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Refer to Keller et al. (Chap. 1) for a listing of site acronyms (Table 1.4; Fig.
1.5).

ANCOVA  analysis of covariance
ANOVA analysis of variance

API American Petroleum Institute

BBSR Bermuda Biological Station for Research, Inc.
BCI Barro Colorado Island, Panama

BLM Bahia Las Minas

BMDP BMDP Statistical Software, Inc.

CID collection identification

CONSURV name of a database (Cubit and Connor, Chap. 4)
CP1 carbon preference index

EC;, effective concentration for 50% of the test population
EOM extractable organic matter

ESP Environmental Sciences Program, Smithsonian Institution
ex/em excitation/emission

FID flame-ionization detector

GC gas chromatography

HPLC high-performance liquid chromatography

HWL high-water line

HWM high-water mark

IAEA International Atomic Energy Agency

10C Intergovernmental Oceanographic Commission
IRHE Instituto de Recursos Hidraiilicos y Electrificaciéon
IS internal standard

IUCN International Union for Conservation of Nature and Natural Resources
LAI leaf area index

LMW low molecular weight

LSD least-significant difference

MANOVA multivariate analysis of variance

MHW mean high water

MLW mean low water

MMS Minerals Management Service

MS mass spectrometry

m/z mass/charge

NRC National Research Council

NSL non-saponifiable lipid

OCS outer continental shelf

PAH polynuclear aromatic hydrocarbon

PCC Panama Canal Commission

ppm parts per million
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ppt
PVC
REDGE
RF
RRI
SAS
SCUBA
SD

SE

SI

SIM

SL
SPM
SPSS
SRB
STRI
UNEP
UNESCO
URE
UVF
VMIC

parts per thousand (o/00)

polyvinyl chloride

name of a database (Cubit and Connor, Chap. 4)
response factor

relative retention index

SAS Institute, Inc.

self-contained underwater breathing apparatus
standard deviation

standard error

Smithsonian Institution

selected-ion monitoring

saponifiable lipid

suspended particulate matter

SPSS, Inc.

Scientific Review Board

Smithsonian Tropical Research Institute

United Nations Environmental Program

United Nations Educational, Scientific and Cultural Organization
unresolved

ultraviolet fluorescence

Venezuelan/Mexican Isthmian Crude, the type of oil spilled at Bahia
Las Minas
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Introduction

Brian D. Keller, Jeremy B. C. Jackson, John D. Cubit,
Stephen D. Garrity, and Héctor M. Guzman

1.1 Unplanned Environmental Assessments

Environmental assessments ideally consist of monitoring natural variation or
of studying planned environmental modifications, such as the release of heated
effluents from a power plant, and their effects. In both cases the kinds of ecological
data to collect, degree of replication, frequency of sampling, and so on can be
carefully designed (Green 1979; Stewart-Oaten et al. 1986; Underwood and Peterson
1988; NRC 1990; Keough and Quinn 1991; Underwood 1991). In contrast,
unplanned environmental modifications, such as those caused by major oil spills,
generally cannot be studied using optimal designs because pre-existing monitoring
data are not available as balanced sampling at both affected and unaffected areas.
In such cases all that can be done in designing an assessment is to make the best use
of available data.

Even optimally designed environmental assessments lack the rigor of
controlled experiments, and conclusions about cause and effect must consider factors
other than the presumed one. For example, in comparing areas affected and
unaffected by an oil spill, there may be additional area-specific differences not
related to the spill that explain some of the observations. Because effects of major
oil spills on benthic communities can be severe, studies employing suboptimal designs
may detect postspill changes, as was the case after a major oil spill at Bahia Las
Minas, Panama (Jackson et al. 1989; Keller and Jackson 1991).

1.2 Objectives of the Study and Organization of the Report

The study has two main objectives:

1. to monitor the long-term changes that may occur in the distribution and
abundance of marine organisms as a result of the 1986 oil spill at Bahia Las
Minas, and

2. to understand the ecological processes causing any observed changes.

This report is organized into chapters about the spread and stranding of oil
under different sets of environmental conditions, the concentration and
characterization of the spilled oil in environmental and organismal samples, and
effects of the spill on particular populations and communities:
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Introduction

Weather, sea conditions, and topography affecting oil deposition during
the spill

Hydrocarbon chemistry

Reef flat sessile biota, algal-turf infauna, and sea urchins
Reef flat gastropods

Reef flat stomatopods

Subtidal reef corals
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Chapter subsections are numbered to three levels; further headings are indicated by
bold typeface, italics, and italics at the start of a paragraph. References cited are
given at the end of the report. In addition, there are appendix sections providing
additional data.

Here, following a brief review of oil spills in tropical seas (Sect. 1.3), we
describe the Bahia Las Minas ecosystem (Sect. 1.4) and the 1986 oil spill (Sect. 1.5),
and relate its size to that of other major oil spills. The region of the spill has a
history of development and industrialization, and was polluted by a major tanker spill
of diesel oil and Bunker C in 1968 (Riitzler and Sterrer 1970). After reviewing this
background (Sect. 1.6), we briefly describe relevant biological studies that were
conducted prior to the 1986 spill, review how existing information was incorporated
into the design of each element of the study, and provide a listing and map of all
study sites (Sects. 1.7-1.9).

1.3 Oil Spills in Tropical Seas

Most oil spills are unplanned events involving tankers, production platforms,
storage tanks, pipelines, barges, and other vessels (NRC 1985). Between 1978 and
1990, the largest oil spills worldwide were from tankers (during 8 of the 13 yr) and
production platforms or storage tanks (during S of the 13 yr; Welch et al. 1991). This
section provides a brief review of tropical oil spills; particulars are presented in
subsequent chapters.

At least 157 major oil spills, defined as more than 1,000 bbl, originated from
ships and barges in the tropics between 1974 and 1S5 June 1990 (MMS Tanker Spill
Database, App. Table A.1). Of these 157 spills, 99 occurred in coastal or restricted
waters (51 of these involved groundings), 26 on the high seas, 20 at dock, and 12 in
harbors. A conservative estimate, made by adding the 51 spills involving groundings
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in coastal or restricted waters with the 32 spills at dock and in harbors, shows that
more than half of the 157 major tropical oil spills caused by shipping in recent years
occurred near potentially vulnerable ecosystems such as coral reefs, seagrass beds,
reef flats, sand beaches, and mangrove forests.

Between 1974 and 15 June 1990, there were 24 tanker or barge spills near
coastlines in the Caribbean, four along peninsular Florida, two in the Bahamas, and
two off the east coast of Mexico (Fig. 1.1; App. Table A.1; source: MMS Tanker Spill
Database). There were also at least two spills in the open Caribbean Sea, one in the
Atlantic Ocean, three each in the Orinoco and Amazon Rivers, and two at
unspecified locations in the region (App. Table A.1).

