and maintenance of the tadpoles after the release, of metamorphosed
tadpoles, and adults.

•

Minimize invasive-species predation by 50% in 36 months.
- Conduct predator and invasive-species removal monthly at six sites and at the natural
breeding populations.

Sea Turtles

•

Prevent sea turtles from walking onto roads.

115

Control here refers to different methods for different species, such as killing rats and taking dogs and cats to
animal shelters to be adopted.
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•
•
•
•

Decrease light pollution by reforesting around known nesting sites, locating turtlefriendly light options, and educating area residents.
Decrease invasive vegetation at nesting beaches by 80% in 36 months.
Restore beach vegetation on 80% of the index (established) nesting sites.
Decrease 100% of predation by stray dogs in 36 months.

The actions for this course of action (COA) are being implemented by a combination of staff
from the DRNA, the US FWS, the U.S. Department of Agriculture, the U.S. Geological Survey,
other federal agencies, Para la Naturaleza, other nongovernmental organizations, the University
of Puerto Rico, other universities, private companies, and zoos. The time scale for the actions to
be implemented varies from 2 to 3 years. Given the different species recovery needs for habitat
and populations, the time scale to see the benefits varies from species to species, especially given
the life span of different species, population numbers, and habitat recovery needs. For some
species, such as the mariposa arlequín, initial improvements might be seen within 1 to 2 years;
for longer-term trends in species, seeing the full benefits and full species recovery could take
several years to several decades, with 30 to 40 years being needed for species that depend on
mature forests, such as the Puerto Rican sharp-shinned hawk.
This COA occurs at various natural habitat locations throughout Puerto Rico based on the
species’ locations. Some of the captive breeding activities occur at universities, zoos, or other
similar locations both in Puerto Rico and parts of the continental United States.
Potential Benefits
The actions associated with this COA should help keep selected species from becoming
extinct and help them recover to more-resilient and sustainable species population levels and
help recover forests and other habitats for those species and other SGCNs and game species. This
COA will also help improve overall biodiversity and ecosystem health and improve ecological
services, such as water quantity and quality. These COA actions also will help the economy by
contributing to tourism and agricultural production. Cultural benefits result from helping to save
endemic and culturally important species.
Long term, this COA should help Puerto Rico have healthy Puerto Rico–wide ecosystems
and biodiversity where T&E species’, other SGCNs’, and other wildlife’s habitats and species
populations are restored and enhanced to facilitate species recovery and the long-term health and
resilience of Puerto Rico’s species and habitats. Such ecosystems include local and landscape
scale and natural infrastructure elements consisting of healthy habitats in a diverse network of
natural, urban, and agricultural areas and biological and river corridors involving a combination
of federal, state, urban, nongovernmental, agricultural, and other private-sector lands. These
healthy ecosystems, habitats, and wildlife species populations also contribute to a strong
ecotourism industry and agricultural production across Puerto Rico.
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Potential Spillover Impacts to Other Sectors
This COA could help the economy by contributing to tourism and agricultural production,
which have synergies, such as with pollination services or the value that shade-grown coffee
trees have for birds. It also can help with the water sector by helping to improve water quality
and quantity and decreasing surface runoff and damage by flooding.
Potential Costs
Potential up-front costs: $5.5 million in estimated up-front costs
Potential recurring costs: —
Potential total costs: $5.5 million in total estimated costs
Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of the Interior, government of Puerto Rico,
Department of Natural and Environmental Resources, municipal governments, nongovernment
sources, private sector
Potential Implementers
U.S. Fish and Wildlife Service and other federal agencies, Department of Natural and
Environmental Resources, nongovernmental organizations, universities
Potential Pitfalls
Agriculture recovery activities might be implemented without considering their effect on
habitat and species health, and economic development activities might involve overdeveloping
some of the habitat areas that this COA is trying to recover.
Likely Precursors
•
•

Gather the results of the ongoing rapid damage assessments.
Clear roads and trails such that people can access the sites in the natural areas where the
species recovery activities need to occur.
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NCR 7
Develop Partner Networks for Recovering Plant and Animal Species
Sectors Impacted
Economic, Health, Natural and Cultural Resources, Water
Issue/Problem Being Solved
Hurricane Maria decreased Puerto Rico–wide ecosystem health, which caused loss and
degradation to the habitats and populations of threatened and endangered (T&E) species; species
of greatest conservation need, and other fish and wildlife species, including game species. These
effects lowered Puerto Rico’s biodiversity in forests, wetlands, and other natural areas, putting
more species at risk of extinction. The effects also reduced species, forest- and other naturerelated tourism, and other economic productivity related to species (such as pollination of
agricultural crops). Puerto Rico lacks sufficient human capacity and collaborative networks to
recover the species given the hurricane damage and current government staff and other resource
investments related to habitat and species.
Description
Develop a comprehensive network of partners to work together to help fund actions for
species preservation, develop human capital and capacity in species management, educate the
public, and develop experiential and tourism opportunities. Such partners would include
government of Puerto Rico, local government, private sector, university, nongovernmental
organization (NGO), and federal agency partners.
Activities for this course of action include the following:
•
•
•
•
•

setting expectations for existing federal and nonfederal recovery financial resources and
potential resources
sharing scoped damage, recovery, and mitigation costs with federal and nonfederal
partners
identifying additional activities to address and mitigate effects
aligning Puerto Rico’s resource staff and federal resource staff on recovery and
mitigation costs
holding a workshop among potential partners and stakeholders to help develop networks,
develop disaster response plans and contingencies for preparedness and resilience, and
identify funding opportunities and possible educational and tourism actions related to the
species
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•

working through the Auxiliary Corps of Scientific Interpreters, Para la Naturaleza, other
NGOs, and universities to enlist teachers and students from colleges and schools to help
in the species recovery actions and educational outreach.116

This COA’s activities would be implemented by a combination of staff from the DRNA,
other Puerto Rico agencies, the U.S. Fish and Wildlife Service, the U.S. Geological Survey, the
U.S. Department of Agriculture, other federal agencies, Para la Naturaleza, other NGOs, the
University of Puerto Rico, other universities, and companies. The benefits are likely to be
experienced beginning within a year, and more should accrue over time as the network for
partner activities increases. This COA’s activities occur at various locations throughout Puerto
Rico, including different municipalities that are near natural areas.
The long-term goal of these activities is for all flora and fauna species, including T&E
species and other species of greatest conservation need, to have healthy habitats and populations,
be resilient to future high-intensity disturbances, and provide ecosystem services and economic
opportunities (such as recreational bird watching).117 A comprehensive network of public and
private partners would work together in species recovery and management, educating the public,
developing a strong ecotourism industry around species and natural areas, and developing
resilient social networks to address future disturbances.
Potential Benefits
This COA would provide better preparedness and a response capability that is more robust
and help improve overall biodiversity and natural and agricultural ecosystem health; improve
ecological services; and increase education, tourism, and collaboration within the community.
Specific benefits include more efficiently and effectively managing plant and animal species
through resource sharing and improved coordination and improving linkages to expand, enhance,
and identify educational, tourism, and other economic activities. Students and community
members would learn more about the cultural, economic, ecological services, human health,
spiritual, and scientific benefits of the species and their habitats, such as how planting more
native plants along stream banks can help species and reduces stormwater runoff resulting in less
problematic erosion and improved water quality. Ultimately, the activities of this COA should
help keep species from becoming extinct and help them recover to more-resilient and sustainable
population levels and help recover the habitats for T&E species, other SGCNs, and game
species. The ecosystems that would benefit include local and landscape-scale and natural
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The DRNA created the Auxiliary Corps of Scientific Interpreters. This program enlists teachers and students
from colleges and schools in gathering technical and scientific information for environmental research in Puerto
Rico. For example, the Río Abajo State Forest is having student interns help monitor the Puerto Rican parrot
(Amazona vittata).
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Ecosystem services refers to provisioning services (e.g., food, raw materials), regulating services (e.g., air
quality, flood control, water quality, erosion control), habitat services (e.g., nurseries), and cultural services (e.g.,
aesthetics, recreational).
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infrastructure elements consisting of healthy habitats in a diverse network of natural, urban, and
agricultural areas, as well as biological and river corridors involving a combination of federal,
state, urban, NGO, agricultural, and other private-sector lands. These healthy ecosystems,
habitats, and wildlife species populations would also contribute to a strong ecotourism industry
throughout Puerto Rico.
Potential Spillover Impacts to Other Sectors
Through the networks of collaborative activities within this COA, it should help improve
watershed and forest health and with water and air quality and erosion control. Human health
benefits would result from the improvements in air and water quality. Economic impacts would
include increasing tourism and agriculture.
Potential Costs
Potential up-front costs: $120,000–$360,000 in estimated up-front costs (3 years)
Potential recurring costs: —
Potential total costs: $120,000–$360,000 in total estimated costs
The estimated costs for this COA are a total of $40,000 to $120,000 per year for three years
for holding 4 to 12 total workshops in 4 to 6 different municipalities per year, assuming 1 to
2 workshops per year per municipality. The workshop is assumed to cost $10,000 per session.
These estimates are for the first 3 years, with a modest level of administrative support after that
to keep the networks going.
Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of the Interior, government of Puerto Rico,
Department of Natural and Environmental Resources, municipal governments, nongovernment
sources, private sector
Potential Implementers
Federal agencies, Department of Natural and Environmental Resources, University of Puerto
Rico, nongovernmental organizations
Potential Pitfalls
Agriculture recovery activities could be implemented without considering the effect on
habitat and species health, such as natural areas being converted to agricultural lands. Economic
development activities could overdevelop some of the natural areas that the networks are trying
to protect and in which they are trying to enhance habitat.
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Likely Precursors
•
•

Gather the results of the ongoing rapid damage assessments, such as networks starting
around activities to help recover individual species that sustained significant damage.
Clear roads and trails enough that people can access the sites in the natural areas where
the species and habitat activities would need to occur, especially for educational and
tourist activities.
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NCR 8
Increase Landfill Capacity to Dispose of Hurricane-Related Waste and
to Properly Manage Future Waste
Sectors Impacted
Community Planning and Capacity Building, Health and Social Services, Housing,
Municipalities, Natural and Cultural Resources
Issue/Problem Being Solved
Available compliant landfill capacity is insufficient to meet Puerto Rico’s waste management
needs.118 Remaining capacity is 2 to 4 years, depending on additional debris disposal and current,
routine waste-generation rates.119
Debris from the hurricanes is believed to amount to approximately 4 to 5 years’ worth of
capacity throughout the landfills and dumps that are currently in operation (Governor of Puerto
Rico, 2017). This estimate could also increase with construction waste generated during the
recovery process. Solid waste that is sent to open dumps compounds environmental effects on
air, water, and soil quality. To minimize these effects, strategically located new compliant, lined
cells need to be developed to meet Puerto Rico’s waste management needs. However, there is
currently a backlog of permit applications for new lined cells. The JCA has insufficient staff to
meet both permitting and inspection needs throughout Puerto Rico. Because delays in the permit
evaluation process might currently be discouraging private investment, new staff need to be hired
and trained in order to meet the administrative and compliance responsibilities associated with
maintaining current lined landfills and increasing landfill capacity.
Description
This course of action (COA) will allow the JCA to meet Puerto Rico’s permitting, inspection,
and landfill capacity needs, including transfer stations. This COA would have officials hiring and
training the staff needed to meet landfill capacity needs now and in the future. It also would also
have them open the new lined cells that Puerto Rico needs to meet present and future capacity
demands in a way that best protects the environment and public health. Alternative disposal
options are also needed, such as establishing recycling plants, which can be addressed through a
sustainable waste management plan (such as NCR 11, Establish a Long-Term, Sustainable,
Integrated Solid Waste Management Program).
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In general, we strive to make distinctions among three kinds of waste sites: (1) landfills (legal, lined, compliant);
(2) registered unlined dumps (legal, unlined or noncompliant); and (3) unpermitted, unregistered dumps (illegal).
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Weston Solutions, 2018, provided to the authors by the Junta de Calidad Ambiental (JCA, or Environmental
Quality Board). Additional analysis was provided by Carl Plössl of the U.S. Environmental Protection Agency
Region 2.
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The COA would be implemented by advertising and hiring new staff, training new staff,
permitting new lined cells, and constructing new lined cells to meet Puerto Rico’s waste
management needs. The hiring should take approximately 1 to 2 months. Six new staff are
needed to meet JCA needs: three permit writers and three inspectors. Training would take
approximately 1 to 2 months after hiring. Compliance benefits should be seen within 2 to
4 months after funding is available.
Opening new lined cells would take at least 6 months and possibly 15 years or more,
depending on where the site is in the process. Currently, some landfills have been developed and
are ready for use but are not in operation because permits have not been issued because of
administrative backlogs at the JCA. Other landfills are near completion but require funding
assistance to complete construction. These cells could be opened within a few months if funding
were made available. Recent landfill assessments indicate that Puerto Rico would need to open
18 new cells to meet capacity needs, which could be opened in the next 6 months to 15 years,
depending on their current status. Some landfills could be operational within several months after
the permitting process is complete; others would need to be planned, built, and permitted.
Examples of landfills that could be opened once permitted or are close to being ready include
Carolina, Fajardo, and El Coquí at Humacao.
Transfer stations would be needed to transport material from closed dumps to open landfills.
This would link activities in this COA to the closure of landfills (NCR 9, Landfill Repair and
Closure).
Potential Benefits
Having new staff would allow for increased permitting of new lined landfills, transfer
stations and recycling facilities; bringing existing dumps into compliance with federal
regulations; and increasing inspection of existing landfills or waste management facilities to
ensure adequate disposal of debris generated by Hurricane Maria. Constructing new lined cells or
transfer stations at strategic locations throughout Puerto Rico would help meet Puerto Rico’s
capacity needs and improve environmental quality and public health.
Lined compliant landfills include leachate, stormwater, and gas collection systems, as well as
disease control systems that help protect human health and the environment. These benefits
affect the general population, as well as vulnerable populations, including children, the elderly,
and people suffering from asthma and other respiratory diseases. Hiring and training new staff
and opening new lined landfills, transfer stations, and recycling plants would create jobs
throughout Puerto Rico. Developing recycling plants would reduce the effect on landfills, which
is related to an integrated sustainable waste management plan (NCR 11, Establish a Long-Term,
Sustainable, Integrated Solid Waste Management Program). Meeting Puerto Rico–wide capacity
needs would also reduce the establishment and utilization of unpermitted, unregistered dumps
throughout Puerto Rico.

190

Potential Spillover Impacts to Other Sectors
Meeting waste management capacity needs in Puerto Rico would improve environmental
quality and public health. This would have spillover effects on municipal operations, the local
economy, and the tourism industry.
More specifically, opening new lined cells in strategic locations to meet the solid-waste
management needs throughout Puerto Rico would help municipalities dispose of waste locally
and legally at the lowest cost possible. Job creation would affect the local economy. The tourism
industry would benefit from improved air and water quality and improved disease control.
Potential Costs
Potential up-front costs: $176 million in estimated up-front costs
Potential recurring costs: —
Potential total costs: $176 million in total estimated costs
To meet the JCA’s staffing needs, 6 new staff will need to be hired for 3 years. The estimated
cost for this is $1.8 million. Training of staff would include 1 week of class training and 4 weeks
of on-the-job training. Training costs for the six staff members is estimated at $60,000. New cells
need to be open, and it is estimated that these new cells could be opened in a time frame of
6 months to 15 years, depending on existing plans and development. Each cell should be around
20 acres and would cost approximately $6 million to develop, for a total cost of approximately
$108 million. The costs could be reduced for landfills that are closer to completion. In addition, a
regional approach to increasing landfill capacity might be more efficient and result in cost
savings over the local approach.
Costs for new transfer stations would vary depending on zoning, construction costs, and
permitting and range from $2 million to $10.5 million, depending on the need for environmental
impact assessments, permitting, court costs, and construction. The lower estimate was used for
this figure in the recovery plan. Assuming 11 new stations and an average cost of $6 million, this
totals $66 million for new transfer stations. Construction of transfer stations is estimated to take
8 to 18 months.
Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of Housing and Urban Development, U.S.
Environmental Protection Agency
Potential Implementers
Department of Natural and Environmental Resources, Environmental Quality Board,
municipal governments
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Potential Pitfalls
Opening new lined landfills would ultimately result in the closure of uncompliant dumps but
would also encourage recycling because the uncompliant dumps charge insufficient disposal
fees. This means that recycling is artificially made more expensive than traditional disposal.
Closing uncompliant dumps would result in job loss, which should be offset by new jobs created
at new lined cells and by direct and indirect jobs in the recycling industry.
Likely Precursors
•
•
•

Translate training materials into Spanish.
Complete environmental studies for new lined cells. Such studies can take approximately
2 to 4 years to complete.
Implement a sustainable waste management program (NCR 11, Establish a Long-Term,
Sustainable, Integrated Solid Waste Management Program) to help alleviate pressures on
landfills in the long term.
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NCR 9
Landfill Repair and Closure
Sectors Impacted
Community Planning and Capacity Building, Health and Social Services, Municipalities,
Natural and Cultural Resources, Water
Issue/Problem Being Solved
Unlined open dumps, which are not in compliance with local regulations and threaten public
health and the environment, are in operation throughout Puerto Rico. The hurricanes affected
infrastructure at landfills and open dumps,120 which affected the surrounding ecosystems and
natural resources. Multiple landfills and dumps sustained damage to their leachate collection
systems, gas collection and control, slope damage, stormwater control systems, and disease
control systems during the hurricanes. There were also landslides, engineering damage to
capacity and design, and lack of daily cover after the hurricanes. The various types of damage
that were sustained had short- and long-term effects on natural resources surrounding the
landfills and open dumps. Debris generated by the hurricanes is believed to equal approximately
4 to 5 years’ worth of capacity (Governor of Puerto Rico, 2017) throughout the landfills and
dumps that are in operation. Because of efforts to find alternative uses, such as for recyclable
material or vegetative debris, this reduced total capacity by approximately 1 to 2 years. Solid
waste that is sent to open dumps compounds environmental effects on air, water, and soil quality.
To minimize these impacts, open dumps would need to be closed and new lined cells need to be
developed to meet Puerto Rico’s waste needs.
Description
This course of action would result in repairs to landfills and open dumps throughout Puerto
Rico that sustained damage during the hurricanes. Repairs, which would be undertaken by
landfill operators in coordination with the Environmental Quality Board (Junta de Calidad
Ambiental, or JCA) and Solid Waste Authority, are expected to take 1 to 2 months per site;
multiple sites could conduct repairs simultaneously. Benefits are expected immediately upon
completion of the repairs. This course of action would also close unlined open dumps throughout
Puerto Rico.
In many instances, repairs and closure could happen simultaneously, resulting in cost
savings. Closure plans would need to be developed for each site that would include final cover to
reduce water infiltration and minimize gas migration. This could be accomplished with
evapotranspiration cover, which might be the best option for many sites throughout Puerto Rico.
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Evapotranspiration utilizes the water uptake capabilities of vegetation and the storage capacity of
fine-grained soils to reduce percolation into the underlying waste. If funding is sufficient, closing
each of the open dumps would take 1 to 3 years. The benefits would be experienced upon
closure. There is the need to develop an office within the Puerto Rico Aqueduct and Sewer
Authority to permit and track discharge of leachate into the authority’s systems, both via direct
sewer and manhole connection and via tanker truck delivered to a wastewater-treatment plant. In
addition, dump closures would require that municipalities transport waste to other landfills or
facilities (Puerto Rico Solid Waste Authority, 2008). NCR 8, Increase Landfill Capacity to
Dispose of Hurricane-Related Waste and to Properly Manage Future Waste, includes the
activities associated with developing enough transfer stations to increase landfill capacity.
Potential Benefits
Repairing damage to landfills and open dumps would reduce or eliminate effects on natural
resources and help bring lined landfills back into compliance. For unlined dumps, repairs would
help reduce the environmental effects associated with damage sustained by the hurricanes.
Repaired landfills would function more efficiently and safely. Closing the unlined open
dumps would contain and minimize environmental effects to the greatest extent possible. Once
open dumps are closed, all trash going to landfills would be sent to lined, compliant landfills
with leachate, stormwater, and gas collection systems, as well as disease control systems. These
facilities better protect human health and the environment while maximizing capacity.
Potential Spillover Impacts to Other Sectors
Spillover impacts would be most notable in natural and cultural resources, including for soil,
water, and air. Closure of open dumps would better protect drinking water supply, air quality,
soil quality, and water quality; provide benefits for disease control; and help the tourism
industry.
Power lost during the storm resulted in loss of functionality of support systems to the
landfills and open dumps. The power loss resulted in releases of methane and carbon dioxide
gases, among others, leachate releases, and effects on disease control systems. Public health,
ground and surface water, drinking water supplies, air quality, and soil quality would all be
beneficially affected by the repair or damage sustained by landfills and open dumps. Coastal
communities, threatened and endangered species, critical habitat, and coral reefs would all
benefit from landfill repair and open dump closures as well. These resources are important to the
overall health of the Puerto Rican ecosystem but also to the tourism industry.
Potential Costs
Potential up-front costs: $160 million in estimated up-front costs
Potential recurring costs: —
Potential costs: $160 million in total estimated costs
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Repairs across all landfills and open dumps would cost an estimated $20 million within
6 months of funding availability. In addition, closure costs are estimated at $140 million in a 1to 3-year time frame (Plössl, 2017).
Assessments of landfill capacity throughout Puerto Rico was performed, and it included an
assessment of storm-related damage to each of the landfills and open dumps. With contractor and
U.S. Environmental Protection Agency assistance, the JCA completed the assessment. As a
result of that assessment, more-specific repair estimates are expected.
Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of Housing and Urban Development, U.S.
Environmental Protection Agency
Potential Implementers
Department of Natural and Environmental Resources, Environmental Quality Board, Puerto
Rico Solid Waste Authority, municipal governments
Potential Pitfalls
No perceived pitfalls are associated with repairing damaged landfills and open dumps. New
cells have been constructed that are still awaiting permit approval before they can begin
operation. Permitting requirements and lined-cell development need to occur around Puerto Rico
to meet Puerto Rico’s capacity needs. Closure of unlined open dumps could reduce capacity
around Puerto Rico if new lined cells are not brought online.
Likely Precursors
•
•
•
•

Complete the damage assessment. The assessment is ongoing and was anticipated to have
been completed in the third quarter of 2018.
Hire new staff at the JCA for landfill permitting and inspections.
Permit cells that have already been constructed so they can begin operation.
Site additional new cells to meet Puerto Rico–wide needs.
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NCR 10
Clean Up and Eliminate Use of Unpermitted, Unregistered Dumps
Sectors Impacted
Community Planning and Capacity Building, Health and Social Services, Municipalities,
Natural and Cultural Resources, Water
Issue/Problem Being Solved
Unpermitted, unregistered dumps (which are illegal) exist throughout Puerto Rico and are
challenging to locate and routinely monitor. Large amounts of storm-related waste have
exacerbated the problem of these dumps across Puerto Rico. Unpermitted, unregistered dumps
help perpetuate solid-waste management problems throughout Puerto Rico. There were more
than 1,600 dumps before the hurricanes, and some estimates suggest that there are now more
than 2,000 dumps around Puerto Rico. These unpermitted, unregistered dumps need to be
cleaned up and closed because they pose threats to human health and the environment and
provide disincentives for the use of compliant landfills.
Description
This course of action identifies, sorts, recycles, and disposes of waste at the 1,600 to
2,000 unpermitted, unregistered dumps in Puerto Rico. With contractor and U.S. Environmental
Protection Agency assistance, the Environmental Quality Board will implement the activities.
For the unpermitted, unregistered dumps to be eliminated, each needs to be located, sorted, and
cleared and steps need to be identified to help prevent its recurrence. The project’s benefits will
be seen as soon as the sorting and cleanup process begins. The full cleanup will likely take 1 to
2 years.
Potential Benefits
Although Puerto Rico’s unpermitted, unregistered dumps present the public with a free and
easy place to dispose of their waste, they also threaten environmental and public health. Cleaning
up the dumps would remove environmental and public health threats to the people of Puerto
Rico. By eliminating that disposal option, a more sustainable waste management approach could
be pursued.
Potential Spillover Impacts to Other Sectors
Cleaning up and removing unpermitted, unregistered dumps in Puerto Rico could increase
recycling and composting throughout the commonwealth and would help ensure that waste is
being sent to appropriate recycling facilities or lined landfills. It would also remove public health
threats associated with roadside dumps, including effects on water quality (both surface and
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groundwater), soil quality, and air quality. Improvements to environmental quality and public
health would also have positive effects on the tourism industry.
Potential Costs
Potential up-front costs: $104 million in estimated up-front costs (2 years)
Potential recurring costs: —
Potential total costs: $104 million in total estimated costs
Working-group members estimated that assessment and cleanup of all the unpermitted,
unregistered dumps in Puerto Rico would cost $104 million. Specifically, the assessment is
estimated to cost $3 million to $4 million, and sorting, recycling, and disposal in appropriate
landfills are estimated to cost $100 million. Once the assessment of the illegal dumps is
complete, there would be more-accurate information about cleanup costs. Costs could go up or
down based on the scale of the problem, the dumps’ proximity to lined landfills, and whether the
dumps are on public or private lands.
Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of Housing and Urban Development, U.S.
Environmental Protection Agency
Potential Implementers
U.S. Environmental Protection Agency, Department of Natural and Environmental
Resources, Environmental Quality Board
Potential Pitfalls
Illegal dumping is a legacy problem from before the storm. Potential pitfalls are that cleaning
up unpermitted, unregistered dumps would use extra capacity in existing lined landfills, as well
as the possibility that new illegal dumps would be established once the current ones are cleaned
up. The Environmental Quality Board needs to develop an aggressive multifactorial approach to
preventing future dumps from developing.
Likely Precursors
•

Assess the prevalence of the unpermitted, unregistered dumps. This includes gathering
information on location, size, and general composition of the dumps. Site assessments are
ongoing to understand the poststorm scope of the problem.
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NCR 11
Establish a Long-Term, Sustainable, Integrated Solid Waste
Management Program
Sectors Impacted
Community Planning and Capacity Building, Health and Social Services, Municipalities,
Natural and Cultural Resources, Water
Issue/Problem Being Solved
Puerto Rico suffered from poor solid-waste management prior to the hurricanes that
exacerbated it. Solid-waste production has increased dramatically after the hurricanes because of
the damage sustained to local homes and businesses. The 2007 solid-waste management plan
(SWMP) needs to be revised to include a disaster-debris management plan and address changes
to waste streams after the storms, including diverting organic and recyclable waste from
landfills. A revised SWMP is needed to establish an inclusive, sustainable, and economically
viable approach to waste management. Additionally, the revised plan would need to include a
disaster-debris management plan so that there is a plan in place for future storms. An updated
SWMP would also need to consider people who moved out of Puerto Rico posthurricane.
Hurricanes Irma and Maria likely changed the composition of the waste stream.
Understanding the composition of the waste stream and how the waste stream changed because
of the hurricanes can improve diversion from landfills. The authors of the recovery plan
estimated that the storm-related debris generated approximately 4 to 5 years of landfill capacity
throughout Puerto Rico (Governor of Puerto Rico, 2017). Because of efforts to find alternative
uses for, for example, recyclable material or vegetative debris, this reduced landfill capacity by
approximately 1 to 2 years. Removing food and organic waste from the waste stream would
result in a large reduction in tipping fees (the per-weight charge to landfill users for disposal).
Puerto Rico had lower recycling rates before the hurricanes, estimated around 10%, than its goal
of 35% (Puerto Rico Solid Waste Authority, 2008). This could have resulted in increased
amounts of recyclables going into landfills. These changes need to be evaluated and incorporated
into an SWMP. Additionally, food and organic waste represents more than 30% of the waste
stream, and recyclable waste represents roughly 35% of the waste stream. The majority of this
waste is currently going into landfills and open dumps; however, it should be composted or
recycled.
Description
Updating Puerto Rico’s SWMP (to be undertaken by the JCA with contractor and U.S.
Environmental Protection Agency assistance) would help address poststorm solid-waste needs
and help create an economically viable and sustainable approach to solid-waste management
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throughout Puerto Rico. Some benefits would be immediate, but others could take months to
years to fully implement. As part of an SWMP, development of a diversion program for food
waste and organics would reduce the amount of waste going to landfills and produce compost.
Also, it is imperative to develop Puerto Rico–wide recycling options for nonorganic waste. Such
programs, which would be implemented by the JCA with assistance from contractors, the U.S.
Department of Agriculture, and the U.S. Environmental Protection Agency, could produce
benefits within 2 to 3 months. To ensure economic viability, recycling plans must consider
available markets and shipping costs. Other important recycling considerations include
infrastructure for material collection, handling, and processing. Storm-related vegetative-debris
management would also be addressed through composting, as would alternative minimum daily
cover at landfills and applications for agricultural lands.
Contractor support would be needed to review the 2007 SWMP, identify how conditions
have changed since 2007 and since Hurricanes Irma and Maria, and work with the JCA to
develop a sustainable plan to address Puerto Rico’s poststorm and long-term solid-waste needs.
The plan would take approximately 2 months to review and revise. To revise the SWMP
effectively, types and rates of waste being generated in Puerto Rico would need to be
understood. The JCA would complete the characterization with assistance from contractors and
the federal government. The assessment would entail sorting and categorizing waste at selected
times and locations around Puerto Rico. The characterization would take approximately 1 month.
The SWMP would take several months to be revised in full, but the revision could begin before
the waste characterization is complete. The development of the SWMP would include a
comprehensive public education section on best practices for sustainable material management
and provide for public engagement, including communicating information on the waste
management process. In addition, the SWMP could include a comprehensive framework to
establish protocols and precertify staging sites to receive and process large amounts of organic
debris during future storms (which partially overlaps with NCR 12, Develop Forest Products
Industry). Benefits would be expected once the SWMP is completed (several months from
funding); however, some modifications outlined in the SWMP, such as large-scale, Puerto Rico–
wide waste-handling procedures, will take months to years to implement.
Potential Benefits
Implementation of an SWMP can alleviate landfill pressure in the long term. The current
approach to waste management is an economically net-negative system with low recycling rates
and unlined landfills that are out of compliance with regulations. Implementing a revised SWMP
would help address these issues. The information gathered from the waste characterization would
also inform the SWMP. Understanding the waste stream would help inform efforts to divert
waste away from landfills through increased rates of recycling and composting and could result
in a general decrease in waste production as a result of targeted outreach and education efforts.
Also, because disposing in open dumps is less expensive than improving and expanding existing
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recycling infrastructure, noncompliant landfills frustrate improvement on recycling rates. Finally,
the analysis and information in the SWMP would help to decide where new landfills or transfer
stations would be needed, considering landfills that would be closing. This information could be
used to plan recycling and composting efforts. Development of a food waste and organic
diversion program would reduce the waste stream going to landfills by 30 to 35% once the
program is being implemented throughout Puerto Rico. The benefits would be experienced in
reduced landfill usage and related tipping fees and in increased availability of compost soil.
Although soil types across Puerto Rico are diverse (Natural Resources Conservation Service,
undated), compost materials could help improve soil quality in areas with nutrient-poor soil.
Implementation of a revised SWMP would extend the life of landfills and help ensure that
Puerto Rico was managing solid waste in a sustainable, economically viable, and compliant
manner. This would benefit the public and the natural environment by reducing waste going to
unlined landfills and subsequent environmental impacts. Addressing vegetative debris would
benefit farms and the public and provide economic opportunities.
Potential Spillover Impacts to Other Sectors
Because increased compost availability would help enhance soil quality in nutrient-poor
areas, spillover effects include those for agriculture and homeowners with gardens. Reduced
landfill usage would also affect public health, air quality, soil quality, and water quality;
decreased landfill demand would favor the closure of open dumps. Positive effects for the
environment could also benefit the economy by developing new local markets for recycled
products and development of public–private partnerships for new infrastructure investments
(Puerto Rico Recycling Partnership [PRRP], 2013).
Potential Costs
Potential up-front costs: $101 million in estimated up-front costs (2 years)
Potential recurring costs: $263 million in estimated recurring costs
Potential total costs: $363 million in total estimated costs
The potential costs include the following:
•
•
•
•

Revision of the SWMP is estimated at $300,000 as an up-front cost.
Waste characterization is estimated at $300,000 as an up-front cost.
Up-front start-up costs, including those for infrastructure, are estimated at $100 million.
The annual cost of a recycling program implemented for 10 years is $25 million.

