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PUERTO RICO CLIMATE CHANGE COUNCIL

FOREWARD

In 2007, the Intergovernmental Panel on Climate Change (IPCC) of the United Nations Framework
Convention on Climate Change released its Fourth Scientific Report. This report recognized the
need for the mitigation of Global Greenhouse gases emissions to offset or to reduce emissions below
current and projected levels. This Convention defines climate change as:

...a change of climate which is attributed directly or indirectly to human activity that alters the
composition of the global atmosphere and which is in addition to natural climate variability observed
over comparable time periods.

That year, over one hundred scientists signed the “Puerto Rico Declaration on Climate Change” and
the Sea Grant program convened a round table discussion “Facing the Consequences of Climate
Change in Puerto Rico” where researchers and experts of various disciplines evaluated potential
effects and impacts, as well as mitigation and adaptation alternatives to global changes. As a result
of these initiatives, the Executive Order 2008-09 of February 29th, 2008 was issued establishing the
Strategic Affairs Commission to Mitigate Global Warming and Adaptation to Climate Change. These
efforts captured the citizenry’s attention through intermittent press releases.

In 2009, the Academies of the Group Eight + Five (G8+5) integrated by the largest economies
of the World: Canada, France, Germany, Italy, Japan, Russia, the United Kingdom, and the United
States plus the emerging economies Brazil, China, India, Mexico, and South Africa, unanimously
recognized the need to combat the climate changes associated to human activities. That year, the
Department of Natural and Environmental Resources (DNER) through the Puerto Rico Coastal Zone
Management Program (PRCZMP) developed the Puerto Rico Climate Adaptation proposal. This
proposal was approved by the National Oceanic and Atmospheric Administration (NOAA) as the
Puerto Rico Coastal Adaptation project. The NOAA also approved a 2-year fellowship to support
PRCZMP’s project coordination.

In 2010, over 50 researchers, planners, economists, architects, sociologists, health professionals,
and hydrologists, as well as several other professionals and experts of other fields relevant to the
study of climate variability and change met and agreed to contribute to assess potential effects
and impacts associated to climate variability and change in Puerto Rico. The main objective of
the initial group was to assess the vulnerability of coastal communities, critical infrastructure, and
biodiversity and to initiate the development of adaptation strategies. However, it was necessary to
broaden the scope of work as new members from other sectors and disciplines joined the group.
This group of volunteers adopted the name Puerto Rico Climate Change Council. The Council’s
work was conducted under four sub-groups: (1) Geophysical and Chemical Scientific Knowledge;
(2) Ecology and Biodiversity; (3) Economy and Society; and (4) Communicating Climate Change
and Coastal Hazards. The Puerto Rico Coastal Zone Management Program coordinates and serves
as Executive Secretariat of the Puerto Rico Climate Change Council. At the time of publishing this
report the Council has 157 members and collaborating partners.

The world’s societies need to increase their knowledge and understanding of climate change, as well
as its effects and impacts in order to effectively adapt. Adaptation demands fundamental changes
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in the ways we produce goods and services, and in our individual lifestyles. These changes can
and should provide opportunities for job creation and stimulus to emergent markets. In Puerto
Rico, the general public is primarily concerned about the potential impacts of climate change to life
and property, and the potential increase in the frequency and magnitude of storms and hurricanes,
storm surges, floods, and coastal erosion. General public is less aware of climate change impacts on
human health, food production, water supply, and biodiversity.

The DNER through the Puerto Rico Coastal Zone Management program continues the analysis
of current and potential impacts of climate change and sea level rise on coastal communities,
infrastructure, ecosystems, habitats, and populations of coastal and marine species. Other partner
organizations, as well as researchers from Federal and Commonwealth agencies, universities,
non-governmental and community-based organizations represented in the PRCCC also continue
investigating, evaluating, assessing, and contributing to develop and catalog the best scientific,
technical, and communications’ knowledge to support decision making in the public and private
sectors and by each individual member of our population.

This first Climate Change Vulnerability Assessment report will be followed by the Adaptation
Strategies document. Both documents will be periodically updated by the Climate Change Council
with the support of the Puerto Rico Coastal Zone Management Program. It is our aspiration that
these documents contribute to guide public policy formulation and implementation, coastal areas
planning and development, as well as to strengthen public education and awareness about the risks
and alternatives to adapt to future climate scenarios.

We are witnessing multiple changes in global processes, not only those that are climate related. We
must address these changes in an informed manner, with creativity, innovation, and solidarity.

Ernesto L. Diaz
Director
Coastal Zone Management Program



CONSE]JO DE CAMBIOS CLIMATICOS DE PUERTO RICO

PROLOGO

En el 2007, el Panel Intergubernamental sobre el Cambio Climatico constituido en el marco de la
Convencion de las Naciones Unidas sobre los Cambios Climaticos emitié su cuarto informe cientifico.
En este Informe se enfatiz6 que resultaba imperativo lograr mitigar o reducir significativamente las
emisiones de gases de invernadero, principalmente del diéxido de carbono CO2 a nivel mundial, para
desacelerar el incremento de las concentraciones de estos gases a nivel global y asireducir los impactos
asociados a estos. Esta Convencién define al cambio climatico como:

..cambio de clima atribuido directa o indirectamente a la actividad humana que altera la composicion
de la atmdsfera mundial y que se suma a la variabilidad natural del clima observada durante periodos de
tiempo comparables.

Ese mismo aiflo, sobre un centenar de cientificos firman la “Declaracién sobre el Cambio Climatico
en Puerto Rico” y el Programa Sea Grant convoca a mesa redonda “Enfrentando las consecuencias de
los cambios climaticos en Puerto Rico” en la cual investigadores y expertos de diferentes disciplinas
evaluaron los posibles efectos e impactos, asi como las posibles alternativas de mitigacion y adaptacion
a estos cambios globales. Como resultado de estas iniciativas, el 29 de febrero de 2008, se crea la
Comision de Asuntos Estratégicos para la Mitigacion del Calentamiento Global y Adaptacién al Cambio
Climatico en Puerto Rico mediante la Orden Ejecutiva 2008-09. Estos esfuerzos lograron capturar la
atencion de la ciudadania de manera intermitente a través de resefias de los medios de comunicacion.

En el 2009, las Academias de los paises del Grupo de los Ocho mas Cinco (G8+5) que integra a las
economias mas importantes del planeta: Alemania, Africa del Sur, Brasil, Canad4, China, Estados Unidos,
Francia, India, Italia, Japdn, México, Reino Unido y Rusia, reconocieron de manera unanime la necesidad
de combatir las consecuencias de los cambios climaticos asociados a la actividades humanas. Al mismo
tiempo, en el Departamento de Recursos Naturales y Ambientales de Puerto Rico desarrollabamos la
propuesta para la evaluacidén integral de la vulnerabilidad y el desarrollo de estrategias de adaptacion a
los cambios climaticos y el incremento del nivel del mar en el marco del Programa de Manejo de la Zona
Costanera (PMZC). Nuestra propuesta fue aprobada por la Agencia Nacional Oceanica y Atmosférica
(NOAA, por sus siglas en inglés), logrando ademas que se aprobara el financiamiento por dos afios de
una beca para que un estudiante graduado apoyara los esfuerzos del PMZC.

En el 2010, iniciamos los trabajos convocando a 50 cientificos, planificadores, economistas, arquitectos,
socidlogos, profesionales de la salud e hidrologos, entre otros profesionales y expertos de diferentes
disciplinas relevantes para el estudio de la variabilidad y los cambios climaticos. Este grupo inicial de
expertos acordo contribuir a la evaluacion de los posibles efectos e impactos de estos cambios en Puerto
Rico. El objetivo central planteado era evaluar la vulnerabilidad de las comunidades, la infraestructura
y la biodiversidad en nuestras costas e iniciar el desarrollo de estrategias de adaptacion. Sin embargo,
se hizo necesario ampliar el &mbito de los trabajos al sumarse al grupo un nutrido grupo de expertos de
otros sectores y disciplinas. El grupo de voluntarios adopt6 el nombre de Consejo de Cambios Climaticos
de Puerto Rico y los trabajos fueron organizados bajo cuatro sub-grupos: (1) Conocimiento Cientifico
Geofisico y Quimico, (2) Ecologia y Biodiversidad, (3) Economia y Sociedad, y (4) Comunicacion de
Riesgos Costeros y los Cambios Climaticos. Los trabajos han sido coordinados a través del Programa de
Manejo de la Zona Costanera que funge como Secretaria Ejecutiva y Técnica del Consejo. Al momento de
presentar este primer informe, el Consejo cuenta con 157 miembros y colaboradores.
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La necesidad de incrementar nuestro conocimiento y la capacidad de las sociedades para adaptarse a
los impactos de los cambios climaticos exige cambios fundamentales en la forma de producir bienes
y servicios, asi como en nuestros estilos de vida. Estos cambios también pueden y deben generar
oportunidades para la creacion de empleos y el estimulo a mercados emergentes.

En Puerto Rico, las principales preocupaciones de la poblacién con respecto alos impactos de los cambios
climaticos globales se relacionan a los riesgos para la vida y propiedad asociados a los incrementos
potenciales en la frecuencia y magnitud de los fen6menos atmosféricos como tormentas y huracanes,
marejadas ciclonicas, inundaciones y la erosidon de las costas. Los impactos a la salud humana, la
produccién de alimentos, los abastos de agua y a la biodiversidad, por ejemplo, son menos conocidos
por la poblacion.

El Departamento de Recursos Naturales y Ambientales, a través del Programa de Manejo de la Zona
Costanera, continda el analisis de los impactos presentes y potenciales de los cambios climaticos y el
incremento del nivel del mar sobrelas comunidades costeras, lainfraestructuraylos ecosistemas, habitats
y poblaciones de especies marinas y costeras, mientras que multiples organizaciones e investigadores de
agencias federales, estatales, universidades, organizaciones no gubernamentales y de base comunitaria
que forman parte del Consejo de Cambios Climatico de Puerto Rico, contindan investigando, evaluando
y contribuyendo a desarrollar y catalogar el mejor conocimiento cientifico, técnico y comunitario para
que este sea integrado a los diferentes procesos de toma de decisiones de los sectores publico y privado
y de nuestra poblacion.

Este primer informe sobre la vulnerabilidad a los cambios climaticos sera acompafiado por el documento
de las estrategias de adaptacién. Ambos documentos seran actualizados periédicamente por el Consejo
de Cambios Climatico mediante apoyo del Programa de Manejo delaZona Costanera. Aspiramos que estos
documentos contribuyan a orientar la formulacién e implantacion de politicas publicas, la planificacién
y el desarrollo de las areas costeras, asi como fortalecer los procesos de educacién y concienciacion
ciudadana sobre los riesgos y las alternativas de adaptacion a escenarios climaticos futuros.

Nos encontramos ante procesos globales de cambios en multiples dimensiones, no s6lo aquellos
relacionados al clima. Debemos encarar estos cambios de manera informada, con creatividad, innovacién
y solidaridad.

Ernesto L. Diaz
Director
Programa de Manejo de la Zona Costanera de Puerto Rico



INTRODUCTION

The world is changing and will continue to change at rates unprecedented in recent human history. Both
rapid-onset and slow-onset hazards pose substantial risks to many coastal communities of Puerto Rico.
Storm surges, winter swells, tsunamis, coral bleaching are examples of rapid-onset events, while sea
level rise and ocean acidification are examples of slow-onset events. Risks from these phenomena are
projected to increase due to continued development in hazardous locations, changes in the frequency
and intensity of inundation events, and acceleration in the rate of change along vulnerable shorelines.
Adequate attention must be given to respond to the impacts of coastal hazards that are already occurring
and at the same time prepare for future impacts. Strengthening the ability of Puerto Rico to reduce risks
will safeguard economic progress and increase the resilience of our ecosystems and our people.

In Puerto Rico, approximately 419,000 people live within the coastal zone, and 2.3 million live within
the 44 coastal municipalities of the Commonwealth (Diaz and Hevia 2011). Although all of Puerto Rico
(including Culebra and Vieques) are coastal areas, the coastal zone is defined as 1 kilometer inland with
additional distance for key natural systems. These populations are exposed to specific hazards such as
coastal and riverine flooding, tsunamis, hurricanes, landslides, earthquakes and droughts. Hazard events
and related social consequences are described in historical documents dating back before and after the
Spanish-American War (Bush 1995; Fassig 1928; Jibson 1987; McCann 1984; Palm and Hodgson 1993;
Reid and Taber 1919; Rouse 1992; Wilson 2007), specifically hurricanes (Schwartz 1992), and some have
been described and passed on through oral history, pottery, and petroglyphs since the Tainos (Culture
2012; Ewald 1987; Maclachan 1990). Vulnerabilities to these recurring hazards are widespread in
Puerto Rico and a result of multiple factors, such as continuing development in high hazards areas, poor
maintenance of existing shoreline stabilization structures and stormwater management systems, poor
maintenance and dredging of rivers, canals and reservoirs, lack of soil management practices on land
and in watersheds, and from the elimination of dunes, reefs, mangroves, and other naturally protective
features that reduce the negative effects of hazard events. While these problems persist, some corrective
measures have been implemented since the 1970s, such as water quality and flood control initiatives,
habitat restoration and other enhancement projects.

A new threat has the potential to exacerbate these already existing vulnerabilities and may even create
new ones - climate change. There is consensus among the scientific community that anthropogenic
activities are driving changes in the global climate and increasing global average temperature (IPCC
2007). Even if all greenhouse gas-emitting activities were halted immediately, the planet would still
experience decades of climate effects due to the inertia change is often thought of as a global systemic
problem; systemic as its causes are initiated anywhere on earth, and the effects felt worldwide (Frederick
& Gleick, 1999; Wigley, 1999). While climate change is a global problem, it already has and is predicted
to continue manifesting locally in Puerto Rico.

Many decisions made on a daily, weekly, annual, and decadal basis in Puerto Rico come with a long-
term commitment and can be very sensitive to climate conditions. Examples of these types of decisions
include land-use plans, risk management strategies, infrastructure development for water management
or transportation, coastline and flood defenses (e.g., dikes, shoreline stabilization structures, flood
control and stormwater management infrastructure design), urbanism (e.g., urban density, parks),
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Introduction

energy production, and building design and norms. These decisions have consequences over periods
of 50-200 years and perhaps longer. Decisions, as well as investments, are potentially vulnerable to
changes in climate conditions such as changes in precipitation and temperature patterns, sea level
rise, greater intensity of storms, etc. In the past, these climate-driven parameters could be observed
and measured. Today, engineers and public works officers use statistical analyses and optimization
algorithms to determine the “best” designs as a function of known climate conditions (e.g., dike or
revetment heights as a function of the return time of storm surges, building characteristics as a function
of typical temperature levels) and planners often lay out coastal communities with a historical view of
the shoreline. In the future, there will be substantial climate uncertainty making these methods more
difficult to apply. Additionally, decisions and actions on how to adapt to changes in climate by people
and institutions within or managing the coastal zone are shaped and constrained by a range of factors,
including the resources available to decision-makers and the social, economic, and political context in
which decisions are made.

This report puts the discussions that are happening about this global problem and decision-making in a
changing climate into the Puerto Rico context. Certain sectors should already start taking climate change
into account because they involve long-term planning, long-lived investments and some irreversibility
in choices and are exposed to changes in climate conditions (Hallegatte, 2009:241). To guide decision
making processes in Puerto Rico around coastal development and natural resource management the
Puerto Rico Coastal Zone Management Program (PRCZMP) has partnered with over 140 researchers,
planners, architects, practitioners, agency representatives and communications experts to develop a
comprehensive climate change vulnerability assessmentfor Puerto Rico. Employingmultiple collaboration
and facilitation tools, scientific knowledge management, spatial analysis, and communication methods,
the PRCZMP has been working through the newly created Puerto Rico Climate Change Council (PRCCC)
to accurately assess vulnerability to life and property.

The PRCCC has found that climate change will impact the social, economic, and ecological fabric of life
in Puerto Rico, affecting key sectors such as economic development, tourism, services, natural resources
and biodiversity, cultural and historic resources, security, and critical infrastructure. The size, history,
and relative isolation of the islands of Puerto Rico will make them feel the effects of climate change
differently than other U.S. coastal zones. For years this picture has been incomplete due to lack of a
coordinated effort to compile the best available scientific and local knowledge. This section discusses
the history of climate change efforts in Puerto Rico and the process and techniques used from 2010 to
2013 to create and coordinate the work of the PRCCC. The section concludes with information about the
next steps of the PRCCC and a brief discussion about the need for climate change adaptation efforts in
island states like Puerto Rico that currently make decisions based on a static environment.

History of climate change efforts in Puerto Rico

While recent years have brought more attention to the issue of climate change in the islands of Puerto
Rico, efforts have been made since the 1990’s to inform climate-sensitive decision making and natural
resource management. Scientific studies have been carried out in Puerto Rico in the fields of physical
oceanography, forestry, wildlife biology marine biology, and epidemiology recognizing the importance
of climate stressors and the potential affects they could have on Puerto Rico and the Caribbean’s social-



ecological systems, such as on root function (Van Noordwijk et al. 1998), amphibian decline (Burrowes
et al. 2004), coral disease and bleaching (Hernadndez-Pacheco et al. 2011; Weil et al. 2009; Winter et
al. 1998), forest disturbances (Thompson et al. 2007), fisheries management (Nurse 2011), flood
prevention (Lopez-Marrero and Yarnal 2010; Staes et al. 1994), and vector borne diseases (Johansson
etal. 2009), just to name a few.

The information coming from global and local studies prompted the University of Puerto Ricoand NOAA’s
Sea Grant College Program to conduct two roundtables, one in 2007 and the second in 2009. These
roundtables brought together the most prominent scientists working in Puerto Rico to share the current
state of knowledge on climate science as well as the potential impacts to natural resources and society.
After the first roundtable in 2007 a local advocacy organization Citizens of the Karst published a Climate
Change Declaration to the Government and Citizens of Puerto Rico by 174 members of the scientific and
academic community. The declaration highlighted the findings of the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change ((IPCC) 2007) as well as brought attention to Puerto Rico
being an island located in the Caribbean region subject to hurricanes with one of the highest population
densities in the world (in 2007 it was at 1,140 people per square mile) and a history of human impacts
on Puerto Rico from the loss of agricultural soils, degradation of catchment areas and water supply
replenishment, increased number of threatened or endangered species of flora and fauna, growing
threat to life and property from construction in areas susceptible to coastal and riverine flooding and
landslides, and unsustainable land use. The declaration called for all agencies of the Commonwealth
of Puerto Rico to use the best scientific information and a precautionary framework for decisions on
land development and the use of natural resources. In addition to other requests like the reduction
of greenhouse gas emissions and dependence on fossil fuels, they demanded an immediate halt to the
endorsement and approval of projects in coastal areas vulnerable to the effects of sea level rise.

In 2008 the Commonwealth Governor produced an executive order (Boletin Administrativo Numero OE-
2008-09) to create the Strategic Affairs Commission for Mitigation of Global Warming and Adaptation to
Climate Change in Puerto Rico and to Develop a Comprehensive Plan of Action about Global Warming.
The Commission meet a few times to develop a plan outline and to assign tasks, but has not meet since
2008 (Matos, I. 2010, pers. comm., 15 September) and may even have been formerly repealed.

The creation of the Puerto Rico Climate Change Council

Recognizing the limited success of previous efforts combined with the numerous challenges to
implementing climate adaptation policies, the Puerto Rico Coastal Zone Management Program began
strategizing with its numerous partners in other agencies and university programs. In 2009 the Puerto
Rico Coastal Zone Management Program submitted a proposal to the National Oceanic and Atmospheric
Administration (NOAA)’s Coastal Services Center to gain assistance in climate and coastal hazards efforts.
In 2010 a NOAA Coastal Management Fellow through the PRCZMP and NOAA Coastal Services Center was
placed in the Coastal Zone Management division office to coordinate the Puerto Rico Coastal Adaptation
Project for a period of two years. The 1972 Coastal Zone Management Act (CZMA) of the U.S.A. is in
large part the vehicle for the ability of the PRCZMP to work on coastal hazard and climate change. Under
Section 309 of the CZMA each program office is eligible for Coastal Zone Enhancement Grants and one
of the objectives of these enhancement grants is “preventing or significantly reducing threats to life and

=
S
g
(8]
=
5
<)
=
5
=



Introduction

destruction of property by eliminating development and redevelopment in high-hazard areas, managing
development in other hazard areas, and anticipating and managing the effects of potential sea level rise
and Great Lakes level rise” (CZMA 1972: 16 U.S.C. § 1456b).

Through collaboration with numerous stakeholders the goal is to develop a coastal zone vulnerability
assessment and appropriate adaptation strategies to help Puerto Rico cope with existing coastal hazards
and future climate changes. Employing multi-stakeholder collaboration techniques, spatial analysis
tools, geophysical and chemical scientific knowledge, and utilization of the best available data from
Puerto Rico’s experts the Project is operating with a vision for a safe, healthy, productive, sustainable
and resilient Puerto Rico. The project is being conducted with the intention that outputs will be adopted
by government, civil society, and the private sector.

In November 2010, the PRCZMP initiated Puerto Rico’s third roundtable on climate change. As was
done in the 2007 and 2009 roundtable events, experts from the scientific and academic community
came together to share the current state of climate science. In addition to this sharing of knowledge,
representatives from the media also presented their views on climate change and a dialogue was
facilitated between scientists and the media. The goal was to find gaps in communications between the
two groups and begin devising a strategy to work together in the future. The afternoon of the roundtable
was devoted to pitching the idea of the Puerto Rico Coastal Adaptation Project and discussing as a large
group the creation of a panel of experts to assess the effects of climate change on Puerto Rico’s society
and ecosystems. The idea met was with excitement and encouragement and together the participants
of the roundtable discussed process and sectors to be assessed.

Between November 2010 and April 2011 critical partners were recruited and the panel decided on a
name, The Puerto Rico Climate Change Council (PRCCC), and a collaboration process. By researching
previous efforts from around the world and especially other island communities, the PRCCC together
decided on objectives, a vision, guiding principles, and the sectors to be assessed.

The PRCCC began collaboration to ensure a coordinated effort in assessing risks and impacts from coastal
hazards and climate changes and in recommending adaptation strategies. Operating with a vision for a
Safe, Healthy, Sustainable, Productive, and Resilient Puerto Rico, the collaboration is working towards
the following objectives: (1)To use the best available scientific knowledge to identify the communities
and ecosystems most at-risk from coastal hazards and climate change; (2) To identify, assess, prioritize,
and develop effective adaptation strategies and policies that could be implemented in Puerto Rico; (3)
To communicate findings, consensuses, and recommendations to government, civil society, the media,
and the private sector; and (4) To cultivate a well-informed Puerto Rican society about coastal hazards,
climate change adaptation and mitigation.

Membership selection in the PRCCC has been ongoing and as such the PRCCC is constantly growing. At the
time of writing, the PRCCC is comprised of over 140 partners representing researchers, planners, architects,
practitioners, agency representatives and communications experts. Participants are selected based on
expertise and recommendations from current participants. The PRCCC is collaborating using a set of 14
guiding principles to ensure a coordinated effort in assessing risks and impacts from coastal hazards and
climate changes and recommending adaptation strategies to government, civil society, and the private sector.



PRCCC guiding principles

Understand that global climate variability and change is occurring (as asserted by the
Intergovernmental Panel on Climate Change and the United States Global Change Research Program).

Ensure assessment of climate impacts on the time scale of present day, 2020, 2050, and 2100.

Ensure that recommended adaptation strategies range from efforts that can be implemented in 1-5
years as well as by 2020, 2050, 2100.

Understand that data (both historical, current, and prospective) continues to be collected and that
knowledge about climate change is still evolving. As such, an effective adaptation strategy is “living”
and will itself be adapted to account for new science.

Identify and involve relevant and willing stakeholders in identifying, reviewing, and refining the
recommended adaptation strategies.

Give priority to adaptation strategies and policies that initiate, foster, and enhance existing efforts
thatimprove economic and social well-being, public safety and security, public health, environmental
justice, species and habitat protection, and ecological function.
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When possible, give priority to adaptation strategies that modify and enhance existing policies
rather than solutions that require new funding and new staffing.

Include =community-based and participatory approaches to adaptation when developing
recommendations.

Understand the need for adaptation policies that are effective and flexible enough for circumstances
that may not yet be fully predictable.

Ensure that climate change adaptation strategies take into consideration the need to reduce
greenhouse gas emissions and therefore do not further contribute to global issues.

Ensure that our natural systems are resilient to likely change. Maintaining healthy ecosystems is
essential to our long-term success in meeting the vision for a safe, healthy, sustainable, productuve
and resilient Puerto Rico. Efforts to build resilience for Puerto Rico’s communities and people must
go hand-in-hand with strategies that minimize both impacts to the natural and environment and
losses of ecosystem services upon which we and Puerto Rico’s natural resources depend.

Recognize that these issues go beyond the coastal zone and where possible include watersheds and
other non-coastal zone areas into assessments and strategies.

Adaptation includes reducing existing stresses on natural and human systems. Recommendations
should specify which current stressors are likely to be exacerbated by climate change impacts.

Ensure that we prepare for both incremental and acute impacts. Although most climate change
effects are taking place over time, some will be episodic and unpredictable, such as insect outbreaks
or greater impacts to coastal areas from combined sea level rise and increased storm intensity.
Puerto Rico’s adaptation efforts must work simultaneously to address slower-arriving impacts and



those that are more immediate or acute.

To carry out the objectives of the PRCCC four working groups were formed: (1) Geophysical and Chemical
Scientific Knowledge; (2) Ecology and Biodiversity; (3) Society and Economy; (4) Communicating
Climate Change and Coastal Hazards. The sectors being assessed by the first three working groups can
be found in figure 1. Working Group 4 is different than the first three working groups in that they do not
make assessments, but rather they review the outputs or products of the other three working groups
and in addition create an outreach and communications strategy for the entire effort to ensure results
will be widely and effectively disseminated.

Assessing historic trends and possible future climate condi-
tions for:

e Air and sea surface temperatures

¢ Precipitation

¢ Extreme events (downpours, droughts)

e Sealevel rise

e Tropical Storms and Hurricanes

¢ Ocean Acidification

Working Group 1:
Geophysical and Chem
Scientific Knowledge

[=1
2
E
g
5 Assessing effects of climate change on:
- e Beach ecosystems
¢ Wetlands
¢ Forests

¢ Coral Reefs
¢ Submerged Aquatic Vegetation

- Working Group 2: ¢ Lagoons/Bioluminescent Bays
Ecology and Biodiversity «  Caysand Islets
e Amphibians and Reptiles
e Sea Turtles
e Marine Mammals
¢ Sea Birds and Shore Birds
* Coastal and Pelagic Fishes
Assessing effects of climate change on:
e Economic development (i.e., livelihoods, tourism and
recreation, industry, fisheries)
Working Group 3:

. e Critical infrastructure
e ¢ Coastal communities
+ Historical and cultural preservation

¢ Disaster management

* Reviewing content of Working Groups 1, 2, and 3 to unify
messages and make understandable to general audiences
and policymakers.

* Developing outreach and media strategies.

Working Group 4:
Communicating Climate Change and
Coastal Hazards

Figure 1: PRCCC Working Groups, their responsibilities, and sectors assessed



Coordination and scientific knowledge management of the PRCCC

Listserv and research library

Large partnership requires a very systematic approach to coordinating communications between
members as well as to collect and organize the best available knowledge in order to be successful.
A system of communication within the PRCCC and a system of organizing scientific information and
knowledge was created early on. These systems and their processes were frequently modified throughout
the process based on lessons learned and input from PRCCC partners.

Due to a limited budget and time constraints the coordinators created a listserv using a free service
called Google Groups that creates a webpage and an email list. It is fully supported by the most popular
browsers and available in most languages. The PRCCC’s Google Group was named the Puerto Rico Cambio
Climatico/Climate Change Council Listserv (PR-CC-L). The objective of the PR-CC-L is to provide a free,
moderated community communications tool, allowing subscribers to post announcements regarding
research, meetings, policy developments, publications and new initiatives that address issues related to
Puerto Rico’s vulnerability and adaptation to coastal hazards and climate changes. This is a peer-to-peer
announcement list. Any member can post to this list, read the archives, and view the members list. At the
time of writing the PR-CC-L has posted 173 messages and includes 204 members.

InFebruary 2011, the coordinators created the Puerto Rico Climate Change Research Libraryusinganother
free, online tool called Dropbox. Dropbox is a service that lets you bring all your photos, documents, and
other files anywhere and share them easily. Any file you save to your Dropbox will automatically save
to all your computers and mobile devices, and the Dropbox website. PRCCC members were invited to
join and install the Dropbox software. At the time of writing the Puerto Rico Climate Change Research
Library has 45 active users, 136 folders, and 591 files (a size of 2.05 GB). The research library has 10
main folders. An add new documents here folder where PRCCC members drop new files for the library
manager to document and place in the appropriate folder. Each of the four working groups have their
own folders that contain subfolders of sectors being assessed and current drafts of the working groups
reports. Another main folder is other vulnerability assessments which is where all the vulnerability
assessments the PRCCC has found from around the world are located. These reports are from many
of the 50 coastal states of the United States as well as national communications to the United Nations
from developing countries and island states. The other main folders are notes from climate events where
members can share notes they have taken at relevant meetings, PRCCC documents, where members can
view documents that were discussed and modified at PRCCC meetings, and vulnerability assessment
methods, where guides from government agencies on vulnerability assessments are located as well as
information on spatial analysis for vulnerability assessments. Lastly, Phase II_Adaptation Strategies is
a folder where members drop any documents, articles, or reports that are relevant to the collection
or development of adaptation strategies. These documents will be used now that the vulnerability
assessment is complete for Puerto Rico. The PRCCC will now begins developing recommendations for
adaptation to government, civil society, the media, and the private sector.
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Working Group meetings and VCAPS as a writing tool

Starting in January 2011 working groups began meeting to discuss Puerto Rico’s vulnerabilities to
climate change. Early on it became clear that with so many people working on a volunteer basis on
such a complex issue a process would be needed that allows for working group members to connect
key concepts and find areas of agreement and disagreement quickly and efficiently. At the Coastal Zone
2011 conference in Chicago, Illinois the PRCCC coordinators were introduced to a tool that could be
useful for this purpose. The Vulnerability-Consequence Adaptation Planning Scenarios (VCAPS) process
was developed by the Social Environmental Research Institute, the University of South Carolina, the
Carolinas Integrated Sciences and Assessments, and the South Carolina Sea Grant Consortium to help
community decision-makers, staff, and planners clarify their understanding and assumptions about
climate change adaptation challenges their communities will face in the future ((SERI) 2011). A key part
of the VCAPS process is the development of diagrams that visually document a group’s discussions in real
time. The diagrams illustrate the links between climate hazards or stressors, outcomes, consequences,
vulnerabilities, and potential adaptation or mitigation strategies. The diagrams also serve as a library
of what a community knows about the unique and special ways that it is vulnerable and resilient to
different kinds of climate stressors. Proceeding through the VCAPS process allows the participants to
include expertise and knowledge from many aspects of community management, to review the adequacy
of knowledge, and to easily spot gaps in knowledge or planning.

Based on the mediated modeling technique, participants in a VCAPS session direct someone from
the facilitation team (known as the scribe) through the process of documenting the outcomes and
consequences of climate stressors, such as increased temperature, sea level rise, drought, etc. It is
somewhat like concept mapping or influence diagramming, although the VCAPS map shows clear chains
of cause and effect. See figure 2 for the Building Blocks of VCAPS Diagrams and figures 3 and 4 for
examples chains created by the PRCCC'’s Society and Economy working group.

The PRCCC Coordinator was trained by the VCAPS process developers and then along with the Working
Groups the VCAPS process was modified to the needs of the PRCCC. Each working group member
submitted a preliminary, descriptive vulnerability assessment for their topic of expertise and the PRCCC
Coordinator placed the information provided in the VCAPS diagrams prior to the start of the meeting.
During working group meetings the members would modify the diagrams through facilitated dialogue
and the use of the scribes. The working groups connected important concepts and identified areas where
more information was needed and where agreements or disagreements existed. One important outcome
of the process was a better ability for the working group members to identify reasons why Puerto Rico’s
citizens should care about certain chains. These reasons for caring are called consequences in the VCAPS
process. Ultimately the VCAPS process allowed for the descriptive vulnerability assessments to be made
more complete and understandable.
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Figure 2 Building Blocks of VCAPS Diagrams (source: SERI 2011)
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Figure 3 One chain of the PRCCC’s Working Group 3 Society and Economy’s diagram for tourism and outdoor recreation. All VCAPS building

blocks are included except Management and Individual Actions

Figure 4 One chain of the PRCCC’s Working Group 3 Society and Economy’s diagram for the affects of sea level rise on coastal infrastructure.

All VCAPS building blocks are included except Management and Individual Actions
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Opportunities to Build the Network

As was previously mentioned, membership selection in the PRCCC has been ongoing and as such
the partnership is constantly growing. The PRCCC coordinators use different avenues to recruit new
partners and find relevant information. Chain referral allowed recruitment based on recommendations
by current members. In addition, the PRCCC Coordinators also attended and presented at events in
Puerto Rico and the United States to connect with those outside the PRCCC informal network and to
have a presence in specific communities. These communities include the Puerto Rico Planners Society,
the Puerto Rico Association of Architects, the Association of Engineers and Professional Land Surveyors,
the University of Puerto Rico (Mayaguez, Rio Piedras, and Medical Sciences campuses), InterAmerican
University, Metropolitan University, the Catholic University of Ponce, and the Coastal Areas Climate
Change Education Partnership.

The third method to expand the network of the PRCCC was by co-organizing a conference with five
federal agencies (U.S. EPA Region 2, NOAA, and the Department of Interior’s U.S. Geological Service, U.S.
Fish and Wildlife Service, and the U.S. Forest Service). The conference, Climate Change in the Caribbean
2011: Puerto Rico and the U.S. Virgin Islands, took place November 15-16, 2011 at the Inter-American
School of Law in San Juan and had close to 350 people in attendance. The two-day conference covered
the science behind climate change and solutions to reduce greenhouse gas emissions and cope with
changes. By organizing the conference with so many partners the PRCCC was able to gain new PRCCC
members and observers as well as uncover new information that would be useful for the vulnerability
assessment and adaptation strategy development.

Validation and Peer Review of Working Group Findings

Prior to formal, external review the preliminary findings were validated through the use of two risk
assessment workshops with coastal municipalities: Workshops for the Evaluation of Current and
Future Risks in the Coastal Zone. 30 of the 44 coastal municipalities of Puerto Rico attended with
representatives from planning offices, emergency managers, and public works officers (figure 4). The
PRCCC coordinators presented the preliminary findings and through a series of facilitated small group
discussions the participants confirmed the main climate stressors impacting important sectors of their
municipalities (e.g., infrastructure assets, economic development areas, and natural resources); further
quantified the magnitude and likelihood of impacts occurring for the features assessed; and discussed
the linkages between island-wide concepts and municipal realities. Additionally, the last session of each
workshop was devoted to the brainstorming of adaptation strategies by sectors identified as the most
important by the workshop participants. Multiple organizations assisted with these workshops. Namely,
the Puerto Rico Department of Natural and Environmental Resources, the Puerto Rico Conservation
Trust, the Caribbean Coastal Ocean Observing System, the Sierra Club, University of Puerto Rico, the
National Oceanic and Atmospheric Administration, and the Nature Conservancy.



0 510 2 0 40
N — Ml e

Figure 4 The PRCCC conducted two Workshops for the Evaluation of Current and Future Risks in the Coastal Zone. These 30 municipalities

attended on either March 6™ or March8%, 2012.

After the municipal review and subsequent revisions the PRCCC extended invitations through a number
of different channels to international, national and local scientists and practitioners to review the
working group reports in different rounds. The call for reviews went out on a monthly basis from April
2012 to July 2012. After receiving multiple external reviews the PRCCC members received updated
review drafts of the individual working group chapters and from June to July 2012 PRCCC members had
another opportunity to revise their reports. An in-person meeting of the PRCCC was conducted on June
29, 2012 in Carolina, Puerto Rico to revise the report further. Dozens of reviews were received for each
working group report in which the report co-authors and editors made the appropriate corrections.
The last part of the review process was a solicitation of comments and recommendations from the
Secretary of the Department of Natural and Environmental Resources to Puerto Rico’s universities
and professional associations. Formal letters were sent April 30", 2013 requesting report reviews by
June 3, 2013. The universities and professional associations solicited were the University of Turabo,
the Catholic University of Ponce including the Architecture School, the University of Puerto Rico (UPR),
including the Department of Marine Sciences, School of Engineering, and School of Architecture, the
Metropolitan University (UMET), the Puerto Rico Planning Society, Puerto Rico Association of Chemists,
the Polytechnic University of Puerto Rico, the Institute of Architects and Landscape Architects of Puerto
Rico, the Association of Architects and Landscape Architects of Puerto Rico, the Puerto Rico Institute of
Surveyors, and the Association of Engineers and Surveyors of Puerto Rico. Three letters with comments
were received from the UPR School of Engineering, the UPR Mayagiiez Campus, and the Ponce Catholic
University of Puerto Rico.

Collection of Adaptation Strategies

Communicating effectively with specific stakeholders and the public at large is key and in addition to
creating a robust understanding of why climate is changing and the social-ecological consequences of
these changes, solutions need to be communicated too. While the vulnerability assessment was being
finalized, the PRCCC began identifying, developing and prioritizing adaptation strategies at each of the
events organized or attended to be recommended to government, civil society, the media, and the private
sector. Using categories like these the PRCCC’s next steps will be to identify, develop, assess and prioritize
adaptation strategies using the results of the island-wide vulnerability assessment.
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Discussion: Climate-related decision support systems

The vulnerability of island populations is not only influenced by geophysical parameters such as sea
level rise, erosion and extreme events, but is also influenced by decisions and actions by people and
institutions living within or managing the coastal zone. Since many decision makers are experiencing or
anticipating a new climate regime and are asking questions about potential responses, in 2008 the U.S.
Environmental Protection Agency and the National Oceanic and Atmospheric Administration asked the
National Academies to undertake a study to provide a framework and a set of strategies and methods
for organizing and evaluating decision support activities related to climate change. In response to this
request, the Panel on Strategies and Methods for Climate-Related Decision Support examined basic
knowledge of decision making; past experiences in other fields, such as hazard response, public health,
and natural resource management; experience with early efforts in the climate arena; and input from a
range of decision makers (National Research Council 2009). A number of their findings are relevant to
informing decisions in island states such as Puerto Rico.

The Panel found that Climate-Related or Climate-Sensitive Decisions are choices by individuals or
organizations, the results of which can be expected to affect climate change or to be affected by climate
change and its interactions with ecological, economic and social systems. Notably, the Panel stressed that
decisions are climate sensitive regardless of whether or not decision makers recognize them as such at
the time of decision making. In other words, decision makers make climate-related or climate-sensitive
decisions all the time and may not realize it. Decision support can potentially help all climate-affected
decision makers get better results, but a decision maker who does not yet realize that their decisions are
sensitive to climate will not perceive a need for such support.

Conclusion

The decision support system of the Puerto Rico Climate Change Council is working to protect the social,
economic, and ecological fabric of life in Puerto Rico from changes in increasing temperatures and sea
levels, changes in precipitation and extreme events. The vulnerability of key sectors is being assessed
such as economicdevelopment, tourism, services, natural resources and biodiversity, cultural and historic
resources, security, and critical infrastructure. As Puerto Rico begins to adapt to climate change with the
help of this decision support system certain challenges will present itself. One major challenge will be
the desire for perfect information. More and more cities, states, and countries are relying on climate
modelers to provide possible future climate scenarios to be used for decision making, both more climate
adaptation as well as climate mitigation (the reduction of greenhouse emissions). In fact, Puerto Rico
will within the next year or two have access to such climate projections (Hayhoe, K. 2011, pers. comm,,
15 Nov). However, decision-makers or users of this information should not expect climate scientists to
solve this problem by providing certain and accurate climate forecasts. Therefore, public entities and
private developers, have to change the way they make decisions, to introduce climate uncertainty caused
by anthropogenic climate change in their everyday operations. If climate change is taken into account in
all long-term decisions, many public and private projects will be better adapted for the future, and both
taxpayer and private investments will be better protected and both taxpayer and private investments
will be better protected. It is with this goal in mind that Puerto Rico's firdt island-wide vulnerability
assessments was completed.
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Working Group 1 Report: Geophysical
and Chemical Scientific Knowledge

INTRODUCTION

About Puerto Rico

Puerto Rico’s main island is the eastern-most and
the smallest of the Greater Antilles. The Puerto
Rico archipelago is located in the northeastern
portion of the Caribbean plate between the North
Atlantic and the Caribbean Sea (figure 1).

Figure 1 Location of Puerto Rico (red box), between the North
Atlantic Ocean and the Caribbean Sea.

Climate has played a key role in shaping Puerto
Rico, a small and varied island with 3,435 square
miles, The main island accounts for 99 percent of
Puerto Rico’s area; the interior of the main island
is mountainous with a peak elevation at Cerro
Punta of 1,338 meters (4,390 feet) above mean
sea level. Vieques and Culebra islands to the east
are populated year-round, while Mona, Monito
and Desecheo to the west, and Caja de Muertos
to the South are natural reserves.
The tropical climate ensures
year-round warm temperatures, @ & =
with an island-wide mean annual 2

temperature near 25°C (77°F).
Temperatures do vary however,
between the warmer coast and

cover, and the dominant easterly trade winds.
These interactions lead to high spatial variability
in annual precipitation across the island. Total
annual precipitation ranges from over 4000 mm
in the rainforest of El Yunque to 800 mm in the dry
forests of Guanica.

The elevation map (figure 2a) shows the range
of mountains lying east-west across the center of
the island, exceeding 600 m in most places. The
vegetation map (figure 2b) indicates that dense
forest canopies occupy much of the central and
western interior. These feed moisture into the air,
which contributes to afternoon thundershowers
over the western half of the island.