Other past or possible oil spills in the Caribbean stem from the presence of
at least 19 refineries (Ward 1990), a pipeline for transshipment of crude oil across
Panama (Gundlach et al. 1985), and facilities in Bonaire, Curagao (closed in 1985),
the Bahamas, and Grand Cayman for transfer of crude oil from supertankers to
smaller tankers (Fig. 1.1; Cintr6n et al. 1981). Spills occurred recently at the
Caribbean end of the pipeline across Panama (N. Duke and H. Guzmaén, pers. obs.)
and at two of the refineries (Cubit et al. 1987; Jackson et al. 1989; Bills and Whiting
1991).

Despite the frequency of spills in nearshore, tropical waters, very little work
has been done on the effects of oiling on shoreline communities at low latitudes
(NRC 1985). There is general agreement on the biological and economic value of
mangroves forests and on the vulnerability of mangroves and their biota to oiling
(Odum and Johannes 1975; Gundlach and Hayes 1978; Cairns and Buikema 1984;
Linden and Jernelov 1980; Cintrén et al. 1981; Saenger et al. 1983; Teas 1983;
Getter et al. 1984; Vandermeulen and Gilfillan 1984; Hatcher et al. 1989; NRC 1985;
Jacobi and Schaffer-Novelli 1990). Similarly, reef flats are known to be highly
productive (Hatcher 1988) and serve as nursery and foraging areas for spiny lobsters
(e.g., Herrnkind and Butler 1986; Butler and Herrnkind 1991). However, knowledge
of the effects of oil on mangroves and associated species is limited (Gundlach and
Hayes 1978; Lewis 1983; NRC 1985), and reef flats have been "totally neglected”
(NRC 1985). Of necessity, most studies of mangroves have been one-time efforts
(Baker et al. 1980) following "spills of opportunity” (NRC 1985). They thus lack
baseline, prespill data and seldom have long-term postspill monitoring (Baker et al.
1980).

In contrast to intertidal habitats, the vulnerability of coral reefs to oil spills has
been much more controversial (see reviews by Loya and Rinkevich 1980, and Brown
and Howard 1985; see Guzman et al., Chap. 7). Although subtidal seagrass beds are
vulnerable to human activities (Thayer et al. 1975), effects of oil spills on seagrass
beds have received very little attention (Zieman et al. 1984).

1.4 The Bahia Las Minas Ecosystem

Bahia Las Minas is a topographically complex, shallow-water, tropical
embayment whose margins were dominated at the time of the 1986 oil spill by
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Fig. 1.1 Past oil spills and potential sources of oiling in the Caribbean. Numbers mark approximate
locations of tanker and barge spills >1,000 bbl, 1978-June 1990 (source: MMS tanker oil spill database;
see App. Table A.1 for data on each spill). Circles mark coastal oil refineries (source: NGS cartographic
division; in Ward 1990). Triangles mark approximate locations of oil transshipment facilities (source:
PNUMA /CEPAL 1979). Diamond marks the Caribbean terminus of the oil pipeline across Panama
(Petroterminal de Panama4; source: Gundlach et al. 1985).

extensive mangrove forests, seagrass beds, and coral reefs (Cubit et al. 1985). These
habitats characterize Caribbean shores and many other regions of the tropics
worldwide (Phillips and McRoy 1980; Ogden and Gladfelter 1983; Dubinsky 1990;
Robertson and Alongi 1992). In almost every case, the physical structure of these
environments is built, stabilized, and maintained by a few species of relatively large,
long-lived, photosynthetic organisms that together buffer the coastal zone from
freshwater runoff and erosion from the land, and wave energy from the open sea.
Mangroves, seagrasses, corals, and coralline algae produce enormous quantities of
biogenic structural materials (wood, rhizomes, and limestone) whose very presence
baffles water movements and promotes the deposition of sediments.

The red mangrove Rhizophora mangle forms dense, anastomosing thickets of
prop roots and trunks that extend outward from land. Mangroves protect the shore
from the impacts of debris such as floating logs and waves, reduce water circulation,
increase sedimentation, and provide deep shade and shelter at all but the most open
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coastal margins. Seagrasses, especially turtlegrass (Thalassia testudinum), form dense
beds that may extend for hectares seaward of the mangrove fringe, depending on the
local bottom profile, size of the embayment, and degree of protection by coral reefs.
Seagrass beds are supported by dense root and rhizome mats up to half-a-meter thick
that stabilize sediments against erosion. In addition, long seagrass leaves slow water
movements and increase sedimentation. Coral reefs are built primarily by a few
species of corals and crustose coralline algae that produce the limestone framework
and cement that is filled by skeletal debris of associated organisms. The physical
complexity of reefs depends on the growth form of dominant coral species; branching
corals form dense thickets whereas massive species form a more open framework.
Regardless, reefs are the outer defense of the land against the sea, with calm-water,
sediment-trapping lagoons and reef flats behind.

Mangroves, seagrass beds, and coral reefs provide habitat for a great diversity
of species (Chapman 1977; Zieman 1982; Cubit and Williams 1983; Endean and
Cameron 1990) that depend largely or entirely on biogenic characteristics of the
habitat, much like the animals and herbaceous vegetation of a deep forest.
Moreover, many of these organisms consume and thereby strongly influence the
species composition and abundance of the habitat-structuring organisms on which
they depend. The best-known cases are grapsid crabs feeding on mangrove seeds
(Smith 1987; Smith et al. 1989), and sea urchins, schooling fishes, territorial
damselfish, and snails feeding on seagrasses, reef corals, and fleshy macroalgae
(Kaufman 1977; Ogden 1980; Lawrence and Sammarco 1982; Lessios 1988; Knowlton
et al. 1990; Sale 1991). The principal groups of associated consumers and other
organisms studied in this report are listed in Table 1.1.

Nearly all the oiled study sites and many of the unoiled mangrove sites listed
later in this chapter (Sect. 1.9) were in Bahia Las Minas. However, many unoiled
sites were northeast of this embayment in a region referred to here as the Costa
Arriba, from Maria Chiquita to Isla Grande (Fig. 1.2). These included unoiled open-
coast mangroves, reef flats (plus one site west of the bay), seagrass beds, and coral
reefs. Environmental conditions and other factors differ between the two areas
(Table 1.2). Implications of these differences to findings of the study are discussed
in later chapters.

1.5 The 1986 Oil Spill at Bahia Las Minas, Panama

In 1986 a major oil spill polluted Caribbean coastal environments of Panama,
including a biological preserve at a marine laboratory of the Smithsonian Tropical
Research Institute (STRI). For the reef flat at this site, baseline biological and
environmental data for some parameters had been collected for more than 15 yr
(Cubit and Connor, Chap. 4). There had also been surveys or short-term studies of
reef flat gastropods (Garrity et al., Chap. 5), reef flat stomatopod crustaceans (Steger
and Caldwell, Chap. 6), coral reefs (Guzmaén et al., Chap. 7), mangroves (Duke and
Pinz6n, Chap. 8), the epibiota of fringing mangrove roots (Garrity and Levings, Chap.
9), and seagrass communities (Marshall et al., Chap. 10). These prespill studies
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Table 1.1 Principal habitat-structuring organisms and associated consumers and other organisms
studied, in order of their presentation in the report.