Given that the SWMP from 2007 can be revised and does not need to be developed from
scratch, it is estimated that $300,000 would be sufficient. Implementation costs for a food waste
and organic diversion program would include creating a curbside pickup program and
development or enhancement of composting facilities at strategic locations throughout Puerto
Rico. Costs of the program would be offset by reduced landfill tipping costs and through the
product value of the compost itself.
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Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of Housing and Urban Development,
Community Development Block Grant–Disaster Recovery, public–private partnerships
Potential Implementers
U.S. Department of Agriculture, U.S. Environmental Protection Agency, Department of
Natural and Environmental Resources, Environmental Quality Board
Potential Pitfalls
In the past, SWMPs have not been fully implemented. It is expected that poststorm
conditions have demonstrated the need for an SWMP and that there is increased support for
revision and implementation. Areas that require increased consideration are municipality
participation and the Autonomous Municipalities Act (Act 81 of 1991, August 30, 1991), which
gives municipalities control over where waste is sent. It is unclear how the law could affect a
program implemented throughout Puerto Rico.
Likely Precursors
•

•

A related course of action, HSS 3, Implement Integrated Waste Management Program
and Expand Programs to Increase Recycling Rates, focuses on recycling programs,
compliance, and education and should be treated as a precursor for and implemented
along with this course of action. There is likely some overlap in cost estimates that could
not be resolved given available information.
Use the 2007 SWMP as a precursor for an updated version. Puerto Rico Integrated Solid
Waste Management Strategy, developed by PRRP, is a comprehensive document that was
written with the involvement of the public and other stakeholders (PRRP, 2013). It would
inform a new SWMP for Puerto Rico.
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NCR 12
Develop Forest Products Industry
Sectors Impacted
Community Planning and Capacity Building, Economic, Health and Social Services,
Municipalities, Natural and Cultural Resources, Public Buildings
Issue/Problem Being Solved
Woody debris created hazards, caused flooding, blocked trail and road access for response,
and overwhelmed landfills and dumps. In the aftermath of Hurricanes Irma and Maria, Puerto
Rico experienced an unprecedented volume of down, dead, and damaged timber. The U.S. Army
Corps of Engineers estimates total debris in Puerto Rico to have been 2.91 million cubic meters,
with about 60%, or 1.74 million cubic meters, being vegetative material.121 An estimate of one
valuable log per 50 cubic yards of vegetative debris indicates approximately 45,000 logs.
Additional logs are on lands not included in U.S. Army Corps of Engineers vegetation removal
activities. Initial plans were to chip all vegetative material and deposit in landfills or burn.
Precious hardwoods downed by the hurricanes were mixed with general debris. Although
hardwoods have economic and cultural value, their use is time-sensitive and can be lost because
of a lack of market development; improper handling of resources; damage to historical buildings;
and loss of economic opportunities for artisans and the wood product, construction, and
historical renovation industries. The current forest product industry lacks the capacity to address
of volume of woody debris created by the hurricanes, including the ability to appropriately use
precious hardwoods downed by the storms. Recent efforts to modify this plan have resulted in a
consensus that utilizing wood chips and larger logs for other purposes will result in short- and
long-term economic, cultural, educational, and research benefits to the people of Puerto Rico.
Description
The course of action builds on a pilot U.S. Forest Service (FS) project to manage valuable
wood gathered in the posthurricane vegetation waste-removal process and to revive local markets
for hardwoods by building long-term capacity and expertise to manage woody debris and reduce
waste stream management systems’ vulnerability to future storm events. Processed wood would
provide economic, cultural, educational, ecological, and research benefits for the people of
Puerto Rico. For example, processed wood would be available for historical reconstruction
projects and for local craft production by Puerto Rico’s artisans. A key future need is the
development of markets for these wood products. The first step in this would be a market
analysis for wood products in Puerto Rico—what wood products are used in Puerto Rico, what is
121

The Federal Emergency Management Agency has estimated that Hurricane Maria generated more than
4.93 million cubic meters of debris. See Carrasco, 2018, and Kornacki, 2018.
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produced there to meet that market, what is imported. A regional analysis would identify what
other similar Caribbean and Latin American countries do for wood marketing. A resource
assessment would identify what exists in Puerto Rico and where. Pilot training workshops for
developing wood products and markets would follow the study, and a final report and
recommendations on developing sustainable markets and natural resource uses for wood in
Puerto Rico would be developed.
Potential Benefits
Valuable wood would be available to restore and rebuild historical structures and to supply
local artisans, while other vegetative debris could be used to produce compost and mulch to
restore nutrients to farms and other lands. In addition to reducing the amount of material going to
landfills and maximizing the value of debris as a resource, this effort could increase Puerto
Rico’s capacity to process future posthurricane vegetative debris more quickly. Increased milling
capacity in Puerto Rico could enhance the forestry sector’s resilience in the aftermath of future
storms. The development of capacity, best practices in wood processing, new products and
markets, and resources available for historical buildings and artisans would have lasting and
sustainable positive effects, given Puerto Rico’s ability to produce sustainable yields of highvalue timber on both public and private lands. The combination of fertile soils, diverse tropical
hardwood species, and a high degree of research, educational, and entrepreneurial expertise in
Puerto Rico would provide an opportunity to maximize sustainable benefits from this investment
and significantly reduce costs in responding to future hurricanes.
Market analysis is an important need to address and would lead to benefits in the
development of an ecologically sound and socially and economically sustainable wood and wood
product industry. Phases would include
•

phase 1: policy analysis
- federal policies pertaining to the collection, harvesting, exporting, and sale of wood in
Puerto Rico
- state policies pertaining to the collection, harvesting, exporting, and sale of wood in
Puerto Rico
- permits and licenses pertaining to the collection, harvesting, exporting, and sale of
wood in Puerto Rico

•

phase 2: supply analysis
- introduction to wood species found in Puerto Rico and their uses
- assessment of supply availability
§ by species
§ by municipality
§ by ownership
- assessment of harvest feasibility
§ by geographic region with equipment recommendations
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•

phase 3: market analysis
- U.S. markets for tropical wood
§ existing markets
§ potential markets
- international markets for tropical wood
§ existing markets
§ potential markets.

Potential Spillover Impacts to Other Sectors
These activities would benefit efforts in reforestation planning and actions because those
making reforestation efforts could learn about the best planting species and practices that reduce
costs of tree blowdown cleanup and increase the value of utilizing downed vegetative debris.
Potential Costs
Potential up-front costs: $10 million in estimated up-front costs
Potential recurring costs: —
Potential total costs: $10 million in total estimated costs
The cost to fully collect, inventory, process, and utilize downed wood is estimated at
$10 million. Build Back Better lists $200 million for flood-control debris removal, of which this
would be a component (Governor of Puerto Rico, 2017, p. 90). The total estimate is in addition
to the $1.9 million supporting initial efforts to move logs from vegetative debris sites. Support
would be needed for assessing downed woody debris throughout Puerto Rico, assessing the
current capacity of the forest industry and sawmills, developing and promoting a standardized
debris-removal process, providing incentives for a sustainable private forest industry, building
capacity in log handling and milling equipment, training personnel, conducting workshops on
best practices, developing wood processing sites, conducting workshops on market development
and marketing in Puerto Rico and the Caribbean, promoting new product development, and
maximizing the use of salvaged wood in cultural resource restoration.
Potential Funding Mechanisms
U.S. Department of Agriculture122 (U.S. Forest Service International Institute of Tropical
Forestry), government of Puerto Rico, Department of Natural and Environmental Resources,
Puerto Rico Tourism Company,
The FS International Institute of Tropical Forestry has the federal contracting, grant and
agreement, and budget officer capacity to manage funding and develop partnerships and
agreements to accomplish this mission. However, because the Office of Management and Budget

122

In the recovery plan (Governor of Puerto Rico, 2017), the U.S. Department of the Interior was inadvertently
listed in place of the U.S. Department of Agriculture. The correction is being made here.
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limits how much funding FS can accept beyond congressionally appropriated funds, interagency
federal agreements would be needed to help FS obtain additional apportionment authority to
handle additional funds.
Potential Implementers
U.S. Forest Service, Department of Natural and Environmental Resources, Institute of Puerto
Rican Culture
Potential Pitfalls
Because of current capacity in the wood product industry, there would be challenges in
moving, processing, and obtaining value from 45,000 to 100,000 logs. The primary pitfall would
be to be able to move quickly to maximize the value of a time-sensitive resource represented by
the fallen trees. Logs decompose and lose value the longer they remain on the ground. Key
support would be needed to understand potential markets for processed wood products,
developing training, sharing best practices, and building capacity.
Likely Precursors
•

Develop a geospatial database of where debris is located, log salvage to date, and define
existing capacity and mechanisms to develop and distribute wood products.

Additional Information
Puerto Rico has world-class artisans and an excellent research and educational capacity that
can support a wood product industry. The FS International Institute of Tropical Forestry has been
a world leader for decades in understanding and managing tropical forests—including
information on wood properties for marketing. These communities have expertise that could be
used to support a wood product industry.
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NCR 13
Reduce Sediment Pollution and Risk from Landslides
Sectors Impacted
Energy, Health and Social Services, Housing, Natural and Cultural Resources,
Transportation, Water
Issue/Problem Being Solved
Approximately 40,000 landslides occurred across Puerto Rico during Hurricanes Irma and
Maria, predominantly in the central-mountain region. Landslides generated by the storms were,
and continue to be, a public safety hazard, threatening homes, blocking transportation networks,
and isolating many communities. These events also affected natural habitat for freshwater and
marine plant and animal species and contribute to sedimentation loads that have reduced storage
capacity in key reservoirs.
Hurricane-related landslides are being mapped using high–spatial resolution remote sensing
imagery. Approximately 15,000 landslides were mapped in the upper Río Grande de Arecibo
drainage basin, which supplies part of the San Juan metropolitan area’s drinking supply. For
example, the Lago Dos Bocas reservoir is part of the Puerto Rico Aqueduct and Sewer
Authority’s North Coast Superaqueduct Project that supplies 4.03 m3 of water per second to
communities from Arecibo to the San Juan metropolitan area (as of 2005) (Soler-López, 2007).
Unstable soil in these areas and other locations across Puerto Rico are at risk for future landslides
and additional sedimentation effects.
Description
Soils and slopes in landslide-affected areas would be stabilized through vegetative,
bioengineering, and structural approaches to protect these areas from additional landslides during
future storms. This effort would be implemented across Puerto Rico; the highest-risk areas for
landslides are in mountainous regions, but there are downstream effects. Information on
landslide hazard could identify the highest-risk communities and develop strategies to reduce
risk from future landslides, including the development of mitigation and response plans and
longer-term land-use planning decisions.
Potential Benefits
Landslides are a threat to public safety and can block roads and damage property and other
lifeline infrastructure. Landslides can contribute to sedimentation effects in reservoirs. In the Dos
Bocas watershed, for example, the volume of sediment from landslides after Hurricane Maria
was estimated to be more than 22.9 million cubic meters (U.S. Department of Agriculture, 2018).
Stabilizing and restoring soils affected by landslides could also facilitate forest restoration and
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provide habitat for many species. Restoring these areas would also be critical to protecting
communities from future storm events.
Potential Spillover Impacts to Other Sectors
Landslides can destroy homes and isolate communities by damaging and closing road
networks, which negatively affect residents’ job opportunities and ability to receive medical care
and other services (e.g., education, cultural, recreation, and access to basic necessities).
Improved community risk characterization and landslide and soil stabilization would reduce the
effects that future landslides could have on infrastructure, homes, and human health. Information
on landslide hazard and potential is needed to identify the highest-risk communities and develop
strategies to reduce risk from future landslides, including the development of mitigation and
response plans and informing longer-term land-use planning decisions. This work is underway
by the University of Puerto Rico, the U.S. Geological Survey, the Puerto Rico Planning Board,
and Federal Emergency Management Agency.
Potential Costs
Potential up-front costs: $1.05 billion in estimated up-front costs
Potential recurring costs: —
Potential total costs: $1.05 billion in total estimated costs
The estimated costs include those to restore and rehabilitate 4,000 landslide sites across
Puerto Rico (based on a study of the landslides in the Dos Bocas watershed).
Detailed analyses of landslides and effects have been completed for the Dos Bocas watershed
only; the Dos Bocas analyses were based on information collected from remote sensing
observations and field surveys. Of the 46,136 ha in the Dos Bocas watershed, the total area of
landslides was approximately 1,203 ha (U.S. Department of Agriculture, 2018). The Dos Bocas
analyses were used to develop Puerto Rico–wide strategies and cost estimates to restore landslide
sites, which indicate that landslide mitigation actions would cost on the order of $1.05 billion.
However, because these estimates are based on preliminary analysis of limited data, an important
first step would be an Puerto Rico–wide scoping study that also incorporates information from
the Puerto Rico Department of Transportation, the Puerto Rico Planning Board, and other
stakeholders to identify high-priority areas and recommend mitigation actions. Priority areas
could vary with stakeholder preferences to focus on reducing the threat to public safety, property,
infrastructure, or drinking water supplies.
Because approximately 10% of the landslides that occurred in Dos Bocas were accessible by
roads and would have implications for public safety or the environment, we have applied this
scaling factor to the total number of landslides that occurred Puerto Rico–wide, which was
approximately 40,000. As a result, we estimate that these actions would be applied to
4,000 landslides throughout Puerto Rico. Although differences in landslide incidence and
severity are expected to vary by geography, the detailed Dos Bocas analysis would serve as a
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useful guide for developing Puerto Rico–wide estimates. The costs could be higher for moresevere landslides that pose a greater threat to public safety and infrastructure than shallower
slides. These site-specific variations would need to be addressed in a Puerto Rico–wide scoping
assessment.
Costs estimates are based on three separate approaches to address landslides, which would be
applied according to the category of landslide. These include slope stabilization techniques, such
as using vegetation cover and accompanying root systems to reduce soil erosion and increase
slope stability; bioengineering approaches that combine mechanical and biological elements to
help prevent soil erosion and slope failures; and structural approaches incorporating retaining
walls that have adequate drainage:123
•

vegetation: critical-area planting in areas that have, or are expected to have, high erosion
rates. The relevant landslides had slopes between 1 to 30% and any height or width, with
an average area less than 0.04 ha. In the Dos Bocas watershed, these types of landslides
represented 1% of the total. In some areas, landslide scars might revegetate naturally,
although some intervention (e.g., introducing optimal species) might still be required to
ensure resilience.
- cost: $60,000 to address 1% of the landslides identified for stabilization measures

•

bioengineering: stabilization of existing landslide sites. The relevant landslide sites have
slopes between 31 to 100% and heights of less than 4.6 m. In the Dos Bocas watershed,
these types of landslides represented 6% of the total.
- cost: $7.06 million to address 6% of the landslides identified for stabilization
measures

•

structural: wire-mesh gabion baskets and mattresses for reinforcement of soil gabion
structures to strengthen unstable ground. The relevant landslides have slopes between 51
and 100% and heights of 4.6 m or more. The median height and width of this type of
landslide is 24 × 19 m.
- cost: $1.04 billion to address 89% of the landslides identified for stabilization
measures

•

total: $1.05 billion to stabilize 4,000 landslides.

Potential Funding Mechanisms
Community Development Block Grant–Disaster Recovery, Hazard Mitigation Grant
Program, U.S. Army Corps of Engineers, U.S. Department of Agriculture (Natural Resources
Conservation Service, Farm Service Agency, Soil and Water Conservation Districts), U.S.
Department of Transportation

123

See “Appendix C: Introduction to Landslide Stabilization and Mitigation,” in Highland and Bobrowsky, 2008.
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Potential Implementers
Federal agencies, Department of Natural and Environmental Resources
Potential Pitfalls
Landslides are a natural disturbance process in Puerto Rico, so, although not all landslides
can be prevented, landslide susceptibility can be reduced. Anthropogenic land use (e.g., road
building, land clearance) and physical factors (e.g., severe storms, steep slopes, elevation, soil
type) increase landslide susceptibility (Larsen and Torres-Sánchez, 1998). More information
would be needed to characterize how these processes contribute to landslide susceptibility.
Likely Precursors
•

Use geospatial data and maps showing landslide occurrence and depicting landslide
hazard to determine priority areas at greatest risk. University of Puerto Rico researchers
are producing a Puerto Rico–wide map of landslides associated with Hurricane Maria
(see Figure C.3).
Figure C.3. Map of Individual Landslides Across Puerto Rico

SOURCES: Morales-Vélez and Hughes, 2018. Images from K. Hughes et al., 2019; used with permission.
NOTE: Each red point indicates an individual landslide.
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NCR 14
Water Quality Improvements at the Watershed Scale
Sectors Impacted
Agriculture, Community Planning and Capability Building, Energy, Housing, Municipalities,
Natural and Cultural Resources, Transportation, Water
Issue/Problem Being Solved
Sewage discharge, sanitary overflows, and excessive sedimentation from storm runoff altered
hydrological systems, created transportation hazards, reduced drinking water reservoir capacity
and quality, created flood hazards, and caused broad ecological effects in both freshwater and
marine environments. This toxic combination of pollutants led to extreme and prolonged
declines in coastal water quality throughout Puerto Rico (Hernández, 2018). The coral reefs and
seagrass habitats in these locations were exposed to persistent conditions that likely led to a
variety of coastal habitat effects, including inhibition of light penetration needed to support
photosynthesis and sustain the habitat; physical smothering of the habitat by sediment; excessive
algal growth due to nutrient pollution from sewage, which would outcompete coral reefs and
seagrass; risk to bioluminescent bays; and coral disease outbreaks caused by exposure to
pathogens (i.e., Serratia marcescens) found in untreated sewage.
Description
This course of action (COA) would implement watershed restoration and management
strategies in four priority watersheds (Arecibo, the San Juan metropolitan area, Cabo Rojo and
Guánica, and the Northeast Ecological Corridor) and highly sensitive coastal areas. Depending
on the location, potential actions could include reducing flooding hazards by restoring natural
flow paths or wetlands; reducing the threat of landslides, erosion, and sediment deposition;
reducing the threat of sewage contamination; and making watersheds more resilient to future
storms. This COA would support watershed-scale coordination of site-scale projects.
The four priority watersheds were selected because each has independent watershed
assessment efforts that have outlined restoration actions that could improve coastal water quality.
The two highly sensitive coastal areas were selected based on damage due to Hurricane Maria.
This COA would include a watershed coordinator, which could be either an individual or a
government entity, to ensure watershed-scale coordination of site-scale projects. This would help
to ensure watershed-scale benefits to hydrology, water quality, and communities that depend on
these water supplies. In addition, some of the specific actions listed here overlap with COAs
developed by the Water Sector team, as noted. Depending on the watershed, restoration actions
are likely to take many forms, including the following:
•

Reduce flooding hazards by restoring natural flow paths or wetlands.
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•
•
•
•
•
•
•
•
•

•
•
•

Implement green infrastructure to disperse stormwater throughout the landscape,
minimizing concentrated flows and reducing flooding hazards (years 1 to 5).
other relevant actions covered by the water sector: Remove sediment and debris from
bodies of water and storm drainage systems (WTR 24, Reduce Sedimentation of Water
Bodies).
Reduce the threat of landslides, erosion, and sediment deposition to communities and
infrastructure through sediment control management and engineering conservation
practices in an array of land uses.
Stabilize highly erodible roads and trails to make the infrastructure more resilient to
storms and reduce the threat of landslides (years 1 to 5).
Implement agricultural conservation practices to reduce erosion of topsoil and loss of
productivity of crops (such as contour farming, mulching, multistory cropping, and
integrated pest management) (years 1 to 5).
Establish vegetative buffers and plantings to stabilize highly erodible land and stream
banks (years 1 to 3).
Build a retaining wall to stabilize existing landslide sites and prevent future soil
movement by runoff (year 1).
Make communities and habitats more resilient to storms by reducing the threat of sewage
contamination.
Protect and restore natural wetlands or develop constructed wetlands adjacent to Puerto
Rico Aqueduct and Sewer Authority (PRASA) pump stations to mitigate sewage
contamination during power outages or high-flow events when PRASA pump stations are
overflowing (years 1 to 3).
Monitor and conduct outreach and education to minimize human exposure to
contamination (years 1 to 5).
Conduct community outreach for and implement illicit discharge detection and
elimination (IDDE) methods to identify illicit discharges of sewage into the environment
(years 1 to 5).
Perform other relevant actions covered by the Water Sector courses of action:
- Implement IDDE methods broadly. Develop or expand an IDDE task force to share
information between IDDE practitioners, government agencies, and community
members (WTR 18, Invest in Stormwater System Management, and WTR 11, Repair,
Replace, and Improve PRASA Wastewater Treatment Plants and Sanitary Sewer
Collection Systems)
- Where PRASA sewer lines are accessible, connect homeowner, businesses, and the
public to reduce illicit non-PRASA sewage discharges (years 1 to 3) (WTR 6, Expand
PRASA Services to Unconnected Areas)
- Provide short-term and long-term energy solutions to priority PRASA pump stations
and wastewater-treatment plants to make them more resilient to storms (years 1 to 5)
(WTR 3, Enhance the Efficiency and Resilience of PRASA Electricity Services)

•
•

Make policy changes or develop programs to make watersheds more resilient to storms in
the future.
Restrict the types and locations of construction that can utilize categorical exclusions to
meet the territorial environmental compliance requirements (years 1 to 5).
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•
•

Create a soil and water conservation district for northeastern Puerto Rico to provide
technical assistance in the application of Natural Resources Conservation Service
(NRCS) Environmental Quality Incentives Program (EQIP) funds (years 1 to 5).
Perform other relevant actions covered by the water sector:
- Increase funding for Puerto Rico’s Office of Management and Budget (Oficina de
Gerencia y Presupuesto, or OGPe), the Puerto Rico Planning Board (PRPB, or Junta
de Planificación), and municipal staff and technical support to improve stormwater
infrastructure design standards and enhance the stormwater permitting processes for
infrastructure construction (years 1 to 5) (WTR 18, Invest in Stormwater System
Management).
- Develop an asset management program that establishes a mechanism for long-term
funding to support jurisdictional and municipal enforcement of building codes and
stormwater standards (years 1 to 5) (WTR 18, Invest in Stormwater System
Management).
- Update and adopt stormwater standards that include regionally appropriate greeninfrastructure practices (years 1 to 5) (WTR 19, Reduce Urban Nuisance Flooding).
- Develop policies and programs that incentivize the use of green infrastructure
(years 1 to 5) (WTR 19, Reduce Urban Nuisance Flooding).
- Develop a program or policy that would encourage or mandate private connections to
PRASA sewer services when available (years 1 to 5) (WTR 6, Expand PRASA
Services to Unconnected Areas).

•
•
•

Implement best management practices to improve water quality in highly sensitive
coastal areas.
Conduct engineering and soil surveys in areas that contribute to sediment in coastal sites.
Implement stormwater and runoff management and control strategies.

Many of the activities listed here are likely to be proposed, and implemented, to support
recovery across multiple sectors because they overlap with many of the priorities of municipal,
jurisdictional, and federal agencies and local nonprofits. The key to effective implementation of
this COA would be aligning the priorities of these varied agencies and organizations toward the
goal of improving coastal water quality. As a result, funding for a watershed restoration
coordinator would be necessary for ensuring water-quality improvements in priority watersheds,
including Arecibo, the San Juan metropolitan area, the Northeast Ecological Corridor, and Cabo
Rojo and Guánica. Furthermore, to maintain and ensure long-term watershed restoration success,
funding would be needed to provide continued assessment of progress toward the goal and
adaptive management where needed. Subsequently, this COA would be implemented through an
interagency effort that would be coordinated through one entity or organization that would serve
as watershed coordinator for each of the 4 priority watersheds.
Potential Benefits
These activities would reduce the potential for excessive sedimentation from future storm
runoff, reduce pollution in waterways, improve soil retention, reduce landslide risk (which
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threatens human life and infrastructure), maintain reservoir storage capacity, provide ecological
corridors for terrestrial species, improve water quality for freshwater and marine species, and
restore coastal areas that are important recreational and tourism sites.
Additional Information:
•

short-term benefits (year 1)
- reduced flooding hazards by cleaning storm drains
- enhanced resilience of infrastructure by providing alternative power sources for
sewage treatment and removing flooding and erosion hazards in communities
- reduced exposure to fecal pathogens by minimizing sewage discharges to coastal
waters during power outages
- improved safety of communities by stabilizing existing landslides

•

midterm benefits (years 2 to 5)
- reduction in pollutant discharges (i.e., sediment, nutrients, pathogens) from the
watershed
- improved tourism and local economies by reducing beach closures and restoring
recreational and tourism sites (e.g., bioluminescent bays, coral reefs)
- improved health of coastal communities by addressing chronic illicit discharges of
sewage and reducing exposure to fecal pathogens
- reduction in flooding hazards by reestablishing wetland storage capacity of
floodwaters
- enhanced forest and riparian habitats by reestablishing vegetation in these areas
- improved access to water supply by restoring storage capacity of reservoirs
- improved safety of communities by developing and enforcing improved building
codes and stormwater standards

•

long-term benefits (years 5+)
- reduction in coastal water contamination (i.e., sediment, nutrients, pathogens)
- improved tourism through enhanced visibility of coastal waters and reduced beach
closures
- improved quality and extent of coastal habitats
- restoration of the agricultural sector by implementing agriculture conservation
practices, which make the farms more resilient
- resilient communities through improved infrastructure and reductions in the risks of
landslides, community flooding, and wastewater-treatment disturbance during storms.

Potential Spillover Impacts to Other Sectors
Sedimentation has been an issue for many reservoirs in Puerto Rico and was exacerbated by
the hurricanes. Reduced erosion and sedimentation can increase drinking water reservoir
capacity; improve quality of drinking water sources (reducing water-treatment costs at watertreatment plants); and reduce effects on the agriculture, health, transportation, energy, and
housing sectors. Previous research has found reductions in reservoir storage capacity of 35%, on
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average, following prior hurricanes in Puerto Rico (Soler-López, 2001). Reduced capacity affects
the drinking water supply and reservoirs’ ability to function for regulating water flows and
producing energy.
Potential Costs
Potential up-front costs: $142 million in estimated up-front costs
Potential recurring costs: —
Potential total costs: $142 million in total estimated costs
The potential up-front cost for watershed restoration costs are estimated at $142.4 million for
4 priority watersheds and coastal areas.
Potential costs are $50 million for Arecibo, $2 million for the San Juan metropolitan area
(because other sectors cover restoration projects, this cost includes watershed restoration
coordination only), $40 million for the Northeast Ecological Corridor, and $50 million for Cabo
Rojo and Guánica. In Table C.3, we summarize watershed restoration activities and long-term
management needs. This COA builds on actions from water-sector COAs (specifically, WTR 27,
Protect and Rehabilitate Groundwater Systems, and WTR 28, Secure Drinking Water Sources
Against Contamination), in addition to specific activities from other COAs (see Table C.3).
Although some of the strategies overlap with water-sector COAs, this COA is focused
specifically on these 4 priority areas. However, it would be important to align actions across
these different sectors for maximum benefit and cost efficiency.
Table C.3. Estimated Restoration Costs, by Region
Watershed

Arecibo (recovery actions
based on those suggested by
the Natural and Cultural
Resources Sediment and
Erosion Subgroup)a

Action

Cost, in
Millions of
Dollars

Create a vegetative barrier or buffer.
Implement contour farming.
Implement mulching practices for
erosion control.
Implement multistory cropping
practices to reduce surface water
erosion caused by rainfall, creating
more canopy area and more vegetative
cover in the ground.
Create a riparian forest buffer.
Create wire-mesh gabion baskets and
mattresses.
Commence critical-area planting,
establishing permanent vegetation on
sites with high erosion.
Rehabilitate and reshape farm roads.
Decommission and close farm roads.
Close and treat roads and trails.
Construct hillside ditches to divert
water from steep or sensitive areas.
Construct lined rock waterways to
reduce water velocity and divert water

50+
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Primary Implementation
Partner
The DRNA, EPA, JCA,
municipalities, NOAA, the US
FWS, USACE, USDA

Watershed

Action

Cost, in
Millions of
Dollars

Primary Implementation
Partner

away from critical and sensitive areas.
Use erosion and sediment control by
using anionic polyacrylamide polymers.
Conduct outreach.
Use safety woven wire at road edges
with a history of rockslides.
Establish erosion control policies in
construction sites.
Use soil reinforcements to stabilize
existing landslide sites.
Build a retaining wall to stabilize
existing landslides and to prevent
future soil movement by runoff.
Implement integrated pest
management practices to reduce the
application of herbicides in the hill
slopes and control the water erosion
that causes the landslides.
Remove sediment and debris in
streams to restore natural flow paths.
Implement watershed coordination and
adaptive management.
San Juan metropolitan areab

Implement watershed coordination and
adaptive management.

2

Corporación del Proyecto
ENLACE del Caño Martín
Peña, EPA, JCA,
municipalities, PRASA, SJBE
Program, USACE

Northeast Ecological Corridor Make green-infrastructure retrofits to
mitigate flooding hazards.
Implement erosion and sediment
control of highly eroded lands.
Create a soil and water conservation
district for northeastern Puerto Rico to
provide technical assistance in the
application of NRCS EQIP funds.
Do IDDE community-level organizing
and implementation of programs (in
addition to Puerto Rico–wide actions
proposed for the water sector).
Implement watershed coordination and
adaptive management.

40+

The DRNA, EPA, the U.S.
Forest Service, JCA,
municipalities, NOAA, OGPe,
PRPB, the US FWS, USACE,
USDA

Cabo Rojo and Guanacanicac Make green-infrastructure retrofits to
mitigate flooding hazards.
Do IDDE community-level organizing
and implementation of programs (in
addition to Puerto Rico–wide actions
proposed for the water sector).
Improve enforcement of construction,
sediment and erosion control, and
stormwater management standards.
Perform erosion and sediment control
of highly eroded lands.
Restore wetlands to enhance nutrient
sequestration and reduce flooding
hazards.
Stabilize highly erodible soils in the

50

The DRNA, EPA, JCA,
municipalities, NOAA, OGPe,
the PRPB, USACE, the US
FWS, USDA
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Watershed

Action

Cost, in
Millions of
Dollars

Primary Implementation
Partner

coffee farms to reduce potential for
landslides.
Implement watershed coordination and
adaptive management.
Highly sensitive coastal areas Implement best management practices
0.4
The DRNA, NOAA
in highly sensitive coastal areas:
Mosquito Bay Natural Reserve on
Vieques Island and Tres Palmas
Marine Reserve in Rincón.
Conduct an engineering and soil
survey.
Implement stormwater runoff
management and control by
constructing structures to retain and
filter particulates through gravel and
vegetation and building retention ponds
and rain gardens.
To break up slopes, construct diversion
terraces to break up slopes; to treat
nutrients and particulates in overflow,
create natural vegetation buffers.
NOTE: DRNA = Departamento de Recursos Naturales y Ambientales, or Department of Natural and Environmental
Resources. EPA = U.S. Environmental Protection Agency. JCA = Junta de Calidad Ambiental, or Environmental
Quality Board. NOAA = National Oceanic and Atmospheric Administration. US FWS = U.S. Fish and Wildlife Service.
USACE = U.S. Army Corps of Engineers. USDA = U.S. Department of Agriculture. SJBE = San Juan Bay estuary.
a
Costs associated with training for improved agricultural practices are in WTR 27, Protect and Rehabilitate
Groundwater Systems.
b
Costs associated with designing and constructing a storm and sanitary sewer system for the communities fringing
the eastern section of the Martín Peña Channel and other areas adjacent to the SJBE, eliminating unauthorized rawsewage discharges (bypasses) from PRASA’s collection system and pump stations into the SJBE, eliminating illegal
commercial and residential sewage discharges into the stormwater sewer system, improving flow in the Martín Peña
Channel, and implementing green-infrastructure solutions are covered in WTR 10, Curtail Unauthorized Releases into
Sanitary Sewers; WTR 11, Repair, Replace, and Improve PRASA Wastewater Treatment Plants and Sanitary Sewer
Collection Systems; WTR 18, Invest in Stormwater System Management; and WTR 23, Evaluate, Repair, and
Improve Flood Control Infrastructure.
c
Costs associated with connecting homeowners, businesses, and public buildings to PRASA lines where feasible are
covered in WTR 6, Expand PRASA Services to Unconnected Areas.

A priority for watershed restoration success would be the ability to hire a watershed
coordinator for each priority watershed to align interagency priorities toward the goal of
improved coastal water quality, funding to assess progress toward the goal, and the ability to
implement adaptive management as needed.
In addition, activities and associated costs are included to improve water quality at two
highly sensitive coastal areas, although these estimates cover only these two priority locations
rather than being Puerto Rico–wide.
Potential Funding Mechanisms
Hazard Mitigation Grant Program, National Oceanic and Atmospheric Administration, U.S.
Department of Agriculture, U.S. Department of the Interior, U.S. Environmental Protection
Agency
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Potential programs at U.S. federal agencies include NRCS’s EQIP at USDA; the US FWS’s
Partnerships in Conservation at the USDA; the National Estuary Program at EPA; and the
Restoration Center, Coral Reef Conservation Program, or National Coastal Zone Management
Program at NOAA. Potential programs at Puerto Rico agencies include the state revolving funds
at the JCA.
Potential Implementers
Federal agencies, Department of Natural and Environmental Resources
Potential Pitfalls
No single overarching strategy would work throughout Puerto Rico; rather, strategies would
need to be tailored to specific areas. Implementation of this COA in these 4 priority watersheds
would require individual assessments of appropriate actions to be applied in each watershed.
Although some principles would apply to multiple areas, a single approach would not work for
all of Puerto Rico.
Likely Precursors
•
•
•

Identify and select a watershed coordinator.
Complete WTR 27, Protect and Rehabilitate Groundwater Systems, and WTR 28, Secure
Drinking Water Sources Against Contamination.
Assess point and nonpoint sources and damage assessments in other priority watersheds.