The precipitation on land generates enough runoff
that results in permanent or intermittent rivers
and creeks depending on the geology and relief
of the various regions of the islands. The south
side has fewer perennial rivers, has a broader
insular shelf and a low energy Caribbean coast.
These conditions offer greater stability to marine
ecosystems such as coral reefs, mangrove swamps,
and submerged seagrass beds. The northern coast
has more and larger perennial rivers which empty
their waters on the narrower shelf and higher
energy Atlantic coast. Marine biodiversity is lower
on northern Puerto Rico, but it has the largest
mangrove and fresh water wetland extent (this is
further described in Working Group 2’s report).

inland mountains, with average ‘=g
annual temperatures between 26 -
and 27°C (78 °F and 80.6 °F) in San

S
Juan and the other lowland areas |- 2" .

as opposed to the mean annual [~

temperatures in the mountainous
interior that are below 20°C (68 °F).
Precipitation also varies across

the island based on interactions Figure 2 (A) Elevation map of Puerto Rico, and (B)Satellite vegetation land cover with areas

between the island’s topography, of substantial urbanization in light blue; (C) Mean night (left) and (D) day-time (right) surface
b lati d . temperature at 5km resolution from infrared satellite over past decade. San Juan area is circled.
urban population, and vegetation Scales in degrees Kelvin (K) vary.



Prior to the arrival of humans to Puerto Rico the
area of the main island expanded and contracted in
response to global sea levels, which in turn would
rise and fall in conjunction with glacial and inter-
glacial periods. This expansion and contraction of
land area sometimes led to connections between
the main island and the surrounding islands of
Culebra and Vieques. Additionally, Puerto Rico
is an area of the Caribbean with high species
endemism and thus a hotspot of biodiversity
for terrestrial and marine biotas. Both historical
(e.g., geological and evolutionary) and ecological
(e.g., island size and distance to mainland) factors
contribute to complex patterns of endemism
(and species richness in other Caribbean islands)
(Hedges 1996, Woods and Sergile 2001).

Moreover, changes in climate during the late
Quaternary modified the distribution, size, and
abiotic characteristics of Puerto Rico and the
other Caribbean islands, significantly shaping the
ecosystems and species of that time and today. The
arrival of the first people to Puerto Rico happened
about 4,000 years ago and Europeans about 500
years ago. The frequent occurrence of tropical
storms and hurricanes (Landsea et al. 1999) is a
constant hazard whose disturbances have molded
the composition and structure of biotas (Walker
et al. 1991, Walker et al. 1996) and sometimes
leads to devastating consequences in terms of loss
of life and property. For instance, seven months
after Hurricane Irene struck Puerto Rico in August
2011, the island was continuing to recover from
the heavy rains, flooding, landslides and mudslides
left by the hurricane. The Government of Puerto
Rico and the Federal Emergency Management
Agency cited the approval of more than $83.9
million in federal grants for disaster aid (FEMA
2012). Effects can be long-lasting, such as with
the diminishment of the coffee industry on the
island after two strong hurricanes in 1928 and
1932 or the long lasting impacts to agriculture
and infrastructure after hurricanes Hugo (1989)
and Georges (1998).

After hurricane Georges the National Weather
Service reported enormous damage to Puerto
Rico’s utility infrastructure. Electricity was lost to
96% of the island’s 1.3 million customers, while

water and sewer service was lost to 75% of the
islands 1.83 million customers. It was estimated
that at least 50% of the electrical poles and cables
were damaged. Many roads were impassable by
floods or destruction. A large number of road signs
were twisted and destroyed, while electric post
and cables were strewn on the ground, along with
trees and foliage. Damage to roads was estimated
at $21,995,975. Telephone service was affected as
8.4% of telephone customers lost their service.

Hurricane Georges also caused extensive damage
to the agricultural sector. The island lost 75%of its
coffee crop, 95% of the plantain and banana crops,
and 65% of its live poultry. Loss to equipment,
manufacturing, and agriculture was estimated
at $212.9 million daily. Damage to houses was
significant, especially those constructed of wood
with wood-zinc system roofs. In all 28,005 house
were totally destroyed and 72,605 houses of all
type were partially deamaged. On the small island
of Culebra, 74 houses were totally destroyed and
89 were partially affected. Public schools suffered
an estimated $20-$25 million dollars in damage.
All of the islands 401 shelters were opened
during the storm and housed 29,107 people. An
estimated $1,673,529,890 in damages was caused
to municipalities and $233,496,484 in damages to
commonwealth agencies. Thus, the total damage
in Puerto Rico was estimated at $1,907,026,374
(National Weather Service 2012; FEMA 2012).

Past hurricane damage in Puerto Rico. 1899 San Ciriaco Hurricane in
Arecibo (top); 1998 -- A family in the Barriada of the Villa del Sol in Toa
Baja, survey the wind and flood damage from Hurricane Georges to their
home along with FEMA and Civil Defense Officials.
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Global climate change is projected to increase the
vulnerability of tropical island states to natural
hazards and Puerto Rico is particularly sensitive to
these changes. This vulnerability is multi-faceted
and stems from factors such as small geographic
size that increases sensitivity, location in regions
prone to natural hazards (e.g. hurricanes,
earthquakes, tsunamis), high  population
densities, high costs to maintain infrastructure,
limited access to natural resources and capital,
and the influence of external forces such as terms
of trade, economic liberalization and migration
flows (Gable et al. 1990, Pelling and Uitto 2001,
Lewsey et al. 2004, Mimura et al. 2007). For the
Caribbean region as in many other islands and
coastal regions, changes in atmospheric and sea
surface temperature, precipitation and sea level
rise are of particular concern. A general, informed
understanding of observed and projected
conditions is critical to planning for the future and
to anticipate the types of adaptation measures
that should be developed in Puerto Rico. Given
this imperative, the PRCCC’s Working Group 1
worked from January 2011 to July 2012 to assess
observed and potential future climatic change in
Puerto Rico.

Report Organization

The members of Working Group 1: Geophysical
and Chemical Scientific Knowledge are all highly
respected in their fields of physics, chemistry,
oceanography, climatology, hydrology, geology,
engineering and meteorology both locally and
abroad. The reviewers of this report were local
experts from Puerto Rico, from the continental
United States, and from overseas such as other
Caribbean islands and the United Kingdom.
Through a number of small sub-working group
meetings, large working groups meetings, full
PRCCC meetings, and a conference in San Juan,
Climate Change in the Caribbean 2011: Puerto
Rico and the U.S. Virgin Islands, the members
met in-person to discuss the report compilation,
data analyses, and peer-reviewed published
studies. However, the majority of report writing
and discussions occurred via email and dropbox
research library correspondences. Additional
correspondences occurred via the PRCCC listserv,

the PR-CC-L. The Working Group 1 report is
organized by geographic scale - in that we start
by discussing the global climate changes we are
seeing and expecting to see in the future and
narrowing down in scale through the Caribbean
climatology and trends and finally to Puerto
Rico’s observed trends and projected changes.
The logic for this order was stressed by Working
Group members in that when discussing large
coupled atmospheric and oceanic phenomena
it is important to look at Puerto Rico’s climate
conditions in the context of the greater Caribbean
and North Atlanticregions.Inthereport, each ofthe
climate parameters analyzed (air and sea surface
temperature, precipitation, extreme events,
storms and hurricanes, sea level rise, and ocean
acidification) are described specific to Puerto Rico
in terms of their historically observed trends and
the projections based on multiple sources. The
information compiled is from literature review
using a variety of databases as well as through the
networks of our PRCCC members and from efforts
to reach out to other Caribbean scientists and
experts. As such some relevant studies may not
have been received. The Working Group members
and the PRCCC as a whole recognize that the
information contained in this report is the best
available knowledge as of July 2012 and will need
to be continuously edited and expanded over the
years as new and improved information becomes
available.

Important Note: Climate change projections
are based on simulations by Dr. Mark Jury with
University of Puerto Rico, international climate
modeling groups that have submitted their data
to the Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Climate Change
(IPCC), as well as other impact assessments from
the Caribbean that have been conducted after the
[PCC AR4 in 2007. The expertise of climatologists,
oceanographers, meteorologists, biogeochemists,
and physicists have further informed and refined
the historic trends and climate projections
summarized in this report. Impact assessments for
the Caribbean basin have been conducted by the
United Nations Development Program (UNDP),
the Caribbean Community Climate Change Center
(5C’s), and in the peer-reviewed independent
literature, as well as by the U.S. Global Climate



Research Program’s 2009 report, Global Climate
Change Impacts in the United States (Karl et al.
2009) - which is the first official U.S. climate
assessment to include Puerto Rico and other small
island states.

The information compiled here for possible future
climate conditions is from the best available
knowledge in July 2012. Much of the data come
from global climate models, which are not able
to resolve the small-scale atmospheric dynamics
present over the islands and as such cannot “see”
the islands at a high resolution. Therefore the
projections are given over ocean surfaces rather
than over land and very little work has been done
in downscaling these projections to individual
islands (with the exception of the Caribbean
Community Climate Change Centre’s dynamical
downscaling through Dr. Campbell and the soon
to be completed statistical downscaling by Dr.
Katherine Hayhoe at Texas Tech University).

These limitations are somewhat mitigated by the
maritime climate experienced in Puerto Rico. This
means that the climatological conditions on the
island are strongly influenced by the dynamics
occurring in the Atlantic Ocean and Caribbean
Sea, which are better resolved by the existing
generation of GCMs. Assessments are also difficult
because some climatic processes are still not well
understood, such as midsummer drought in the
Caribbean and how climate change impacts ENSO.
Furthermore, there is insufficient information
on future SST changes to determine the regional
distribution of cyclone changes. Large deviations
among models make the regional distribution of
sea level rise uncertain and the number of models
addressing storm surges is very limited. Despite
all these limitations, the currently available data
is useful for the Puerto Rico’s first comprehensive
vulnerability assessment to climate change and
subsequentadaptation strategy recommendations
for decision making because of Puerto Rico’s sub-
tropical maritime climate, sufficient data to assess
observed trends, and the proven utility of the
existing climate projections for decision-making
as used by other island nations in the Caribbean.

CHANGES IN GLOBAL CLIMATE

Climate is Always Changing

When the term “climate change” is heard it is
often assumed that the changes we are seeing are
a new phenomenon and that the change itself is
the reason behind the concerns the international
scientific community has expressed. This is a
misperception. The earth’s climate has always
changed and will continue to change. The concern
lies with the rate of change, how fast we are
seeing changes as compared to how fast they
occurred in the past, and whether humans and
nature will adapt to appropriately to the changes.
Furthermore, the cause of this climatic change is
linked to human actions; the burning of fossil fuels
for energy which releases heat-trapping gasses
into the atmosphere. These emissions have led to
a rapid warming of the earth'’s climate.

The World is Warming

The past three decades have been Earth’s warmest
since reliable surface temperature records began
to be kept in 1850, with a global average increase
of about 1°C (5°F) over that period. (This warming
is what originally led discussions about climate
change to be termed “global warming” For more
information on terminology see box What is Global
Warming and Climate Change?). Furthermore,
temperature trends based on Arctic ice cores,
tree rings, paleo-coral studies, and documentary
evidence indicate that the Earth’s temperature in
the late 20™ century may have been the highest
in at least the last 1,000 years. The most recent
paleoclimate data reinforce this conclusion using
longer records, new proxies, new statistical
techniques, and a broader geographic distribution
of paleo data (NOAA 2012). Here in Puerto Rico,
as will be demonstrated in this report, our annual
average temperature rose by about 1°C (1.8 °F
) from 1900 to 2010, according to analyses by
researchers at the University of Puerto Rico of
daily measurements gathered from a subset of the
island-wide network of weather stations.

Working Group 1 Report: Geophysical
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According to the Intergovernmental Panel
on Climate Change (IPCC), global average
temperatures have risen by 0.62C (1.1°F) since
1970 and can be expected to rise another 1-4
2C (1.8-7.2°F) by the end of the 21 Century,
depending on future societal practices and the
amount of greenhouse gas emissions released
into the atmosphere. This temperature increase
was recently reaffirmed by the Berkeley Earth
Surface Temperature analysis. Using the largest
data set available to date the Berkeley team
found that over the past 250 years the earth
experienced a rise of approximately 1.5 2C and
about 0.9 2C in the past 50 years (Brillinger et
al. 2012).

Scientific modeling suggests that the surface
temperature will continue toincrease beyond the
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year 2100 even if concentrations of greenhouse
gases are stabilized by that time (figure 3). In
other words, even if all greenhouse gas-emitting
activities (e.g., burning of fossil fules for energy
and transportation, deforestation activities)
were halted immediately, the planet would still
experience decades of climate impacts due to
the inertia inherent in the global climate system
(Meehl et al. 2005).

Climate change is often thought of as a global
systemic problem; systemic as its causes are
initiated anywhere on earth, and the effects felt
worldwide (Frederick and Gleick 1999, Wigley
1999). While climate change is a global problem,
it already has and is predicted to continue
manifesting locally in Puerto Rico.

2090 - 2099
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Figure 3 Projected surface temperature changes for the early and late 21st century relative to the period 1980-1999. The central and right panels
show the AOGCM multi-model average projections for the B1 (top), A1B (middle) and A2 (bottom) SRES scenarios averaged over the decades 2020-
2029 (centre) and 2090-2099 (right). The left panels show corresponding uncertainties as the relative probabilities of estimated global average
warming from several different AOGCM and Earth System Model of Intermediate Complexity studies for the same periods. Some studies present
results only for a subset of the SRES scenarios, or for various model versions. Therefore the difference in the number of curves shown in the left-hand

panels is due only to differences in the availability of results (IPCC 2007).



At the national level in the United States, several
reports have documented recent climate change
as well as the potential impacts. The 2009 U.S.
Global Change Research Program report entitled
Global Climate Change Impacts in the U.S. (Karl et
al. 2009) illustrated that the average mainland
U.S. temperature has increased by 1.1°C (2°F)
since about 1960, precipitation has increased by
5%, and the frequency of heavy precipitation has
also increased by a factor of two. The growing
season has lengthened on average by one week
since 1960, mainly due to a retreat of the date
of the last spring frost. Large portions of the
U.S. are now experiencing a shorter, less intense
wintertime on the basis of a decrease in extremely
cold temperatures.

Since temperature is a basic control of the Earth’s
climate, climate change is not just limited to
increasing temperatures, but changes in other
fundamental aspects of climate. In the Caribbean
region the projected changes of most concern
includerisingair and sea temperatures, decreasing
annual rainfall, changing rainfall patterns, more
frequent, heavy rain events, stronger hurricanes
and rising sea level.

CHANGES IN CARIBBEAN CLIMATE

Caribbean Climatology

The climate of the Caribbean is characterized as
sub-tropical with relatively dry winters and wet
summers (Taylor and Alfaro 2005). The dominant
large-scale atmospheric influence on the climate is
the North Atlantic subtropical high (NAH). Island
orography and elevation are significant modifiers
of the climate at the sub-regional scale. Cuba,
Jamaica, Hispaniolaand Puerto Rico, the larger and
more mountainous islands of the Greater Antilles,
receive heavier rainfall at higher elevations, with
a rain-shadow effect on their southern coasts that
are distinctively arid. The smaller islands to the
east tend to receive less rainfall, but are still well
watered. For this region, rainfall totals generally
increase going northward. The dry belt of the
Caribbean is found over the southwestern islands
of the Netherlands Antilles.

Precipitation Variability in the
Caribbean

The dominantmode of variability in precipitationis
adecadal oscillation (Jury 2009, Jury and Gouirand
2011). It is related to interactions between the
global ocean and regional atmosphere and is
influential in Puerto Rico and the southeastern
Antilles islands. It is driven by a tri-pole pattern of
SST and upper level zonal winds that involve shifts
in the Hadley circulation and the subtropical jet
stream every eight to eleven years. This decadal
mode of climate variability also plays a role in the
frequency of hurricanes in the region.

A secondary climate mode is associated with the
El Nifio Southern Oscillation (ENSO) (Stephenson
et al. 2007). ENSO is a coupled ocean-atmosphere
phenonemon consisting of periodic anomalous
conditions in atmospheric circulation patterns
and ocean temperatures in the tropical Pacific.
These anomalous conditions can affect climatic
conditions around the globe. In the Caribbean the
primary affectis opposing precipitation anomalies
in the Caribbean Antilles and northern South
America. The southeastern Caribbean becomes
drier than normal in response to a positive ENSO
signal (known as El Nifio) because of a change in
the zonal overturning atmospheric circulations
(known as the Walker Circulation). However
the shifts in atmospheric circulation also lead to
wetter than average early rainfall seasons (May
to July) during the summer following an El Nifio
event (Chen etal. 1997, Giannini et al. 2000, Wang
and Enfield 2001, Chen and Taylor 2002, taylor et
al. 2002b, Spence et al. 20044, Ashby et al. 2005).
The signal reverses during La Nifia events with
drier than average early rainfall seasons. The
late rainfall season (August, September, October,
November) tends to be drier in El Nifio years
and wetter in La Nifia years (Giannini et al. 2000,
Martis et al. 2002, Taylor et al. 2002a, Spence et
al. 2004b, Ashby et al. 2005, Jury et al. 2007), thus
accounting for the overall tendency for lower
(higher) than average annual precipitation during
positive (negative) ENSO phases in the Caribbean
basin.
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Additionally, as shown in figure 4, there is spatial
variability across the Caribbean in response to the
ENSO phase. The warm phase of ENSO, or El Nifio,
tends to increase rainfall in the eastern Caribbean
in early summer, while it reduces rainfall in the

2001). Similarly, IPCC AR4 found that, for the
Caribbean islands, average annual temperatures
have increased by more than 0.5°C over the
period 1900-1995; the seasonal data are
consistent with this overall trend. Observed

trends in precipitation
recpretes WV in the Caribbean are less

Figure 4 Correlations between NINO3 SST and early (A) and late summer rains (B) from GPCP.

clear. Whilst Neelin et al.
(2006a) identified a small
but statistically significant
drying trend during the
months of June, July, and

£ August (JJA) in recent
decades, Peterson et al.
(2002) found nostatistically
significant trends in mean
precipitation (Neelin et al.

NAO correlations were near zero. The warm phase of ENSO, or El Nifio, tends to increase rainfall 200 6b)- However, recent
in the eastern Caribbean in early summer, while it reduces rainfall in the western Caribbean changes in the Caribbean

in late summer.

western Caribbean in late summer. The effect on
winter rains is minor except near Florida. (Enfield
and Alfaro 1999) showed that opposing SST
anomalies in the tropical Atlantic further enhance
the ENSO influence on Caribbean rainfall. Tropical
cyclone activity diminishes over the Caribbean
during El Nifio summers due to upper westerly
wind shear over the central Atlantic (Gray 1984).

The effect of ENSO on the climate of the Caribbean
is also influenced by another important mode of
climatic variability, the North Atlantic Oscillation
(NAO). The NAO is characterized by opposing
variations of barometric pressure between
Iceland and the Azores. These oscillations in turn
can modulate the influence of ENSO (Giannini et
al. 2001). A positive NAO phase implies a stronger
than normal North Atlantic High which amplifies
the drying during a warm ENSO. On the other hand,
a negative NAO phase amplifies the precipitation
in early summer following an EI Nifio.

Recent Climatic Trends in the
Caribbean

According to the 2001 National Climate
Assessment, average annual air temperatures in
the Caribbean islands increased by more than
0.6°C or 1.0°F over the 21 century ((USGCRP)

climate were examined
using the Climate Explorer statistical analysis
tool and in addition have been previously
analyzed for the ocean environment in (Jury
2011) (figure 5). The linear trend analysis
shows more warming (figure 5a) and drying in
the eastern Caribbean (figure 5b), according to
NCEP reanalysis data that include station, ship
and satellite data interpolated by a weather
forecast model. For Puerto Rico, the NCEP
reanlaysis indicates a positive trend of 0.01°C
yr? for surface air temperature and a negative
trend of -0.02 mm day'yr! for precipitation
since 1948. Both trends are significant above
the 95% confidence level. Trends in different
seasons are similar.

The IPCC Special Report on Extremes (IPCC
2012) stated that it is very likely that there has
been an overall decrease in the number of cold
days and nights, and an overall increase in the
number of warm days and nights, at the global
scale. There have been statistically significant
trends in the number of heavy precipitation
events in some regions. It is likely that more
regions have experienced increases than
decreases, although there is strong regional and
subregional variations in these trends.



Peterson etal. 2002 found that for the Caribbean
region there was an 8% increase in the number
of very warm nights and a 6% increase in the
number of hot days for the period 1958-1999.
There was also a corresponding decrease of
7% in the number of cold days and 4% in the
number of cold nights.

Donnelly and Woodruff’s (2007) proxy
reconstruction of the past 5,000 years of intense
hurricane activity in the western North Atlantic
suggests that hurricane variability has been
strongly modulated by El Nifio during this time,
and that the past 250 years has been relatively
active in the context of the past 5,000 years
(Donnelly and Woodruff 2007). Nyberg et al.
(2007) suggest that major hurricane activity in
the Atlantic was anomalously low in the 1970s
and 1980s relative to the past 270 years. As with
Donnelly and Woodruff, their proxy measures
were located in the western part of the basin
(near Puerto Rico), and in their study, hurricane
activitywasinferredindirectly throughstatistical
associations with proxies for vertical wind shear
and SSTs. According to the U.S. Global Change
Research Program, Atlantic tropical storm and
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hurricane destructive potential as measured by
the Power Dissipation Index (which combines
storm intensity, duration, and frequency) has
increased. This increase is substantial since
about 1970, and is likely substantial since the
1950s and 60s, in association with warming
Atlantic sea surface temperatures. There have
been fluctuations in the number of tropical
storms and hurricanes from decade to decade
and data uncertainty is larger in the early part
of the record compared to the satellite era
beginning in 1965. Even taking these factors
into account, it is likely that the annual number
of tropical storms, hurricanes and major
hurricanes in the North Atlantic have increased
over the past 100 years, a time in which Atlantic
sea surface temperatures also increased. The
evidence is not compelling for significant trends
beginning in the late 1800s as uncertainty in
the data increases as one proceeds back in time.
There is also evidence for an increase in extreme
wave height characteristics over the past couple
of decades, associated with more frequent and
more intense hurricanes (USGCRP 2009).

regr 12-monthly bme index
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Figure 5 Linear trends in surface air temperature (4, °C/yr) and rainfall (B,mm/day/yr) from NCEP reanalysis. Note rain scale is reversed.
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What is difference between global warming and climate change?

Global warming, which is not considered a technical term, refers to the long-term increase in
Earth’s average temperature. Whereas, climate change refers to any long-term change in Earth’s
climate, or in the climate of a region or a city. This includes warming and also cooling, changes
in rainfall averages and downpour events, frequency and intensity of tropical storms and
hurricanes, rising or falling sea levels, changes in the pH of our oceans, and other changes.

Climate change is along-term in the statistics of the weather (including its averages). For example,
it could show up as a change in climate normals (expected average values for temperature and
precipitation) for a given place and time of year, from one decade to the next.

There are two reasons we would see a long-term increase in Earth’s average temperature or
a long-term change for a certain climate parameter: Natural variability and human-induced
change. Climate change is a normal part of the Earth’s natural variability, which is related to
interactions among the atmosphere, ocean, and land, as well as changes in the amount of solar
radiation reaching the earth. The geologic record including significant evidence for large-scale
climate changes in Earth’s past. Certain naturally occurring gases, such as carbon dioxide and
water vapor, trap heat in the atmosphere causing a greenhouse effect. The greenhouse effect
is good for humans and ecosystems as it warms us at a temperature that sustains life on Earth,
as opposed to the other planets in our solar system whose greenhouse effect or lack there-
of depending on the planet, makes the planets either too cold or too hot to inhabit. Burning
of fossil fuels, like coal, oil, and natural gas is adding carbon dioxide to the atmosphere. The
current level is the highest in the past 650,000 years. The Fourth Assessment Report of the
Intergovernmental Panel on Climate Change concludes that “most of the observed increase in
the globally average temperature since the mid-20th century is very likely due to the observed
increase in anthropogenic greenhouse gas concentrations.”
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Where can I find more information?
United States Global Change Research Program

NOAA National Climatic Data Center site on Global Warming:

NASA Golddard Institute for Space Studies recent recearch:

Global Change Master Directory




Future Caribbean Climate

Projections of the future climate of the Caribbean
region are possible but have uncertainty for
three reasons. The first reason is the internal or
natural variability of the climate system, which
makes prediction challenging over timescales
shorter than a few decades. The second reason
is scientific uncertainty, encompassing both
what we don’t know as well as what we cannot
yet represent accurately in our models. The
third reason is socio-economic or scenario
uncertainty, since future change will be driven
by emissions from human activities that in turn
will be determined by trends in population,
technology, and legislation (Hawkins and Sutton
2007,2011).In order to prepare for future climate
change, it is important to understand what kind
of changes are expected or possible. We can
develop scenarios future emissions based on a
set of plausible assumptions about future human
actions and develop projections of the climate
changes that would result.

According to the IPCC AR4, over the coming
century projected temperature increases for
the Caribbean are projected to be slightly below
the global average of 2.5 - 4°C (4.5 - 7.2°F) by
2100 (IPCC 2007), but slightly above the tropical
average. Also, most IPCC AR4 models projected
decreases in annual precipitation and a few
increases, varying from -39 to + 11%, with a
median of -12%. The annual mean decrease is
projected by the IPCC AR4 to be spread across
the entire region. December, January, February in
the Greater Antilles is expected to see increased
precipitation and June, July, August to see a
region-wide decrease (IPCC 2007). A number of
research groups in Puerto Rico, the Caribbean,
and elsewhere have begun to study future

climate scenarios to identify possible impacts on
the region. Such studies help define the range
of possible future change and illuminate ways
in which these changes will impact human and
natural systems. This report section summarizes
the results of a literature review performed from
September 2010 to July 2012 by Working Group 1
of published and unpublished studies to compile
currently available information on climate change
and impacts for the Caribbean, the Greater
Antilles, and Puerto Rico.

As a result of the three sources of uncertainty
in future projections listed above, studies
describe a wide range of potential changes in
the Caribbean regional climate system. This is
particularly true for precipitation. Projection
uncertainty is pervasive across all models and
is reflected in the range of potential impacts
described in climate assessments (Turner
2003, Stanton and Ackerman 2007, Bueno
et al. 2008, Karl et al. 2009). Climate models
also show little agreement on how climate
change will impact large-scale atmosphere-
ocean circulation patterns such as the El Nifio
Southern Oscillation (ENSO) (Stoner et al
2009), although there is some indication of El
Nifio-like conditions becoming more common
in a warmer world (Meehl 2009). Given the role
that ENSO plays in the Caribbean precipitation
regime and hurricane activity, any changes to
ENSO will be of great importance to the region
and merit further study. In addition, although
there is uncertainty in the magnitude of
precipitation changes, a majority of GCMs used
in the IPCC AR4 report show future decreases in
precipitation due to broader regional responses
of sea surface temperatures to anthropogenic
climate change (Biasutti et al. 2012).
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Previous Modeling Efforts for the
Caribbean

University of the West Indies - Mona
Climate Studies Group and the Cuban
Meteorological Institute (2003)

In 2003 the Caribbean Modelling Initiative used
a regional, simplified climate model, PRECIS
(Providing Regional Climates for Impact
Studies), to evaluate possible future regional
climatic changes in the Caribbean (Campbell et
al. 2010a). PRECIS is a dynamical downscaling
model driven by the HADAM3P GCM and ECHAM
GCMs but can be forced at its boundaries by
other GCMs. It has a resolution of up to 25km
and can be used for any part of the Globe. Using
IPCC SRES Scenarios A2 (high emissions) and
B2 (low emissions) they simulated historic
conditions (i.e, 1970-present) and future
(i.e., end of century) conditions and reported
absolute or percent change between the present
and future. They found that irrespective of

PRECIS Projected
Precipitation Changes
Dilerence (Frimicay)
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Figure 7: PRECIS Projected Precipitation Changes for SRES A2

scenario the Caribbean was expected to warm
(warming between 1°C and 5°C; 1.8°F and 9 °F)
with greater warming under A2 (high emissions)
scenario. The warming was consistent with
projections for other parts of the globe and far
exceeds natural variability (figure 6).

For precipitation, the Caribbean
Modelling Initiative found there to
be a general tendency for drying
by the end of the century (drying
between 25-30%) (figure 7) with
a possible wetter future for the
northern Caribbean’s dry season
(NDJ: November -January and
FMA: February-April) and drying

exceeds that of natural variability
for the wet season (June-October)
(figure 8). They note, however, that
in some regions of the Caribbean
all simulations projected drier
conditions while in other areas
of the Caribbean all simulations
projected wetter conditions.

Figure 6 Mona Climate Studies Group found that irrespective of scenario the Caribbean was
expected to warm (warming between 1°C and 5°C) with greater warming under A2 (high
emissions) scenario. The warming was consistent with projections for other parts of the globe

and far exceeds natural variability.



PRECIS Projected
Seasonal Prec1pttanon Changes

\ Dec—=Mar | Apr - May
| :'.h
= ;
I “p
o e e
Il R = -
— 1
i £330
— . = -1
\ T T | AL - Mo i
v, - 1
4 S 2= -
g ~,
& ; =
ﬁ"l r 2 I‘\- S
il T .

Figure 8: PRECIS projected seasonal precipitation changes for the
Caribbean

University of Puerto Rico, Santa Clara
University and Oak Ridge National
Laboratory Study (2007)

Researchers from the University of Puerto Rico
- Mayagiiez, Santa Clara University and the Oak
Ridge National Laboratory used a GCM (the Parallel
Climate Model or PCM) to investigate possible
climate change in the Caribbean under three
future emission scenarios (Angeles et al. 2007).
The results showed that for the period 2041 to
2058 increases in sea surface temperatures of
approximately 1°C (1.8 °F) are possible along with
increases in precipitation during the Caribbean
wet seasons (early and late rainfall seasons) and
a strengthened vertical wind shear. They note
that the PCM underpredicts SSTs so this is a
conservative estimate. Strengthened vertical wind
shear along with SSTs greater than 26.5°C (79.7 °F)
provides favorable conditions for possible future
increases in tropical storm frequency.

University of Oxford and United
Nations Development Program (2009)

Simpson et al. (2009) used 14 GCMs to create
climate projections for 3 emissions scenarios
(A1B, A2, and B1) for the 15 CARICOM countries
of the Caribbean. Under these scenarios, the
results indicate average air temperatures
will rise in the future in all seasons. Typical

projected temperature increases in CARICOM
countries are consistent with global trends (i.e.
the Caribbean region largely tracks projected
global temperature changes). However, the
temperature increase is less in coastal regions
and islands with greater warming over
landmasses. This is related to the thermal
inertia of the ocean and the greater internal
heat capacity of water compared to land. All
countries warm by at least 0.7°C (1.26 °F) by
the time global temperatures have increased
2.0°C (3.6 °F) above historic conditions (figure
9). According to these projections, there is
little uncertainty that the trend of temperature
is upwards, the main uncertainties are in the
timing and extent.

Total annual rainfall was projected to decrease
through all CARICOM countries by between 10 to
20% according to the ensemble mean, with larger
declines as temperatures increase. The exception
is in the north, particularly over the Bahamas,
where the projections suggest hurricane-
season rainfall will increase slightly. However,
examination of standard deviations indicates that
while the majority of projections simulate rainfall
decreases, a few projections simulate rainfall
increases.

Temperature

Precipitation

Sea Surface
Temperature

Figure 9: Changes in regional average annual temperatures (top),
precipitation (middle), and sea surface temperatures (bottom) compared
to present day values at thresholds of 2.0°C and 1.5°C and differences
between the two; note different scales. Precipitation projections show
fractional changes in total annual rainfall; reds indicate drying, blues
indicate increased rainfall.

<
=
1d
=S
=
o
o
(2]
S
=
S
a
Q
a4
~—
a
=
o
S
&)
o0
£
=2
=
S

%)
Y
©
2
2
[=]
S
.
=
=
b=
=1
2
13
w
T
=2
=
5}
<
=}
]
=1
3]



Working Group 1 Report: Geophysical
and Chemical Scientific Knowledge

The United Nations Development
Programme (UNDP) Climate Change
Country Profiles Project (2010)

The UNDP Climate Change Country Profiles
Project (McSweeney et al. 2010) uses existing
data to generate a collection of country-level
analyses of recent climate observations and the
multimodel projections made available through
the World Climate Research Program’s Coupled-
Model Intercomparison Project. They produce
“off the shelf” analysis of the data to provide basic
observed and model out-put summaries. Their
analyses have included the Caribbean and the
Dominican Republic model outputs include Puerto
Rico. Using IPCC Emissions Scenarios A2, A1B, and
B1 and 15 GCMs, results for the Caribbean show:

e All projections indicate substantial
increases in the frequency of days and
nights that are considered “hot” in current
climate. And all projections indicate
decreases in the frequency of days and
nights that are considered “cold” in
current climate. Cold events are expected
to become exceedingly rare, not occurring
at all in most projections. (The project
consideres a “hot” day or night one that
the temperature exceeded on 10% of days
or nights in current climate of that region
and season.)

e Themeanannual temperatureis projected
to increase by 0.5 to 2.3°C (0.9 and 4.14
°F) by the 2060s and 1.1 to 3.6°C (1.98
and 6.48 °F ) by the 2090s. The projected
rate of warming is most rapid in winter
(December, January, February).

e Projections of mean annual rainfall
from different models in the ensemble
are broadly consistent in indicating
decreasing rainfall, largely due to
decreases in wet season (June, July,
August) rainfall. Projected changes in the
wet season vary from -78% to +21% by
the 2090s. Annual changes range from
-55% to +20%.

e The proportion of total rainfall that falls
in heavy events is projected to decrease
by most models by the 2090s.

Caribbean Community Climate Change
Center (2010)

The Caribbean Community Climate Change Center
commissioned a study (Campbell et al. 2010b)
that combined the HadRM3P and PRECIS regional
models to show annual temperatures are projected
to increase over the Caribbean under all emissions
scenarios. The models project greater than 2°C
(3.6°F) increase in annual average temperature
over the Caribbean, with the greatest warming
for the larger islands of Cuba, Jamaica, Hispaniola,
Central America and northern South America
across all seasons. The rainfall response varies
with season with one of the more robust changes
being an intensification of a gradient pattern
in November-January, in which the northern
Caribbean (i.e., north of 22°N) gets wetter and
the southern Caribbean gets drier. There is also a
drying signal from June-October.

Puerto Rico Climate Change
Council (2011)

The PRCCC used the visualization tool Climate
Wizard (Girvetz et al. 2009) to assess recent
climatic trends and possible future changes in the
Caribbean based on output from 16 GCMs used in
the IPCC AR4. The output of the ClimateWizard
Change Map displays the 50th percentile or median
projection for temperature and precipitation
change averaged over the period 2080-2099
compared to 1961-1990 (figures 10, 11 and 12).
The results are displayed for the A2 emissions
scenario, corresponding to high future emissions
of greenhouse gasses (GHG). The results show
warming across the Caribbean, although less-
so compared to continental regions due to the
marine influence over the islands.

Overall the higher emissions scenario projects
more warming and less precipitation for the
region. The average warming for the Antilles is
2.8°C (5.04 °F) for the A2 scenario versus 1.7°C
(3.06 °F) for the B1 emissions stabilization



scenario. The median precipitation projection
indicates drying for most of the region with the
exception of some areas in the southern Caribbean
near the Panamanian Isthmus. The mean change
for the median projection for the A2 scenario is
a decrease of 15.8% compared to the 1961-1990
average precipitation and the mean change for the
B1 scenario is a decrease of 8.5%.

Given the uncertainty in precipitation projections,
the results shown in figure 12 are noteworthy
in that the 80™ percentile projection (that is,
leaving out the 20% of model results that showed

Figure 10 ClimateWizard visualization of ensemble median output for
average projected terrestrial temperature change from 2070-2099
compared to 1961 - 1990. Ensemble projection is for the IPCC A2 SRES
Emission Scenario.
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Figure 12 ClimateWizard visualization of ensemble median output for
the 80" percentile projection for percent departure from mean annual
precipitation from 1961-1990.

the greatest future drying) shows a consensus
amongst the models for drying in the Caribbean
by the end of the century (for the high emissions
scenario). Baisutti et al. (2012) show similar
results using a slightly lower emission scenario
(A1lb). They tie the regional drying to the broader
dynamical response of the tropical circulation to
greater relative increases in SST in the tropical
Pacific and Atlantic compared to the sub-tropical
Caribbean (figure 13).

Table 1 shows a summary of the six Caribbean
climate modeling studies.

Figure 11 ClimateWizard visualization of ensemble median output
for the median projection for percent departure from mean annual
precipitation from 1961-1990.

-2 I.‘ amil Rstadall & nossalioy

Figure 13 Ensemble mean temperature (shaded colors) and
precipitation (colored contours) differences between the periods 2075-
2099 and 1975-1999 for the Alb emissions scenario. Temperature
changes are shown in degrees Celsius and precipitation changes are
given in percent change from 20" century values. Reprinted with
permission from Biasutti et al. (2012).
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SEA SURFACE

PROJECT TEMPERATURE PRECIPITATION T
Caribbean
Community 1 ) ~20C Northern Carib
Climate Change Southern Carib
Centre (5C’s)
Simpson et al. -5% to -10% mean o
(for 2°C Global (Alfil) 0 >0.7°Cup to 2°C Up to +30% for g O“i golép w0
Warming) some GCMs '
PRCCC 16 0 ~2°C -10% to -20%
(AR4) 0 0
-55% to +20% ann
16 Hot Days a0 0
UNDP (AR4) 0 1°C - 3.6°C 78% to +204)wet
Heavy Rain
UPR-M 1 0 Wet Season ~1°C (mid-
century)
-25% to -30% ann
UWI-CMI 2 1 1°C to 5°C Dry Season
Wet Season

Table 1 Summary of six Caribbean modeling studies for climate change projections described in the text, including the PRCCC. GCMs = Global Climate
Models DS = Downscaled Models; AR4 = GCMs that were used in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.

Knowledge Gaps and Future Research
Needs for Caribbean Climate Change
Studies

All previous studies have recommended a more
detailed analysis of projections, together with
research to downscale the information from
the global models. Doing so would provide
improved spatial detail and develop more
specific information regarding the uncertainties
associated with certain parameters, such as
rainfall. Future research should also examine
changes in the most intense climate events, such
as those that produce heavy rainfall. Additional

and updated dynamical downscaling studies could
improve understanding of the local and regional
processes that drive precipitation events. Larger
ensemble experiments such as perturbed physics
experiments using single GCMs or simplified
climate models could improve efforts to quantify
uncertainty (and perhaps reduce uncertainties)
in key physical parameters (e.g. ENSO, SST).
Statistical downscaling could also improve
projections of well-simulated climate variables
such as surface air temperatures and sea surface
temperatures.



PUERTO RICO’S CLIMATE

This section discusses the observed climatology
of the island and expands on the summary of
climatic trends in Puerto Rico using information
from (Bush 1995), Lugo et al. (2011), Mendez
(2010), Jury et al. (2011), and the NOAA National

Figure 14: (a) NOAA GHCN station network over Puerto Rico
and adjacent islands used in the PRCCC analysis; (b) Stations
used in the Mendez (2010) analysis

Weather Service. The Jury analysis conducted for
the PRCCC uses the NOAA GHCN station network
over Puerto Rico (figure 14a) and the Mendez
(2010) analysis is based on 36 precipitation
stations and 16 temperature stations in Puerto
Rico (figure 14b).

Puerto Rico is part of the Antilles island chain that
between the Atlantic Ocean and the Caribbean Sea.
This chain extends in a southeasterly arc toward
the island of Trinidad and South America. Puerto
Rico lies within the northeast trade wind belt and
experiences a sub-tropical maritime climate typical
of Caribbean islands, with warm temperatures
and high summer precipitation (Daly et al. 2003,
Lopez-Marrero and Villanueva Colén 2006).
Mendez (2010) estimated an island-wide average
temperature of 24.9°C (76.89F) over the period

1948-2007 based on 16 stations. Variability for all
stations was below 2.5%. The stations which have
recorded the highest annual average temperature
are Fajardo (26.2°C; 79.2 °F), San Juan (26.8°C;
80.29F) and Gurabo Substation (26.72C; 802F). The
coolest average annual temperatures are observed
at high elevation stations (Pico del Este (18.6°C;
65.59F), Adjuntas Substation (21.5°C; 70.79F) and
Cayey (22.99C;73.29F)) where local data indicates
that temperature decreases approximately -0.62C
(-1.19F) per 100m (328.1 ft) of elevation. The NOAA
National Climatic Data Center has climatological
normals and all time records across Puerto Rico and
the U.S. Virgin Islands and shows that for a shorter
time period (1981- 2010) than the Mendez (2010)
analysis San Juan’s annual average high was 87.62
F (30.92 C), Fajardo’s was 87.22 F (30.72 C), and
Gurabo’s was 87.72 F (30.92 C).

The annual cycle of temperature in Puerto
Rico is typical of the tropics in general and the
Caribbean in particular. The cooler months are
from December to March (as expected for coastal
locations in the northern hemisphere). Beginning
in April, temperature gradually increases to
reach its peak in July or August followed by a
steady, gradual decline beginning in September
(Mendez 2010). Ocean temperatures in this sub-
tropical climate are high and nearly constant
with a minimum of 26°C (~79°F) in March to a
maximum of 29°C (~84°F) in September (figure
15). Nearshore temperatures can be somewhat
warmer and more variable (Bush et al. 1995). The
warm ocean also plays a large role in the island’s
generally high humidity levels.
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Figure 15 Mean sea surface temperatures around Puerto Rico at 4 km
resolution from NOAA satellite in the past decade.
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Although Puerto Rico is an island located entirely
within the trade wind zone, distinct climate
transitions exist from the mountainous interior
and the exterior coasts of the main island (Bush et
al. 1995). The central belt of mountains that run
along the center of the island acts as a primary
control on local temperature and precipitation
variability. The most apparent topographic effect
is the cooler temperatures at high elevations.
Average temperatures in the interior mountains
are ~5°C (9°F) cooler than coastal and urban
San Juan. However the mountains also have an
important effect on local circulation patterns.
As the prevailing trade winds reach the island
(figure 16), the marine air is forced to rise over the
mountains. As the air rises, it cools and condenses;
creating a cloud band that extends westward
across the island (figure 17b; July weather radar
rainfall). This orographic effect is enhanced by a
confluent circulation that occurs during daytime
hours, leading to large annual precipitation
amounts in the central mountains and over the
western portion of the island. The combination
of the island-induced local circulation and the
orographic effect of the mountains also leads to
much drier conditions along the southern coast.

