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PREFACE

This Site Profile has been prepared to
introduce both the general public and the
scientific community to Jobos Bay National
Estuarine Rsearch Reserve (JBNERR). It
contains information on the characteristics
of the Jobos Bay estuary that will permit
comparison with other estuaries on a
regional and national basis.

The document contains information on a
wide array of subjects including the
geography, geology, environmental setting,
ecology and biology, hydrology, historical
and cultural resources, and environmental
stressors of JBNERR. Maps, figures, and
table containing data pertinent to those
subjects are included. For readers wishing to
pursue research on the reserve in greater
depth they can refer to the literature section
in the appendices.

Estuaries are unique ecosystems. Because
they occur throughout the world, in different
biographic regions, they vary greatly in
origin, size, and spatial configuration, as
well as in their biological, physical and
chemical characteristics.

The designation of Jobos Bay by the
National ~ Oceanic and  Atmospheric
Administration, as a component of the
National Estuarine Research Reserve
System, recognizes Jobos Bay as a regional
example of a tropical estuarine area. The
Jobos Bay Reserve serves as a living
laboratory for research, education and
development of management practices.

Jobos Bay is located in the southeast coast
of Puerto Rico, the smallest island of the
Greater Antilles. Located between the U.S.
Virgin Islands and the Dominican Republic,
Puerto Rico has a land area of
approximately 9,000 square kilometers, 75
percent of which consists of a series of
mountain ranges. These mountains, which

vi

divide Puerto Rico along an east-west axis,
descend into coastal plains.

The north coastal plain is quite wide and is
laced with numerous rivers flowing from the
Cordillera Central. With the prevailing
winds from the northeat, this area is subject
to high rainfall due to orographic factors.
The south coastal plain, considerably
narrower, and drier than the north coast, has
fewer and smaller rivers that are
characterized by intermittent flows.

Jobos Bay is a semi-enclosed water body on
Puerto Rico’s south coast between the
municipalities of Guayama and Salinas. The
estuarine area is subject to surface water
inflows primally from the alluvial coastal
riverine systems.

The entire Bay, which contains mangrove
islands and coral reefs, is within the
boundaries of the Reserve. Other ecosystems
within the Reserve include mangrove forest,
lagoons, salt flats, dry forest, and seagrass
beds. These ecosystems provide the habitat
for a great diversity of flora and fauna
including several rare and endangered
species. It is this wealth of biological
diversity, which makes Jobos Bay an
excellent example of a tropical estuarine
system ideally suited to research and
education, as well as to the development and
implementation of management practices
that  contribute to  informed and
environmentally sound decision-making.



CHAPTER 1. INTRODUCTION AND SUMMARY
by Ralph M. Field

This chapter is intended to introduce both the scientific community and the general public
to the Jobos Bay National Estuarine Research Reserve (JBNERR). It highlights the
physical and biological characteristics of the Reserve, as well as outlining the Reserve's
program within context of the national system of estuarine research reserves. For the
general reader, the information contained in this introductory chapter may be sufficient.
For those wishing greater depth of scientific information and research findings it is
recommended that the full text, together with appendices and references, be examined.

Geographical Setting

Puerto Rico is the eastern-most island of the Greater Antilles and is located between the
U.S. Virgin Islands and the Dominican Republic. The island has a total area of
approximately 9,000 square kilometers, of which 75 percent is mountainous. A central
mountain range, the Cordillera Central, largely of volcanic origin, divides the island
along an east-west axis. A section of the range oriented to the southeast, is known as the
Sierra de Cayey. The coast is characterized by an interrupted band of alluvial plains, with
small limestone hill clusters on the north coast known as "mogotes". The south coastal
plain is narrower than the northern plain, with shorter and smaller rivers, and with an
irregular insular shelf that extends three to eight kilometers seaward.

The island's location, climate, and geographic features have created a coastal
environment that supports extensive coral reef systems, mangrove forests, seagrass beds,
and estuaries. The island also shelters several rare and endangered plant and animal
species, as well as a variety of species of tropical fish. (See Figures 1 and 2).

Jobos Bay National Estuarine Research Reserve (JOBNERR) lies along the south-central
coast, east of Ponce, between the municipalities of Salinas and Maunabo The entire
Reserve covers an area of ca. 11 km® (2,800 acres), while Jobos Bay has a total surface
area of 11 km? and reaches depths of 8-10m.The Reserve is composed of two major
areas:

e Mar Negro, a mangrove-wetlands forest complex, located on the land side at
the mouth of Jobos Bay, and;

e (ayos Caribe, a linear formation of 15 tear-shaped, reef fringed, mangrove
islands extending westward from the southern tip of the mouth of Jobos Bay
(Figure 3).

Jobos Bay is a well-protected natural harbor that extends eastward from the two areas of
the Reserve guarding its entrance. Further protection from offshore winds and waves is
provided by Cayos de Barca (not part of JOBNERR), located south of Mar Negro and
west of Cayos Caribe.



Figure 1. Site location
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Figure 2. JBNERR site
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Figure 3. Regional perspective of JBNERR



Estuary Characterization

Estuaries are scattered along the shores of all the oceans and vary widely in origin, type
and size. Jobos Bay can be classified as a coastal plain estuary formed approximately
18,000 years ago when sea levels rose as a result of the melting of glacial ice at the end of
the last ice age. During this process the sea entered lowlands and river mouths forming
drowned river valleys or coastal plain estuaries. Water covered the lowest plains as
evidenced by the large amount of shell deposits found in the upland adjacent to Jobos
Bay, and the coral reef fossils found in the hills immediately to the northwest boundary of
the Bay.

Physical Environment of Jobos Bay Estuary

The 2,393 acre Aguirre State Forest (total area, 2,393 acres) borders the north shore and
the east end of the Bay. Jobos Bay is the second largest estuary in Puerto Rico, covering
an area of approximately eight square kilometers but with three times as much shoreline
as any other estuarine zone on the Island. It is a shallow embayment with maximum
depths of around 10 meters. Tides at Jobos are mixed, but chiefly diurnal, showing a
mean of 13.7 cm, ranging from 17.0 cm to 36.0 cm (Lugo et al., 1987). Lowest tides
occur early in the year, while the highest water levels occur around October (Figure 4), a
period that coincides with higher rainfall water storage in the mangrove forest. Figure 5
shows the exposure of shallow substrata during low tides. The tide dynamic of Jobos Bay
conforms to the USFWS criteria (1979) of an intertidal estuarine system dominated by
aquatic beds and coral reefs.

Tide Height (cm)
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Figure 4. Temporal variation of tides in Jobos Bay



Figure 5. Exposition of substrata during low tides at Cayos Caribe.

Historical Background

Prior to its designation in 1981, a large part of the present Reserve area was owned by the
Aguirre Corporation, and was known as the Lugo Vifias farm. During the early 1970's,
the area was considered a potential site for an oil transhipment port, in response to the
world-wide energy crisis resulting from the oil embargo imposed by the Organization of
Petroleum Exporting Counties (OPEC).

With the lifting of the oil embargo, pressure for constructing a major crude oil terminus
abated. Due to the environmental policies and regulations that were adopted following
enactment of the Puerto Rico Environmental Policy Act, the creation of the Puerto Rico
Department of Natural Resources, and the passage of the Federal Clean Water Act,
interest in developing the Lugo Vifias farm for industrial purposes also declined
dramatically.

By 1980, the Aguirre Corporation ceased operations and was in process of liquidation.
That year, the Corporation contacted the Sanctuary Programs Division of OCRM/NOAA,
proposing to sell the Lugo Vifias farm. Based on the provision of Section 315 of the
Coastal Zone Management Act (CZMA). NOAA advised the Aguirre Corporation to re-
direct its offer to the Puerto Rico Department of Natural Resources.

The Commonwealth of Puerto Rico had previously shown interest in the National

Estuarine Research Reserve System. In 1975, staff from NOAA's Office of Ocean and

Coastal Resource Management (OCRM) visited the Island to inspect potential marine

sanctuary sites. However, it was not until 1981 that serious consideration was given to
6



the establishment of a National Estuarine Sanctuary under Section 315 of the Coastal
Zone Management Act.