Reference
Hernández, William J., Quantifying the Effects of Hurricanes Irma and Maria on Coastal Water
Quality, Habitats, and Resources in Puerto Rico Using Moderate and High Resolution
Satellite Sensors, Restoration Center and Coral Reef Conservation Program, National
Oceanic and Atmospheric Administration, May 10, 2018.
Soler-López, Luis R., “Sedimentation Survey Results of the Principal Water Supply Reservoirs
of Puerto Rico,” in W. F. Sylva, ed., Proceedings of the Sixth Caribbean Islands Water
Resources Congress, Mayagüez, Puerto Rico, February 22–23, 2001.
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NCR 15
Coral Reef and Seagrass Protection and Restoration
Note: It is recommended that coral reefs and seagrasses, beaches and dunes, and wetlands be
restored in tandem. Although each of these systems is technically a separate ecosystem, the
benefits for coastal protection, biodiversity and commercial fishing, and recreation are all
increased if all three systems are healthy and functional. When considering coastal protection,
for example, wetlands provide water-filtration services that help keep corals and seagrasses
healthy; healthy corals and seagrasses are larger and denser and provide more wave attenuation,
thus protecting wetlands from storm damage. Tourism is improved if tourists can expect to enjoy
intact beaches, wildlife on live reefs and seagrass beds, and healthy bioluminescent wetlands all
on the same trip. These three systems work in symbiosis, and many benefits are multiplied if
these three systems are restored simultaneously.
This justification is organized with seagrass restoration first, followed by coral reefs. These
two systems are separate, but restoration should occur in tandem.
Seagrass Protection and Restoration
Sectors Impacted (Seagrasses)
Community Planning and Capacity Building, Economic, Municipalities, Natural and Cultural
Resources, Water
Issue/Problem Being Solved (Seagrasses)
Hurricane Maria had severe effects on seagrass communities at varying intensities and
extents Puerto Rico–wide. Posthurricane rapid assessments found a wide distribution of
disturbances to seagrass due to hurricane-related vessel groundings, sedimentation, and coastal
erosion. Disturbances to seagrass negatively affect the ecosystem services that seagrass
contributes to the marine environment and the people of Puerto Rico. The assessments were
unable to provide a detailed comprehensive status of seagrass resource impacts for all coastal
waters but instead used proxy measures of water quality as an estimate. A better understanding
of seagrass distributions, monitoring of the habitats posthurricane, and recovery of lost seagrass
would help ensure the sustainability of seagrass’ economic and ecological contributions to the
human and coral communities and the associated ocean-dependent socioeconomic activities and
coastal economy of Puerto Rico.
Like coral reefs, seagrass habitats help reduce wave energy and surface currents and stabilize
soft-bottom sediments, and these actions assist in natural protection of infrastructure along the
coast. Seagrass is habitat for multiple commercially important marine species and supports a
wide variety of recreational activities, including scuba, snorkeling, kayaking, and swimming.
The course of action (COA) addresses the needs to (1) update mapping of the benthic marine
environment around Puerto Rico; (2) establish a seagrass monitoring program to conduct
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localized field assessments of seagrass conditions in prioritized areas and assess seagrass density,
diversity, and area; and (3) implement recovery actions that protect or restore seagrass habitat
damaged by hurricane-related actions, such as vessel groundings and coastal erosion. Seagrass is
an important feature in the larger tropical reef ecosystem and plays a major role in marine food
webs, blue carbon sequestration, and cycling of nutrients to provide clear coastal waters.
Seagrass beds are habitat that supports commercially important fisheries and managed species in
the Caribbean, such as conch, snappers, sea turtles, and manatees. A broad-scale review of preand posthurricane imagery sought to characterize hurricane-related physical disturbance to
seagrass by identifying transitions in seagrass habitat to unvegetated sediment. The assessment
found widely distributed evidence of physical disturbance to seagrass thought to be due to
hurricane-related vessel grounds, land-based sedimentation, and coastal erosion. More than
200 instances of disturbance were detected, indicating physical removal or burial of plants due to
sedimentation. This cursory-level assessment also determined that existing marine habitat maps
produced by the National Oceanic and Atmospheric Administration (NOAA) in 2001, 2010,
2012, and 2015 are outdated or inaccurate in some areas. It is recommended that more-refined
data be collected and produced in order to more thoroughly assess large-scale hurricane effects
on seagrass.
Description (Seagrasses)
Activities would address seagrass data gaps, as well as protect and restore seagrasses, by
creating new marine benthic habitat maps from high-resolution imagery, by conducting field
assessments and a long-term monitoring program to determine seagrass health, and by
implementing recovery actions that protect or restore seagrass habitats damaged by, for example,
hurricane-related vessel groundings, coastal erosion.
This COA addresses deficiencies in marine benthic habitat maps and seagrass ecological data
and implements crosscutting projects to recover seagrass habitat while creating local labor
demand and providing benefits to coastal communities. The three general activities are
(1) creating posthurricane marine benthic habitat maps of seagrass, macro-algae, and corals in
the waters of Puerto Rico, Vieques, and Culebra using high-resolution imagery; (2) establishing
seagrass monitoring programs to conduct localized field assessments of seagrass conditions in
high-priority areas; and (3) implementing recovery actions that protect and restore seagrass
damaged by hurricanes, vessel groundings, coastal erosion, and land-based pollution runoff.
New marine benthic habitat maps would be generated from high-resolution satellite or aerial
imagery locating the extent and distribution of seagrass, corals, macro-algae, and other relevant
habitats. Where appropriate and available, the new mapping effort would incorporate additional
innovative technologies, such as drone low-altitude imagery collection and lidar for prioritized
areas. Imagery would be used to identify and delineate the distribution of seagrass and other
benthic habitats posthurricane. The in-field monitoring would include one-time localized
assessments in seagrass habitats of the north, east, south, and west regions of Puerto Rico. In
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addition, a long-term seagrass monitoring program would be established for the NOAAdesignated Northeast Marine Corridor and Culebra Island Habitat Focus Area (National Ocean
Service, undated). All in-field monitoring would require assistance from local entities to conduct
boat-based field verifications of newly generated habitat maps and collect seagrass community
health data to track the status of the resources and how they changed. Biological data would be
collected on species richness, percentage of cover, shoot density, and possible growth
parameters. Additional environmental parameters, such as sediment accretion depths and
sediment movement data, would seek to increase knowledge of physical disturbance mechanisms
related to hurricane-induced wave energy. Filling data gaps and improving knowledge of the
distribution of seagrass and other marine habitats would benefit the human community
immediately upon completion and will inform more-effective resource recovery needs and
management. NOAA, with support from the Department of Natural and Environmental
Resources (Departamento de Recursos Naturales y Ambientales, or DRNA), would lead
implementation of marine benthic habitat map creation and establishment of a seagrass field
monitoring program. The various restoration project implementations could involve NOAA, the
U.S. Environmental Protection Agency, the U.S. Army Corps of Engineers (USACE), the U.S.
Fish and Wildlife Service, and the DRNA. Other important stakeholders, collaborators and
partners could include academia, nongovernmental organizations, and private businesses.
According to findings from preliminary seagrass impact and disturbance evaluations,
Fajardo-Culebra, Salinas, and Vieques experienced pronounced changes to seagrass and would
be the focus of initial restoration activities and elements of the field assessments. Implementation
of restoration activities would seek to improve existing seagrass density and cover in degraded
habitats and to encourage recruitment and regrowth in areas of loss. Traditional transplanting and
in-the-ground seagrass restoration techniques would be implemented in appropriate locations.
Restoration could also include protection-based activities, such as shoreline-stabilization
projects, sediment-reduction projects, and environmental awareness outreach for dock owners
and boaters.
Additional example recovery projects to implement include the following:
•

•
•
•
•

Build boat ramps and erosion control systems in high-traffic areas, such as San Jacinto,
where improvised ramps are a source of sediments negatively affecting nearby seagrass
beds. This could connect with the economics sector as it deals with the fishery disaster
declaration by the U.S. Department of Commerce in February 2018.
Install storm drain traps to minimize debris entering coastal waters and seagrass habitats
in such locations as Guánica Bay.
During permitting and posthurricane rebuilding efforts, promote the use of different
materials and dock designs (e.g., gratings) to reduce dock-shadowing effects on seagrass.
Establish mooring fields and management services for mooring fields in Salinas and
Culebra.
Pilot control techniques for management of the invasive sea vine, halophila seagrass
(Halophila stipulacea).
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The likely time scale to realize project benefits would vary depending on the specific
activity. Some activities, such as ecological monitoring and assessments, can provide benefits in
the short term (less than 1 year) by informing scientists and resource management agencies
through data sharing. Habitat-mapping products are expected to be completed within 2 to
3 years. Restoration work could begin independently of the new data collection and habitat map
creation. Physical effects on seagrass could be addressed immediately with small-scale seagrass
reestablishment in propeller scars and shallow nearshore beds. Restoration efforts are expected to
produce benefits, depending on the magnitude and scale of the projects, within 3 to 5 years.
Restoration and protection projects that involve managing the invasive sea vine H. stipulacea are
anticipated to take longer (approximately 5 to 10 years).
Potential Benefits (Seagrasses)
This COA would provide data for marine planning and recover lost seagrass ecological
services. Posthurricane marine debris cleanup efforts by USACE and multiple entities involved
in hurricane preparedness planning or resource management protection would benefit from new
benthic marine habitat maps that fill current data gaps. Improving knowledge of the distribution
of seagrass and other marine habitats and the imagery collected for mapping could be used by
various sectors for, for example, other natural assessments, community and transportation
planning. Project examples proposed earlier describe a wide breadth of activities that would
protect seagrass habitat by removing pollutants and stressors to the environment while providing
amenities and benefits to local communities, their waterfronts, and the local tourism economy.
These various activities designed to monitor and protect seagrass habitat would create local labor
needs and providing benefits to coastal communities by investing in possible community
improvement projects, such as boat ramps and mooring fields, as well as pollution reduction
projects. Recovering disturbed and degraded seagrass would also provide important benefits to
multiple small businesses that depend on seagrass conditions for their operations (e.g.,
ecotourism, fishing).
A 2015 report provides support for the COA’s recommendation to update Puerto Rico’s
marine habitat maps and makes additional suggestions for seagrass restoration actions that would
strengthen seagrass resources in order for them to continue to provide valuable ecosystem
services (Otero et al., 2015).
Potential Spillover Impacts to Other Sectors (Seagrasses)
It is expected that several sectors would initiate land-based pollution reduction projects and
efforts to restore coastal communities (including human infrastructure and natural vegetation).
These activities could be coordinated during implementation in order to provide complementary
benefits to this COA and others originating from different sectors. Products resulting from this
COA, such as satellite and aerial imagery collections, could support various activities outside of
this COA for other sectors, such as transportation. Capacity building would benefit from having
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newly updated distribution maps of important natural resources for emergency planning, disaster
response, and marine management planning efforts. The economic and municipality sectors
(more specifically, Puerto Rico’s economy and local communities) benefit from restoration or
protection-based projects that require local workforce labor for implementation and any
amenities, such as additional removal of trash or public boat ramps, that would result from
projects.
Potential Costs (Seagrasses)
Estimated costs for mapping, field assessments, and restoration total $4.7 million to
$5.7 million. This estimate is based on the following assumptions:
•

•
•
•

High-level cost estimates for creating a comprehensive Puerto Rico–wide benthic marine
habitat map are $2 million to $3 million. To accommodate funding availability, mapping
could be completed in phases, prioritizing areas of special concern and marine reserves.
Field assessment monitoring costs would vary with the number of locations selected for
evaluation and intensity of sampling. Allocating approximately 8 days for sampling
during a 1-time posthurricane assessment within four regions of Puerto Rico would cost
an estimated $110,000. Data compilation, analysis, and report-writing costs would cost
an additional $50,000.
Restoration project planning (feasibility and project design) for in-the-ground restoration
and additional protection-based projects is estimated at $500,000.
Using a cost estimate of $250,000 per hectare for in-the-ground restoration of tropical
seagrass habitat, the COA would ideally restore up to 2.0 ha at an estimated cost of
$500,000.
Activities proposed for the Fajardo–Culebra area that focus efforts in the Northeast
Marine Corridor and Culebra Island Habitat Focus Area would cost an additional
$1,500,000 for restoration, as well as establishment of a minimum 5-year in-field
seagrass monitoring program.

Potential Funding Mechanisms (Seagrasses)
Federal Emergency Management Agency Disaster Relief Fund for Hazard Mitigation, U.S.
Army Corps of Engineers investigation fund or construction fund, future appropriations to the
Federal Emergency Management Agency, U.S. Army Corps of Engineers, National Oceanic and
Atmospheric Administration
Potential Implementers (Seagrasses)
National Oceanic and Atmospheric Administration, U.S. Department of Commerce,
Department of Natural and Environmental Resources
Potential Pitfalls (Seagrasses)
The COA activities could encounter adverse environmental or weather conditions during data
collection and restoration. Additionally, transplants could fail to survive or thrive.
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Likely Precursors (Seagrasses)
•
•
•
•
•
•

Conduct planning, such as evaluation of methods and site selection for assessments and
restoration.
Prior to implementation, investigate identification of high-quality imagery available for
mapping.
Conduct an evaluation of all possible imagery acquisition methods and sources to
determine the most-effective and cost-efficient methods for implementation, given the
unique constraints for capturing data Puerto Rico–wide.
Conduct additional analysis and interpretation of Federal Emergency Management
Agency (FEMA)–generated seagrass assessments and other available data to develop
location-specific data collection and restoration needs.
Analyze feasibility, engineering design, and permitting for some types of projects
proposed.
Identify donor plant sources for in-the-ground restoration.

Coral Protection and Restoration
Sectors Impacted (Corals)
Community Planning and Capacity Building, Economic, Health and Social Services,
Housing, Infrastructure, Municipalities, Natural and Cultural Resources
Issue/Problem Being Solved (Corals)
Hurricanes Irma and Maria had a severe effect on coral reefs, which are natural infrastructure
that provide an average of 97% wave attenuation and protection to coastal infrastructure
(Ferrario et al., 2014). They are like nature’s seawall. Coral reefs are also the habitat for
commercially important marine species, have an average economic value of nearly $1.1 billion
per year for northeastern Puerto Rico and Culebra, and are crucial for the sustainability of a longterm strong ocean-dependent economic activities (Estudios Técnicos, 2007).
Globally, coral reefs are facing significant threats from climate change, unsustainable fishing,
and land-based sources of pollution, which have led to dramatic declines in coral abundance and
their ability to create and maintain major reef structures (Hughes et al., 2018). Coupled with this
decline are the low reproduction and low levels of successful recruitment that Caribbean corals
are also experiencing and that would help to replace the corals that are dying (Edmunds et al.,
2015). Thus, the coral reef system was already compromised and experiencing slow recovery
before Hurricanes Irma and Maria hit Puerto Rico. Overall, an average of 11% of Puerto Rico’s
corals were damaged by the hurricanes; however, the damage at each location was variable, and
some sites experienced severe damage (up to 100%). The major reef-building and Endangered
Species Act–listed corals were the most–severely affected species (Pub. L. 93-205, 1973). The
northeast (including Culebra), north, Vieques, and west regions showed the highest levels of
damaged corals, as might be predicted by the highest wave energies experienced in these regions
due to the paths of the hurricanes.
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Currently, damage to Puerto Rico’s reefs has reduced capacity to provide coastal protection
to well over 500,000 people and properties in coastal communities due to the loss of the
complexity and reef height the corals provide. In particular, elkhorn coral was one of the mostaffected species (an average of 45% of all elkhorn corals were damaged).
Triage activities salvaged thousands of at-risk corals; however, thousands more are still
likely at risk. Furthermore, in many cases, waves completely removed the fragments or loose
colonies from the reef site, resulting in those fragments’ and colonies’ loss from the system.
Thus, some sites would benefit from replanting the reef with propagated corals from nurseries to
restore or potentially enhance the protective services the reefs provide. These activities would
help these sites recover in approximately 5 years and, by extension, will increase their resilience
to future disturbance.
Description (Corals)
The COA would, by 2025, increase protection of approximately 30 km of coastline by
increasing the reef height by 1 m with 1 million corals in areas that have large populations and
significantly important economic activity, including San Juan, Fajardo, Culebra, Aguadilla, and
Arecibo. Primary activities include establishing coral farms and nurseries to grow and outplant
the corals to these severely affected reef sites to help them recover significantly faster than
naturally. Outplanting live corals would prevent further erosion of the reefs immediately, then
provide additional reef height and increased coastal protections as they grow to 1 m tall over
5 years.
A coral reef restoration program would be established to restore approximately 1 km2 of
coral reef habitat at 5 priority locations around Puerto Rico. The duration of the program would
be 7 years, including restoration activities and success monitoring. Elkhorn coral would be the
focus species for propagation and replanting efforts due to its relatively fast growth rate, robust
and complex structure, growth on reef crest increasing overall reef height, and ease and success
of propagation. The program would repair and help with recovery of severely damaged reef sites
within 5 years after outplanting.
Five coral reef sites have been identified as priorities for restoration. These sites were
selected based on the following criteria: (1) sustained severe damage from the hurricanes,
(2) habitat suitable for restoration (e.g., substrate is stable, good water quality), and (3) protect
valuable coastal communities.
The same methods would be used at each restoration site:
•

Establish coral nurseries and farms near each restoration site. Nurseries would be
established proximate to the selected restoration sites. Most farms would be established
in situ; however, an ex situ facility could be considered to maximize operational time,
particularly in areas of challenging field conditions, such as the north coast. Floating
arrays would be constructed and secured to the seafloor to serve as the structure on which
the corals would be propagated.
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•

•

•

•

Collect brood stock. Elkhorn coral fragments (roughly 5 cm in diameter) would be
collected from local populations to serve as brood stock. Fragments from numerous
genetic individuals would be collected to maximize genetic diversity within the nurseries
and at restoration sites.
Propagate corals. Coral fragments would be placed on the preconstructed floating
arrays. Divers would periodically perform maintenance at the nursery to remove any
fouling organisms and ensure that the structures are sound. Fragments would be grown to
approximately 15 cm in maximum linear dimension after approximately 6 months in the
nursery. A subset of fragments would remain in nursery and be subfragmented to serve as
continuous brood stock. This process would be repeated approximately every 6 months
for the duration of the program.
Outplant corals. Once coral fragments achieve the 15-cm size, they would be collected
from the floating arrays and transferred to the restoration site, approximately every
6 months. The fragments would be outplanted at density of 1 coral per square meter to
maximize the potential for growing into dense thickets, providing the highest level of
coastal protection. Outplants would also be arranged to maximize potential for natural
reproduction, further increasing the abundance of the species at restoration sites and on
adjacent reefs. Over the duration of the program, approximately $1.03 million corals
would be outplanted.
Ensure success. These methods of coral restoration are extremely successful and would
include monitoring for adaptive management. Coral survival is more than 90%, and the
outplanting strategy has taken this mortality into account such that, at the project’s end,
the 1-million coral target would be met. The regulatory framework already exists to
provide protection of the investment (i.e., Puerto Rico Act 147 of 1999, marine protected
areas).

Benefits would begin immediately upon outplanting. The outplanted corals would protect the
reef from further erosion and contribute to complexity, which would increase friction and reduce
wave energy. The outplanted corals would also immediately provide complex habitat for
commercially important reef fish. The full benefits of the restoration would be realized within
5 years based on the time it would take for the corals to grow to 1 m in height.
The restoration sites are distributed around the coast of Puerto Rico based on areas of
severely damaged reefs and their potential to provide significant coastal protection when
restored. Table C.4 lists the 5 sites, their location, and area to be restored.
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Table C.4. Location and Size of Restoration Sites

Map Label Restoration Site

Restoration Area,
Latitude Longitude in Square Meters

1

Aguadilla

18.44

–67.16

2,522

2

Arecibo

18.49

–66.66

84,502

3

San Juan

18.46

–66.04

331,385

4

Fajardo/NE Reserves

18.35

–65.58

403,447

5

Culebra

18.28

–65.25

187,703

Total

1,009,559

Potential Benefits (Corals)
Puerto Rico is an archipelago of islands that is almost entirely surrounded by coral reefs;
however, the hurricanes severely damaged these reefs. Puerto Rico has 1,127 km of coastline and
a coastal population of 525,305. Of Puerto Rico’s population, 61% lives within 1 km of the
coastline, and most of Puerto Rico’s economic activity and critical infrastructure are within the
44 coastal municipalities (the DRNA Office of Coastal Management and Climate Change). Coral
reefs buffer coastlines from erosion and inundation, providing important protective services.
These natural coastal systems reduce risk to people and infrastructure from wave damage and
flooding. This COA would provide crucial coastal protection services to important coastal
communities by restoring live corals to the reef and increasing the reef height by 1 m. It would
directly create 29 jobs and contribute to many more (e.g., boat manufacturing and maintenance).
It would also enhance fishery, tourism, and recreation economies.
Recent studies have shown the success and cost-effectiveness of using natural infrastructure
for coastal protection (Calil et al., 2015; Reguero et al., 2018; Narayan, Beck, Reguero, et al.,
2016). Coral reefs have the highest overall potential to reduce wave energy (Narayan, Beck,
Reguero, et al., 2016). Healthy coral reefs have been shown to reduce up to 97% of wave energy
(Ferrario et al., 2014). Natural infrastructure has an average cost–benefit ratio of 3.5 and are
more cost-effective than constructed structures (e.g., breakwaters) (Reguero et al., 2018).
Constructed breakwaters average $19,790 per linear meter; whereas, this coral restoration COA
averages less than $1,000 per linear meter (Ferrario et al., 2014).
Changes in reef height significantly affect the amount of protection that coral reefs provide.
Preliminary analyses show that, just in the San Juan metropolitan area, existing (prehurricane)
coral reefs would avert $122 million in flood damage from a 100-year storm event as compared
with a reduction of just 1 m in reef height, as was observed posthurricanes.124 Conversely, the
increase in reef height of the 1 m proposed at the 5 restoration sites in this COA has the potential
124

Unpublished data provided to the Homeland Security Operational Analysis Center by Michael W. Beck of the
University of California, Santa Cruz, and the Nature Conservancy and Curt D. Storlazzi of the U.S. Geological
Survey.
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to avert significant additional damage by preventing flooding. These findings make a strong case
for enhancing Puerto Rico’s coral reefs to restore and enhance the coastal protection services the
damaged reefs provide.
These particular restoration sites were selected specifically to provide coastal protection to
the important coastal communities of San Juan, Fajardo, Culebra, Arecibo, and Aguadilla.
Puerto Rico’s coral reefs and associated ecosystems in the northeast and around Vieques and
Culebra have an average economic value of nearly $1.1 billion per year, including tourism,
diving, snorkeling, and fisheries (Estudios Técnicos, 2007). The five restoration sites, the San
Juan metro area, Fajardo, Aguadilla, Arecibo, and Culebra, are some of the top tourism
destinations. Puerto Rico’s tourism contributes 12% to the national gross domestic product and is
one of the few economic sectors demonstrating sustained growth. This COA would directly
contribute to and enhance these vital economies.
Potential Spillover Impacts to Other Sectors (Corals)
Because this COA would provide coastal protection to the five communities in which the
restoration sites are, it positively affects the following sectors: Capacity Building, Economic,
Health and Social Services, Housing, Infrastructure, Municipalities, Natural and Cultural
Resources
Coral reefs provide crucial coastal protection services that significantly reduce wave energy
and flood inundation for all coastal communities’ infrastructure, building, utilities, and services.
Coral reefs also serve as habitat for commercially and recreationally important fisheries and as a
focus for tourism and recreation; thus, they are major contributors to Puerto Rico’s economy.
Last, this COA would produce 29 jobs, increasing local capacity.
Potential Costs (Corals)
Tables C.5 and C.6 show a summary budget for the COA assuming that labor is provided by
NCR 25, Blue Shore Workforce Development. Table C.7 provides details with coral reef
restoration with labor costs.
Note: Budgets assume 8-year timelines: 5 years of active restoration and 3 years of
monitoring.
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Table C.5. Summary of Costs, Excluding Labor, in Dollars
Type of Cost

Estimated Cost

Vessel lease and charter

4,158,900

Land facility and storage

882,000

Supplies and equipment

1,800,000

Subtotal

6,840,900

Project management

1,120,000

Travel

750,000

Contract processing fee (2%)

159,218

Total

8,870,118

Table C.6. Summary of Costs, Including Labor, by Location, in Dollars
Recovery Site

Estimated Cost

San Juan

10,324,473

Northeast Ecological Corridor

12,569,616

a

Culebra

5,847,984

a

Arecibo

2,632,713
a

Aguadilla

77,032

a

The budget was built assuming the economy of scale of a large project. The costs for Culebra, Arecibo, and
Aguadilla are valid only if the San Juan or Northeast Ecological Corridor portion were implemented as well.

The costs are based on the particular sites, area proposed to be restored, and the number of
corals required. The costs provide in Tables C.5 and C.6 are scalable based on actual area to be
restored or number of sites restored. However, because of the critical infrastructure and labor
required to establish the program, costs are not directly proportional to area restored or number
of corals outplanted.
Note: Budget does not take into account labor provided by NCR 25, Blue Shore Workforce
Development.
This budget is for 8 years: 5 years of active restoration and 3 years of monitoring.
Table C.7. Detailed Budget for Coral Reef Restoration, Including Labor (i.e., Assuming No NCR 25,
Blue Shore Workforce Development)
Rate, in Dollars
Category

Detail

Loaded Hour

Day

Person-Days

Total, in
Dollars

85

680

2,066

1,405,152

Contractual
Contract personnel

Project manager
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Senior scientist

75

600

2,066

1,239,840

Scientific diver

60.

480

6,199

2,975,616

Senior field technician

60

480

5,092

2,444,256.

Field technician

48

384

20,369

7,821,619

Dive master

60

480

4,133

1,983,744

Vessel captain

60

480

5,092

2,444,256

Deck hand

45

360

5,092

1,833,192
22,147,675

Travel Days
Travel

150

5,000

750,000

Resource
Days
Vessel charter

Vehicle lease

Outplanting

1,400

990

1,386,000

Nursery operations

1,200

990

1,188,000

Preparation and
monitoring

1,000

1,386

1,386,000

Outplanting

45

1,300

58,500

Nursery operations

45

1,300

58,500

Preparation and
monitoring

45

1,820

81,900
4,158,900

Monthly

Months

10,500

84

Annual

Years

Nursery supplies

20,000

5

100,000

Nursery equipment

50,000

5

250,000

Facility supplies

15,000

7

105,000

Facility equipment

25,000

7

175,000

Outplanting supplies

100,000

5

500,000

Outplanting equipment

15,000

5

75,000

Monitoring supplies

10,000

7

70,000

Monitoring equipment

10,000

7

70,000

Monitoring data
processing

65,000

7

455,000

Land facility and storage

Supplies and
equipment

882,000

1,800,000
Total

29,738,575
Processing fee (2%)

594,771

Total

30,333,346
Loaded
Annual
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Years

NOAA project
management

Term project manager
labor

140,000

7

980,000

Travel

20,000

7

140,000

Total

1,120,000

Total

31,453,346

These costs would be offset in part by additional coastal protection, food production, and
recreational services provided by the coral reef systems.
Potential up-front costs: $8.9 million in estimated up-front costs (8 years)
Potential recurring costs: —
Potential total costs: $8.9 million in total estimated costs
Potential Funding Mechanisms (Corals)
Federal Emergency Management Agency Disaster Relief Fund for Hazard Mitigation, U.S.
Army Corps of Engineers investigation fund or construction fund, future appropriations to
the Federal Emergency Management Agency, U.S. Army Corps of Engineers, National
Oceanic and Atmospheric Administration
Potential Implementers (Corals)
Department of Natural and Environmental Resources, National Oceanic and Atmospheric
Administration, U.S. Department of Commerce
Potential Pitfalls (Corals)
Coral reefs worldwide are subject to stressors associated with climate change, including
thermal stressors, ocean acidification, and increased storm activity. Increased tourism can add
physical damage (such as anchor drops or swimmer, snorkeler, or scuba breakage). Pollution
events or spills can occur from the land or from at-sea vessels.
Likely Precursors (Corals)
•
•
•
•

Complete NCR 25, Blue Shore Workforce Development, for labor costs. It is ready to be
implemented upon receipt of funding.
Put long-term plans and protections are put in place, such as creating a marine protected
area or marine management area.
Avoid lowering social and economic value by not restricting access.
Enact onshore pollution prevention.

This project could succeed without these actions, but restoration work would be more likely
to be protected and resilient if these policies and plans are enacted.
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Potential Benefits
This COA would provide a cost-effective way to increase coastal protection from disasters;
create jobs; increase biodiversity of coastal areas; and enhance fishing, tourism, and recreation
economies.
Potential Costs (Total: Seagrass and Corals)
Potential up-front costs: $13.5 million–$14.5 million in estimated up-front costs (8 years)
Potential recurring costs: —
Potential total costs: $13.5 million–$14.5 million in total estimated costs
Potential Funding Mechanisms
Community Development Block Grant–Disaster Recovery, Hazard Mitigation Grant
Program, National Oceanic and Atmospheric Administration, U.S. Army Corps of Engineers,
U.S. Coast Guard, U.S. Department of the Interior, U.S. Environmental Protection Agency,
nongovernment sources
Potential funding for seagrass restoration would come primarily from future appropriations
from NOAA, the U.S. Environmental Protection Agency, U.S. Coast Guard, USACE, and the
U.S. Fish and Wildlife Service.
Federal funding appropriated in the February 2018 supplemental appropriation available for
coral restoration includes such potential sources as the FEMA Disaster Relief Fund
($23.5 billion) and Hazard Mitigation Grant Program and the USACE’s investigation fund
($135 million) and construction fund ($15 billion). Additional potential funding mechanisms to
address coral restoration include future appropriations to FEMA, USACE, and NOAA.
Potential Implementers
National Oceanic and Atmospheric Administration, Department of Natural and
Environmental Resources
Likely Precursors
•

Implement NCR 25, Blue Shore Workforce Development, for labor costs. If NCR 25 is
not implemented, the total cost estimate for seagrass and coral restoration would increase
by roughly $22 million over 8 years.
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NCR 16
Wetlands Restoration
Note: It is recommended that coral reefs and seagrasses, beaches and dunes, and wetlands be
restored in tandem. Although each of these systems is technically a separate ecosystem, the
benefits for coastal protection, biodiversity and commercial fishing, and recreation are all
increased if all three systems are healthy and functional. When considering coastal protection,
for example, one sees that wetlands provide water-filtration services, which help keep corals and
seagrasses healthy; healthy corals and seagrasses are larger and denser and provide more wave
attenuation, thus protecting wetlands from storm damage. Tourism is improved if tourists can
expect to enjoy intact beaches, wildlife on live reefs and seagrass beds, and healthy
bioluminescent wetlands all on the same trip. These three systems work in symbiosis, and many
benefits are multiplied if these three systems are restored simultaneously.
Sectors Impacted
Economic, Education, Energy, Housing, Municipalities, Natural and Cultural Resources,
Water
Issue/Problem Being Solved
During hurricanes, forested wetlands are exposed to high sustained winds and wind gusts
causing extensive foliage loss, tissue damage, and abrasion (from high-speed water and soil
particles over exposed tissue) and changed hydrology from flooding. These exposures can lead to
catastrophic declines in vital processes, such as photosynthesis, nutrient transport, and gas
exchange. Combined with prestorm hydrological modifications resulting from land use,
hurricanes can lead to significant loss of trees and changes in vegetative structure.
Puerto Rico’s coastal wetlands suffered detrimental effects from high winds and flooding
during and after the hurricane events and no longer function as effectively as they could under
nondamaged conditions. Hurricane Maria caused significant effects on all four classes of
wetlands, but the effects were most severe for forested wetlands. Most hurricane effects were due
to increases in stress, examples of which include vegetation destruction; excessive vegetative
debris accumulation; substrate alteration; and modified hydrology. Wetland condition remained
significantly affected after seven months of recovery time.
Fives sites received detailed damage assessments, with prioritization being based on expert
input and these sites’ importance for economic activity and infrastructure assets. Isabela is where
Hurricane Maria exited from the main island. Cucharillas and Piñones are near the main island’s
largest urban and industrial center. Punta Santiago and Punta Tuna are near Humacao and where
Hurricane Maria made landfall. Three other locations, valuable for tourism and education, were
identified for restoration, but time constraints precluded a more detailed assessment and
corresponding COA development—Pterocarpus forests in Dorado Beach, Punta Viento (in
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Dorado), and Palmas del Mar (in Humacao). A final site recommended for restoration is the
Martín Peña Restoration Project, which was identified as a priority in the Build Back Better
report (Governor of Puerto Rico, 2017).
•

•

•

•

Punta Tuna: Hurricane Maria devastated the entire mangrove and forested wetland.
Although wind damage likely affected trees, it was prolonged high floodwaters that
ultimately killed most of the forest. This flooding also killed any existing seeds and
seedlings. This loss means an absence of mangrove habitat for fish and wildlife, a
decrease in the ecological value of the natural reserve, and a decrease in the sediment
uptake releasing it to the sea and reef. No living vegetative standing or natural
recruitment was observed. An extensive planting and reforestation plan is needed for
vegetation reestablishment. Additionally, natural hydrology should be restored.
Punta Viento: Mangrove and Pterocarpus forest were dramatically and severely affected,
promoting ground exposure to new species that could compete to colonize the area and
preventing the mangrove and Pterocarpus trees from regenerating. Pterocarpus
ecosystems are a critical habitat because of the limited cover of this type of wetland in
Puerto Rico.
Dorado Beach and Palmas del Mar: Hurricane Maria drastically affected Pterocarpus
forest, promoting ground exposure to new species that could outcompete Pterocarpus to
colonize the area. Puerto Rico’s Department of Natural and Environmental Resources
(Departamento de Recursos Naturales y Ambientales, or DRNA) has designated
Pterocarpus forest ecosystems as critical habitat because there is limited cover of this
type of wetland in Puerto Rico. These are relatively small sites that are easily accessible
and used as living classrooms to educate residents and tourists about wetlands.
Jobos, Isabela: Hurricane Maria harshly affected the mangrove forests. There is limited
regeneration of the forest (no living vegetation or natural recruitment). This translates to
habitat loss and effects on the landscape aesthetics in this important tourist area.