Figure 17: Mean monthly January (a) and July (b) rainfall at 1 km
resolution from weather radar in the past decade.

Figure 16: (A) prevailing winds around Puerto Rico; (B) 30-yr mean
wind pattern from high resolution reanalysis model (NARR), with
isotachs in m/s.

Generally rainfall increases from the coast inland,
with more precipitation in higher elevations in the
north and the eastern Sierra de Luquillo (Mendez
2010). The resulting differences in precipitation
across the island can be quite large.

While the island-wide average annual rainfall is
1752 mm/yr (69 in/yr), local amounts can vary
from as little as 800 mm/yr in the south (31.5
in/yr) to 4000 mm/yr in the Caribbean National
Rain Forest on the northeast portion of the island
(157.5in/yr) (Mendez 2010). The NOAA National
Climatic Data Center -climatological normals
map for mean annual precipitation precipitation
(figure 18) shows the spatial differences in rainfall
for Puerto Rico from the period 1981-2010.

Although the total amount of precipitation varies
considerably, the seasonal cycle of precipitation is
similar across all regions of the island. Typically
the dry season is from December to March, with
February being the driest month (figure 19a). A
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Figure 18: Mean Annual Precipitation from 1981-2010, courtesy of
NOAA National Weather Service San Juan Office.

seasonal maximum in precipitation occurs in the
month of May (figure 19b) followed by decreasing
amounts in June and July before rising, reaching a
fall peak in the months of October and November
(figure 19c). Trade wind showers in the dry season
are present over the northeastern half of the island
while the southern coast is generally drier (Figure
16a; January weather radar rainfall). Figure 20
shows the frequency of stations reporting each
month as either the driest month or the wettest
month (Mendez 2010).

Rainfall is a frequent occurrence across the island,
as reported for example in a USGS study which
found 209 days with measurable precipitation
during an average year in San Juan (Anderson
1976). Droughts are infrequent, even though
certain areas of the main island experience drier
conditions such as Guanica and other areas along
the south coast. Persistent low rainfall over the
island was observed in the years 1966-1968,
1971-1974, 1976-1977, 1993-1994 and 1998.
The drought of 1971-1974 was the most severe in
terms of its duration and streamflow reductions,
while that of 1993-1994 was the most severe in
terms of the impact on the island’s water supply.

The rainfall distribution is punctuated by
hurricanes, tropical storms, and westerly troughs
(Bush et al. 1995). In July-August fast moving
African easterly waves and hurricanes pass near
Puerto Rico, butin September-October these same

systems slow down and cause localized flooding
almost every year. Puerto Rico lies directly in the
Caribbean hurricane belt. The hurricane season
lasts from June through November, with a peak in
August and September. Additionally, Puerto Rico
is visited by a tropical depression (onda tropical)
on the average of once every 2.5 years (Bush et al.
1995).

The earliest recorded storm in Puerto Rico was on
the feast day of San Roque, August 16, 1508. (Pico
1969) reports six hurricanes and storms with
significant effects on PR between 1893 and 1956.
The San Ciriaco hurricane of August 8, 1899, is
considered the worst natural disaster in Puerto
Rico’s history. This great hurricane killed more
than 3,300 people, left 25 percent of the island’s
population homeless, destroyed more than $7
million worth of the coffee crop (over $225 million
in 2012 dollars), and extensively damaged other
cash crops, including sugarcane and plantain
(Bush et al. 1995). Since then, several other
hurricane events have affected the island, with the
San Felipe Hurricane in 1928 leaving no area of the
island untouched (Bush et al. 1995). Hurricanes
Hugo (1989) and Georges (1998) were the most
severe in terms of wind effects. Two hurricanes,
San Nicolas, in 1931 and San Ciprian, in 1932,
passed directly over the San Juan metropolitan
area (Lugo et al. 2011). A more recent analysis
of Puerto Rico’s destructive hurricanes is offered
by (Jury et al. 2011). Tracks of all category 3-5
hurricanes passing within 100 nm of Puerto Rico
since 1860 (figure 21) shows that many develop
to the east-south-east and pass over the smaller
Antilles before reaching Puerto Rico. The paths
diverge west-north-west and tend to pass over
Hispafiola and Florida. About half of these cases
are African easterly waves that develop over the
Ethiopian highlands and pass Senegal about two
weeks earlier. Hence it will be important to ‘keep
an eye’ on climate changes over West Africa.
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Figure 19: Normal Precipitation for 1981-2010 for months of (a) February,
(b) May, and (c) October, courtesy of NOAA National Weather Service San
Juan Office.
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Figure 20: Frequency of stations (n=36) reporting each month as either the
driest month (brown) and wettest month (blue). Based on analysis in Mendez
(2010).
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Figure 21: Tracks of all category 3,4,5 hurricanes passing within 100 nm of Puerto
Rico in July-October season since 1860, based on NOAA hurdat data.



Analysis Methods from Dr. Mark Jury for the PRCCC

Analyses using high resolution grid-interpolated station data, reanalysis products and low
resolution IPCC general circulation models were specifically conducted for the PRCCC by Dr. Mark
Jury of the University of Puerto Rico. Anumber of well documented datasets are available that make
use of ‘smart interpolation’ techniques to understand past climate and remove unwanted effects
such as changes in site, elevation, instrumentation, etc. If only raw station data are considered,
there are significant instrumentation anomalies before 1950. Raw island-averaged temperatures
show an upward step >1°C around 1980. Thus it is essential to use quality controlled datasets.
The gridded fields at <50km resolution are of two types: direct observations adjusted using
metadata information on instruments and site elevation, and quality control measures (CRU3,
GPCC), and numerical model reanalysis using observations and satellite estimates in the past 30
years (NCEP, ECMWE, CFS). The value of the grid-interpolated analyses is in the area-averaging
which helps limit the impact of stochastic climate variability, particularly for isolated short-lived
floods. Furthermore, they include data from millions of satellite overpasses and marine weather
observations from ships and buoys. This is important because Puerto Rican climate is largely of
a marine nature.

Table Description of Gridded Products

Title Description REI LT Starting year
(km)

RADAR NOAA National Weather Service weather radar gridded product 2000
using gauge correction

Working Group 1 Report: Geophysical
and Chemical Scientific Knowledge

WRF Current operational mesoscale model of National Weather Service 1-10 2000
MODIS Moderate-resolution Imaging Spectrometer SST, vegetation 4 2000
cMorph Center for Disease Control and Prevention multi-satellite microwave 25 2000
IR morphed rain estimate
NARR N. American Regional Reanalysis with ETA model 30 1979
CFS-R Climate Forecast System ETA model reanalysis 30 1979 L
GPCC Global Precipitation Climatology Center land station reanalysis v5 50 1900
CRU3 Climate Research Unit land station reanalysis version 3 50 1900
CPC Climate Prediction Center GHCN land station interpolation 50 1948
SODA Ocean subsurface data reanalysis version 2.4 with ECMWF wind 50 1958
Hurdat NOAA - MIT reanalysis of hurricane tracks and intensity 50 1861
ECMWF  European Community Medium-range Weather Forecast interim 70 1979
reanalysis
HadSST UK Hadley Center SST gridded reanalysis version 2 100 1880
GPCP Global Precipitation Clim. Project blended gauge + satellite rain v2.2 100 1979
MIROC Coupled GCM version 5 of Frontier System Japan for CMIP5 100 1900
CCSM4 NCAR Community Climate System Model version4 for CMIP5 120 1900
NCEP NCEP operational data reanalysis by MRF model 180 1948
CSIRO Australian CSIRO coupled GCM version 3.6 for CMIP5 180 1900
GISS Goddard Inst Space Science coupled GCM version 2R for CMIP5 200 1900

NCDC USA NCDC NOAA SST gridded reanalysis version 3 200 1860
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HISTORIC TRENDS AND CLIMATE

PROJECTIONS BY PARAMETER

This section discusses the observed, historical
trends and projected changes of the island for
seven climate parameters (air temperature,
precipitation, extreme events, sea surface
temperature, sea level, and ocean acidity) and
uses data from CariCOOS, NOAA, IPCC, and PRCCC
partner analyses. Climate trend information
differs from the known climatology or “climate
normals” of Puerto Rico that were previously
described, in that climate trends can be used to
detec climate changes. Climate normals were not
designed to be metrics of climate change as they
are long-term averages versus long-term changes.
More simply, the climate trends described here in
section 5 are the historic observations of how we
may be departing from the known climate normals
of Puerto Rico that were described in section 4
and what changes we are expecting to see in the
near future (years 2050 to 2100).

Air Temperature

Observed Air Temperature Trends in
Puerto Rico

Mendez (2010) showed that twelve of sixteen
stations in Puerto Rico had significant increases
in annual average temperature from 1948 to
2007. Statistically significant (p<0.05) increases
in monthly average temperature trends are
observed for most months and stations. From
these results, Mendez (2010) concluded that the
annual temperature increased

over this period throughout .
the island of Puerto Rico. The _
warmest years were 1998

(observed in 6 stations) and

2007 (observed in 3 stations).

Using gridded products (see
box on previous page), Dr. Mark
Jury mapped the linear trend

statistical analysis tool. There is faster warming
in the east in the longer dataset (1901 - 2009),
and faster warming over the center of the island
in the shorter dataset (1979 - 2009). Temperature
trends are significant above 98% confidence
level. Trends are similar in different seasons
(figure 22 and figure 22). Climate Forecast
System Reanalysis Temperature trends shows
that the central (elevated) parts of Puerto Rico
have a faster rate of warming than the coast.
Air temperatures in the trade wind inversion
(~850 hPa, 1500m) over Puerto Rico are rising
faster than the global average. This is due to an
accelerated Hadley circulation, with a trend of
sinking motions over the Caribbean and rising
motion over South America as indicated by the
trend analysis of NCEP reanalysis data in Figure
24. The additional sinking motion causes heating
by compression at the bottom of the layer, so the
trade wind inversion has strengthened. The rate
of warming in the 1-2 km layer is 3 x greater than
surface air temperatures.

Both global and local changes can drive
temperature trends. Historic temperature trends
in Puerto Rico based on station data include large-
scale influences of global climate change as well as
land cover change as reflected in increasing daily
minimum temperatures (Duchon 1986). In Puerto
Rico, there is some indication that the enhanced
coastal warming may be at least in part due to the
urban heat island effect (Velazquez-Lozada et al.
2006; Gonzalez and Comarazamy 2009). Stations
located in San Juan show that both maximum and
minimum temperatures are on the rise in heavily
urbanized areas where there is conversion of

of surface air temperature
with two different datasets

. . Figures 22 (left) and 23 (right): Linear trends in surface air temperature for CRU3 station interpolated
using the Climate Explorer observations (left, °C/yr) and from CFS reanalysis (right °C/yr). Climate Forecast System Reanalysis
Temperature trends shows that the central (elevated) parts of Puerto Rico have a faster rate of

warming than the coast



natural vegetation to urban dewellings (Gonzalez
and Comarazamy 2009). Velazquez-Lozada et
al. (2006) also found warming in the San Juan
metropolitan area, with a trend of 0.06°C/yr from
1960-2000. Throughout the tropics, population
movements, urban growth, and industrialization
are causing conditions that result in elevated
temperatures within urban areas when compared
to that in surrounding rural areas, a phenomenon
known as the urban heat island (UHI) (Murphy
et al. 2010). Murphy et al. (2010) demonstrated
that San Juan experiences greater temperature
when compared to the surrounding forested and

open, rural areas by as much as 4.7°C (8.5°F).
Using projections of future development and
temperatures theysuggest that if the present
pattern of development continues, over 140 km?
of land that showed no signs of the urban heat
island effect in 2000 will have an average annual
temperature increase between +0.4 and +1.55°C
(+0.72 and 2.79°F) by 2050. Furthermore, more
than 130 km? of land area with a current UHI
between +0.4 and +1.4°C (+0.7°F and +3.5°F) in
2000 will have an average UHI greater than +1.55
°C (+2.79°F) by 2050 (Murphy et al. 2010).
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Figure 24: The analysis is of linear trends in the meridional atmospheric Hadley circulation (top, m/s /yr) and
air temperature (C/yr), as N-S height sections across Puerto Rico from NCEP reanalysis 1948-2009. Adapted

and updated from Jury and Winter (2009).
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The amount of warming that may be attributed
to larger-scale warming can be deduced by
comparing observed trends over Puerto Rico with
those from other islands in the region. Centella
et al. (1999) found annual average temperature
increases of 0.5°C (0.9°F) for the island of Cuba
since 1950. On the islands of Trinidad and Tobago
Singh (1997) found an increase of 1.5°C (2.7°F)
between 1946 and 1995. It appears, therefore,
that Puerto Rico does follow a larger-scale trend
in warming, although some locations on the island
are warming faster than others. As part of the
PRCCC Assessment Dr. Mark Jury also compared
annual temperature anomalies for Puerto Rico
and global land surface anomalies (50°S-60°N,
all longitudes, land only) using the Hadley Center
CRUTEM3 dataset. The results indicate that
Puerto Rico’s temperature anomalies were lower
than the global anomalies in the early portion
of the observation record, but are higher than
the global anomalies in the most recent period.
This indicates a greater range of climate change
for Puerto Rico compared to the global range of
climate change.

Projected Changes in
Temperatures

The CMIP5 coupled general circulation model
projections that will be used in the next IPCC
assessment report (AR5) are now available
(Taylor etal. 2011b). These models have increased
resolution and dynamic vegetation, compared
with the earlier CMIP3 models used in the IPCC
AR4 assessment, reported in the earlier section
of this report. These models have been evaluated
for the Caribbean and for Puerto Rico. While
they perform reasonably well for many features
of the observed climate, certain models better
match the annual cycle of climate due to better
representation of Antilles Island wind shadows
which generate larger amplitude seasonal and
diurnal cycling. Most of the CMIP5 models, like
their predecessors, are biased towards a North
Atlantic high pressure cell that is too strong - with
trade wind evaporation causing below normal
sea surface temperatures east of Puerto Rico. In
this analysis of CMIP5 models, use is made of an
all-model ensemble average based on the ‘rcp6

forcing’ scenario. This assumes an approximate
doubling of CO2 by the end of this century,
consistent with the earlier CMIP3 A1B scenario, a
‘middle of the road’ projection.

Figure 25 shows the results of observed trend
analysis of the San Juan weather station as well as
model outputs of surface temperature from an area-
averaged observation product CRU3 and from the
CMIP5 coupled model CCSM4 projection with the
rcp6 scenario. The analysis shows that the historic
trends of temperature for the whole of Puerto Rico
are consistent with the global climate models: a rise
of 0.012 to 0.014°C/yr (0.022 to 0.025°F/yr). On
the other hand, the trend for San Juan is 0.022°C/
yr (0.04°F/yr). If this trend continues San Juan’s
average temperature will increase to 27°C (80.6°F)
in 2050 (as compared to 25.5°C or 77.9°F in 1950).
This is consistent with the historic analyses by
Mendez 2010. San Juan's temperature trend is
higher than the rest of the island due to urbanization
and measurement changes.

Puerto Rico
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Puens Rico projections
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Figure 25: Comparison of surface air temperature from area-averaged
observation product CRU3, San Juan station and CMIP5 coupled model
CCSM4 projection with rcp6 scenario. Puerto Rico area is defined as 18-
18.5N, 67-65W. Linear trends for area averages show a 0.012-0.014C/yr
temperature increase. San Juan trend is higher due to urbanization and
measurement changes.



Station Data and Limitations

About 100 rainfall and 60 temperature
observing stations in Puerto Rico have daily
data back to 1900. Many of these stations
have gaps in the records, and have shifted
many Kilometers and hundreds of meters in
altitude, thus creating variable spatial and
temporal distributions that pose problems in
station-based interpretations. For example,
an all-island average temperature analysis
will have lower values in mid-20th century
due to an increase in mountain stations at
that time. In early and late 20th century
there were more coastal stations and warmer
temperatures. These effects can be removed
by either taking a sub-set of stations that have
no gaps or shifts, or by ‘smart’ interpolation
using elevation models and metadata. It
is important to recognize the station data
limitations that exist.

Knowledge Gaps and Future
Research Needs

Continual monitoring of temperature weather
stations is critical to expanding our understanding
of these trends in the future. Longer datasets
allows us to increase certainties about the
geographic distribution of the temperature
trends in Puerto Rico. In terms of temperature
projections, analyses that incorporate all GCMs
and obtain larger ensemble experiments will
allow for better quantification of uncertainty
in the range of possibilities. Additionally, there
is a need to capture more local and regional
processes in the modeling work and so it is highly
recommended that Puerto Rico develop higher
resolution projections in the form of dynamical
and statistical downscaling to obrain more refined
temperature projections for future assessments.

Summary of Observed
and Projected Temperatures
for Puerto Rico

Over the 20th century, average annual air
temperatures in the Caribbean islands have
increased by more than 0.6°C or 1.0°F. In Puerto
Rico, station analyses show significant increases

in annual and monthly average temperatures
and a rise of 0.012°C/yr to 0.014°C/yr (0.022 to
0.025°F /yr) was observed from 1900 to present.
Therefore, Puerto Rico does follow the larger-scale
trend in warming, although some locations on the
island are warming faster than others. Urban heat
islands exist in Puerto Rico where temperatures
are higher in developed areas than in rural,
vegetated areas. For instance, San Juan’s observed
temperature trend is higher than the rest of the
island at 0.022°C/year (0.04°F/year) since 1900.
If this trend continues, San Juan’s average annual
temperature will have increased to 27°C (80.6°F)
in 2050 (as compared to 25.5°C or 77.9°F in 1950).
There is consensus on continued warming into the
future amongstall modeling experiments. Over the
coming century, projected temperature increases
for the Caribbean are projected to be slightly
below the global average of 2.5 - 4°C (4.5 - 7.2°F)
by 2100, but slightly above the tropical average.
Projected temperature increases are expected
to be significant by late century at all locations.
Projections for the Caribbean show a greater than
>1.5°C rise in annual average temperature by
2100, with greatest warming over Cuba, Jamaica,
Hispafiola, Central America and northern South
America, where the increase is >2°C across all
seasons. Projections for Puerto Rico show as little
as 0.02°C/year warming through 2050, in other
words at least 0.8 °C (1.44°F) by mid-century, and
as much as 2-5°C (3.6-9°F) by the year 2100.

Precipitation

Observed Precipitation Trends in
Puerto Rico

Analysis of weather station data for the period
1948 to 2007 found no clear trends in total
annual rainfall for the island as a whole. 14
stations showed increases (38.9%), 12 stations
showed decreases (33.3%) and others showed
no significant trend (27.8%) (Mendez 2010). The
long-term rainfall record for Old San Juan reflects
a decreasing trend over a 107-year period (Lugo et
al. 2011). Similarly, there are many other stations
with 100-yr records and most show this decline.
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While no clear trend exists for the entire island,
there is evidence for changes in the spatial
distribution of rainfall. Although the analysis by
Mendez (2010) found mixed trends in annual
precipitation, there was an indication that the
southern region of Puerto Rico, which is also the
driestregion, had positive trends in annual rainfall
while the western and a portion of the northern
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Figure 26: Precipitation trends for Puerto Rico (Mendez 2010)
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Figure 27: Data from rain gauges show that winter months (top) have
experienced increasing rainfall while rainfall has been decreasing
during the summer months (bottom).

region showed decreases (figure 26). Seasonal
trends were also observed: a majority of stations
(72.2%) showed negative trends in summer

(June, July, August) precipitation and a majority
of stations (72.9%) showed positive trends in
winter (January, February, March). However,
no temporal trends are observed for spring or
autumn precipitation (Mendez 2010) (figure 27).

Specific to the San Juan Metropolitan Area, from
1955 to 2009, 218.8 rainy days were observed for
an average year (rainy days are defined as >0.01
mm of rain per 24 hours). San Juan station had 264
observed rainy days, Rio Piedras, 217 days, Trujilo
Alto 181 days, Gurabo 191 days, and Candvanas
233 days (figure 28). It has also been observed
that the year with the least amount of dry days in
San Juan was 2009. For Rio Piedras and Gurabo it
was 2008. When comparing the average number
of dry days per year from 1955 to 2009, San Juan
exhibited 102 dry days on average per year with
less dry days in the last decade (82 dry days during
the years 2000-2009). Rio Piedras station showed
148 dry days per year from 1955-2009 with 100
dry days for the last decade, and finally Gurabo
station showed 165 dry days per year from 1955-
2009 with the last decade exhibiting a decrease in
dry days as well (148 dry days).

Conversely, other datasets exhibit drying trends

Muonthly Precipitation Trends 1055-2000
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Figure 28: Monthly precipitation trends 1955-2009. Red numbers and
boxes show stations and the corresponding months with decreasing
precipitation trends.

throughout the year. Linear trends in observed
rainfall in the CRU3 observed and CFS reanalysis
datasets were mapped per grid cell (figure 29) by
Dr. Mark Jury for the PRCCC. Decreases of -0.01
mm/day/yr are noted in the longer CRU3 record
while significantly faster drying trends are evident
in the shorter CFS reanalysis (-0.1mm/day/yr).
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Figure 29: Linear trends in rainfall (mm/day/yr) in the CRU3 observations (left) and CFS reanalysis (right). There is a weak drying trend in both long

and short records that exceeds 90% confidence. Note scale is inverted.

These decreases are found to be similar in all
seasons, as opposed to the analysis by Mendez
(2010) showing an increase in precipitation
during winter months. Linear trends in river run-
off from independent USGS records show a -1.27
mm/yr decline, though landuse change plays a
large role in river run-off (figure 30).

Projected Precipitation Changes in
Puerto Rico

In order to simulate future climate change,
global climate models need to accurately
represent observed climate. Whilst GCMs
simulate temperature well, precipitation is more
challenging, especially in the tropics. For example,
most models from the IPCC AR4 predict a decrease
in precipitation across the Caribbean region
annually whilst also underestimating current
precipitation amounts in the region (Neelin et
al. 20064, Christensen et al. 2007). The trend in
tropical precipitation during June, July and August
(JJA) from a select number of IPCC AR4 models
was investigated by Neelin et al. (2006). It was
shown in this study that not only is Caribbean
precipitation projected to decrease, the Caribbean
is one of the few tropical regions where there is
large agreement between models.

The PRCCC analysis of CMIP5 results uses an
all-model ensemble average based on the ‘rcp6
forcing’ scenario. This assumes an approximate

doubling of CO2 by the end of this century,
consistent with the earlier CMIP3 A1B scenario, a
‘middle of the road’ projection. The annual cycle
of precipitation from observations and two CMIP5
models is analyzed in the period 1980-2010
below (figure 31). In addition the observed trend
of annual rainfall over the 20" century and in one
CMIP5 model projection is studied. Past and future
trends are similar, there is a decrease of rainfall of
-0.0012 to -0.0032 mm/day /yr.
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Figure 30: Comparison of annual river run-off from US Geological
Survey observations and rainfall from area-averaged observation
product CRU3.
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The CMIP5 coupled general circulation model
projections that will be used in the next IPCC
assessment (AR5) are now available (Taylor et al.
2011a). These models have increased resolution
and dynamic vegetation, compared with the earlier
CMIP3 models used in the I[IPCC AR4 assessment,
reported in the earlier section of this report.
These models have been assessed for validity in
the Caribbean and for Puerto Rico. While they
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Figure 31: Comparison of annual rainfall from area-averaged observation
product GPCC, and two CMIP5 coupled models: GISS and CSIRO with
rcp6 scenario.

perform reasonably well for many features of
the observed climate, certain models better
match the annual cycle of climate due to better
representation of Antilles Island wind shadows
which generate larger amplitude seasonal and
diurnal cycling. Most of the CMIP5 models, like
their predecessors, simulate the North Atlantic
high pressure cell as too strong - with trade wind
evaporation causing below normal sea surface
temperatures east of Puerto Rico. In this analysis
of CMIP5 models, use is made of an all-model
ensemble average based on the ‘rcp6 forcing’
scenario. This assumes an approximate doubling
of CO, by the end of this century, consistent with
the earlier CMIP3 A1B scenario, a ‘middle of the
road’ projection. Figure 32 shows the results of
observed trend analysis of the San Juan weather
station as well as model outputs of precipitation
from an area-averaged observation product
CRU3 and from the CMIP5 coupled model CCSM4
projection with the rcp6 scenario. The analysis
shows that the historic trends of precipitation for

the whole of Puerto Rico is -0.001 mm/day/yr and
will continue through 2050 (figure 32).
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Figure 32: Linear trends in rainfall (mm/day/yr) predicted from CMIP5
model ensemble average using the rcp6.0W/m? forcing scenario in the
period 1980-2050. The trend over Puerto Rico is -.001mm/day/yr.
Trends in different seasons are similar.

Knowledge Gaps and Future
Research Needs

Continual monitoring of precipitation weather
stations is critical to expanding our understanding
of these trends in the future. Longer datasets
allows us to increase certainties about the
geographic distribution of the precipitation
trends in Puerto Rico. In terms of precipitation
projections, analyses that incorporate all GCMs
and obtain larger ensemble experiments will
allow for better quantification of uncertainty
in the range of possibilities. Additionally, there
is a need to capture more local and regional
processes in the modeling work and so it is highly
recommended that Puerto Rico develop higher
resolution projections in the form of dynamical
and statistical downscaling to obtain more refined
temperature projections for future assessments.

Summary of Observed and Projected
Precipitation Changes

Observedtrendsinprecipitationinthe Caribbean
as a whole are unclear from the literature. Most
models from the IPRCC fourth assessment
report predict a decrease in precipitation across



the Caribbean region. An analysis for the PRCCC
shows that since 1948 the Caribbean Basin has
seen decreasing precipitation (-0.01 to -0.05
mm/day/yr), with a greater drying trend for
the Eastern Caribbean. Specifically for Puerto
Rico, one analysis of weather station data for
the period 1948 to 2007 found no clear trends
in total annual rainfall for the island as a whole,
while another analysis showed decreases in
rainfall from-0.01to-0.1 mm/day/yr. Regionally
within the island, there are indications that the
southern region of Puerto Rico has experienced
positive trends in annual rainfall while the
western and a portion of the northern region
showed decreases. Additionally, seasonal

trends with observed showing negative trends
in summer and positive trends in winter. In

order to simulate future climate change, global
climate models need to accurately represent
observed climate. There is a lot of uncertainty
in the magnitude of precipitation changes in the
Caribbean, though a majority of GCMs used in
the IPCC fourth assessment report show future
decreases in precipitation are likely. Model
projections range from -78 to -10% (with a few
GCMs showing +30%) and current evidence
suggests drier conditions are more likely than
wetter for Puerto Rico, a contrast to the global
precipitation signal. Specifically the PRCCC
analysis found that past and future trends
are similar, a decrease of rainfall of -0.0012
to -0.0032 mm/day /yr, that are projected to
continue through 2050.
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What is the IPCC and USGCRP?

The Intergovernmental Panel on Climate Change (IPCC) is the leading
international body for the assessment of climate change. It was established
in 1988 by the United Nations Environment Program (UNEP) and the World
Meteorological Organization (WMO) toprovidethe worldwithaclearscientific
view on the current state of knowledge in climate change and its potential
environmental and socio-economic impacts. The United Nations General
Assembly endorsed the action by WMO and UNEP in jointly establishing the
IPCC. The IPCC is a scientific body that reviews and assesses the most recent
scientific, technical and socio-economic information produced worldwide
relevant to the understanding of climate change. It does not conduct any
research nor does it monitor climate related data parameters. The IPCC
is an intergovernmental body that is open to all member countries of the
United Nations and WMO (currently 195 countries are members of the IPCC).
Their findings are based on observations, paleoclimate analyses and model
simulations informed by understanding the climate system. Because the
IPCC does not carry out research and their findings are approved by United
Nations countries, many of the major findings of the most recent assessment
report, the Fourth Assessment Report (AR4) are now considered conservative
and optimistic. For instance, recent indications point to higher average sea
level rise estimates than those previously reported by the IPCC AR4.

The United States Global Change Research Program (USGCRP) coordinates
and integrates federal research on changes in the global environment and
their implications for society. The USGCRP began as a presidential initiative
in 1989 and was mandated by Congress in the Global Change Research Act
of 1989 (P.L. 101-606) which called for a "a comprehensive and integrated
United States research program which will assist the Nation and the world
to understand, assess, predict, and respond to human-induced and natural
processes of global change.” Thirteen departments and agencies participate
in the USGCRP, which was known as the U.S. Climate Change Science Program
from 2002 through 2008. During the past two decades, the United States,
through the USGCRP has made the world’s largest scientific investment in
the areas of climate change and global change research. The vision of the
USGCRP is for a nation, globally engaged and guided by science, meeting the
challenges of climate and global change. The mission is to build a knowledge
base that informs human responses to climate and global change through
coordinated and integrated federal programs of research, education,
communication and decision support.




Extreme Weather Events

Extremes are a natural part of even a stable
climate system, but because social-ecological
systems have adapted to their historical range of
extremes, the majority of events outside this range
have primarily negative impacts and therefore it
is highly important to assess observed trends and
projected changes of these extremes.

Globally there is evidence from observations
gathered since 1950 of change in some extreme
events. Extreme events are rare, which means
there are few data available to make assessments
regarding changes in their frequency and intensity.
The more rare the event the more difficult it is to
identify long-term changes.

A January 2001 workshop held in Kingston,
Jamaica brought together scientists and data from
around the Caribbean region, including Puerto
Rico. (“The Caribbean Regional Climate Change
Workshop”). Together the scientists analyzed
daily weather observations from 18 of the 21
meteorological services in the Caribbean. They
found that the extreme intra-annual temperature
range was decreasing and that the number of
very warm days and nights has been increasing
dramatically since the late 1950s while the number
of very cool days and nights have been decreasing.
Additionally, extreme precipitation increased
while the maximum number of consecutive dry
days decreased. Indices of some of the variables
show relationships with hurricanes and sea
surface temperatures, but the scientists did
not find one factor dominating all the observed
changes (Peterson et al. 2002).

Extreme Temperatures
in Puerto Rico

According to a National Weather Service San
Juan office analysis by Odalys Martinez (2012),
in the nearly 113 years of record keeping in the
San Juan Metro Area, a greater frequency of days
with maximum temperature equal to or above
90 °F (32.2°C) has been observed during the last
few decades (figure 33). In fact, during 2010 and
2011, about 100 days with temperature equal to
or above 90 °F were observed; this is the same
number of days observed per decade during 1900
through 1949.
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Figure 33: Number of Days with Maximum Temperature equal to or
above 90°F in the San Juan Area
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Figure 34: Number of Days with Minimum Temperature equal to or
below to 75°F in the San Juan Area.

During the 80’s and 90’s, the frequency of hot days
is notably higher due to the presence of El Nifio
conditions across the Pacific basin. This increase
in greater frequency of hot days is consistent
with an analysis done by the U.S. Global Change
Research Program. They found that the number
of very warm nights in Puerto Rico has increased
by 15 or more per year for Puerto Rico from 1950
to 2004 (USGCRP 2009). In terms of minimum
temperatures, the NOAA National Weather
Service’s 113 yr record shows a lower frequency
of days with temperature equal to or below 75 °F
(23.9°C) hasbeen observed as well (figure 34). The
signal of the urban heat island effect is included in
the decrease of days with minimum temperature
equal to or below 75 °F. An urban heat island is a
metropolitan area which is significantly warmer
than its surrounding rural areas. The temperature
difference usually is larger at night than during
the day.
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Extreme Precipitation
in Puerto Rico

Historically, droughts are not very common in
Puerto Rico. The most important and long-lived
droughts that have affected the whole island in
recent decades occurred between 1966-1968,
1971-1974, 1976-1977, 1993-1994 and 1998.
The drought of 1971-1974 was the most severe in
terms of its duration and streamflow reductions,
while that of 1993-1994 was the most severe in
terms of the impact on the water supply.
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Figure 35: Episodes of rain over 78 mm in 24 hours by decade from
1950-2000

Daily rainfall averaged over annual eyele in two
so-year periods for the top 2.5% of cases
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Figure 36: Daily rainfall averaged over annual cycle in two 50yr periods using
data combined from Mayaguez, Manati and Manuabo for top 2.5% of cases.
Notice the decrease in May floods (days 121-151).

One of the clearest precipitation trends in the
United States is the increasing frequency and
intensity of heavy downpours. The amount of rain
falling in the heaviest downpours has increased
approximately 20 percent on average across North
America, the Hawaiian Islands, and Puerto Rico in
the past century, and this trend is very likely to
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Figure 37: Hourly rainfall averaged over the western half of Puerto Rico
from CFS-reanalysis, using data for two 10 yr periods, showing slight
changes in the frequency distribution in the recent decade.

continue, with the largest increases in the wettest
places (USGCRP 2009). In fact, from 1958 to 2007,
Puerto Rico experienced a 37% increase in very
heavy precipitation (USGCRP 2009). The San Juan
metropolitan area has seen greater than 15%
increase in more frequent rainfall events greater
than 78mm of rain per 24 hours (3 in/24hrs)
from 1955 to 2009. 70 episodes were observed
in the 1970s, 55 episodes in 1980, 38 episodes
in 1990, and 80 episodes in 2000 (not including
2010), according to the San Juan ULTRA Project
(figure35).

An analysis was conducted for the PRCCC by Dr.
Mark Jury, where daily rainfall was averaged over
the annual cycle in two 50-year periods (1900 -
1950 and 1960-2010) using data combined from
Mayaguez, Manati and Manuabo for the top 2.5%
of rainfall event cases. The analysis showed a
decrease in flooding events in May (figure 36).

Dr. Jury also performed an analysis of hourly
rainfall events averaged over the western half of
Puerto Rico from CFS-reanalysis, using data for
two 10 yr periods (1979-1989 and 2000-2010),
indicating a decline of flood events in the satellite
era and a corresponding increase in light rain
events (figure 37).

Projections for Extreme
Precipitation Events

Regional downpours, defined as intense
precipitation at subdaily (often subhourly)



timescales, are likely to increase in frequency and
intensity in a warmer climate due to the greater
capacity of warmer air to hold water vapor. In
2010, the IPCC stated that there has been a large
increase in the available analyses of changes in
extremes. This allows for a more comprehensive
assessment for most regions. Projections
concerning extreme events in the sub-tropics
remain uncertain, however Nurse and Sem 2001;
Solomon et al. 2007 all report a decrease in annual
rainy days and higher risk of increased daily
intensity of rainfall. Considering the IPCC MIROC
model which simulates the annual rain cycle rather
well, the projections show a significant increase in
May rainfall thatis at odds with the observed trend
above for Puerto Rico (figure 38). The down-trend
of sensible heat flux may inhibit late summer
flood events from hurricanes. The CMIP5 MIROC5
model 1900-1950 simulation (50-) and 2000-
2050 projection (50+) of the top 2.5% of monthly
rainfall over an annual cycle (performed for the
PRCCC by Dr. Mark Jury), indicate a significant
increase of floods in May in through 2050. The
model output shows no appreciable change in
flood events during the hurricane season. Thus,
while Puerto Rico may not have experienced an
increase in May flood events in previous decades,
the future may bring an increase as currently
projected through 2050. However, McSweeney
et al. (2010)’s model analysis shows a projected
decrease in heavy rainfall events by the end of
century (2090s) for the Dominican Republic and
Puerto Rico.

Knowledge Gaps and Future
Research Needs

The continued development and maintenance
of high quality climate observing systems will
improve our ability to monitor and detect future
changes in climate extremes. Also, efforts to
digitize, homogenize, and analyze long-term
observations in the instrumental record with
multiple independent experts and analyses would
improve our confidence in detecting past changes
in climate extremes. Weather observing systems
adhering to standards of observation consistent
with the needs of both the climate and the weather
research communities would improve our ability

Monthly Rainfall Model simulation 2000-2050
Puerto Rico
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Figure 38: : CMIP5 MIROC5 model 1900-1950 simulation (50-) and
2000-2050 projection (50+) of top 2.5% of monthly rainfall cases over
the annual cycle, indicating a significant increase of floods in May in the
next 50 years. There is no appreciable change in flood events in the
hurricane season.

to detect observed changes in climate extremes.
Furthermore, the creation of annually-resolved,
regional-scale reconstructions of the climate for
the past 2,000 years would help improve our
understanding of very long-term regional climate
variability.

Summary of Historic Trends and
Projections for Extreme Events

Globally there is evidence from observations
gathered since 1950 of change in some extreme
events. Extreme events are rare, which means
there are few data available to make assessments
regarding changes in their frequency and intensity.
The more rare the event the more difficult it is to
identify long-term changes. However, the IPCC
Special Report on Extremes stated that it is very
likely that there has been an overall decrease in
the number of cold days and nights, and an overall
increase in the number of warm days and nights,
at the global scale. There have been statistically
significant trends in the number of heavy
precipitation events in some regions. It is likely
that more regions have experienced increases
than decreases, although there is strong regional
and subregional variations in these trends.
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Caribbean trends show the extreme intra-annual
temperature range was decreasing (becoming
more uniform throughout the year) and that the
number of very warm days and nights has been
increasing dramatically since the late 1950s
while the number of very cool days and nights
have been decreasing. Additionally, extreme
precipitation increased while the maximum
number of consecutive dry days decreased.

These trends are consistent in Puerto Rico
where we are experiencing a greater frequency
of days with maximum temperature equal to
or above 90 °F (32.2°C) and a lower frequency
of days with temperature equal to or below 75
°F (23.9°C ). And during 2010 and 2011, about
100 days with temperature equal to or above 90
°F were observed; this is the same number of
days observed per decade during 1900 through
1949. Conflicting results exist for extreme
precipitation events in Puerto Rico. One analysis
for the San Juan region shows an increase while
other regions are showing decreases in hourly
rainfall events.

Models substantial

project warming in

temperature extremes by the end of the 21*
century. It is virtually certain, according to
the IPCC, that increases in the frequency and

magnitude of warm daily temperature extremes
and decreases in cold extremes will occur in the
215 century at the global scale. Additionally, it is
likely that the frequency of heavy precipitation
or the proportion of total rainfall to heavy falls
will increase in the 21% century over many
areas of the globe. This is particularly the
case in tropical regions. And heavy rainfalls
associated with tropical cyclones are likely to
increase with continued warming. There is
medium confidence that, in some regions such as
the Caribbean, increases in heavy precipitation
will occur despite projected decreases in total
precipitation in those regions.

For Puerto Rico, climate projections for extreme
events show a probable increase in extreme heat
days and cold events are expected to become
exceedingly rare. The projected rate of warming
is most rapid in winter (December, January,
February). Puerto Rico climate projections show
a probable increase in regional downpours,
particularly downpour events in May, despite
the fact that the observed trends do not show
an increase in May downpour events in Puerto
Rico. It should be noted that one model shows
a projected decrease in heavy rainfall events by
the end of the century (2090s).




2011 downpoureventin
Mayagiiez, PR: Flooding
after only 30 minutes
of rain. It is likely that
the frequency of heavy
precipitation events like
this one will increase in
the 21 century. Photo
Credits: Professor Aurelio

Mercado, UPR.
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Sea Surface Temperatures (SST)

Observed Sea Surface Temperature
Trends in the Northeastern
Caribbean

Caribbean sea surface temperatures have warmed
by 1.5°C over the last century (IPCC 2007). Rayner
et al. (2003) described and assessed the Hadley
Center sea ice and sea surface temperature (SST)
data sets, which were developed at the Met Office
HadleyCentre for Climate Prediction and Research.
They worked for spatially complete, monthly SST
analyses for the years 1871 to 1999 and found a
clear trend of increasing SSTs globally (figure 39).
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Figure 39: (a) Global average of the field reconstructed for 1870-1999.
Blue curve is the monthly average, while the red curve has a 21pt
binomial (near decadal) filter applied; (b) Global temperature trends
(and their 2 standard deviation uncertainties) in surface temperature
data sets. Courtesy of Rayner et al. (2003).

Dr. Julio Morell of the University of Puerto Rico’s
Caribbean Coastal and Ocean Observing System
(CariCOOS) compared this result with local
observations through an analysis of sea surface
temperatures around Puerto Rico for the PRCCC
based on data collected from the Prediction and
Research Moored Array in the Atlantic (PIRATA)
buoy in the tropical Atlantic (15°N, 38°W) (http://
www.pmel.noaa.gov/pirata/). Besides “in situ” he
also explored estimates at these sites from a global
weekly sea surface temperature data product,
NOAA Ol.v2 SST, operationally issued by NOAA.
The two sources used for this study include annual
SST from the Hadley center SSTv2 and the NCDC
NOAA erSSTv3 because they have at least 30 years

| Western Tropical Atlantic
Pirata Array Atlas Buoy 38 "W 15 °N

WTA (Pirata buoys) SST anomaly

SLOPE= 0.026 (+/-0.002) "C.y"
R=0.37 N=1513 P < 0.0001
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Figure 40: (a) PIRATA data analysis for sea surface temperature trends.
The data yields a slope of 0.026 (+/-0.002)°C per year; (b) Reynolds
NOAA Optimum Interpolation V2 Sea Surface Temperature Analysis
anomaly data from OL.v2 SST product for the CaTS region (Northeastern
Caribbean) from 1982 to 2011. A linear fitting of the data yields a slope
of 0.023 (+/- 0.002)°C per year.

of data. A spatial map of linear trend regression
is made and temporal plot of linear trend for a
Puerto Rican area-average is analyzed. Sea surface
and subsurface temperature measurements were
collected with PMEL electronics coupled to a YSI
(Yellow Springs Instruments) thermistor 46006
with a resolution of 0.001°C (£0.02°C). SST data
(1981 to 2010) analysis of the West Tropical
Atlantic PIRATA station data yields a slope of
0.026 (+/-0.002) °C per year (figure 40a).