Cultural and Historic Resources

The Reserve and adjacent areas contain several important archaeological sites. A large
Indian settlement was located at the Carmen site adjoining the Reserve. The casual
discovery of stone figurines ("Cemi") in the Central Aguirre area reflects settlements of
the Taino Indians, the most important indigenous cultural group of the Island. However,
the area has never been systematically surveyed by an archaeological team (Fewkes,
1904; Anon. 1975), and it is possible that other important archaeological sites may exist
(Ovidio Davila, pers. com.).

The Aguirre Sugar Mill itself is an important cultural and historic asset. In 1898, an
American company bought the Aguirre properties. They modernized the sugar
production technology and developed a complex on Jobos Bay that included the sugar
mill and refinery, plus administrative, commercial, institutional, recreational, and
residential areas. The recreational facilities included a golf course, a hotel, a swimming
pool, and a social club. The residence of the company's president was located on the
highest point of the property, and commanded an excellent vista of the Bay. The house is
typical of the architectural style of the great plantation mansions of the southeastern
United States.

Ecological Significance

The Reserve is a very important habitat for endangered species. The brown pelican, the
peregrine falcon, the Puerto Rican plain pigeon, and the yellow-shouldered blackbird are
endangered bird species found in JBNERR. Two other endangered species encountered
in the Reserve are the hawksbill sea turtle (Eretmochelys imbricata) and the West Indian
manatee (Trichechus manatus). The hawksbill turtle forages in shallow waters and feeds
on the bottom of reef areas and thalassia beds. It has a preference for invertebrates,
algae, and submerged roots.

The manatee historically was found in shallow coastal waters and inland lakes throughout
much of the tropical and subtropical regions of the New World Atlantic, including the
Caribbean islands. However, at the present time, manatees are rare or extinct in most
parts of their former range (Brownell, 1980). Recent surveys indicate a total Puerto
Rican population of less than 100 animals. Jobos Bay has the second largest manatee
population in Puerto Rico. Small groups are frequently sighted elsewhere on the south
coast and around the estuary of the Fajardo River on the East Coast.

Protection Efforts

Designation of Management Sectors.

In order to promote multiple use of the Reserve while, at the same time, protecting its
special ecological attributes, a three-way sector classification has been established, within

7



which compatible uses will be allowed (Figure 6). Hunting and the use of jet skis will not

be allowed in any area of the Reserve.
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Preservation Sector

These are areas that require a high degree of protection due to their vulnerability,
ecological importance, presence of flora and fauna, and/or historic or archeological
values. Physical and biological assessments have shown the need to designate
preservation sectors in the Mar Negro area that meet these criteria. Many of the areas
classified for preservation include coves, shallow semi-enclosed areas, and fringing
mangroves within the lagoon system. These have been identified as spawning areas
and nursery grounds for valuable commercial fish species and habitat for endangered
species. The preservation of these resource areas is vital to maintaining the
equilibrium and population dynamics of the estuary.

Activities in designated preservation sectors will be limited to research, monitoring
and restoration, if appropriate.

Fishing, hunting and the use of motor vehicles will not be allowed in these areas.
However, traditional shellfish harvesting from mangrove roots will be allowed.
Shellfish fishermen will be encouraged to provide harvesting reports at the Reserve.

Conservation Sector

The vast majority of the Reserve, including Mar Negro and Cayos Caribe, has been
classified as a conservation sector. These are environmentally sensitive areas, and
include wetlands, mangrove areas, and scenic outlooks that require protection against
inappropriate or excessive use.

In order to provide access to the Las Mareas Community, a right-of-way for boat
traffic has been made available through the main channel of Mar Negro. Principal
users of this waterway are local fishermen. Boat size will be limited to a maximum of
22 feet, and speed will be limited to five knots. Hook and line fishing will be allowed,
but with emphasis on the importance of releasing small or immature specimens in
order to ensure sustainability. Pot and net fishing will not be allowed inside the Mar
Negro area.

Passive recreation activities such as bird watching, snorkeling, kayaking and diving
will be promoted as part of Reserve's education outreach plan.

Limited Use Sector

These are areas designated for education, outreach and passive recreation activities.
Interpretative trails, boardwalks, limited docking piers for public use, and minimum
use facilities will be constructed as required.

There are no picnic or camping areas designated in the Reserve. However, various
points will be identified as sites where visitors to the Reserve can find temporary
shelter for eating and resting.

Anchoring and mooring in designated areas will be limited to a maximum of three
hours. Provision for docking and anchoring will be made and appropriate signage will

9



be posted. These measures will allow access to more users, while managing public
use of these sites in a manner that will not threaten or significantly disturb the natural
ecosystems.

Passive recreation such as bird watching, hiking, swimming, and snorkeling will be encouraged.

Resource Protection Guidelines

The Reserve shall be managed to maintain its biological and ecological integrity,
primarily as a natural field laboratory for non-manipulative research and education, in
keeping with the NERRS regulations. (Appendix A) However, external factors could
significantly impact the integrity of natural systems within the Reserve. Accordingly, a
Special Area Planning (SPA) process that includes participation by Commonwealth,
Federal and local agencies has been initiated to address issues that threaten Reserve
resources arising from outside the Reserve boundary. As a participant in the SPA Inter-
Agency Committee, the Reserve management will play an active role in reviewing and
responding to proposed developments within the Jobos Bay watershed that are likely to
impact Reserve resources.

National Recognition : Jobos Bay National Estuarine Research Reserve

The Jobos Bay National Estuarine Research Reserve (JBNERR) was designated in
September 1981 by agreement between the Commonwealth of Puerto Rico Department
of Natural Resources (DNR) and the National Oceanic and Atmospheric Administration
(NOAA). Designation established Jobos Bay as the eleventh site in the National
Estuarine Research Reserve System, as defined in Section 315 of the Coastal Zone
Management Act of 1972 (CZMA), as amended. With this designation, Puerto Rico
reaffirmed its commitment to develop an estuarine research and education program,
preserving, through fee simple acquisition, valuable coastal mangrove forests and
associated habitats for the benefit of the general public and ensuring their long-term
availability as natural field laboratories to provide information for coastal decision-
making.

The NERRS Program

Mission of the National Estuarine Research Reserve System

Section 315 of the CZMA of 1972, as amended, establishes the National Estuarine
Research Reserve System. Under the System, healthy estuarine ecosystems which typify
different regions of the U.S. can be designated and managed as sites for long-term
research, and used as a base for estuarine education and interpretation programs. The
System also provides a framework through which management approaches, research
results, and techniques for estuarine education and interpretation can be shared with other
programs.

As stated in the CZMA the National Estuarine Research Reserve System has the
following mission: "...the establishment and management, through Federal-state
cooperation, of a national system of Estuarine Research Reserves representative of the
various regions and estuarine types in the United States. Estuarine Research Reserves are
established to provide opportunities for long-term research, education, and
interpretation.”
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The NERRS was established by the CZMA to help address the problem of current and
potential degradation of coastal resources brought about by increasing and competing
demands for these resources. The NERR system is designed to improve scientific
understanding of estuarine processes in order to improve management through a program
of national coordination. The NERRS research, education, and resource stewardship
programs are tools that can help fill gaps in knowledge, and guide decision-making so
that our estuaries can sustain multiple uses over the long term.

Goals of the National Estuarine Research Reserve System
The goals of the NERR system, established by Federal Regulation, are as follows:

e Ensure a stable environment for research through long-term protection of National
Estuarine Research Reserve resources;

e Address coastal management issues identified as significant through coordinated
estuarine research within the System;

e Enhance public awareness and understanding of estuarine areas and provide suitable
opportunities for public education and interpretation;

e Promote Federal, state, public and private use of one or more Reserves within the
System when such entities conduct estuarine research; and

e Conduct and coordinate estuarine research within the System, gathering and making
available information necessary for improved understanding and management of
estuarine areas.

Biogeographic Regions

NOAA has identified eleven distinct biogeographic regions and 29 subregions in the
U.S., each of which contains several types of estuarine ecosystems. When complete, the
NERR System will contain examples of estuarine hydrologic and biological types
characteristic of each biogeographic region. Each reserve will be responsible for
conducting research and providing educational and interpretive services that are
applicable to its region.

Mission of the JBNERR in Relation to the NERRS Program

Research Goal:

The primary research goal of JBNERR is to promote and coordinate high quality
scientific research to expand knowledge of significant tropical estuarine resources in
order to improve coastal management decision-making.