Description
This course of action (COA) would restore the capacity, resilience, and ecological functions
and services of Puerto Rico’s coastal wetlands that absorb and attenuate storm effects while
protecting coastal communities’ infrastructure, agriculture, and habitats; provide aquifer
recharge, filtration, and sediment and erosion control; and protect coasts from storm surge and
wave energy.
Each wetland would have site-specific activities that would include a combination of
revegetation, passive monitoring, and hydrology restoration, depending on the extent and cause
of damage. Excess mortality caused by chronic hydrology changes would require extensive
repairs to geomorphology in order to restore sustainable conditions, as well as parallel restoration
of woody vegetation through planting. In contrast, sites in which relatively minor wind damage
was the primary problem would require only constant monitoring to ensure that natural recovery
progresses satisfactorily. At the basic level, the COA would establish previous coastal wetland
hydrology, habitat coverage, and overall wetland functions to prestorm conditions. At the
extended level, it would remove anthropogenically induced changes and ensure that the restored
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wetlands are resilient in an effort to return select wetlands’ hydrology to a more natural state that
would require little or no hydrology management. This will require an ongoing wetland
monitoring program. Monitoring at all sites should measure density, diversity, and area covered
by wetland vegetation. Cumulative effects of anthropogenic actions (built ditches, swales,
drainage channels, pump stations, and other hydrological modifications) have caused inadequate
and management-dependent conditions in some wetland areas, lowering these systems’ ability to
recover from storm shocks.
Five sites in Puerto Rico—Isabela, Punta Tuna, Cucharillas, Piñones, and Punta Santiago—
were chosen for their potential to reduce threats to lives and livelihoods, public infrastructure,
human health, and tourism and based on results from a rapid assessment of a large number of
wetland areas completed after the hurricane. Input from local experts from the DRNA, the U.S.
Army Corps of Engineers, and the University of Puerto Rico was also considered. Specific
restorative actions have been identified for the 5 sites listed above. Five additional sites were not
assessed at the same level of detail but were also identified for restoration work for a total of
10 sites. including the Martín Peña Restoration Project, which Build Back Better identified as a
priority (Governor of Puerto Rico, 2017). Additional sites for consideration include Fajardo and
Pterocarpus forests in Dorado Beach, Punta Viento in Patillas, and Palmas del Mar in Humacao.
Pterocarpus ecosystems in particular are DRNA-designated critical habitat because there is
limited cover of this type of wetland in Puerto Rico.
The specific investments and actions for each site would vary depending on the extent and
cause of damage. For those sites with extensive mortality caused by chronic hydrology changes,
extensive repairs to geomorphology would be required in order to restore sustainable conditions
in addition to concurrent restoration of woody vegetation through planting. Sites in which
relatively minor wind damage was the primary problem require only constant monitoring to
ensure that natural recovery progresses satisfactorily.
Activities considered in this COA include the following:
•
•
•
•
•
•
•

Perform a more extensive Puerto Rico–wide assessment of wetland conditions over
5 years.
Develop a DRNA-level plan for wetland restoration.
Begin with the priority areas suggested here and identify wetlands that provide ecosystem
services to critical places, such as urban areas, important infrastructure, and ecologically
valuable locations.
Consider the additional priority sites.
Develop site-specific management plans based on the post-Maria damage assessments
and suggested actions.
Implement plans for revegetation and hydrology improvements as necessary.
Implement NCR 25, Blue Shore Workforce Development, which could lower labor costs.

239

Potential Benefits
The damage sustained by wetlands in Puerto Rico, particularly the coastal sites, illustrates the
capacity of these wetlands to absorb storm effects, protecting coastal communities and habitats.
With climate change, extreme weather events, such as storms, flooding, and heat waves, are
expected to increase in frequency, and the presence of wetlands can increase climate resilience
by buffering communities from these effects. In the short term, benefits are rehabilitation of
natural processes and wetland functions. Long-term benefits include habitat recovery and
structural function of wetlands as interface between the land and aquatic ecosystems. Wetland
functions include
•
•
•
•
•

wave energy mitigation: protection from coastal storm surge
sediment trapping: avoiding damage to coral reefs
wildlife habitat, pollinators, and fisheries: feeding and nursing
water filtration: water supply
floodwater absorption: community flood protection.

Wetlands contribute to economic value in direct profits and revenue but also in cost
avoidance associated with response and recovery costs from future disasters; from improved
water quality, and health benefits; and from prevention of flood and swell damage to public and
private infrastructure, including power generation or distribution:
•
•

During Hurricane Sandy, wetlands reduced damage from flooding by an estimated
$625 million (Narayan et al., 2017).
Wetlands are the most productive biome in the world, providing such services as flood
protection and water-quality improvements estimated at a value of $201,598 per hectare,
in 2009 international dollars (Li and Fang, 2014).

Potential Spillover Impacts to Other Sectors
•
•
•
•
•

Economic: This COA serves recreation by protecting beaches, reefs, aesthetic value for
tourism, infrastructure from flood damage, and agricultural lands (buffer).
Education: The COA would provide the venue for education for the government, the
public and private sectors, and communities and schools on the ecosystem services that
wetlands provide that benefit quality of life and the economy.
Entrepreneurship business: The COA would provide recreational areas where
microenterprises can be developed within the ecotourism concept.
Housing: The COA would reduce flooding and improve water quality, thus maintaining
quality of life and house prices. Wetland restoration should be coordinated with other
land-use activities, such as stormwater management and port construction.
Municipalities: Representatives from the municipal sector need to participate in planning
and land-use policies, regulations, and implementation because they are important actors
in the decisionmaking and implementation process and the local integrated services. The
COA would also reduce flooding conditions in coastal areas and recovery and
maintenance costs of public roads and infrastructure and improve health and water
quality and local integrated services.
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•
•
•
•
•

Natural resources: This COA would provide wildlife habitat area for feeding and
reproduction, maintaining biodiversity and nesting areas for critically endangered
species.
Ocean economy: The COA would improve habitat and breeding grounds for species of
economic importance and protect coastal infrastructure.
Power: The COA would protect power generation and distribution sites at several coastal
locations (e.g., Aguirre/Guayama and AES/Guayama).
Transportation: By preventing flood effects and erosion, this COA would reduce
maintenance costs.
Water: This COA would facilitate groundwater recharge; filtration of contamination,
such as sewage and heavy metals; and increased water quality. Flood-control pumps
could negatively affect the wetland hydrology if they are not properly managed.
Activities would need to coordinate stormwater, flood-control, and wetland policies
because they interconnect; the water sector manages sewage discharge to wetlands.

Potential Costs
Potential up-front costs: $24.8 million–$31.4 million in estimated up-front costs over 5 years
Potential recurring costs: —
Potential total costs: $24.8 million–$31.4 million in total estimated costs
Note: These costs would be reduced if NCR 25, Blue Shore Workforce Development, is
funded and used to provide labor.
A breakdown of the cost estimate is as follows:
•
•
•
•

Puerto Rico–wide assessment—$1.5 million ($300,000 ´ 5 sites)
overall planning—$200,000 for DRNA-level plan
public policy development and enforcement
restoration and monitoring for all sites—between $23.1 million and $29.7 million

•

Martín Peña was estimated using these factors:
- site-specific assessments and management plans—$50,000–$75,000 per site
- typical site restoration—$185,250–$247,000 per hectare.

Table C.8 provides a detailed breakdown of costs identified for this COA.
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Table C.8. Wetland Restoration Cost Estimate Detail
Vegetation Rehabilitation Cost, in
Thousands of Dollars

Site Totals, in Thousands of
Dollars

Passive
Monitoring

Hydrology
Rehabilitation

Hectares

Best Estimate

Low

High

Best
Estimate

Low

High

Isabela

20

350

20

4,500

3,705

4,940

4,870

4,075

5,310

Punta Tuna

20

350

20

4,500

3,705

4,940

4,870

4,075

5,310

Ciénaga las
Cucharillas

20

1,000

10

2,250

1,183

2,470

3,270

2,873

3,490

Punta Santiago

20

2a

50

50

50

70

70

70

Piñones

20

2a

50

50

50

70

70

70

Subtotal

100

11,350

9,363

12,450

13,150

11,163

14,250

2,630

2,233

2,850

Punta Viento in
Patilla

2,630

2,233

2,850

Palmas del Mar in
Humacao

2,630

2,233

2,850

Dorado

2,630

2,233

2,850

2,630

2,233

2,850

Site
Initial priorities: studied in
detail

1,700

Cost per site

2,270

Additional priorities

Fajardo
Martín Peña

a

16

3,644

Total
NOTE: Numbers might not add because of rounding.
a
Estimated.
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3,000

4,000

3,644

3,000

4,000

9,363

12,450

27,314

23,093

29,650

Potential Funding Mechanisms
Community Development Block Grant–Disaster Recovery, Hazard Mitigation Grant
Program, National Oceanic and Atmospheric Administration, U.S. Department of Agriculture,
U.S. Department of the Interior (U.S. Fish and Wildlife Service), U.S. Environmental Protection
Agency, nongovernment sources
Potential Implementers
U.S. Army Corp of Engineers, Department of Natural and Environmental Resources,
Environmental Quality Board
Potential Pitfalls
Potential pitfalls include a mismatch with funding sources and the possibility that private
landowners might not want wetlands restored if doing so would mean that they cannot use the
land as they wish.
Likely Precursors
•
•
•

Review previous wetland policies and plans for potential actions.
Coordinate and provide incentives for private owners of wetlands.
Assess the value of wetlands in the protection of life and infrastructure.
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NCR 17
Reduce Coastal Erosion and Provide Disaster Protection Through
Beaches and Dunes
Note: It is recommended that coral reefs and seagrasses, beaches and dunes, and wetlands be
restored in tandem. Although each of these systems is technically a separate ecosystem, the
benefits for coastal protection, biodiversity and commercial fishing, and recreation are all
increased if all three systems are healthy and functional. When considering coastal protection,
for example, wetlands provide water-filtration services, which help keep corals and seagrasses
healthy; healthy corals and seagrasses are larger and denser and provide more wave attenuation,
thus protecting wetlands from storm damage. Tourism is improved if tourists can expect to enjoy
intact beaches, wildlife on live reefs and seagrass beds, and healthy bioluminescent wetlands all
on the same trip. These three systems work in symbiosis, and there are many benefits that are
multiplied if these three systems are restored simultaneously.
Beach and dune systems are interrelated and should be restored in tandem; however, the
restoration processes are different. Therefore, the justifications for dune restorations in this
course of action (COA) appear first, and justifications for beach restoration and coastal erosion
mitigation appear second.
Dunes
Sectors Impacted (Dunes)
Community Planning and Capacity Building, Economic, Health and Social Services,
Housing, Municipalities, Natural and Cultural Resources, Public Buildings, Transportation
Issue/Problem Being Solved (Dunes)
Before the 2017 storm season, coastal dunes were already weakened by illegal sand
harvesting, foot and vehicle traffic, and coastal development. Dunes act as a natural barrier to
protect the inland from coastal erosion and flooding caused by storm swells, but, because of
degradation, they were less effective than usual during the 2017 storm season. The 2017 and
2018 storms further damaged this ecosystem; to recover this coastal barrier, sand dune
restoration must take place, together with the development of a long-term sand management
plan.
Description (Dunes)
This COA, which focuses on ecological restoration, monitoring, and maintenance of sand
dunes on the north coast of Puerto Rico, includes the following activities:
•
•

dune restoration
installation of biomimicry sand accretion systems and exclusion fencing
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•
•
•
•
•

•
•
•

planting of dune vegetation to enhance dune strength and avoid sand movement due to
weather events (e.g., strong winds and waves)
installation of wooden boardwalks to allow access to the beach and coast without
affecting the dune
installation of information signs
maintenance of boardwalks
development of municipal sand management plans and programs that include the
implementation of sand relocation programs to manage displaced sand; these would
enhance the Puerto Rico–wide sediment management plan being funded via supplemental
U.S. Army Corps of Engineers (USACE) funds
development and implementation of an efficient law enforcement action plan (the
Department of Natural and Environmental Resources and the U.S. Fish and Wildlife
Service) to reduce illegal sand extraction
development and implementation of an outreach and environmental education program to
increase community involvement and buy-in
increase in the permitting process for dunes and beach restoration so that it is clearly
identified and consistently applied.

The time frame to see benefits is expected to be at least 24 months for short-term benefits
and 5 years for long term.
In the short term, this COA could help prevent coastal flooding and start the development of
cohesive sand management plans for the municipalities affected. Dunes take time to reestablish
(1 m per year under the best conditions). Benefits would increase over the long term.
Table C.9 shows the specific restoration actions proposed for each location.
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Table C.9. Recommended Restorative Actions for Each Dune Site
Restoration Action
Boardwalk or
Wooden
Walkways

Vegetation
Planting

Fencing or
Barriers

Relocate
Displaced
Sand

Law
Enforcement

Biomimicry

Educational
Signs

Barrio Bajuras (Pedro
Albizu Campos Street)

x

x

x

x

x

x

x

Barrio Bajuras (Monte
de Oca Street)

x

x

x

x

x

x

x

Golondrinas Beach

x

x

x

x

x

x

x

Haudimar Beach

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Location
Isabela

Site

Western part of Secret
Spot Beach
Eastern part of Secret
Spot Beach

x

x

x

Middles Beach

x

x

x

Breach in Middles
Beach

x

x

x

x

x

East of Middles Beach

x

x

x

x

x

Poza de Teodoro

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Shore Island

x

x

Pozo Brujo

x

x

Villa Pesquera

x

x

x

x

x

x

Finca Nolla Nature
Reserve

x

x

x

x

x

x

x

Hatillo

Urbanización Costa
Norte

x

x

x

x

x

x

x

Arecibo

Jarealito

x

x

Maranto

x

x

x

x

x

x

Road PR-187

x

x

x

x

x

x

Camuy

Loíza

x
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x
x

Restoration Action
Boardwalk or
Wooden
Walkways

Vegetation
Planting

Fencing or
Barriers

Poza de las Mujeres

x

x

x

Mar Chiquita

x

x

x

El Caracol

x

x

El Único

x

Location
Manatí
Dorado

Site

Luquillo

Northeast Ecological
Corridor

San Juan

Ocean Parka

TBD

Relocate
Displaced
Sand

Law
Enforcement

Biomimicry

Educational
Signs

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

TBD

TBD

TBD

x
TBD

TBD

TBD

Total
18
23
22
21
20
23
8
SOURCE: Mayer et al., 2018.
NOTE: TBD = to be determined.
a
A formal assessment has not been carried out for Ocean Park because of the timeline of the development of the COAs. However, National Oceanic and
Atmospheric Administration Office for Coastal Management and Puerto Rico’s Department of Natural and Environmental Resources have documented the erosion
of the dunes, which is affecting the stormwater pump stations because sand is being washed inland into water drains.
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The goals of the COA are as follows:
•
•
•
•
•
•

Reduce foot traffic on sensitive parts of dunes in the targeted municipalities of San Juan,
Isabela, Camuy, Hatillo, Arecibo, Manatí, Vega Baja, Dorado, and Loíza by at least 50%
by 2020.
Decrease the incidence of illegal sand extraction by at least 60% in hot spots of this
activity along the sensitive parts of dunes in the targeted municipalities by 2020.
Increase the vegetative cover of restored coastal dunes in the targeted municipalities by at
least 40% by 2020.
Increase the volume of dunes using sand barriers and biomimicry matrices in areas of the
dunes being restored by at least 0.80% per dune per week in exposed areas and 0.2% per
dune per week in sheltered areas of the targeted municipalities by May 2020.
Increase community involvement and buy-in for beach and dune restoration and to help
with maintenance efforts in at least 1 community per each of the targeted municipalities
by 2020.
Relocate at least half of the total amount of sand that has accumulated in the areas of sand
dunes (outside the beach) affected by the recent storm and swell events.

The USACE regional sediment management study could identify additional priority sites, as
well as potential actions, such as developing community or municipal guidelines or best practices
for dealing with sand movement resulting from storm events.
Potential Benefits (Dunes)
Implementing the COA would provide storm protection, habitat, and beach access to
residents and tourists.
Potential Spillover Impacts to Other Sectors (Dunes)
In addition to the sectors listed earlier in this COA, the following sectors could be affected:
Tourism (e.g., surfing), Public Buildings, and Infrastructure. It can also be expected that sea
turtles (a federally protected species) would benefit from habitat restoration, as well as a
reduction in light pollution.
Potential Costs (Dunes)
For dune restoration, the up-front cost estimate for on-the-ground ecological restoration
activities ranges from $2.1 million to $4 million, along with an estimate for management
planning ranging from $540,000 to $900,000 (for nine municipalities) and an estimate for
environmental education component for $100,000. Minimal funding would be required for longterm maintenance and repairs.
Note: Labor costs would be lowered if NCR 25, Blue Shore Workforce Development, is
implemented.
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Potential Pitfalls (Dunes)
Law enforcement is not sufficient to prevent illegal sand extraction and illegal all-terrain
vehicle traffic. Rangers can lack understanding and education of restoration actions and could
impede efforts by requiring special permits. Current efforts have limited staff and vehicles.
Likely Precursors (Dunes)
•

Clean up storm debris, such as marine debris, broken tree branches, and sand fencing.

Coastal Erosion
Sectors Impacted (Coastal Erosion)
Infrastructure, Economic, Municipalities, Public Buildings
Issue/Problem Being Solved (Coastal Erosion)
Hurricane Maria reduced beach width and elevation in the majority of beaches in Puerto
Rico, significantly increasing coastal flooding risks and affecting recreation.
Description (Coastal Erosion)
This COA would restore the beaches and coastal dunes of Puerto Rico so that they are stable,
resilient to storms and sea-level rise, and protective of human life, property, and critical
infrastructure in coastal areas. It would support biodiversity and such activities as tourism and
recreation and would help improve the livelihoods of coastal communities in the 44 coastal
municipalities of Puerto Rico.
•

poststorm beach assessment
- Map and quantify pre- (March 2017) and posthurricane (September 2017) shoreline
changes, by municipality level, for all of Puerto Rico.
- Identify beaches with high and severe erosion, by municipality level, based on the
assessment.
- Identify and select the 8 coastal sites that would be appropriate for restoration.
- Identify the location of sediment displaced by the storm in the selected coastal sites; if
appropriate, plan to relocate sediment. This action targets specifically places where
roads were cleared of sand poststorm and the sand was removed to the landside rather
than the beach side of the road. This does not refer to large-scale renourishment
efforts.
- Assess benthic conditions (natural barriers) after storm in the selected sites.
- Communicate assessment results with local governments.
- Conduct regional sediment management studies to prioritize beach restoration efforts.
Note: The USACE is expected to perform a long-term sediment flow assessment
within the next 5 years.
- Monitor coastline for postrestoration changes.
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•

coastal planning and policy
- Insert the information of the poststorm condition of the beach in the plan de
ordenación municipal for use as a planning indicator.
- Delineate and inform administrative protocols to deal with beaches in critical erosion
(federal, state, and municipality levels).
- Design custom-made planning and recovery coastal intervention for beaches with
major sediment losses, based on study findings (short and long term).
- Recommend bills (both state and municipality levels) that create strategies that
contribute to reduced beach erosion, increase beach protection, and execute coastal
adaptation and resilience.
- Include community members in the local coastal planning and decisionmaking
processes.

•

beach width and elevation restoration

- Enhance natural coastal barriers (dunes, coral reefs, seagrass beds, and beach rock)
where appropriate.
- Recover the sand loss resulting from moves during storm events.
- Remove coastal debris.
- Evaluate the relocation of the infrastructure identified in high-risk coastal flooding
areas. The evaluation would be conducted by a group that includes community
members and municipality and state parties.
Time scale: within the next 3–5 years.
Potential Benefits (Coastal Erosion)
Benefits of completing this COA include increased beach area for recreation, tourism draw,
and storm protection, as well as habitat creation and protection for beach and coastal species,
including sea turtles.
Potential Spillover Impacts to Other Sectors (Coastal Erosion)
Beach conservation and restoration would reduce future storm effects, which would support
infrastructure and the local economy. The tourism and recreation associated with healthy beaches
would improve coastal community livelihoods and economic opportunities.
Potential Costs (Coastal Erosion)
Debris removal and disposal would take up to two years—$75 million. This is an estimate
using the amount of coast that is desired to be restored using previous work in Road 187, which
was carried out with the USACE.
Regional sediment budget study has been funded up to $3 million and would be performed
by the USACE.
Note: Labor costs would be lowered if NCR 25, Blue Shore Workforce Development, is
implemented
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Potential Pitfalls (Coastal Erosion)
Beaches are dynamic systems with natural waxing and waning cycles. Restoration efforts
should focus on those beaches in accretion cycles or efforts, and money could be wasted on
inappropriate restoration.
Inappropriate restoration projects would “steal” sand from neighboring areas, which could
cause unintended damage.
Future storms could erode restoration efforts.
Likely Precursors (Coastal Erosion)
•
•
•

Conduct sedimentation studies before restoration plans begin because, when sand
accretes in one area, it is generally eroding from a nearby area.
Perform beach restoration in conjunction with coral reef and seagrass restoration projects
because reefs and seagrasses provide at-sea wave attenuation and would minimize wave
energy that causes erosion.
Create policy in the following areas:
- coastal construction zones: Give careful consideration to future storm damage and
sea-level rise before coastal development is approved.
- buy-outs to preserve and restore lands and ensure tsunami evacuation zones:
Develop policies to establish development rights for land lots and houses that have
been completely destroyed. Enable appropriate entities to demolish structures and
develop into open spaces.
- private property debris removal.

Potential Costs (Total: Dunes and Coastal Erosion)
Potential up-front costs: $80 million–$82 million in estimated costs (8 years)
Potential recurring costs: —
Potential total costs: $80 million–$82 million in estimated costs
Potential Funding Mechanisms
Community Development Block Grant–Disaster Recovery, Hazard Mitigation Grant
Program, National Oceanic and Atmospheric Administration, U.S. Army Corps of Engineers,
U.S. Department of the Interior
Programs of particular interest to dune restoration include the Federal Emergency
Management Agency’s Hazard Mitigation Grant Program, the U.S. Department of the Interior’s
U.S. Fish and Wildlife Service Coastal Program, the National Oceanic and Atmospheric
Administration’s Coastal Resilience Grants, and the Department of Natural and Environmental
Resources’ Coastal Zone Management cooperative agreement with the National Oceanic and
Atmospheric Administration’s Office for Coastal Management. The National Fish and Wildlife
Foundation is also a potential source of funding for dune restoration.
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Potential Implementers
U.S. Army Corps of Engineers, Department of Natural and Environmental Resources,
municipal governments
In addition to the implementers listed in the recovery plan, potential implementers that could
be considered to assist with dune restoration include nongovernmental organizations operating
along the coast, local community volunteers and schools, and social media outlets.
Implementation could be supported by the National Oceanic and Atmospheric Administration’s
Office for Coastal Management and strategic communications for outreach and educational
purposes from the Federal Emergency Management Agency.
Reference
Mayer, Robert J., Erik J. Soto-Calvente, Heriberto Martir-Vargas, Alvin G. Rodríguez-Sosa,
Sheila M. Bonet-Muñiz, Nichole A. Cabañas-Ramos, and Robert B. Mayer, Coastal Dune
and Erosion Assessment of the North Coast of Puerto Rico: Final Report DOI–FEMA
Natural and Cultural Resources Recovery Support Function (NCR RSF), Centro de
Conservación y Restauración Ecológica Costera, Universidad de Puerto Rico en Aguadilla,
Vida Marina, c. September 2018. As of August 9, 2019:
http://drna.pr.gov/wp-content/uploads/2018/09/Coastal-Dune-and-Erosion-Assessment-ofthe-North-Coast-of-Puerto-Rico.pdf
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NCR 18
Establish the San Juan Barrier Reef System as a Marine Protected
Area
Sectors Impacted
Economic, Health and Social Services, Housing, Natural and Cultural Resources
Issue/Problem Being Solved
Hurricane Maria damaged the San Juan barrier reef, which provides coastal protection in the
highest–population density area in Puerto Rico and is of high tourism value. Without
intervention, it would not recover quickly, reducing its protective and economic functions and
stressing the biodiversity of the reef system.
Description
This course of action (COA) would declare the San Juan barrier reef a Puerto Rico marine
protected area (MPA), restrict fishing to support sustainable commercial and recreational
fisheries, and provide other protections to the restoration investment and the reef system’s longterm health and resilience.
Potential Benefits
This COA would provide long-term protection of high-value infrastructure, tourism sites, and
housing in San Juan; health benefits to the community through reduced flooding; and
opportunities for ecotourism. It would also protect beach assets.
Potential Spillover Impacts to Other Sectors
•
•
•

Capacity Building (local community involvement in protecting health and housing)
Economic (protect resources valuable for tourism)
Housing and Infrastructure (coastal storm protection provided by reef systems).

Potential Costs
Potential costs: $500,000–$1 million in estimated up-front costs
Potential costs: —
Potential costs: $500,000–$1 million in total estimated costs
Start-up costs are estimated at $500,000 to $1 million, including equipment (marker buoys,
signage), the management plan, education and outreach, and management staff.
Potential Funding Mechanisms
National Oceanic and Atmospheric Administration, U.S. Department of the Interior,
government of Puerto Rico, nongovernment sources, public–private partnerships
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Potential Implementers
National Oceanic and Atmospheric Administration, Department of Natural and
Environmental Resources
Potential Pitfalls
This COA could suffer from weak enforcement and management due to unstable funding.
Depending on the degree of protection and restrictions, some or many of the social and economic
benefits could be reduced.
The best and most-successful MPAs are those that have been developed with holistic and
effective community and stakeholder participation, so this MPA should be developed with a
clear and transparent focus on community and stakeholder input.
Likely Precursors
•
•

Make research available.
Obtain community and stakeholder buy-in.
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NCR 20
Redesign, Reorganize, and Rebuild Puerto Rican Parks
Sectors Impacted
Economic, Community Planning and Capability Building, Health and Social Services,
Municipalities, Natural and Cultural Resources, Public Buildings, Transportation, Water
Issue/Problem Being Solved
The parks and park-managing entities of Puerto Rico need rebuilding, replanning, and
reorganizing to serve the needs of the community.125 In a narrow sense, parks sustained
significant damage during the hurricanes, and repairs are necessary to restore them to full
functional condition. However, in a broader sense, parks in Puerto Rico were especially
vulnerable to extreme weather conditions because of a confluence of physical and organizational
misalignments, including not addressing changing community needs; missed opportunities in
greenway connectivity; and suboptimal in organizational factors, such as operations,
maintenance, and governance. These vulnerabilities led to deferred maintenance, financial
weakness made worse by inefficient spending of scarce resources, and impaired disaster
response:
•

•

park damage: Puerto Rico has experienced more than a decade of economic difficulties,
constraining the resources available for parks. As a result, many sites were already at the
ends of their life cycles or had accrued deferred maintenance. Hurricanes Irma and Maria
exposed Puerto Rican parks to high-speed winds, floods, and flying-debris effects. After
the storms, disruption of public services left parks vulnerable to vandalism and looting.
This combination of neglect and extreme weather resulted in substantial damage to parks.
More than 70% of parks experienced at least some damage, and nearly 20% experienced
severe or near-complete damage. The severity of the damage corresponded to proximity
to the path of the hurricanes. In the eastern part of the main island, about a third of sites
experienced severe or near-complete damage; less than 10% of sites in the western
portion did.
misalignment with community needs: The population of Puerto Rico has experienced
significant out-migration in recent decades and has been aging over time. Hurricanes
Irma and Maria intensified out-migration and could also have accelerated the aging trend
in that younger people are more prone than their elders to emigrate. Although information
on all of Puerto Rico’s urban parks is currently limited, it appears likely that the
distribution of urban parks does not strongly correlate with the distribution of people. For
example, only about 30% of the population lives within a mile of a park. Moreover, there
are signs that urban park facilities are not well poised to meet the needs of an aging
population. For example, nearly 80% of Department of Sports and Recreation parks have
basketball courts, and half have playgrounds. Such facilities are well suited to meet the

125

In this COA, we use parks as shorthand for “parks and other recreational sites.” It includes urban parks, national
parks, state forests, community sporting facilities, and other similar sites.
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•

•

needs of a young population. However, less than a tenth have facilities more aligned with
the needs of an older population, such as walking tracks or pools.
missed opportunities in park connectivity: Greenways, or linear parks, are typically
long, narrow, protected corridors that connect two or more parks. They play an important
role in meeting community needs, mitigating extreme weather, improving park usage,
and enhancing the effectiveness of parks as wildlife habitat. Puerto Rico has more than
400 parks but fewer than ten greenways. Without additional simulation analysis,
determining the potential impact of a more elaborate greenway system is difficult.
However, the lack of greenways is likely a missed opportunity within the park system.
misalignment of operations, maintenance, and governance: Organizational factors
influence the resilience and effectiveness of Puerto Rico’s parks as much as physical
factors do. At least three organizational factors negatively affect park resilience. First,
Puerto Rico has experienced significant, extended economic recession, culminating in a
public debt crisis. Parks have experienced shortages in staff, diminished resources for
carrying out maintenance, and shrinking capability to reinvest in new assets. Second, the
ownership structure of park assets is complex. Multiple commonwealth entities, private
nonprofits, and municipal entities own park assets that vary from urban parks to nature
reserves, and the entity that manages a particular asset is sometimes not the entity that
owns it. Although local managers likely have a better sense of the assets under their
domains than other entities have, information on the location, ownership, and condition
of assets is not widely and easily available. Third, there could be a lack of documented
planning for asset replacement, land acquisition, or portfolio management, especially in
terms of systematic, cross-entity cooperation.

Description
This course of action (COA) reenvisions and rebuilds Puerto Rican parks and park-managing
entities. Key to this effort would be going beyond a narrow assessment of damage incurred,
toward function-driven assessments of how parks and managing entities could be more efficient.
Enhanced efficiency would be crucial to enabling parks to be more resilient to extreme weather
effects, especially given pressing resource shortfalls. The new assessments would examine
community needs, green-infrastructure potential, and park governance. Once these assessments
are made, the parks and the entities that manage parks could be rebuilt to be highly resilient.
Damage assessments of Puerto Rican parks have been conducted. However, building a more
resilient, efficient, and well-planned park system requires four additional assessments:
•

In assessment I, analysts would assess community needs for parks through community
engagement, geographic information system analysis, and census analysis. This would
ensure that scarce resources would not be wasted rebuilding facilities that no longer serve
community needs and would thereby increase the amount of community benefit per cost.
New facilities might be needed to provide more low-impact options for the elderly and
accessible options for the differently abled. New sites might be needed to ensure that all
communities have access to park space. However, these costs would likely be offset as
underutilized sites that have reached the ends of their life cycles are converted to lowermaintenance open-space recreation or nature trails. As part of the assessment,
opportunities for community gardens could be evaluated, as could opportunities to
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•

•

•

improve public health through park design. Additional topics for such assessments might
be lighting, lines of sight, security, and pedestrian access. These low-cost factors could
improve the park experience for residents, encouraging them to use existing parks, and
thereby improve the benefits per cost. Greenways (assessment III) would likely be
worthy of consideration in improving pedestrian access and low-impact exercise options.
Assessors should consider using the Parks, Trails, and Health Workbook as a tool in
structuring community need assessments (National Park Service [NPS] and Centers for
Disease Control and Prevention, 2015).
Assessment II, on green infrastructure, would involve assessing opportunities to
improve the park system’s capacity to provide biological solutions to urban technical
problems, including resilience to extreme weather events. Parks are well poised to serve
as infrastructure for absorbing stormwater, purifying polluted runoff, moderating urban
heat-island effects, and purifying polluted air. Moreover, they are much more costeffective than traditional “gray” infrastructure (engineered structures built of concrete,
steel, or other built materials). Greenways (assessment III) would likely be worthy of
consideration in channeling stormwater, purifying runoff, and enhancing parks’ ability to
provide these services.
Assessment III would mean assessing opportunities to build greenways between
existing parks, using available rights of way and natural waterways, and making low-cost
land acquisitions. Assessors would evaluate potential greenways for both community
need and green-infrastructure value. The greenway assessment would be geared primarily
toward creating connected local systems of parks but might also consider options for
creating a long-distance Puerto Rico trail network spanning the main island and whether
such a network could catalyze tourism revenue that could be used to improve the park
funding situation.
Assessment IV would focus on opportunities to improve park governance, operations,
planning, and maintenance. This might start with the creation of a database of park assets,
including ownership, facilities, staffing needs, disaster response plans, maintenance
plans, and life-cycle replacement plans. This data set would make applying for and
allocating Federal Emergency Management Agency Public Assistance significantly easier
after future extreme weather events. It could also be examined for opportunities to
achieve financial and governance efficiency. This could include (1) consolidating
adjacent assets under a single managing entity; (2) using systematic criteria to transfer
asset ownership to the entity best poised to manage sites of a particular type;
(3) facilitating long-term planning for end-of–life cycle replacement; (4) identifying
opportunities for public–private partnerships; (5) developing a broader vision for a true
park system developed according to a comprehensive Puerto Rico–wide plan; and
(6) considering options for increasing funding for parks and protected areas through, for
example, fees, concessions, donor circles, and foundation grants. Through this process,
assessments could prioritize options that might enable greater cost savings through
improved efficiency.