A second data source to assess observed sea
surface temperature trends for Puerto Rico was



used by Morell. The optimum interpolation sea
surface temperature analysis product (Ol.v2 SST)
is operationally issued weekly for 1 degree grid
for the global ocean. The product results from
the analysis of direct measurements as well as
satellite observation derived SST estimates. The
latter is adjusted for biases using the method
of Reynolds (1988) and Reynolds and Marsico
(1993). A description of the Ol analysis can be
found in Reynolds and Smith (1994) and the
modifications leading to the version here utilized
can be found at: http://www.ncdc.noaa.gov/oa/
climate /research/sst/papers/whats-new-v2.pdf.
This method yielded a slope of 0.023 degrees (+/-
0.002) °Cperyear from 1982 to 2011 (figure 40b).

SST analysis was also conducted for the PRCCC by
Dr. Mark Jury. Observed SST trends near Puerto
Rico were assessed to be 0.008°C/yr over the
period 1900 to 2010. This trend is projected to
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Figure 41: (A) Past trends in SST mapped over the Caribbean and for the
Puerto Rico area; (B) including CMIP5 ensemble average projected data.

remain similar in the 21 century according to the
CMIP5 ensemble average (figure 41). Part of the
reason for the low rate of change is that the ocean
is warming much slower than the atmosphere.
Also in the Puerto Rico record, the 1970s are
rather cool. If only data for recent decades are
considered, then the SST trend is higher (0.026°C/
yr), a rate consistent with Winter et al (1998) for
inshore waters on the southwest coast (1966-
1995) and the analysis by Morell described above.

The map of SST trends (figure 41) shows that SST
warming trends south of Puerto Rico are faster
than to the north. Sub-surface temperatures are
warming faster than the surface, particularly south
of Puerto Rico. The higher rate of warming south
of Puerto Rico (figure 42) is related to a significant
weakening of trade winds (as they travel over
the higher elevations of the central mountain
range), evaporation and westward currents (Jury
2011). The Caribbean has warmed faster than the
Atlantic.

Figure 42: (top) Past trends in subsurface sea temperatures (°C/yr) and
(bottom) salinity (ppt/yr) in N-S depth section from SODA reanalysis
1958-2007. Courtesy of Jury (2011).
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Future Sea Surface Temperature
Projections for Puerto Rico

An analysis by Dr. Jorge Corredor from CariCOOS
for the PRCCC used the OI v2 SST trend (0.023°
C/yr) and climatology obtained at the Caribbean
Time Series Station (17°36’ N 67°W: 1994 - 2007
monthly data). Corredor found that an increase
of 1.17°C (2.1°F) over a 50 year period can be
expected. Additionally, SST above the threshold
for coral bleaching will be exceeded over a third
of the year (Hoegh-Guldberg 1999) and the
threshold for deep convection storm formation
will be exceeded throughout the year (Hoegh-
Guldberg 1999) (figure 43).

Sea Surface Temperature
s0-year Projection
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Figure 43: Ol v2 SST trend (0.023°C/yr) and climatology obtained
at the Caribbean Time Series Station (170 36’ N 670 W: 1994 - 2007
monthly data). An increase of 1.17°C (2.1°F) over a 50 year period can
be expected.

Summary of Historic Trends
and Projections for Sea Surface
Temperatures

Caribbean sea surface temperatures have warmed
by 1.5°C over the last century (IPCC 2007). Three
SST analyses were conducted for the PRCCC. The
first used the West Tropical Atlantic Prediction
and Research Moored Array (PIRATA) station
data and found an increase of 0.026 (+/-0.002) °C
per year from 1981 to 2010. The second analysis
used the optimum interpolation SST analysis
product (OLv2 SST), which is operationally issued

weekly for 1 degree grid for the global ocean, and
found an increase of 0.023 degrees (+/- 0.002) °C
per year from 1982 to 2011. The third analysis
found observed SST trends near Puerto Rico to be
0.008°C/yr over the period 1900 to 2010 (figure
41). Different SST trends are found depending
on the length of time analyzed. If only data for
recent decades are considered, then the SST trend
is higher. However, all three trends show a clear
warming. SST warming trends south of Puerto
Rico are faster than to the north and sub-surface
temperatures are warming faster than the surface,
particularly south of Puerto Rico. The higher rate
of warming south of Puerto Rico is related to a
significant weakening of trade winds (as they
travel over the higher elevations of the central
mountain range), evaporation and westward
currents (Jury 2011). The Caribbean has warmed
faster than the Atlantic. This observed warming
trend is projected to remain similar in the 21
century according to two studies conducted for
the PRCCC. One showing that an increase of 1.17°
C (2.1°F) over a 50 year period can be expected.
Additionally, SST above the threshold for coral
bleaching will be exceeded over a third of the year.

Sea Level Rise

Observed Sea Level Rise Trends in
Puerto Rico

The sealevel at any moment is the sum of the mean
sea level, plus the state of the tides, wave set-up,
responses to air pressure and near shore winds,
and may sometimes be affected by additional flows
of water from the land. For scientific and societal
purposes it is useful to group these influences
under changes to average conditions and changes
to extreme hazard events. Under climate change
(both natural and anthropogenic) both mean
conditions and extremes will change over a range
of time scales and spatial scales (figure 44).

Globally speaking, global sea levels have been
rising via thermal expansion resulting from
warming of the oceans, as well as freshwater
input from the melting of a majority of Earth’s



glaciers and ice sheets. Global sea level on
average has risen by 120 meters over the last
18,000 years. The average rate during the last
3,000 years has only been about 1-2 centimeters
(cm) per century, but the past century saw an
average of 17 £ 5 cm of sea level rise around the

Wave, winds, storm
strength, coastal and

Recurring extrames

interglacial age on Mona Island and measured
the elevation of the last interglacial reef and
since they are 4 to 6 meters above present,
there are indications of little or no uplift. On the
other hand, there is evidence of coseismic uplift
during the Holocene (the past ~10,000 years) on
the south and west coasts
of Puerto Rico (Prentice
and Mann 2005). In some
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Figure 44: Main contributors to net extreme event hazard and regional mean sea-level rise. Adapted from

Jones et al. 2009.

globe (Bindoff et al. 2007). The long-term rise
has been driven by polar ice melt and thermal
expansion of the oceans (Cayan et al. 2006).
The United States Geological Survey has been
researching the sea level history of Puerto
Rico using interglacial sea level deposits. Their
research hasshownthatsealevelsaround Puerto
Rico over the past 120,000 years have decreased
by more than 6 meters. Because sea level rise or
fall is influenced by the rising or sinking of land
masses, USGS also looks for tectonic “uplift”
(land masses increasing elevation, slowing the
rate of sea level rise) and “subsidence” (land
masses sinking increasing the rate of sea level
rise). The deposits USGS has analyzed are at
(or no more than slightly above) the sea level
at which they formed (+6 m, relative to present
sea level, 120,000 years ago), indicating that
on the northern and northwestern coasts of
Puerto Rico uplift has been very minimal, if
these coasts have been uplifted at all (Muhs
2004). USGS has also dated corals of the last-

Qcean warming.
currents, climate

however, if these deposits

Existing effects i )
represent coseismic events

oheervable, future

canli STACELS UnERtiah or tsunamis. In order to
Climate change Short term axtend answer that questlon,
ikl e [temperature, ice current rates, future last_lnterglaClal marlne
meRn e8 = . melt) changes urcertain .
Dacadas-centuries
rae srily by deposits would need to
2011 be found in these areas of

Puerto Rico in order to get
a long-term uplift rate for
the south and east coasts.

During the 20™ century the world’s oceans have
been absorbing more than 80 percent of the
heat added to the climate, causing ocean water
to expand and sea levels to rise. Between 1993
and 2003 thermal expansion was the largest
contributor to sea level rise. Melting glaciers
and losses from the Greenland and Antarctic
ice sheets have also contributed to recent sea
level rise. The average global sea level has been
rising steadily, at an average rate of 1.8 mm/yr
since 1961 and at an increased rate of 3.1 mm/
yr since 1993 (Pachauri et al. 2007). Relative or
local sea level, which takes into account natural
or human-caused changes in the land elevation
such as tectonic uplifting and land subsidence
(sinking), is showing an upward trend at sites
monitored in the Caribbean. The current rate of
sea level rise in the Caribbean is 10 cm (3.9 in)
per century ((USGCRP) 2001).
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Tide gauge records from Isla Magueyes (south
coast of PR) and from San Juan (north coast of
PR) contain the longest sea level time series in
the U.S. Caribbean (figure 45). For the PRCCC,
Dr. Jorge Capella of CariCOOS analyzed 56.7 years
of monthly mean sea level for Isla Magueyes and
49.4 years for San Juan. Gaps in the time series
were identified and filled, and sea level trends
were calculated from the resulting time series.

Tides Map
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Figure 45: CariCOOS tide observation stations used in analysis. Tide
Observation Locations in PR. Active links to all NOAA tide gauge stations

in the northeastern Caribbean Sea: http://www.caricoos.org/drupal/
tides map The long-term Isla Magueyes (at La Parguera, Lajas PR) and

San Juan stations are circled in blue as these were the stations used for
the relative sea level rise analysis conducted for Puerto Rico.

Regional trends and accelerations were then
compared to global estimates and to local
estimates published in the local press in 2007.
Dr. Jorge Capella analyzed trend-acceleration
estimate discrepancies through the spectral
analysis of the time series. Full-series sea level
trends up to September 2011 are 1.35 mm/yr
at Isla Magueyes and 1.65 mm/yr at San Juan
(figure 46 and 47), consistent with global trends.
A deceleration of these trends during the last
decade (2001-2011) results in current trends of
1.1 mm/yr at Isla Magueyes and 0.5 mm/yr at
San Juan. Net changes in sea level between 2011
and 2100, extrapolated from existing data (full
time series), are in the order of 5-6 inches. When
comparing Puerto Rico’s trend to the global 1.7-
1.8 mm/yr trend during the 20" century we can
deduce that Puerto Rico has experienced similar
trends over the second half of the 20" century and
that a slight trend acceleration has been observed
over the latter part of the 20" century. However,
when compared to the entire last decade Puerto

Rico has experienced a deceleration and the
acceleration-deceleration changes could be
caused by yet unresolved low-frequency dynamics
of the system.

Isla Magueyes Monthly Mean Sea Level 1955-2011
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Figure 46: Tide gauge data from Isla Magueyes show that from 1955 to
2011 the south coast of Puerto Rico experienced a 1.35 mm/yr rise in
sea levels. From 2001 to 2011 the South Coast experienced a 1.10 mm/
yr rise. Source: Dr. Jorge Capella 2011, UPR/CariCO0S
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Figure 47: Tide gauge data from San Juan show that from 1962 to 2011
the North Coast of Puerto Rico experienced a 1.65 mm/yr rise in sea
level. From 2001 to 011 the rise was 0.50 mm/yr. Source: Dr. Jorge
Capella 2011, UPR/CariCOOS.

A second sea level rise study was conducted for
the PRCCC by UPR Professor Aurelio Mercado
using two methods. First, a Low Pass Butterworth
Filter with a sharp cut-off frequency at 1/10 cycles
per year was used to analyse the NOAA tide gauge
data. This means that oscillations with periods
less than 10 years were filtered out. The results
show that since about 2007 the low-passed curves
flattened out and the low-frequency oscillations
of periods of about 13 years seen in the past
disappeared during the last decade. Using the last



common peak observed around 1995, the low-
passed curves should have started to go down
by around 2007. But instead both low-passed
curvies continued to go up slightly and flattened
out, as mentioned, for at least five years now.
The second method used was a least-squares fit
starting in 1990. The results show that for the
San Juan tide gauge the trend increases from
1.63 mm/year to 2.21 mm/year (figure 48). The
Magueyes tide gauge also showed an acceleration

up from 1.5 mm/year to 2.67 mm/year, showing
an acceleration in sea level rise as also detected
by Dr. Capella. These accelerations are in accord
with satellite data (since 1993) and with Sallenger
et al. (2012) though not to the same magnitude of
up to 6mm/year sea level rise as seen from 1970-
2009 in the northeast hotspot for sea level rise
in the Northeast of the continental United States
(Sallenger et al. 2012).
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Figure 48: (A) San Juan 1962 to May 2012. Black is monthly data. Blue is Lowpass Tc=10years, Red is Linear least-squares regression; (B) Magueyes
(1955 to May 2012). Black is monthly data. Blue is Lowpass Tc=10years, Red is Linear least-squares regression; (C) San Juan and Magueyes Tc=10
years. Black is San Juan and Blue is Magueyes. Dashed black line is least squares for San Juan and blue dashed line is least squares for Magueyes; (D)
San Juan tide gauge data from 1990 to May 2012 showing a 2.21 mm/year acceleration.
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A third sea level rise analysis was conducted
for the PRCCC by Dr. Mark Jury. Tide gauge data
was analyzed for Puerto Rico by combining the
Isla Magueyes and San Juan data and including a
MIROC (IPCC CMIP3) ocean model forecast with
A1B scenario (mid-high IPCC emission scenario).
He found the sea level increase in Puerto Rico to be
1.4 mm/yr, consistent with the analysis conducted
by Dr. Jorge Capella (figure 49).

Sea Level Anomalies
for Puerto Rico
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Figure 49: Observed and projected sea level anomalies for Puerto Rico.
Blue line is sea level rise data for the south coast, green line is sea level

rise data for the north coast, and the orange line is the MIROC ocean
model forecast with A1B scenario (mid-high IPCC emission scenario).

As a result of the already observed sea level rise
as well as weak shoreline management practices,
coastal erosion is causing a retreat of the coastline
of up to one meter per year (1.0 m/yr) in some
sectors of Puerto Rico, according to a USGS report
that considered sequences of past aerial photos
(Thieler et al. 2007). See figure 50 for an example
from Rincon on the west coast of Puerto Rico.

Rate of shoreline change
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Figure 50: Coast lines approximately every 10 year near Rincon, PR,
with matching coastal recession graph.

Future Sea Level Rise Projections
for Puerto Rico

The extent of sea level rise is dependent on
interactions between the climate system, thermal
expansion of ocean water, the breakup of polar
ice, melting of glaciers and permafrost and local
geological height changes due to tectonic plate
movement. The effects of rising sea level will be
amplified by the short-term impacts of storm
surges. The IPCC refined their 2001 projections
for climate change for the fourth assessment
report in 2007. Projected climate change for the
second half of this century depends on the level
of future heat-trapping emissions. The IPCC
based its projections on six emission scenarios,
running each one through sophisticated climate
simulation programs. The models project that by
the end of this century (2099), the global average
sea-level will rise between 0.18 and 0.59 meters
(0.6ft and 1.9ft) above the 1980-1999 average. An
additional 0.1 to 0.2 meters of rise could derive
from accelerated polar ice melt; providing an
upper range of 0.79 meters.

Due to ongoing scientific uncertainty, the IPCC
notes that the following factors are not fully
reflected in its sea level rise models that were
used for the fourth assessment report:

e Carbon dioxide uptake. Evidence suggests
that warming tends to reduce land and
ocean uptake of atmospheric carbon dioxide,
increasing the portion of carbon dioxide
emissions that remain in the atmosphere. This
would result in further warming and cause
additional sea-level rise.

e Ice sheet instability. Recent observations
show that meltwater can run down cracks in
the ice and lubricate the bottom of ice sheets,
resulting in faster ice flow and increased
movement of large ice chunks into the ocean.
This process, and others related to ice flow
dynamics, directly contributes to sea-level
rise. Some models suggest a warming of >3°C
above today’s global average temperature
that would initiate irreversible melting of
the Greenland ice sheet, contributing up to 6



m of sea-level rise. The risk for crossing this
threshold could occur within our generation,
while the consequences would be felt by future
generations.

The IPCC Special Report on Climate Extremes
(2010) states that it is very likely that mean sea
level rise will contribute to upward
trends in extreme coastal high
water levels in the future. There
is high confidence that locations
currently experiencing adverse
impacts such as coastal erosion and
inundation will continue to do so
in the future due to increasing sea
levels, all other contributing factors
being equal. Similarly, according
to the Australian climate impacts
assessment, “many people imagine
that sea level will rise gradually, like
water rising in a bathtub. This is unlikely. Coastal
waters will continue to be affected by extreme
tides, storm surges and storm tides, which may
become increasingly severe in many places as a
result of climate change. These factors will interact
with sediments in coastal systems. The combined
effects of rising sea levels and changes in extremes
will produce much greater risks in the coastal
zone than any single factor” (Australia 2009).

Rahemstorf (2007)
Pieffer et al. {2008)

Grinsted et al. (2010]
Albey [2010)
Hanzen [2011)

The predicted rates for regional sea level rise
in the Caribbean are the same as the global
predictions (around 1.8 mm/year) (IPCC 2007).
According to the IPCC 2007, “sea levels are likely
to rise on average during the century around the
small islands of the Caribbean Sea, Indian Ocean
and northern and southern Pacific Oceans”.

Recent projections of global sea level rise (Pfeffer
etal. 2008, Vermeer and Rahmstorf 2009, Grinsted
et al. 2010, Jevrejeva et al. 2010) have generally
been significantly higher than estimates from the
2007 IPCC Report. Combining climate modeling
and paleoclimatic data, total sea-level rise of
about 2.0 m by 2100 has been estimated as the
maximum that could occur, with a best estimate
of about 0.8 m (Pfeffer et al. 2008). Even newer
estimates suggest that global sea level could rise
approximately 3.26 meters from the melting of
the West Antarctic Ice Sheet. If perturbations in

IFCC 2007 Fourth Assessment Report

Pusrto Rico linear trend projection

Vermeer and Rahmatorf {2009)

LS, Army Corps of Engineers

Earth’s rotation and shoreline migration are taken
into account, the Pacific and Atlantic coasts of the
United States, could be impacted by sea levels 25
percent higher than the global mean at the end
of the century (Mitrovica et al. 2009). All these
Figures are substantially higher than the model-
based estimates in the [PCC Fourth Assessment

Sea-Level Rise Projections {for 2100)
0.18 m o 0.58 m, excluding accelerated ice discharges
from the Greenland snd Antarctica ice sheets

< (.4 m {based on a "linear trend” projection)
DEm=1.7m

0.8 m (“best estimate™] = 2.0 m

075m=19m

09=13m

10m=50m

50m

Federal Planning Guidance uses scenarios

of 0.5m, 1.0m, 1.5m

Figure 51: Summary of projections for how high seas could rise by the
year 2100 globally and in Puerto Rico

Report. See figure 51 for a summary of sea level
rise projections for globally and in the Caribbean.

The U.S. Army Corps of Engineers (USACE)
conducted an analysis for the PRCCC to project
possible future sea level rise for the North and
South coasts to 2165 (figures 52 and 53). The
USACE sea level rise curves are computed using
the global rate of sea level rise (1.7 mm/year),
NOAA tide gauge data for Puerto Rico (1.65 mm/
year rise for San Juan since 1962 and 1.35 mm/
yr rise for Magueyes Island since 1955), and the
estimated local vertical land movement rates of
-0.02 mm/yr for San Juan and -0.49 mm/year for
Isla Magueyes.

The Figures show a 50 year and 100 year planning
horizon for adaptation with sealevel rise estimates
ranging from 0.07 to 0.57 meters (0.20 to 1.87
feet) above current mean sea level by the year
2060 and between 0.14 and 1.70 meters (0.40
to 5.59 feet) above current mean sea level by the
year 2110. Due to the variability and uncertainty
in the system it is important to project sea level
rise across a range and plan for all possible future
scenarios when possible, rather than just the
lower bound conservative estimate.

Working Group 1 Report: Geophysical
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Figures 52 and 53: The U.S. Army Corps of Engineers’ sea level rise curves are computed using the global rate of sea level rise (1.7 mm/year), NOAA
tide gauge data for Puerto Rico (1.65 mm/year rise for San Juan since 1962 and 1.35 mm/yr rise for Magueyes Island since 1955), and the estimated
local vertical land movement rates of -0.02 mm/yr for San Juan and -0.49 mm/year for Isla Magueyes. The Figures show a 50 year and 100 year
planning horizon for adaptation with sea level rise estimates ranging from 0.07 to 0.57 meters (0.20 to 1.87 feet) above current mean sea level by the
year 2060 and between 0.14 and 1.70 meters (0.40 to 5.59 feet) above current mean sea level by the year 2110.



Knowledge Gaps and Future
Research Needs

The Puerto Rico Coastal Zone Management
Program is funding a new sea level rise scenarios
modeling effort to be conducted by a team of
modelers from the University of Puerto Rico-
Mayaguez led by Profesor Aurelio Mercado.

Project objectives are to use and improve mesh
using the latest high-resolution NOAA/NGDC
DEM for Puerto Rico especially made for coastal
flood mapping and assuming “worst-case
scenario flooding” where elevations are relative
to mean high water (MHW), the team will use
the dynamically coupled (two-way coupling; this
refers to the procedure of periodically inputting
radiation stresses from the wave model to the
storm surge model and periodically inputting
water elevations from the storm surge model to
the wave model) models ADCIRC+ unSWAN with
the above mesh to upgrade the Puerto Rico Storm
Surge Atlas showing coastal inundation extensions
as a function of hurricane category. The internal
hurricane wind model in ADCIRC or a modified
version can be used.

The modeling team will study the flooding
implications of sea level rise. This will be carried
out by increasing the water depths by 0.5 and 1.0
m, and running the models over the new vertical
datum. Increasing the water depths by adding a
constant to the vertical elevations will move the
MHW shoreline a certain distance inland, allowing
for farther penetration of the surge, including
wind waves. The Atlas runs will be re-run with
these two new starting elevations.

PRCZMP will use the results of the project to
assess potential impacts of sea level rise on
coastal communities, infrastructure and coastal
ecosystems and biodiversity.

Summary of Observed and Projected
Trends for Sea Level Rise

Both mean conditions and extremes of sea level
will change over a range of time scales. Analyses
of Puerto Rico’s tide gauges show a rise of at least
1.4 mm/year which is expected to continue and
possibly will accelerate. If the trend continues
linearly, with no rate acceleration, by 2100 the
sea level around Puerto Rico will have risen by
at least 0.4 meters. The risk of large sea-level rise
already in the 21* century is now estimated to
be much greater than the IPCC estimates of 0.18-
0.59 meters. According to the Australian climate
impacts assessment, “many people imagine that
sea level will rise gradually, like water rising in
a bathtub. This is unlikely. Coastal waters will
continue to be affected by extreme tides, storm
surges and storm tides, which may become
increasingly severe in many places as a result of
climate change. These factors will interact with
sediments in coastal systems. The combined
effects of rising sea levels and changes in extremes
will produce much greater risks in the coastal
zone than any single factor” (Australia 2009).
Based on this information and future projections
for sea level rise the PRCCC recommends planning
for arise of 0.5-1.0 meters by 2100. It is no longer
a question of whether the coasts of Puerto Rico
and many port cities in the Caribbean will be
inundated, but rather it is a question of when and
by how much.
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Tropical Storms and Hurricanes

Observed Trends in Tropical Storms
and Hurricanes in Puerto Rico

Warmer sea surface temperatures around the
North Atlantic, Caribbean and Puerto Rico are
likely to increase the intensity of pulsated rainfall,
wind and storm surge events like hurricanes and
tropical storms. For instance, the most active
hurricane season ever recorded in the Atlantic
Ocean - which included devastating storms like
Hurricane Stan in Guatemala and Hurricane
Katrina in New Orleans - occurred during the
record breaking sea surface temperatures of 2005
(Trenberth and Shea 2006). The 2011 hurricane
season was the third most active on record, tied
with the 2010 season (Strachan 2012), and
brought unusual amounts of rain to Puerto Rico
during the late summer months.
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mainly because the ocean is warming much
slower than the atmosphere. Tropical cyclones
within 500 km of Puerto Rico are plotted with sea
surface temperatures in figure 54 (printed with
permissions from Jury 2011). The acceleration
of the Hadley circulation and related increase
in upper westerly wind shear tend to suppress
hurricane development and intensification.

The number of hurricanes reaching Puerto Rico
has shown a decline over a period of 270 years
from 1730 to 2005 (Nyberg et al. 2007), where
“reaching” means hurricanes that have come
close enough to cause a turbidity signal in coral
growth (eg. Heavy run-off and strong currents).
The analysis using proxy records shows that there
have been on average 3 to 3.5 major hurricanes
per year from 1730 to 2005 (figure 55).

A gradual downward trend is evident from an
average of ~4.1 (1755 - 1785) to ~1.5 major
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Figure 54: (A) NOAA hurdat number of tropical cyclones and SST within 500 km of Puerto Rico shown in red and blue respectively; (B) MIT observed
mean wind anomaly fortropical cyclones passing within 100 km of Puerto Rico, showing weak downtrend since 1880.

Uncovering a clear long-term trend specific to
Puerto Rico is challenging, however, due to data
uncertainty being larger in the early part of the
record compared to the satellite era beginning in
1965. The U.S. Global Change Research Program
states that “even taking these factors into account,
it is likely that the annual number of tropical
storms, hurricanes and major hurricanes in the
North Atlantic have increased over the past
100 years, a time in which Atlantic sea surface
temperatures also increased. The evidence is not
compelling for significant trends beginning in
the late 1800s. Uncertainty in the data increases
as one proceeds back in time” (CCSP 2008). Jury
(2011) asserts that we have not seen a long-term
increase in tropical cyclones in the Caribbean

hurricanes during the late 1960s to early
1990s, which experienced strong and few major
hurricanes compared to other periods since
1730. Furthermore, the active phase of 1995-
2005 is unexceptional compared to other high-
activity periods and appears to represent a
recovery to “normal hurricane activity” despite
the increase in SST...indicating that increases in
SST during the past 270 years have been offset by
increased vertical wind shear which suppresses
major hurricanes...A more rapid warming of
the atmosphere relative to the ocean could have
caused the anomalous calm period between the
1970s and 1990s” (Nyberg et al. 2007).



goo-year proxy record for hurricane trends
_ near Puerto Rico using coral reef growth data
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Figure 55: Intercomparison of hurricane trends near Puerto Rico, based on (left) coral reef growth in a 300-year proxy record (data from Nyberg et al.
2007), and NOAA hurdat data (right) over 30 yr. Notice that the coral reef growth data depicts a decrease in the number of hurricanes reaching Puerto

Rico while the NOAA data shows an increase in different time eras.

Another study uses an inverse hurricane modeling
technique to reconstruct flooding conditions
for 29 overwash events (29 sediment layers)
deposited over the past 5000 years at Laguna
Playa Grande, a Puerto Rican lagoon located on
the island of Vieques, to assess tropical cyclone
frequency and intensity (Woodruff et al. 2008).
This reconstruction indicates that although the
Laguna Playa Grande record exhibits large-scale
changes in hurricane frequency on centennial
to millennial time scales, the magnitude of these
events has stayed relatively constant. Over the last
5,000 years, no evidence exists for an anomalously
large hurricane (or tsunami event) with the
ability to transport coarse-grained sediment in
greater amounts than historical hurricane events.
A previous study by one of the authors (Donnelly
and Woodruff 2007) showed that the category
5 San Felipe hurricane of 1928 appears to have
been one of the most intense hurricanes to leave
a deposit at the lagoon over the past 100 years.
Their proxy reconstruction of the past 5,000
years of intense hurricane activity in the western
North Atlantic also suggests that hurricane
variability has been strongly modulated by El
Nifio during this time, and that the past 250 years
has been relatively active in the context of the
past 5,000 years (Donnelly and Woodruff 2007).
Of course, the 29 Vieques events and the previous
reconstruction are limited to those hurricanes
that came close enough to the study sites to move
sediment and therefore cannot be used solely to
determined frequency and magnitude trends for
Puerto Rico or the Caribbean.

For instance, another similar sediment-based study
was conducted in Grand-Case Pond at Sain-Martin,
north of the Lesser Antilles archipelago in the

Caribbean, that contradicts the hurricane record of
the Vieques site. It's likely that this contradiction
is due to two distinct storm paths in response to
latitudinal shifts of the Intertropical Convergence
Zone (ITCZ). The ITCZ position changes depending
on climatic conditions and stronger storm activity
over the Gulf coast and the inner Caribbean Sea is
favored by a southern position of the ICTZ during
dry periods. Another possibility is influences by
the North Atlantic Oscillation. (Elsner et al. 2000)
showed that when higher-than-average hurricane
activity is recorded on the Atlantic coast, lower-than-
average activity takes place in the Caribbean Sea
and Gulf of Mexico, and vice versa. Researchers also
did a comparison between the available records of
hurricane landfills during the last 5000 years in the
Caribbean and Gulf of Mexico and found significant
differences (Malaizé et al. 2011). Including data sets
from Saint-Martin, the central coast and barrier
reef of Belize, the Vieques lagoon, and compilation
of several records from the U.S. coastline, they
found that Saint-Martin hurricane frequency is
higher (more than two times) within the 3700-
2500 calendar years before present time interval
(year cal. BP), than during 2500-1000 yr. cal. BP. A
secondary peak was also observed between 750 and
300 yr. cal. BP. The studies from Belize show a close
match with the Grand-Case record with an increase
in hurricane activity between 5500 and 2500 yr. cal.
BP, together with an exceptionally strong hurricane
500 years ago. By contrast with Vieques, the time
intervals 3600-2500 and 1000-250 yr. cal. BP are
two periods characterized by few intense hurricane
strikes, whereas higher activity is recorded in
between. On the U.S. coast, high activity is suggested
during Medieval times, i.e. roughly between AD 900
and 1100.
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Future of Hurricanes in
Puerto Rico

In 2007, the IPCC stated, “there has been a large
increase in the available analyses of changes in
extremes. This allows for a more comprehensive
assessment for more regions...projections
concerning extreme events in the tropics
remain uncertain. The difficulty in projecting
the distribution of tropical cyclones adds to this
uncertainty. Changes in extra-tropical cyclones
are dependent on details of regional atmospheric
circulation response, some of which remain
uncertain.” Few models have simulated tropical
cyclones in the context of climate change than
those simulating temperature and precipitation
changes and sea level rise, mainly because of
the computational burden associated with high
resolution needed to capture the characteristics
of tropical cyclones. Accordingly, there is less
certainty about the changes in frequency and
intensity of tropical cyclones on a regional basis
than for temperature and precipitation changes.
Based on a range of models, it is likely that future
tropical cyclones (typhoons and hurricanes) will
become more intense, with larger peak wind
speeds and more heavy precipitation associated
with ongoing increases of tropical sea surface
temperatures. There is less confidence in
projections of a global decrease in numbers of
tropical cyclones. The apparent increase in the
proportion of very intense storms since 1970 in
some regions is much larger than simulated by
current models for that period (IPCC 2007: 9.5,
10.3, 3.8).

Despite the uncertainty surrounding El Nifo, it is
“likely” that hurricane rainfall and wind speeds
will increase in the Caribbean in response to
global warming (Kunkel et al. 2008), leading to
an increase in the frequency of the most intense
storms (Knutson et al. 2010).

Intense hurricanes and associated extreme wind
events will more likely than not become more
frequent due to expected warming of the upper
ocean in the tropical cyclone genesis regions
(IPCC 2007). That is, once formed, the fraction
of hurricanes that become intense is expected
to increase, along with the overall destructive

power. However, because future changes in other
critical factors for tropical cyclones, including
wind shear, the vertical temperature gradient
in the atmosphere, and trends in ENSO and the
Atlantic Multidecadal Oscillation are uncertain,
it is unclear whether the total number of tropical
storms will increase. However it is likely that the
most probable tracks or trajectories of hurricanes
will shift northward, as ocean water temperatures
increase.and intense hurricanes may change in
the future.

The uncertainty about the effects of global
warming on hurricane frequency (Landsea et
al. 1996, Emanuel 1997, Henderson-Sellers
et al. 1998, Emanuel 1999, Meehl et al. 2000)
arises from the fact that the ocean is warming
slower than the atmosphere. Therefore the
uptake of heat energy necessary for hurricane
development has to work against a downward
gradient. Studying the effect of global warming
at a time of doubled CO, (Bengtsson et al.
1997) concluded that there were significantly
fewer hurricanes (especially in the Southern
Hemisphere), but little change in the spatial
distribution of storms. Nested high-resolution
models (18 km) indicate a 5-11% increase in
surface winds and a 28% increase in near-
storm precipitation (Knutson et al. 1998,
Knutson and Tuleya 1999) recent overall
assessment regarding changes in hurricane
strength suggests a 5-10% increase in tropical
storm wind speed by the end of the 215 century
(Henderson-Sellers et al. 1998).

The highest frequency of cyclones in the
Caribbean occurs over the Gulf Stream east of
Florida. There has been considerable decadal
variability of hurricanes during this century
(Reading 1990, Landsea et al. 1995, Diaz and
Pulwarty 1997). Among other factors, decadal
variability is affected by ENSO as well as changes
in the meridional overturning thermohaline
circulation (THC), the large-scale oceanic
circulation in the Atlantic that involves the Gulf
Stream. For example, (Gray et al. 1997) show
that a weakening of the THC in the latter half of
the century resulted in cooling of the Atlantic
ocean along coast of NW Africa, increase in the
low-level pressure gradient between this region



and the central Sahel, and a resulting reduction
in the strength of the easterly waves that
originate off the coast of Africa and propogate
into the tropical Atlantic. These easterly waves
are responsible for hurricane activity in the
Caribbean. Therefore, changes in THC help
regulate hurricane occurrence in the Caribbean
as reflected in the correlation map (figure 56)
with late summer rainfall.

Current global climate models are rather poor
in simulating tropical cyclones, due in part to
the coarse spatial resolution of these models.
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Figure 56: Cross-correlation between Global Precipitation Climatology
Project (GPCP) precipitation data and the Atlantic Ocean subsurface
meridional overturning thermohaline circulation (THC) in July-
November season.

Short-term studies suggest that the frequency of
strong tropical cyclones has increased globally
in recent decades in association with increases
in sea-surface temperature (Saunders and Lea
2008), and that anthropogenic GHG emissions
are the main driver of observed changes in SST
in tropical cyclogenesis regions (Santer et al.
2006).

A comprehensive reanalysis of satellite records
has found significant upward trends in the
strongest cyclones in all world regions during
the last 30 years, with the largest increase
occurring over the North Atlantic (Elsner et
al. 2008). Another study has shown that the
trend of increasing numbers of category 4 and 5
hurricanes for the period 1970-2004 is directly
linked to the SST trend (Hoyoset al. 2006). It
is important to note that the Atlantic Multi-
decadal Oscillation underwent an upturn since
the 1970s that contributes much of the observed

short-term trend in Caribbean-Atlantic basin
hurricanes. The longer IPCC fourth assessment
report climate simulations suggests that
global warming will decrease tropical cyclone
frequency, but that an increase in the frequency
of the most intense events is to be expected
(Emanuel et al. 2008). Similar results have been
obtained by simulations with a high-resolution
version of the ECHAMS5 global climate model
(Bengtsson et al. 2007). In summary, substantial
uncertainties about past and future changes in
cyclone activity remain, and the scientific debate
on this subject is expected to remain very active.

In a related matter, the winter season brings
storm waves to Puerto Rico’s north coast.
Waves or swell from these huge North Atlantic
storm centers easily traverse the 1,500 or so
kilometers that separate the north coast of
Puerto Rico from the northeastern coast of the
United States. Although most of these westerly
cold fronts pass quickly eastward, some storms
may linger for several days, generating huge
waves that actually outrank hurricane waves in
terms of surge impact on the north coast (Snow
1943, Dickson 1978, Fitzgerald et al. 1994, Bush
1995).

Because climate change will affect both the
ocean and atmosphere, we can assume that
the winter swells, Puerto Rico experiences will
change in some form. Intensity and frequency of
swell producing storms near Bermuda has been
studied for Puerto Rico. In New England it was
found that storm waves were more frequent and
intense, while fewer affected the Mid-Atlantic
States, due to a northward shift in storm track
(see also NECIA 2006). Ocean buoys in the past
decade offer new data which has been analyzed
for peak events such as in March 2008 (figures
57 and 58). In this case of high northwesterly
swells at Puerto Rico, the jet stream makes a
loop over Bermuda, and there is interaction
between the cold northwesterly winds and the
warm Gulf Stream. It takes about 2 days for
the swells to reach Puerto Rico from Bermuda,
leaving adequate time for warnings.

Working Group 1 Report: Geophysical

and Chemical Scientific Knowledge



Working Group 1 Report: Geophysical
and Chemical Scientific Knowledge

= vt 1w

AR

Figure 57: (A) surface winds from NARR for 17 March 2008, (B) surface
temperatures (K), (C) upper level winds showing looping jet stream, and
(D) hourly swell data from a buoy north of Puerto Rico for March 2008.

Mumber of wave events, by month, greater than 4 meters
(13 ft.) using buoy data from north of Puerto Rico
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Figure 58: Monthly cases of waves above 4m measured at the buoy
north of Puerto Rico (21N,65W) in the past 5 years.

Although ocean waves from winter storms are
important, it is Caribbean hurricanes that pass
south of the island which cause the most severe
wind damage, sediment budget alteration and
coastal erosion (coupled with poorly designed
shoreline hardening structures). For example
Hurricane David on 31 August 1979 caused certain
western beaches (ie. Joyuda, Rincon) to lose more
than 100 meters of horizontal extent as millions
of cubic meters of sand were swept away by large
southwesterly swells and currents. Many of these
beaches never recovered from that event.

Knowledge Gaps and Future
Research Needs

Due to the destructive nature of hurricanes
coupled with modern societies propensity to
develop in high-risk areas, more research is
needed on past hurricane observations and
future projections. In order to better understand
the hurricane trends for Puerto Rico the tropical
storms and hurricanes database that is kept
by the Puerto Rico State Climatologist (records
from 1515-2004) should be kept up-to-date and
include more detailed information on past storm
events using information from the written record,
proxy records (paleo studies), and NOAA data.
Additionally, more local studies that use oceanic
heat content to assess past and future hurricane
trends are needed. The oceanic heat content
(OHC) is a variable to measure the amount of
warm water available for the tropical cyclone to
convert into energy. OHC has been shown to be
a much better predictor than SST alone ([Zebiak
1989, Wada and Usui 2007a, Palmer and Haines
2009, Shay and Brewster 2010, Law 2011] as cited
in Law 2011) and results suggest that Tropical
Cyclone Heat Potential (TCHP), not SST, plays an
important role in tropical cyclone intensity and its
intensification (Wada and Usui 2007b).

Summary of Observed and Projected
Trends for Tropical Storms and
Hurricanes

Proxy reconstruction of the past 5,000 years of
intense hurricane activity in the western North
Atlantic suggests that hurricane variability has
been strongly modulated by El Nifio during
this time, and that the past 250 years has been
relatively active in the context of the past 5,000
years. Nyberg et al. (2007) suggest that major
hurricane activity in the Atlantic was anomalously
low in the 1970s and 1980s relative to the past
270 years. According to the U.S. Global Change
Research Program, Atlantic tropical storm and
hurricane destructive potential as measured by the
Power Dissipation Index (which combines storm
intensity, duration, and frequency) has increased.
This increase is substantial since about 1970,
and is likely substantial since the 1950s and 60s,



in association with warming Atlantic sea surface
temperatures. There have been fluctuations in the
number of tropical storms and hurricanes from
decade to decade and data uncertainty is larger
in the early part of the record compared to the
satellite era beginning in 1965. Even taking these
factors into account, it is likely that the annual
number of tropical storms, hurricanes and major
hurricanes in the North Atlantic have increased
over the past 100 years, a time in which Atlantic
sea surface temperatures also increased. The
evidence is not compelling for significant trends
beginning in the late 1800s as uncertainty in
the data increases as one proceeds back in time.
There is also evidence for an increase in extreme
wave height characteristics over the past couple

of decades in the North Atlantic, associated with
more frequent intense hurricanes and in the future
there may be an increase in the intensity of winter
swells reaching Puerto Rico’s coasts. Current
global climate models are rather poorin simulating
tropical cyclones, due in part to the coarse spatial
resolution of these models, however the IPCC
fourth assessment report’s climate simulations
suggests that the North Atlantic and Caribbean
will experience a decrease in tropical cyclone
frequency, but an increase in the frequency of the
most intense events. Other models concur. Due
to the substantial uncertainties about past and
future changes in cyclone activity the scientific
debate on this subject is expected to remain very
active.
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Ocean Acidification
Trends in Ocean Acidification

As a result of the fossil carbon released to the
atmosphere from human activities, seawater pH
and carbonate saturation state ({)) have decreased
and will continue to decrease as the ocean continues
to absorb carbon dioxide (CO,). The oceans are
currently taking up about one ton of anthropogenic
CO, per year for each person on the planet (IPCC
2001). During the Industrial Revolution (1800) the
concentration of atmospheric CO, was an about of
280 parts per million (ppm), and the global ocean
pH averaged 8.16 (Ruttiman 2006). Currently,
atmospheric CO, concentration has reached 395
ppm (Tans and Keeling 2012), and the average pH
of the oceans has dropped to 8.05 (IPCC 2007). This
is equivalent to an increase of CO, concentration
of about 35% and a decrease in pH of 0.1 units
(IPCC 2007). If we continue as business as usual
path of fossil carbon release to the atmosphere,
by the next century the average pH of oceanic
waters will decrease by 0.3 - 0.4 units below the
level of pre-industrial times (Kleypas et al. 2006b).
The oceans play an important role in the uptake
of anthropogenic CO, as it eventually absorbs an
about 50% of the antropogenic CO, released to the
atmosphere. As shown by the Hawaii Ocean Time
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Figure 59: Time-series from 1960 to 2010 shows in red atmospheric
CO2 (ppmv) at Mauna Loa and in dark blue partial pressure of CO2at
Ocean Station ALOHA. The Mauna Loa time series constitutes the
longest record of direct measurements of CO2 in the atmosphere. Mauna
Loa data courtesy of Dr. Pieter Tans, NOAA/Earth System Research
Laboratory and Dr. Ralph Keeling, Scripps Institution of Oceanography
(scrippsco2.ucsd.edu/)(http://www.esrl.noaa.gov/gmd/ccgg/trends);
Hawaii Ocean Time-Series (HOT)/ALOHA data courtesy of Dr. David
Karl, University of Hawalii (http://hahana. soest.hawaii.edu).