Habitat-structuring Organisms Associated Consumers and Other Organisms
Crustose coralline and fleshy Sea urchins, stomatopods, snails, and
macroalgae on reef flats infauna of Laurencia turf

Reef corals and associated Fishes and sea urchins

sessile biota
Red mangroves Epibionts on prop roots, grapsid crabs

Seagrasses Infaunal and epifaunal invertebrates,
fish, and algae

provided a relatively comprehensive background for assessing biological effects of the
spill. Furthermore, observations of effects of the spill began as oil was washing
ashore. Such promptness is important because many ecological changes start
immediately after such acute pollution (e.g., Sanders et al. 1980), and direct
observations of immediate postspill die offs may be important.

The oil spill occurred on 27 April 1986 at a petroleum refinery at Bahia Las
Minas, Panama (Cubit et al. 1987; Jackson et al. 1989; Fig. 1.2). Approximately 38.3
million L (240,000 bbl) of medium-weight crude oil drained from a ruptured storage
tank. The oil was 70% Venezuelan and 30% Mexican Isthmian, with a specific
gravity of 27° at 15.6°C (American Petroleum Institute) or about 0.89 g/cc.
Approximately 22.3 million L (140,000 bbl) flooded through the containment dike
around the storage tank and overwhelmed separators and a retaining lagoon. In May
1986 a refinery official reported recovery of 9.6 million L (60,000 bbl) of oil from the
sea. We do not know, however, how much oil was not recovered and can only
surmise that the volume of oil that spilled into the sea from the grounds of the
refinery was at least 9.6-16.0 million L (60,000-100,000 bbl).

The volume of this spill was greater than that of any other oil spill reported
near coral reefs and mangroves in the tropical Americas (Loya and Rinkevich 1980;
Getter et al. 1981). Compared with recent major spills from oil tankers in other
tropical areas, however, the Bahia Las Minas spill was moderate in size (Fig. 1.3;
among the top 20% by volume). Considering some well-studied oil spills, the Bahia
Las Minas spill was much larger than the spill from the barge Florida near Woods
Hole, Massachusetts (Sanders et al. 1980), similar in size to the 1969 Santa Barbara
spill (see Foster and Holmes 1977), and much smaller than the spills from the
tankers Torrey Canyon (Smith 1968), Amoco Cadiz (see Teal and Howarth 1984), and
Exxon Valdez (Houghton et al. 1991; Fig. 1.3).

During the first six days after the spill onshore winds held the spilled oil in
Bahia Cativ4, adjacent to the refinery (Fig. 1.4). Shifting winds and runoff from rains



' Isla
Isla 2 Grande
Lintén -
Plortobelo
Maria
Soto ™
9°30'N =
Maria
Chiquita ~> I~
3
S
Punta &
Panama Canal Bah @ S
Entrance Galeta ga;a [ o g
b
Toro \
Point
TPR
Colén
Rio L 0 5
Chagre.g . _ =-79°.4|0'W : Kilometers

Fig. 1.2 Region of Panama affected by the 1986 oil spill. 4. Location of the study region (boxed area) on the Caribbean coast of Panama. B. The
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Table 1.2 Comparison of the environments of Bahia Las Minas and the Costa Arriba.

Oiled and Unoiled Sites
(Bahia Las Minas)

Unoiled Sites
(Costa Arriba)

Industrial and other chronic pollution present

Water circulation blocked around islands by
construction projects; severe floods of muddy
freshwater

Oiled open coastline faces tradewinds and
tradewind-generated waves

Greater sediment load in water column

No sources of industrial pollution; less pollution
from other sources

No major construction projects; muddy outflow
from many rivers
Most open coastline obliquely oriented to

tradewinds and tradewind-generated waves

Less sediment load in water column

then pushed a large quantity of oil out to sea past a boom placed across the mouth
of this embayment. Starting 6 May 1986, aircraft sprayed approximately 21,000 L of
the dispersant Corexit 9527 (Exxon Chemicals) over oil slicks. A C-130 aircraft was
observed spraying dispersant from a very low altitude (at or under tree level) at the
mouth of Bahia Cativ4, including areas near the coastlines of western Isla Largo
Remo, northwestern Isla Payardi, and Punta Muerto. It was reported that more than
11,000 L of dispersant were used in this spraying alone. In addition, a small crop-
duster aircraft was observed spraying dispersant on slicks between Islas Naranjos and
the mainland. Other such applications of dispersant were observed off the
breakwater of the Panama Canal, offshore of Bahia Las Minas, and offshore of
Portobelo (Figs. 1.2 and 1.4). Additional back-pack spraying of dispersant was used
in some areas of mangroves.

No dispersant was sprayed near Punta Galeta. Application of the dispersant
nine days after the spill instead of within the first 24 hours, as well as calm sea
conditions, probably rendered chemical dispersion ineffective. Although some coastal
areas were exposed to dispersant, particularly Bahia Cativd and areas near Islas
Naranjos, many oiled areas, including Punta Galeta, were not directly exposed to this
compound. The overall dosage of dispersant was low based on a 1:20 dispersant:oil
ratio from laboratory studies (NRC 1989). Such a ratio would have required a total
of 480,000-800,000 L of dispersant, an order of magnitude greater than the estimated
total used. Localized effects of the dispersant may have occurred, particularly at sites
between Isla Largo Remo and Punta Muerto, and in Bahia Cativ4 (see Cubit and
Connor, Chap. 4). However, the limited use of dispersant cannot explain the
widespread subtidal biological effects reported later in this report (see Burns, Chap.
3).

By 15 May oil had spread along the coast and washed across fringing reefs
into mangroves, small estuaries, and sand beaches within 10 km of the refinery.
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Fig. 1.3 Size frequency of recent oil spills from tankers in the tropics. The Bahia Las Minas refinery
spill and some well-known temperate zone tanker spills are noted for comparison. Source: MMS Tanker
Spill Database; see App. Table A.1.