Research Objectives:

e To promote and conduct long-term baseline studies to characterize flora and fauna
within the Reserve and gain an understanding of the ecological inter-relationships
between organisms and their environment;

e To promote a better understanding of tributary water quality conditions, particularly
spatial and temporal dynamics, requirements for growth and survival of living
resources, and contribution and effects of point and non-point pollution;
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To promote a better understanding of the physical processes operating within the
estuary and watersheds, such as tidal influence, circulation dynamics, freshwater
inflow, stratification patterns, and sediment dynamics;

To encourage and facilitate studies that make effective use of past research and
address data gaps in the Reserve's information base;

To provide for effective communication and exchange of research results; and;

To encourage studies that promote a better understanding of human uses of the
estuary, as well as the changes that have occurred as a result of human activities.

Resource Protection Goals:

The overall resource protection goal of JBNERR is to protect the natural integrity of the
Reserve's ecosystems in order to provide a stable environment for research and education.
The following are set forth as specific resource protection goals:

To protect significant natural estuarine sites within the Reserve for the purpose of
research, education, and interpretation;

To protect the Reserve from unduly disruptive or unlawful activities occurring inside
or adjacent to its boundaries; and

To protect the Reserve's variety of natural habitats, including coral reefs, mangrove
forests, seagrass beds, saltflats, and freshwater marshes, as well as its biological
components.

Resource Protection Objectives:

To acquire key land and water areas that merit protection, through conservation
easements, management agreements, land trusts, fee-simple acquisition, donation, or
other means;

To manage public use of the Reserve sites in a manner that will not threaten or
significantly alter the integrity of its natural ecosystems or natural resources;

To monitor the extent to which public use impacts selected sites within the Reserve,
especially with respect to habitat alteration, over-use, and other impacts related to
human activities;

To monitor non-public use impacts for change, particularly with respect to point and
non-point sources of pollution, including changes associated with agricultural land
use, hydromodification, construction, urban run-off, and marina and docking
facilities;

To provide adequate surveillance and enforcement of existing resource protection
laws and regulations, including the Reserve's own resource protection rules, and to
establish new mechanisms to increase resource protection, when deemed necessary;
and,

To provide for adequate public participation as a mechanism to promote compatible
uses of the Reserve's resources, and to increase awareness of the need to protect
sensitive and fragile areas. (Appendix A and D)

12



Education Goal:

To enhance public awareness, understanding, and wise use of estuarine resources in the
Jobos Bay Estuary and its tributaries, the Reserve itself, and tropical estuaries in general.
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Education Objectives:

e To provide educational and interpretive services;

e To promote knowledge of the research reserve, its resources and its programs, as well
as knowledge of broader coastal issues and concerns related to estuarine management
and protection;

e To provide the basis for improved decision-making by resource managers and public
officials at the local, Commonwealth and Federal levels.

e To incorporate research and monitoring, and resource protection results into
educational activities;

e To provide opportunities for teacher training, student projects, and internships where
enrollees can participate in research activities, gain field experience, and learn about
research project results; and

e To provide appropriate facilities for education, interpretation, volunteer work, and
research uses of the Reserve.
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CHAPTER 2. ENVIRONMENTAL SETTING
by Dr.Jorge Capella

ORIGIN AND EVOLUTION OF JOBOS BAY ESTUARY

Geological Progression

Puerto Rico emerged about 135 million years ago as part of the process in which the
Caribbean and North American plates collided (Joyce, 1992). During the Cretaceous
period, the area now occupied by Puerto Rico was a shallow sea or basin of deposition
surrounded by islands built up by the lava and ash which poured forth from a series of
active volcanoes. The material from these volcanoes built large cones down whose
flanks flowed the lava from successive eruptions to spread over the islands and out into
the adjacent sea (Berryhill, 1960).

The young volcanic mountains were weathered by rainfall, heat and wind. Clays washed
down while spreading waters sorted the soils and rock fragments, concentrating pebbles
and boulders at the shoreline and carrying the finer material into the central part of the
basin. Meyerhoff (1933) theorized that subsidence was prolonged but intermittent. When
it came to a temporary halt, the depression filled with sediments, especially near the
shore. Marshes were formed and, as they extended inland, their brackish waters
freshened. Coral reefs fringed the volcanic islands and during periods of quiescence they
extended over vast shallow areas (Berryhill, 1960).

A tropical swamp flora grew luxuriantly, forming mats of partly decayed vegetation that
were buried and transformed into peat. Basal gravels and sand containing petrified wood
were posteriorly concealed by clays and marls which now extend into the hills west of
Jobos Bay. After the sedimentation started in the Juana Diaz depression, the sea spread
laterally along the mountain front until it reached from Cabo Rojo to Salinas. The Ponce
limestone, a well stratified formation containing chalky material and a limited quantity of
reef organisms and shell deposits, followed accumulation of the Juana Diaz shales.

During the early part of the Tertiary period the Antillean mountains of Puerto Rico
stretched eastward to the Virgin Islands and westward to the Dominican Republic.
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Figure 7. Puerto Rico in the Upper Cretaceous Period (Adapted from Meyerhoff, 1933).

Fluvial erosion was cutting into the anticlinal axes, and tropical weathering was deeply
affecting the rocks that formed the lower slopes and folds (Meyerhoff, 1933).

Approximately 60 million years ago, limestone along the southern coast began their
formation beneath a warm, tropical sea. These coastal deposits continued accumulating
through the Tertiary period, to the Quaternary, and thereafter to the present (Cruz-Baez
& Boswell, 1997). The fine-grained rocks and reef-type limestone found in the upland
adjacent to Jobos Bay were either deposited during such a period or they formed at
some distance from a center of volcanic activity (Berryhill, 1960).

In the Oligocene epoch of the middle Tertiary, a sag developed, trending across what are
now the highest elevations of Puerto Rico. The sea entered its lowest points near San
Sebastian, north of the mountain axis, and in the neighborhood of Juana Diaz to the
south. Highlands separated these two basins, the latter receiving its waters from the
Caribbean Sea, thus accounting for the marine and brackish depositions.

The geological history of the coastal plains region is also tied to the beginning of the
Quaternary period. With the formation of huge glaciers in the Northern Hemisphere, sea
level fell, resulting in an increase in river gradients. The limnetic flows carved deep
valleys that filled with sediments. Some of these former valleys exist today as submarine
canyons on the northern and southern marine flanks of the Island (Cruz-Béez & Boswell,
1977). Sea level eventually rose after the partial melting of the northern ice caps. This
process was instrumental in the formation of the south coast lowlands. With sea level
rise, the lowest areas were inundated, as evidenced by the large shell deposits found in
the upland adjacent to Jobos Bay, and the coral reef fossils found in the hills immediately
to the northwest of the Bay (Laboy, personal observations).

The watershed of the southern coastal plain of Puerto Rico, particularly between Ponce
and Guayama, consists of a series of large fan-shaped alluvial deposits, composed of
poorly sorted detritic fragments originating from higher elevations to the north
(Galinanes, 1977). These deposits show a slight slope toward the south. Their main
component consists of gravel which is concentrated along most of the shoreline of the
southern plain. This probably accounts for the prevalence of small pebble deposits in the
Cayos Caribes islets, and the paucity of uplands area in Mar Negro.

Figure 8 shows the exposed geological units of the Jobos Bay upland. Most of the
exposed land of the Bay consists of swamp deposits. Limited beach deposits occur along
the land fringe west (Camino del Indio) and southeast (Punta Colchones) of Mar Negro,
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Figure 8. Rock/soil deposits from the Jobos Bay watershed.
Qap = alluvial, Qb = beach, Qs = swamp deposits (PRWA, 1972).

and the upland of Cayo Caribe. The predominant lagoon and swamp deposits consist of
unconsolidated clay, silt and humic material. Mangroves and seagrass beds cover these
deposits almost entirely. The beach deposits are composed of sand, gravel, volcanic rock
cobbles, and coral reef debris. Beaches are composed mainly of calcareous sand. Swamp
deposits belong to the swamp-marsh soil association, while alluvial and beach deposits
are classified within the Jacana-Amelia-Fraternidad group (Boccheciamp, 1977).

An ancient inactive fault, known as the Esmeralda Fault, runs in a northwest-southeast
direction north of Jobos Bay. Projections of the fault suggest that it probably passes under
the Bay in an offshore direction. There are no metallic mineral deposits of commercial
value in the general area of the Reserve. However, small calcite, hematite and gypsum
veins can be found the hills adjacent to Jobos Bay.