Series program long term increses in atmospheric
CO, are clearly linked to an increase in CO, dissolved
in surface water and corresponding decreases in pH
(figure 59).

When CO, from the atmosphere dissolves in
seawater, it reacts with water and produces
carbonic acid (H,CO,). The carbonic acid
dissociates and causes an increase in hydrogen
ions (H*) and bicarbonate (HCO,’). This chemical
process has been named ocean acidification. Some
of the free H*reacts with carbonate ions (C0O,*)
causing a decrease in the concentration of these
ions and in the saturation state (1) of seawater
with respect to calcium carbonate minerals.
As a result of the decrease in surface seawater
carbonate saturation state, the rate of calcification
in marine calcareous organisms and precipitation
of carbonate minerals such as calcite, aragonite,
and high-magnesium calcite decreases as well.

The saturation state of seawater with respect
to carbonate mineral phases (calcite, aragonite,
magnesium calcites) is defined as the ratio
between ionic product of calcium and carbonate
and the stoichiometric solubility product based
on ion concentrations and has been described by
the following equation:

(D Q=[Ca*’][CO*]/K*_,

This measurement tells us about the
thermodynamic capability for the mineral to
precipitate or to dissolve. In other words, how
easy it is to calcify. If 1 is greater than one, the
mineral phase with respect to calcium carbonate
will have favorable conditions to precipitate
because the mineral is supersaturated, if Q is
less than one will be difficult to precipitate and
could be subject to net dissolution because it
is undersaturated, and is if Q is one the system
is said to be in equilibrium (net precipitation
equals the net dissolution with respect to
calcium carbonate mineral phases). Currently,
in the tropics the aragonite saturation state of
surface seawater ranges from 3 to 3.5 and it is
expected to decrease for the next century from 2
to 2.5 (Orr et al. 2005, Atkinson and Cuet 2008).

Potentially adverse consequences arising from the
decrease of surface seawater calcium carbonate
saturation state could imply serious problems for



marine calcifying organisms that use carbonate
minerals as principal components to produce
their skeletons and shells (figure 60). In addition,
some of the most fundamental biological and
geochemical processes such as marine calcifying
rates, physical strength of calcareous skeletons
of corals reef, shells growth, recruitment success,
reproduction, survivorship, and food web
dynamics in general, may be adversely affected
by a decrease in the availability of carbonate ions.
As a result, species that undergo calcification
may become displaced by species that do not. By
some estimates, calcification rates will decrease
as much as 60% by the end of this century.
Laboratory experiments have conclusively
shown that lowering carbonate ion concentration
reduces calcification rates in tropical reef builders
by 7-40%. These rapid changes do not allow for
natural adaptation to occur in ecosystems that
have experienced only moderate changes in ocean
chemistry over most of geological time. Marine

Figure 60: Representatives of major benthic calcifiers: (a) coralline
algae (photo by Nancy Sefton; courtesy NOAA/CORIS); (b) Halimeda
(photo by James Watt; courtesy NOAA/NMFS); (c) benthic foraminifera
(courtesy P. Hallock); (d) reef-building coral (Dendrogyra cylindrus;
Cmdr William Harrigan, NOAA Corps; courtesy Florida Keys National
Marine Sanctuary); (e) deep-water coral (Lophelia pertusa; from 413
m depth off North Carolina. Large red crab is Eumunida picta; urchin
below itis Echinus tylodes; courtesy S.W. Ross, K. Sulak, and M. Nizinski);
(f ) bryozoan (courtesy NOAA/Ocean Explorer); (g) mollusc (oyster
reef; courtesy South Carolina Department of Natural Resources); (h)
echinoderm (brittle star; Larry Zetwoch; Florida Keys National Marine
Sanctuary); (i) crustacean (lobster; Dr. James P. McVey, NOAA Sea Grant
Program). The calcification responses of many of these groups have
not been investigated (figure printed with permissions from J. Kleypas.
Source: Kleypas, J.A. et al. 2006. Impacts of Ocean Acidification on Coral
Reefs and Other Marine Calcifiers: A Guide for Future Research, report
of a workshopheld 18-20April 2005, St. Petersburg, FL, sponsored by
NSE NOAA, and the U.S. Geological Survey, 88 pp.)

organisms at risk from ocean acidification are
coralline algae, green algae, benthic foraminifera,
reef-building coral, deep-water coral, bryozoans,
mollusks like oysters, echinoderms like the brittle
star, and crustaceans such as lobsters (figure 60).

Status of Ocean Acidification in the
Caribbean

Ocean acidification effects will have a great
impact in coral reef development areas, as in
the Great Caribbean region. This region spans
the entire Caribbean and comprises one of the
major carbonate platforms on the world. Puerto
Rico forms part of this area and can become
one of the last refuge habitats in the ocean for
marine calcifying and non-calcifying organisms.
In order to protect and better understand the
consequences of ocean acidification in Puerto
Rico we need determine the present state of
knowledge concerning this problem. Figure 61
displays the data from the Hawaii Ocean Time
Series on pH since 1985 (left) and the available
pH data for the south coast of Puerto Rico since
20009 (right). Figure 62 shows NOAA data for 1989
and 2008 for the Caribbean aragonite saturation
states, showing clear decline.
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Figure 61: pH data from the Hawaii Ocean Time Series since 1985 (left)
and the available pH data for the south coast of Puerto Rico since 2009

(right)

Figure 62: Caribbean Aragonite Saturation States for 1989 and
2008, showing clear decline. Aragonite saturation state refers to
whether calcium carbonate is saturated (1), subsaturated (<1), or
super saturated (>1). Ocean acidification causes decreased aragonite
saturation states which in turn decreases coral viability. Source:
coralreefwatch.noaa.gov/satellite/oa/saturationState_GCR.html
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Future Saturation State Scenarios for
the Caribbean

Figure 63 shows annual seawater aragonite
saturation state (Qarg) from Enrique mid-shelf
reef (red line) compared to the offshore Caribbean
Sea estimations using OAPS model (blue line).
Historical context estimates using the oceanic
water values (black dashed lines) shows that
during preindustrial times (PIR) the Qarg value
was approximately 4.6. After the Pre-Industrial
Revolution (PIR) the increase in CO, emissions
have decreased the Qarg and for 2050 is expected
to decrease around 3.4 and for the next century to
2.8. Currently, in tropical oceanic surface waters
of the Caribbean, Qarg typically ranges from 4
to 3.7 and is believed to be adequate to support
robust calcification. However, these values are
declining within the Caribbean region at a rate
of about 3% per decade. Maximum values are in
early spring and winter. During the summer and
fall these values considerably decrease due to the
“local effects”. Currently it is unknown if future
saturate state scenarios will continue to follow
the same rate of decline in the Caribbean as it will
be largely dependent on the amount of carbon
dioxide emitted to the atmosphere and oceans
today and in the near future.

Ocean Acidification within the La Parguera Marine Reserve
Compared with offshore Caribbean Sea
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Figure 63: The figure shows measurements of annual seawater
aragonite saturation state (Qarg) at Enrique reef compared to offshore
model-based estimations (blue line) (Courtesy of Dwight Gledhill,
modified by Melissa Meléndez).

Knowledge Gaps and Future
Research Needs

At the present time the scientific community
cannot answer questions about the consequences
of high atmospheric CO, concentration and sink
capacity of the oceans. In addition how all the
abiotic and biotic processes will be respond with
the decrease in pH and carbonate saturation state.
Certainly, the scientific information concludes
that ocean acidification represents an enemy
to marine calcifying organisms and will affect
the population dynamics, community structure,
survival rate, fitness, marine food webs, life history
patterns, organism interactions, recruitment,
and many other components of carbonate and
non-carbonate marine ecosystem. Furthermore,
some of the effects that cause pH decrease in
scleractinians corals are poorly understood and
need more effort from the scientific community,
society, as well as political attendant.

Some scientists reported different areas that
need further research. For example, the effects
of decreasing aragonite saturation state on deep-
sea, bioherm-forming scleractinians are not
well understood and further experimentation is
warranted (Guinotte et al. 2006). (Guinotte and
Fabry 2008) said that the effects of a reduction
in calcification rates on recruitment, settlement,
and juvenile life stages of most marine calcifiers,
including the majority of scleractinian corals, are
not well known. (Kleypas etal. 2006a) argues that
the effects of changing calcification and dissolution
on reef ecosystems functioning are still unknown.
Additionally, Kleyplas et al. (2006a) mentioned
the effects of reduced carbonate saturation state
on bioerosion rates and the conditions controlling
sediment dissolution (including suspended
sediment) and the potential impact on coral reef
carbonate chemistry are poorly understood or
unknown. Another issue that Seibel and Fabry
(2003) reported is that, no up-to-date quantitative
data exists to test that the reduced calcification
decreases a calcifying organism’s fitness or
survivorship, then such calcareous species may
undergo shifts in their latitudinal distributions
and vertical depth ranges as the CO,/carbonate
chemistry of seawater changes.



Summary of Observed and
Projected Trends for Ocean
Acidification

Currently, atmospheric carbon dioxide
concentration has reached 395 ppm globally
and because half of the carbon dioxide released
both naturally and by humans is taken up by the
oceans, average pH of the oceans has dropped
from 8.16 to 8.05 since the year 1800. This change
in seawater chemistry is equivalent to an increase
of carbon dioxide concentration of about 35% and
a decrease in pH of 0.1 units. As a result, there
has been a global decrease in surface seawater

carbonate saturation states and thus, the rate
of calcification in marine calcifying organisms
and the precipitation of carbonate minerals like
calcite and aragonite are decreasing as well. The
Caribbean and Puerto Rico saturation states of
carbonate minerals reflects this global trend. For
example, the values of aragonite saturate states
are declining within the Puerto Rico-Caribbean
region at a rate of about 3% per decade. Currently
it is unknown if future saturate state scenarios
will continue to follow the same rate of decline
in the Caribbean as it will be largely dependent
on the amount of carbon dioxide emitted to the
atmosphere and oceans today and in the near
future.
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Working Group 2 Report:
Ecology and Biodiversity

INTRODUCTION

Puerto Rico is home to some of the world’s most
impressive natural and manmade wonders, such
as 799 miles of coastline with over 300 beaches,
vibrant coral reefs, pre-Columbian ceremonial
parks and artifacts, the coqui (tiny tree frog
endemic to the islands), historic sugar cane and
coffee plantations, El Yunque rainforest (the only
subtropical rainforest in the U.S. National Forest
System), Mona Island that is home to more than
100 endangered species, and 51 natural protected
areas that conserve wetlands, dry forests,
rainforests, caves and caverns, groundwater, cays
and islets, and critical habitats for many species of
flora and fauna. All these features are why Puerto
Rico has been affectionately given the name la Isla
del Encanto, the Island of Enchantment. Without
healthy ecological systems Puerto Rico would not
be able to boast such wonders.

Biodiversity and ecosystems are already more
stressed than at any comparable period of human
history (Staudinger et al. 2012). Human activities
globally and in Puerto Rico have caused and may
continue to cause a loss in biodiversity and natural
resources through unsustainable land-use; chemical,
heavy metal and nutrient pollution of our soil and
water; diversion of water; habitat fragmentation and
degradation; selective exploitation of species; and
the introduction of non-native species, disease and
pests. The current rate of biodiversity loss is greater
than the natural background rate of extinction.
Furthermore, these losses directly impact societies
around the world and locally as we are also losing
the services the ecosystems and species provide,
such as fresh air, clean water, reduction in pollution
and contaminant concentrations, drinking water
protection, urban heat reduction, natural protection
against storm surges and hurricanes, prevention of
landslides, recreation and tourism opportunities,
cultural and historical preservation, and even
mental and spiritual well-being. The U.S. Global
Change Research Program found that as species
ranges shifts new community assemblages can also
substantially alter ecosystem structure and function
and the distribution of ecosystem services. Changes
in precipitation regimes and extreme events can
causes ecosystem transitions, increase transport of
nutrients and pollutants to downstream ecosystems,

and overwhelm the ability of natural systems to
mitigate harm to people from extreme events
(Staudinger et al. 2012).

Climate change is one of the most critical
issues facing biodiversity and natural resource
management in the world today. Land and ocean
surface temperatures have warmed, the spatialand
temporal patterns of precipitation have changed,
sea level has risen, and we are experiencing
more intense storms. These changes, particularly
warmer regional temperatures, have affected the
timing of reproduction in animals and plants and/
or migration of animals, the length of the growing
seasons,speciesdistributionsand populationsizes,
and the frequency of pest and disease outbreaks.
Climate change is projected to affect all aspects of
biodiversity; however, the projected changes have
to take into account the effects from past, present,
and future human activities. The effects of climate
change, in terms of rising sea levels, increasing
mean atmospheric and sea surface temperatures
and changes in rainfall and weather patterns, are
likely to be particularly severe for the ecological
systems of the Caribbean islands and small island
states. Small islands are variable in their marine,
coastal and terrestrial biodiversity. Some are very
rich. For example, coral reefs have the highest
biodiversity of any marine ecosystem, with some
91,000 described species of reef taxa. And while
terrestrial biodiversity is not as high as coral reefs
of the Caribbean, endemism among terrestrial
flora and fauna is particularly high in Puerto Rico.
The International Union for the Conservation of
Nature and Natural Resources (IUCN) ranks the
countries with the highest percentage of endemic
amphibians. Puerto Rico ranks 13™ with 78.9%,
above Chile, Papua New Guinea, the United States,
Mexico, Brazil, India and China (IUCN 2012).
Areas of high endemism should pay extra special
attention to climate changes as already globally
there is increasing evidence of population declines
and localized extinctions that can be directly
attributed to climate change (Staudinger et al.
2012).

Working Group 2: Ecology and Biodiversity of the
Puerto Rico Climate Change Council (WG2 PRCCC)
was tasked with assessing how Puerto Rico’s
ecosystems and species may be affected by climate



change. The goal of this report is not to detail every
potential outcome of climate change, but rather
this project was a first attempt at identifying
Puerto Rico’s most knowledgable researchers
and practitioners in the field, collecting the
best available scientific knowledge, coming to
agreement on key drivers of ecosystem changes
and ways Puerto Rico’s ecology and biodiversity
may be altered, and identifying research gaps and
information needs. The underlying vulnerabilities
of ecosystems determine the adaptive capacity of
Puerto Rico’s flora and fauna, and therefore the
current status and threats to each of the systems
assessed were considered a priority throughout
the work of the PRCCC.

REPORT ORGANIZATION

The members of Working Group 2: Ecology and
Biodiversity are all highly respected in their
fields of biology, ecology, oceanography, natural
resource management, fisheries management,
hydrology, geochemistry, forestry, and geology
locally and abroad. The reviewers of this report
were local experts from Puerto Rico, from the
continental United States, and from overseas
such as other Caribbean islands and the United
Kingdom. Through a number of small sub-
working group meetings, large working groups
meetings, full PRCCC meetings, and a conference
in San Juan, Climate Change in the Caribbean
2011: Puerto Rico and the U.S. Virgin Islands, WG2
members meet in-person to discuss the report
compilation, data analyses, key concepts; peer-
reviewed published studies, and gray literature.
Subgroups of the PRCCC WG2 also meet to
discuss targeted ecosystems such as coral reefs
and forests. However, the majority of report
writing and discussions occurred via email and
PRCCC Research Library correspondences (a
shared electronic research library). Additional
correspondences occurred via the PRCCC email
listserv (the PR-CC-L). We also consulted with
and established the basis for discussions with
other climate scientists and ecologists from other
Caribbean islands the United States.

The Working Group 2 report is organized by
the ecosystems and species the working group
members determined were important for this

first attempt at a climate change vulnerability
assessment for Puerto Rico’s natural resources
(Table 1). In each section of the report, the
current status and threats or non-climate change
stressors (termed “underlying vulnerabilities” in
this report) are discussed as well as the potential
ways certain climate parameters (air and sea
surface temperature, precipitation, extreme
events, storms and hurricanes, sea level rise, and
ocean acidification) may affect that particularly
ecosystem or species assessed. (For more detailed
information on the observed and projected
changes for each of the climate parameters
read the PRCCC Working Group 1 chapter.) The
information compiled here is from literature
review using a variety of databases as well as
through the networks of our PRCCC members
and from efforts to reach out to other Caribbean
scientists and experts. As such some relevant
studies may not have been received. The Working
Group members and the PRCCC as a whole
recognize that the information contained in this
report is the best available knowledge as of July
2012 and will need to be continuously edited and
expanded over the years as new and improved
information becomes available. Working Group
2 also identified research and information
needs to guide future studies and initiatives for
natural resource management, conservation and
ecosystem-based adaptation.

Working Group 2: Ecology and Biodiversity
Sectors Assessed

¢ Beach Ecosystems

e Forests

e Wetlands

e Coral Reefs

¢ Submerged Aquatic Vegetation (Seagrasses)
¢ Coastal Lagoons

¢ Bioluminescent Bays

e Cays and Islets

e Amphibians and Reptiles
e Sea Turtles

¢ Marine Mammals

e Seabirds and Shore Birds
¢ Coastal Fish Species

e Pelagic Fish Species

Table 1 Sectors assessed by Working Group 2 in report
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Working Group 2 Report:
Ecology and Biodiversity

BEACH ECOSYSTEMS

Introduction to Beach Ecosystems

A beach is a zone of loose material extending
from the low water mark to a point landward
where either the topography abruptly changes
or transitional (from coastal to terrestrial)
vegetation first appears (Cambers 1998). A wider
definition of a beach includes the nearshore zone
extending to a water depth of about 12 m where
the waves are no longer able to move sediment on
the bottom ((CANARI) 2008). A beach may consist
of sediment ranging in size from clay to boulders.
Beaches are very dynamic systems changing
size, shape and even material composition from
one day to another. A dune is an accumulation of
windblown sand forming a mound landward of the
beach and usually parallel to the shoreline. Coastal
sand dunes provide extensive protection to many
of the world’s shorelines as they are important
habitat for plants and animals, including rare and
endangered species, as well as serve as natural
barriers between coastal winds and waves and
the human built environment of homes, roads,
and buildings. The interaction of dunes with
the adjacent beach and nearshore provides the
essential basis of a stable shoreline, through the
regular exchange of nutrients and minerals (Carter
1991). A cliff or bluff is a high, steep bank at the
water’s edge composed primarily of rock. Beach
and dune systems should be seen as distinct but
at the same time interacting through flows and
impacts of organic and inorganic materials, such
as, seeds and animals, sediment, salt spray and
ground water flow.

Status of Beach Ecosystems in
Puerto Rico

Globally it has been shown that 70% of the
world’s sandy beaches are eroding (Bird 1985,
1987). Shoreline retreat or beach migration is the
more accurate scientific term, but beach erosion
is the common term used by beachfront property
owners. In the United States, approximately 86%
of U.S. East Coast barrier beaches (excluding
evolving spit areas) have experienced erosion
during the past 100 years (Galgano et al. 2004).
Widespread erosion is also well documented in

California (Moore et al. 1999) and in the Gulf of
Mexico (Morton and McKenna 1999). This trend
is repeated in the Caribbean. Based on regular
monitoring at 200 sites in nine eastern Caribbean
territories over the period 1985-1995, 70% of the
measured beaches were eroding and 30% were
stable or accreting (Cambers 1997). Average
erosion rates varied between 0.27 and 1.06 meters
per year (0.9 to 3.5 feet per year), with islands
impacted by hurricanes showing the highest rates.
Specific beaches retreated inland by as much as
18 meters (59.1 feet) during Hurricane Luis in
1995. Beach erosion is not a dominant process
if there is a balance between the sediment input
and the sediment output in the system under
study. Seasonal changes over a period of several
years followed by significant erosion during a
particular storm event and slow but steady beach
accretion after the storm, characterize systems
with a balanced sediment input and output (ie.
sediment budget). The erosion in the insular
Caribbean is attributed to anthropogenic factors,
e.g. sand mining, and poorly planned coastal
development and man-made structures (i.e., sea
defenses); and to natural causes, such as winter
swells and hurricanes. Anthropogenic or natural
factors induce beach migration to reach a new
equilibrium state sometimes resulting in net

“Beaches are nature’s shock
absorbers - they protect the coastline
from the relentless power of the
surf, and they protect themselves
from destruction during storms. The
countless grains of sand on the visible
beach - and its offshore extension -
are a mobile belt of cushioning. When
waves strike the coast, the billions of
sand grains on the full width of the
beach move and roll past each other.
Sometimes huge volumes of beach
sand are moved either seaward or
landward. A beach may change its
shape drastically during a storm
in the process of absorbing and
dissipating the tremendenous energy
of the waves”.

from Living with the Puerto Rico Shore



erosion, where the output of sediment is greater
than the input, or total system disruption or loss.
Tropical storms and hurricanes appear to be the
dominant factor influencing the erosion, with
beaches failing to return to their pre-hurricane
levels. Indeed between 1995 and 1999, a period
of severe hurricane activity for the islands of the
northeastern Caribbean, it appeared that these
numerous high-energy events introduced a
certain vulnerability to the beach systems making
recovery slower and less sustained (Cambers
2005). This loss of physical habitat has serious
implications for the dependent flora and fauna.

The beaches of Puerto Rico are coastal resources
of great importance. Including Vieques, Culebra,
and other islets and cays, there are approximately
799 miles (1,285.86 km) of coasts, of which 129.2
miles (208 km) are beaches. In fact, Puerto Rico
has over 300 beaches. The extension of the coast
line is divided into 231 beaches in 42 of the 44
coastal municipalities. Of these, 97 have been
classified as accessible or swimmable beaches
by DNER (CPN 2002). There are three dominant
groups of minerals, characteristic of Puerto Rico’s
beaches: quartz sands with feldspar; volcanic
rock; serpentine and mineral group; and sands
from calcium carbonate. Beaches in Puerto Rico
are assets of public domain, or public trust lands,
with minor exceptions. Thisisalegacy from Roman
and medieval law which was transferred to Puerto
Rico by the Spanish government as part of its port
system and has remained despite the changes in
sovereignty. Extraction of sand from the beaches
for construction purposes once caused severe
damage for a long period of time. The problem
of extraction without proper authorization still
persists, but the problem is more focused on river
mouths rather than beaches, although some illegal
dune extraction has occurred in recent years.
Erosion has drastically reduced the width of some
beaches and furthermore, water contamination
interferes with the recreational use of some
beaches.

Dune retreat and disappearance has also been
widely documented throughout the Caribbean
islands, including Puerto Rico. Extensive black
sand dunes, 6 meter (18 feet) high, in St. Vincent
and the Grenadines, were mined at Diamond

Bay in the 1980s, leaving a flat coastal lowland
devoid of vegetation and vulnerable to flooding
(Cambers 1998, 2005). Cliff retreat and changes
in rocky shores are less well documented,
although associated with the widespread beach
erosion there appears to be an increase in the
exposure of beachrock ledges (Cambers 1998).
Dunes provide an important barrier against the
onslaught of waves during weather events along
Puerto Rico’s North Coast (Puerto Rico Coastal
Zone Management Program 2009). In Puerto
Rico, dunes (or in some cases, dune remnants)
can be found in the municipalities of Isabela,
Quebradillas, Camuy, Arecibo, Barceloneta,
Loiza, and Carolina. Of these places, the largest
concentration of sand can be found in Isabela,
followed by Carolina and Loiza. However, the
height and size of these dunes may be insufficient
for protection of life and property in the long term.
Due to the massive extraction of sand, very few
dunes remain. The extraction of sand during the
1960s and 1970s for the construction industry
has eliminated large expanses of protective dunes.
The practice of beach extraction has been banned.
At Tres Palmitas beach in Loiza and the coast along
Isabela beach erosion has resulted in saltwater
intrusion. It is estimated that approximately
2.5 million cubic meters (m?) of sand have been
extracted from dunes to the west of Punta Jacinto
in Isabela, equivalent to the size of the Great
Pyramid of Giza in Egypt. With the destruction
of the dunes, the potential for shoreline damage
due to storm surges has increased, although the
magnitude of that potential is still unknown. The
present-day conditions of some of the dunes are
inadequate since their height, width, and stability
offer neither security nor protection to life or
property located in the coastal zone (Martinez et
al. 1983, as cited by Valeiras 2007). Furthermore,
the destruction of the dunes has contributed to
coastal erosion as they form a reservoir of sand
that replenishes the when beach levels are high
and releases to supply sand to eroded beaches
during storms (Coates et al. 2000). Additionally,
the use of all-terrain vehicles along the beach has
had negative consequences on the sand dunes and
other coastal resources, such as wetlands and salt
flats. These vehicles destroy dunes and rip out
vegetation affecting dune equilibrium (Puerto
Rico Coastal Zone Management Program 2009).
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Bush et al. (1995) reported that hard rock
shorelines off Guajataca on the North Coast and in
parts of Old San Juan have retreat rates close to
zero, while the retreat can be several meters in a
single storm on sandy beaches such as El Tuque,
the bluffs near Arroyo or Playita Machete on the
south coast, or the beaches in the tourist areas of
Condado and Isla Verde (Bush et al. 1995). More
recently, in 2010 Dr. Maritza Barreto conducted
a geomorphic assessment at selected beaches in
Puerto Rico sponsored by the Puerto Rico Coastal
Zone Management Program (Barreto 2010). The
sites included: Playa Puerto Nuevo at Vega Baja,
Playa Pifiones at Loiza, Playa Fortuna at Luquillo,
Playa Humacao at Humacao, Playa Salinas at
Salinas and Playa Mani at Mayaguez (figure 1).
This study integrated an evaluation of historical
subaerial beach, beach profile and width changes
studies. Historical subaerial beach changes were
evaluated using vertical aerial photos from 1936
to 2010 (long-temporal scale study). Beach profile
and width were measured using field techniques
during August, September, October, November,
and December 2010 (short temporal scale
study). Data collections were done during normal
conditions and after occurrences of storm systems
(both tropical and extratropical). Historical beach
changes showed loss of sand in all study sites
during the 2007 period. Major beach changes
were observed at Playa Fortuna, Luquillo and
Playa Humacao. Major loss of sand was measured
in Playa Fortuna (figure 2). Minor beach changes
were identified in Playa Pifiones, Playa Salinas,
and Playa El Mani. The short temporal scale
beach assessment indicated elevation and width
suffered changes in all beaches included in the
study. The final results of the study showed that
geomorphic indicators (i.e., eolianites, beach rock,
coral reef, sand deposits, rocky shorelines) found
in beach systems act as barriers that protect the
beach plain from erosion processes. Furthermore,
man-made structures and activities such as docks,
housing, and deforestation affect sediment sources
and transport that are important sediment inputs
feeding beach systems and preventing erosion.

Construction of breakwaters or jetties for shore
protection, navigational purposes or marinas
has had a significant impact in Puerto Rico.

A widely recognized example of a man-made
structure creating severe erosion/accretion
problems in Puerto Rico is the breakwater in
Aguadilla. Additionally, as a result of past and
current shoreline management practices, coastal
development, erosion, and the already observed
sealevelrise (see PRCCCWG1 report),the coastline
around portions of Puerto Rico is retreating about
one meter per year (1.0 m/yr), according to a
USGS report. The authors considered sequences of
past aerial photos to assess erosion and accretion
(Thieler et al. 2007). See figure 3 for an example
from Rinon. Other publications have come to the
same conclusion as the USGS report that most
of Puerto Rico’s shoreline is eroding (Bush et al.
2009; Morelock 1978, 1984; Thieler and Danforth
1993, 1994b; Bush et al. 1995; Thieler et al. 1995;
Morelock and Barreto 2003). However, not all
sections of all beaches in Puerto Rico are eroding.
Some are stable or are accreting as they transition
to new configurations and profile equilibriums as
a result of beach migration; for example, Luquillo
Beach, the beach between Punta Vacia Talega (the
headland west of the city of Loiza) and the Loiza
River mouth (just west of the city of Loiza) (Bush
et al. 2009). In America’s Most Vulnerable Coastal
Communities the Geological Society of America’s
authors list seven areas of anthropogenic actions
that contribute to Puerto Rico’s overall shoreline
hazard vulnerability: (1) failure to take shoreline
erosion into account; (2) constructing seawalls
and revetments at the back of beaches; (3)
insufficient construction setback from the shore;
(4) other shoreline engineering structures like
gabions (wire mesh baskets filled with cobbles or
crushed rock); (5) sand mining; (6) inconsistent
or uncontrolled shoreline stabilization; and (7)
unrealistic cost-benefit considerations (Bush et al.
2009). These underlying vulnerabilities to Puerto
Rico’sbeach systems are expected to worsen due to
sea level rise, increasing temperature, increasing
carbon dioxide, and increasing intensity of tropical
storms.



Figure 2 Extreme subaerial beach loss at Playa Fortuna (December 2010)

(source: Barreto 2010)
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Figure 3 Coast lines every 10 year near Rincon, PR, with matching coastal recession
graph.
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Outcomes and Consequences of

Climate Change to Puerto Rico’s
Beaches

Sea Level Rise

Sea level rise is one causative factor for dominant
beach erosion (ie., inland migration) and was
recognized as occurring long before the global
attention from climate change discussions
(Bruun 1962). The Bruun Rule (Bruun 1962), a
descriptive rule of thumb, predicts that as sea
level rises, sand is eroded from the upper beach
and deposited on the offshore bottom so as to
maintain a stable beach profile. This results in
beach retreat so that for every 1 cm (0.4 in) of
sea level rise, the beach retreats inland 1 meter
(3.3 ft), figure 4, (note: this is a very rough
approximation that applies to wide beaches with
a slope of 1:100 where sediment transport is not
altered by bedrock, buildings, seawalls or other
obstructions, and does not include the presence
of dunes as a sediment source).

The beach is eroded and
retreats inland 1 m

— oid baach position o

As gsea level
—1 rises 1 cm

The eroded material is
depaosited in the offshore zone.

Figure 4 Beach retreat due to sea level rise (Cambers 1997)

However, such erosion may not take place
regularly, but may come sporadically during
storms (Williams et al. 1999). Thus, as the rate of
sea level increases, the rate of beach erosion will
increase. Where beaches cannot retreat inland
because of other infrastructure or geological
features, the rate of beach disappearance will
increase. This will have implications for related
systems such as dunes, coastal forests and
emergent coastal wetlands. And due to the inter-
connectedness of these systems, impacts to the

beaches, impact other coastal ecosystems, which
in turn impacts the beaches again. The concept
that dunes are eroded during storms to replenish
beach levels has been known since the mid-
nineteenth century (Carter 1998). Sometimes the
beach-dune exchange system is so well-balanced
that storm losses equal interstorm gains, and the
net shoreline movement is zero (Psuty 1990).
With sea level rise and the diminishment of coastal
sand dunes this beach replenishment after storms
ecosystem service will be lost and beaches will
experience greater shoreline retreat. (For other
possible impacts to sand dunes from sea level
rise see Christiansen et al. 1985; Christiansen
and Bowman 1986; Boorman et al. 1989; Meulen
1990; Carter 1991).

There are many ecological and societal
consequences of sea level rise and increased
shoreline retreat. In addition to the devastating
effects on the local and foreign tourism industry
in Puerto Rico and on the ability of the coasts
to protect life and property (see WG3 report),
decreased beach area will reduce the availability
of habitat for beach fauna and flora. A study by
Fish et al. (2005) showed that a 0.5 m (1.6 ft)
rise in sea level in the Caribbean would cause a
decrease in turtle nesting habitat by up to 35%
(Fish et al. 2005) (see sea turtle sections of this
report for more information). The impacts go
beyond marine fauna. For instance, certain species
of land crabs, such as, Gecarecinus lateralis (black
land crab) and Cardisoma guanhumi (blue land
crab), found in Dominica and Puerto Rico, depend
on being able to reach the sea to wash their eggs
from their legs. This ability may be limited to
decreased beach area, an increase in protective
sea walls (as already causing problems for these
crabs in Dominica), and rising sea levels. The
estuarine areas these crabs inhabit will attempt to
migrate inland as the seas rise and their required
space may conflict with the coastal development
that currently exists around Puerto Rico’s coasts.
This “coastal squeezing” may negatively affect
the survival of land crabs. Additionally, ghost
crabs or Ocypode quadrata inhabit Puerto Rico’s
beach systems and will also be affected by sea
level rise. Some have stated that the decline in
undeveloped beachfront habitat and alterations to



the upper intertidal zone by coastal development
may represent the greatest threat to the ghost
crab (first to stranded oil on beaches from oil
tanker traffic which may cause a reduction in the
breeding rate and increased mortality at molting)
(Gao and Xu 2002, SCDNR and NOAA 2000).

Increasing Temperature

The affects of increasing temperatures on beach
ecosystems are mostly related to flora and fauna
and less to do with beach stability. Perhaps the
most well-known affect from climate change on

“Coastal sand systems appear to be all but lifeless, but, in fact, they are vital,
constantly changing, and quite interesting, ecologically. They are much more than
just a barrier to the sea. On open wet sandy shorelines, most of the inhabitants
live under the sandy surface in tubes and burrows or in spaces between sand
grains. They surface when waves pass over their habitats...there are a variety of

worms, crabs, sand protozoans, fungi, bacteria, and plankton (phytoplankton and

zooplankton), among others present”.

beach fauna are how increasing sand temperature
of beaches influences the sex ratio of turtle
hatchlings. To learn more about the outcomes
and consequences of this see the sea turtle
section of this report. Less well-known are the
affects on smaller fauna of beaches. A simulation
model study (Svensoon et al. 2006) showed that
increased sea surface temperature caused faunal
community shift and heightened the possibility
of invasive species among species of barnacles.
Mollusks, particularly the earlier life stages, are
particularly vulnerable to changes in UV radiation,
pH, and water temperature (Przeslawski et al.
2005).

from Guide to the Ecological Systems of Puerto Rico (Miller 2009: 177)
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Increasing Carbon Dioxide

The great diversity of beach types around Puerto
Rico reflects the fact that there are numerous
sources of sand. Sand grains may be fragments of
weathered rock or the skeletal remains of marine
organisms. Basically, sand comes from one of four
sources: riverbeds; erosion of the nearby cliffs,
bluffs, and dunes; transport onto the beach via
longshore currents; or landward transport of
material from offshore (Bush et al. 1995). Many
Puerto Rico beaches are composed of coralline
sand derived from coral reefs and other marine
organisms. As the oceans become more acidic,
calcium carbonate exposed to sea water may
dissolve, thereby reducing the supply of sand to
the beaches. Similarly, the beachrock ledges that
form protective barriers near the low water mark
on many of the region’s beaches consist of calcium
carbonate cementing sand grains together -
a process also likely to be impacted by ocean
acidification.

The doubling of atmospheric carbon dioxide
will also have a direct effect on the growth rate
of plants, including dune plants and other beach
vegetation, through the enhanced accumulation
of carbohydrates
an enriched

during photosynthesis. In
carbon dioxide
photosynthesis rates may increase up to 100%
(Pearch and Bjorkman 1983). However, there are

environment,

important metabolic differences between species
and therefore some plants respond more readily
to rises in carbon dioxide than others. In the
case of dune vegetation, there are several things
to consider for carbon dioxide-enhancement:
1) the metabolic response of the plants; 2) the
community response, including competitive plant
strategies; 3) the reaction of species to changing
physical conditions including increased sand
supply to the foredunes and, perhaps, changes
in precipitation and groundwater (Carter 1991).
The major dune forming plants in Puerto Rico and

the Caribbean are C3 plants, such as Sporobolus
virginicus, Spartina patens, Ipomoea pes-caprae,
Canavalia maritima (these last two are creepers)
and it is expected that, if other factors remain
unchanged, that dune grasses will grow more
rapidly as global climate change proceeds. That is
of course if the dune vegetation can adapt to other
climate change-induced ecological adjustments
like burial from
progressive destabilization of dune systems from

sediment accumulation,
sea level rise, increasing drought due to enhanced
levels of evapotranspiration and more competition
for limited nutrients, etc. (Carter 1991). It is
unknown how well the vegetation will respond to
such changes in Puerto Rico, and predictions are
difficult to perform. There is a need for scientific
evaluation and assessment of Puerto Rico’s coastal
vegetation and their responses to climate change.

Tropical Storms and Hurricanes

Puerto Ricowaslargely spared by major hurricanes
during its decades of industrialization after World
War II. In 1995 Bush et al. wrote: “Wind, waves,
storm surge, and overwash are all most severe
during hurricanes, but the majority of today’s
coastal residents and property owners have never
experienced the full force of a hurricane. The
relatively hurricane-free period from the 1960s
until the 1989 brush with Hugo led to an apathetic
disregard of the hurricane menace and increased
development in high-hazard zones” (Bush et al.
1995: 28). However, in the last two decades the
island faced damaging storms. Hurricane Hugo
(a Category 3 storm) passed over the northeast
corner of PR and caused an estimated $1 billion in
damages; Hurricane Georges (Category 2) crossed
the island in 1998, leaving behind 12 dead and
total damages amounting to $2.3 billion (CIER
2007).

The climate projections for Puerto Rico are that
these occurrences will increase in intensity, but



not necessarily frequency (see Working Group 1’s
findings). As these events become more intense,
the rate of beach erosion is likely to increase
(Cambers 1996). Whether beaches recover after
storms by replenishing their sand supply depends
on the conditions of each beach system: (1) the
existence and stability of dune systems; (2) the

presence and proximity of coastal development
and other man-made structures like sea walls and
other hard shoreline structures; (3) the presence
and health of naturally protective features such as
coral reefs, seagrasses, mangroves, eolianites, and
beach rock.

Plants typical of sandy beach habitats in Puerto Rico are:

Sporobolus virginicus (L.) Kunth. (beach dropseed or salt grass)

Paspalum vaginatum Swartz. (sea paspalum)

Spartina patens (Ait.) Muhl. (saltmeadow cord grass)
Cakile lanceolata (Willd.) O.E. Schulz (sea rocket)
Canavalia maritima (Aubl.) Thouars (sea bean)

Ipomoea pes-caprae (L.) R. Br. (beach morning glory)

I. stolonifera (Cyrillo) Poiret (fiddle-leaf morning glory)

Sesuvium portulacastrum L. (sea purselane)

Cenchrus echinatus L. (sandspur)
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Research and Information Needs for

Beach Ecosystems

Inundation Mapping. Accurate mapping of
sea level rise inundation, as well as storm
surge combined with sea level rise inundation
is greatly needed for Puerto Rico. At the
time of this report Puerto Rico is lacking an
official vertical datum (VD) for the islands.
This means that accurate elevation data is
simply not possible to obtain. LIDAR data,
a high resolution data set, exists; however,
without an accurate VD the results of an
inundation analysis will not be suitable for
coastal management. Without an official VD
coastal areas cannot be adequately assessed
for management purposes. Three studies
exist for Puerto Rico to assess sea level rise
on coastal areas using the North American
Vertical Datum (ie., Ciudadanos del Karso
2010; Weiss et al. 2011; Capella 2010). They
are an excellent first step for visualizations
but more accuracy is required for scientific
modelling and management decisions for
beach ecosystems.

Coastal Vegetation Responses. More studies
are needed on possible responses of coastal
vegetation to climate change stressors. In
particular, how will they respond to increased
carbon dioxide in the atmosphere, sea level
rise and associated saltwater intrusion,
ecosystem migration, etc.

Coastal dune geomorphology and response
to sea level rise: The morphology of the dune
systems will be modified as the beach erodes,
the source of sediment decreases and the
energy of the waves reaches farther inland.
The ability of the dune systems to migrate
inland will mainly depend on two factors:
the availability of inland space for the dune
to migrate, which is greatly affected by the
presence of permanent structures landward
of the dune, and the availability of beach
sediment to be transported by the wind
and deposited landward of the beach. Each
site will be different based on these factors

and management alternatives need to be
developed based on site characteristics. An
assessment of current dune morphology
should be conducted to evaluate the present
condition of the dune systems in Puerto Rico
and the factors that may affect the availability
of sediment and dune migration process.

4. Loss of Ecological Functions. Studies on the
consequences of losing ecological functions
from birds and other wildlife as they migrate
away for Puerto Rico’s beaches. For example,
impacts of seed dispersal of coastal vegetation.

5. Beach and Dune Restoration. Studies on best
practices for beach and dune restoration for
ecological functions as well as the protection
of life and property.

6. New Public perception studies: New studies to
assess the perception of the people that live
and/or use the coastal spaces of Puerto Rico
should be conducted. Knowing the way people
think and perceive the coast can facilitate the
development of management alternatives that
consider the priorities and knowledge of local
communities, and the creation of education
programs intended to inform the public
about the importance of coastal processes.
Having an educated community may facilitate
the implementation and maintenance of
management practices.

Summary of Climate Change Impacts

on Puerto Rico’s Beach Systems

Globally it has been shown that 70% of the world’s
sandy beaches are eroding, and dune retreat and
disappearance is widespread throughout the
Caribbean islands, including Puerto Rico. The
beaches of Puerto Rico are coastal resources of
great importance. Including Vieques, Culebra, and
other islets and cays, there are approximately 799
miles (1,285.86 km) of coasts, of which 129.2 miles
(208 km) are beaches. In fact, Puerto Rico has over
300 beaches. Beach erosion is not a dominant
process if there is a balance between the sediment
input and the sediment output in the system under
study. Seasonal changes over a period of several



years followed by significant erosion during a
particular storm event and slow but steady beach
accretion after the storm, characterize systems
with a balanced sediment input and output (ie.
sediment budget). The erosion in the insular
Caribbean is attributed to anthropogenic factors,
e.g. sand mining, and poorly planned coastal
development and man-made structures (i.e., sea
defenses); and to natural causes, such as winter
swells and hurricanes. Anthropogenic or natural
factors induce beach migration to reach a new
equilibrium state sometimes resulting in net
erosion, where the output of sediment is greater
than the input, or total system disruption or loss.
Tropical storms and hurricanes appear to be the
dominant factor influencing the erosion, with
beaches failing to return to their pre-hurricane
levels.