Reenvision and Rebuild

Assessments I through IV, combined with the damage assessments already conducted, could
provide a detailed understand of which assets should be restored to their previous state, which
should be reclaimed as low-cost natural area, and which should be replaced with more-relevant
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assets (of similar or lower cost). Significant opportunity also exists to execute a more
comprehensive vision for a Puerto Rican park system, viewed as a whole and planned to meet
Puerto Rico–wide objectives. Regardless, all rebuilt assets could be rebuilt to the standards of the
Florida Building Code’s High-Velocity Hurricane Zone standards or, if comparable, to newly
revised standards in Puerto Rico’s building codes. Using resilient, code-compliant design and
modern resilient materials, the same assets would likely incur significantly less damage in future
extreme weather events.
Potential Benefits
Park and other recreation sites serve many important, and often undervalued, services to
society. This includes reducing health care costs through the provision of active recreation,
reducing infrastructure burden through the provision of green infrastructure, averting damage
costs after extreme weather events through green infrastructure, and bolstering economic wellbeing through tourism and property value benefits. Research demonstrates that parks are
effective in providing these services and much more cost-efficient than the alternatives. This
COA would repair parks so they can carry out those services and would take various steps to
make the park system more effective at providing those services. These steps would be
particularly important to ensuring resilience to future extreme weather events. Among other
issues, the complex, underdocumented status of the park system and volume of deferred
maintenance weakened parks and created barriers to recovery effects.
Benefits of Parks: Improve Health Through Active Recreation

Parks provide a space for physical activity, and active recreation contributes to a
community’s physical and emotional well-being. Multiple studies have demonstrated that
physical activity is a highly cost-effective way to improve community health and lower health
costs (Nicholl, Coleman, and Brazier, 1994). Multiple studies have confirmed that proximity to
parks is associated with increased physical activity (Kaczynski and Henderson, 2007) and that
natural settings, such as parks, enhance some of the health benefits associated with exercise
(Pretty et al., 2005).
Benefits of Parks: Improve Storm Resilience Through Green Infrastructure

Parks are a major form of green infrastructure. Green infrastructure consists of natural spaces
in urban settings that provide biological solutions to technical problems, such as absorbing
rainwater, purifying runoff, moderating urban heat-island effects, purifying air (Sandström,
2002), resisting pests and invasive species, and maintaining pollinators crucial to urban
vegetation (Stolton et al., 2015). Research indicates that green infrastructure is as effective as its
gray-infrastructure counterparts and often more cost-effective (Jaffe, 2010). In addition, it is less
dependent on other infrastructure systems, such as the power grid, and therefore have a
significant resilience advantage during extreme weather events. Reengineered to work in tandem
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with gray infrastructure, green infrastructure reduces infrastructure burden during normal
operations and provides a robust backup infrastructure during outages.
Benefits of Parks: Provide Economic Benefit Though Area Attractiveness

Parks attract people, and this creates economic benefits for the areas containing them (Sherer,
2006). In residential areas, property values can increase by upwards of 20% in areas adjacent to
parks (Crompton, 2005), and this can increase homeowner wealth and local property tax revenue.
For commercial areas, park-like spaces attract businesses (Crompton, Love, and More, 1997) and
can bolster the local economy (Dean et al., 1978). Moreover, parks attract tourists and can
become signature tourist draws for cities (Sherer, 2006).
In addition to restoring the intrinsic community benefits of parks, this COA is specifically
geared toward enhancing park resilience of parks and parks’ ability to be a significant source of
resilience for the community.
Benefits of This Course of Action: Improve Park Resilience

Rebuilding damaged sites to the standards of the Florida Building Code section on HighVelocity Hurricane Zones (or comparable Puerto Rican codes) would already improve parks’
resilience, but only with organizational reform would parks be truly poised to recover quickly
after an extreme weather event. Much of the park system’s recovery difficulties can be traced
back to financial and organizational weaknesses within the organizational structure that manages
them. Realigning park assets to community needs would ensure that scarce resources are
allocated to the assets that matter and expensive, low-use assets are eliminated from the
portfolio. This would improve the resources available for life-cycle replacement and
maintenance. Governance reform would better position park managers to maintain assets and
catalyze quick response after future extreme weather events.
Benefits of This Course of Action: Improve Community Resilience

Parks as green infrastructure can provide significant extreme weather protection to
communities. A well-designed park system can absorb and channel stormwater, reducing the
burden on gray stormwater infrastructure. Because green infrastructure does not require
electricity and provides intrinsic water purification, it has noteworthy advantages as a highreliability component of stormwater systems. Parks can provide 2 other community resilience
benefits. First, the creation of greenways provides alternatives to motorized transportation, and
such active transportation can become an important alternative if roads and traffic lights become
unusable for an extended period of time. They can also relieve traffic congestion under normal
operating conditions (NPS, 2018b). Second, converting park space to community gardens can
improve community food security.
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Potential Spillover Impacts to Other Sectors
•
•
•
•
•

•

•

Community Planning and Capability Building: This COA is designed to make parks
more resilient to extreme weather and more capable in providing resilience to
communities.
Economic: Parks have significant potential to catalyze public–private partnerships. They
attract tourism, businesses, and customers to neighborhoods and increase home values.
Health and Social Services: Parks encourage and facilitate active recreation, which has
significant health benefits, and are far less expensive than the medical care required to
treat health conditions linked to a sedentary lifestyle.
Municipalities and Public Buildings: Governance reform could lower operating costs
and clarify ownership ambiguity.
Natural and Cultural Resources: Nature-centered parks provide protected habitat for
plants and animals. This strengthens biodiversity and purifies air. An urban park provides
event space that is accessible to the whole community. This enables community-level
cultural events.
Transportation: Park greenways provide alternatives to motorized travel and can
thereby relieve traffic congestion. Greenways that use existing rights of way and
waterways or have green overpasses can achieve these results without impeding the flow
of traffic.
Water: Parks serve as green infrastructure, alleviating some of the burden on gray
infrastructure for handling stormwater and purifying runoff. They provide these services
at a significantly lower operating cost than gray infrastructure and with less vulnerability
to electrical failure.

Potential Costs
Potential up-front costs: $335 million–$651 million in estimated up-front costs
Potential recurring costs: —
Potential total costs: $335 million–$651 million in total estimated costs
•

•

park assessments ($18 million): We assume that $2 million each would suffice to
engage experts to assess potential opportunities for reengineering park spaces to serve as
green infrastructure, connecting parks with multifunction greenways (linear parks) and
streamlining the organization, governance, operations, and ownership structure of parkmaintaining entities. This would total an estimated $6 million. We assume that
$12 million would be necessary for the community need assessment because of the need
to do extensive community engagement. This would total $18 million in additional
assessments.
park reconstruction (more than $300 million)—Until the redesign assessments are
complete, knowing how much park reconstruction would cost is impossible. Although
teams have assessed the costs of repair on most sites, the most-efficient use of funds
would involve delaying any nonemergency repairs until it is known which assets would
be carried forward and which would be replaced. If we assume that existing repair costs
are representative of all repair costs, restoring parks back to their former state would be
likely to cost around $317 million. If we assume that postredesign costs would be
proportional to repair costs at a rate of either 150% or 200%, reconstruction could cost
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between $475 million and $633 million. One could consider 150% consistent with
Hurricane Sandy figures, in which hazard mitigation added about 44% to reconstruction
spending. However, if we assume that the redesign would make strategic cuts at some
parks to channel funds toward those with higher redesign value, costs might be lower
than that would imply. See Table C.10.
Table C.10. Potential Cost of Park Redesign
Cost, in Dollars

Park Type

Approximate Number
of Parks

Department of Natural 20 state forests +
34 nature reserves +
and Environmental
5 wildlife refuges =
Resources
59 parks
National

18 national parks

Department of Sports 424 regional parks
and Recreation

Average
Repair
Estimate per
Park

Projected
Total Repair

Assuming
+50%
Redesign

Assuming
+100%
Redesign

2,708,627

159,808,993

239,713,490

319,617,986

981,886

17,673,948

26,510,922

35,347,896

327,790

138,982,960

208,474,440

277,965,920

Total
501 parks
316,465,901
474,698,852
632,931,802
NOTE: The national parks listed here are completely separate from the NPS system, despite the similar
nomenclature. For example, if Puerto Rico were a U.S. state instead of a territory, its national park system might be
called the Puerto Rico State Park system.

Potential Funding Mechanisms
Public Assistance, Hazard Mitigation Grant Program, Community Development Block
Grant–Disaster Recovery, U.S. Department of the Interior, U.S. Department of Transportation,
U.S. Environmental Protection Agency, nongovernment sources, private insurance, public–
private partnerships
Relevant programs could include
•
•
•
•
•

National Park Service programs, such as Rivers, Trails, and Conservation Assistance, the
Land and Water Conservation Fund, Urban Parks and Recreation Recovery, and Healthy
Parks, Healthy People
the U.S. Department of Transportation’s Transportation Alternatives Program and
Congestion Mitigation and Air Quality Improvement Program
U.S. Environmental Protection Agency efforts, such as the Clean Water State Revolving
Fund, the Urban Waters Small Grants Program, and the Section 319 Nonpoint Source
Program
nongovernment sources for fostering a culture of health, including active recreation and
nonmotorized transportation
public–private partnerships that offer exclusive rights to vendors to locate on-site in
exchange for upkeep of a park and its facilities.
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Potential Implementers
Department of Natural and Environmental Resources, Puerto Rico’s Department of Sports
and Recreation
Potential Pitfalls
The community value of parks is often underrecognized. Parks could be vulnerable to
austerity measures, given Puerto Rico’s current financial difficulties.
Likely Precursors
•
•

Complete assessments to ensure that futures are allocated toward a better-aligned park
system rather than rebuilding parks to their prior state.
Ensure adequate material and labor; shortages could delay repairs.
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NCR 21
Strategic Watershed, Landscape, and Conservation Corridor
Approaches
Sectors Impacted
Economic, Health and Social Services, Natural and Cultural Resources, Water
Issue/Problem Being Solved
Hurricane Maria decreased Puerto Rico–wide natural and agricultural ecosystem health by
significantly damaging agriculture lands, forests, watersheds, and coastal areas, causing habitat
loss and population declines for threatened and endangered (T&E) species and other flora and
fauna and exacerbating the effects of invasive species. Erosion and sedimentation from
landslides and stormwater runoff further contributed to declines and contamination in Puerto
Rico’s ecosystems. These effects lowered Puerto Rico’s food production and biodiversity,
degraded water and air quality, and decreased species richness and distribution in forests and
other natural areas, putting more species at risk of extinction. The effects also reduced
ecotourism, ecological services, water resources, and other economic productivity related to
forests, species, agriculture, wetlands, river systems, coastal areas, and other natural areas (such
as bird-watching tourism).
Description
This course of action (COA) would develop and implement strategies to restore Puerto
Rico’s forests, agricultural lands, rivers, wetlands, and coastal and watershed ecosystems and the
supported human health, infrastructure, and economy by focusing on strategic, adaptive land and
watershed management practices with an emphasis on creating and enhancing land and river
conservation corridors and watersheds and other strategic approaches for conservation and
ecosystem restoration, from a local to a watershed-wide and landscape scale.126 The COA would
also develop landscape-scale strategies for key ecosystems; forests; and indicator, umbrella, and
guild species and employ adaptive management for restoring forest, river, coastal, and other
natural habitats and the T&E species, other species of greatest conservation need (SGCNs), and
other flora and fauna.
To ensure the strategic development of conservation corridors and the protection of natural
areas and watersheds to help recover forest, coastal habitat, and species, the following actions are
proposed:
•

Ensure the protection of state forests, natural areas, and agricultural lands:

126

The Puerto Rico State Wildlife Action Plan stresses the need for the creation and enhancement of biological
corridors and other strategic landscape conservation approaches (DRNA, 2015, pp. 9–10, 14, 18).
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- Transfer to the Departamento de Recursos Naturales y Ambientales (DRNA, or
Department of Natural and Environmental Resources), at no cost, all the lands that
are managed as Puerto Rico forests, nature reserves, sanctuaries, wildlife reserves, or
any natural area and that belong to the Puerto Rico Industrial Development Company,
the Land Authority of Puerto Rico, the Puerto Rican Land Administration, or any
other government of Puerto Rico agency or corporation. Place permanent
conservation easements in perpetuity on each one of the parcels in these forests and
other natural-area lands. All these easements should be held by an independent
nongovernmental conservation organization.
- Place permanent agricultural easements in perpetuity on all the lands that are
managed as Puerto Rico agricultural areas that belong to the Land Authority of Puerto
Rico, the Puerto Rican Land Administration, or any other government of Puerto Rico
agency or corporation with the option for conservation easements on them. These
easements should be held by an independent land-trust organization.
•

To develop the network of conservation corridors for needed land and river corridors
within priority watersheds and key landscape-scale areas, activities would begin by
identifying and acquiring land and conservation easements to create the conservation
corridors in several key geographical areas in partnership with landowners, private
industry, and nongovernmental organizations (NGOs). Four suggested areas to start with,
based on multiple priorities, including benefits to species, reforestation, water quality,
coastal habitats, tourism, and agriculture are
- the central mountain region. This conservation corridor area begins on the west at the
Marico State Forest and goes east to about the Toro Negro State Forest. This area
contains working lands that help benefit habitat and species, such as the shade-grown
coffee farms. An estimated 10,120 ha of land would need to be purchased or have
conservation easements on them to help create the needed conservation corridors,
which would help with the recovery of some T&E species and SGCNs, including the
Puerto Rican parrot (Amazona vittata), Puerto Rican sharp-shinned hawk (Accipiter
striatus venator), and T&E plant species. Shade-grown coffee farms are an important
part of this activity because they are stable agricultural ecosystems that provide
habitat, nesting, and feeding for many native and endemic species, including some
T&E species.
- the northeast corridor.
- the Guánica Bay/Río Loco watershed. This activity would build on the Guánica
Bay/Río Loco Watershed Initiative.
- the Arecibo watershed. This watershed starts in the mountains near Utuado and goes
to the north coast around Arecibo. This includes the karst special planning area and
the Río Grande de Arecibo, the most important watershed for water production.
Additional important watersheds and conservation areas would be addressed over time
with respect to forest, coastal, riparian, and other ecosystem recovery priorities, and the
COA assumes that 3 areas could be addressed per year.

•

Develop landscape-scale strategies for key ecosystems; forests; and indicator, umbrella,
or guild species, such as the Puerto Rican parrot (a surrogate species for promoting the
conservation of wildlife species with similar diet and habitat), and employ adaptive
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management for restoring forest, river, coastal, and other natural habitats and the T&E
species and SGCNs.
The activities would be implemented by a partnership of staff from the DRNA, the U.S. Fish
and Wildlife Service, the U.S. Geological Survey, the U.S. Department of Agriculture, other
federal agencies, Para la Naturaleza, other NGOs, the University of Puerto Rico, other
universities and zoos, and private-sector companies. Funding resources would be necessary.
Some initial benefits would be experienced within a couple of years, but most would take more
than a decade.
This COA’s activities could occur at various forest areas and other natural habitat locations
throughout Puerto Rico based on the priority needs from the damage assessment and given the
umbrella species and critical forest, coastal, and other habitat locations and opportunities for
protecting watersheds and land and river corridors.
Potential Benefits
The activities in this COA should help improve agricultural production, freshwater for
human consumption, tourism, recreation opportunities, and watershed and natural and
agricultural ecosystem health throughout Puerto Rico. This COA would improve ecological
services, such as improving air and water quality and pollination services, and help minimize
sedimentation runoff issues. The activities would help with recovering forests, wetlands,
beaches, and other natural areas by ensuring that they are protected. It would also help keep
some SGCNs and at-risk species from becoming extinct, help their recovery to more-resilient
and sustainable population levels, help recover the forests and other habitat for all plants and
animals, and help improve overall biodiversity.
In the long term, this COA would result in healthy Puerto Rico–wide forest, coastal, wetland,
riparian, agricultural, and other ecosystems and biodiversity so that T&E species’ and other flora
and fauna’s habitats and populations would be restored and enhanced to facilitate recovery and
the long-term health and resilience of Puerto Rican natural systems, including more resilience to
future hurricanes, such as less erosion and sedimentation from landslides and stormwater runoff.
Such ecosystems include local and landscape-scale and natural infrastructure elements consisting
of healthy habitats in a diverse network of natural, urban, and agricultural areas and land and
river conservation corridors and watersheds involving a combination of federal, state, urban,
NGO, agricultural, and other private-sector lands. These healthy forests, other ecosystems,
habitats, and species populations also contribute to strong ecotourism and outdoor recreation
industries and ecological services, such as enhanced water and air quality.
Potential Spillover Impacts to Other Sectors
Economic effects would include increasing tourism and agriculture. This COA should help
improve watershed and forest health and with water and air quality and erosion control. For
example, it would help lower water and other infrastructure operations’ costs and investment
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needs. It would also help with hazard mitigation by providing ecological services that mitigate
floods. Human health benefits would result from the improvements in air and water quality.
Potential Costs
Potential up-front costs: $20 million–$75 million in estimated up-front costs (1 year)
Potential recurring costs: —
Potential total costs: $20 million–$75 million in total estimated costs
The transfer of state lands and placing conservation easements on them has minimal costs
because they are for state lands. Purchasing conservation easements and land acquisition could
be expensive. Total estimated costs for land purchases are $320 to $6,070 per hectare, varying by
area. For the central mountain–area corridor, estimates to purchase 10,120 ha at a cost of $320 to
$1,210 per hectare yield a total cost of $20 million to $75 million. To keep costs down,
conservation easements would be considered as the primary option, with land acquisition only as
needed. The funding for the conservation easements could also be offset by potential funding by
the private sector and donations raised by NGOs One advantage of watershed approaches is that
river margins are government property, thus making riparian connectivity a more feasible
conservation action, given some of the costs. In addition, debt-for-nature swap could be an
option for purchasing some of the land and conservation easements.127
Potential Funding Mechanisms
National Oceanic and Atmospheric Administration, U.S. Department of Agriculture, U.S.
Department of the Interior, U.S. Environmental Protection Agency, government of Puerto Rico,
Department of Natural and Environmental Resources, nongovernment sources
Potential Implementers
Federal agencies, Department of Natural and Environmental Resources, land trusts,
nongovernmental organizations
Potential Pitfalls
Agriculture recovery activities could be implemented without considering the effects on
ecosystem and watershed health, and economic development activities might involve
overdeveloping some of the watershed and conservation areas that this COA is trying to protect.

127

Debt-for-nature swaps are financial transactions usually used for developing countries in which part of a
country’s foreign debt is forgiven in exchange for local investments in environmental conservation activities. For
example, in 2007, the U.S. government and environmental groups agreed to reduce Costa Rica’s foreign debt by
$26 million by buying the debt at a discounted rate in exchange for the country spending the same amount on
tropical forest conservation (“Costa Rica Gets Largest Debt-for-Nature Swap,” 2007).
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Likely Precursors
•

Assess previous work and studies to determine the critical watershed and conservation
corridor areas.
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NCR 22
Promote Alternative Tourism for Economic Development
Sectors Impacted
Economic, Health and Social Services, Infrastructure, Municipalities, Natural and Cultural
Issue/Problem Being Solved
Natural disasters have negatively affected short-term business opportunities, especially small
and medium enterprises (SMEs). Long-term effects can result in further damage to the condition
of historical, natural, and cultural assets, as well as to the businesses that rely on these resources
to create economic growth. The sustainability of these assets and the formation of a market and
economic model based on alternative tourism is key to recovering from the damage caused by
the disaster, including lost income, business interruption, and reduction of capital. For economic
growth to occur, the hurricane effects on this market segment need to be addressed.
Description
This course of action (COA) seeks to increase tourism in Puerto Rico by developing a
geographically focused destination strategy that capitalizes on existing assets; seeks to create a
supplementary and sustainable market that supports economic growth; and protects key
historical, cultural, and natural assets. The COA responds to the increasing global trend for
experience-based tourism, which capitalizes on visitors seeking authentic experiences, and
encourages interaction with the local environment, people, and communities. Different from the
current model of “mass tourism,” it requires a supply of natural and cultural assets and local
human resources to be involved. The COA is based on a series of geographically identified
destinations organized in an interrelated system of “hubs” with alternative tourism potential.
These hubs offer destinations and experiences that promote longer visitation and higher spending
while preserving the integrity of the assets, creating local co-benefits, and diminishing capital
needs required by mass-tourism models. Through this location-based framework, activities from
different levels of government can be coordinated with private and civil sectors to more
effectively respond to the increasing demand for natural and cultural experience-based tourism:
The economic activities derived from the tourism hubs would provide benefits to
communities and increase their resiliency, with a focus on SMEs operating at local levels that
lack key linkages to digital markets across the world. The top 3 priority hubs are Río Grande–
Fajardo–Humacao; Aguadilla, Aguada, and Moca; and Adjuntas and Penuelas.
•

Facilitate institutional, financial, and market participation (there are potential
overlaps and complementarities with COAs in the Economic sector).
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- Develop an alternative tourism destination marketing strategy highlighting the
natural, cultural, adventure, agricultural, and gastronomic assets of the 3 selected
hubs.
- Improve coordination between local tourism offices and operators with Puerto Rico
Tourism Company offices (regional and in San Juan), the destination marketing
organizations, and the private sector to enhance the quality of tourism offerings by
§ including planning routes and clusters of activities to highlight in promotional
materials
§ improving signage and availability of tourist information at key sites
§ monitoring visitation trends and demographics at popular attractions.
- Organize a conference/trade show with tourism organizations, such as the Adventure
Travel Trade Association, to facilitate the building of commercial relationships, and
market awareness of products and destinations offered (this complements NCR 7,
Develop Partner Networks for Recovering Plant and Animal Species).
- Develop a participatory destination plan for the top 3 hubs to identify key
interventions and programs needed on infrastructure, human capital, and SME
development and funding.
- Develop a funding strategy that delineates the mechanisms and the most suitable
financial products required by businesses operating in the alternative tourism
industry.
- Establish a microcredit fund and instruments for bridge financing for aspiring
entrepreneurs seeking to create offers and service businesses that will serve the
tourism economy.
•

Develop human capital for capacity building and entrepreneurship (there are
potential overlaps and complementarities with COAs in the Education and Economic
sectors).
- Increase resources for basic and secondary education to improve basic literacy and
numeracy, employability skills, English- and foreign-language training, and
computer-based skills.
- Develop training programs on business development at the community level to
establish a better business environment and build human capital for local enterprises,
including courses on digital marketing and online booking platforms. Establish and
expand within hubs and population centers joint university programs, such as collegelevel courses in tourism management, policy and planning, and marketing.
- Establish specialized tourism and technical academies (in collaboration with
nongovernmental organizations [NGOs], universities, and other public and private
education programs) for practical skills in tourism and hospitality; soft skills, such as
customer relations, tour guide training for natural and historical sites, event
coordination, and catering are identified as the most critical enabling factors. Provide
funding for community members to attend interpretive guide training through such
organizations as the Asociación Puertorriqueña de Interpretación y Educación, Inc.
(complementary with NCR 7, Develop Partner Networks for Recovering Plant and
Animal Species).
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- Work with private insurance companies to develop more affordable and specialized
products to ensure tourism business activity, especially for adventure and ecotourism
entrepreneurs.
•

Improve tourism infrastructure to benefit local business, population, and visitors
(there are potential overlaps and complementarities with COAs in the Transportation,
Communication and Information Technology, and Economic sectors).
- Enhance road connectivity between main tourism hubs and gateways by restoring
rural road surfaces; upgrading roads to increase capacity; and reducing vulnerability
to road closures due to landslides and flooding, especially in mountainous areas and
across the southwest corridor.
- Provide transportation options supported by information systems, and improve
connectivity between modes of transportation (e.g., real-time traffic signage, intercity
buses, public transportation).
- Improve accessibility for people with disabilities and mobility impairments.
- Establish more reliable and rapid ferry service to primary island destinations.
- Develop regional hiking and cycling trail networks, and develop promotional webbased and paper maps (complementary with NCR 21, Strategic Watershed,
Landscape, and Conservation Corridor Approaches).
- Restore or replace historical rail systems, and establish light rail systems and
intermodal transportation facilities in urban areas to connect important tourist
attractions and reduce road congestion.
- Improve telecommunication and broadband access for tourism hubs by increasing
wireless internet and cell phone towers, especially in Isabela–Quebradillas–Camuy
and Maunabo–Yabucoa.
- Improve the electricity supply for tourism hubs by reinforcing the existing system and
by establishing sustainable rural electrification projects, specifically in areas affected
heavily by the hurricanes: Guánica–Yauco, Jayuya, Ciales, Orocovis, and Adjuntas.

•

Develop strategies for environmental conservation and land management (there are
potential overlaps and complementarities with COAs in the Water, Housing, Public
Buildings, Municipalities, and Economic sectors).
- Develop a Puerto Rico–wide conservation strategy in collaboration with public
agencies, nonprofit organizations, and the private sector to identify and protect
critical areas from development.
- Prevent habitat degradation and destruction due to urban and agricultural expansion.
- Develop and fund watershed management programs to increase water quality in
aquifers, reservoirs, and rivers, including interventions to reduce nutrient loading and
sedimentation into marine habitats (complementary with NCR 13, Reduce Sediment
Pollution and Risk from Landslides; NCR 14, Water Quality Improvements at the
Watershed Scale; NCR 16, Wetlands Restoration; and NCR 21, Strategic Watershed,
Landscape, and Conservation Corridor Approaches).
- Incentivize high-value activities in farmland through such instruments as
conservation easements and farm-to-table programs (complementary with NCR 21,
Strategic Watershed, Landscape, and Conservation Corridor Approaches).
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- Avoid the potential development of publicly owned lands that contain natural
resources representing important ecotourism and cultural tourism attractions
(complementary with NCR 21, Strategic Watershed, Landscape, and Conservation
Corridor Approaches, and NCR 30, Create an Accessible Data Repository of Natural
and Cultural Resources).
- Educate the public on the value of natural resources and how to reduce environmental
impacts, resource consumption, and waste generation (complementary with NCR 11,
Establish a Long-Term, Sustainable, Integrated Solid Waste Management Program;
NCR 28, Identify Funding for Natural and Cultural Resources Research; NCR 29,
Enhance Public Participation and Education Through Museum Exhibits; and NCR 30,
Create an Accessible Data Repository of Natural and Cultural Resources).
- Update the inventory of historical, cultural, and archaeological areas to prioritize sites
for restoration and development as tourist attractions.
§ Develop a historical, cultural, and archaeological asset plan for tourism that
documents the condition of historical structures (e.g., lighthouses, sugar mills,
train stations, churches) and indigenous sites (e.g., petroglyphs, ceremonial sites)
that are key for alternative tourism (complementary with NCR 1, Historic and
Cultural Properties and Collections Preservation; NCR 20, Redesign, Reorganize,
and Rebuild Puerto Rican Parks; NCR 28, Identify Funding for Natural and
Cultural Resources Research; and NCR 30, Create an Accessible Data Repository
of Natural and Cultural Resources).
§ Identify additional requirements to promote a site as an attraction (parking, visitor
center, access routes, interpretive signage and guides) (complementary with
NCR 26, Resource Management Capacity Building; NCR 28, Identify Funding
for Natural and Cultural Resources Research; and NCR 30, Create an Accessible
Data Repository of Natural and Cultural Resources).
§ Nominate important assets for inclusion on National Register of Historic Places
and establishment of national historical parks and sites in hubs and surrounding
areas (complementary with NCR 1, Historic and Cultural Properties and
Collections Preservation; NCR 4, Caribbean Cultural Collections Preservation,
Research, and Safe Storage Center; and NCR 26, Resource Management Capacity
Building).
§ Work with landowners and historic preservation organizations to resolve
landownership issues and acquire properties for conservation (complementary
with NCR 1, Historic and Cultural Properties and Collections Preservation, and
NCR 30, Create an Accessible Data Repository of Natural and Cultural
Resources).
- Provide funding to support ongoing protection, restoration, and management
activities.
§ Maintain and expand hiking and biking trails, including mapping and adding
signage (complementary with NCR 30, Create an Accessible Data Repository of
Natural and Cultural Resources).
§ Build and staff visitor centers and interpretive tours in protected areas within or
adjacent to hubs.
§ Develop and implement a reforestation and erosion control program to provide
habitat for endemic and threatened species, and mitigate landslides and flash
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§

•

flooding (complementary with NCR 5, Forest Recovery in Rural Protected Areas,
Private Forests, Critical Watersheds, and Urban Areas; and NCR 14, Water
Quality Improvements at the Watershed Scale).
Restore wetlands and mangroves to increase wildlife observation opportunities
and mitigate coastal flooding (complementary with NCR 16, Wetlands
Restoration).

Boost community-based enterprise development for alternative tourism of small,
medium, and micro enterprises (for specific proposed actions, see NCR 24, Enterprise
Development for Alternative Tourism).

Potential Benefits
•
•
•
•
•
•
•
•
•
•

Creates business opportunities and supports entrepreneurs and SMEs associated with the
visitor economy.
Provides a resilient and inclusive economic growth strategy for communities outside San
Juan by using existing natural, cultural, and historical assets and experiences as
alternative destinations to mass tourism.
Creates spillover effects on communities, reduces economic insecurity, and improves
provision of services.
Increases the efficiency of public investments by focusing on areas with the greatest
economic return and in which benefits reach the most people, while reducing exposure to
climate threats.
Enhances protection and maintenance of Puerto Rico’s natural capital by sustaining
ecosystem services and function, which reduces infrastructure costs and improves hazard
mitigation.
Provides easier and greater access to points of interest for visitors and residents.
Reduces outmigration and community insecurity associated with rural inequalities and
poverty.
Creates scalable and transformation mechanisms for citizenship and social inclusion.
Empowers local businesses and communities to plan and develop a future according to
their own vision, supported by outside expertise and advice.
Supports a locally driven creative process of launching enterprises that are cohesive and
part of a regional plan.

Potential Spillover Impacts to Other Sectors
This COA amplifies several COAs in the economics and education sectors and will generally
improve the economic environment by developing human capital with both technical and
entrepreneurial skills that can be used in a variety of businesses. Positive spillovers to
infrastructure (particularly water, communications, and transportation) and to real estate are
expected because the sharing economy provides new income opportunities for private
homeowners. Benefits are also expected in a revalorization of real estate across properties in the
hubs, and in the Health and Social Services sector because of increased resources and improved
management. This COA can create a long-term model for economic and inclusive growth across
several industries and dispersed territories.
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Potential Costs
Potential up-front costs: $140 million–$233.4 million in estimated up-front costs (3 years)
Potential recurring costs: $3.457 million in estimated recurring costs (10 years)
Potential total costs: $143.5 million–$236.9 million in total estimated costs
The costs and benefits are calculated only for the top 3 hubs based on continental U.S. data
and alternative tourism destination information and statistics.
The up-front costs include128
•
•

community and SME development fund implementation: $15 million (3 years)
natural and environmental restoration costs: $125 million–$218.4 million.

Some of the potential up-front restoration costs are estimated in low and high ranges
after considering overlaps with other natural and cultural resource COAs and based on results
from the level of damage to key resources. These include
•
•
•

beach restoration: $43.7 million
wetland restoration: $68.5 million (low estimate) to $94.8 million (high estimate)
forest restoration: $12.8 million (low estimate) to $79.9 million (high estimate).

The recurring costs include protection and management of protected areas, with an
approximate annual cost of $345,700 for 10 years.
These costs will be offset by the benefits these systems provide to water quality, coastal
protection, food production, and well-being. The estimated benefits ($846 million over 15 years)
include
•
•
•
•
•
•

employment—projected population employed in tourism after the interventions: 4,200
(from 890 currently in hubs)
economic—income generated from tourism employment (15-year range): $209 million
environmental services—beach protection and management: $41.5 million
estimated gross domestic product increase from protected areas: $25.9 million
estimated economic value from forest restoration: $212 million
estimated economic value from wetland restoration: $357 million.

The COA would require making these key assumptions regarding costs versus benefits:
•
•
•
•

128

Beach renourishment assumes no overlap with NCR 17, Reduce Coastal Erosion and
Provide Disaster Protection Through Beaches and Dunes (beaches being those at San
Juan and Rincón) and that all beaches are damaged.
The SME programs are designed for a time horizon of 3 years of implementation.
Protection and management of protected areas assume a 10-year period of management at
a cost of $3,300 per square kilometer per year and a total of nearly 105 km2 of managed
areas.
Forest damage is still being assessed, so comprehensive data are not available. The lower
bound is an estimate of 12% of forests damaged, based on limited data from Ariel Lugo,

The costs associated with infrastructure, health, and education services are computed within other COAs.
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•

•
•

director, U.S. Forest Service, International Institute of Tropical Forestry (31 million trees
damaged, denominator unknown) (Feng et al., 2018; Lugo, 2018). The upper bound uses
an analogy to wetlands, 75% of which show stress. The amount of overlap with areas in
NCR 5, Forest Recovery in Rural Protected Areas, Private Forests, Critical Watersheds
and Urban Areas, is unknown.
For wetland restoration, the lower bound assumes that 75% of wetlands experienced
stress (rapid assessment result) and subtracts the costs of sites in NCR 16, Wetlands
Restoration, that are in the regions of Fajardo and Humacao (Punta Tuna, Punta Santiago,
Palmas del Mar), and Fajardo. The upper bound assumes that 100% of wetlands were
damaged because of the storms’ path and subtracts relevant costs as outlined in NCR 16,
Wetlands Restoration.
Employment would increase from 890 to 4,200 in the 3 hubs, based on estimates of
employment share in the alternative tourism industry (World Travel and Tourism
Council, 2017).
The $20 million cost for the SME program accounts for planning and implementation
costs and a total of $10 million in direct funding over a 3-year program period.