ESTUARINE GEOMORPHOLOGY

Centered at about 18° 15°N and 66° 30°W, at the eastern end of the Greater Antilles,
Puerto Rico is part of a volcanic island platform that includes the U.S. and British Virgin
Islands. The Virgin Islands and Puerto Rico comprise a segment of the Caribbean Island
Arc which arose along the leading edge of the Caribbean Plate from the subduction of the
North American Plate. (Fig. 1).

The Puerto Rico Trench subduction zone, north of Puerto Rico, is the deepest area in the
North Atlantic. Recent studies define the Puerto Rico and Virgin Islands platform as the
main part of a microplate within the Caribbean Plate. The Caribbean Plate is bounded by
the Puerto Rico Trench to the north, Anegada Passage to the east, Muertos to the south,
and an extensive fault system underlying the island of Hispaniola to the west (Dillon et
al., 1998).
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The islands of the north Caribbean, from Cuba to Anegada, are aligned east west along
the edge of the Caribbean-North American Plate boundary. These islands are situated
atop ridges that extend to great depths in the North Atlantic to the north, and in the
Caribbean to the south. Tilting of this ridge boundary due to the interaction of the major
plates reflects dipping of the Pliocene platform limestone to depths of 5,000 m in Puerto
Rico (Mousa et al., 1987).

Caribbean island formation occurred over the last 65 million years. The period of
volcanism lasted from Cretaceous through Eocene time, but Puerto Rico’s actual shape
and size was essentially completed 40 million years ago (Morelock et al., 1999). Puerto
Rico is a 55 by 175 km (35 by 110 mile) rectangle of volcanic flows filled in by
limestone and subjected to periods of intense deformation to form an extensively folded
and faulted island.
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Figure 9. Puerto Rico in the Caribbean Plate.

As the smallest of the Greater Antilles, Puerto Rico is still a giant among the other islands
in the Puerto Rican Archipielago (Vieques, Culebra, Mona, Monito, Desecheo, and Caja
de Muertos), the Virgin Islands, and the many islands of the Eastern Caribbean. Roughly
75 percent of Puerto Rico’s 9,104 km® of total surface area is mountainous. The
Cordillera Central, or central mountain range, crosses Puerto Rico from east to west,
dividing the Island into the north and south coastal regions. The Island is bordered by
approximately 501 km of coastline. Limestone deposits with karst erosion patterns,
clastic coastal plains and alluvial fans to the north and south define the Island’s principal
physiographic units. The north coast, which is wider and receives most of the river
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drainage, is typical karst country. The south coast is significantly drier and also has a
limestone-based terrain.

Along most of the north coast, the ocean’s bottom slopes steadily northward into the
Puerto Rico Trench, with depths of over 10,000 m occurring 100 km from shore. An
insular shelf is basically non-existent along this stretch of coastline. An irregular insular
shelf, 3-8 km wide, borders the south and west-southwest coastlines abruptly dropping to
deep water offshore. The marine ecosystems along the north and northwest insular shelf
are significantly different from those found along the west, south and east shelves. The
large variations in the character of the marine coastal habitats may be accounted for by
the differences in land surface topography, fresh-water budgets, wave and current
energies, sediment types and sediment influx, and bottom features around the perimeter
of the Island.

Close to JOBNERR, near the Central Aguirre sugar mill, local bedrock hills protrude
above the alluvial cover. The geological formations and units in the JOBNERR region
(the Central Aguirre quadrangle) were mapped by Beryhill (1960). Topographic features
are available from the Central Aguirre quadrangle of the USGS-DTPW 7.5 minute
topographic map series.

CLIMATE, WEATHER, AND WAVES

Climate and Weather

Major Weather Determinants: Local weather conditions in the northeastern Caribbean
are determined by the interplay between island topography, the North Atlantic mid-
latitude high-pressure cell, westward traveling tropical waves, and migrating cold fronts
from the north and northeast.

Trade Winds: The northeastern Caribbean lies along the northern edge of the Trade
Wind belt which circles the globe from east to west. Locally, the Trade Winds are
associated with the mid-latitude high pressure cell, whose center is periodically displaced
along the Bermudas-Azores latitude band. This clockwise rotating, high surface pressure
system generates easterly winds (Trade Winds) over the Caribbean. The actual wind
direction varies from northeast to southeast, depending on the geographical distribution
of pressure gradients over the North and Tropical Atlantic.

Monthly mean wind speeds for the south of Puerto Rico (years 1862-1973) peak during
December-January at 23 km/h (12.8 kts) and are weakest in October at 18 km/h (9.8 kts).
Over the South Coastal Plain winds regularly come from an easterly direction, mostly
southeasterly, at mean speeds of 10 km/h (6 kts) or less (McClymonds and Diaz, 1972).
Weak seaward winds are often observed at night in the Reserve as part of the daily land-
sea breeze cycle. Punta Pozuelo, Mar Negro, Cayos Caribe, Cayos de Barca, Cayos de
P4jaros, and mainland Puerto Rico effectively protect Jobos Bay. As a result, the waters
of the Bay are generally calm. The usual daily pattern in Jobos Bay is for low velocity
northeast winds in the early morning, giving away to brisk southeast winds as the day
progresses.
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Figure 10. Trade winds belt

Temperature: Temperatures at JOBNERR are high throughout the year. Climatological
mean monthly temperatures at Central Aguirre for the 30-year period between 1968 and
1998 range from 29.7°C (85.4°F) in February, to 32°C (89.6°F) in August.The highest
daily temperature for this period was 36.7°C (98°F) recorded on September 8, 1997, and
December 24, 1976. Daily lows of 13°C (55°F) occur from November to March.

McClymonds and Diaz (1972) show a climatological daily mean temperature range of
19.5-32° for the South Coastal Plain.

Precipitation: A strong seasonal pattern is also observed in the mean monthly rainfall
data for Central Aguirre, from 1968-1998. Precipitation lags temperature by 1-2 months,
with October being the wettest month (7.73 inches), and minimum rainfall occurring in
March (1.22 inches).

The wettest October on record occurred in 1970 when 27.91 inches was recorded. The
single-day record is 12.3 inches, in October 7, 1985. The rain shadow over the South
Coastal Plain occurs from the influence of the tall Cordillera Central on the prevailing
easterly Trade Winds. Puerto Rico’s asymmetric north-south topographic profile, with a
wider North Coastal Plain, traps rainfall over the north apron of the Cordillera under both
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Central Aguirre Temperature: 1968-1998
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Figure 11. Seasonal variation in temperature for Jobos Bay Watershed.

northeasterly and southeasterly prevailing winds. Orographic steering yields to thermal-
convective conditions driving a land-sea breeze cycle under low wind conditions.
Whereas afternoon thunderstorms are frequent over the west coast of Puerto Rico, rainfall
in the southeastern coastal region is more frequent during early morning hours.

Atmospheric Waves and Pressure Cells: Westward moving tropical waves in the lower
atmosphere are best known for the "low" part of the surface pressure cycle as the "highs"
are indicative of dry, windy, weather (good weather). On the average, tropical lows
generally exhibit weak variable winds, and increased cloudiness and precipitation. Wave
conditions under a tropical low are usually calmer, except near centers of strong
precipitation, which are accompanied by strong winds (and high seas) of short duration.

During the Atlantic hurricane season, from June to November, high sea surface
temperatures and favorable atmospheric conditions allow tropical lows to develop into
tropical depressions, tropical storms, and hurricanes. The wet season is characterized by
an increase in the frequency of arrival of these tropical waves which are associated with
the maximum northward excursion of the Inter Tropical Convergence Zone. Whereas
tropical waves move westward, mid-latitude weather systems propagate towards the east.

Frontal Systems: Frontal systems over the North American continent result from the
surface displacement of cold air masses from the high latitudes (Alaska and Canada).
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These systems move towards the south and east and sustain strong winds along the cold-
warm air boundary. As these systems exit the east coast of the U.S. towards the Atlantic,
the strong winds excite high seas that in turn decay into large swell waves propagating
southwards into the northern Caribbean. Large swell (12-16 sec periods, breakers of 6-8
feet, but up to 10-12 feet) is common along exposed northern coastlines during the winter
season (roughly November-April). Its arrival at the islands is easily predicted by
following the quasi-periodic behavior of the continental cold fronts. The arrival of a cold
front generally means large swell along the north coast and flat seas along the south coast
of most islands. Such is the case for JOBNERR. During cold fronts, large swell
conditions occur along the north coast while the south coast is usually flat calm.