Sea level rise is another causative factor for
dominant beach erosion (i.e., inland migration)
and was recognized as occurring long before the
global attention from climate change discussions.
For many beach systems, as the rate of sea level
increases, the rate of beach erosion will increase.
Where beaches cannot retreat inland because of
other infrastructure or geological features, the
rate of beach disappearance will increase. This
will have implications for related systems such
as dunes, coastal forests and emergent coastal
wetlands. And due to the inter-connectedness
of these systems, impacts to the beaches, impact

other coastal ecosystems, which in turn impacts
the beaches again. Also, as storm events become
more intense, the rate of beach erosion is likely to
increase. Whether beaches recover after storms
by replenishing their sand supply depends on the
conditions of each beach system.

There are many ecological and societal
consequencesofsealevelrise,increasedintensity
of storm events, and increased shoreline retreat.
In addition to the devastating effects on the local
and foreign tourism industry in Puerto Rico
Rico and on the ability of the coasts to protect
life and property (see WG3 report), decreased
beach area will reduce the availability of habitat
for beach fauna and flora, such as sea turtles and
crabs. Additionally, changes in temperature and
carbon dioxide fertilization will affect beach and
dune vegetation affecting flora and fauna as well
as potentially disrupting the sand equilibrium of
beaches. It is unknown how well the vegetation
will respond to such changes in Puerto Rico,
and predictions are difficult to perform.
There is a need for scientific evaluation and
assessment of Puerto Rico’s coastal vegetation
and their responses to climate change, as well
as accurate inundation mapping and studies on
the consequences of losing ecological functions
of birds and other wildlife as they migrate away
from Puerto Rico’s beaches.
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Box I: Puerto Rico's Sea Turtles ina Changing World

OF the seven living species of sea turtles {(Family Chelonicidea and Demorchelidae) found in all the world's oceans, three are known to
nest in Puerto Rico: green turtle (Chelomiv mpdis), hawkshill (Ercimochelys imbricora), and leatherback (Dermochelys coriacea).
Leatherbacks are only found during the nesting season, while hawksbills and greens are found in several life stages near our coasts.
Juvenile loggerhead turtles (Cantta curerra) have been sighted now and again' and two stranding reports of olive ridley turtles
(Lepidochelys olivacea).

Status of Puerto Rico’s Sea Turtles

Turtle populations have been declining, Consequently, all species of sea turtles have been classified as threatened to various degrees.
While the green and loggerhead turtles are considered to be “Endangered”, the hawkshill and the leatherback turtles are dlassified as
“Critically Endangered”.  These terms are used by the International Union for the Conservation of Nature (IUCN) to classify spedies
which have exhibited population declines of more than 50% and more than 8026, respectively, throughout their global ranges over the
course of three generations, which for most species of sea turtle is about 100 vears,

The following summarizes issues affecting sea turtles™;

*  Exploitation and use at the national level; for example, a number of countries in the region have moratoriums protecting sea turtle
populations while some countries continue traditional sea turtle fishing practices;

*  lllegal international trade; despite the fact that trade of this spedes is regulated by the Convention on International Trade of

Endangered Specics;

Predation of eggs by domestic animals;

Lass of nesting habitat (due to erosion caused by storms, sea level rise or sand mining activities);

Loss of foraging areas (e.g. coral reefs and seagrass beds);

Diseases, which appear to be increasing in occurrence.

In Pucrio Rico, all species are protected by national and federal laws. Efforts o assess the conservation status of sea turtles in Puerto
Rico begun on 1984, when the lirst long-term survey was conducted to assess the nesting wrends of hawksbill sea wirtles in Mona Island.
Since then, several collaborators and institutions such as federal agencies, Puerto Rico's government, NGOs and universities have been
involved in the recovery and protection of Puerto Rico's sea wurtles.

The main nesting beaches for hawksbill sea turtles are located at Mona Island Natural Reserve with
approximately 1600 nests in 2010, representing the second mast important rookery for this species in the
insular Caribbean, and in the municipalities ol Humacao, Maunabo, Patillas, Ponce (Caja de Muerios),
Vieques and Culebra. Hawkshill nesting has increased not only on Mona Island, but also at ather sites of
mainland Puerto Rico and on Vieques.

Working Group 2 Report:
Ecology and Biodiversity

The major nesting beaches for leatherback sea turtles in Puerto Rico are located at the north-east of the main
island, in the municipalities of Fajardo, Luquillo, Maunabo, Vieques, and Culebra (Fig. 3). Approximarely
300-1,700 nests of this species are laid each year. Leatherback nesting numbers have been increasing in the

past seasons, except for Culebra Island, where leatherback nesting activities have been decreasing during the

past 7 years (Figure 4).

There are very few reports for green sea turtle nesting activities in Puerto Rico, where the highest nesting
numbers for this species had been reported for Vieques Island, with 400 nests in 2010. Additionally, there is
only one official report for a loggerhead nest in Puerto Rico at Culebrita (a cay near Culebra Island) in the

carly 1980°s. Although, there have been reports of possible loggerheads nesting at Vieques {but not

confirmed).

' 3 sightings of juveniles were found in unhealthy states. The potential in Puerto Rico exists for Loggerheads but no established presence to-date.
* Briutigam and Eckert (2006) provide detailed information on individual species, along with general trends and management issues.




Outcomes and Consequences of Climate Change for Puerto Rico's Sea Turtles

In 2005, the IUCN Marine Turtle Specialist Group identified climate change as one of five key hazards to sea turtles worldwide, making
the issue a high prierity for further study’.

Sea Level Rise

Research was conducted to predict the impact of sea level rise on Caribbean Sea turtle nesting habitat.” The researchers concluded that
nesting habitat lost lrom expected sea level rise would have serious implications for sea turtle populations in the region. Sea level rise is
also expected 1o alfeat ﬁrral-_ljng gmumln, such as seagrass beds, coral reefs and the open ocean.” Further, climate L‘l‘l.angt: is expected 1o
result in more frequent and more intense storms, which in turn, would compound the impacts of sea level rise, furthering eroding and
altering the topography of beaches. The increase in tidal height may also flood eggs from underneath. If the sand is saturated by storm-
driven waves or subsurface flooding and does not drain adequately, the embryos will drown”,

Increasing Temperature

In marine turtles, sex is determined by temperature in the middle third of incubation with female offspring produced at higher
temperatures and males at lower temperatures within a thermal tolerance range of 25-35°C°, A mixture of sexes is produced within
the threshold range of temperatures with 50%% of either sex at a *pivotal temperature’ S A Caribbean sea wrtle study found that
measurements in both the sand and the clutches laid by hawksbill wirtles at Pasture Bay, Amigua, show that for importamt parts of the
nesting season temperatures are already above the level producing 50% of each sex (pivotal level); and it was estimated that fewer
males were produced in 2003 than in the previous yearg."' On Mona Island, Puerto Rico, several studies have indicated a slight increase
in sand temperatures and, therefore, hawksbill nest temperatures as well.f Long term studies at Mona Island to assess pivotal
temperatures and hatchling sex ratios’, as well as beach profiles and sand and nest temperature for the main leatherback nesting beaches
at Culebra Island are being conducted. Species such as the hawkshill turtle, which nest under the vegetation and in tropical beaches,
may not be as allected as other species such as leatherback, green and loggerhead wrtles which nests are laid exposed in the beach. In
general, it is not clear precisely how great the effects of climate change on sea turtle reproduction will be. Comprehensive long-term
data sets are needed to fully research the matter; and until then, how sea turtles will respond to climatic change remains a matter of

speculation.

The long distance movement of marine turtles is one of the wonders of the natural world, with recapture techniques showing how some
species move thousands of kilometers across the ocean.” Research suggests that migration routes are strongly influenced by two
lactors: sea surface temperature and chlorophyll concentrations.” As such climate change has the potential to impact migratory

patterns of sea turtles,

Temperature increases can affect severity of infection'’ and may also increase outbreaks of disease in sea wirtles. Moreover, many
disease outhreaks peak during El Niiio events, suggesting a sjgnificnnt climatic influence on the interactions among hosts, pathogens, and
the environment. Unusually warm or cold sea surface temperatures can displace food sources, reduce host defenses and alter the

growth of disease pathogens,
Other climate change outcomes for Puerto Rico’s sea turtles

Intense rains and fooding (extreme weather events) can provide pulses of nutrients, chemical pollutants and pathogens, all of which can
promote disease outhreaks, in addition to the increasing temperatures. As listed in other sections of this report, sea turtle feeding
grounds may be affected by climate change since green turtles and hawkshill wurtles depend on sea grass beds and coral reels ecosystems

for food.,
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Introduction to Wetlands and their

Ecosystem Services

Since 1970, the U.S. Army Corps of Engineers
(Corps) and the U.S. Environmental Protection
Agency (EPA) have defined Wetlands for
regulatory purposes (Section 404 of the Clean
Water Act) as “..areas that are inundated or
saturated by surface or ground water at a
frequency and duration sufficient to support, and
that under normal circumstances do support, a
prevalence of vegetation typically adapted for life
in saturated soil conditions. Wetlands generally
include swamps, marshes, bogs, and similar
areas.” The Ramsar Convention on Wetlands and
Waterfowl (1971, as amended) defines wetlands
as areas that “..include a wide variety of habitats
such as marshes, peatlands, floodplains, rivers
and lakes, and coastal areas such as saltmarshes,
mangroves, and seagrass beds, but also coral reefs
and other marine areas no deeper than six metres
at low tide, as well as human-made wetlands such
as waste-water treatment ponds and reservoirs.”
Among the most widely accepted definitions is
that of Cowardin et al. (1979), adopted by the U.S.
Fish and Wildlife Service, “Land where an excess
of water is the dominent factor determining
the nature of soil development and the types of
animals and plant communities living at the soil
surface. It spans a continuum of environments
where terrestrial and aquatic systems intergrade.”
These definitions comprise three main aspects -
water, soil, and organisms - which are accepted by
wetland scientists as the basis for recognizing and
describing wetland environments. The three basic
components of wetlands are summarized below
(Schot 1999, Charman 2002):

WETLANDS

1. Ground water -- Ground water (water table
or zone of saturation) is at the surface or
within the soil root zone during all or part of
the growing season.

2. Hydric soils -- Soils are characterized by
frequent, prolonged saturation and low oxygen

content, which lead to anaerobic chemical
environments where reduced iron is present.

3. Specialized vegetation -- Plants adapted for
growing in standing water or saturated soils.

Water quality is not specified--salinity varies
from fresh, to brackish, to marine, to hypersaline.
Acidity may span the entire range of naturally
occuring pH values. Depth of standing water in
pools and hollows is usually too deep to walk
through but too shallow to swim in. However,
tidal flats are flooded daily, and many wetlands
experience deeper floods from time to time.
Emergent vegetation ranges from heavily forested
swamps to nearly bare playas and mudflats.

In Puerto Rico, the most widely used classification
system is Cowardin 1979. This system was
developed by the U.S. Fish and Wildlife Service
and establishes two basic types: coastal (tidal or
estuarine wetlands) and inland (also known as
non-tidal, freshwater, or palustrine wetlands).
Working Group 2 members of the PRCCC
recommended evaluating potential affects of
climate variability and change for coastal or
tidally influenced wetlands as well as those
riverine, palustrine wetlands (non-tidal) which
due to their geographic location may be impacted
by air or water temperature increase, increase in
salinity, increase in sedimentation due to runoff,
as well as increase in salinity due to sea level rise
and increased coastal inundations. This section is
the first attempt to do so.

Eight basic wetland types are recognized in
Puerto Rico based on studies completed by the
U.S. Army Corps of Engineers (U.S. Army Engineer
Waterways Experiment Station 1978) but only
seven are relatively common:

1. Saltwater aquatic - Plants dominate in
this type of wetland and may be floating
or anchored to the bottom by roots. This
type of wetland is permanently flooded by
salt or brackish water. Seagrass beds are an



example of this type of wetland (but, due to
their importance, seagrasses are discussed
in a separate section). Other examples are
submerged flats covered by macroalgae or
mudflats.

Saltwater flats - Wetlands with a vegetative
cover of 25% or less. These wetlands are
flooded by saltwater during high tide. Salt
flats that are found in many coastal areas,
often associated with mangrove forests, are an
example of this type of wetland.

Saltwater marsh - Wetlands with 25% or
more vegetative cover of which less than
40% of the plants are trees or shrubs. These
wetlands are regularly or occasionally flooded
with salt or brackish water. This type of
wetland is very common in the U.S. but not
in Puerto Rico. Wetlands of this type that are
found in Puerto Rico are dominated by ferns
or succulent plants and are located behind
mangrove forests.

Saltwater swamps - Wetlands with more
than 40% cover of trees and shrubs. These
wetlands are flooded occasionally or regularly
by saltor brackish water. The mostwell-known
example in Puerto Rico is the mangrove forest.

Freshwater aquatic - The dominant
vegetation in this type of wetland is floating or
anchored to the bottom by roots. These areas
are permanently or almost always flooded.
These wetlands are associated with creeks
and rivers, lakes and ponds, and channels and
reservoirs.

Freshwater marsh - Plants cover more than
25% ofthe area within this type of wetland and
trees and shrubs cover less than 40% of the
area. These wetlands are flooded occasionally
or regularly. An example of a shallow
freshwater marsh is a marsh dominated by
species of grass adapted to wet conditions
like juncos. Another example is a deep marsh
where the most common species is cattails

and water lilies or other floating species are
found in deeper areas of the marsh.

7. Freshwater swamp - Trees or shrubs cover
more than 40% of the area within these
wetlands. These wetlands are flooded by
freshwater occasionally or regularly. In
addition to the trees that grow in these areas,
many epiphytes (plants that grow attached to
other plants for stability) and vines grow in
freshwater swamps. Itis likely that this type of
wetland was more common in the coastal zone
of Puerto Rico in the past but the conversion of
lands for agricultural use, the cutting of trees
for wood, and fires set by people to clear land
have caused a drastic decrease in the size of
these wetlands.

Emergent coastal wetlands are wetlands that
emerge above sea level and are influenced by
astronomical tides. They include tidal freshwater
marshes, salt marshes, mangrove swamps,
and tidal flats. Tidal freshwater marshes are
found upstream of estuaries where the tide
still influences water level, but the water is
predominantly fresh. Brackish and salt marshes
are found closer to the coast and are subjected to
periodic flooding by the sea. Mangroves represent
a large variety of plant families that have genetic
adaptations which enable them to colonize saline
coastal environments (Field 1995). Tidal flats are
depositional formations found near estuaries and
in front of mangroves.

Emergentcoastalwetlands, specificallymangroves,
provide many important ecosystem services, such
as sequestering carbon and mitigating against
possible disasters. Coastal wetlands and marine
ecosystems hold vast stores of carbon. Occupying
only 2% of seabed area, vegetated wetlands
represent 50% of carbon transfer from oceans
to sediments. This carbon may remain stored in
buried sediments for millennia. Loss of coastal
wetlands and marine ecosystems sch as peatlands,
forested tidal wetlands, tidal freshwater wetlands,
salt marshes, mangroves, and seagrass beds lead
to decreased carbon sequestration and can also
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lead to emissions of large amounts of CO, directly
to the atmosphere. Mangroves are important
carbon sinks, and sequester approximately 25.5
million tons of carbon every year. They also
provide more than 10% of essential dissolved
organic carbon that is supplied to the global ocean
from land (Spalding 1997).

Carbon sequestration can be defined as the
capture and secure storage of carbon that
would otherwise by emitted to or remain in the
atmosphere, or to prevent, carbon emissions
produced by human activities from reaching the
atmosphere, by capturing and diverting them
to secure storage. It is through this process that
agriculture and forestry practices remove CO,
from the atmosphere (Melkania et al. 2007).
Wetlands are a major sink of carbon dioxide.
Wetlands’ low decomposition rates associated to

capacity, better soil structure, improved soil
quality and nutrient cycling, and reduced soil
erosion (Derner and Schuman 2007). Figure
5 provides a list of other ecosystem services
provided in Puerto Rico by wetland ecosystems,
such as contaminant retention from land-based
sources of pollution, servicing as nursery areas for
recreationally and commercially-important fish
species, tourism value, and cultural and mental
well-being from aesthetically pleasing viewsheds.

Mangroves are wetland systems that have
particularly tremendous social and ecological
value. The annual economic value of mangroves,
estimated by the cost of the products and
services they provide, has been estimated to be
$200,000 - $900,000 per hectare (Wells et al.
2006). The majority of the human population in
the world is concentrated in coastal areas which
are more vulnerable to natural
disasters such as floods, wind
generated waves, tsunami, and
storm surges (Ramesh and
Ramachandran 1999). Although
mangrove ecosystems provide
various services, the most
important service provided by
mangroves is the protection
against coastal disasters and
tsunamis (Rabindra Osti et al.

i of oo '] .
R Protection of coasta Nursery areas benefit P increase recreation and
Qs communitles irom Hoods, recreational -

tourism values
storm surges. and tsunami and commarcial fishing

Retention of nutrient - Culivral values and rmenlal
runaff well-being from assthetically
pleasing viewshed

2009).

Protection al public
infrastrecture like roads
andd parks {rom floods,

Generally, it is thought that
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el epd i AW TR AL mangroves prevent coastal
: Contaminant retention from coz erosion’ and act as a barrier
"I!I land-based sources of Carban seguestration .
« Pollution {including against typhoons, cyclones,
ted sedi f q .
e hurricanes, and tsunamis,

Inland development)

Figure 5 Ecosystem Services of Wetlands in Puerto Rico

anaerobic soils “slow down” the increasing rates of
carbon dioxide emissions in Earth’s atmosphere.
Increased carbon dioxide levels globally also
results in higher primary productivity in most,
if not all, wetlands. This “CO_-fertilization” effect
could enhance the standing stock of carbon
in the ecosystem (Mitra et al. 2005). Carbon
sequestration also provides associated ecosystem
co-benefits such as increased soil water holding

helping to minimize damage

done to life and property

(Upadhyay 2002; Dahdouh-
Guebas 2006; Pearce 1996; Mazda, Y et al
1997), although the use of coastal vegetation
as a “bioshield” against extreme events like
large storm surges and tsunami is still under
investigation in the scientific literature (Feagin
et al. 2009 ). Mangrove tree species that inhabit
lower tidal zones can block or buffer wave
action with their stems, which can measure 30
meters high and several meters in circumference



(Dahdough-Guebas 2006). Mangroves defend the
land from wind and trap sediment in their roots,
maintaining a shallow slope on the seabed that
absorbs the energy of tidal surges (Pearce 1999).

Mangroves protect the coast against waves,
currents and storms and from coastal erosion.
They are like live sea walls, and more efficient
than concrete wall structures (Kathiresan, 2000).
Some of the mangrove species, such as Rhizophora
(or the red mangrove) act as a physical barrier
against tidal and ocean influences and shields the
coast by means of their large above-ground aerial
root systems and standing crop (Dabdouh-Guebas
et al. 2005). It is also found that these mangroves
species seem to act as a protective force towards
this natural calamity (McCoy et al. 1996).

In India and the Phillipines, villagers tell how
they have been protected from tsunamis, cyclones
and other natural disasters in locations where
mangroves are intact, but suffer where mangroves
have been converted to shrimp farms or were lost
due to human activities (Dahdouh-Guebas et al.
2005; Walters 2004). In Viet Nam mangroves have
been observed to limit damage from tsunamis and
cyclone waves and have led to large savings on
the costs of maintaining sea dykes (Asian Wetland
Symposium 2006). Remains of rows of mangroves
planted by Maoris can still be seen in New Zealand
to stabilize the coast indicating that mangroves
helped in coastal protection (Vannucci, 1997).

Wave energy of tsunamis may be reduced by 75%
if the waves pass through 200 meters of mangrove
(Massal et al. 1999). It has also been found that 1.5
km belt of mangrove may be able to reduce entirely
a wave one meter high (Mazda et al. 1997). It has
been reported in literature that mangroves even
protected villages and reduced death toll during
floods and cyclones (Das and Vincent 2008). The
benefits of mangroves for shoreline protection
and storm damage control have been estimated to

run into tens of thousands of dollars per km? in
Sri Lanka and Malaysia. Studies carried out in Viet
Nam show that the value over time of mangroves
in protecting against extreme weather events lies
around US$55,000 per km? (IUCN 2006).

It has been reported in the literature that
mangroves reduce cyclone impact by dissipating
wave energy and decreasing the impact caused
due to cyclone (Badola and Hussain 2005;
Fosberg 1971). Das and Bellamy (2007) also
concluded that mangroves played an effective role
in providing protection against cyclones. In one
study by Narayan et al (2010) it was concluded
that the mangroves have a definite positive effect
on the ports in terms of wave attenuation. From
studies done world wide it has been concluded
that cyclone impacts have been greatly lessened
and losses in life and property damage would
have been avoided if healthy mangrove forests had
been conserved along coastlines (ASEAN 2009).

Other ecological and socioeconomic values
of mangrove ecosystems are well known
and increasingly recognized. Well-protected
mangroves provide valuable life support
services such as fisheries nurseries and habitat,
coastal protection, or water quality services
yielded. Mangroves also play a vital role in the
interconnected nature of coral reefs, mangroves,
forests, and sea grasses, which provide joint
benefits to human populations. In turn, these
economic benefits accrue to local, national
and global populations. The economic costs of
mangrove ecosystem loss and degradation is
expected to be felt the hardest by the economically
disadvantaged coastal communities, specificially
due to their limited options for alternative
livelihoods and coping capacity against hazard
events.
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Status of Wetlands Worldwide, in the

Caribbean, and in Puerto Rico

Worldwide

Between 1980 and 2005, 35,000 km? of
mangroves were cleared and drained; about 20%
of the total area of mangroves was lost (Spalding
etal. 2010). Coastal wetlands are under direct and
increasing threat from land use changes pressures
(Coleman et al. 2008), from indirect impacts of
upstream disruption to sediment supply, and
from development pressures and rising sea level
at the coast. Altered sediment supply exacerbate
sea level rise, with local rates commonly twice,
and in some locations as much as 10 times
global rates (Syvitski et al. 2009). Large areas of
coastal wetlands worldwide have been drained
and converted to other uses. Seagrass beds have
declined by 29% since the 19" century, and the rate
of loss is estimated to have increased by an order
of magnitude in the past 40 years (Waycott et al.
2009). Salt marshes and freshwater tidal marshes
have lost more than 50% of their historical global
coverage, with the current rate of loss estimated
at 1-2% per year (Secretariat of the Convention on
Biological Diversity 2010).

Caribbean Wetlands

Emergent coastal wetlands, particularly mangrove
forests are widespread and an important
resource in the insular Caribbean (Spalding et al.
1997). Despite the attempts to protect them by
implementing coastal management and planning
programs and declaring them Wetlands of
International Importance or Ramsar sites, there
is still a net loss of mangroves and salt marshes
in the insular Caribbean (Bacon 2000). Of the
195 wetland sites investigated by Bacon in 1991,
some 47% showed evidence of serious resource
degradation resulting from human impact and all
sites showed some damage (Bacon 1991; 1995).
A range of impacts were identified with the most
important being:

¢ Landfill and solid waste dumping;

e Vegetation clearing, particularly unregulated
cutting for timber or charcoal production;

e Reclamation for agriculture, including some
fish pond construction;

e Hydrological alteration, particularly by
roadways or flood diversion schemes;

e Pollution by factory and domestic effluent.
Puerto Rico’s Wetlands

Lugo and Cintron (1975) classified the Puerto
Rican mangroves into two groups based on
climate and other criteria. The northern-coast
mangroves are subject to high wave energy, high
precipitation, and river runoff. The southern-
coast mangroves are subject to low wave energy
regime, low precipitation and low river runoff, if
any. Basin and riverine mangroves predominate in
the northern-coast type mangroves, while fringe
mangroves predominate in the southern-coast
type mangroves. All types are subtropical (sensu
Holdridge), and subject to the same temperature
regime. According to the 1989 National Inventory
of Mangroves for Puerto Rico (Torres Rodriguez
1994), there are 97 “mangrove sites”, or places
where mangrove ecosystems occur around the
island; these sites typically contain various
fragments of mangrove forest. Mangroves
cover about 1,900 ha in northeastern Puerto
Rico and account for 22% of all of the island’s
mangrove forests. The largest remaining areas
are found east of the Rio Espiritu Santo, in the
Las Cabezas Reserve, in the Ceiba Forest, and at
Roosevelt Roads. These mangroves are typically
characterized as: Rhizophora mangle dominated
stands on coastal and estuarine fringes; Avicennia
germinans and Laguncularia racemosa in basins
as pure or mixed stands; or Conocarpus erectus
and the shrub Suriana maritima in mixed stands.
Species richness is very low. Mangrove forest
structure is strongly affected by salinity, nutrient
availability, and storm disturbance. Typical mixed
mangrove  Laguncularia  racemosa-Avicennia
germinans associations growing at the Las
Cabezas Reserve and Roosevelt Roads areas had
canopy heights of 12 m, stem densities (stems =



10 cm) of 344 stems ha-1, and relatively low basal
area (15 m2 ha-1) and aboveground biomass (57 t
ha-1) (Gould et al. 2006).

Mangrove forests have gone through a period of
decline and partial recovery related to human
activities such as altered hydrology for agricultural
practices, urbanization, and the implementation
of conservation activities (Martinuzzi et al.
2009). Martinuzzi et al. (2008) used historical
information and long-term landscape analyses
to relate land use changes over the last 200
years. The population density of Puerto Rico has
undergone dramatic increases in the last 200
years from about 50 people/km? to more than
400 people/km?. Four distinct eras of mangrove
change were visible over this time period. During
the agricultural era (1800-1940) the area of
mangroves declined 45%. As the economy
changed to industrial in the late 1940s, the area
of mangroves increased due to reduced land use
pressure on these wetlands. However, with urban
expansion between 1960s and 1970s, another
decline was evident. Public concern for mangrove
conservation resulted in the legal protection of
all the mangroves in 1972, and since then their
area has expanded. Between 1977 and 2002 the
mangrove coverage in Puerto Rico increased by
12% from 7,443 hectares to 8,323 hectares. This
study also found that past human activity altered
the original proportion of mangrove species. The
area of mangroves increased in rural and urban/
rural sites, but not in urban ones. In urban sites
the mangroves decreased by 2%. The number and
size of mangrove-forest fragments were impacted
by land use, and urban areas had fewer and
smaller fragments than vegetated areas. Fifty five
percent (55%) of today’s mangroves are located
in rural sites, thirty eight percent (38%) in urban/
rural sites, and seven percent (7%) in urban sites.
In addition, fifty nine percent (59%) are located
in protected sites, or within reserves, twenty six
percent (26%) are in partially protected sites, or
sites that are partially included within reserves
and fifteen percent (15%) are in non-protected
sites, or outside of reserves.

Outcomes and Consequences
of Climate Change on Wetland

Ecosystems

Climate modeling studies generally estimate that
thatglobaltemperaturewillriseafewdegreesinthe
next century (see Working Group 1 report). Such
warming is likely to raise sea level by expanding
ocean water, and melting glaciers and portions
of the Greenland Ice Sheet (Titus and Narayanan
1995). Warmer polar ocean temperatures could
also melt portions of the Ross and other Antarctic
ice shelves, which might increase the rate at which
Antarctic ice streams convey ice into the oceans
(Titus and Narayanan 1995). The dynamics and
evolution of wetlands along the coasts is strongly
influenced by the gradual rise of sea level that
has occurred during the last half of the Holocene
period and continues to the present. Rising
sea level drives wetland evolution by changing
the hydrology, hydrodynamics, and sediment
dynamics of the coastal zone (Nuttle et al. 1997).
When wetland elevation is low relative to sea
level, frequent inundation by tides enhances the
supply of suspended sediment and nutrients
to the wetland. This stimulates accretion by
sedimentation. As well, the enhanced nutrient
supply supports abundant growth of vegetation,
and this contributes to accretion through the
production of roots and rhizomes and by trapping
suspended sediment for incorporation into new
wetland sediment. If the elevation of the wetland
increases relative to sea level, tidal inundation
becomes less frequent; accretion slows; and
the rate at which wetland elevation increases is
reduced (Nuttle et al. 1997).

Our current understanding of how wetlands will
respond to sea level rise is the prediction that they
will either migrate landward or be lost, according
to the Brinson etal (1995) model of coastal habitat
migration. According to Titus and Narayanan
(1995), there is a 10 percent chance that climate
change will contribute 30 centimeters (cm) by the
year 2050, 65 cm by the year 2100, and two (2)
meters (m) by the year 2200.
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Global climate change is expected to exacerbate
the loss and degradation of mangrove forests and
the loss or decline of their species, and to harm the
human populations dependent on their services
(Millennium Ecosystem Assessment, 2005).
Coastal wetlands in Small Island Developing States
are especially vulnerable to impacts from relative
sea level rise since they have a limited capacity to
adapt, including limited space to accommodate
landward migration of mangroves and other
coastal ecosystems. After surveying over 200
coastal wetland sites in the insular Caribbean,
Bacon (1994) suggests that responses to sea level
rise would be quite variable since there is a wide
range of wetland types and geomorphic settings
in the region.

Sea Level Rise

Salt water and tides combine to create an
environment in which most plants, except salt-
tolerant species (halophytes), cannot survive.
Mangrove swamps, dominated by halophytic
shrubs or trees, are common in warm climates
such as southern Florida and Puerto Rico. Tidal
freshwater wetlands form in upstream coastal
areas where the influence of salt water ends.
Under natural conditions, coastal wetlands adjust
to rising seas and changes in local storm patterns,
but climate changes and human activities
that alter natural conditions disrupt wetland
hydrology, biogeochemical cycling, and other
processes that sustain wetlands (Morris et al,,
2002). The potential effects from rising sea levels
on mangroves are:

e Probable loss of total mangrove areas due
to erosion of the seaward margin of the
mangroves and loss of protective lagoon bars
and sea barriers;

e Relocation and migration of mangroves
inland, rather than overall loss. This landward
migration can be obstructed if the landward
margin of the mangrove area is steep or if
there are seawalls and other developments
(coastal squeeze), thereby reducing the areas
of coastal ecosystems;

e Change in mangrove forest structure.
Landward replacement of black mangrove
(Avicennia) by red mangrove (Rhizophora) and
possible increased growth and productivity
of the mangrove areas from carbon dioxide
fertilization;

e Increase in mangrove area and changes to
associated wetland community types and
distribution. Saline intrusion into inland
freshwater wetlands and rejuvenation of
salinas and scrub mangrove sites.

Mangrove forests in the Insular Caribbean are
of four main functional types (Lugo & Snedaker,
1974) based on edaphicand hydrologic conditions:
riverine, fringe, basin and scrub. Bacon (1994)
stressed the importance of site-specific analysis
and recommended that more attention be paid
to site physiography, hydrology and ecology in
predicting responses of tropical coastal wetlands
to sea level rise. For instance, among the most at-
risk wetland ecosystems are mangroves, but the
good news is that not all coastlines with mangrove
forests are projected to experience negative
impacts to sea level rise. Mangrove ecosystems on
low relief islands and those deprived of sediment
are especially vulnerable. In contrast, mangroves
with ample sediment supplies and/or room to
move inland are likely to survive projected rates
of sea-level rise (McLeod and Salm 2006:6). If
the sedimentation rate keeps pace with local
rising sea level, mangrove forests could remain
largely unaffected (Snedaker, 1993; Ellison,
1996). Mangroves have demonstrated different
tolerances to changes in sea level, salinity, and
storms (McLeod and Salm 2006:6). However,
their ability to migrate landward or seaward
is also determined by local conditions, such as
infrastructure (e.g., roads, agricultural fields,
dikes, urbanization, seawalls, and shipping
channels) and topography (e.g., steep slopes).
If inland migration or growth cannot occur fast
enough to account for the rise in sea level, then
mangroves will become progressively smaller
with each successive generation and may perish
(UNEP 1994).



Changes in Salinity

Increases in salinity can be due to sea level
rise, groundwater depletion owing to reduced
freshwater flux, ground water extraction, or
reduced rainfall. This can result in reduced
seedling survival and growth, and decreased
photosynthetic capacity (Ball & Farquhar, 1984).
Loss of freshwater wetlands with saline intrusion
is documented in Florida (Ross et al, 1994). More
information on changes in salinity and wetlands is
provided in the section on precipitation changes
and wetlands.

Increased Temperature

Temperature affects the growth, survival,
reproduction, and distribution of plants and
animals. Through its effects on basic metabolic
processes such as respiration, photosynthesis,
budburst, egg laying, and food availability, an
increase in temperature could, in theory, alter
biological diversity at every level in the food web.
As air and water temperature increase, species
ranges will likely expand toward environments
that are presently cooler (IPCC 2007a; Parmesan
and Yohe 2003). If dispersal capabilities are
limited or suitable habitat is not available, local
extirpations and extinctions are likely to occur
(Thomas et al. 2004). Increased temperatures
in terrestrial habitats will reduce streamflow
and alter water quality into deltas, estuaries and
in coastal regions, causing addition change and/
or degradation of coastal ecosystems. However,
mangroves are not expected to be adversely
impacted by the projected increases in sea surface
temperature (Field 1995 as cited in McLeod and
Salm 2006). Most mangroves produce maximal
shoot density with mean air temperature rises to
25° C and stop producing leaves when the mean
air temperature drops below 15° C (Hutchings
and Saenger 1987). At temperatures above 25°
C, some species show a declining leaf formation
rate (Saenger and Moverly 1985). Temperatures
above 35° C have led to thermal stress affecting
mangrove root structures and establishment of
mangrove seedlings (UNESCO 1992; Banus, 1983).
At leaf temperatures of 38.0 - 40.0° C, almost
no photosynthesis occurs (Clough et al. 1982;

Andrews et al. 1984 as cited in McLeod and Salm
2006). Combined with higher atmospheric carbon
dioxide levels, increased temperature is expected
to increase mangrove productivity, by increasing
growth and litter production and expansion of
the geographical range of some species (Ellison,
1996 as cited in McLeod and Salm 2006). Some
scientists have suggested that mangroves will
move poleward with increasing air temperatures
(UNEP 1994; Field 1995; Ellison 2005). Although
it is possible that some species of mangrove will
migrate to higher latitudes where such range
extension is limited by temperature, Woodroffe
and Grindrod (1991) and Snedaker (1995)
suggest that extreme cold events are more likely
to limit mangrove expansion into higher latitudes.

Increased Carbon Dioxide

Plants respond to higher carbon dioxide
concentrations (CO,) with increases in net
photosynthesis and water use efficiency, leading
to greater productivity. This “CO,-fertilization”
effect could affect the standing stock of carbon in
the ecosystem. Some plants are more responsive
to increases in CO, —these are called C3 species.
C4 species are less responsive to CO, because
they are already quite efficient at capturing CO,,.
Because of species differences in sensitivity to
CO,, the composition of a wetland is one factor
that will determine whether increases in CO, will
have an effect or not. One simple prediction is that
C3 species will increase in abundance relative to
C4 species in a mixed community as CO, increases.
Mangrove stands would remain under this
scenario due to lack of competition.

Increased levels of CO, are expected to enhance
photosynthesis and mangrove growth rates
(UNEP 1994). For example, increased levels of CO,
significantly increased photosynthesis and the
average growth rates in two Australian mangrove
species, Rhizophora stylosaand Rhizophora apiculata,
but only when grown at lower salinity levels (Ball et
al. 1997). Additionally, it is expected that there will
be an increase in productivity in mangroves and
more efficient water use due to reduced stomatal
conductance (Warrick et al, 1987).
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Precipitation Changes

Changes in precipitation and run-off patterns
appear likely as climate change intensifies, but
the uncertainties are large. Changes in freshwater
runoff patterns can affect coastal and estuarine
biota through several pathways. If freshwater
flows to the coast decrease or the timing of
freshwater runoff to estuaries changes, the
salinity of coastal wetlands and estuaries is likely
to increase. The distribution of coastal biota is
closely linked with salinity of water and soils.
Few studies have documented the interactions
between runoff, salinity, and species distribution.
Earlier and faster snowmeltin temperate and polar
regions due to increasing global temperatures
signify changes in freshwater and nutrient
delivery to the coast from meltwater-dominated
watersheds. Changes in the timing of freshwater
runoff to estuaries could affect the productivity
of many estuarine and marine fishery species
(Nicholls et al. 2007). Changes in runoff can also
affect sediment delivery, which has important
implications for coral reef ecosystems. Freshwater
inflows into estuaries influence water residence
time, vertical stratification, salinity, control of
phytoplankton growth rates, and the flushing of
contaminants in estuaries. In estuaries with very
short water residence times, phytoplankton are
generally flushed from the system as fast as they
can grow, reducing the estuary’s susceptibility
to eutrophication and harmful algal blooms.
Wetland response to climate change depends on
local interactions between sediment and organic
matter accumulation, hydrology, subsurface
processes, and storm events (Reed, 1995; Cahoon
et al. 1995). Over the past several decades, water
management systems (i.e., Valle de Lajas- Laguna
de Guanica and Cafio Tiburones), urban sprawl
and the increased frequency and intensity of
storms have altered the timing and amount of
sediment delivered to wetlands.

Changes in rainfall patterns caused by climate
change may have a profound effect on both the
growth of mangroves and their areal extent
(Field 1995; Snedaker 1995). It is known that
during long-term droughts some mangrove
forests contract while salt flats expand (Cintron

et al. 1978). Decreased precipitation results in
a decrease in mangrove productivity, growth,
and seedling survival, and may change species
composition favoring more salt tolerant species
(Ellison 2000, 2004). Decreased precipitation
and increased evaporation is also likely to result
in a decrease in mangrove area, decrease in
diversity, and projected loss of the landward zone
to unvegetated hypersaline flats and a decline in
growth rates (Ellison 1996; Snedaker 1995).

On the other hand, increasing precipitation may
allow for a greater accumulation of sediment
and organic matter from runoff resulting in an
increased elevation of mangroves (which in turn
might help the mangroves adapt to sea level
rise). Greater amounts of rainfall could increase
mangrove area, diversity of mangrove zones, and
mangrove growth rates in some species (Field
1995). Increased precipitation may also allow
mangroves to migrate and outcompete saltmarsh
vegetation (Harty 2004). Increased rainfall should
resultinreduced salinity and exposure to sulphates
and an increase in the delivery of terrigenous
nutrients. The extent of mangrove areas can be
expected to increase with increased rainfall, with
colonization of previously unvegetated areas at
the landward fringe. The diversity of mangrove
zones and growth rates should increase (Ellison
1996).

Tropical Storms and Hurricanes

Large storm impacts have resulted in mass
mortality in 10 Caribbean mangrove forests in
the last 50 years (Jimenez et al. 1985; Armentano
et al. 1995). Studies in Anguilla before and after
Hurricane Luis in 1995 showed that the mortality
rate of the mangroves varied between 68 and 99%
as a result of the category 4 hurricane (Bythell et
al. 1996). Cahoon et al. (2003) demonstrated that
mass mangrove mortality in Honduras caused
by a hurricane led to peat collapse which slowed
recovery rates following the disturbance. Model
projections of South Florida mangroves suggest
that an increase in hurricane intensity over the
next century is likely to result in a decrease in
the average height of mangroves (Ning et al.
2003). Major storms can also lead to a change



in community structure based on a differential
response to damage from the storm. Roth (1997)
suggests that species proportions may shift
because they have different rates of regeneration.
Projected increases in the frequency of high water
events (Church et al. 2001, 2004) could affect
mangrove health and composition due to changes
in salinity, recruitment, inundation, and changes
in the wetland sediment budget (Gilman et al.
2006). Storm surges can also flood mangroves
and, when combined with sea-level rise, lead to
mangrove damage or mortality. As previously
mentioned however, depending on the speed of
change mangrove systems may be able to cope
with increasing sea levels and storm surges by
migrating inland. Flooding, caused by increased
precipitation, storms, or relative sea-level
rise may result in decreased productivity,
photosynthesis, and survival (Ellison
2000). Inundation of lenticels in the aerial
roots can cause the oxygen concentrations
in the mangrove to decrease, resulting
in death (Ellison 2004). Inundation is
also projected to decrease the ability of | ..
mangrove leaves to conduct water and to
photosynthesize (Naidoo 1983).

Adaptive Capacity of Wetlands

The ability of wetlands to migrate inland
to areas of decreasing tidal inundation
along undeveloped shores is one way
coastal wetlands can persist in spite of
rising seas (Ross et al. 2000). However,
in many areas coastal development just
above the extreme high tide line has
limited or eliminated opportunities
for wetland migration, a phenomenon
that has been labeled “coastal squeeze”
(Twilley 1997). The maximum rate that
wetlands can migrate into available inland
areas is unknown relative to projected
changes in sea level over the next century.
Nonetheless, the vulnerability of coastal
resources and infrastructure to sea-
level rise can be expected to increase as
both human development and climate
change progress (Twilley et al. 2001). Assessing
mangrove vulnerability to climate change, and in

Least

Vulnerability

Vulnerable

Vulnerable

particular sea level rise, needs to be done at the
local level since vulnerability is site-specific. To
build resilience into mangrove conservation plans,
managers need to identify and protect mangroves
that more likely to survive sea level rise. Table 2
provides an assessment of mangrove vulnerability
tosealevelrisebased on environmental conditions.
To assess the adaptive capacity of Puerto Rico’s
mangroves site assessments would need to be
conducted using the environmental conditions
presented in the table, such as whether there is
sufficient sediment and freshwater sources, and
whether the mangroves are being “squeezed”
between coastal development and sea level and
therefore unable to migrate inland.