During the first two months after the spill, the distribution of oil was surveyed from
low-flying aircraft between Rio Chagres, 27 km west of the refinery, and Punta San
Blas, 98 km to the east (Fig. 1.2). Surveys by helicopter, airplane, foot, and boat
were conducted from Rio Chagres to Nombre de Dios. During these surveys visual
assessments were made of the degree of oiling (heavy, moderate, light, or absent)
and of the habitats and types of organisms obviously oiled or affected by oiling.
The shoreline deposition of extensive, black oil slicks was limited to the coast
between Isla Margarita and Maria Chiquita with the exception of two partially
isolated lagoons in Bahia Las Minas (Fig. 1.4; the lagoons east of Isla Margarita and
southwest of Isla Largo Remo). The length of heavily oiled coastline was
approximately 82 km (straight-line distance = 11 km) and included more than 1,000
ha of mangroves (Duke and Pinz6n, Chap. 8) and extensive intertidal reef flats and
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Fig. 1.4 Map of Bahia Las Minas depicting the approximate distribution of heaviest oiling (heavy line)
and moderate oiling (medium line). Oiling was not observed in the embayments east of Isla Margarita,
southwest of Isla Largo Remo, and southeast of Isla Payardi.

subtidal reefs. Only a few patches of oil were observed to strand east of Maria
Chiquita and west of the entrance to the Panama Canal (Fig. 1.2). However, oily
sheens were observed offshore from Isla Margarita to Nombre de Dios, the eastern
limit of aerial surveys (Cubit et al. 1987). Approximately one month after the spill,
oily sheen was observed offshore of Punta San Blas (J. Karr, pers. comm.). The
offshore slicks appeared to be transported by the easterly coastal current, aided by
an unusual period of southerly winds (J. Cubit, pers. obs.). Instances of strandings
of black slicks occurred northeast of Portobelo (H. Caffey and A. Velarde, pers.
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comm.) where generally prevailing northeasterly winds were likely to deposit slicks
coming from far offshore.

In similar habitats within the heavily polluted area apparent degrees of oiling
were highly variable. Probable causes of this heterogeneity included distance from
the refinery, directions of movement of the spilled oil, and water depth. The greatest
amounts of oil in mangroves, reef flats, and seagrass beds occurred within a few
kilometers of the refinery. There was obviously less oil in these habitats at Islas
Naranjos and Isla Margarita (Fig. 1.4). Large differences in visible oiling also
occurred on a much smaller scale of a few hundred meters, depending on coastal
orientation. Much of the oil escaping from Bahia Cativd spread to the west.
Accordingly, coasts that faced north to northeast were much more heavily oiled than
coasts that faced west or south. Furthermore, seasonal low tides (Cubit et al. 1986,
1988a, 1989) occurred between 10 and 19 May 1986, causing oil to accumulate along
the seaward margins of reef flats (Cubit and Levings, Chap. 2; Cubit and Connor,
Chap. 4). As a result, visible oiling was heaviest in intertidal habitats just above
mean low water, such as mangrove roots and associated sediments, reef flat seagrass
beds, coral rock, and beaches.

Chemical analyses of petroleum hydrocarbons in surface sediments generally
verified these visual assessments of variability in degrees of oiling (Burns, Chap. 3).
Samples collected five months after the spill contained concentrations of oil as high
as 372,856 ug oil/g sediment and as low as 1,830 ug/g in heavily oiled mangrove
surface sediments. Subtidally, surface sediments from heavily oiled seagrass beds
ranged from 97 to 24,555 ug/g, and 19 to 715 ug/g at heavily oiled coral reefs.
There was considerable variability in concentrations of oil among samples at a given
site, confirming observations of small-scale patchiness as well.

Several different procedures were used to clean up the spilled oil. Some oil
was removed from the sea using "skimmers" and shore-based pump trucks. As noted
above, approximately 9.6 million L (60,000 bbl) of oil were recovered. Channels
were dug through mangroves, apparently to drain oil from these areas. However,
these channels appeared to increase the movement of oil beyond the seaward
mangrove fringe to inner areas, as well (J. Cubit, pers. obs.). Disturbance from
workers crushed windrows and may have increased subsequent erosion. In other
areas oiled rocks, rubble, and debris were physically removed and seawater was
sprayed onto sandy areas (Garrity et al., Chap. 5). Skimming and pumping floating
oil appeared to be effective ways to recover oil from this kind of shallow-water spill.
Shallow water and mangroves impeded many of the kinds of cleanup operations
deployed after major oil spills, perhaps for the better, because some of these
procedures can be environmentally or biologically destructive (NRC 1985; Houghton
et al. 1991).

During the five years since the spill oil slicks have been regularly observed
above coral reefs at Bahia Las Minas (Guzmén et al., Chap. 7) and along the
mangrove fringe (Garrity and Levings, Chap. 9). The appearance of these slicks
ranged from metallic sheens to brown patches. Slicks appeared to originate mainly
from fringing mangroves, where much of the spilled oil washed ashore. As dead
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mangrove trees (Rhizophora mangle) decayed, the wooden physical structure
disappeared, followed by erosion of oiled sediments. Rhizophora seedlings (survivors,
recruits, and planted individuals) apparently have not prevented this erosion. Some
slicks also appeared to come from oiled landfill beneath the refinery.

1.6 Other Human Disturbances in the Study Area
1.6.1 Coastal Development

Much of the study area has a long history of exposure to various kinds and
degrees of human disturbance and pollution. More than a century ago construction
of the Panama Canal and the city of Col6n started, followed by decades of
excavation, dredging, land filling, and erosion (McCullough 1977). Swamps were
drained and sprayed for control of mosquitoes starting early this century
(Curry 1925).

On the mainland there has been extensive deforestation for more than 30
years (Heckadon 1985), resulting in increased erosion, increasing siltation stress over
the last 15 years (S. Garrity, pers. obs.), and heavy deposition of sediments on coral
reefs (H. Guzmadn, pers. obs.; Guzman et al., Chap. 7).

1.6.2 Petroleum Refinery and Other Industrialization

During construction of a petroleum refinery at Bahia Las Minas (started in
1956), more than 4 million m® of fossil and living coral reef were excavated for
landfill from areas totaling more than 15 ha (estimated from aerial photographs; see
Duke and Pinzén, Chap. 8). The refinery started operating in 1961. Other
industrialization at Bahia Las Minas includes an electricity generating station and a
now-closed cement plant (Fig. 1.4). The cement plant operated from 1967 until 1975,
and its small port facility is still in use.

1.6.3 1968 Tanker Witwater Spill

In 1968 the breakup of the tanker Witwater caused a spill of approximately
3.2 million L (20,000 bbl) of diesel oil and Bunker C at Bahia Las Minas (Riitzler
and Sterrer 1970; Birkeland et al. 1976; see Duke and Pinzén, Chap. 8).
Observations of ecological effects of the spill were mostly qualitative or ex post facto
because the Galeta Marine Laboratory was just being established.

1.6.4 Oil Spills Since the 1986 Refinery Spill

Since the 1986 refinery spill a few small oil spills have occurred in the study
area. These included a small diesel spill near the Toro Point control site of the reef
flat gastropod study in May 1988 (Garrity et al., Chap. 5), and fuel-oil spills in
December 1988 and June 1990 from the electricity generating station at the mainland
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connection of Isla Payardi (Fig. 1.4). The June 1990 spill was followed by the death
of some mangrove seedlings and an increased frequency of coral injuries (Guzmén
et al., Chap. 7).