Central Aguirre P recipitation; 1965-1993
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Figure 12. Seasonal variation in precipitacion for Jobos Bay Watershed.

Ocean Waves and Swells: The typical (most frequent) wind-driven wave system along
the south coast consists of a background field of southeastward seas and swell generated
by the Trade Winds. The wave system is locally modified by bottom topography and by
the behavior of the wind as it hits the chain of islands. As the easterly waves approach
the islands and make contact with the sea bottom, they refract and turn towards shore,
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creating a westward longshore current. Under steady southeasterly winds, a south-facing
coastline, like the south face of Punta Pozuelo and the Cayos, receives wind and swell
head-on throughout the day. A typical forecast under these conditions is for 1-2 meter (3-
5 feet) waves and swell across the exposed southern shelf waters. Conditions are usually
much calmer inside the Cayos, with the trend continuing into Jobos Bay. The east-west
orientation of the Puerto Rico-Virgin Islands platform causes north-south gradients in the
surface wave field so that under northeasterly winds, the north coast is exposed to wave
action while the south coast is more protected. This situation reverses under
southeasterly winds and is modified by the land-sea breeze diurnal cycle.

The combination of local shadow zones from the prevalent Trade Winds, wave refraction
due to bottom topography, and the interference patterns created by multiple wave sources
creates complex wave patterns around the Cayos and Punta Pozuelo, as revealed in
satellite imagery for the region. Under "normal" conditions treacherous waves may
develop in narrow channels between the islands due to the focusing of wave energy by
the bottom topography.

Winds also induce surface currents in the tide channel, which are further augmented by
the surface waters of Jobos Bay and the open ocean currents through the fringing Cayos
Caribes and Boca del Infierno. The westerly flow of surface currents is replaced by
upwelling of bottom water along the Bay (Figure 13).

Geostrophic influences, tides and wind effects, either separately or by interaction, are
factors that generate and control currents and the exchange and renewal of water in Jobos

Marine Currents in Jobos Bay
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Figure 13. Marine current flow in Jobos Bay.
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Bay. Winds blowing mainly from the east generate westward surface currents that are
deflected by the labyrinth of mangrove channels and prop and aerial roots from mangrove
trees. Jobos Bay is gradually being closed by the advance of mangrove forests and by the
expansion of coral reefs, a process that occurred in the former Las Mareas Bay, which is
presently a series of interconnected lagoons in Mar Negro.

The tidal excursion (the average distance traveled by a water particle during a half-tide
cycle) is around 600 meters, decreasing eastward. Considering tidal and wind effects, the
mean residence time of a water mass in Jobos Bay is approximately 5.5 days. The
volume of water displaced daily from the Bay averages 30.5 million cubic meters. The
peak tidal surge elevation that can be expected to occur at Jobos during a probable
maximum hurricane would be about three meters (PRWA, 1972).

Extreme precipitation, wind, and waves (seas, swell, and surge) accompany the arrival of
tropical storms and hurricanes. Hurricanes can develop 15-20 meter waves near their
center and swell is radiated asymmetrically along their trajectory. During September of
1998 JOBNERR suffered the effects of Hurricane Georges, and in October 1999 those of
Hurricane Jose. Hurricane tracks over the last 30 years demonstrate the vulnerability of
JOBNERR to such extreme weather events. Long-time scale variability, decadal and
longer, in North Atlantic weather patterns is bringing a multi-decade period of average to
above-average storm formation after several decades of below-average statistics (See
Figure 14).

HYDROLOGY

Semiarid conditions characterize most of the South Coastal Plain, including JOBNERR,
with a mean annual rainfall of 106-114 cm (41.6-45 in). The stratigraphy described
under ESTUARINE GEOMORPHOLOGY leads to efficient recharging of the aquifer
through riverbed infiltration, especially along the upper part of the fan deltas
(McClymonds and Diaz, 1972). Quifiones-Aponte, et al. (1997, abbreviated to QGR97),
describe the geohydrology of the Salinas to Patillas area of the South Coastal Plain
aquifer system, and document the construction, calibration, and application of a three
layer, digital ground-water flow model. QGR97 also briefly review relevant, prior work
on the water resources in the Salinas to Arroyo region, based upon which they estimate
that 5-12 percent of the rainfall results in aquifer recharge.

Aquifer Subsystems: JOBNERR is located along the land-sea boundary of the South
Coastal Plain aquifer, which extends from Ponce to Patillas. QGR97 define the Jobos
Area subsystem.of aquifers in terms of four layers of equal geohydrological
characteristics (Figure 15). From bottom to top these are (1) the regolith bedrock, (2) the
principal flow zone, composed of fan-delta and alluvial deposits of sand and gravel, (3)
the confining clay geohydrologic unit, a hydrologically impermeable slab of sediment
that effectively traps the water above and below, and (4) a top layer of sand and gravel
deposits. Approximately 80 feet below JOBNERR, the main aquifer slowly flows
towards the sea as a 60 ft thick river of water trapped between the regolith and the
confining clay (layer 2). The source of fresh water to this aquifer resides further up, in
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the high-rainfall Cordillera Central mountain slopes where the aquifer is unconfined. The
confining clay layer only extends as much as 2 mi inland in the Jobos Area sub-system.

Figure 14. Atlantic hurricane tracks crossing near Puerto Rico.
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Since the main aquifer is confined, this water is under pressure and flows freely towards
the surface. The confining layer works just as effectively in blocking the penetration of
surface water and, therefore, the coastal water table at the JOBNERR site of Mar Negro
is very shallow. The shallow coastal aquifer provides the principal source of fresh water
to the system through a loosely-defined, distributed system of wetlands (coastal swamps
and springs), and by seepage to lower river reaches, discharge to the seabed, and
evapotranspiration to the coast. The shallow water table, not the deep aquifer, seems to
be the main source of freshwater to the JOBNERR coastline. PRDNR (1983) reports on
the existence of springwater upwellings along the bottom of Jobos Bay. However, their
location is not specified.

Stream System: Rio Seco is the only river draining into Jobos Bay east of the Reserve.
From east to west, in the Salinas to Patillas region, are found the Rio Salinas (also known
as Rio Nigua, and not to be confused with the Rio Nigua in Arroyo), Rio Seco, Quebrada
Melania, Rio Guamani, Rio Nigua, and Rio Grande de Patillas (QGR97 and Figure 15).
Several small tributary streams and small intermittent streams also flow through the
region, most notably Quebrada Aguas Verdes and Quebrada Coqui which feed directly
into Jobos Bay. QGR97 report that most streams maintain year-round flow downstream
only to the point where they meet the highly porous fan deltas. From there on they
become the most important source of groundwater recharge to the underlying aquifer.

Irrigation Canals: Agricultural irrigation in the Salinas to Patillas area is achieved
through the use of a network of man-made canals which transport surface water from the
Patillas and Carite reservoirs. Large-scale use of this system started in 1914, when
sugarcane was the main agricultural product. The two principal canal irrigation systems
in the region are the Canal de Patillas and Canal de Guamani.

The combination of surface water together with a shallow coastal water table necessitated
the construction of drainage canals and pumping stations in order to reclaim swampy
areas for agriculture. Canal construction in the 1930’s (QGR77) was also a response to
the threat of malaria.

LAND AND WATER USE
Land Use

Agriculture: From Spanish Colonial times up until the 1970’s, the principal use of lands
around JOBNERR was for agriculture. Sugarcane fields extended throughout the South
Coastal Plain with coconut plantations bordering the shoreline. As of 1995, most of the
land area falling within the Jobos Bay Special Planning Area (SPA) was still devoted to
agriculture. However, the remaining vestiges of sugarcane lands are steadily being
supplanted by fruit and vegetable cultivation. The decline of sugarcane cultivation in
Puerto Rico since the 1960's resulted in the closing of Central Aguirre. Banana and
plantain farms exist north of Mar Negro, outside Reserve boundaries, extending toward
the higher, cooler mountain areas. Pasturage is also a principal agricultural use.
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Figure 15. South Plain Aquifer system from QGR77.
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Industry: Other major uses within the SPA, close to the Reserve, include a poultry
processing plant, a landfill, and a race car track Along the Jobos Bay coastline, towards
the northeast, is the Aguirre thermoelectric plant, a tire recycling plant, and the old
Central Aguirre sugar mill. The JBNERR Visitor's Center is situated in the center of the
coastal residential community. Further to the east, near the west end of the Bay, a major
chemical and pharmaceutical complex has developed. The Phillips Petroleum refinery is
located just to the east of Jobos Bay. Current development proposals include a major
regional landfill north of JOBNERR and construction of a coal-based cogeneration plant
near Phillips Petroleum.