Local Conditions Explanation

- low rates of sedimant and peat sccretion,
pariiculariy vulnerable (o sea-ével rise because
they are subject 1o drought and wave srosion

= axpacted (o éxperience incheased fiooding
Inundation and sainization of soils and
freshrwaber (Shea ol al. 2001)

Low rolied islands

Lack of rivers - lmck of sediment and freshwater

- aftan associalsd with atolls and slands, whare
landwand migration io escape sea-level fise may
net be possibie

- sediments ane mostly localty derved

Carbonate setlings

Areas subsiding due 1o tectonic
movemants, groundwater
aitraction, of undarground mning

= will Bxparience haghar sag-level rss and
Inundation

Micro-tidal sediment starved
anvironments {small Caribbaan
skands) (ENison 1983)

« lmek of sediment will lead 1o decreassd
geographic distribution and species diversity of
mangroves (Howghion et al. 2001)

Margemstocs o et o i when e v

- shnucturally sirongar than MANQrorvas shalow
sademant on kw Blands (Gdison 1080) and &8
wulnarable 10 siom BUMges than low islands
{UNER {204)

= high islands will ba Datier adapied 1O survive
predictad cmats changes dus o Hryear BErgEr
surlace arsas, reshvaater availlabiity, betier so8s
and mone diverts resources I:S-'hhiﬂ al 2001)

Kangroves in deep sediment on
high slands

= (S8l [arge amounts of sediment from ofher
aneas (WoodroMe and Grindrod 1881)

= most productive mangrove habiats dus o high
AUANem concanirations associated wilh sedmant
trapping (Ewel &t &l 1998)

Rivaring mangroves

Macro-adal sedimant nch - @ccess bo sediment and strong tidal cuments io
EMVITOMMBNtS (MEngIaves in radmbnbute sadiman (WeoadnoMe and Grindrod
nofmham Ausiraia) 1881}

Mangroves with noom (o move
lanchwand {backad by low-ling
areas, salf flats, undevalopad
areas)

- hiave the oppanunily o expand inland whsn sea
leved rigas

- have imitad anthropegenic stresses and not
blocked by coastal communithes fnom meving
landward

Mangroves in rmote areas

Mangroves sumounded by
flourshing dense mangrove
foresls

= have steady supply of propagules and seads

Table 2 an assessment of mangrove vulnerability to sea level rise based
on environmental conditions. Courtesy of McLeod, Elizabeth and Salm,
Rodney V. (2006). Managing Mangroves for Resilience to Climate Change,
IUCN, Gland, Switzerland.
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Research and Information Needs

1. Accurate Sea Level Rise mapping

2. Annual monitoring of wetland condition:

Monitoring changes in salinity and
hydrology. To determine the salinity
and hydrology in mangrove systems, a
network of piezometer clusters can be
installed at the site for continuous and
manual measurements of salinity and
water level (Drexler and Ewel 2001).

Measuring and monitoring changes in
elevation. Annual measurements of the
soil elevation deficit (elevation change
minus sea-level rise) will help determine
mangrove ecosystem vulnerability to
sea-level rise (Cahoon and Lynch 1997).
Current rates of sedimentation can be
measured using artificial soil marker
horizon plots. Marker horizons measure
vertical accretion which incorporates
both sediment deposition and sediment
erosion. Marker horizons are often used
with Surface Elevation Tables (SETs).
SETs are used to monitor mangrove
vertical accretion and subsidence and
provide highly accurate and precise
measurements (+/- 1.4 mm total error)
of sediment elevation relative to sea-level
rise (Cahoon et al. 2002a). To determine
how changes in sea-level rise will
affect a particular area, it is important
to understand the factors influencing
surface elevation, such as sedimentation
rate, groundwater flow, and biological
productivity (Rogers 2004; Whelan et al.
2005). Elevation changes are influenced
by both surface and subsurface processes
within the soil profile. Surface processes
includesedimentdepositionand sediment
erosion, and subsurface processes
include root growth, decomposition,
porewater flux, and compaction (Cahoon
etal. 2002c).

3. Determining mangrove and other wetland
vegetation response to historical sea-level
rise. Pollen and radiocarbon analyses have
been used to document environmental and
mangrove dynamics during the Holocene
(Wooller et al. 2004; Yulianto et al. 2004; and
Versteegh et al. 2004). In a study in Belize,
scientists extracted a 10 meter long mangrove
peat core. They extracted and radiocarbon
dated fragments of mangroves leaves
preserved in the core (Wooller et al. 2004).
The core provided an 8600 14C year record
of mangrove ecosystem changes. Pollen data
from the core was used to determine changes
in the floral composition of mangroves forests
through the Holocene and indicated significant
environmental changes such as disturbance
from hurricanes or fluctuations in sea level.
Changes in stand structure, which is related
to changes in salinity, nutrient status, and sea
level, were determined by analyzing variations
in the stable carbon and nitrogen isotopes
in the fossilized mangrove leaves. Historic
sediment accumulation rates can also be
calculated from 210Pb (“Lead-210") profiles
in vibracores (Walsh and Nittrouer 2004).
210Pb is a naturally occurring radioactive
isotope of lead that is used to date sediments.

4. Establishment of sentinel sites and a long-
term wetland monitoring network (NOAA has
a wetlands/CCSLR monitoring program)

5. Assessments of non-mangrove wetland
systems in the near future are needed to better
understand how climate changes may affect
all wetland systems.

Summary of Climate Change Impacts

on Puerto Rico’s Wetland Ecosystems

Seven basic wetland types are relatively common
in Puerto Rico: (1) saltwater aquatic; (2) saltwater
flats; (3) saltwater marsh; (4) saltwater swamps
(the most well-known example in Puerto Rico
is the mangrove forest); (5) freshwater aquatic;
(6) freshwater marsh; (7) freshwater swamp.
Coastal wetlands provide many important



ecosystem services, such as sequestering carbon,
mitigating against possible disasters, assisting
with prevention of coastal erosion, contaminant
retention from land-based sources of pollution,
serving as nursery areas for recreationally and
commercially-important fish species, local and
foreign tourism, and cultural and mental well-
being from aesthetically pleasing viewsheds.

Worldwide, coastal wetlands are under direct and
increasing threat from land use changes pressures,
from indirect impacts of upstream disruption
to sediment supply, and from development
pressures and rising sea level at the coast. Large
areas of coastal wetlands worldwide have been
drained and converted to other uses. Salt marshes
and freshwater tidal marshes have lost more than
50% of their historical global coverage, with the
current rate of loss estimated at 1-2% per year.
Mangroves are wetland systems that have
particularly tremendous social and ecological
value. In Puerto Rico, mangroves cover about
1,900 ha in northeastern Puerto Rico and account
for 22% of all of the island’s mangrove forests.
The largest remaining areas are found east of the
Rio Espiritu Santo, in the Las Cabezas Reserve,
in the Ceiba Forest, and at Roosevelt Roads.
These mangroves are typically characterized as:
Rhizophora mangle dominated stands on coastal
and estuarine fringes; Avicennia germinans and
Laguncularia racemosa in basins as pure or mixed
stands; or Conocarpus erectus and the shrub
Suriana maritima in mixed stands. Speciesrichness
is very low. Mangrove forest structure is strongly
affected by salinity, nutrient availability, and storm
disturbance. Mangrove forests have gone through
a period of decline and partial recovery related
to human activities such as altered hydrology
for agricultural practices, urbanization, and the
implementation of conservation activities.

The negative outcomes and consequences of
climate change on wetland system, specifically
mangroves, are expected to be primarily due to
sea level rise. When wetland elevation is low
relative to sea level, frequent inundation by tides
enhances the supply of suspended sediment and
nutrients to the wetland. This stimulates accretion

by sedimentation. As well, the enhanced nutrient
supply supports abundant growth of vegetation,
and this contributes to accretion through the
production of roots and rhizomes and by trapping
suspended sediment for incorporation into new
wetland sediment. If the elevation of the wetland
increases relative to sea level, tidal inundation
becomes less frequent; accretion slows; and
the rate at which wetland elevation increases
is reduced. Our current understanding of how
wetlands will respond to sea level rise is the
prediction that they will either migrate landward
or be lost. Globally, climate change is expected to
exacerbate the loss and degradation of mangrove
forests and the loss or decline of their species,
and to affect the human populations dependent
on their services. Coastal wetlands in islands are
especially vulnerable to impacts from relative
sea level rise since they have a limited capacity to
adapt, including limited space to accommodate
landward migration of mangroves and other
coastal ecosystems. The potential effects from
rising sea levels on mangroves are:

e Probable loss of total mangrove areas due
to erosion of the seaward margin of the
mangroves and loss of protective lagoon bars
and sea barriers;

e Relocation and migration of mangroves
inland, rather than overall loss. This landward
migration can be obstructed if the landward
margin of the mangrove area is steep or if
there are seawalls and other developments
(coastal squeeze), thereby reducing the areas
of coastal ecosystems;

e Change in mangrove forest structure.
Landward replacement of black mangrove
(Avicennia) by red mangrove (Rhizophora) and
possible increased growth and productivity
of the mangrove areas from carbon dioxide
fertilization;

e Increase in mangrove area and changes to
associated wetland community types and
distribution. Saline intrusion into inland
freshwater wetlands and rejuvenation of
saline and scrub mangrove sites.
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For wetlands in general, increases in salinity
due to changes in sea level, precipitation, and
groundwater supplies can result in reduced
seedling survival and growth, and decreased
photosynthetic capacity. Temperature affects the
growth, survival, reproduction, and distribution
of plants and animals. As air and water
temperature increase, species ranges will likely
expand toward environments that are presently
cooler. If dispersal capabilities are limited or
suitable habitat is not available, local extirpations
and extinctions are likely to occur. Increased
temperatures in terrestrial habitats will reduce
stream flow and alter water quality into deltas,
estuaries and in coastal regions, causing addition
change and/or degradation of coastal ecosystems.
However, mangroves are not expected to be
adversely impacted by the projected increases
in sea surface temperature, but rather extreme
cold events in higher latitudes are more likely to
limit mangrove expansion. Assessing mangrove
vulnerability to climate change, and in particular
sea level rise, needs to be done at the local level
since vulnerability is site-specific.

Changes in rainfall patterns caused by climate
change may have a profound effect on both the
growth of mangroves and their areal extent. It
is known that during long-term droughts some
mangrove forests contract while salt flats expand.
Decreased precipitation results in a decrease

in mangrove productivity, growth, and seedling
survival, and may change species composition
favoring more salt tolerant species. On the other
hand, increasing precipitation may allow for a
greater accumulation of sediment and organic
matter from runoff resulting in an increased
elevation of mangroves (which in turn might help
the mangroves adapt to sea level rise). Greater
amounts of rainfall could increase mangrove area,
diversity of mangrove zones,and mangrove growth
rates in some species. Increased precipitation may
also allow mangroves to migrate and outcompete
saltmarsh vegetation. More studies are required to
better understand how precipitation may change
in Puerto Rico and the corresponding changes in
wetland systems.

From this brief literature review, it is found that
wetlands provide critical ecosystem services
to Puerto Rico, such as water quality, coastal
protection from waves and storms, fisheries
production and tourism. These ecosystem
services are at risk from climate change. Puerto
Rico agencies and organizations should continue
monitoring at local level, research, conservation
and restoration programs should be undertaken
and whenever possible damages to wetland
habitats should be avoided. Every effort should
be taken by the government and private sector to
conserve and restore wetland ecosystems.




Box 2: Humacao Natural Reserve Case Study: Saltwater intrusion into freshwarer werland ecosystems

By Ricardo |. ColGn-Rivera

The Humacao Natural Reserve (HNR} is located on the east coast of Puerto Rico and is composed mainly of wetland ecosvstems.
During the 1920's, extensive areas of wetlands were drained and extensive networks of levees were constructed for the establishment
ol sugar cane plamations.” By 1979, the fields were abandoned and the drainage pumps unattended when Hurricane David and Tropical
Storm Frederick struck Puerto Rico in August of that vear, These storms filled the abandoned fields back with water and the six coastal
lagoons of the HNR were formed. In the vear 2000, the LLS. Army Corps of Engineers (ACOE) began the construction of a channel
that would divert excess runofl in the lagoons to the ocean during big rain events, with the purpose of protecting the adjacent
community of Punta Santiago from frequent foods, Shortly after the finalization of the project, a big rainfall event opened the mouth of
the Anton Ruie river allowing the ocean to connect with the lagoons through the newly constructed channel causing an increase in the
overall salinity of the system. Saltwater intrusion events now occur on a regular basis and are wually preceded by large amounts off

rainfall,

Ten vears after the final stages of construction of the ACOE dhannel, the saltwater intrusion caused by the hvdrological alteration to the
lagoons has caused at least four major ecological changes. Each ol these events represent a unique rescarch opportunity and serve as an
interesting window 1o the long term effects of sea level rise (and saltwater intrusion) imo the freshwater coastal ccosvstems of Puerto
Rico ane similar ecosystems in the tropics. Hence, the HNR nguun SYSLEM Serves as a natural laboratory to explore the CONSEQUENCes
ol altered hydrology and saliwater intrusion expected for the coastal freshwater ecosystems of Puerto Rico in the context of sea level

rise.

Figure 2.1. Historical progression of the Humacao Natural Reserve lagoon vegetation. The area in these images corresponds 1o the
Mandri 2 and Mandr § lagoons, directle connected o the drainage channel (marked by the red arrow), The dark green area to the north cast of the
images corresponds 1o the Preroanpes forest of the HNR. In the 1931 image, we can observe the patterns formed by the supar cane plantavions, a
common feature of the Puerto Rice's coastal plains during this time, By the time the second image was taken in January of 1979, these plantations
were already abandoned and some accumulation of water is visible in the fields. During August of that same vear, Hurricane David and Tropical
Storm Frederick cansed Mooding that overtopped the levees and created the HNR lagoan ssstem. Alfter the early 2000°s, changes in the hyd rolagical
anl salinity regimes of the lagoons caused the loss of the herbaceous vegetation creating mudflars (evident in the 2004 smage) that allowed the
\LII)‘\I_'LIUi'I“ robonization h‘\ red mangrove (2007 and 2000 Images, areas 1u:_:|||lghlm| in the dashed red circle), .qu‘q.-; CONTICST .nf':h.' NNER, ﬂ‘quw

prepured by the surhor for this report.

Y Ferrer Montanio et al., 2005)
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The main observable changes in the Humacao Nature Reserve from saltwater intrusion are:
1. A shift in the main species of fish present in the lagoons

The most complete study of the Humacao Natural Reserve's fisheries, conducted before the completion of the drainage channel and the
subsequent saltwater intrusion events (during 2000-2001), Ferrer-Montafio et al. (2005) identified the Redbreast and Mozambique
Tilapia (Tidupia rendulli andOreochromis mossambicus, respectively) as the most harvested spedes in the Humacao Natural Reserve lagoons,
They identified that ~95% of the subsistence anglers (24% of the sample) were local residents that fished almost daily to supplement
their diets. These anglers preferred live bait as it attracted more tilapia. Due to the increased salinity in the HNR lagoons most of the
tilapias are restricted to the Santa Teresa lagoon®, the farthest from the channel and the least saline.” In the rest of the lagoons, tilapia
species have been replaced mostly by the striped mojarra (Eugerres plumieri) and other saltwater tolerant species that were less abundant
in the reserve. Some questions remain unanswered: How did the fish compaosition in the HNR change after the saltwater intrusion and
how did the local anglers adapt to this species change? Doces the striped mojarra fill their dictary needs or did they lose a reliable source
of fish protein? OF course, other aspects of this event include the effects on fish biodiversity and local food webs.

2. Change of vegetation species composition cover in the
lagoons edges

Belore the saltwater intrusion events, most of the edges of the lagoons
were covered by [reshwater marshes composed mainly of southern
cattail { Typha domingensiz) and other herbaceous species. This was one of
the most important aspects of the HNR, since freshwater wetlands are
less common in Puerto Rico than MANgroves lorests. During this past
decade, most of the T. domingensis cover was lost and eventually replaced
by mangroves (mostly white mangroves, with red mangroves more
common in higher salinity sites, such as the one featured in figure 2.1).

The lreshwater tree Prerocarpus officinalis used 10 be common near the

areas close to the mouth of the Antdm Ruiz river, close to the ACOE

channel. Increased salinities have killed these trees in some areas that Figure . Dead Merocurpus trees {standing) and
are now being colonized by mangroves as well (figure 2.2). underaney dominated by red mangrove on sites that

sullered sabwater imtrusion. Phete bs ). Colin

3. Absence of migratory bird species associated to freshwater marsh vegetation

Omne of the most evident examples of the effects of saltwater intrusion into the coastal wetlands of the HNR is the dramatic reduction of
nesting sites of the Caribbean coot (Fulice caribeea), as evidenced by biological surveys conducted before and alter the construction of
the drainage channel. The Caribbean coot is a migratory bird species that is considered uncommon in the Caribbean and benefited
greatly from the HNR freshwater ecosvstems. HNR biologists counted approximately 200 nests on surveys prior to the vear 2000, as
opposed to the 20 nests counted on the last survey in 2009, To the reserve biologists this is not surprising, given that this species nests
on marsh vegetation in shallow water. Due to increased salinity, most of these wetlands have been replaced by mangroves along the
edges of the HNR lagoons giving the Caribbean coot no place 1o nest.  Further research is needed to study the ellects on this and other

birel species, as well as important food sources like .'illl)-llll.'rgl.‘tl aguatic vegetation in the I.lgmmh.

‘Manuel Corbet, Reserve Manager, pers. comm. Feb. 21, 2012
‘Ferrer ( 2007)
*Manuel Cérbet, Reserve Mamager, pers. comm. Feb. 21, 2012




4.  Bioluminescence in the HNR lagoons

Bioluminescence displays in the water are an occasional [eature of marine ecosystems. In the tropics, there are several bioluminescent
dinollagellates, although coastal lagoons with constant recurrence of bioluminescence are less common and usually dominated by
Pyrodinivm bahumense(ligure 2.3). Bioluminescent lagoons or Bio-bays, are important tourist attractions with the capacity of generating
important revenue for local entreprencurs. These Bio-bavs are characterized by shallow entrances, narrow channel connections to the
ocean and high salinities (see section on Bioluminescent Bays for more information). In the HNR lagoon system, these conditions are
met depending on certain seasonal and environmental factors
like rainfall and tidal influence. Alter the construction of the
drainage channel, high salinities and dry conditions have
increased the recurrence of bioluminescence events in the
HNR lagoons, something that has been observed by local
managers and other stakeholders. These events are an
interesting indicator of the alteration to the lagoons
hydrological and geomorpholagical features and deserve
further research. During the remaining vears of the 21%
Century, sea level rise is expected to increase the input of
saltwater into the HNR and alter the tidal aspects ol its
hvdrological processes. Will binluminescence become a
common feature of the HNR or will it be just be part of the
transitory state? 'What can we learn [rom these lagoons that

can be applied 1o other coastal lagoons in Puerto Rico?

Figare 2.3, A bioluminescemt Dinollagellate (Preedinies

Babumense ) now found in the Humacao Natuse Reserve due
1o saltwater intrusion. SEM X 2600
Conclusion

The events discussed are just the most evident aspects of a decade's worth of ecological changes caused by man-made hydrological
alteration on the coastal wetlands of the Humacao Natural Reserve. There are many more aspects that will not be as apparent and that
are vquall:r as interesting: (a) eflects on the di\'n:n‘il}' ol other vertebrate and invertebrate species; (b) biogeochemical process such as
carbon allocation and nutrient cyeling; and (¢) given the close relation of the Punta Santiago community with the HNR, the socio-
ecological implications of all these changes. In this light, the Humacao Natural Reserve serves us as natural laboratory that can help us

understand complex aspects of social-ecological system response to long-term events like climate change.
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COASTAL LAGOONS

Introduction to Coastal Lagoons

Coastal lagoons are shallow water bodies
separated from the sea by sand bars or other
dry land. These berms may break during storms
allowing exchange between the lagoons and the
coast, or exchange may occur through channels
from the lagoon to the sea. Some coastal lagoons
receive freshwater input directly from rivers and
streams while others only receive freshwater
from stormwater flows during rain events.
Coastal lagoons are often associated with wetland
systems in the coastal zone ranging from fresh to
brackish wetlands. The difference in the amount
of fresh and saltwater influx leads to differences in
the salinities of coastal lagoons. This also affects
the amount and type of flora and fauna present
in coastal lagoons. Mangroves are the dominant
vegetation around coastal lagoons. Lagoons with
a direct connection to the sea provide habitat for
seabirds and fish, including species of commercial
and recreational importance. In the Virgin Islands,
research has shown that coastal lagoons gradually
formed in sheltered bays or inlets that were
originally open to the sea (Thomas and Devine
2005). The areas were gradually separated from
the sea as coral reefs grew across the mouth of the
bay forming a berm that was then colonized by
mangroves (Thomas and Devine 2005). A similar
process probably formed many of the coastal
lagoons in Puerto Rico. Researchers have found
remnants of coral reefs in the Joyuda Lagoon in
Cabo Rojo (E. Otero, pers. comm.), which supports
the theory that the area was once a coastal
embayment with coral reefs.

In Puerto Rico, there are marine lagoons, which
have a free interchange with the sea and a
substantial part of their volume flows with the
tides; hypersaline lagoons, which are found in
areas with little rainfall and high evaporation and
have little freshwater input and little connection
to the sea; and brackish lagoons, which are semi-
closed and are connected to drainages where
seawater is diluted by the freshwater input
(Vivaldi and Paniagua 1986). Marine lagoons
typically have sandy bottoms and clear waters

and are colonized by seagrass and macroalgae
and contain populations of coral reef species.
Hypersaline lagoons are often relatively devoid of
vegetation and fauna due to the elevated salinities.
Brackish lagoons are often colonized by estuarine
species that can tolerate changes in dissolved
oxygen and temperature (Vivaldi and Paniagua
1986). Perhaps the best known coastal lagoons in
Puerto Rico are within the San Juan Bay Estuary
System, which contains the Condado Lagoon, San
José Lagoon, Torrecillas Lagoon, and the Pifiones
Lagoon. The lagoon system in this area is also the
largest mangrove forest system on the island and
provides habitat for a variety of wildlife including
birds, fish, reptiles, mollusks, and crustaceans
(Ventosa-Febles et al. 2005). Both marine and
brackish lagoons in Puerto Rico often provide
nursery habitat for species that are important in
the coral reef ecosystem, as well as species that
spend at least a portion of their time in estuarine
environments, such as native shrimp species.

Status and Threats To

Coastal Lagoons

The greatest threat to coastal lagoons is
development. The influx of stormwater and
sediment-laden runoff from upland development
into coastal lagoons results in contamination
of the waters in the lagoons, as well as changes
in patterns of salinity and sedimentation of the
lagoons, which can result in the eventual filling of
these areas. Inthe U.S. Virgin Islands, core samples
collected from salt ponds that have become dry
land have shown that terrestrial sediments from
uplands led to the filling of these areas over time
(Thomas and Devine 2005). Development along
the shorelines of lagoons alters water quality,
as well as eliminates habitat for birds and other
organisms that are important in the food web.
The construction of marine facilities in lagoons
also affects water quality through the introduction
of marine debris into the water column, as well
as accidental spills of petroleum products and
other contaminants (such as cleaning agents)
and the resuspension of sediments or accidental
groundings due to the shallow nature of coastal
lagoons. Dredging of lagoons to support marine



activities also affects water quality and can alter
flow patterns, which affects the organisms living in
the lagoons that are adapted to natural conditions
within the lagoons.

Other threats to coastal lagoons include discharges
of untreated stormwater and wastewater.
Untreated stormwater from roads and other
developed areas often contain petroleum
products and other contaminants. In addition,
the use of coastal lagoons as stormwater ponds
alters their natural function and patterns of fresh
and saltwater exchange, thus affecting the flora
and fauna of the lagoons (Vivaldi and Paniagua
Valverde 1986). The discharge of wastewater
can lead to significant decreases in dissolved
oxygen in the water column due to the increase
in production by bacteria, algae, and other
organisms associated with the influx of nutrients.
If the dissolved oxygen levels in the water column
become too reduced, fish kills can result.

Outcome and Consequences of

Climate Change to Puerto Rico’s
Coastal Lagoons

Potential threats to coastal lagoons from climate
change may come from rising sea level, changing
tidal regime, changes in freshwater influx and
associated changes in water quality (including
salinity, nutrients, and sediment), and changes in
the distribution and intensity of extreme event).

Sea Level Rise

Rising sea level will have a greater affect on
low-lying, shallow-gradient coastal lagoons
and other ecosystems because these typically
respond to sea level rise by migrating landward
along undeveloped shorelines with gentle slopes
(Anthony et al. 2009). However, if sea level rise
accelerates, landward migration might not be
fast enough to prevent inundation and developed
coastlines will make migration impossible,
thereby increasing the vulnerability of coastal
structures to inundation and storm damage
(Anthony et al. 2009). Landward migration
of lagoon barriers will also lead to steep and

narrower barriers and increased exchange with
the sea, which will also increase the lagoon berm’s
vulnerability to breaching and increase flushing
rates (Zimmerman 1981, Anthony et al. 2009).
If breaching of the barrier increases, then the
salinity in the lagoon will change and the species’
composition in the lagoon may be altered.

Additionally, coastal lagoons may be more
susceptible to point and non-point sources of
pollution as sea levels rise. Specific to sewage
treatment plants, if the plants are not able to
discharge properly via gravity with higher water
levels, depending on the location of nearby
treatment plants, seawater may enter combined
sewer systems or overwhelm the system allowing
for directdischarge of sewage and other pollutants
into the lagoons.

Precipitation Changes and
Freshwater Influx

Alterationsinthe frequency, magnitude,and timing
of rain events could result in changes in salinity
and dissolved oxygen patterns in coastal lagoons
due to changes in freshwater influx (Anthony et al.
2009). In areas where precipitation is expected to
increase or where storms become more intense,
increased runoff will lead to increased transport
of nutrients and sediment to coastal lagoons and
decreases in salinity (Day et al. 2008, Anthony et
al. 2009). Increases in nutrient levels in coastal
lagoons could resultinincreasesin eutrophication.
Studies in the Mar Menor Lagoon in Southeast
Spain have shown that the main primary producer,
which is a macroalgal species, has such a high
biomass that it has increased the resistance of the
lagoon to eutrophication due to its ability to uptake
high nutrient levels from the water column that
are then retained in bottom sediments (Lloret and
Marin-Guirao 2008). However, if climate change
projections prove true, the productivity of the
algae will eventually decline and eutrophication
of the lagoon will occur (Lloret et al. 2008).
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Additionally, many management plans for coastal
lagoons and estuaries have a high priority of
controllingnonpointsources of pollution. One such
management plan is Jobos Bay National Estuarine
Research Reserve’s (JBNERR) on the south coast.
Investigators of the USDA Agricultural Research
Service detected a pesticide spike in water samples
after a storm event, confirming a direct link from
nonpoint source runoff from the watershed and

Warmer temperatures may increase
toxicity of pollutants that already exist
in Puerto Rico’s coastal lagoons or
result in higher solubility leading to

higher concentrations of pollutants that

newly enter the lagoons.

water quality in the Reserve (JBNERR 2010).
Other types of nonpoint sources of pollution
that management plans are concerned about
are nutrient runoff that leads to eutrophication,
chemical contamination that endangers wildlife
and human health, and sediment influxes that
smother coral reef and seagrass communities.
Changes in precipitation patterns, specifically
increases in heavy downpour events, will make
this management priority more challenging
as more watershed-based contaminants enter
Puerto Rico’s coastal waterbodies.

Increased Temperature

Changes in air temperatures influence the water
temperature of slow-moving, shallow waters in
coastal lagoons (Turner 2003). In addition, due
to ocean temperature increases, lagoons with
tidal connections to the sea will also be affected.
Air temperatures increase more rapidly over
land than the ocean as evidenced by a study in
Narragansett Bay, Rhode Island that showed the
rate of increase in the annual average surface
water temperature over the past 5 years was
approximately 4 times greater than that of the

ocean (Anthony et al. 2009). Water temperatures
affect levels of dissolved oxygen (levels decrease
as temperatures increase), as well as species’
physiology (Anthony et al. 2009). Therefore,
increases in water temperature in coastal lagoons
and associated decreases in dissolved oxygen
levels will lead to changes in benthic communities,
as well as highly mobile species such as fish.
Changes in community composition of coastal
lagoons could promote invasive flora and fauna
species. Shifts in the availability of food due to
changes in water temperature and impacts on
species growth and cyclical migrations will also
affect animals such as migrating birds.
Additionally, warmer temperatures may increase
toxicity of pollutants that already exist in Puerto
Rico’s coastal lagoons or result in higher solubility
leading to higher concentrations of pollutants
that newly enter the lagoons. Other water quality
implications of increasing temperatures on coastal
lagoons could be increased stratification, greater
algal growth, and a greater quantity of parasites
and bacteria.

Tropical Storms and Hurricanes

Coupled with rising sea level, even slight
changes in the frequency, intensity, timing, and
distribution of tropical storms and hurricanes are
expected to result in substantial impacts to coastal
wetlands (Michener et al. 1997), including coastal
lagoons. Long-term changes in storm frequency,
intensity, timing, and distribution could affect
biotic functions such as community structure
and productivity and physical processes such as
nutrient cycling (Michener et al. 1997).

Research Gaps and

Information Needs

Coastal lagoons in Puerto Rico have not been well-
studied with the exception of some of the areas
within the San Juan Bay Estuary System. Some
studies of the Joyuda Lagoon were conducted in
the 1980’s by the Department of Marine Science
of the University of Puerto Rico (J. Lopez, pers.
comm.) and DNER (Ventosa-Febles et al. 2005);



however, research is also needed to determine
changes in the lagoon due to the high level of
development occurring in the watershed that has
resulted in the alteration of the creek that is one of
the main freshwater sources to the lagoon and the
alteration of wetlands and road construction that
has altered the saltwater connection between the
lagoon and the sea. Because characterizations of
the flora and fauna of many of the lagoons around
the island have not been done, it will be difficult to
determine the extent of climate change impacts on
these systems. Therefore, the following is needed:

e Research to characterize the physical and
biological aspects of Puerto Rico’s coastal
lagoons should be completed as soon as
possible.

e Permanent monitoring stations should be
established in a representative sample of
lagoons in order to track changes in the
physical and biological characteristics and
determine whether these are associated with
climate change or human impacts.

e Better management of coastal lagoons is
needed in order to reduce or eliminate human
impacts so that the systems can adapt to
changing conditions associated with climate
change.

Predictions of climate change impacts on coastal
wetlands require a better understanding of
the linkages
atmospheric,

wetland,
human

between terrestrial,
oceanographic, and

components of the ecosystem. Thus, the following
is also needed:

1. A watershed scale approach that incorporates
atmospheric and oceanographic data in
modeling of scenarios to determine potential
climate change impacts on coastal lagoons
and potential shifts in lagoon composition
and characteristics is necessary. Michener et
al. (1997) presented two conceptual models
of broad-scale comparative research for
assessing ecological responses to climate
change. One used a space-for-time substitution
coupled with long-term studies to assess
impacts of rising sea level and disturbance
on coastal wetlands and the other used a
moisture-continuum model to assess the
effect of climate change and associated shifts
in moisture regimes on wetland ecosystems
(Michener et al. 1997). Similarly, (Bortone
2006) proposes the establishment of a
sampling network with established sampling
protocols to determine the important
variables to monitor and a comprehensive
plan to assess the environmental effects of
hurricanes on coastal ecosystems. As part of
this effort, Burtone (2006) recommends the
mining of historical data to assess the role of
hurricanes in shaping coastal ecosystems over
time in order to better determine whether
changes in storms due to climate change are
different from processes that already occur in
natural systems in response to hurricanes.
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Summary of Climate Change effects

on Puerto Rico’s Coastal Lagoons

Coastal lagoons are shallow water bodies
separated from the sea by sand bars or other dry
land. Mangroves are the dominant vegetation
around coastal lagoons. Lagoons with a direct
connection to the sea provide habitat for seabirds
and fish, including species of commercial and
recreational importance. In Puerto Rico, there are
marine lagoons and brackish lagoons. Perhaps
the best known coastal lagoons in Puerto Rico
are within the San Juan Bay Estuary System,
which contains the Condado Lagoon, San José
Lagoon, Torrecillas Lagoon, and the Pifiones
Lagoon. The lagoon system in this area is also the
largest mangrove forest system on the island and
provides habitat for a variety of wildlife including
birds, fish, reptiles, mollusks, and crustaceans.
Both marine and brackish lagoons in Puerto Rico
often provide nursery habitat for species that are
important in the coral reef ecosystem, as well as
species that spend at least a portion of their time
in estuarine environments, such as native shrimp
species.

The greatest threat to coastal lagoons is
development. The influx of stormwater and
sediment-laden runoff from upland development
into coastal lagoons results in contamination
of the waters in the lagoons, as well as changes
in patterns of salinity and sedimentation of the
lagoons, which can result in the eventual filling
of these areas. Other threats to coastal lagoons
include discharges of untreated stormwater
and wastewater. Untreated stormwater from
roads and other developed areas often contain
petroleum products and other contaminants.

Potential threats to coastal lagoons from climate
change may come from rising sea level, changing
tidal regime, changes in freshwater influx and
associated changes in water quality (including
salinity, nutrients, and sediment), and changes
in the distribution and intensity of extreme

event). Rising sea level will have a greater effect
on low-lying, shallow-gradient coastal lagoons
and other ecosystems because these typically
respond to sea level rise by migrating landward
along undeveloped shorelines with gentle slopes.
However, if sea level rise accelerates, landward
migration might not be fast enough to prevent
inundation and developed coastlines will make
migration impossible, thereby increasing the
vulnerability of coastal structures to inundation
and storm damage. Landward migration of
lagoon barriers will also lead to steep and
narrower barriers and increased exchange with
the sea, which will increase the lagoon berm’s
vulnerability to breaching and increase flushing
rates. If breaching of the barrier increases, from
gradual sea level rise or more acute events like
storms, then the salinity in the lagoon will change
and the species’ composition in the lagoon may be
altered.

Alterationsinthe frequency, magnitude, and timing
of rain events caould result in changes in salinity
and dissolved oxygen patterns in coastal lagoons
due to changes in freshwater influx. Increases
in nutrient levels in coastal lagoons could result
in increases in eutrophication. Changes in air
temperatures influence the water temperature of
slow-moving, shallow waters in coastal lagoons.
In addition, due to ocean temperature increases
lagoons with tidal connections to the sea will
also be affected. Air temperatures increase
more rapidly over land than the ocean. Water
temperatures affect levels of dissolved oxygen
(levels decrease as temperatures increase), as
well as species’ physiology. Therefore, increases
in water temperature in coastal lagoons and
associated decreases in dissolved oxygen levels
will lead to changes in benthic communities, as
well as highly mobile species such as fish. Changes
in community composition of coastal lagoons
could promote invasive flora and fauna species.
Shifts in the availability of food due to changes in
water temperature and impacts on species growth
and cyclical migrations will also affect animals
such as migrating birds. Additionally, warmer



temperatures may increase toxicity of pollutants
that already exist in Puerto Rico’s coastal lagoons
or result in higher solubility leading to higher
concentrations of pollutants that newly enter the
lagoons.

Coastal lagoons in Puerto Rico have not been
well-studied with some exceptions. Because
characterizations of the flora and fauna of many
of the lagoons around the island have not been
done, it will be difficult to determine the extent
of climate change impacts on these systems.
Therefore, research to characterize the physical
and biological aspects of Puerto Rico’s coastal
lagoons should be completed as soon as possible.
Permanent monitoring stations should be
established in a representative sample of lagoons
in order to track changes in the physical and
biological characteristics and determine whether
these are associated with climate change or human
impacts. Better management of coastal lagoons is
alsoneeded in order to reduce or eliminate human
impacts so that the systems can adapt to changing
conditions associated with climate change.

SEABIRDS AND SHOREBIRDS

Introduction to Seabirds
and Shorebirds

Puerto Rico is the easternmost and smallest of
the Greater Antilles, situated 1,600 km southeast
of Florida, U.S.A., between the Caribbean Sea and
the Atlantic Ocean (18° 15" N, and 66° 30'W), 110
km east of the Dominican Republic and about 37
km west of the U.S. Virgin Islands. Puerto Rico is
roughly 8, 960 km?, with a maximum length from
east to west (from Punta Puerca to Punta Higliero)
of 180 km, and a maximum width from north to
south (from Isabela to Punta Col6n) of 65 km. Over
70% of Puerto Rico’s terrain is mountainous, with
a central mountain chain transecting the island
from east to west, coastal lowlands on the north
and south, and a karst region in the northwest
consisting of rugged, limestone formations.

The main island of Puerto Rico is surrounded by
many groups of small islands and cays, and the
following ones harbor one or several species of
seabirds and/or shorebirds: Northwest Cays (half
a km off the north coast, between Quebradillas
and Manati); Cordillera Cays (about 2 km east of
Las Cabezas de San Juan, between Fajardo and
the Culebra Archipelago); Culebra Archipelago
(about 17 km east of Fajardo); Vieques (about 14
km southeast of Naguabo); Cayos Frios (about 2
km south of Ponce); Caja de Muertos (about 9.6
km south of Ponce); Cayo Guayanilla (about 5 km
south of Guayanilla); Montalva Cays (20-300 m
south of Guanica); Parguera Cays (3-6 km south
of Lajas); Mona and Monito (about 80 km west
of Cabo Rojo); Isla Ratones (about 500 m west of
Cabo Rojo); and Desecheo (about 19 km west of
Rincon) (figure 6).

Cliffs, mudflats, salt flats, inland artificial lakes,
coastal saline ponds, and sand deposits on river
mouths within the main island of Puerto Rico
or close to its shore are also important roosting,
foraging, staging, or breeding sites for seabirds
and/or shorebirds, such as: Northwest Cliffs
(between Aguadilla and Camuy); Cueva del Indio
(Camuy); Isla del Frio (off Ponce); the mouth of
the Afasco, Cibuco (Manati), and Arecibo rivers;
Lago La Plata (Toa Alta-Naranjito); Lago Carraizo
(Trujillo Alto-Caguas); Laguna de Las Salinas
(Ponce); La Jungla Salt Flats (Guanica); Cabo Rojo
Salt Flats (Cabo Rojo); and Boquerén Natural
Reserve (Cabo Rojo).

Deep ocean waters fringe Puerto Rico: the Mona
Passage to the west, between Puerto Rico and
the Dominican Republic (about 1,000 m deep),
the Puerto Rico Trench lying 120 km to the north
(about 8.5 km deep), and to the south the sea
bottom descends to the 5 km Venezuelan Basin.
Pelagic seabirds travel to these areas to feed on
fish attracted to the deep, rich upwelling waters.
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There exists no single definition of which groups,
families, and species are seabirds; and most
definitions are in some way arbitrary. Schreiber
and Burger (2002) state that “The one common
characteristic that all seabirds share is that they
feed in saltwater; but, as seems to be true with
any statement in biology, some do not.” For the
purpose of this document, seabirds are defined as
any bird species that spend most of their time in
coastal waters or the open ocean. Most tropical
seabirds in the West Indies, which include Puerto

concentration of complete regional populations in
a few sites. Furthermore, populations are slow
to recover from disturbance because of their low
reproductive output (Schreiber and Lee 2000).

Croxall et al. (2012) analyzed a broader, but less
sensitive, measure of overall seabird population
trends is provided by the Red List Index (RLI,
from Butchart et al. 2004, 2007), which measures
trends in extinction risk and is virtually the only
trend indicator currently available for seabirds
on a worldwide and/or regional basis. The RLI is
based on the movement of species through [UCN
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Figure 6 Cays, islets, cliffs, mudflasts, salt flats, inland artificial lakes, coastal saline ponds, and river mouth areas of Puerto Rico known to harbor one

or several species of seabirds and/or shorebirds

Rico, exist at moderate to relatively low densities;
they normally feed at sea at great distances from
the breeding colonies, and typically produce just
one slow-growing chick per year (Schreiber and
Lee 2000, Weimerskirch 2002). The combined
result is that seabirds are more vulnerable to
environmental stressors (e.g., storms, predators,
habitat modification, and man-made factors) on
their breeding sites than most land birds, because
of the protracted period of nest occupancy and the

Red List categories owing to genuine improvement
or deterioration in status (i.e., re-categorizations
owing to improved knowledge or revised
taxonomy are excluded). It shows that, over the
last 20 years, seabirds have had a substantially
poorer conservation status than non-seabirds and
that they have deteriorated faster over this period
(Croxall etal. 2012). Seabirds are more threatened
than a number of other similarly speciose groups
(e.g., raptors, pigeons, gamebirds and waterbirds),



and are marginally more threatened than parrots.
Among seabirds, pelagic species are more
threatened and have deteriorated faster than
coastal species (Croxall et al. 2012).

Seabird species

Sixteen species of seabirds breed in Puerto
Rico and its adjacent islands. Five species are
resident throughout the year: Brown Booby (Sula
leucogaster), Red-footed Booby (S. sula), Masked
Booby (S. dactylatra), Brown Pelican (Pelecanus
occidentalis), and Magnificent Frigatebird (Fregata
magnificens). Eleven species are migrants absent
for part of each year: Audubon’s Shearwater
(Puffinus lherminieri), White-tailed Tropicbird
(Phaethon lepturus), Red-billed Tropicbird (P
aethereus), Laughing Gull (Larus atricilla), Royal
Tern (Thalasseus maximus), Sandwich Tern (T
sandvicensis), and Cayenne Tern (T eurygnatha),
Roseate Tern (Sterna dougallii), Least Tern
(Sternula antillarum), Bridled Tern (Onychoprion
anaethetus), Sooty Tern (O. fuscatus), and Brown
Noddy (Anous stolidus) (Saliva 2009). Although
Royal and Sandwich Terns are found throughout
the year, apparently most of the individuals
observed outside the breeding season are
transient birds. Common Terns (Sterna hirundo)
are regularly observed early in the summer,
loafing at Roseate Tern breeding colonies, but
they usually depart Puerto Rico by midsummer
(Saliva, pers. obs.).