Also, occasional small spills occur at the port facility of the refinery, and some
oil slicks and tar balls have washed ashore from offshore shipping. Chemical
analyses enable most of these sources of oil contamination to be differentiated
(Burns, Chap. 3). We have no information about the frequency or volume of such
small spills before this study began.

1.7 Biological Studies Prior to the 1986 Oil Spill
1.7.1 Punta Galeta Reef Flat

Measurements of percent cover of plants and sessile invertebrates and counts
of sea urchins constituted the longest-term biological baseline data available in the
region. Monitoring of some parameters started as early as 1970, 16 yr prior to the
spill. These data documented natural variability of populations in this habitat and
allowed analyses of postspill changes through time and across space at Punta Galeta
(Cubit and Connor, Chap. 4). No other sites were monitored prior to the spill.

1.7.2 1985 Coral Reef Survey

During 1985, the year before the spill, coral reefs were surveyed along the
central Caribbean coast of Panama. Two of these reefs were in the region of the oil
spill and provided the basis for a prespill-postspill comparison of percent cover for
one reef that was heavily oiled and one reef that was moderately oiled. In addition,
four similar reefs east of Bahfa Las Minas were unoiled, thereby providing a form
of control in evaluating effects of the spill (Jackson et al. 1989; Guzmaén et al. 1991;
Guzmén and Jackson 1991; Guzman et al.,, Chap. 7 and App. Table C.1). These
data and those used for retrospective analyses approximated an "optimal sampling
design" for assessing effects of the spill, with data soon before and after the spill and
at oiled and unoiled areas (Green 1979).

1.7.3 1979-1983 Reef Flat Stomatopod Studies

The population biology, ecology, and behavior of stomatopod crustaceans had
been investigated for 5 yr at a number of reef flat sites near Punta Galeta (Steger
and Caldwell, Chap. 6). These studies provided background data for examining
populations after the oil spill, using two previously studied sites that were heavily
oiled by the spill and two previously studied sites that were unoiled or lightly oiled.
For some parameters and sites, prespill-postspill comparisons could be made.
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1.7.4 Surveys of Epibiota of Mangrove Roots and Reef Flat Gastropods

In 1981 and 1982 surveys of epibiota attached to mangrove prop roots were
conducted in three habitats: open coast, channel and lagoon, and drainage stream
(Garrity and Levings, Chap. 9). Also, the gastropods at a reef flat near Punta Galeta
were surveyed during 1982-1983 (Garrity et al., Chap. 5). These surveys provided
data about community composition and population density prior to the spill that
could be used in prespill-postspill comparisons.

1.7.5 Other Studies

Since 1968, ecological and biological investigations in the region of the 1986
oil spill have resulted in more than 130 publications (see bibliography in Cubit et al.
1988b). Detailed long-term data on hydrographic and meteorological conditions at
Punta Galeta were also collected (Cubit et al. 1988a, 1989). Such extensive prespill
information is rarely available in studies of the effects of oil spills.

1.7.6 Retrospective Analyses

Two additional approaches were employed to obtain prespill data: analyses
of growth bands in coral skeletons (Guzméan et al, Chap. 7) and of aerial
photographs of mangrove forests (Duke and Pinzé6n, Chap. 8). Both approaches add
to our understanding of the history of the region and any biotic changes prior to the
spill, and allow an examination of effects of the 1968 Witwater spill, which was never
studied extensively (see Riitzler and Sterrer 1970; Birkeland et al. 1976).

1.8 Incorporation of Available Studies in Sampling Designs
1.8.1 Some Principles of Sampling Design

An optimal design for assessing effects of a planned environmental change,
such as initiation of the release of heated effluents into a body of water, consists of
baseline data from both an affected and unaffected area (main sequence 1 of
Green 1979; Table 1.3; but see Hurlbert 1984; Stewart-Oaten et al. 1986; Underwood
1991). This design provides data both on variation through time and across space.
Although this kind of design can be employed for a planned environmental
alteration, assessments of unplanned events, such as the oil spill at Bahia Las Minas,
generally must be made using suboptimal sampling designs, in which either variation
through time or across space is analyzed. Both of these suboptimal designs result in
data with possible confounding effects of variation that was not caused by the spill.
Because some biological effects of major oil spills are far from subtle (see review by
Teal and Howarth 1984), it may be possible to determine whether the spill was the
cause of observed changes despite the possible confounding. Other biological effects
may be too subtle to assess using suboptimal designs.
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Table 1.3 Categories of environmental studies (from Green 1979).

Criteria

1. Has the impact 2. Is "when and 3. 1Is there a
already occurred? where" known? control area?  Main Sequence and Description

No Yes Yes 1. Permits an optimal impact study design.

No Yes No 2. Impact must be inferred from temporal
change alone.

No No - 3. Baseline or monitoring study.

Yes Yes - 4. Impact must be inferred from spatial
pattern alone.

Yes No - 5. "When and where" is the question.

If only one area was monitored prior to a spill and this area became oiled,
long-term data may allow observed postspill changes to be ascribed to the spill (main
sequence 2 of Green 1979; Table 1.3). In this kind of temporal-variation design,
determining whether postspill data are extraordinary depends on the history of
variation at the site. Parallel patterns in the distributions of oiling and of biological
changes, if present, greatly strengthen assigning cause and effect to the spill (Cubit
and Connor, Chap. 4). Some spills may be associated with extreme environmental
conditions, such as a storm causing the breakup of an oil tanker. In such cases, it
may not be possible to distinguish effects of oiling from effects of the extreme
conditions. Baseline data on the physical environment are necessary for the
interpretation of biological variation through time.

The establishment of oiled and unoiled study sites after an oil spill can also
provide useful, though confounded, data regarding biological effects, particularly if
data collection starts immediately after the spill (main sequence 4 of Green 1979;
Table 1.3). In this kind of spatial-variation design it is not known whether pre-
existing differences between oiled and unoiled areas may confound ascribing
biological variation between areas to the spill. Convergence through time of
measurements at oiled and unoiled sites may indicate that the areas were similar
before the spill and increase confidence that, if differences were observed soon after
the spill, they were caused by oiling.

In a "hybrid" design, some sites were investigated prior to a spill (main
sequence 1 of Green 1979; Table 1.3), but the distribution of oiling left very different
numbers of oiled and unoiled sites or all sites in one category of oiling. In this case,
sites may be added to balance postspill designs and analyses; separate prespill-
postspill analyses can also be conducted using the available data.

Issues of sampling units, replication, and pseudoreplication in ecological
assessments are far from simple (e.g., Hurlbert 1984; Stewart-Oaten et al. 1986;
Carney 1987; Underwood 1991). Primary considerations are appropriate spatial and
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temporal scales, which depend on many characteristics of the environment and
organisms being investigated (e.g., NRC 1990; Goldsmith 1991). Sites within study
areas, samples within sites, subsamples, and so on should be distributed spatially in
such a way that assumptions of inferential statistics are met. Similarly, frequency of
sampling should satisfy the criteria of repeated-measures analyses.