Potential Funding Mechanisms
Institute of Museum and Library Services, National Archives and Records Administration,
National Endowment for the Arts, National Endowment for the Humanities, National Oceanic
and Atmospheric Administration, National Park Service, U.S. Department of Agriculture, U.S.
Department of Commerce, U.S. Economic Development Administration, U.S. Department of
Labor, U.S. Department of the Interior
Potential Implementers
U.S. Department of Commerce (U.S. Economic Development Administration, U.S. Small
Business Administration), Department of Natural and Environmental Resources, Institute of
Puerto Rican Culture, Puerto Rico Tourism Company
Potential Pitfalls
•

•
•

This COA would be affected by the willingness to invest and by communities’
willingness to seek alternative economic opportunities provided by alternative tourism
and to maintain the necessary infrastructure that facilitates travel and the cultural and
natural resources that draw tourists.
Initial funding support to SMEs could make them dependent on such funding for their
programs.
Civil society (these can be nongovernmental organizations [NGOs], nonprofits, or
community-based groups that seek collective action and are not government or business)
leadership and coordination are essential to this plan.129

129

Civil society refers to diverse types of community groups, nonprofits, and NGOs that are neither government
entities nor the private sector. Civil society can provide social services, serve to strengthen the relationship between
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•
•

Because stakeholder participation and community engagement were part of the hub
selection process, these approaches would continue to be needed to support these actions.
Depending on the availability of funding, resources might be insufficient to conduct all
the proposed actions for the 3 selected hubs; therefore, a further prioritization might be
required to focus only on developing a single hub or a limited set of actions within each
hub.

Likely Precursors
•

Assess lessons learned from research and experience provided by several pilot programs
initiated by the Foundation for Puerto Rico for the development of alternative tourism in
local communities.
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social capital and economic development, provide a level of government and private-sector accountability, and
stimulate innovation. For more background on civil society, see Anheier, 2017.
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NCR 23
Protected Natural Area Land Management for Alternative Tourism
Sectors Impacted
Municipalities, Natural and Cultural Resources
Issue/Problem Being Solved
The hurricanes affected the ability of public, private, and community land co-managers to
establish protocols for the use of public and private natural protected areas (NPAs) and other
areas of ecological value for tourism. Appropriate planning systems for tourism are required on
public, community, and land-trust lands to ensure that natural resources are protected in the long
term, revenue is generated from tourism for conservation and community benefits, and
appropriate systems for monitoring tourism on public and community/private lands are in place.
Description
This course of action (COA) aims to advise on the required policies and actions of the
Department of Natural and Environmental Resources (Departamento de Recursos Naturales y
Ambientales, or DRNA), the prominent land trust Para la Naturaleza, and other public and
community land-management efforts in Puerto Rico that seek to support and help manage the
development of alternative tourism. Its goals are to (1) protect natural resources in the long term;
(2) create legal instruments that will set terms for private-sector use of public, trust, and
community lands; (3) create revenue-generation systems for private use of public land that
supports conservation of natural resources, sustains the well-being of local people, and promotes
interpretation and education; (4) develop consistent monitoring programs that work via
principles of limits of acceptable change; (5) implement concession policies for ecolodges and
other projects requiring substantial investment to build and operate on public land; and
(6) develop concepts for public–private impact-investment financing for projects requiring
significant capital investment for alternative tourism programs.
•

planning systems for managing tourism on public, land-trust, and communitymanaged lands
- Review and designate lands for protected-area status, and evaluate these areas for
potential tourism use via an agreed methodology developed according to the
International Union for Conservation of Nature (IUCN) planning procedures.130
- Create master plans for all NPAs designated for tourism use. Review appropriate
legal instruments for management of land for tourism as part of the master plan
process.

130

IUCN has multiple planning and management guides on its website.
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- Consider concessions, leases, management contracts, licenses, or permits (or
combinations of these) based on the size of capital investment required for the
operation offering the tourism service.
- Develop an ecotourism management plan for all public lands designated for nature
tourism use that outlines long-term goals for maintaining resource protection
standards and benefits to local communities near public land and for promoting
interpretation and education.
§ Consider protected-area management zoning for categories of tourism use,
including ecotourism, nature tourism, scientific or research tourism, adventure
tourism, and cultural heritage and historical site tourism—each of which requires
different management protocols.
§ Ensure that local communities are fully integrated into the development process
for ecotourism management plans to ensure that there is a long-term collaborative
strategy for local benefits.
- Create monitoring programs with baselines established using the limits-of-acceptablechange methodology as a means of working on limits of use together with local
communities and local protected-area supervisors.
•

revenue-generation program for tourism on public, land-trust, and communitymanaged land
- Develop a revenue-generation plan for alternative tourism management and
operations on protected-area lands for the long term with a review of the percentages
of revenue that must go to local co-management and land managers at each site,
based on financial review of cost to manage each area for tourism and a break-even
analysis. Include review of entrance and visitor fees, donations, licenses, permits, and
leases for all private-sector uses of land for tourism.
- Develop concession policies for DRNA land using new IUCN guidelines (Spenceley,
Snyman, and Eagles, 2017) when projects requiring significant capital investment
from private business tourism are being considered on protected-area land. Such
policies outline how to create legal mechanisms to drive revenue to conservation and
protection of ecosystems.
§ Review concession laws that guide leases, licenses, easements, or permits for
operations in protected areas that may require some capital investment by the
concessionaire for buildings, equipment, and operating costs, including
accommodations, food and beverage, recreation, education, retail, and interpretive
services.
§ Consider categories of bidders to ensure the highest amount of inclusiveness and
responsiveness to local community needs, such as reviewing both private-sector
applicants and nonprofit organizations, local community organizations, and joint
ventures between communities and the private sector or nongovernmental
organizations.
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•

creation of an impact investment program for public–private development of
alternative tourism
- Create interest in medium-enterprise finance strategies for ecolodges and other nature
tourism infrastructure in protected areas or in buffer zones, ideally fostering public–
private impact investment funds.
§ Review options for raising capital through impact investment vehicles that bring
together resources of grants, nongovernmental organization capital, and private
investment to develop larger-scale projects, such as a chain of ecolodges on landtrust land or community land. Brokering agreements between communities and
landholders is another approach that can leverage local economic impact.

Potential Benefits
The management of tourism on NPAs and other areas of ecological value requires expertise.
Such expertise must be used to prevent inappropriate management of tourism, which can damage
fragile resources and undermine the value of important natural and cultural assets in the long
term. Conversely, good management results in long-term benefits for conservation and local
well-being.
The benefit of creating laws and legal tools to manage tourism on public land is clear. Legal
oversight is required to ensure that private users do not overuse or damage natural and cultural
resources. Laws and legal tools set the terms for how public resources are used. They can also
ensure that revenue is generated from private use of public lands. Without a legal framework,
Puerto Rico is lacking appropriate mechanisms to generate revenue from tourism on public
lands. On a larger scale, if proper planning is put in place for the public land system, new ways
could emerge to raise capital for facilities via a concession law, which would greatly enhance the
potential for alternative tourism to generate local economic benefits and employment.
Potential Spillover Impacts to Other Sectors
This COA amplifies several other COAs in the natural resource sectors and will generally
improve the ability of government to manage public land resources in a manner that is well
structured and well financed and has long-term potential to expand and create a full-fledged
alternative tourism economy.
Potential Costs
Potential up-front costs: $3 million–$4 million in estimated up-front costs
Potential recurring costs: —
Potential total costs: $3 million–$4 million in total estimated costs
This program could be formulated in two phases. Phase 1 would require an extensive period
of consultation and work with the numerous land-holding organizations in Puerto Rico with the
primary focus on the DRNA and all co-managers who have agreements with the DRNA. Such a
program could focus initially on the public lands close to the 3 alternative tourism hubs
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recommended for development. Said public land resources would undergo the recommended
planning processes over a 2-year period. This would require outside expert consultation,
architectural planning, and zoning work. The costs would be roughly $2 million–$3 million,
depending on the scope of the exercise.
Phase 2 would foster development of impact investment for public–private development of
alternative tourism. This would require using the results of phase 1 to create a feasibility plan,
which, in turn, would require business analysis and consultation regarding potential returns on a
large project, such as a chain of ecolodges on land-trust land. The preparatory work for creating
such a fund would likely cost $1 million, depending on the scope of the exercise.
Overall, the costs for managing tourism on public land in the first 3 years would be
$3 million–$4 million. (These estimates are general and were not made based on detailed
budgets or discussions with local agencies and organizations.)
Potential Funding Mechanisms
Government of Puerto Rico, nongovernment sources
The phase 1 work to structure tourism use on public lands would require a large grant from
the government of Puerto Rico or other government agency or a foundation that seeks to protect
biodiversity and fund conservation goals.
Phase 2 could be supported by grants to an organization, such as Para la Naturaleza, that is in
the financial position to manage the effort.
Foundations are likely to have the right programmatic funding sources, but more preparatory
work is required to review potential sources.
Potential Implementers
Department of Natural and Environmental Resources, Institute of Puerto Rican Culture, Para
la Naturaleza, nongovernmental organizations
Potential Pitfalls
•
•

Efforts to galvanize a structured, legal approach to managing tourism on public lands
depend on the government of Puerto Rico to prioritize this approach.
Efforts to galvanize an impact investment fund for alternative tourism for community or
land-trust lands require cooperation between local communities and land managers in
ways that foster benefits for local people and result in possible co-management
approaches, which take more time to develop and are more complex than those for
traditional tourism, which does not consider benefits to local populations.

Likely Precursors
•

Assess lessons learned from the work done by Para la Naturaleza to create well-managed
conservation land.
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•
•

•

Make a strong, high-level commitment to establishing a legal framework for the
management of tourism on public lands.
Learn from the many smaller-scale, local efforts to manage tourism on public lands,
including the nonprofit Coalición Pro Corredor Ecológico del Noreste on the northeast
coast and the nonprofit Programa de Educación Comunal de Entrega y Servicio (PECES)
in Humacao. These organizations set a standard for the community co-management of
natural resources for tourism, and they could help to establish similar community-based
programs in other alternative tourism hubs, with the appropriate funding to undertake this
effort.
Complete NCR 22, Promote Alternative Tourism for Economic Development.
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NCR 24
Enterprise Development for Alternative Tourism
Sectors Impacted
Economic, Education, Municipalities, Natural and Cultural Resources
Issue/Problem Being Solved
Hurricane Maria had long-term impacts on businesses related to tourism due to a downturn in
international and domestic markets. This has created cash flow shortages for small and medium
enterprises dependent on tourism, many of which have closed or struggled to remain in business.
Vulnerable populations remaining in Puerto Rico require special support to reboot enterprises or
open new businesses that are targeted to the growing alternative tourism economy. Many
communities in Puerto Rico have never built entrepreneurial skills related to tourism markets and
will require specialized assistance. Alternative tourism requires hands-on guided experiences
into the heart of Puerto Rico’s culture and its natural world. Such businesses take time and
sensitivity to build and cannot be fostered with a one-size-fits-all business approach. A creative
incubation and specialized training program for vulnerable populations will help build resilience,
pride, and a more diversified tourism economy for Puerto Rico in the long term.
Description
This course of action (COA) aims to develop small, medium, and micro enterprises as the
primary engine for the development of alternative tourism in proposed hubs. Given the needs for
local businesses to have time to recover from post-Maria stress and build creative market
concepts, the following steps are recommended: (1) Support business incubation and market
visioning programs via facilitated sessions in each hub for one year; (2) foster business exchange
programs with experts in alternative tourism to introduce hub products and allow for feedback
from market experts; (3) develop small loan and capitalization grant programs for hub enterprise
built on experience in Puerto Rico with micro, small, and medium enterprise finance; (4) finalize
the process with a special event to launch alternative tourism in Puerto Rico in collaboration with
a major alternative tourism association; (5) finalize a strategy for financing alternative tourism
marketing in the long term, working closely with Puerto Rico’s new destination marketing
organization (DMO), Discover Puerto Rico.
•

Perform enterprise development in the hubs.
- Provide expert facilitation for one year of regular sessions between entrepreneurs and
local communities, with the following components:
§ Sponsor hub visioning sessions to help create both a unique brand and relevant
product services that are complementary in each hub.
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§
§
§
§

•

Establish local standards in each hub for the management of cultural and natural
assets.
Create an alternative tourism association or other designated governance strategy
in each hub.
Formulate a hub strategy for attracting the alternative tourism buyer, including
developing a unique selling proposition for each hub and an array of products and
services that align with the selling proposition.
Create a comprehensive proposal for the hub to receive grants to support
initiatives based on specific economic development goals, including local
employment, woman-owned businesses, appropriate mix of small and micro
enterprises qualified for financing, and other economic development standards.

Market incubation and business exchange programs.
- In each hub, hold a boot camp for tourism SME experts to learn more about enterprise
development.
- Create a business exchange program with expert businesses in alternative tourism.
§ Have each hub identify which experts it seeks to invite for exchange of
information and guidance on products.
§ After exchange with local businesses, require reports from each expert
businessperson that address observations on progress in local business
development, obstacles to local business development, and recommended
products for presentation at larger market-oriented events for alternative tourism.
- Support the process of exchange between hubs through the development of “hub
expos.”
- Create business incubation competitions for micro entrepreneurs in each hub with
prizes that either endorse local business plans for funding or offer micro loans to the
winners.

•

Market outreach in alternative tourism.
- Design a specialized launch of alternative tourism products in Puerto Rico in
collaboration with a major international association.
§ Support representation from each alternative tourism hub and field visits to the
hubs.
- Create a market-based campaign for alternative tourism in collaboration with digital
market outlets, designed to highlight the unique selling propositions of each
alternative tourism hub.
- Create an advisory board on alternative tourism that is representative of the hubs to
advise on marketing campaigns and allocations for the support of alternative tourism
in U.S. markets initially and global markets in the long term.

Potential Benefits
This COA is positioned to help local communities that require not just training and business
assistance but also support for the creative process of launching enterprises that are cohesive and
part of a regional plan. This provides local communities with empowerment to plan their own
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future according to their local vision, and it gives them the opportunity to bring in outside
expertise to advise on the process. Given the devastating effect on communities after Maria, a
sensitive and creative plan that both empowers locals and gives them expertise to develop a
market vision will help them to revive their local economy on their own terms, build it according
to their own vision, and use U.S. market expertise to advise and help to build strong alternative
tourism market supply chains.
Potential Spillover Impacts to Other Sectors
This COA amplifies several COAs in the Economic and Education sectors and will generally
improve the economic environment by developing human capital with both technical and
entrepreneurial skills that can be used in a variety of businesses. It also complements NCR 25,
Blue Shore Workforce Development.
Potential Costs
Potential up-front costs: $2.2 million–$3.4 million in estimated up-front costs (3 years)131
Potential recurring costs: —
Potential total costs: $2.2 million–$3.4 million in total estimated costs132
Carrying out a 2- to 3-year program to facilitate local market vision via community
engagement, foster market incubation processes and business exchanges, and develop a market
outreach program would require oversight from the local civil society and funding to support
regular facilitation at the community level to develop a first-phase proposal after the first year.
•

•

Year 1: This would cost on the order of $1 million total for the 3 hubs, depending on the
number of community players in each hub who will be paid to take a leadership role, seed
funding for incubator champions, the cost of overhead of the local civil society
organization and their management, and whether they seek to engage an outside
consultant.
Years 2–3: This would involve a more robust program of business exchange, product
development, and an alternative tourism market launch for the more advanced business
candidates identified in year 1. There could be strong involvement from an alternative
tourism business association to advise and manage the business exchange program with
the local civil society organization. There will also be travel costs for the visit of
alternative business experts. Overall this could cost between $400,000 and $800,000 per
hub, for a total of $1.2 million to $2.4 million to complete. If the market launch is fully
paid for by civil society, the cost would be higher, but it is recommended that these costs
be covered largely by the new Puerto Rico DMO, which is presently being launched.

131

The potential up-front costs were inadvertently reported in the recovery plan as $1.2 million–$2.4 million,
omitting $1 million in estimated costs for the 3 hubs.
132

The potential total costs are corrected here. The recovery plan inadvertently omitted $1 million from the
estimated up-front costs.
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The total costs for the 3 years would be roughly $2.2 million to $3.4 million, not including
loans for the enterprises, which could be sourced via both traditional and nontraditional means.
Potential Funding Mechanisms
U.S. Department of Commerce U.S. Economic Development Administration,
nongovernment sources, private insurance
Year 1 would require start-up funds from an economic recovery source to assist communities
with the planning process for alternative tourism. Funding requests for years 2–3 would be
targeted at foundations that offer support for economic recovery in Puerto Rico, via a viable plan
to be developed in year 1. Such foundations would be approached via the lead civil society
organization, which would have development experts to manage this process.
Potential Implementers
Destination marketing organization (Discover Puerto Rico), Institute of Puerto Rican Culture,
municipal governments, nongovernment sources, Puerto Rico Tourism Company
Potential Pitfalls
•
•
•
•

Coordination of the appropriate bodies at the community level will be required to achieve
a new market vision for each hub region. This will not transpire without support for the
facilitation at the community level recommended here.
Civil society leadership and coordination are essential to this plan.
Support for alternative tourism from the Puerto Rico Tourism Company and coordination
with the new DMO will be required for the hubs to receive the market recognition
required for success.
Additional work on tourism statistics is required to ensure that proper market information
is available for both mainstream tourism and alternative tourism.

Likely Precursors
•

Take guidance from the work of the Foundation for Puerto Rico on the visitor economy.
Its program provides guidance on integrating alternative tourism and the visitor economy
into local communities. Its work is the most robust in this field and is the most important
guidance for this document.
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NCR 25
Blue Shore Workforce Development
Sectors Impacted
Community Planning and Capability Building, Economic, Natural and Cultural Resources
Issue/Problem Being Solved
Puerto Rico does not have the human capital needed for restoration activities and economic
development—across many recovery sectors and including natural and cultural resources
(NCR)—at the scale and with the particular skills needed after Hurricane Maria, and outmigration has only exacerbated this shortfall.
Description
The objective of this course of action (COA) is to create a workforce development program
that provides people in Puerto Rico the training and work experience in skills that are needed for
NCR restoration, such as habitat restoration, repair of historic property, construction, natural
resources management, program management, and entrepreneurial skills. The goal is to provide a
locally sourced, skilled labor force that brings jobs to Puerto Rico to restore NCRs in the short to
medium term and to use restoration opportunities to develop the workforce necessary to support
sustainable and effective management of capital investments (e.g., natural capital, water,
education, housing) and the strategic initiatives of the government (e.g., construction, visitor
economy, ocean economy, agricultural transformation, and entrepreneurship) in the longer term.
The COA, which would be implemented by the U.S. Economic Development Administration, the
National Oceanic and Atmospheric Administration, the U.S. Department of the Interior, and the
Puerto Rico Department of Labor in partnership with other Puerto Rico agencies and
departments, such as the Department of Natural and Environmental Resources and Institute of
Puerto Rican Culture (Instituto de Cultura Puertorriqueña), would use a comprehensive
workforce development approach (as opposed to separate, programmatic approaches). To ensure
that the program is strategic, sustainable, and efficient, coordination and integration with the
economic sector’s workforce development strategies would be necessary.
The first step in implementing this COA would be to perform an analysis of the occupations
and skills in demand now and in the future for NCR COAs (e.g., boat captains; divers; arborists;
watershed and landscape planners; agricultural experts; specialists in preservation and
reconstruction of historic properties; waste disposal and recycling engineering, operations, and
business management; forest product industry management, engineering, and process control;
ecologists and biologists; fishery experts; educators for academic and community outreach
programs). This represents the NCR-driven workforce demand that is needed to restore and
sustain natural resources, but it also supports long-term strategies and initiatives for human
capital and economic development.
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To meet total workforce demands, these occupations and skills would then need to be aligned
with the needs of other sectors for restoration work and those for pursuing the strategic initiatives
for the future. One could then determine where the greatest needs are for recovery work, how
these skill sets also support future strategic initiatives, and what future opportunities might be
(i.e., cross-sector planning in the “Inputs” column of Figure C.4). Additional actions in the
“Inputs” column could also be performed. Once the inputs are determined, NCR workforce
needs could more effectively be fulfilled through such activities as apprenticeships,
collaborations with industry and education and other public–private partnerships, or career and
technical education (CTE) centers. Ideally, NCR-driven needs would be integrated into a
comprehensive workforce development system, such as the one shown in Figure C.4.
Figure C.4. Comprehensive Workforce Planning and Development Process Presented in ECN 2,
Implement Workforce Development Programs
Outcomes to Measure
Inputs:
Planning, Policies,
Investments

• Policies to support
structures and
incentives for
system
• Cross-sector
(governmentindustry-education)
planning

Activities:
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Direct products of
services

Short term:
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Medium-term:
Actions and behaviors
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Sector based
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education

Institutions
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Individuals
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• Improved employment
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information job
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(both online and
brick and mortar)
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Training pipelines

K-14 CTE centers
Centers of
excellence
International
training centers

On the job training
• Preapprenticeships
• Apprenticeships
• Internships
• Cooperatives
• Work-based
learning

Individuals
• Aware of returns
to formal labor
market over
informal
• Identify
pathways that fit
their career and
employment
goals
• Improve job
search and
application skills
• Improve
technical skills
and abilities
• Improve content
knowledge
• Strengthen
workplace
competencies
and soft skills

Individuals
• Seek training in
career pathway
of choice at CTE
center
• Utilize job portal
to apply for jobs
• Become lifelong
learners
Community
• Advertise formal
employment
benefits in short
and long term
• Increase job
match quality
• Attract high
quality
instructional staff

FINAL IMPACT

Develop and
protect human
capital
Establish a
world-class
workforce
Increase labor
force flexibility
Create high
quality
employment
opportunities
aligned with
economic
growth
strategies

NOTE: For more information about workforce development and the Economic Sector courses of action, see RAND
Corporation, undated.

Potential Benefits
This COA is expected to provide skilled labor for NCR and other sectors’ recovery and
restoration needs that leads to greater job creation and economic development in the longer term.
It would also lead to more-deliberate, effective, and efficient use of training and skill
development investments; greater skill development opportunities; and greater availability of
needed human capital for restoration, sustainable management of capital investments, and the
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government’s longer-term strategic initiatives (including construction, the visitor economy, the
ocean economy, agricultural transformation, and entrepreneurship).
Potential Spillover Impacts to Other Sectors
Community Planning and Capacity Building (stakeholder awareness), Economic, Education
Potential Costs
Potential up-front costs: $35 million in estimated up-front costs (7 years)
Potential recurring costs: —
Potential total costs: $35 million in total estimated costs
The total potential cost is estimated at $35 million over 7 years. The estimate is based on
project management and contracting ($1.8 million) and labor costs for coral restoration and other
programs ($33 million). These costs are initial estimates and would vary as the program
progresses and potentially addresses a larger scope of restoration needs for skilled labor.
Potential Funding Mechanisms
U.S. Department of Agriculture, U.S. Department of Labor, U.S. Economic Development
Administration, U.S. Environmental Protection Agency, Department of Economic Development
and Commerce
Potential Implementers
U.S. Economic Development Administration, Department of Labor and Human Resources
Potential Pitfalls
Out-migration trained labor force could increase if jobs do not materialize.
Likely Precursors
•

Make linkages among the skills need for restoration and those needed for the long-term
strategic objectives, such as the visitor economy, education, and construction.

References
RAND Corporation, “Supporting Puerto Rico’s Disaster Recovery Planning,” webpage, undated.
As of July 31, 2019:
http://www.rand.org/hsoac/puerto-rico-recovery
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NCR 26
Resource Management Capacity Building
Sectors Impacted
Economic (agriculture), Education, Natural and Cultural Resources, Water
Issue/Problem Being Solved
Puerto Rico’s natural and cultural resource decisionmakers, managers, and operators have
received insufficient support in the past for planning and executing management strategies and
disaster preparedness, which might have contributed to the scale of some hurricane-related
damage incurred and could delay response efforts and resilience in the face of future disasters.
This could represent a broader limitation in capacity building across sectors, in which case this
course of action (COA) could be expanded or integrated to meet cross-sector capacity-building
needs.
Description
This COA provides a strategy-to-tasks framework for resource management and future
disaster response approaches.133 It updates resource management plans and guidance, including
training support to resource managers and operators, to incorporate new recovery COAs and
enhance resilience in future disasters. This COA would enable professional information
exchange and create the foundation for making data discoverable and actionable through an
overarching data management plan. It would also link resource management organizations with
middle school, high school, and college student programs to foster greater capacity for natural
resource monitoring and data gathering, as well as enable educational opportunities. It is likely
that its benefit would begin within weeks and increase as more information is gathered and
diffused.
Potential Benefits
The intent of the COA is to form a basis for providing stronger support to natural and cultural
resource decisionmakers, managers, and operators in Puerto Rico. Improvements to disaster
response preparedness would likely mitigate damage to these resources and the associated safety
concerns in the future. Greater support and training would also help ensure that natural resources
are sustainably managed (including for alternative tourism purposes).

133

Strategies-to-tasks is a framework used for planning. A hierarchical model is used to link objectives at the
highest level (strategies) to activities at an operational level (tasks). For more on this approach, see Thaler, 1993.
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Potential Spillover Impacts to Other Sectors
Some of the organizations involved in this capacity building could also play a role in the
water and economic sectors. The approach also has the potential to expand to other sectors that
experience capacity-building challenges.
Potential Costs
Potential up-front costs: $5 million in estimated up-front costs
Potential recurring costs: $11 million in estimated recurring costs (11 years)
Potential total costs: $16 million in total estimated costs
Costs include time for people to design and participate in capacity-building activities, travel
expenses as needed, and the production and dissemination of documents and guidance. Other
potential costs include facility rental for training events; time for people to participate; data
management; cloud or other hosting capability; and tool development to help with data
conditioning, manipulation, and visualization.
Potential Funding Mechanisms
Government of Puerto Rico, nongovernment sources
Potential Implementers
Puerto Rico Tourism Company, nongovernmental organizations, communities
Potential Pitfalls
If not managed correctly, activities within this COA could actually (or appear to) interfere
with aspects of the status quo that work well.
Likely Precursors
•

Attain a strong understanding of existing guidance, plans, practices, and data sources.

References
Thaler, David E., Strategies to Tasks: A Framework for Linking Means and Ends, Santa Monica,
Calif.: RAND Corporation, MR-300-AF, 1993. As of July 23, 2019:
https://www.rand.org/pubs/monograph_reports/MR300.html
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NCR 27
Expand Disaster Recovery Sister Cities Connections
Sectors Impacted
Economic, Education, Municipalities, Natural and Cultural Resources
Issue/Problem Being Solved
Puerto Rico can benefit from lessons identified elsewhere about disaster recovery and
preparedness. However, there appear to be limited opportunities for people in Puerto Rico to
build capacity by interfacing with decisionmakers, managers, and operators in other parts of the
world who have participated in disaster recovery and preparedness.
Description
This course of action would establish plans for twinning San Juan and other Puerto Rican
cities with other disaster-affected places around the world for professional exchanges about
disaster recovery and preparedness, as well as typical cultural and economic exchanges of other
sister-city programs. Example candidates for twinning include New Orleans, Louisiana; Seaside
Heights, New Jersey; Miyako, Japan; Zandvoort, Netherlands (or other coastal areas in the
Netherlands); and Abidjan, Côte d’Ivoire. Benefits from such a program would likely be
achieved nearly immediately and continue for years in the future.
Potential Benefits
Expanding the twinning program in Puerto Rico and specifically targeting cities and areas
around the world with similar experience with disasters and recovery—and, in some cases,
natural resource management opportunities and challenges—would help ensure the continued
success of the recovery effort and enable better future disaster preparedness by facilitating the
exchange of information with others who have had to similarly recover. Benefits could include
professional development and capacity building for Puerto Rican institutions and staff, as well as
economic and cultural exchange benefits.
Potential Spillover Impacts to Other Sectors
Sister-city connections could help enable tourism opportunities and provide support to
specific municipalities chosen for the program. They could also enable educational opportunities,
including for schools in program areas that might facilitate letter or other exchanges with schools
in the sister areas.
Potential Costs
Potential up-front costs: $2.4 million in estimated up-front costs
Potential recurring costs: $11 million in estimated recurring costs (11 years)
293

Potential total costs: $13 million in total estimated costs
Up-front and sustainment costs are based on personnel time, travel expenses, and location
rental fees (as well as catering and materials) for exchange events.
Potential Funding Mechanisms
Nongovernment sources
Potential Implementers
Government of Puerto Rico, nongovernmental organizations, communities
Potential Pitfalls
This course of action could be a waste of time if the program is not leveraged.
Likely Precursors
•
•

Make decisions about which partners to include and creating agreements.
Plan for the types of engagements and the timelines along which they should happen so
as to best benefit Puerto Rico’s recovery.
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NCR 28
Identify Funding for Natural and Cultural Resources Research
Sectors Impacted
Economic, Education, Energy, Health and Social Services, Housing, Municipalities, Natural
and Cultural Resources, Transportation, Water
Issue/Problem Being Solved
Recovery of Puerto Rico’s natural resources for the purposes of land protection and
stabilization, human health, economy, and other services will require additional research and
monitoring to ensure that it continues to meet the goals of the recovery plan. Although some
courses of action (COAs) outline research needs for monitoring and adaptive management,
relatively little funding is available or has been requested to study the recovery of natural
resources as a system or to consider areas that the hurricanes might have affected but for which
damage assessments could not be initiated or fully completed.
Description
This COA proposes the establishment of a multisource (public and private) fund for
additional scientific research to support Puerto Rico’s strategic objectives for recovery, including
an enhanced understanding of the effects of Hurricanes Irma and Maria and adaptive
management and monitoring. It would address an overarching vision or issues; connectivity
between COAs, places, and assets not surveyed in initial damage assessments; longer-term
hurricane impacts; and potential opportunities to innovate in management approaches and
scientific methods. Specific examples include land stability and effects on road networks and
rebuilding practices; environmental factors contributing to the spread of mosquito-borne illness;
damage to the built environment and the implications for solar panel installation; long-term
effects on coral reefs, seagrasses, and mangroves and the implications for sustainable
management and the ocean economy; the vulnerability of homes and communities to beach and
dune loss and potential improvements to natural infrastructure; and lessons for rebuilding parks
and recreation sites. COA activities would be linked to the strategic objectives in the recovery
plan. Benefits would take months to years to be visible.
Potential Benefits
A source of funding for innovative, multidisciplinary research that supports Puerto Rico’s
recovery by providing timely information on relevant topics to inform decisionmaking about
recovery projects and future plans and actions. Additional benefits to Puerto Rico’s research
community, students, and the public.
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Potential Spillover Impacts to Other Sectors
This COA would support research on topics related to natural resources, health,
transportation, energy, housing, water, and cultural heritage. Benefits associated with research
activities could be economic (jobs) in addition to supporting municipalities’ planning.
Potential Costs
Potential up-front costs: $7.5 million–$15 million in estimated up-front costs
Potential recurring costs: $1.1 million in estimated recurring costs (11 years)
Potential total costs: $8.6 million–$16 million in total estimated costs
The cost estimate is based on research funding for up to 3 consecutive years for projects with
durations of up to 5 years. Funding levels can vary by organization. The lower-bound estimate is
based on a total of $7.5 million, which would provide tangible benefits. This amount is estimated
on 15 research projects at cost of $500,000 for each project
Potential Funding Mechanisms
Nongovernment sources, private sector
Potential Implementers
Institute of Puerto Rican Culture, Puerto Rico Tourism Company
Potential Pitfalls
Research must remain in line with the goals of Puerto Rico’s recovery plan. It would also be
important to pay attention to the potential for conflict of interest.
Likely Precursors
•
•
•
•

Identify priority research areas related to the recovery plan but not explicitly accounted
for in other COAs.
Determine the funding programs through which to route money.
Identify factors other than research merit that should be considered in funding decisions.
Coordinate different funds so calls for research and funding awards can be made
according to a timeline relevant to the recovery.
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NCR 29
Enhance Public Participation and Education Through Museum
Exhibits
Sectors Impacted
Economic, Education, Natural and Cultural Resources, Water
Issue/Problem Being Solved
For many of the proposed natural and cultural resource courses of action—for example, those
having to do with landfill and sewage problems, enabling sustainable agriculture and tourism,
and supporting cultural heritage—government entities, local educators, and other stakeholders
would need to partner with Puerto Rico’s public to ensure their success. This public participation
requires an education element to demonstrate institutional commitment to key areas and to
enable needed shifts in approaches to thinking about, among other things, waste disposal,
recreation, and resource use.
Description
This course of action would include design and implementation of in-depth exhibits at
community centers; libraries; museums, such as the Parque de las Ciencias; or other locally
accessible public spaces on how different aspects of the natural and cultural resource hurricane
recovery plans work and what the benefits and drawbacks are. Unlike some other methods of
communication (e.g., town hall meetings, fliers), this approach would allow people to access the
information through recreational activities that would also provide a draw for tourism and
education. This idea could also be expanded to recovery in other sectors, such as water,
telecommunications, and transportation. Before exhibits could be established, activities would
include identifying priority focus areas for exhibits and possible locations, conducting surveys or
focus groups to identify topics of interest and effective means of presentation, developing
agreements with museums and other existing community sites to host the exhibits, and creating a
communication strategy. Benefits would likely be seen soon and extend to the long term.
Potential Benefits
These exhibits, which would help facilitate common understanding about the purpose of
recovery efforts, would enable continued dialogue and commitment to recovery and disaster
preparedness.
Potential Spillover Impacts to Other Sectors
The proposed exhibits would facilitate education and tourism opportunities. There is
potential to create exhibits related to other sectors as well—for example, a celebration of culture
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and heritage based on different municipalities and engineering exhibits related to
telecommunication.
Potential Costs
Potential up-front costs: $1.7 million–$3.3 million in estimated up-front costs (2 years)
Potential recurring costs: $7.9 million–$17 million in estimated recurring costs
Potential total costs: $9.6 million–$20 million in total estimated costs
Up-front costs would include exhibit design, materials, promotion, and any required facility
alterations. Sustainment costs would include exhibit upkeep and updating.
Potential Funding Mechanisms
Nongovernment sources, private sector
Potential Implementers
Department of Natural and Environmental Resources, host museums, Institute of Puerto
Rican Culture, universities
Potential Pitfalls
The exhibits must be interesting and participatory or risk not reaching enough people or
being viewed as propaganda.
Likely Precursors
•
•
•
•

Determine priority focus areas for exhibits and possible locations.
Conduct surveys or focus groups to identify topics of interest and effective means of
presentation.
Establish agreements with museums and existing sites to host exhibits.
Develop a communication strategy.
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NCR 30
Create an Accessible Data Repository of Natural and Cultural
Resources
Sectors Impacted
Economic, Education, Natural and Cultural Resources, Water
Issue/Problem Being Solved
Puerto Rico’s natural and cultural resource (NCR) decisionmakers, managers, and
stakeholders do not have comprehensive data on the characteristics and locations of key natural
resources needed to perform postdisaster damage assessments. Lack of reliable and accessible
information on natural resources weakens effective management of these resources, informed
land-use decisions, compliance with existing laws and regulations, community and stakeholder
awareness, and scientific research.
Description
This course of action (COA) would create a complete and accessible georeferenced data
repository of Puerto Rico’s NCRs using established data standards and accessible and redundant
data systems (such as cloud-based computing) to facilitate response and recovery in the future
and inform investment decisions for natural, human, and economic resources.
Activities would include integrating the data system with the Puerto Rico Planning Board’s
interactive map (Puerto Rico Planning Board, undated) and training human capital to gather and
supply data and to perform disaster damage assessments.
For cultural resources, for example, the National Park Service has developed cultural
resource spatial data standards and a data model (Cultural Resources Geographic Information
Systems, 2014a). In addition, any of the existing cultural resource spatial data sets could be used,
including the following:
•
•
•

National Register of Historic Places (Cultural Resources Geographic Information
Systems, 2014b)
Historic American Buildings Survey, Historic American Engineering Record, or Historic
American Landscapes Survey (Heritage Documentation Programs, 2018)
Cultural resource data-collection strategies specifically designed to respond to disasters
and comply with Section 106 of the National Historic Preservation Act (Pub. L. 96-515,
1980; Cultural Resources Geographic Information Systems, 2014c).