Other seabird species have been reported
sporadically at seabird colonies or foraging in
waters off Puerto Rico such as Gull-billed Tern
(Sterna nilotica), Arctic Tern (Sterna paradisaea),
Black Noddy (Anous minutus), Black Tern
(Chlidonias niger), Parasitic Skua (Stercorarius
parasiticus), = Herald  Petrel (Pterodroma
arminjoniana), Greater Shearwater, (Puffinus
gravis), Double-crested Cormorant (Phalacrocorax
auritus), Wilson’s Storm Petrel (Oceanites
oceanicus), Leach’s Storm Petrel (Oceanodroma
leucorhoa), Sooty Shearwater (Puffinus griseus),
and Manx Shearwater (Puffinus puffinus) (Gochfeld
et al. 1988; Raffaele et al. 1998; Saliva, pers. obs.).

During their non-breeding season, the following
migratory seabirds are regularly seen (i.e., at least
every other year) in Puerto Rico: Ring-billed Gull
(Larus delawarensis), Lesser Black-backed Gull
(L. fuscus), Herring Gull (L. argentatus), Great
Black-backed Gull (L. marinus), Black-headed Gull
(L. ridibundus), Franklin’s Gull (L. pipixcan), and
Forster’s Tern (Sterna forsteri) (Raffaele et al 1998;
Saliva pers. obs.). Others, such as Black-legged
Kittiwake (Rissa tridactyla), Bonaparte’s Gull
(L. philadelphia), and Black Skimmer (Rynchops
niger) are far less common (Saliva, pers. obs.).

Seabird nesting habitats

Tens of thousands of islands across the world are
used by over 250 species of seabirds for nestingand
roosting, sometimes in extremely high densities
(Croxall et al. 1984). While seabirds primarily
forage at sea, their daily or seasonal returns to
islands result in the transport and concentration
of substantial quantities of marine nutrients
on land, and can cause significant physical and
chemical alterations of island habitats (Anderson
and Mulder 2011). Most seabirds nest either on
cliffs or on, or beneath, the slopes or flat interiors
of islands (Nelson 1979), and prefer to nest in
offshore islands away from large land masses;
particularly ground-nesting seabirds which are
vulnerable to mammalian predators. Although
a variety of habitats are found within the main
island of Puerto Rico; ranging from wet montane
forests to dry coastal scrub, mangrove lagoons,
salt ponds, limestone and volcanic cliffs, salt flats,
mud flats, and sandy beaches, only five species
of seabirds nest within the main island of Puerto
Rico: White-tailed Tropicbird, Brown Pelican,
Least Tern (Saliva 2009), Noddy Tern, and Bridled
Tern (Saliva, pers. obs). There are no historical
records of other seabird species nesting on the
main island, even in coastal areas that appear
suitable for nesting. During the non-breeding
season, other migratory seabirds as described
above use coastal areas around the main island as
staging grounds; particularly the mouths of major
rivers and coastal manmade structures such as
concrete pilings, buoys, and jetties.
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Rocky shores are beach rock formations resulting
from cementing sand, shell fragments, and
precipitation of calcium carbonate coming into
the sea from drainage out of the karst region
(Miller and Lugo 2009). Volcanic rocks and cays,
which contain jagged depressions on the rock that
provide nesting habitat for some seabird species,
are small rocky coastal formations frequently
over washed by heavy north swells. They range
from a few meters (feet) above sea level to about
six meters (20 feet) high. Vegetation is only
found on the larger rocky cays (> half a hectare).
A few of these are connected to the main island
through a thin strip of volcanic material. The
rocky cays that are used by seabirds, however,
are usually separated from other land and access
is difficult unless sea conditions allow climbing
over the jagged edge (Saliva 2009). Three species
of seabirds nest on this type of habitat: Roseate
Tern, Noddy Tern, and Bridled Tern (Saliva 2009).

Cliffs are vertical or near-vertical coastal features
composed of sedimentary rock, pillow lava,
cemented sand, or limestone rock. The great
advantages of island cliffs are safety from ground
predators, and the provision of wind and air space,
which greatly facilitates landing and departure
(Nelson 1979). A cliff face offers several distinct
types of nesting site; from broad, flat ledges to
caves and crevices. Some cliffs may have a dry
coastal scrub community present; some of which
may exhibit extreme wind/salt shear and may only
be a few centimeters tall (Miller and Lugo 2009).
Although many cliff features are found around the
coast of Puerto Rico, only the following have been
reported as seabird cliff nesting areas: Aguadilla
cliffs (Aguadilla)), Mona and Monito islands
(Mayagiiez), Cabo Rojo lighthouse (Cabo Rojo),
Cafio Valdivieso (Ponce), Cayo Conejo (Vieques),
Caja de Muerto (Ponce), and Cayo Morrillito
(Ponce). In addition, in the Culebra archipelago
seabirds nest on cliffs at Punta Soldado and the
islets of East Geniqui, West Geniqui, Alcarraza,
Yerba, and Lobito. White-tailed Tropicbirds, Red-
billed Tropicbirds, Noddy Terns, and Bridled Terns
use the cavities and caves on cliff faces; whereas

Noddy Terns use ledges that protrude from the
cliff face, and Sooty Terns, Brown Boobies, Masked
Boobies, and Laughing Gulls use flatter surfaces
near the cliff edge (Saliva 2000).

Coralline cays are small, low-elevation, islands
formed on the surface of coral reefs formed by
the gradual deposit of sediment layers (primarily
dead stony corals and sand) building up on the reef
surfaces (Hopley 1981). These depositions occur
on the windward or leeward areas of reef surfaces,
and sometimes around an emergent outcrop of
old reef. Cay sediments are largely composed of
calcium carbonate produced by myriad plants
(e.g., Halimeda) and animals (e.g., corals, mollusks,
and foraminifera), and small amounts of silicate
sediment are also contributed by sponges and
other creatures (Folk and Robles 1964, Scoffin
1987, Yamano et al. 2000). Over time, soil and
vegetation may develop on a cay surface, assisted
by the deposition of seabird guano. There is much
debate and concern over the future stability of
cays in the face of growing human populations
and pressures on reef ecosystems, and predicted
climate changes and sea level rise (Kench and
Cowell 2003; Hart 2003). Coralline cays in Puerto
Rico are primarily found in the Reserva de La
Cordillera east of Fajardo and its adjacent cays and
along the southwest coastline from Ponce to Cabo
Rojo. Scattered coralline cays may also be found
off Vieques Island and Fajardo-Ceiba. Royal Terns,
Sandwich Terns, Roseate Terns, Least Terns, Sooty
Terns, and Bridled Terns nest on the ground in
coralline cays (Saliva, pers. obs.).

Vegetation used by seabirds in Puerto Rico
include the canopies of red mangrove (Rhizophora
mangle), buttonwood (Conocarpus erectus), sea
grape (Coccoloba uvifera), bay cedar (Suriana
maritima), and wild banyantree (Ficus citrifolia);
as well as shaded areas under grass clumps (e.g.,
Cyperus spp.), shrubs (e.g., Croton), and small/
stunted trees (e.g., Bursera). Vegetation used
by seabirds may be located on mangrove islets,
coralline cays, at the edge of cliffs, on cliff faces,
or the top of rocky cays. Most of this vegetation



tends to be of short growth due to the constant
wind force in coastal areas that limits their upward
growth (Miller and Lugo 2009); with the exception
of red mangrove. Brown Pelicans, Red-footed
Boobies, Noddy Terns, and Frigatebirds construct
flimsy nests on the canopy of such vegetation;
whereas Sooty Terns, Bridled Terns, Roseate
Terns, Laughing Gulls, Audubon’s Shearwaters,
Brown Boobies, and Masked Boobies nest on the
ground near or under thick vegetation (Saliva and
Burger 1989; Saliva, pers. obs.).

Salt flats are extensive level tracts coated with
salt deposits left by evaporation of rising ground
water or a temporary body of surface water. These
salt flats or “salinas” are frequently positioned to
the rear of coastal fringing mangrove swamps
on the south coast of Puerto Rico, in areas that
have access to sea water (Miller and Lugo 2009).
The sea water then evaporates and produces
high salt concentrations in the water and soils.
The hypersaline environment cause reduced
mobilization of nutrients and hyperosmotic
conditions, both of which limit species richness
(Copeland and Nixon 1974). Salt-tolerant plant
species that can be present along the fringes of
saline ponds include black mangrove (Avicennia
germinans), glassworts (Salicornia perennis and
S. virginica), saltwort (Batis maritima), and sea
purselane (Sesuvium portulacastrum) (Miller and
Lugo 2009). Species of blue-green and green
algae tolerate hypersaline water conditions
and are the major primary producers of salt
flat systems (Tripp 1996). Aquatic organisms
are usually limited to crustaceans and salt
tolerant insects, all of which feed on algae and
attain high abundances, in part, due to lack of
competition and predation (Carpelan 1957, Grear
1992, Tripp 1996). Fish such as mullet (Mugil
cephalus), mojarra (Gerres subfasciatus), and
tilapia (Oreochromis mossambicus) will intrude
into saline ponds during high tide or when large
rain events flood the saline ponds (Saliva, pers.
obs.). Brown Pelicans, Royal Terns, Sandwich
Terns, Laughing Gulls, and several migratory non-
breeding gull and tern species (e.g., Forster’s Tern,

Gull-billed Terns) take advantage of these flooding
events to feed on small fish. The Least Tern is the
only seabird recorded nesting along the shores of
saline ponds and salt flats in Puerto Rico (Saliva,
pers. obs.).

Shorebirds

The definition of “shorebird” is even more elusive
than that of “seabird”; since it encompasses a
wide group of birds, including “waders” and any
bird species that is found near the edge of bodies
of water at some point during their annual cycle
(Hansen et al. 2004). However, for the purpose
of this document, a shorebird is a bird species
belonging to suborders Scolopaci (phalaropes and
sandpipers) and Charadrii (plovers, avocets, stilts,
and oystercatchers). Other waders such as egrets,
herons, cranes, bitterns, ibises, and flamingoes are
not considered shorebirds in this discussion (van
Tuinen et al. 2004).

Shorebirds are among the world’s greatest
migrants; many species travel from the high Arctic
regions to the southern limits of Australasia,
Africa, and South America. Because of the huge
distances travelled, virtually any of the migrant
species is capable of turning up unexpectedly,
even on the “wrong” continent (Hayman et al.
1986). Shorebirds show a high degree of site
fidelity, returning to their breeding or wintering
sites year after year; and they often show a
remarkable return-rate to the vital “stepping-
stone” wetlands on the migration route (Hayman
et al. 1986). Many shorebirds will return to the
same area of the same beach or estuary each year
on migration (Saliva pers. obs.). Most shorebirds
are highly gregarious and often occur in mixed
species flocks; and several species remain in the
region late enough to be seen in breeding plumage
(Raffaele et al. 1998). At the Cabo Rojo Salt Flats,
migratory species start to arrive in late July; with
many individuals remaining through the winter,
while others depart before December (Grear
1992).
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Shorebird species

The sandpiper group is characterized by their
long necks and legs, and thin pointed bills;
and most of them wade in shallow waters or
on wet flats where they probe in the mud for
invertebrates (Raffaele et al. 1998). The most
common species from this group found in Puerto
Rico include Semipalmated sandpiper (Calidris
pusilla), Western Sandpiper (Calidris mauri), Least
Sandpiper (Calidris minutilla), Greater Yellowlegs
(Tringa melanoleuca), Lesser Yellowlegs (Tringa
flavipes), Solitary Sandpiper (Tringa solitaria),
Willet (Catoptrophorus semipalmatus), Spotted
Sandpiper (Actitis macularia), Ruddy Turnstones
(Arenaria interpres), Sanderling (Calidris alba),
Stilt Sandpiper (Calidris himantopus), Short-billed
Dowitcher (Limnodromus griseus), and Common
Snipe (Gallinago gallinago). Small sandpipers
(primarily semipalmated and western sandpipers)
comprise 60-70% of the shorebirds present on
salt flats during autumn migration (Wunderle et
al. 1989, Grear 1992).

Sandpipers such as Upland Sandpiper (Bartramia
longicauda),  Hudsonian  Godwit (Limosa
haemastica), Marbled Godwit (Limosa fedoa),
Whimbrel (Numenius phaeopus), Red Knot
(Calidris canutus), White-rumped Sandpiper
(Calidris fuscicollis), Pectoral Sandpiper (Calidris
melanotos), Dunlin (Calidris alpina), Buff-
breasted Sandpiper (Tryngites subruficollis), Ruff
(Philomachus pugnax); as well as phalaropes such
as Wilson’s Phalarope (Phalaropus tricolor) and
Red-necked Phalarope (Phalaropus lobatus), are
uncommon or vagrant in Puerto Rico (Raffaele et
al. 1998).

Plovers are chunky birds with relatively shorter
necks, bills, and legs than sandpipers; and a
distinctive broadening at the bill tip which
sandpipers lack (Raffaele et al. 1998). Plover
species regularly found in Puerto Rico include
Black-bellied Plover (Pluvialis squatarola), Snowy
Plover (Charadrius alexandrinus), Wilson's
Plover (Charadrius wilsonia), Semipalmated
Plover (Charadrius semipalmatus), and Killdeer

(Charadrius vociferus). Piping Plover (Charadrius
melodus) and American Golden Plover (Pluvialis
dominica) are rare visitors to Puerto Rico.

Stilts and avocets are noisy, gregarious, mostly-
black-and-white wading birds with very long
legs; with one species, the Black-necked Stilt
(Himantopus himantopus), commonly found in
Puerto Rico. The American Avocet (Recurvirostra
americana) is vagrant and very rare in Puerto Rico
(Raffaele et al. 1998).

Oystercatchers are very distinctive, fairly large
shorebirds with large, brightly colored bills that
are unusual in that they are laterally compressed
(Raffaele et al. 1998). One species is found
in Puerto Rico; the American Oystercatcher
(Haematopus palliatus).

Shorebird nesting habitat

The lower reaches of Puerto Rico’s rivers are
estuaries where fresh and salt water mix, and
saltwater can flow upstream in these rivers as
far as several kilometers inland (Miller and Lugo
2009). Shorebirds use estuarine forested shrub
swamps found along the coast; where there are
tides, currents, and storm surges that expose
the habitats to salty conditions as exemplified
by the coastal forests dominated by red and
black mangroves (Miller and Lugo 2009). Some
shorebird species also use coralline cays as
foraging, breeding, and roosting sites (Saliva, pers.
obs.). Some species would also forage along sandy
beaches or frequent hypersaline areas to utilize the
abundant prey resources found there (Mahoney
and Jehl 1985). The Cabo Rojo salt flats, part of the
Caribbean Islands National Wildlife Refuge, have
been identified as an important migratory staging
area for at least 22 species of shorebirds that use
these salt flats annually (USFWS 1993, Collazo et
al. 1995). Findings indicate that this hypersaline
lagoon system is the single most important
converging point for migrating shorebirds on
the island during autumn migration and winter
(Grear 1992).



Most of the shorebird species that are found in
Puerto Rico only use the available habitats as
stopovers during their northward or southward
migrations to re-fuel. Four shorebird species
breed on the ground in salt flats: Black-necked
Stilt, Killdeer, Wilson’s Plover, and Snowy Plover
(Grear 1992); but Killdeer would also nest in
manmade, recently-mowed fields (Saliva, pers.
obs.). American Oystercatchers and Wilson’s
Plovers regularly nest in offshore coralline cays
southwest of Puerto Rico (Saliva, pers. obs.).

Outcomes and Consequences

of Climate Change on Seabirds
and Shorebirds

Effects of weather and climate on birds can be long
term, occurring over hundreds of years, or as short
as a passing rain storm (Schreiber 2002). The
long-term effects of weather on birds undoubtedly
have helped shape their particular demography
and other life-history characteristics affecting the
decision to nest each year, where and when to nest,
annual nest success, chick growth rate, and adult
survival (Schreiber 2002). Effects can be direct
(e.g., difficulty flying, thermal stress, flooding
of nests, loss of eggs, extirpation of the species)
or indirect (e.g., destruction of nesting habitat,
change in food distribution, decreased visibility of
prey). Weather can affect the availability of food,
cost of catching food, transportation cost of food,
ability to find food, timing of the breeding season,
number of birds that attempt to nest in a given
season, clutch size, reproductive success, chick
growth, thermoregulation, and adult survival
(Schreiber 2002). At both high and low latitudes,
unpredictable changes in food availability induced
by environmental events cause changes in the
onset of breeding and increased mortality of
adults and chicks (Finney et al. 1999). When
changes in local environmental conditions cause a
decrease in the available food supply, adult birds
often desert nests going elsewhere to find food
(Schreiber 2002).

The following are climate change stressors
affecting seabirds and shorebirds in Puerto Rico:

a. Sealevel rise/salt water intrusion
b. Increased precipitation
c. Increased frequency/severity of storms

d. Increased irradiation/increased mean
temperatures

e. Ocean acidification
Sea level rise/salt water intrusion

Significant change in water level would impact
prey availability and nesting habitat conditions
for shorebirds. Grear (1992) found that the
dominant abiotic factors likely to affect the
macro-invertebrate community preyed upon by
shorebirds at the Cabo Rojo Salt Flats are water
level and salinity. Of the alternative explanations
advanced to examine the distribution patterns
among selected habitat units, it appears that
changes in calidrid distribution were due to shifts
in both densities and depth (i.e., accessibility) of
preferred prey in the eastern and middle lagoons
versus the mud flat (alternative 3). Thus, marked
changes in the distribution of calidrids among
these habitats in 1990 may be explained on the
basis of physical conditions and invertebrate food
resources (Grear 1992). Grear (1992) documented
the higher quality of deeper areas in 1991 in
terms of prey abundance; where he found that
prey densities were several orders of magnitude
higher than in similar areas in shallower water.
However, although prey abundance may be
higher, deeper waters would exclude short-legged
shorebirds from accessing prey; and water levels
above 30 cm would exclude almost all shorebirds
from using this habitat despite the abundance of
prey. Indirect effects of the expected sea level rise
on shorebirds include starvation during migration
stopovers for re-fueling, displacement into less
optimal habitat, potential increase in predation in
less optimal habitat, and nest failure.
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Nesting habitat would be affected by the expected
sea level rise as low-lying islands, such as, the
coralline offshore cays and coastal salt flats of
southwestern Puerto Rico, may be the most
affected by sea level rise of all coastal areas. Most
of these islands are at, or less than two meters
(about three feet), above sea level. Storm-driven
swells and high tides frequently wash over the
lowest sections of these cays, and deposit large
chunks of coral that form a berm on the seaside
of the cays. Species that use these cays prefer
nesting in the low-lying sections, where some
sand and small pieces of coral aggregate, rather
than on the coral berm. Unfortunately, their
preferred nesting areas are the ones most prone
to coastal flooding and destruction from storm
surge. Nests located in these areas are regularly
abandoned after a strong storm washes over the
eggs (Saliva, pers. obs.), and mortality of eggs in
some years may include a large portion of a colony
(Douglas 2000, Saliva, pers. obs.). Roseate Terns
that lose their nests to storm surge may relay their
nests elsewhere within or outside of the colony
area; but re-nesters late in the breeding season
usually have poor reproductive success (Douglas
2000, Saliva, pers. obs.). For example, a Roseate
Tern colony of 207 pairs at Cayo Media Luna
East in southwest Puerto Rico (presumably late
nesters and re-nesters from a failed colony at Cayo
Turrumote II) failed completely (Douglas 2000).

In some instances, entire low-lying coralline cays
may disappear underwater. Such is the case of a
small coralline/sand island off the south coast of
Guayanilla, Puerto Rico; in an area called Arrecife
Unitas. Arrecife Unitas is a shallow sand bank
surrounded by extensive seagrass beds located
at (17°57'51” N, 66°46’49” W) between Punta
Verraco and Punta Gotay, Guayanilla. When the
U.S. Fish and Wildlife Service began surveying tern
nesting areas along the southwest coast of Puerto
Rico in 1991, Arrecife Unitas was composed of
submerged wetlands and an above-surface small
area of less than 300 square meters of coralline
sand; with an elevation of less than half a meter
(Saliva pers. obs.). This small sand island became
to be named “Cayo Guayanilla” and qualitative
assessments were made of its development.
Dr. Jorge Saliva and his FWS team observed a

group of Royal Terns loafing on the island, but
no nesting activity in 1991. Their first record of
seabird nesting activity at Cayo Guayanilla was
in the summer of 1993, when about 110 pairs of
Least Tern were observed nesting on the island;
which had grown considerably to a little less
than a quarter acre and had a small patch of
vegetation (grass) on it. In subsequent years, more
submerged areas surfaced that provided nesting
habitat for Least Terns, Sandwich Terns, Roseate
Terns, Wilson’s Plovers, American Oystercatchers,
and a Bahama Pintail (Anas bahamensis).

By 1995, another section of submerged wetland
surfaced to form a small sand spit about 50 meters
southeast of Cayo Guayanilla, and by the summer
of 1996 the two sand pits had joined to form a
horseshoe shape cay with an open pond in the
middle and short vegetation on both spits. The
cay maintained this horseshoe shape and acquired
more sand and vegetation through the summer of
1999 (surprisingly, it did not appear to lose size
or shape from the passing of Hurricane Georges
in September 1998), but by the summer of 2000
the island had been split in half by a shallow canal
near its center. In 2001, it was still splitby a deeper
canal and the north portion was smaller in size and
with more vegetation than observed in 2000. By
2003, the southern portion of Cayo Guayanilla was
submerged and the northern portion was about a
third of the size observed in 2001, and in 2005 the
entire island was underwater. It has continued to
be underwater until the present (2012), although
duringaerial surveys atothertimesoftheyear (e.g.,
December) we have seen a small accumulation
of sand on the original northern portion of Cayo
Guayanilla. Therefore, all shorebird and seabirds
species that nested at Cayo Guayanilla were forced
to look for nesting areas elsewhere or not breed
at all. The disappearance of Cayo Guayanilla has
resulted in the loss of the main Least Tern nesting
area in Puerto Rico. We believe that Sandwich
and Roseate Terns joined the nesting populations
further west, whereas Least Terns shifted to nest
at Punta Gotay in the mainland. However, we did
not have individually banded/radio-tagged birds
that we could follow to determine where the
colonies moved. Any Least Terns that moved to
Punta Gotay would have been exposed to potential



predation by rats, mongoose, cats, and dogs; as
well as human trampling.

Increased precipitation

The value of the Cabo Rojo Salt Flats as a migratory
stopover has been established by cumulative data
collected since 1985. The continued use and
value of this stopover is related to the availability
and abundance of food resources (Grear 1992).
Furthermore, variation in autumn rainfall, both
within and between years, causes salinity changes
and the seasonal flooding and desiccation of
algal mats to occur unpredictably. This poses
a sharp contrast to shorebird stopover areas
in higher latitudes where high-amplitude tidal
cycles result in more predictable patterns. Thus,
invertebrate species richness at the Cabo Rojo
Salt Flats is likely to have been truncated by both
the magnitude and the unpredictable timing of
environmental stresses (Grear 1992). The timing
and predictability ofinvertebrate productivity isan
important aspect of the traditional use of stopover
areas by shorebirds. Intrinsic biological rhythms
of invertebrates may be of critical importance to
the seasonal predictability of these areas and their
traditional use by shorebirds. Although the Cabo
Rojo Salt Flats do not exhibit highly predictable
bursts of invertebrate productivity, the site may
still be relatively predictable in comparison to
other tropical wetland sites in the Caribbean
(Grear 1992).

Most seabirds and shorebirds are able to avoid
some changes in precipitation by simply flying
to a different area (Schreiber 2002). Species
whose plumage is not water-resistant (Sooty
Terns, Bridled Terns, and Frigatebirds) would
stay airborne and continuously shake off excess
water (Saliva, pers. obs.). Although there are few
studies on the behavior of birds during extreme
weather conditions at their breeding sites,
probably because of human risk and difficulty in
studying, some observations suggest that many
adult seabirds such as Sooty Terns, Roseate Terns,
Sandwich Terns, Laughing Gulls, Boobies, and
Pelicans can withstand heavy rains while on the
nest (Saliva, pers. obs.). They would crouch down
over the eggs and remain motionless waiting for

the rain to pass. Species that nest at the edge of
cliffs or on top of vegetation would be minimally
affected by heavy precipitation, since excess water
would percolate through the nest structure and
into the ground. However, heavy rain that causes
flooding of the nests would invariably result in
nest abandonment in ground nesters such as
Wilson’s and Snowy Plovers, Killdeer, American
Oystercatchers, and several seabird species.
Increased/heavy precipitation may be fatal to
White-tailed Tropicbirds, Red-billed Tropicbirds,
and Audubon’s Shearwaters that nest in borrows
or under large rocks; due to flooding of the nests
and collapse of burrows over eggs, young, or
adults.

Increased precipitation may also affect shorebird
and seabird species in Puerto Rico, by modifying
nesting habitat conditions. Heavy rain is typically
followed by increased abundance and thickness
of vegetation cover in and around nesting areas.
Changes in vegetation may make a colony site
unsuitable for nesting, causing a decline in
the number of birds in an area (Schreiber and
Schreiber1989). Bird species that require or
prefer nesting in open areas such as Killdeer,
Wilson’s Plover, Black-necked Stilt, Snowy Plover,
American Oystercatcher, Brown Booby, Masked
Booby, Royal Tern, Sandwich Tern, and Least
Tern may find their nesting habitat encroached
by vegetation; thus, unsuitable for breeding.
Other species such as Roseate Tern and Laughing
Gull, which may nest either on bare ground or
under/near vegetation, would probably adapt
well to increased vegetation cover; moving to
whichever appropriate site is available. Species
that prefer some vegetation cover over or near
their nests, such as the Sooty Tern, Bridled Tern,
and Audubon’s Shearwater may benefit from
increased vegetation; if vegetation is not so dense
to impede their movement in and out of the
nest. However species such as the Magnificent
Frigatebird, Brown Pelican, and Red-footed Booby,
which nest on top of thick vegetation, would likely
benefit from additional native vegetation cover.
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Increased frequency/severity
of storms

Flying to a different area may not be a suitable
alternative for nesting seabirds and shorebirds
during severe storms; especially when hatching
approaches and the parents are reluctant to
leave their nests unattended. Mortality may be
particularly high if adult birds do not leave the
colonies soon enough before a severe storm hits
the area. Additionally, if storms are frequent and
severe, species may not have sufficient time to
successfully relay and raise young. Not much is
known about the foraging behaviour of seabirds
during severe storm events, but food may not
be accessible to most seabird species during
severe storms primarily because of mechanical
constraints imposed by their foraging techniques
(plunge diving) in high, gusty winds. Shorebirds,
being less aerial than seabirds, may experience
heavier mortality at their breeding areas during
severe storms; directly from the impact of
strong winds, and indirectly from impaired food
acquisition for both adult and young birds.

Philopatric species (those that return to nest
at the same site every year) may be the most
affected by severe storms that destroy habitat
and make it unsuitable for nesting in subsequent
years. If nest loss occurs early enough in the
breeding season, many species will relay their
nests; but when it occurs late in the season, few
to no birds relay, possibly due to insufficient
time to complete the cycle or because of energy
constraints, or both (Schreiber 2002). Species
that depend on vegetation for nesting may find
their nesting habitat temporarily modified (e.g.,
heavy salt spray that withers vegetation), severely
modified to the extent that is unsuitable for the
species (eg. severe defoliation), or destroyed
(e.g., coastal shrubs uprooted). Although some
species may make relatively fast adjustments to
the loss or modification of vegetation (e.g., Brown
Pelicans and most tern/gull species), other species
may take longer or totally abandon the area (e.g.,
Magnificent Frigatebird and Red-footed Booby).
After Hurricane Hugo in September of 1989,
Brown Pelicans at Dutchcap Key in St. Thomas, U.S.

Virgin Islands nested on bare ground and the top
of small bushes, after the canopy of tall trees such
as Bursera simaruba and Pisonia subcordata was
eliminated by the storm (Saliva, pers. obs.). Red-
footed Boobies, on the other hand, did not nest on
their usual Ficus citrifolia tree at the top of Cayo
Geniqui in the Culebra archipelago, after the same
hurricane defoliated that tree; and did not return to
that cay until two years later when they nested on
another, younger tree (Saliva, pers. obs.).

Severe storms are accompanied by heavy winds
which could be fatal to species that nest on top
of vegetation. Magnificent Frigatebirds, Brown
Pelicans, and Red-footed Boobies construct feeble
nests that are easily destroyed during strong
winds. Eggs and young birds may fall from the
nests, and perishes from ground impact, predation,
or starvation (Saliva, pers. obs.). Juveniles of these
three species are clumsy and gangly, and can be
knocked off from their nests or perching branches
by strong winds, falling through the vegetation and
becoming either fatally entangled or falling to the
ground and starving to death from abandonment
(Saliva, pers. obs.). Although Boobies and Pelicans
may nest throughout the year, their peak nesting
periods are during the winter months (November-
February) or early spring (April-May). Nesting of
these species outside of the rainy season may be
an adaptation to avoid mortality of eggs and young
birds during strong winds. However, if climate
change results in changes in the seasonality and
duration of storms, these species may experience
significant mortality of eggs and young during
severe storms.

Increased irradiation/increased
mean temperatures

Irradiation and mean habitat temperatures affect
the behaviour of shorebirds and seabirds, and
may have profound effects on breeding outcomes.
Seabirds use various behavioural methods to
thermoregulate when overheated or chilled; from
changing incubation postures in gulls and terns
during hot days to huddling in groups during cold
spells in penguins (Bartholomew and Dawson
1979, Saliva 1995).



Although seabird species that nest under thick
vegetation may not normally experience heat
extremes, unusual weather events may negatively
affect, directly or indirectly, the behavior of adult
and young birds. At temperatures above the
effective evaporative cooling temperature, Sooty
Terns will leave their nests unattended and fly
off to the water to dip their chest/belly feathers
to cool off; leaving their nests unattended and
exposed to predators and heat stress during this
time (Saliva 1995). Thus, increased temperatures
brought about by climate change may alter adult
nest attendance and indirectly contribute to
nest failure, not only in species whose nests are
directly exposed to solar radiation (e.g., Roseate
Tern, Sandwich Tern, Royal Tern, Least Tern),
but also species that nest under shelter such
as the Sooty Tern, Bridled Tern, and Laughing
Gull. During prolonged, extreme temperature
periods, the shelter provided by vegetation may
prove ineffective in maintaining sufficiently cool
temperatures on their nests to allow normal
incubation and chick rearing.

The extent to which adult survival is affected by
environmental variability is poorly known due to
the lack of sufficient studies using marked birds
(Weimerskirch 2002). However, environmental
conditions affecting food supply, such as
increasing ocean and water temperatures, may
influence survival of long-lived species such as
seabirds and shorebirds. A classic example is the
relationship between climate (El Nifio Southern
Oscillation-ENSO), schooling fish, and seabirds
(Guanay Cormorant- Leucocarbo bougainvilli,
Peruvian Booby- Sula variegata, and Brown
Pelican- Pelecanus occidentalis) off the coast of
Perd. Warm temperatures brought about by
ENSO cause fish to change their travelling paths;
avoiding the waters near seabird colonies and
causing mass seabird die offs. Through techniques
in modeling of survival it has been possible to
relate the survival of adult Emperor Penguins
(Aptenodytes forsteri) to oceanographic anomalies
related to the Antarctic Circumpolar Wave that
produces warm events (Weimerskirch 2002).
During the warm events that occur every 4 to 5
years, adult survival drops to low values; some

years to 0.75, whereas in other years survival is
0.92 to 0.97. However, although adult seabird
survival may not be affected in some species
because they can fly to follow food, young seabirds
may be abandoned and starve to death when fish
behavior is altered by climatic events. For some
species like Roseate Tern and Least Tern, which
depend on predatory fish such as species of tuna
(Thunnus spp.), mackerel (Scomberomorus spp.),
dolphinfish (Coryphaena spp.), and jacks (Caranx
spp.) to drive schools of larval or small fish up near
the water surface; absence of predatory fish may
result in unavailability of prey fish, even though
the prey fish may be present.

Ocean acidification

Ocean acidification reduces the ability of marine
algae and free-swimming zooplankton to maintain
protective shells, and thus the survival of larval
marine species, including commercial fish and
shellfish, is also reduced (NOAA 2008). This could
have indirect profound consequences on seabirds
that depend on larval fish for feeding young
chicks. If larval fish are not available to seabirds
because plankton stocks have dwindled due to
ocean acidification, massive mortality of young
seabirds may occur; reducing the ability of those
seabird species to replenish the populations.
Seabird species that forage on larger fish or that
can switch prey items to larger fish may have a
slight, albeit temporary, advantage while stocks of
larger fish are available.

Long term, indirect impacts of ocean acidification
includeinterference with the formation of coralline
cays where several shorebird and seabird species
nest, which may be hindered by the disappearance
of reef-building calcareous corals and algae
(Wootton et al. 2008). Therefore, seabird and
shorebird species that depend on coralline cays
would be forced to select less suitable nesting
areas, or not reproduce at all.
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of immature Red-footed Boobies from Mona
or Monito Islands.

Research and Information Needs
for Seabirds and Shorebirds (not in

order of importance)

Working Group 2 Report:
Ecology and Biodiversity

Study the effects of water level and salinity
fluctuation on Dasyhelea (midge flies),
Trichocorixa (waterboatmen), and algae
through controlled experiments. For example,
the existing seasonal cycles of desiccation and
flooding, as opposed to permanent flooding,
may be critical to the maintenance of algal
mats and insect productivity for shorebirds.

Establish a careful banding program for the
long-term monitoring of populations and
colony-site shifting, and conduct studies on the
demography and dispersal rates of selected
shorebird and seabird species using band-
recapture techniques. Main target species
should be Least Tern, Roseate Tern, Sandwich
Tern, Royal Tern, and American Oystercatcher.

Establish feral mammal eradication programs
on islands currently or potentially used by
shorebirds and seabirds.

Conduct Least Tern habitat assessment and
studies of breeding success at different colony
sites. Least Terns nest in areas prone to
flooding, sea level rise effects, and mammalian
predators. Their numbers are very small
and little is known about the status of their
populations and breeding success.

Habitat restoration of seabird nesting areas
at historical nesting locations in Cayo Matojo
(Royal and Sandwich terns), Cayo Lobito
(Royal and Sandwich terns), Cayo Geniqui West
(Brown Booby), Peninsula Flamenco (Sooty
Tern), and Cayo Yerba (Sooty Tern)- Culebra
archipelago; through habitat manipulation
(removal of invasive plants and encroaching
dead vegetation) and the use of decoys to
attract terns to the manipulated habitat.

Attracting Red-footed Boobies and “seeding”
of their historical nesting areas in Desecheo
Island and Cayo Geniqui; through vocalization
playbacks, the use of decoys, and translocation

. Conduct status

Colony assessment and habitat enhancement
for Least Terns nesting in salt flat areas of
Balneario de Boquerdn and Refugio de Vida
Silvestre de DRNA in Cabo Rojo; mud flats of
La Jungla, Guanica; and Punta Gotay, Tallaboa,
through the construction of elevated platforms,
use of decoys, and vocalization playbacks.

Enhancement of Roseate Tern nesting habitat
on coralline cays off Lajas and Guanica, PR;
through the use of artificial, wooden nest
structures (boxes) and Roseate/Sandwich
Tern decoys.

Re-assessment of rat eradication at Cayo
Don Luis (southwestern Puerto Rico) and
determination of Brown Pelican re-occupancy
and nest success after eradication. Brown
Pelican breeding success has been very low
on this island, possibly due primarily to rat
predation. Rats were eradicated from this
island in 2010, but we have not been able
to follow up on potential rat re-invasion
and Pelican nest success after eradication.
This would serve as part of post-delisting
monitoring that the Service has to conduct as
part of the Brown Pelican delisting process.

. Assessment of rat invasion at Sooty Tern,

Noddy Tern, Brown Booby and Masked Booby
nesting sites at several low-lying cays in the
Reserva de La Cordillera, and manipulation
(removal) of invasive plant species to enhance
nesting habitat for these species.

. Conduct habitat vulnerability assessments for

low-lying cays that currently harbor shorebird
and seabird species, and other such cays not
currently occupied.

surveys, habitat
characterization, and breeding success studies
of Snowy Plover and American Oystercatcher
in Puerto Rico.



Summary of Climate Change effects

on Seabirds and Shorebirds

Over the last twenty years, seabirds have had a
substantially poorer conservation status than
non-seabirds, and they have deteriorated faster
over this period. Seabirds are more vulnerable to
environmental stressors (e.g., storms, predators,
habitat modification, and man-made factors) on
their breeding sites than most land birds, because
of the protracted period of nest occupancy and the
concentration of complete regional populations
in a few sites. Furthermore, populations are slow
to recover from disturbance because of their low
reproductive output.

Cliffs, mudflats, salt flats, inland artificial lakes,
coastal saline ponds, and sand deposits on river
mouths within the main island of Puerto Rico
or close to its shore are also important roosting,
foraging, staging, or breeding sites for seabirds
and/or shorebirds, such as: Northwest Cliffs
(between Aguadilla and Camuy); Cueva del Indio
(Camuy); Isla del Frio (off Ponce); the mouth of
the Anasco, Cibuco (Manati), and Arecibo rivers;
Lago La Plata (Toa Alta-Naranjito); Lago Carraizo
(Trujillo Alto-Caguas); Laguna de Las Salinas
(Ponce); La Jungla Salt Flats (Guanica); Cabo Rojo
Salt Flats (Cabo Rojo); and Boquerén Natural
Reserve (Cabo Rojo).

The following climate stressors affect seabirds and
shorebirds in Puerto Rico: (1) sea level rise and
saltwater intrusion; (2) increasing precipitation;
(3) increased severity of storms; (4) increased
irradiation and mean temperatures; and (5) ocean
acidification (figure 7). The expected sea level rise
(see Working Group 1 report) have the indirect
effects on seabirds and shorebirds of starvation
during migration
displacement into less optimal habitat, potential
increases in predation in less optimal habitat,
and nest abandonment and mortality of eggs and

stopovers for re-fueling,

chicks. Such is the case of a small coralline/sane
island off the south coast of Guayanilla; in an area
called Arrecife Unitas. The U.S. Fish and Wildlife
Service monitored the growth and eventual
disappearance of this island in 1991. By 2004 the
island was completely submerged. Five species of
seabirds and shorebirds had to move elsewhere to
breed, in some cases to mainland areas filled with
predators.

Increased precipitation may modify nesting
habitat conditions, availability and abundance
of food resources, cause nest abandonment, or
even death of young and adults. Increasingly
more intense storms may destroy habitat and
result in unsuitable nesting areas in subsequent
years, and impaired food acquisition. Increasing
irradiation and mean temperatures may alter
adult nest attendance and prey fish behavior
and indirectly contribute to nest failure. And
lastly, ocean acidification could interfere with
critical processes such as reef building, carbon
sequestration via phytoplankton sedimentation,
and consumer-resource interactions.

More research is needed to determine how
and to what extent Puerto Rico’s seabirds and
shorebirds are vulnerable to climate changes.
Colony assessments and habitat enhancement for
Least Terns nesting in salt flat areas of Balneario
de Boquer6n and Refugio de Vida Silvestre
de DRNA in Cabo Rojo; mud flats of La Jungla,
Guanica; and Punta Gotay, Tallaboa, through the
construction of elevated platforms, use of decoys,
and vocalization playbacks should be conducted.
Status surveys, habitat characterization, and
breeding success studies of Snowy Plover and
American Oystercatcher in Puerto Rico should also
be a research priority. And habitat vulnerability
assessments for low-lying cays that currently
harbor shorebird and seabird species, and other
such cays not currently occupied.
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1. Increased precipitation may modify nesting habitat
conditions, availability and abundance of food resources, cause
nestabandonment, or even death of young and adults.

2. Increased severity of storms may destruct habitat and result
in unsuitable nesting areas in subsequentyears, and impaired
food acquisition.

3. Increased irradiation and mean temperatures may alter
adult nest attendance and prey fish behavior; indirectly
contributing to nest failure.

4. Ocean acidification (declining pH) could interfere with
critical processes such as reef building, carbon sequestration
via phytoplankton sedimentation, and consumer-resource
interactions.

Working Group 2 Report:
Ecology and Biodiversity

5. Sea Level Rise Indirect effects of the expected sea levelrise
on seabirds and shorebirds include starvation during migration
stopovers for re-fueling, displacement into less optimal
habitat, potential increase in predation in less optimal

habitat, and nest abandonment and mortality of eggs and
chicks.

Figure 7 Figure 1 Summary of how five climate stressors could potentially affect Puerto Rico’s Seabirds and Shorebirds



Bax 3: Puerra Rica's Disappearing Cays and Islets

Photas Courtesy of Dr. Miguel Canals, DNER

Working Group 2 Report
Ecology and Biodiversity

(A) Aerial photos of the cays Mata Hueca in 1983 and (B) of the same area in 2007.
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FORESTS
Introduction to Puerto Rico’s

Forests

Forest composition and structure are strongly
tied to climate - at large scales as climate governs
seasonality, temperatures, and precipitation -
and at local scales where climate interacts with
topography, elevation, and soils to affect site
characteristics. In this section we first provide an
overview of the type and extent of the dominant
forests in Puerto Rico, and identify the major
stressors related to climate change that are likely
to affect those forested systems. We then treat
each forest type in more detail and discuss the
potential outcomes and consequences of specific
climate stressors on the biological communities
of forested ecosystems. The resulting effects
on human society regarding the provision of
important ecosystem services are considered
briefly as well. We conclude the section with a

summary of the multiple stressors and forest
types together, and highlight important research
and information gaps that remain.

More than half of the Puerto Rican archipelago
is covered by forests, woodlands and shrublands
(Gould et al. 2008a). 