Water Supply: The availability of large supplies of water from the aquifer and the
suitability of local soils for farming has prompted agricultural and industrial
development. The region has also benefited by the protected waters in Jobos Bay and the
availability of a local power source, the thermoelectric power generating facility. Despite
promotional efforts by the Puerto Rico Industrial Development Administration
(PRIDCO), no new heavy industrial uses have been established in the region.

Land Use Inventory: Under the NOAA-UPR sponsored project (“The use of a
Geographic Information System and Remote Sensing Technology for monitoring land
use and land cover of the Jobos Bay Estuarine Research Reserve™), Prof. Linda L. Velez
(UPR-RUM) developed a complete GIS inventory of resources, land use and landcover.

JOBOS BAY NATIONAL ESTUARINE RESEARCH RESERVE
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The land use classification used in the inventory followed U.S. Geological Survey
guidelines.

Population and Settlement Patterns: The Reserve is located in the Barrio Aguirre
(Aguirre Ward) sector of Salinas and Barrio Jobos (Jobos Ward) of Guayama. ). Aguirre
was originally built around Central Aguirre, and the distinctive architectonic style of the
early-century sugar plantation structures has been preserved.

JOBOS BAY NAIONAL'ESTUARINE RESEARQH RESERVE
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Figure 17. Settlements in Jobos Bay Watershed.

Recent Census Bureau estimates place the population of Guayama at 43,105, a 3.6
percent increase over the 1990 census figure of 41,588. The estimated population of
Salinas is 29,997, a 5.8 percent increase over its 1990 population of 28,335 (U.S. Census
Bureau web site). Existing coastal communities and squatter settlements are steadily
growing, while new coastal urbanization is accelerating (DNER, 1998).

Coastal Facilities: Various docking facilities and boat ramps have been constructed
along Jobos Bay. A fisherman's pier and the Guayama Yacht Club marina are located in
Punta Pozuelo. Larger docking facilities have been constructed to support industrial
operations, since fuel for the thermoelectric plant and crude oil for the refinery complex
in Guayama arrives by sea. Several canals have been dredged in Jobos Bay to
accommodate maritime access to the various piers. However, the only dredging permit
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that is currently active belongs to PREPA, a governmental entity that operates the
thermoelectric facility.

The north coastline of Jobos Bay borders the Reserve. To the east and along the coastal
fringe is the Aguirre State Forest, the Aguirre thermoelectric power plant and the old
Central Aguirre sugar mill. The Las Mareas community in Salinas borders JOBNERR to
the west, while agricultural lands are found along the north boundary. Hypersaline
lagoons and salt flats border the Reserve’s western boundary north of Mar Negro. These
lands are currently owned by the Puerto Rico Department of Housing and are potential
development sites.
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Ground Water Extraction: The South Coast Aquifer is the main source of freshwater
throughout the Guayama-Salinas Region. More than 125 wells are registered in the
municipality of Salinas alone. Well locations are shown in Figure 19.

Current estimates place extraction at 1.5 Mgal/day in the Aguirre area (DNER, 1998).
Extraction volume is expected to increase with growing urbanization. El Coqui, San
Felipe and Centro Urbano communities are connected to the Guayama Regional
Wastewater Treatment Plant. Otherwise, over 90 percent of the domestic waste is
disposed of through septic tanks or discharged directly into Jobos Bay. The local sewer

31



system discharges into the Bay. Raw sewage from Aguirre is also discharged into Jobos
Bay.

Fishing: Fishing of the traditional artisanal variety is a common occupation among the
various coastal communities. There are four commercial fishermen associations along
the Guayama-Salinas coastline. Fishing is usually conducted from small wooden boats,
or yolas, that accommodate 1-4 fishermen. Fishing techniques include the use of fish
and lobster traps, various types of nets, hook and line, and trolling.

Recreation: Local recreational facilities include the Central Aguirre Golf Club, and the
beach at Punta Pozuelo. The region is known for its ecotouristic appeal. Many visitors
are attracted by the easy access to varied coastal and marine ecological settings.
JOBNERR and its Visitor’s Center, Punta Pozuelo Beach, a multitude of small,
undeveloped beaches, the Cayos, and the mangrove forest-canal system are pricipal
attractions. Cayos Caribe, a part of JOBNERR, has been a popular weekend picnicking-
camping area although lacking any permanent camping and sanitary facilities.

MARINE ENVIRONMENT

Water Temperature and Salinity

Offshore Caribbean waters are stratified by depth. As a result, fluid moves in different
directions at varying depths based on the sources and sinks for each water mass. These
conditions vary throughout the Caribbean. Just three miles south of JOBNERR, the
following strata have been identified:

e Caribbean Surface Water, the local mixed-layer, whose lower boundary is known as
the seasonal thermocline (technically it is the pycnocline but these two boundaries
approximately coincide in depth);

Subtropical Underwater to about 180 m;

Sargasso Sea Water to about 325 m;

Tropical Atlantic Central Water to just over 700 m;

Antarctic Intermediate Water to 900 m; and

North Atlantic Deep Water reaching all the way to the bottom at ca. 4,000 m.

It may be noted that the island passages, with a maximum sill depth of about 1,800 m, do
not allow any Atlantic bottom water to enter the Caribbean.

Caribbean Surface Water: The structure and composition of the Caribbean Surface
Water, that which bathes the JOBNERR shoreline and in which most human activity
occurs, exhibit a well-defined seasonal pattern.

In the northeastern Caribbean Sea the depth of the thermocline reaches a maximum of
close to 100 m in the spring (January-March) and a minimum of about 25 m in the fall
(September-October). Density, temperature, and salinity follow the same seasonal pattern
with temperatures ranging from 26 to 30 °C and practical salinities from 36.3 to 34,
respectively (CEER, 1980-1981).

32



The large range in offshore surface salinities is due to the northwards advection-mixing
of South American riverine outflow in the eastern Caribbean Sea, specially from the
Orinoco River. The seasonal surface salinity range is therefore narrower northwards into
the North Atlantic (Morrison and Nowlin, 1982).

While the Orinoco effect creates a seasonal north-south surface salinity gradient in the
eastern Caribbean, the Amazon River outflow becomes entrained in pools or eddies that,
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Figure 19. Water Resources and Hydrology of Jobos Bay Watershed.

after a circuitous trajectory through the Tropical Atlantic, arrive at the Windward Islands
as pools of green (high chlorophyll content, low salinity) water, and enter the Caribbean
from the east.

PRNC (1971 and 1975) collected temperature records at multiple sites and depths
throughout the Jobos Bay region from 1970-1975. Figures 21 and 22 show yearly
records of water temperature at several stations near the warm water discharge (a)
February to December, 1973, and (b) January, 1974 to February, 1975. Data was also
collected during January-December, 1971 (not shown). At the single 1973 station,
located 500 m southwest of the Aguirre power plant’s dock towards Mar Negro,
temperatures exhibited a seasonal pattern ranging from 26.2°C in December, to 30.0°C in
September, while salinities ranged from 33.6 in August, to 36.3 in April. The peak
temperature during 1975-1975 was 35.89°C, sampled on May 31, 1974, near the thermal
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discharge. Minimum temperatures were observed in January, 1974 (24.95°C) and
January, 1975 (25.40°C).

Generally, temperature-salinity patterns at Jobos Bay oppose one another as high
salinities occur with low temperatures during the dry winter months (December-April),
while the opposite situation prevails in the wet summer (May-November), (PRNC, 1975).
Waters near the power plant outfall were as much as 0.5°C warmer than elsewhere in the
Bay. Large interanual variability between 1973 and 1974 occurred due to the frequency
and timing of low salinity values occur in the top 1m of the water column after high
precipitation events, often associated with westward traveling tropical waves (lows) in

the atmosphere. These data are consistent with temperature and salinity values in
PRWRA (1972).
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Figure 20. Puerto Rico Nuclear Center temperature and salinity in 1973.