Natural resource data sets that could be used are
•

the “Puerto Rico State Wildlife Action Plan” geospatial information on protected areas,
critical wildlife areas, data from the Puerto Rico Gap Analysis Project developed by the
International Institute of Tropical Forestry (including land cover distribution and species
richness) (DRNA, 2018b)
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•
•
•
•
•
•

Caribbean Landscape Conservation Cooperative (LCC) geospatial data (Caribbean LCC,
2015)
the Environmental Response Management Application for the Caribbean and National
Oceanic and Atmospheric Administration Digital Coast data (Environmental Response
Management Application, undated; Office for Coastal Management, 2019)
digital elevation maps (topography) and other physical geography characteristics
various field observations on habitat quality and species’ monitoring data gathered by
researchers
satellite and airborne platforms’ remote sensing data and derived data sets from various
federal, private, and academic sources134
landslide incidence during Maria gathered by the U.S. Geological Survey (USGS) and the
University of Puerto Rico.135

This COA could be implemented by a Puerto Rico agency (e.g., the Department of Natural
and Environmental Resources or state historic preservation office) or a nongovernmental
organization, such as the Puerto Rico Science, Technology, and Research Trust.
Potential Benefits
The intent of this COA is to provide stronger support to NCR decisionmakers, managers, and
operators in Puerto Rico.
Potential Spillover Impacts to Other Sectors
Infrastructure (siting and land-use decisions), community capacity building (stakeholder
awareness), economics, education
Potential Costs
Potential up-front costs: —
Potential recurring costs: $12 million in estimated recurring costs (1 years)
Potential total costs: $12 million in total estimated costs
Costs would include labor to coordinate data standards and collection with researchers,
citizen-science organizations, and Puerto Rico and federal agencies and to gather data generated
for other purposes, along with system development and maintenance costs. Costs would include
labor to coordinate data standards and collection with researchers, citizen-science organizations,
and Puerto Rico and federal agencies and to gather data generated for other purposes. Estimated
costs are $750,000 to $1.5 million per year for fiscal years 2018 through 2028. For the recovery
plan, the potential cost was estimated as the midpoint of that range. This level of funding would
provide a permanent full-time staff of 12 appropriately credentialed professionals to carry out the
mission. The appropriateness of this staff size would become apparent after several years and

134

Examples include Feng et al., 2018, and Goddard Space Flight Center, 2019.

135

For example, see USGS, undated.
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could then be adjusted upward or downward as needed. Annual cost changes would be highly
correlated with changes in the size of the staff.
Potential Funding Mechanisms
National Oceanic and Atmospheric Administration, U.S. Department of the Interior (U.S.
Geological Survey), government of Puerto Rico, Department of Natural and Environmental
Resources, State Historic Preservation Office
Potential Implementers
Government of Puerto Rico agencies (e.g., Department of Natural and Environmental
Resources, Institute of Puerto Rican Culture, State Historic Preservation Office),
nongovernmental organizations (Puerto Rico Science, Technology, and Research Trust), Puerto
Rico Tourism Company
Potential Pitfalls
Funding and data availability
Likely Precursors
•

Attain a strong understanding of existing guidance, plans, practices, and data sources.

References
Department of Natural and Environmental Resources, “Our Protected Natural Areas,” 2018.
Caribbean Landscape Conservation Cooperative, Puerto Rico Protected Areas Database,
geographic information system data, San Juan, Puerto Rico, September 2015. As of June 15,
2018:
https://www.sciencebase.gov/catalog/item/560acdf4e4b058f706e537a7
Cultural Resources Geographic Information Systems, National Park Service, “About the NPS
Cultural Resource Spatial Data Transfer Standards,” last updated December 11, 2014a. As of
August 8, 2019:
https://www.nps.gov/crgis/crgis_standards.htm
Cultural Resources Geographic Information Systems, National Park Service, “National Register
of Historic Places Spatial Data,” last updated December 11, 2014b. As of June 11, 2019:
https://www.nps.gov/crgis/nr_data.htm
Cultural Resources Geographic Information Systems, National Park Service, “Using GIS to
Document Cultural Resources After a Natural Disaster,” December 11, 2014c. As of
August 8, 2019:
https://www.nps.gov/crgis/crgis_guidelines.htm
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Office for Coastal Management, National Oceanic and Atmospheric Administration, “Digital
Coast,” homepage, last modified September 24, 2019. As of October 23, 2019:
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February 19, 2019:
https://www.govinfo.gov/app/details/STATUTE-94/STATUTE-94-Pg2987
Puerto Rico Planning Board, “MIPR Mapa Interactivo de Puerto Rico,” undated. As of
February 12, 2020:
http://jp.pr.gov/
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Appendix D. Expanded Discussions of Damage, Needs, and
Recovery for Threatened, Endangered, and At-Risk Species

This appendix offers more detail on the T&E and at-risk species identified as key for
assessment by the DRNA, the US FWS, and other federal agencies that were part of the T&E
Species subgroup. These are the species summarized in Table 4.7 in Chapter 4:
•
•
•
•
•
•
•
•
•
•

Puerto Rican plain pigeon (P. inornata wetmorei)
Puerto Rican sharp-shinned hawk (A. striatus venator)
elfin-woods warbler (S. angelae)
Puerto Rican Parrot (A. vittata)136
yellow-shouldered blackbird (A. xanthomus)
Virgin Islands boa (C. granti)
Gesneria pauciflora
sebucán (L. grantianus) and higo chumbo (H. portoricensis) cacti
Puerto Rican crested toad or sapo concho (P. lemur)
Puerto Rico harlequin butterfly or mariposa arlequín (A. tulita).

For each of these species, we briefly summarize the prehurricane status of the species,
including threats to the species, when it was listed as threatened or endangered, and any known
population statistics. Then we discuss the posthurricane damage assessments by summarizing the
results of any known assessment and the basic methodology used for the assessments. Last, we
briefly summarize the proposed hurricane recovery actions for the species that were submitted by
the T&E Species subgroup (as discussed in NCR 6, Implement Individual At-Risk Species
Recovery Activities, in Appendix C). At the end of this appendix, we also add a brief discussion
of the coquí frogs a significant class of mostly at-risk species that is culturally important to
Puerto Rico.

The Puerto Rican Plain Pigeon (P. inornata wetmorei)
The Puerto Rican plain pigeon is a large pigeon about the same size and shape of a common
dove (see Figure D.1). It is an arboreal columbid resident of open woodlands of the Greater
Antilles. This pigeon is a forest border species that nests, forages, and sleeps in trees along the
sides of roads and waterways and nests in mango and other large leafy trees and in bamboo
clusters near water. It was listed as federally endangered in 1970 and DRNA-classified as
136

The Puerto Rican parrot’s hurricane recovery was being addressed through a different funding source, so the
T&E Species subgroup did not have a hurricane recovery proposal for this species. We include it in this discussion
because it is so emblematic for Puerto Rico, and its recovery was briefly discussed as part of the T&E Species
subgroup’s process.

303

endangered. This species appeared to see population increases and range expansion resulting
from the natural regeneration of forest habitats and forest protections from harvesting and
because of a captive breeding program in the 1980s and 1990s. However, in recent years, the
species has undergone population declines where most of the remaining populations are located,
in the east-central region of the main island (see Figure D.2). In fact, the Puerto Rican plain
pigeon’s nests have been found only in east-central Puerto Rico, such as in San Lorenzo, Caguas,
and Cidra (US FWS and Sea Grant Puerto Rico, undated a). A survey conducted between April
and June 2017 at 1,400 survey points on Puerto Rico estimated a population of more than
11,980 individual birds (Rivera-Milán and Martínez, 2018; Rivera-Milán, 2018b).
Figure D.1. Illustration of an Endangered Puerto Rican Plain Pigeon (P. inornata wetmorei)

SOURCE: US FWS and Sea Grant Puerto Rico, undated a.

Figure D.2. Map of the Wild Populations of the Puerto Rican Plain Pigeon in Puerto Rico in 2012

SOURCE: US FWS and Sea Grant Puerto Rico, undated a.

The Puerto Rican plain pigeon is a rare subspecies of plain pigeon and has been threatened
for decades (Vilella and Weitzel, 2018, pp. 2–3). In the early 20th century, threats were primarily
hunting and the clearing of forests for agriculture. In 1940, the species was thought extinct, then,
in 1963, 52 individuals were found in Cidra. Captive breeding in the 1980s and 1990s helped
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increase this species’ population numbers, and then it spread naturally (US FWS and Sea Grant
Puerto Rico, undated a). More recently, despite some recovery (due to, among other things, the
federal listing of the species as endangered in 1970 and the captive breeding), the plain pigeon
has experienced habitat loss due to urbanization and hunting (the plain pigeon can be easily
mistaken for a different species that can be hunted). Past hurricanes have also affected habitat for
this species through defoliation and downing of trees. This is especially problematic because the
pigeon appears reluctant to colonize new areas (where forests might be in better condition).
Hurricane Maria proved to be no exception, exposing the heart of plain pigeon habitat to strong,
destructive winds. Other threats to this species include competition with other species for nesting
habitats and food (such as the scaly-naped pigeon), parasitic flies, infections, and predation from
other species. Species that prey on the Puerto Rican plain pigeon include rats, feral cats, and
other birds (such as red-tailed hawk and green herons) (US FWS and Sea Grant Puerto Rico,
undated a). Rats have one of the most-significant impacts on this species’ survival because they
prey on the eggs and chicks in the pigeons’ nests. Previous research has shown that predation by
rats on eggs and chicks in the plain pigeons’ nests accounted for 79% of the nest losses in 1988
and 1999 (Rivera-Milán, Ruiz, et al., 2003). In fact, rats have been shown to be the “most
important mammalian nest predator” (Rivera-Milán, 2018a; Rivera-Milán, Boomer, and
Martínez, 2016).
A posthurricane assessment was conducted in order to establish effects on habitat in the
municipalities of Cidra, Aibonito, Aguas Buenas, Comerío, and Naranjito (Vilella and Weitzel,
2018). The primary focus was comparing Landsat 8 satellite imagery taken before and after the
hurricanes to estimate forest disturbance. A complementary rapid bird survey was also conducted
to establish a sense of whether and how the hurricane had affected plain pigeon presence.
A remote sensing and GIS-based approach was used to delineate the bird’s forest habitat
across the municipalities of east-central Puerto Rico before and after the hurricanes. This
analysis revealed widespread disturbance in forests in the 5 municipalities studied. This was
heterogeneous, indicating that some areas of forest experienced greater defoliation and tree
downing than others. All municipalities had areas that experienced severe increases (more than
90%) in dead vegetation following the hurricane. Further, fewer plain pigeons were observed
during the surveys conducted for this assessment than had been seen during previous DRNA
monitoring efforts. Specifically, before the hurricanes, the DRNA found an average of 50 or
more individual pigeons along the survey routes; after the hurricanes, the rapid assessment team
found an average of 15 to 17 pigeons along the survey routes (Vilella and Weitzel, 2018). More
analysis is needed to understand connections between hurricane effects on forests and pigeon
presence and distribution. However, this rapid assessment has confirmed that plain pigeon
habitat effects resulting from hurricane-caused deforestation should continue to be an issue of
concern.
Additional analysis has been conducted regarding this species population since this
assessment was completed in May 2018. According to a survey conducted between April and
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June 2018 in east-central Puerto Rico, where the birds are most abundant, compared with a
similar survey from April through June 2017, the Puerto Rican plain pigeon population in eastcentral Puerto Rico after Hurricane Maria declined from 4,257 individual birds to 528 birds, an
88% decline. The comparison of Puerto Rico–wide surveys for this species population between
the same time periods shows an estimated decline of 94% after the hurricanes (from
11,984 individuals to 749 individuals) (Rivera-Milán, 2018a; Rivera-Milán, 2018b; Rivera-Milán
and Martínez, 2018).
Because of few of these birds are left alive in the wild in Puerto Rico, APHIS has funded an
emergency project to try to help recover the Puerto Rican plain pigeon and prevent extinction.
This yearlong project is focused on identifying nesting sites of the plain pigeon and enhancing
reproduction by controlling the rat population near nesting sites to help increase the pigeon’s nest
survival rates in 2019 and 2020. The overall long-term goal is to reach prehurricane population
levels in east-central Puerto Rico. The project staff will find the plain pigeons’ nests and kill
nearby rats in 15 agricultural areas in the following municipalities: Aibonito, Aguas Buenas,
Barranquitas, Caguas, Cidra, Cayey, Comerío, Naranjito, and San Lorenzo. For each farm where
the pigeons’ nests are found, the project team will place six trapping and baiting stations to
monitor and conduct operations for eliminating the rats. The team will estimate and control rat
abundance at the plain pigeon nesting sites using a total of about 90 permanent stations with
poisoned bait traps, tracking tunnels, and wax blocks. They will also estimate the number of
Puerto Rican plain pigeon breeding pairs at nesting sites, monitor the nesting activities, and
estimate the nest survival rate (Rivera-Milán, 2018a). The emergency project and similar species
recovery activities to control predatory rats could also help human health (see Box 4.2 in
Chapter 4).
Besides this emergency project, other activities are needed to help recover the Puerto Rican
plain pigeon and its habitats. Such needs include reforestation of nesting and foraging habitats,
assessment of the population recovery based on changes from the hurricane, study of daily and
seasonal pigeon movements and habitat use with satellite telemetry, and other management
activities needed to increase and maintain the Puerto Rican plain pigeon population (RiveraMilán, 2018a). Other management options that have been recommended given the species
decline include minimizing illegal hunting through hunter education and law enforcement in
east-central Puerto Rico, conducting a decisionmaking workshop to determine management
options, and implementing potential captive breeding activities (Rivera-Milán and Martínez,
2018). Another proposal was submitted through the T&E Species subgroup to help recover this
species that proposes to do many of these things. This proposal’s implementation would help
address invasive-species issues and restore vegetation cover and food sources for the species. It
would also use satellite telemetry to help understand habitat and seasonal movements, monitor
and model posthurricane pigeon population dynamics, and conduct a workshop to assess the
population monitoring and modeling data to help figure out other management actions (T&E
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Species Subgroup, 2018d). This proposal is part of NCR 6, Implement Individual At-Risk
Species Recovery Activities (see Appendix C).

Puerto Rican Sharp-Shinned Hawk (A. striatus venator)
The Puerto Rican sharp-shinned hawk is an endangered woodland raptor, a subspecies of the
North American sharp-shinned hawk, endemic to Puerto Rico. This bird of prey is about 11 to
13 inches in length as an adult, is slate gray on its back, and has reddish-blond stripes on its chest
and abdomen areas (see Figure D.3). It was listed as federally endangered in 1994 and is DRNAclassified as critically endangered. Ongoing research on the sharp-shinned hawk supported by
the US FWS State of the Birds program has generated information on its prehurricane
geographic distribution and nesting territory (Adams, 2018a, p. 34; Vilella, 2018).
Figure D.3. Illustration of an Endangered Puerto Rican Sharp-Shinned Hawk (A. striatus venator)

SOURCE: US FWS and Sea Grant Puerto Rico, undated e.

In the 1990s, the Puerto Rican sharp-shinned hawk was known to exist in only 5 areas of
Puerto Rico: the montane rain forests and moist subtropical forests in the state forests of
Maricao, Toro Negro, Guilarte, and Carite and the mountain forests of the EYNF (see
Figure D.4). In 1992, only an estimated 150 individuals remained in the wild; in surveys
performed in 2012 and 2013, the hawk’s populations had experienced “a significant decrease in
individuals in the forests” (US FWS and Sea Grant Puerto Rico, undated e).
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Figure D.4. Map of Historical Locations of the Endangered Puerto Rican Sharp-Shinned Hawk

SOURCE: US FWS and Sea Grant Puerto Rico, undated e.

Prior to the hurricanes, available information indicated that populations of the Puerto Rican
sharp-shinned hawk were small and found mostly in montane forest reserves in Puerto Rico,
particularly the Maricao State Forest, where approximately 40 active nests were located.
Information on the sharp-shinned hawk population in private lands was not available. The
hawk’s populations were estimated to be in decline before the hurricane. Factors associated with
this decline include habitat loss, forest fragmentation, past hurricane effects on the hawk’s prey,
and nestling mortality by botfly parasitism. The breeding season for the hawk lasts from
December to July, with nesting from March to July (Vilella and Gallardo, 2018).
After Hurricane Maria, initial reports indicated massive and extensive damage to forest
cover, including defoliation and loss of the tree canopy in the center of the geographic region
occupied by the sharp-shinned hawk. It is likely that the short-term loss of appropriate forest
habitat, likely fluctuations of forest bird prey species, and increased incidence of parasitism by
botflies on nestlings resulted in a deteriorating situation for this species (Adams, 2018a, p. 8).
Low density and limited distribution of individuals also likely contributed to the decline.
Funding provided by the USGS Quick Response program is being used to update the status
of this species after Hurricane Maria, identify key habitat locations for the species, and assess
effects from the hurricanes.137 Hurricanes can affect suitable habitat for the sharp-shinned hawk
by damaging or altering forest structure, such as the loss of tree branches for nesting habitat and
opening of the forest canopy. The rapid assessment had the following objectives:
•

Replicate sharp-shinned hawk surveys along established routes and lookout points across
the Cordillera Central following Hurricane Maria. The researchers created the survey
points using available spatial databases. They then used playback surveys (a common
acoustic method to attract hawks during breeding season), surveys of aerial displays by
courting pairs to locate nesting territories, and observations of nesting activity in
Maricao, Guilarte, and Toro Negro Forests.

137

Quick Response is a USGS program that provides funding for USGS scientists to respond to immediate, current
year needs of the US FWS.
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•
•

Conduct assessment of habitat conditions at known sharp-shinned hawk nesting sites
across the Cordillera Central after Hurricane Maria.
Provide conservation and management recommendations to the US FWS Caribbean
Ecological Services Field Office on the hawk’s status.

Before Hurricane Maria, there were 51 Puerto Rican sharp-shinned hawks, 18 territorial
pairs, and 15 unpaired individuals at 33 locations. There was a relatively equal split with species
detections in private lands and forest reserves. Characteristics of hawk locations averaged 884 m
in elevation, 64% canopy closure, and 19-degree slope. After the hurricane, species observations
were conducted at 23 known locations in the Cordillera Central (both private and public lands).
The researchers found 9 sharp-shinned hawk breeding pairs (5 pairs in private lands and 4 pairs
in forest reserves) and a single individual inside the forest reserves. Because the postassessment
surveyors could not go to all the same sites, for the 22 sites visited both before and after the
hurricanes, they found 43 sharp-shinned hawks before the hurricanes and only 19 afterward,
which is a decline of 56%. The hawk’s habitat was severely damaged, with approximately 90%
canopy loss, including almost total defoliation, tree breakage, and tree mortality. This includes
damage to many nest trees used by hawk pairs; only 9 of the 21 nest trees used between 2014
and 2016 were still standing after the hurricanes, a loss of 57% of the nest trees (Vilella and
Gallardo, 2018).
A proposal has been submitted for recovering this low population with activities to increase
the survival and productivity of the remaining birds in the wild and by raising a captive
population of hawks and then releasing their progeny back into the wild once the forest habitat
has recovered. Specifically, this proposal’s implementation would provide supplemental feeding
to wild populations and management of individual nesting activity to increase survival rates;
establish and manage a captive breeding population at facilities in Puerto Rico; and reforest
202 ha with appropriate tree species to create suitable habitat for the hawk’s reintroduction in
3 years (Thorstrom, 2018). This proposal is part of NCR 6, Implement Individual At-Risk
Species Recovery Activities (see Appendix C).

The Elfin-Woods Warbler (S. angelae)
The elfin-woods warbler is a rare parulid that is endemic to a few upland forests of Puerto
Rico (see Figure D.5). Historically, this bird’s range was limited to middle- and higher-elevation
humid habitats along the Cordillera Central, Sierra de Cayey, and the EYNF. However, “its
existence at some of these sites has been questioned, and is thought to be restricted to Sierra de
Luquillo (El Yunque Forest) in the east, and Maricao Forest in the western end of the island”
(Delannoy-Juliá, 2009). In 2009, an estimated 1,800 individuals were in the EYNF and Maricao
State Forest (Delannoy-Juliá, 2009). In 2016, the elfin-woods warbler was federally listed as
threatened under the federal ESA with a “Section 4(d) rule providing exemptions for certain
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agriculture and forestry activities that may benefit the species” (US FWS, 2018). The DRNA has
classified this bird endangered.
Hurricanes (especially in the EYNF), climate change, and human-induced fires are major
threats to the elfin-woods warbler’s survival. Other threats to this bird include habitat loss,
fragmentation, and degradation, especially from sun-grown coffee farms and small residential
development in private lands near the Maricao State Forest (US FWS, 2019a).
Figure D.5. Photograph of a Threatened Elfin-Woods Warbler (S. angelae)

Photo: Mike Morel, US FWS, Maricao, Puerto Rico.

A post–Hurricane Maria assessment (Aide and Campos-Cerqueira, 2018a; Aide and CamposCerqueira, 2018b) of the distribution and current status of the threatened elfin-woods warbler
was conducted in and around the Maricao State Forest. In late March and early April 2018,
researchers placed 100 portable recorders throughout the forest to collect 800 to 1,000 1-minute
recordings each over the course of a week. Analysis of these recordings used an algorithm to
distinguish elfin-woods warbler calls from other bird calls and noise.138 Researchers used these

138

A sample of 33 recordings were checked for accuracy and only one was a false positive. Eighteen sites were
resampled because the recorders were lost or stolen or because the recorders malfunctioned at these sites.
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results to compare the distribution of the warbler after the hurricanes with that found in a US
FWS study conducted between 2003 and 2006.
The final results from this assessment detected the elfin-woods warbler at 52 of the
100 sampling sites. The majority of the birds were found inside the Maricao State Forest, but
some birds were found at lower elevations and areas outside the state forest. From the analysis of
occupancy probability, it appears that the warblers are more likely to be detected at elevations
above 600 m, which were similar to the results from the 2003–2006 research. The comparison of
this 2018 research with the 2003–2006 study also suggests that “Hurricane Maria did not have a
strong negative effect on the distribution of the Elfin Woods Warbler in and around the Maricao
State Forest.” However, researchers stated that, even though there was a similar pattern of this
species distribution between the two surveys, “population monitoring should continue to
determine the impact of Hurricane Maria on the first post-hurricane reproductive cycle” (Aide
and Campos-Cerqueira, 2018b). Given the similar population distribution results from this
assessment, no hurricane recovery proposal was prepared for this species.

The Puerto Rican Parrot (A. vittata)
The Puerto Rican parrot (also called the Puerto Rican amazon) is a U.S. federally endangered
species and a DRNA- and IUCN-designated critically endangered species. It is endemic to
Puerto Rico.139 It is a colorful bright green bird with a red forehead, white rings around its eyes,
and blue on its covert and primary flight feathers (see Figure D.6). In the wild, there are 2 groups
of this parrot: one in the EYNF and one in the Río Abajo State Forest. The DRNA has identified
the Puerto Rican parrot as a surrogate species for promoting the conservation of wildlife species
with similar diet and habitat. Specifically, this species is an emblematic and surrogate species for
advancing the conservation of other wildlife species and habitats, through a landscape ecology
approach (DRNA, 2015, pp. 11, 22). The Puerto Rican parrot is important to the culture and
tourism of Puerto Rico and is often a symbol that is featured on souvenirs from magnets to
dishes to clothing.

139

For more information, see US FWS, undated a, and Taylor, 2013.
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Figure D.6. Photograph of an Endangered Puerto Rican Parrot (A. vittata)

SOURCE: US FWS, undated a.

The Puerto Rican parrot was originally abundant throughout Puerto Rico but declined
significantly during the 19th and early 20th century because of the loss of its old-growth forest
habitat and poaching (GrrlScientist, 2018). This parrot was classified as an endangered species in
1967, 6 years before the ESA went into effect in 1973 (US FWS and Sea Grant Puerto Rico,
undated c). By 1975, the Puerto Rican parrot reached its all-time low, with only 13 birds left
(GrrlScientist, 2018). Around the late 1960s, the US FWS, the DRNA, and FS started partnering
in the Puerto Rican parrot recovery program to start activities to recover this species populations.
The program works to conserve, protect, and manage wild and captive parrots in hopes of being
able to downlist the species from endangered to threatened. Through these activities, the
population increased to an estimated 350 to 450 birds by 2012, with about 300 of those birds
being in a captive breeding program (GrrlScientist, 2018; US FWS and Sea Grant Puerto Rico,
undated a). However, hurricanes and loss of its forest habitat are ongoing threats to this species’
survival. Other threats to the Puerto Rican parrot include a parasitic fly; nonnative invasive bee
species; and predators that prey on its nest and young, including rats, red-tailed hawks, and
broad-winged hawks (US FWS and Sea Grant Puerto Rico, undated a).
Because this bird depends on mature trees and prefers specific types of cavities for nest
building, biologists have installed artificial nests to expand its habitat. A captive breeding
program was also started, initially at two sites in Puerto Rico, to breed and release Puerto Rican
parrots. Additionally, two aviaries are managed for the Puerto Rican parrot. The Iguaca Aviary is
in the EYNF and is managed by the US FWS. This reinforced-concrete aviary was built to house
and raise Puerto Rican parrots and serve as protection from hurricanes. The José Vivaldi Aviary
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is in the Río Abajo Forest and is managed by the DRNA. In 2014, the Maricao State Forest was
selected as a third population site. The US FWS and the DRNA co-manage the Maricao release
site.
Nearly 240 parrots were kept in the Iguaca Aviary during Hurricane Maria, and only 9 died
from heat or stress following the storm (Davis, 2017). However, the wild flock of 50 to 55 Puerto
Rican parrots in the EYNF disappeared after the hurricanes, while most of the wild flock on the
western side of the main island in the Río Abajo Forest survived (GrrlScientist, 2018). This
means that an estimated 59 to 64 parrots were lost out of a total population estimated to be 350 to
450, which means an estimated 13 to 18% decline in the parrot population from the hurricanes.
Hurricanes Irma and Maria also severely damaged the infrastructure and facilities of the Iguaca
Aviary and affected the José Vivaldi Aviary and the Maricao State Forest release site.
The US FWS requested funds from the September 2017 congressional appropriations to
Puerto Rico to repair infrastructure and rebuild affected facilities of these three sites and make
them more resilient for future hurricane events.140 The US FWS received funding and granted
$11 million to the Puerto Rico parrot recovery program, with most of the funding going to the
José Vivaldi Aviary in the Río Abajo Forest and the rest to the Maricao facility. The funds will
be used to rebuild, repair, and upgrade these sites with hurricane-resistant buildings, aviaries, and
flight cages, as well as improve the conservation efforts for this emblematic bird (GrrlScientist,
2018).
The Río Abajo State Forest has been leveraging student interns to help monitor the Puerto
Rican parrot;141 student interns could also help in the damage assessment and recovery efforts for
this species.

Yellow-Shouldered Blackbird (A. xanthomus)
The yellow-shouldered blackbird is a conspicuous songbird of coastal Puerto Rico (also
known as la mariquita or el capitán). It is about 20 cm long with a glossy black color and with
bright yellow spots on the shoulder of its wings (see Figure D.7). This blackbird was classified as
a federally endangered species in 1976 and is endemic to Puerto Rico. The DRNA also classifies
it as endangered. This bird used to be widespread in Puerto Rico, but this species is now
concentrated in the mangrove zone of southwestern Puerto Rico and in xeric scrub on Mona
Island, with several small populations being scattered in other areas of the main island (Post,
2011). Black mangroves and coconut palms are its primary nesting locations, although it

140

This is why the Puerto Rican parrot does not have a project proposal in this cycle requesting congressional
appropriations for posthurricane issues.
141

The DRNA created the Auxiliary Corps of Scientific Interpreters, which enlists teachers and students from
colleges and schools in gathering technical and scientific information for environmental research in Puerto Rico.
This program has had student interns helping monitor the Puerto Rican parrot in the Río Abajo State Forest
(Estudios Técnicos, 2016, p. 12).
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sometimes nests in red mangroves (R. mangle), Puerto Rico royal palm (Roystonea borinquena),
and other tree species (US FWS and Sea Grant Puerto Rico, undated f).
The yellow-shouldered blackbird’s population declined by more than 50% between 2004 and
2012, leaving fewer than 400 individuals in its native habitat in southwestern Puerto Rico. The
reasons for the decline and threats to this species’ survival include coastal forest habitat loss
(often from residential and tourism development) and brood parasitism by the shiny cowbird
(Molothrus bonariensis), an invasive species originally native to South America, Trinidad, and
Tobago (Medina-Miranda et al., 2013). Other threats include predators (such as rats, feral cats,
green iguanas, and other bird species), mites and lice that feed on both the chicks and adults, and
avian pox (US FWS and Sea Grant Puerto Rico, undated f). To help the species population
increase by reducing nest predation, a recovery project was established in 1984 to install
artificial nesting structures for this species. Within less than 30 years, there were 255 artificial
nesting structures, and these nests had produced an estimated 7,326 fledglings (young birds that
have left the nest) (US FWS and Sea Grant Puerto Rico, undated f).
Figure D.7. Illustration of an Endangered Yellow-Shouldered Blackbird (A. xanthomus)

SOURCE: US FWS and Sea Grant Puerto Rico, undated f.