1.8.2 Statistical Analyses and Sampling Designs: General Considerations

There are two main features of sampling designs and analyses of data
generated by long-term assessments of oil spills. First is the use of repeated-
measures analyses, which are appropriate for monitoring the same sites through time.
Sampling designs should employ fixed sampling units to eliminate confounding spatial
and temporal variation, rather than randomly positioning sampling units at each
survey (but see Hellawell 1991). Also, monitoring individual plants and sessile
animals in fixed sampling units can produce data on survival and growth, which may
contribute to a better understanding of ecological processes than data that did not
come from monitoring individuals.

Second is the use of nested replication. Because there are only two or three
kinds of areas (oiled, unoiled, and, in some cases, an intermediate category), all
sampling units (sites, transects within sites, quadrats within transects, and so on) are
nested. A key determination in such analyses is the level of nesting to test the
significance of possible oiling effects.

Confidence in assigning "cause-and-effect” to oil contamination may be greatly
strengthened if significant correlations exist between the concentration of oil in the
environment or tissues of organisms and a response variable such as abundance,
growth, injury, or reproduction. Also, a significant oiling x time interaction in
repeated-measures analysis of variance (ANOVA) is statistical evidence for an effect
related to the oil spill.

1.8.3 Subtidal Reef Corals

A survey of six reefs the year prior to the spill enabled an analysis of coral
cover before and after the spill at oiled and unoiled reefs (Jackson et al. 1989;
Guzmaén et al. 1991; Guzmén and Jackson 1991; Guzmén et al., Chap. 7). Because
only one reef was heavily oiled and only one moderately oiled, five additional heavily
oiled reefs and one additional moderately oiled reef were included in postspill
surveys. Because of this imbalance, some statistical analyses and the design of some
postspill coral studies employed a balanced subset of sites, i.e., four oiled and four
unoiled. As a result of this "hybrid" design certain statistical analyses employed the
six reefs surveyed both before and after the spill (main sequence 1 of Green 1979;
Table 1.3), others employed the 12 reefs surveyed postspill (which included the six
reefs in the prespill survey; main sequence 4 of Green 1979), and a final type of
analyses used a balanced subset of the 12 reefs. Main sequence 1 also applied to
analyses of coral growth using sclerochronology.
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1.8.4 Reef Flat Sessile Biota, Algal-turf Infauna, and Sea Urchins

Monitoring of reef flat sessile biota and sea urchins started as long ago as
1970 at Punta Galeta (Cubit and Connor, Chap. 4). After the 1986 spill three
additional sites were established, one oiled and two unoiled, and monitoring of sessile
biota and sea urchins focused on the reef-edge zone, where effects of oiling had been
most severe. Monitoring of infauna of algal turf was initiated postspill at all four
sites. This study also was a "hybrid" design, with long-term, prespill-postspill analyses
of sessile biota and sea urchins conducted for Punta Galeta (main sequence 2 of
Green 1979; Table 1.3) and postspill analyses of all three data sets for all four sites
(main sequence 4 of Green 1979). Because of the long-term, detailed biological and
physical data across zones of the Punta Galeta reef flat and the spatial pattern of
oiling of this habitat, the primary kind of data analysis for effects of the spill
compared zones at this site at particular surveys (Cubit and Connor, Chap. 4).

1.8.5 Mangrove Forests

Monitoring of mangrove forests (Duke and Pinz6én, Chap. 8) did not start until
3 yr after the oil spill, and the design of this study followed the design of the ongoing
study of the mangrove fringe and epibiota of mangrove roots (Sect. 1.8.7; main
sequence 4 of Green 1979). Despite the lack of prespill monitoring, aerial
photography of the region enabled an analysis of general patterns of vegetation
before and after both the 1968 Witwater spill and the 1986 refinery spill (main
sequence 1 of Green 1979).

1.8.6 Reef Flat Stomatopods

Four of the reef flats studied from 1979-1983 were used in postspill
monitoring; two were heavily oiled and two were lightly oiled to unoiled (Steger and
Caldwell, Chap. 6). Because of a widespread recruitment failure not previously
observed, two unoiled sites outside of Bahia Las Minas were added to the study a
few years after the spill to document the spatial scale of the stomatopod recruitment
failure. Data analyses also were "hybrid" (main sequences 1, 2, and 4 of Green 1979;
Table 1.3) because not all types of data had been collected at all sites prior to the
spill and two sites were added postspill.

1.8.7 Mangrove Fringe and Epibiota of Mangrove Roots

Five sites surveyed in 1981 and 1982 were initially retained in postspill
sampling; one of these sites was unoiled soon after the spill but became oiled 2 yr
afterward, and monitoring of another site ended a year after the spill (Garrity and
Levings, Chap. 9). To achieve adequate replication of oiled and unoiled conditions
in the three habitats, additional sites were incorporated in the design of postspill
monitoring. A year after the spill some new sites were selected to increase distance
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between them, sample the oiled area more representatively, and avoid
pseudoreplication within areas. Data on long-term community composition were not
compared statistically prespill and postspill due to a 4-yr gap in sampling and slightly
different sampling methods. Collection of additional kinds of data was initiated
postspill, and statistical analyses of all data sets compared oiled and unoiled sites
postspill (main sequence 4 of Green 1979; Table 1.3).

1.8.8 Reef Flat Gastropods

Reef flat gastropods were surveyed at one site during 1982-1983 that was oiled
in 1986. Postspill monitoring was conducted at this site and two unoiled sites (certain
intertidal zones at each one) that were selected after the spill. Statistical analyses
were not conducted because of the 4-yr gap in pre- and postspill sampling at the
oiled site (which invalidated the assumption of approximately equal sampling
intervals in repeated-measures ANOVA) and oiling of one of the unoiled sites 2 yr
after the spill (Sect. 1.6.4).

1.8.9 Subtidal Seagrass Communities

All monitoring of seagrass beds was initiated after the spill and statistical
analyses were based on spatial variation (main sequence 4 of Green 1979; Table 1.3).

1.8.10 Hydrocarbon Chemistry

The first postspill collection of samples for chemical analysis was made at
some of the sites that had been established for biological studies. Additional sites
were sampled to obtain a broader coverage (Burns, Chap. 3). Subsequent collections
were all made at biological study sites.