Offshore Currents and Circulation

Regional Circulation Pattern: Passages between the various islands allow the inflow of
North Atlantic, Tropical Atlantic, and Equatorial waters into the Caribbean Basin. The
main outflow is towards the west through the Yucatan Channel between Cuba and the
Yucatan Peninsula. The expected mean circulation pattern of the wind-driven offshore
surface waters around the PR-USVI-BVI shelf is, therefore, in a west-southwest
direction, joining the general western flow of the Caribbean towards Yucatan Strait. The
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Figure 21. Puerto Rico Nuclear Center temperature and salinity in 1974

expected long-term, mean flow between Puerto Rico and Santo Domingo is through
Mona Passage and through Anegada Passage to the east. Recent, long-term, direct
observations across Mona Passage place the mean meridional transport at 1-2Sv into the
Caribbean (one Sv = one million cubic meters per second). The total outflow through the
Florida Straits, which is mostly composed of the integrated Caribbean inflow, is in the
order of 30 Sv. Deep waters off southeastern Puerto Rico, in the Witting Basin south of
JOBNERR, are bathymetrically connected to Anegada Passage inflow.
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Caribbean Circulation Pattern: In the Caribbean Sea, the meridional distribution of the
zonal wind stress generates a circulation cell where deep waters are upwelled along the
north coast of South America, and surface waters (enriched by upwelling and by the
Orinoco loading) are advected northwards into our region, especially during the fall
season. Satellite images in the visible spectrum (CZCS and SEAWIFS) clearly show the
meridional spreading of green water in the eastern Caribbean (Miiller-Karger et al.,
1989). The northward edge of the Orinoco plume does not extend far to the north of
Puerto Rico. The convergence of these two distinct Caribbean and North Atlantic
dynamical regimes define our region as a boundary zone, with the edge of the green
Orinoco plume often referred to by local researchers as the Caribbean Front.

A persistent feature of the geostrophic flow just south of Puerto Rico in the CEER data is
the generally eastward transport in the upper 100m, in a direction that is the opposite of
the expected westward advection of wind-driven Caribbean Sea waters. Eastward
geostrophic flow is generally limited to near surface waters, while deeper flow is
generally westward. These observations are consistent with those of Morrison and
Nowlin (1982) and indicate that eastward geostrophic transport in the northeastern
Caribbean, south of the Puerto Rico-Virgin Islands platform, is a common feature of the
regional circulation.

Fornshell and Capella (1984) conducted Lagrangian drifter measurements off the
southeast coast of Puerto Rico during seven weeklong cruises between March and
September of 1982. On an eighth cruise additional drifters were released near Grappler
Seamount. Figure 22 shows the drifter trajectories obtained in this study; the buoys were
drogued at 50m and 100m or 200m on each cruise.

There were essentially four flow regimes observed on the eight cruises: southerly flow,
easterly and stalled flows, west-northwest or onshore flow, and southwest flow with
bathymetric steering. The unusual southerly flow tracked by some of the drifters is
consistent with the CEER geostrophic flow contours. The highest velocities were
observed when the drifters moved steadily towards the southwest during August 30 to
September 2, 1982. The mean flow during the seventh cruise was towards 243° at 20.3
cm/s. These results are consistent with observations by Goldman (1980).

The insular shelf south of Puerto Rico is very narrow, only 3-5 km wide, from Punta
Tuna to Salinas, where it widens to ca. 10 km towards the west. Topographic steering
results in the southward veering of the offshore westward trajectories south of
JOBNERR. Persistent eastward tracks were observed.

The Anegada-Jungfern Passage is the only Atlantic-Caribbean connection for waters
below sill depth (ca. 1,800 m) in the northeastern Caribbean. Metcalf (1976) and
MacCready et al. (1999) have observed the flow to be from the Atlantic into the
Caribbean, through this passage, below 700m. In October, 1994, south of La Parguera,
current readings, over a 2-week period, were recorded at a depth of 650m (1500m bottom
depth). The resultant record velocity was towards 87° at 2 cm/s.

Maps of the mean seasonal surface circulation in the Caribbean Sea are found in Wiist’s
(1964) atlas, in the Pilot Charts, and in the body of oceanographic literature for the region
(a good review up to the early eighties can be found in Kinder, et al, 1985). Seasonal
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changes associated with the north-south excursion of the Inter Tropical Convergence
Zone (ITCZ) result in maximum mean surface currents in the central Caribbean during
the summer. Superimposed on the mean circulation, tidal currents are the dominant
component of the offshore currents.

Satellite altimetry and numerical modeling studies have shown high levels of mesoscale
activity superimposed on, or averaging into, the mean circulation of the Caribbean Sea
and of the western Tropical Atlantic to the east. Just upstream from the eastern
Caribbean, these mesoscale features consist of anticyclonic (clockwise) eddies that arrive
at the eastern Caribbean from interaction of the equatorial long-wave field with the Brazil
Current Retroflection. Model simulations show the dissipation of these eddies upon
impact with the southeastern Antilles, in the vicinity of Barbados and the transfer of
mass, energy, and vorticity into the Caribbean resulting in the spawning of new eddies
west of the islands.
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Figure 22. Drifter trajectories south of Puerto Rico from Fornshell and Capella (1984).

Both cyclonic and anticyclonic eddies have been observed inside the Caribbean Basin
where they are advected westward, in the direction of the mean flow (Murphy and
Hurlburt, 1999). Computer modeling and satellite altimetry studies (Geosat and TOPEX
— POSEIDON) show eddies moving westward south of Puerto Rico and reaching all the
way to the Yucatan Channel where they have a profound effect on the Loop Current in
the Gulf of Mexico (Nystuen and Andrade, 1993; Andrade and Barton, 1999). Several
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mechanisms have been proposed for the formation of eddies inside the Caribbean Sea:
island-flow dynamics, bottom-flow dynamics (due to the Aves Ridge and other
bathymeric features), and eddy-boundary dynamics. TOPEX sea surface elevation and
geostrophic current contours covering our region, which often show eddy-like features
south of Puerto Rico, can be found at the TOPEX web site.

Coastal Currents

General Findings: Coastal current around PR-USVI are mainly tide and wind driven.
The North Equatorial Current, flowing in a west-northwesterly direction, dominates the
entire south coast of Puerto Rico. Oceanic currents are to the west off Jobos Bay.
However, on a localized basis, special hydrographic conditions can modify the nearshore
coastal currents.

The narrow and shallow shelf is, in most places, directly exposed to the open ocean,
especially along the north coast. With the exception of bays and lagoons, coastal flows
are steered by the coastline-shelf topography and are, therefore, east-west along the north
and south coasts, north-south in Mona Passage, and variable on the shallow VI platform.
Typical peak tidal speeds of 10-20 cm/s have been observed at numerous sites in the
region; the mean vector-averaged velocity is usually less than Scm/s. The typical pattern
is that of oscillatory currents parallel to the coastline.

The local wind stress, dominated by the easterly Trade Winds, pushes surface waters
towards the west, the same direction as the large-scale offshore mean flow. However,
during times of weak easterly winds, near bottom waters are commonly observed to flow
towards the east. This behavior is known to occur along the north and south coasts of
Puerto Rico and has been attributed to (1) a reverse pressure gradient resulting from the
action of the mean flow on the abrupt island topography (Tyler, 1992), and/or (2) an
unknown mean eastward external pressure gradient.

Current Flows for Jobos Bay and South Coast: PRNC (1971 and 1975) describe the
circulation in Jobos Bay during periods of southeasterly winds as a westerly flow of
surface water, replaced by upwelling of bottom water throughout the length of the Bay.
The upwelled bottom water source is the open sea, which supplies the water through the
deep channels at the west end of the tide channel (Figure 13).

Open ocean waters flow easterly along the bottom of the Aguirre Ship Canal and into
Jobos Bay. The typical tidal flow pattern is for westward flow during ebb tide and
eastward flow during flood, a pattern that is overridden near the surface by strong winds.
The prevailing easterly and southeasterly winds intensify westward flow during ebb tide
and might cancel, or even reverse, the eastward, flood surface flow. The mean flow
through Cayos Caribe is towards the northwest, into the mouth of the Bay and Mar
Negro. The tide channel, which contains the ship canal, is 25 to 35 feet deep and
connects to the sea through shallow surge channels between the islets of Cayos Caribes,
Cayos La Barca, and through Boca del Infierno. Surface currents in the Bay and the ship
canal normaly average 10 cm/s, ranging from 0.0 to 25 cm/s.