Damage to mangroves caused by the hurricanes’ system effects has likely affected this
species. For example, mangroves in Pitahaya have been affected by a change in hydrology
because a blocked canal in Pitahaya is preventing sea water from reaching them. A rapid damage
assessment was conducted of damage to the yellow-shouldered blackbird’s habitat there.
Specifically, a post–Hurricane Maria assessment of the yellow-shouldered blackbird’s nesting
and breeding habitat was conducted in Cabo Rojo and Lajas, Puerto Rico (Dávila-Casanova and
Ventosa-Febles, 2018). The assessment focused on examining changes in mangrove health from
historical land-use and hydrological changes and from hurricane effects because mangrove
forests are the yellow-shouldered blackbird’s nesting and breeding habitat. The researchers
compared historical and current aerial and satellite imagery and conducted site visits on foot and
by boat to the study area. The study area is in the southwest part of the main island and consists
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of a 4.5-km stretch of fringe mangroves and associated lagoons and salt flats inside the Boquerón
State Forest.
Historical changes in mangrove health and related land use were determined by visual
analysis of a mosaic of digitized aerial photos taken between 1930 and 2017. A small unmanned
aircraft system was also used to take high-resolution aerial imagery of the condition of the
mangrove canopy in 2018. The study area was visited on April 4, 5, 6, and 7, 2018, to assess the
validity of the aerial imagery interpretation. These visits included focusing on parts of the
Pitahaya mangroves where massive mangrove mortality events had been observed in the imagery
analysis. On April 7, 2018, the research team also made observations about the condition of
several canals identified in the imagery. These canals constituted the main access for the marine
tidal waters on which the hydrology of the lagoons and internal portions of the mangrove habitat
depend.
The assessors found that, overall, 25% of the maximum mangrove cover for the Pitahaya area
had been affected by a massive mortality event. Massive mortality here means that large numbers
and size classes of trees died within a relatively short time. This mortality event started decades
ago because of human changes to land use and the hydrological patterns, but the hurricanes
worsened the mortality rates. For instance, the hurricanes caused breakage of mangrove trunks,
bark destruction, wind-fallen trees, and extreme defoliation, all of which contribute to massive
mortality. Specifically, the researchers concluded that the mechanical effects on the mangrove
trees from the strong hurricane winds contributed to mangrove deaths. In addition, significant
changes in hydrological patterns, which altered the frequency of surface runoff and flushing of
the mangrove system, caused changes in the overall mangrove system structure and mortality
patterns. The assessors found that the altered hydrological patterns resulting from human activity
in the area (such as land-use changes and extraction of mostly salt and some wood) were the
main cause of past mangrove mortality and that the 2017 hurricanes contributed to further
compromising the hydrologic patterns at Pitahaya. Namely, the assessors found that the
hurricane’s alteration of the hydrology of the sites contributed to mangrove deaths. Overall, they
concluded that the “2017 hurricane impacts are a negative factor contributing to the current poor
condition of the Pitahaya area mangroves” (Dávila-Casanova and Ventosa-Febles, 2018, p. 22).
In terms of recovery actions, because the endangered yellow-shouldered blackbird depends
on mangrove forests, efforts to restore the mangroves in Pitahaya are needed. For instance, the
assessment report stated the importance of restoring hydrological patterns to promote the natural
growth of new mangroves in the area. The researchers also alluded to the need for a watershed
approach by identifying the need to manage human activities in the plains and hills north of the
system to improve the quality of the nutrients and sediments carried by surface freshwater runoff
(Dávila-Casanova and Ventosa-Febles, 2018).
A proposal has been submitted to the T&E Species subgroup to help recover the yellowshouldered blackbird from the hurricanes’ effects by focusing on restoring mangrove habitats
and increasing the population numbers. This proposal’s two main objectives are to restore habitat
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condition in Pitahaya and Bahía Sucia by 90% in 3 years and increasing the species survival rates
by decreasing the predation by rats, cats, dogs, mongoose, green iguanas, and American kestrel
on yellow-shouldered blackbirds by 80% in 3 years. For instance, activities for the first objective
include restoring sea water connection to the wetland in Pitahaya; reforesting the Pitahaya
wetland and Bahía Sucia with black and red mangroves; and replacing the blackbird’s artificial
nesting structures with a new design tested for better survival of the species’ brood (VentosaFebles, 2018). This proposal is part of NCR 6, Implement Individual At-Risk Species Recovery
Activities (see Appendix C). The focus on the broader watershed approach for the mangrove
habitat is reflected in NCR 21, Strategic Watershed, Landscape, and Conservation Corridor
Approaches, which focuses on employing strategic watershed, landscape, and conservation
corridor approaches.

The Virgin Islands Boa (C. granti)
The Virgin Islands boa (also called the Virgin Islands tree boa) is a snake that is harmless to
humans. It is considered endemic to Puerto Rico and the U.S. and British Virgin Islands.142 An
adult is about a meter long. This secretive nocturnal snake is light brown with darker chestnut
blotches partially edged with black (see Figure D.8). The US FWS classified it in 1979 as U.S.
federally endangered species, and the DRNA considers it critically endangered. This snake’s
main food source is anole lizards. It lives in subtropical dry forest areas (often on cays), hunts at
night, and, during the day, it hides in termite nests or under rocks. Historically, the Virgin Islands
boa was widely distributed throughout Puerto Rico and the Virgin Islands, including the
northeastern side of Puerto Rico, the offshore cay of Cayo Diablo, Culebra Island, St. Thomas in
the U.S. Virgin Islands, and Tortola and Virgin Gorda in the British Virgin Islands. Prior to the
2017 hurricanes, the available data suggested that the Virgin Islands boa exhibited a fragmented
distribution within its range and was restricted to few islands in the region. Scientists
hypothesize that the current distribution is the result of a long history of species decline and local
extirpations. To help recover this species, a captive breeding program was started by the Toledo
Zoological Gardens in 1985; by the mid-1990s, more than 100 offspring had been produced and
reintroduced on two islands previously without known Virgin Islands boa populations but within
their historical range. This species can do well on small islands with good habitat and limited
invasive mammalian predators. However, the small, uninhabited cays and islets where much of
142

For the Virgin Islands boa, we use the Latin name C. granti for this snake species because it is the Latin name
that the DRNA currently uses (see DRNA, 2015, p. 25.) The Latin name was changed to C. granti in 2015. Some
older US FWS sources use the term Virgin Islands tree boa, Latin name E. monensis granti, for this species (see
Environmental Conservation Online System, undated d, and Nellis, Tolson, and Norton, 1986). Complicating the
situation even more is the Puerto Rican boa (E. inornatus), another endangered boa on Puerto Rico that Fort
Buchanan has been helping to protect and recover (see Kimbrough, 2017) and the threatened Mona boa (E. monensis
monensis). (See Environmental Conservation Online System, undated b. Note that the Latin name also changed for
this species.)
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the remaining populations of this snake species have tended to concentrate are vulnerable to
hurricanes because of the impact from the inundations from the ocean and storms (Center for
Biological Diversity, undated b). Prehurricane population estimates were not known because of
lack of sufficient data given its secretive and nocturnal nature.143 Habitat loss from human
development and hurricanes, and predation by nonnative species, such as rats and feral cats, are
the current main threats to this species (Island Conservation, 2018, p. 1).
Figure D.8. Photograph of an Endangered Virgin Islands Boa (C. granti)

SOURCE: Island Conservation, 2018.

The region and habitat where the Virgin Islands boa occurs was heavily hit during the
hurricanes. The assessment (Island Conservation, 2018), completed in May 2018, focused on
hurricane impacts to suitable habitat at sites in three areas: Cordillera Reef Nature Reserve,
Culebra, and Río Mar (Río Grande, Puerto Rico). Data were gathered to assess Virgin Islands
boa presence (through identification of snakes along defined transects), as well as to characterize
the percentage of vegetation canopy and ground cover, vegetation canopy height and structure,
density (per square meter) of anole lizards, and presence of invasive species. Specifically,
nighttime boa surveys were conducted at 6 areas using 4 to 6 linear transects per search and
4 surveys of each transect during 3 nights at each visited site, and the snakes captured were
143

For more information about this species and its data challenges, see Nellis, Tolson, and Norton, 1986.

317

measured and weighed and released. The data from the surveys can be used to suggest areas of
suitable habitat for boas by answering several questions:
•
•
•
•

Is there an appropriate amount of vegetation on the ground and over the top of sites?
Is that vegetation of the right type to support boas and their food sources?
Are there food sources (e.g., lizards) available for boas?
Are there invasive species that could limit habitat viability for boas?

Counting the incidence of boas is important, but suitable habitat locations must also be
identified so that decisions can be made about the best locations for boa conservation.
According to the assessment results, 13 boas were observed in 6 total study locations (such as
in Diablo Cay, Río Mar area, and Culebra). After 8 months, it appeared that the habitat areas
investigated had recovered significantly; even though boas were not observed at all the study
areas, there appeared to be suitable habitat remaining or recovering at each location. Presence of
suitable habitat has important implication for future species recovery plans. However, evidence
of rats (the black rat, Rattus rattus) was found at all sites except for Diablo Cay. Rats and other
invasive predator species are “a major threat” for the Virgin Islands boa’s “survival and its
recovery” (Island Conservation, 2018, p. 28). Green iguanas (Iguana iguana), another boa
predator, were also found on Icacos Cay.
There were still some indications of storm damage to the sites surveyed, however. These
might include reduced vegetation canopy height as a result of the downing of trees during the
hurricanes, which could be confining boa movements to lower-lying shrubs and trees in areas
where these snakes exist. There also appears to have been damage to vegetation as a result of
road clearing after the hurricanes. One major limitation of this is that data on prestorm habitat
conditions are not available for comparison, so more-precise estimates of the hurricanes’ effects
cannot be made. Rather, the conclusions of the assessment focus on qualitative insights on the
general state of potential habitat that are based on the analysis of quantitative data collected in
the field.
This region bears additional significance because it is also a major seabird location,
supporting a globally important population of sooty tern (Sterna fuscata) and regionally
significant numbers of royal tern (Thalasseus maximus), brown noddy (Anous stolidus), roseate
tern (Sterna dougallii), Audubon’s shearwater (Puffinus lherminierie), red-billed tropicbird
(Phaethon aethereus), white-tailed tropicbird (Phaethon lepturus), and bridled tern
(Onychoprion anaethetus) (Island Conservation, 2018, p. 2). Habitats function as systems that
should be understood holistically to support good management practices, so the Virgin Islands
boa assessment also included an examination of seabird presence and nesting sites (critical in a
long-term sense for sustaining populations). This documentation took place in the Cordillera
Reef Nature Reserve.
During the assessment, individuals from 25 species were observed, 2 of which (red-billed
tropicbirds [P. aethereus] and brown boobies [Sula leucogaster]) were seen nesting. Like for the
boa, prehurricane data on the condition of seabird nesting sites are not available. However, it was
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possible to observe the ample presence of birds and nesting sites, as well as the general condition
of habitat areas, which did not exhibit substantial presence of debris, which would hamper
nesting opportunities. However, there was at least 1 instance of intensive coastal erosion (Lobos
Cay, part of the Cordillera Reef Nature Reserve) due to the hurricane-related storm surge that did
appear to affect the availability of nesting sites.
A proposal has been submitted to the T&E Species subgroup to help recover the Virgin
Islands boa from the hurricanes’ effects by making the species populations more resilient to
future hurricanes and other threats. This proposal has 3 main activities: minimizing invasivespecies predation by removing the invasive feral cats and rats in selected offshore cays,
improving habitats in selected offshore cays, and increasing the number of boa populations by 2
and increasing the number of boas within every population group. The population increases in
the new populations would be made by releasing snakes from the captive populations or natural
populations (translocation). The population goal is to increase the number of Virgin Islands boas
in each population by 10% of prehurricane numbers by 2021 (T&E Species Subgroup, 2018e).
This proposal is part of NCR 6, Implement Individual At-Risk Species Recovery Activities (see
Appendix C).

Gesneria pauciflora
Gesneria pauciflora is more commonly known as yerba maricao de cueva (see Figure D.9).
This rare plant is endemic to serpentine soil in Puerto Rico. It was federally listed as a threatened
species in 1995, and the DRNA classifies it as vulnerable. This plant grows mostly among rocks
or gravel along the sides of river banks and streams within the Maricao State Forest and
surrounding private lands in the southwest mountains of Puerto Rico (Adams, 2018a; US FWS,
2013a). Some good information exists about this species prior to the hurricanes because, from
September 2015 to August 2017, researchers at the UPR, Río Piedras, in collaboration with staff
of the DRNA and the US FWS, studied and monitored the species to evaluate the potential for
delisting.
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Figure D.9. Photograph of a Threatened Gesneria pauciflora

Photo by Pedro Acevedo-Rodriguez, Smithsonian Institution.

Hurricanes Irma and Maria affected Gesneria pauciflora. Hurricanes, floods, and other
extreme events can threaten population persistence through direct (e.g., floods and landslides)
and indirect (e.g., habitat change and changes in plant–herbivore interactions) effects. For
example, hurricanes can change the physical forest environment and modify microclimates
through defoliated tree canopies (triggered by wind action) and landslides (triggered by rainfall)
(Meléndez-Ackerman and Pérez, 2018, p. 29). Landslides on Puerto Rico were common with
both hurricanes and especially after Hurricane Maria, in which the density of landslides was as
high as 25 per square kilometer in some mountain areas. Landslides have been reported for the
Maricao State Forest, and it is suspected that some of this plant’s patches might have been lost
(Meléndez-Ackerman and Pérez, 2018, p. 7). Another threat to this plant’s survival is a low
pollinator visitation rate.
A damage assessment has been implemented by scientists from the UPR, Río Piedras, and
they conducted an assessment of direct and indirect hurricane effects on this plant’s populations
(such as changes in population size and structure, reproductive activity, plant damage, and
herbivory rate) and their associated microhabitat (such as changes in canopy cover and patch
area and qualitative evidence of land movement and flooding) following the two hurricanes. This
assessment was conducted from April to May 2018.144
The assessment consisted of three main parts:
1. The researchers visited all previously surveyed patches of Gesneria pauciflora to count
and measure all individuals and, for each individual, to quantify the extent of
reproductive activity and floral herbivory and to assess habitat changes. Researchers
visited 68 sites (see Figure D.10 for a map of their locations) from March 21 to April 15,
2018, which included visiting 49 sites of this species that scientists and resource
managers had studied and monitored from September 2015 until August 2017. The sites
144

The post–Hurricane Maria damage assessment information for Gesneria pauciflora, a threatened herbaceous
species endemic to the Maricao State Forest, was provided to the authors by the NCR RSF.
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also included 12 new sites and 7 extinct sites. At each of the plant colonies (consisting of
4 to 476 individuals), the researchers counted the number of individuals at each stage
(seedling, nonreproductive, and reproductive).
Figure D.10. Map of the 68 Colonies of Gesneria pauciflora in and near the Maricao State Forest

SOURCE: Meléndez-Ackerman and Pérez, 2018.

2. The research team conducted a hurricane damage assessment by measuring Gesneria
pauciflora colony loss, plant mortality, canopy cover changes, and evidence of landslides
and flash floods and documenting potential threats (e.g., landslides, potentially invasive
vegetation). For each colony, researchers assessed habitat characteristics and made
observations about landslides. To assess changes in canopy cover, the researchers
compared hemispherical photographs that had been taken in 11 colonies in the Maricao
River watershed before (October 2016) and after the hurricanes (April 2018). Figure D.11
shows the processed hemispherical pictures of the canopy cover before and after
hurricanes at one colony in the main channel of the Maricao River. The photos were
taken with the same methodology (for a transect of 10 m, 2 pictures were taken at every
2 m at sunrise) and in the same 11 colonies in the Maricao River watershed. The photos
were then analyzed in ImageJ software using a Hemispherical 2.0 macro, and a t-test
comparison in R was used to assess canopy changes at each colony.
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Figure D.11. Hemispherical Photos of the Canopy Cover of Gesneria pauciflora Before and After
the Hurricanes at One Colony in the Main Channel of the Maricao River

SOURCE: Perez and Melendez-Ackerman, 2018.

3. The researchers ran population models that took into account the effects of an extreme
event. Before the hurricanes, they monitored 11 colonies of Gesneria pauciflora along
the Maricao River to assess plant population dynamics using an integral population
model and they tagged the plants that survived as well as any new specimens for running
the model posthurricane. They used 1,650 plants, including 13 new seedlings, in this
analysis.
Of the total 7,853 individuals that were counted, only 397 had active reproductive structures.
Plants that had been studied for 2 years experienced a 70% mortality (out of 1,650 plants), with
seedlings experiencing the highest mortality rates (the other categories being nonreproductive
individuals and adult plants) (see Figure D.12). Canopy loss and colony location seem to
influence plant mortality.
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Figure D.12. Number of Gesneria pauciflora Plants That Survived the Hurricanes, by Size Category

SOURCE: Meléndez-Ackerman and Pérez, 2018.
NOTE: Seedlings: ≤ 0.3 cm. Nonreproductive plants: > 0.3 and < 15 cm. Reproductive plants: ≥ 15 cm.

Higher mortality rates were associated with higher percentages of canopy cover lost. These
results suggest that open canopies could contribute to plant mortality and that seedlings were the
most susceptible to the hurricane events. Of all the colonies observed, 76% had other plant
species that could compete for space following the hurricane disturbance. The 7 extinct colonies
were mostly in first-order streams.
The researchers recommended a science-based breeding program for the species and to
develop in situ and ex situ conservation efforts to accelerate and ensure short- and long-term
species recovery. They also recommended developing a GIS-based habitat model with available
data to further assess additional areas for reintroduction and to continue and expand monitoring
of the known colonies. From the 61 live colonies, 21 were outside the limits of the Maricao
Forest Reserve, and some of these colonies had greater numbers of plants. The researchers also
recommended monitoring these colonies because urban development might have changed land
use. Plants in the highest part of the basin also had the largest plants, so these colonies could be
considered donors of propagules for reintroduction purposes.
A proposal was submitted to the T&E Species subgroup to help recover this species from the
hurricanes’ effects, with the main objective of increasing the wild population of reproductive
adults by 60% by 2021 and making the species more resilient to future hurricanes and threats.
The proposal included implementation of many of the assessment study’s recommendations.
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Specifically, this proposal’s activities include identifying sites with more than 50 individuals
within the 4 watersheds of the Maricao State Forest to be used as propagule source sites;
developing a propagation protocol for Gesneria pauciflora; producing propagules in situ and
ex situ; and planting propagules in the wild, both on the existing sites along Río Maricao and on
5 new sites (T&E Species Subgroup, 2018a). This proposal is part of NCR 6, Implement
Individual At-Risk Species Recovery Activities (see Appendix C).

Sebucán (L. grantianus) and Higo Chumbo (H. portoricensis)
Sebucán and higo chumbo are two cactus species that are endemic to Puerto Rico, and both
are federally listed T&E species. Sebucán was federally listed as an endangered species in 1993,
and the DRNA considers it endangered. Higo chumbo is a federally listed threatened species that
was listed in 1990, and the DRNA has classified it as endangered. L. grantianus is a nearly
spineless cactus (see Figure D.13), occurring only on Culebra, an island off the northeast coast of
Puerto Rico at elevations between 0 and 10 m. Prior to the hurricanes, the only known population
of this species had fewer than 50 individuals. These cacti have been threatened by heavy storm
surges; agricultural, residential, and tourist development in adjacent areas; and an invasive
species, the harrisia cactus mealybug (H. pungens), an invasive insect that kills its plant hosts
(Aguirre et al., 2018; Taylor, 2013; US FWS, 1994). Higo chumbo is columnar cactus that was
historically in one area of the main island and on the nearby islands of Mona, Monito, and
Desecheo. Over time, development has extirpated the species from the main island. Thus, prior
to Hurricane Maria, it was on only the 3 small islands. This cactus is threatened by natural
catastrophes, such as hurricanes; habitat modification; low genetic variation; and herbivory by
invasive species, such as goats and rats, and the harrisia cactus mealybug (Aguirre et al., 2018;
Environmental Conservation Online System, undated a; Figuerola-Hernández et al., 2017).
Figure D.13. Photographs of Endangered Sebucán (L. grantianus) Plants

SOURCES: Flower photo taken by Monsegur Omar, US FWS; plant photo taken by C. Pacheo, US FWS.
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Sebucán and higo chumbo were both likely affected by Hurricane Maria. Sebucán, occurring
only on Culebra at a location of about 8 to 10 m from high tide, could have been damaged by
heavy storm surges and the spread of the harrisia cactus mealybug. Higo chumbo is on the
islands of Mona, Monito, and Desecheo. After 4 years of continuous monitoring (from 2010
through 2013), 72 individual plants were identified on Desecheo (Figuerola-Hernández et al.,
2017). This cactus could also have been affected by storm damage and spread of the mealybug.
A rapid assessment was conducted in April 2018 to see whether the spread of the harrisia
cactus mealybug had affected these 2 and other cactus species. In the past, this mealybug has
dramatically reduced populations of cactus host plants, and it is spread by winds. The overall
objective of this rapid assessment was to evaluate the current, posthurricane population status of
this mealybug in Puerto Rico. In particular, this study focused on identifying any effect the
hurricanes had on sites previously surveyed in 2016 on harrisia cactus mealybug populations and
the insects’ dispersal into new locations after the hurricanes. A 14-day rapid assessment of these
mealybugs’ populations was conducted on host plants at 30 sites. Of these sites, 12 were the
same as those surveyed in February 2016. An additional 18 sites were surveyed that contained
known harrisia cactus mealybug host plants and the potential to be invaded by the bugs after the
hurricanes. Host plants at each site in the families of Portulacaceae, Amaranthaceae, and
Cactaceae were evaluated for the presence or absence of the mealybug and documented with
GPS coordinates and photographs (Aguirre et al., 2018).
The researchers found that sites surveyed in 2016 with cactus infested by the harrisia cactus
mealybug remained infested in 2018, there were no new outbreaks since 2016, and recently dead
plants with extreme symptoms of harrisia cactus mealybug infestation were observed at several
sites. There was no obvious, widespread dispersal of this mealybug since the 2017 hurricanes.
However, the period required for new harrisia cactus mealybug infestations to become obvious
might have exceeded the study period (Aguirre et al., 2018).
A proposal was submitted to the T&E Species subgroup to help recover sebucán and higo
chumbo because of the spread of harrisia cactus mealybug populations and other threats. This
proposal focuses on collecting cuttings and seeds for the two cactus species, establishing the
plants in a Puerto Rican nursery, establishing plants at three continental U.S. botanical gardens to
protect against the harrisia cactus mealybug and other threats, and avoiding species extinctions.
This proposal also includes implementing a long-term storage strategy for the cactus seeds (T&E
Species Subgroup, 2018b).

Puerto Rican Crested Toad (P. lemur)
The Puerto Rican crested toad or sapo concho is a medium-sized toad about 6 to 11 cm long
(see Figure D.14) that is native to Puerto Rico. It lives in arid to semi-arid climates in karst
limestone formations. The Puerto Rican crested toad is endemic to Puerto Rico and Virgin Gorda
(British Virgin Islands); however, it is believed to be extinct in Virgin Gorda, so the only wild
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populations would be in Puerto Rico (US FWS and Sea Grant Puerto Rico, undated d). Wild toad
populations were considered 2 distinct populations in Puerto Rico’s karst regions—one in the
north and one in the south. Puerto Rican crested toads eat insects, such as roaches, crickets, and
centipedes. This toad hides in limestone cavities and holes and reproduces in temporary pools
that form when there is more than 10 cm of rain.
Figure D.14. Illustration of a Threatened Puerto Rican Crested Toad (P. lemur)

SOURCE: U.S. Fish and Wildlife Service and Sea Grant Puerto Rico, undated d.

Habitat loss and introduced toad species are major causes for the toad’s decline and led to a
listing as threatened under the ESA by the US FWS in 1987 and critically endangered by the
DRNA and IUCN (Puerto Rican Crested Toad Recovery Program, undated a). For example,
historically, breeding ponds in the north were drained for agricultural and urban development, as
well as mosquito control. The main remaining location in the wild is Guánica State Forest
(Bosque Estatal de Guánica), a subtropical dry forest in southwest Puerto Rico. In Guánica State
Forest, the practice of draining the only remaining breeding pond for easier access to the beach
was stopped after the toads were rediscovered in the area in 1984 (Puerto Rican Crested Toad
Recovery Program, undated b).
To save the Puerto Rican crested toad from extinction, a Species Survival Plan was created in
1984 through the Association of Zoos and Aquariums. This plan’s goals include education and
outreach in Puerto Rico, research, the protection of existing habitat, the creation of new ponds,
and the establishment of at least six self-sustaining populations in the wild. A reintroduction
program of Puerto Rican crested toads into the wild from breeding programs at zoos is key to
this plan. The reintroduction program started with more than 3,400 toads released from four zoos
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between 1982 and 1992.145 Since then, more than 300,000 captive hatched tadpoles have been
reintroduced to Puerto Rico from more than 20 zoos in the United States and Canada (Puerto
Rican Crested Toad Recovery Program, undated a). In recent years, to help sustain the Puerto
Rican crested toad population, more than 40 zoos have shipped thousands of tadpoles to the
release sites in Guánica State Forest. In the autumn of 2017, assessments were made to examine
the effects at these tadpole release sites.
Population estimates before the hurricanes have fluctuated between 300 and
3,000 individuals for the remaining wild population of toads in Tamarindo, Guánica. There are
no population estimates for crested toads living in Cienega and Ventana and the six
reintroduction sites across the main island (Puerto Rican Crested Toad Recovery Program,
undated b).
In November 2017, assessments of the tadpole release sites in the Guánica State Forest
showed that most of them would need new structures built around the ponds, repair of access
roads and fences, and the removal and replacement of fallen trees; however, the wild population
of toads in Tamarindo experienced little damage in terms of tidal surges and seawater infiltration
(Crupi, 2018). Because the hurricane damaged the release sites, the zoos will need to delay
releasing tadpoles until repairs can be made. For example, the Cleveland Metropark Zoo
normally sends tadpoles to Puerto Rico in the spring, but, in 2018, the schedule had to be revised
to wait for the repairs to the release site.
A proposal was submitted to the T&E Species subgroup to help plan the sapo concho’s
recovery from the hurricane, and it is part of NCR 6, Implement Individual At-Risk Species
Recovery Activities (see Appendix C). Proposed recovery activities include conducting
improvements to release ponds at 6 sites (Río Encantado, Manglillo Grande, Hacienda La
Esperanza, El Tallonal, Gabia Farm, and Cuevas El Convento) and access to the release sites;
enhancing the habitats at these 6 sites by reforesting on a 500-m radius around the ponds;
releasing tadpoles at the 6 sites; and conducting monitoring and monthly predator and invasivespecies removal at the 6 release sites and at the natural breeding ponds in Guánica and
Guayanilla. The proposal also recommends establishing two additional population sites within
the toad’s historical range (T&E Species Subgroup, 2018c).

Puerto Rico Harlequin Butterfly (A. tulita)
The Puerto Rico harlequin butterfly or mariposa arlequín is a small, dark brown butterfly
with black and deep orange markings that is endemic to Puerto Rico (see Figure D.15). In 2011,
the US FWS listed this butterfly is listed as an at-risk candidate species, and the DRNA lists it as
critically endangered (DRNA, 2015, p. 28; Environmental Conservation Online System,
undated c). The host plant for this butterfly is the prickly bush (Oplonia spinosa), which is both a
145

The Buffalo, Fort Worth, Juan Rivero, and Toronto zoos.
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nest and a food source for its larvae. The prickly bush is widely distributed throughout Puerto
Rico, but the butterfly is a slow and weak flier, so the species occurs in very few locations on the
main island: in the Maricao State Forest and the coastal cliffs in a small area of Quebradillas. In
2011, the Quebradillas population was in scattered patches on approximately 144 ha of
deforested habitat. It was estimated to have 45 or fewer adult individuals, and the number
remaining in the Maricao State Forest population was unknown (Center for Biological Diversity,
2011).
Figure D.15. Illustration of an At-Risk Puerto Rico Harlequin Butterfly (A. tulita)

SOURCE: US FWS, 2016.

Because of the limited knowledge about the Puerto Rico harlequin butterfly populations in
the wild, biologists were conducting a population assessment to evaluate traditional and
nontraditional habitats occupied by this species starting in 2016. In fact, 9 sites were being
monitored by 3 biologists:
•
•
•
•

in Isabela, Cara del Indio and Pastillo/Tunnel
in Maricao, La Cantera and Los Pinos
in Quebradillas, El Merendero, Camuy Puerto Hermina, and Puente Blanco
in Sabana Grande, Susua I and Susua Forest II.

Standardized mariposa arlequín surveys began in November 2016, and data were derived
from 30 survey events (3 transects each) at 9 sites throughout the year before the hurricanes.
Recorded observations during surveys of adult butterflies have been low (20 butterflies), and
these data appear to indicate small, fragmented populations compared to those of other fritillary
species (T&E Species Subgroup, 2018f).
Each of the 9 mariposa arlequín habitat sites being surveyed sustained significant damage
due to Hurricane Maria. Researchers estimate that up to 50% of their trees were damaged,
resulting in the loss of upper canopy habitat. According to evidence of where people have
attempted to clear out fallen vegetation, the understory has now been invaded by invasive plant
species (i.e., grasses). As a result, this butterfly’s nectar sources and larval plants have been
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removed entirely, damaged, or displaced by invasive plants, and this will likely have a direct
effect on butterfly populations (T&E Species Subgroup, 2018f).
A proposal was submitted to the T&E Species subgroup that included a botanist assisting
with habitat restoration efforts. Activities proposed to help recover this butterfly species include
removing debris and invasive plants and planting new nectar sources to help sustain the
remaining butterflies. Host plants would also be grown in a new greenhouse on a nearby property
and planted to increase butterfly egg oviposition and larval rearing. The proposal also includes
designing a captive breeding program, developing a breeding facility, conducting captive
breeding, and releasing butterflies into the wild to augment populations (T&E Species Subgroup,
2018f). This proposal is part of NCR 6, Implement Individual At-Risk Species Recovery
Activities, detailed in Appendix C.
This proposal also suggests involving local communities in the butterfly restoration efforts,
which can assist in teaching new landowners to create appropriate habitat for this species and
other pollinators on adjacent privately owned properties. The El Merendero, Quebradillas, site
has already been “adopted” by a local organization that promotes native wildlife conservation
and is home to the largest population of the Puerto Rico harlequin butterfly. This organization,
Liga Ecológica Quebradillana, could be a partner to help mobilize volunteers in restoration
efforts (T&E Species Subgroup, 2018f). Such efforts to recover the mariposa arlequín could be a
focus for NCR 7, Develop Partner Networks for Recovering Plant and Animal Species, which
focuses on developing partner networks for recovering plant and animal species.

The Coquí Llanero and Other Coquí Frogs
Coquí frogs are important cultural symbols in Puerto Rico. They are well known for the “kokee” call that is made by the common coquí, Eleutherodactylus coqui. The coquí frog is Puerto
Rico’s state animal. In fact, many Puerto Ricans associate the sound of the coquí with their
homeland. Many Taíno myths and art, such as pictographs and pottery, feature the coquí
(“Coquí,” undated). Puerto Rico has 16 distinct coquí species that are native only to Puerto Rico.
Two to four of these species are believed extinct, and most of the rest are very rare and in
decline. In fact, the DRNA considers 13 of these coquí species to be SGCNs.146
The coquí llanero, also called the Puerto Rican lowland coquí or Plains Coquí, is one of the
smallest tree frogs in the world and is a U.S. federal endangered species. IUCN has designated
this species as critically endangered, as has the DRNA. Adult coquí llaneros are smaller than a
dime and generally light brown to yellow in color (see Figure D.16). This frog has the highest
pitch of almost any frog—just barely audible to human ears. Its calls are short, high-pitched
notes that generally last between 4 and 21 seconds but have been recorded at even greater
durations. These frogs usually begin singing around 4:30 p.m. and continue until midnight.
146

See DRNA, 2015, for the names and status of these coquí species.
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Figure D.16. Illustration of an Endangered Coquí Llanero (E. juanariveroi)

SOURCE: US FWS and Sea Grant Puerto Rico, undated b.

The species is found only in one herbaceous freshwater wetland in Puerto Rico (see
Figure D.17), and it lays its eggs only on the leaves of one plant, the bulltongue arrowhead
(Sagittaria lancifolia) (US FWS and Sea Grant Puerto Rico, undated b). Historical threats to the
species have included herbicides, urban and industrial development, climate change, and toxic
substances leaching from a city dump (Center for Biological Diversity, undated a; NatureServe,
2014). Scientists have used models for predicting the sea level’s impact on marshes, and
estimated changes in land use and land cover, to conclude that sea-level changes “will spell the
gradual demise of this frog’s only home.”147
Figure D.17. Map of the Sole Remaining Location of the Coquí Llanero

SOURCE: US FWS and Sea Grant Puerto Rico, undated b.

Given that this species occurs only in one wetland and faces risks from contamination and
that its habitat was likely damaged in the hurricanes, the coquí llanero was probably affected by
the hurricanes. We do not have any information about the damage to the habitat of this or other

147

Daniel Dávila Casanova of the UPR has done modeling to assess the effects that climate change could have on
this frog’s habitat. See NatureServe, 2014.
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coquí species. However, the US FWS funded a damage assessment of bird and anuran148 species
distributions and composition before and after Hurricanes Irma and Maria in the Luquillo
Mountains that includes 10 coquí species and 16 bird species, including the Puerto Rican parrot,
the elfin-woods warbler, the sharp-shinned hawk, the Puerto Rican oriole, and the Puerto Rican
bullfinch.149

148

A class of animals that includes frogs and toads.

149

The results of this damage assessment were expected after the data collection was completed for this study.
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N

atural resources influence every aspect of life in Puerto Rico. Natural resources and
parks are important to public health and well-being and to the economy. They are so
integrated into daily life that their criticality to the functioning of society is not always
apparent.
Puerto Rico’s coastal resources, forests, and species are rich in biodiversity

and international significance and generate economic value for tourism, agriculture, education, and
the ocean economy. Ecosystem services, such as coastal protection from storms, air and water
purification, stormwater control, and soil stabilization, provide substantial benefits to residents and
visitors.
The hurricanes stressed and destroyed significant areas on land and at sea, many of which
were already strained from human interference and weak enforcement of environmental laws. The
hurricanes’ full effects will not be known for years. Parks experienced substantial damage, large
amounts of debris were generated, and landfills and are nearing capacity.
This report presents a socioecological system framework for recovery planning, information on
observed damage, and 25 courses of action (COAs) for restoring coastal resources, forests, and
species; controlling sedimentation and water quality; managing solid waste; renewing parks; and
improving the economic opportunities such as alternative tourism. The COAs are grounded in known
hurricane-caused damage to natural resources, landfills, and parks; informed by previous plans and
natural resource management activities in Puerto Rico; and derived from accepted ecological and best
management practices. These COAs focus on restoring sites that have high ecological and economic
value and building networks of stakeholder and foundational capacity to create a more resilient
Puerto Rico.
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