1.9 Distribution of Study Sites

Study sites were distributed from Toro Point, just west of the entrance to the
Panama Canal, to Isla Grande, with a concentration of sites in and near Bahia Las
Minas (Figs. 1.2 and 1.5). A list of all study sites, degree of oiling, and type of study
conducted is given in Table 1.4.
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regular font: unoiled. A4. Detail of Isla Margarita, Punta Galeta, and Isla Largo Remo. See Table 1.4
for a full list of study sites and Figure 1.2 for location in Panama.
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Fig. 1.5 Distribution of study sites (continued). B. Detail of Isla Payardi, Punta Muerto, and Islas
Naranjos. Refer to caption of Figure 1.54 for further details.
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Fig. 1.5 Distribution of study sites (continued). C. Detail of unoiled sites northeast of Bahia Las Minas.
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Table 1.4 List of study sites (alphabetical by acronym), degree of oiling, and type of study conducted.
Refer to Figures 1.2 and 1.5 for site locations.

Degree of

Acronym Site Name Oiling' Type of Study’
1 ALER Rio Alejandro U MFE
2 BNV Buenaventura 8] SSC
3 CCPQ (Central, Channel) Pequeiia 0] MF
4 CCRE (Central, Channel) Reina 0] MF
5 CCSB (Central, Channel) Samba Bonita o MF
6 CO3 Largo Remo Channel Site CO3 0] MFE (until May 1987)
7 CODR (Central, Open) Droque o MF
8 CRKU (Central, River) Kuna 0] MF
9 CSR Rio Coco Solo U MFE (until May 1987)
10 DMA Dos Marias U SRC
11 DONR Doncella Reef U SRC, HC86
12 DONT Doncella Thalassia U SSC, HC86
13 DROM Isla Droque Mangrove 0] MFE
14 ECNS (Eastern, Channel) No S¢ o MF
15 ECPY (Eastern, Channel) Payardi O MF
16 EOPM (Eastern, Open) Punta Muerto 0] MF
17 ERJA (Eastern, River) Alejandro U MF
18 ERPN (Eastern, River) Puerto Norte 0] MF
19 ERPS (Eastern, River) Puerto Sur o MF
20 ERUN (Eastern, River) Unnamed U MF
21 ESCU Punta Escucha U RFS
22 GAL Punta Galeta o RFB
23 GALC Galeta Channel H SRC, HC86
24 GALM Punta Galeta Mangrove O MFE (until August 1987)
25 GALS Galeta Sand 0] HCB86 (seawater)
26 GALT Galeta Thalassia H HCS86 (reef flat sediments)
27 GNRF Galeta Navy Reef 0 RFG
28 GOLI (Isla Grande, Open) Lint6n U MF
29 GOMG (Isla Grande, Open) Magoté Sur U MF
30 GOMS (Isla Grande, Open) Maria Soto U MF
31 GOPA (Isla Grande, Open) Padre U MF
32 GOPB (Isla Grande, Open) Portobelo U MF
33 HIDC Hidden Channel -O MFE (oiled May/Aug. 1988)
34 HIDR Hidden River U MFE
35 HRB Hidden River Bay U HCS86 (mangrove sediments)
36 JUG Juan Gallego U SRC
37 LAR Isla Largo Remo 0 RFB
38 LINE Lint6n East U SSC
39 LINM Isla Lintén Mangrove U MFE
40 LRCS Largo Remo Channel South U MFE
41 LRCW Largo Remo Channel West 0] MFE
42 LRE1 Largo Remo East 1 H SRC
43 LRE2 Largo Remo East 2 H SRC, HC86
4 LREN Largo Remo Entrance H SSC, HC86
45 LRLC Largo Remo Lagoon Center L HCS86 (seagrass sediments)
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Table 1.4 List of study sites (alphabetical by acronym), degree of oiling, and type of study conducted

(continued).
Degree of

Acronym Site Name Oiling' Type of Study’
46 LRM Largo Remo Mangrove H HC86 (mangrove sediments)
47 LRN Isla Largo Remo North H RFS
48 LRN2 Largo Remo North 2 M HC86 (seagrass sediments)
49 LRN3 Largo Remo North 3 L HCS86 (seagrass sediments)
50 LRRN Largo Remo River North O  MFE (until May 1987)
51 LRRS Largo Remo River South 0] MFE
52 LRS Largo Remo Sur H SSC, HC86
53 LRW Isla Largo Remo West L/U RFS
54 MARI1 Margarita 1 M HCS86 (seagrass sediments)
55 MAR?2 Margarita 2 M HCS86 (seagrass sediments)
56 MAR3 Margarita 3 M SRC
57 MAR4 Isla Margarita L/U RFS
58 MACN Margarita Channel North U MFE
59 MACS Margarita Channel South U MFE
60 MARG Margarita Grassbed L HCB86 (seagrass sediments)
61 MARM Margarita Mangrove — HCB86 (mangrove sediments)
62 MARS Margarita South U HC86 (mangrove sediments)
63 MCNO Margarita Channel Norte U MF
64 MCSU Margarita Channel Sur U MF
65 MERR Quebrada Las Mercedes U MFE
66 MINA Isla Mina H RFS
67 MINM Isla Mina Mangrove 0 MFE
68 MINN Mina North H SSC
69 MSD Maria Soto Abajo U RFB
70 MSM Maria Soto Mangrove U MFE
71 MSR Maria Soto U RFG
72 MSU, SOTO Maria Soto Arriba U RFB, RFS
73 NARC Naranjos Channel M HCS86 (seagrass sediments)
74 NARM Naranjos Mangrove L HC86 (mangrove sediments)
75 NARS Naranjos South M SRC, HC86
76 NRME Naranjos (River) Las Mercedes U MF
77 PADM Isla del Padre Mangrove U MFE
78 PALN Palina North U SSC, HC86
79 PALW Palina West 6] SRC, HC86
80 PAYN Payardi North H SRC, HC86
81 PAYR Payardi River 0] MFE
82 PAYW Payardi West H SRC
83 PBM Portobelo Mangrove U MFE
84 PCE Payardi Channel East 0] MFE
85 PCS Payardi Channel South (0] MFE
86 PGC Pefia Guapa Channel (0] MFE (until May 1987)
87 PGM Peiia Guapa Mangrove 0 MFE
88 PGN Peiia Guapa North H SSC
89 PM Punta Muerto H SRC
90 PMM Punta Muerto Mangrove O MFE
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Table 1.4 List of study sites (alphabetical by acronym), degree of oiling, and type of study conducted
(continued).

Degree of
Acronym Site Name Oiling' Type of Study’
91 PMRE Punta Muerto River East (6] MFE
92 PMRW Punta Muerto River West @) MFE
93 SBCE Samba Bonita Channel East 0] MFE
94 SBCS Samba Bonita Channel South 0 MFE
95 SBCW Samba Bonita Channel West U MFE
9% SBS Samba Bonita South H HC86 (mangrove sediments)
97 TPR Toro Point U RFG
98 UNR Unnamed River U MFE
9 WCLR (Western, Channel) Largo Remo 0] MF
100 WCLS (Western, Channel) Largo Remo Sur U MF
101 WCNO (Western, Channel) Norte U MF
102 WCSU (Western, Channel) Sur U MF
103 WOGL (Western, Open) Galeta 0] MF
104 WOLN (Western, Open) Largo Remo Norte O MF
105 WOMI (Western, Open) Mina O MF
106 WOPG (Western, Open) Pefia Guapa 0] MF
107 WRHD (Western, River) Hidden U MF
108 WRRB (Western, River) Rabinowitz 0] MF

'Degree of oiling, by visual assessment. H: heavily oiled; O: oiled; M: moderately oiled; L: lightly oiled;
L/U: lightly oiled to unoiled; U: unoiled.