Tyler (1992) measured shelf currents at La Parguera and Guanica and pressure at La
Parguera and Salinas over a one-year period; his results were later summarized in Tyler
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and Sanderson (1995). Tyler measured currents approximately 1.5m above the bottom at
depths of less than 10m. Low-passed wind and current data from Tyler (1992) are shown
in Figure 23.

These low-passed, near-bottom currents reach speeds in the order of 10 cm/s, whereas the
raw, unfiltered, data exhibit higher magnitudes. The original data collected by Tyler is
available for further, in-depth, analysis of coastal currents outside of JOBNEER.

The subsurface currents in Guayanilla Bay, approximately 60 km west of JOBNERR, are
tidally driven, following the prevailing diurnal tide with a weak semidiurnal component.
Tidal current vectors rotate along a topographically flattened tidal ellipse in a clockwise
sense. As expected, the tidal currents lag the tidal elevations by a 6-hour time lag. These
tidal currents are bottom-intensified and could well account for the high levels of
turbidity observed in Guayanilla Bay. Residual near-bottom currents enter the bay along
the eastern side of the channel and exit along the western side, suggesting a
counterclockwise residual flow within the Bay. Tidal volume exchange across the
entrance channel exceeds previous estimates and is calculated on the average to be at
least in the order of 15-40 percent of the volume of the Bay. The mean observed currents
are from Tallaboa Bay into Guayanilla Bay (east to west).

Tides

Tidal Patterns: Tides throughout the northeastern Caribbean Sea exhibit a complex
behavior. Along the south coasts of Puerto Rico and Vieques the tide is principally
diurnal (one cycle per day; i.e., 24h period) while the tide along the north and west coasts
of Puero Rico is semidiurnal (two cycles per day; i.e., 12h period). The JOBNERR is
located within a geographical band of diurnal tides that actually extends south across
most of the Caribbean and is surrounded by areas where the semidiurnal tide is stronger.
This is further complicated approaching Vieques due to the presence of the semidiurnal
(M2) anticlockwise rotating amphidromic system, centered south of St. Croix. Kjerfe
(1981) and the CD titled "A Collection of Global Ocean Models" (includes 10 global
ocean tide models and many graphs, and can be ordered at http://podaac.jpl.nasa.gov)
show significant predictive variability for the deep ocean tides in this region and for the
position of the amphidrome. Accurate numerical prediction of the oceanic tide close to
the islands becomes rather difficult due to the steep bathymetry of the Antillean Island
Arc (and the lack of high resolution bathymetry), and the proximity of the M2, N2, and
S2 amphidromes.

Tidal Range: Average tide heights at the Arroyo station (18° 54°°N, 66° 04’°W) range
from 18 cm below mean sea level to 12 cm above, for a total mean tidal range of 30 cm
(about a foot). The Arroyo tide may be predicted from NOAA sources or by tidal
prediction software that use the appropriate tidal constants (i.e., TIDE.1 software from
Micronautics). Other sites along the south coast for which tidal elevation predictions are
available are Maunabo, Santa Isabel (Playa Cortada), Ponce (Playa de Ponce), Guanica,
and Lajas (Isla Magueyes). PRNC (1971) analyzed tide data from Cayo Lulu, sampled
every three hours over a period of 100 days from 22 Febryary 1971, to 1 June 1971. A
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dominant daily peak (one day) with fortnightly (13.3 days) modulation is the dominant
structure in these data.
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Figure 23. Wind Currents: a) wind speed, b) currents at La Parguera, ¢) currents at Guanica,
d) sea-surface differences: Salinas-Parguera.

Yearly tidal maxima occur when a lunar perigee coincides with a new or full moon. This
alignment usually occurs twice a year and evolves from year to year in response to lunar
orbital characteristics. Coastal tidal currents generally lag the phase of the predicted
surface tide by a quarter of a cycle (6 hours for the diurnal tide). Vertical oscillations in
the water column driven by the barotropic tide, known as internal tides, are observed to
extend from the seasonal thermocline to the maximum observed depth in stratified
offshore waters south of PR. The amplitudes of these tidal oscillations are inversely
proportional to the stability of the water column, resulting in a general increase in
amplitude with increasing depth.
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CHAPTER 3. BIOLOGICAL SETTING
by Dr. Eddie N. Laboy

BIOTIC HABITATS

Small variations in the hydrology, soil content, elevation and salinity are the main natural
factors responsible for the relatively low floral diversity of the Jobos Bay NERR. Even
though the Bay has been substantially altered by catastrophic events (hurricanes, floods,
oil spills, dredging and filling, urban and agricultural encroachment), it is believed that
most of the existing habitats are representative of what was present a century ago. With
or without anthropic disturbance, none of the estuarine communities is static in terms of
the distribution and abundance of marine and terrestrial species. In a very limited area
(1,140 hectares), the Jobos Bay NERR encompasses five major habitats. These include
the mangrove forest which covers nearly 90 percent of the Reserve's surface area, the
evergreen littoral woodland (limited to Cayo Caribe, El Cocotal and Camino del Indio),
mudflat patches within Mar Negro, seagrass beds of the benthic substrata, and coral reefs
Each habitat shelters a variety of organisms, particularly halophytes, xerophytic shrubs,
marine and terrestrial invertebrates and birds.
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Figure 24. Jobos Bay N.E.R.R. Natural and Anthropic Resources (DNER, 1998)
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The Mangrove Forest

The distribution, structure and physical conditions of the mangrove forest of the Jobos
Bay estuary were extensively studied by Martinez et al. (1979). These investigators
concluded that the 400 hectare mangrove forest at Jobos represented 42.6 percent of this
habitat type on the southern coast of Puerto Rico, thus, establishing the estuary as a site
of unique ecological value. Over 90 percent of the land area of the Reserve lies above
deep and very poorly drained swamp deposits which form narrow strips adjacent to the
ocean. Although slightly above sea level, the soils are saturated by salt or brackish water
at high tide (USDA,.1977). The high concentration of salt inhibits the growth of all
vegetation, except the halophytes, the salt tolerant plants of which mangroves are the
dominant plant association

.Mangrove Attributes: Mangroves are salt-tolerant, open forest ecosystems of tropical
and subtropical intertidal regions. Mangroves have a net import of nutrients, freshwater,
and sediments from terrestrial environments and a net outflow of organic matter and
water to marine or estuarine waters (Cintron et al., 1985). Mangroves act as sediment
traps that reduce water movement and retain suspended materials, gradually raising the
land level by producing a rich organic soil. Being swampy and salty, mangrove
ecosystems do not support a diverse flora, but contribute to estuarine and terrestrial food
chains, to improved water quality and to the maintenance of coastal geomorphology
(Cintrén et al., 1985). The rich, protected substrate provides habitat for a large variety of
organisms which, in turn, serves as the food base for marine and estuarine heterotrophic
species.

Physiographic Types: Of the six physiographic types of mangrove forests (Lugo &
Snedaker, 1974), three are found in Jobos Bay: basin, fringe and overwash forests.

e Basin forests develop inland and are characterized by slow sheet flows over wide
areas of low topographic relief. This forest is normally separated from direct contact
with the ocean, except during high tides or storm surges. It receives substantial
amounts of freshwater during the rainy season, and in the dry season, salinity
increases as the salt water intrudes.

e Fringe forests occurs along the seaward edge and along the coastal lagoons and
channels that connect the entire system to the open sea.

e Overwash mangrove forests develop offshore over shallow calcareous platforms.

Both fringe and overwash mangrove forests are flooded daily by high tides and by
periodic storm surges, thus, sustaining a relatively constant regime with respect to
salinity, oligotrophic conditions, and exposure to winds. The degree and structural
dynamic of these two forests are controlled primarily by the quality of the soil and wave
intensity. The water temperature in the fringe and basin forests at Jobos is directly
proportional to, and higher than, the air temperature (Lugo ef al., 1987). The geometry,
shallowness and high surface area of the mangrove fringe contributes to a high degree of
physical exchange with the surrounding water, thus affecting the water temperature and
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oxygen diffusion (Laboy-Nieves, 1997). Figure 25 presents the mangrove forest types of
Jobos Bay.

Morphology