’HC86: Hydrocarbon chemistry, 1986 sample collection, Chapter 3 (refer to Chap. 3 for sites sampled
in 1988/89 and 1990).

MF: Mangrove forests, Chapter 8.

MFE: Mangrove fringe and the epibiota of mangrove roots, Chapter 9.

RFB: Reef flat sessile biota, algal-turf infauna, and sea urchins, Chapter 4.

RFG: Reef flat gastropods, Chapter 5.

RFS: Reef flat stomatopods, Chapter 6.

SRC: Subtidal reef corals, Chapter 7.

SSC: Subtidal seagrass communities, Chapter 10.
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2
Weather, Sea Conditions, and Topography
Affecting Oil Deposition During the
1986 Bahia Las Minas QOil Spill

John D. Cubit and Sally C. Levings

2.1 Abstract

In April 1986 a ruptured refinery tank spilled at least 60,000-100,000 bbl of
medium-weight crude oil into the largest complex of reefs, mangroves, and seagrass
beds on the central Caribbean coast of Panama. The Smithsonian Tropical Research
Institute has maintained an environmental monitoring program in this area since the
early 1970s. Movement and deposition of oil slicks were examined using aerial and
ground observations, hydrographic and meteorological data from the monitoring
program, and freshwater runoff modeling. Results indicated that the spatial pattern
of oiling (and therefore the habitats and biota affected) were dependent on weather
conditions at the time of the spill and would have been predictably different in other
seasons. Patterns of oil deposition during the 1968 tanker Witwater spill were
hindcast and found to be consistent with evidence for damage to reef flat biota and
mangroves.

2.2 Introduction

When the Bahia Las Minas oil spill washed into the long-term ecological
research site of the Smithsonian’s Galeta Marine Laboratory, it became the most
scrutinized oil spill in the tropics. From daily observations at this site it was apparent
that spatial patterns of oil deposition were largely governed by weather and sea
conditions, which in turn determined spatial patterns of biological damage in
mangrove forests, reef flats, and other intertidal and subtidal habitats (Cubit et al.
1987; Jackson et al. 1989).

In constructing environmental impact studies and planning responses to oil
spills, case studies are regularly used to estimate possible effects. As a measure of
potential effects of other spills of similar oil, the results of the Bahia Las Minas spill
must be qualified with the range of weather and sea conditions that could be
expected during the whole year. To put the biological studies of the 1986 Bahia Las
Minas oil spill in a context broader than the particular physical conditions during the
spill, physical processes determining the pattern of oiling must be taken into account.

Weather and sea conditions on this coast have received considerable study and
are known to be highly seasonal and variable from year to year (for recent
summaries see Cubit et al. 1986, 1989). To examine possible effects of variations in
weather and sea conditions on oil deposition in two kinds of coastal habitats in Bahia
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Las Minas, we examine two factors transporting oil into them: (1) winds and waves
moving oil onto the outer coast of broad, shallow fringing reef platforms, sand
forests, and mangroves, and (2) freshwater runoff opposing the movement of oil into
the stream channels of mangrove forests. We describe these conditions during the
1986 Bahia Las Minas oil spill and compare them with those in other months of the
year and in other years, including the year of the 1968 tanker Witwater spill of
approximately 20,000 bbl of diesel oil and Bunker C oil on this coast. On the basis
of these comparisons, we predict the differences in oil deposition that would be
produced by other combinations of weather and sea conditions.

2.2.1 Biological Communities and Physical Structure of the Coastline

The oil spill occurred on a coastline consisting of coral reefs, seagrass
meadows, sand beaches, sand forests, small estuaries, and mangrove forests. This is
the largest complex of mangroves and reefs on the central Caribbean coast of
Panama. The outer coast in the region of the oil spill consists primarily of fringing
reefs with extensive, periodically drying (intertidal) reef flats (Macintyre and Glynn
1976; Fig. 2.1). Going from seaward to landward, the reefs begin with a forereef
slope of hard substrata covered predominantly by algae, and secondarily by corals
and other sessile invertebrates (environment a; see Guzman et al., Chap. 7). Where
the forereef slope rises into the intertidal zone, it becomes part of the reef flat. Most
reef flats on this coast have a raised outer crest of hard carbonate pavement
deposited by crustose coralline algae, shown by the dark shaded structure in Figure
2.1 (environment b; Macintyre and Glynn 1976; see also Cubit and Connor, Chap.
4). In the study areas this reef crest is approximately at the level of mean low tide
and is covered with a mixture of calcareous and fleshy algae. Landward of the reef
crest is a mixture of coral bench, loose coral rubble, and loose sediments
(environment c). Sediments usually become progressively finer toward the back reef
(environment d). Seagrasses (mostly Thalassia testudinum) and rhizophytic green
algae (mostly Penicillus capitatus and Halimeda spp.) grow in loose sediments of this
interior portion of the reef flat, and various other algae grow epiphytically on
seagrasses and attached to hard substrata of the exposed coral bench and coral
rubble. Most of these sediments are produced by calcareous algae and invertebrates,
and sediments are accumulated and held together by seagrasses, rhizophytic algae,
and mats of attached algae.

Berms or beaches of sand often form on back-reef flats (environment e).
Mangroves, mostly the red mangrove Rhizophora mangle, colonize intertidal levels
of these sand deposits forming the seaward fringe of mangrove forests (environment
f). On these elevated areas of sand, forests of other woody and herbaceous plants,
including coconut palms (Cocos nucifera) and sea grape (Cocolobo sp.), grow just
above the level of mean high tide. In intertidal areas behind beaches, mangroves
continue landward and cover intertidal substrata (Fig. 2.1). Mangroves line the
margins of freshwater streams where these streams enter the range of the tides.
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Fig. 2.1 Schematic cross sections of the wave-exposed outer coast of the central Caribbean coast of
Panama. The prevailing wind is from the north. This shoreline consists of extensive, nearly flat habitats
on a coral reef foundation (Macintyre and Glynn 1976). A. Cross section is compressed horizontally to
show the principal habitats and benthic communities proceeding from seaward to landward: a. forereef
slope of hard substrata covered by algae, corals, and other sessile invertebrates; b. elevated reef crest
of hard substrata covered by algal turfs, crustose coralline algae, and sessile invertebrates; c. interior reef
flat of coral bench, loose coral rubble, and sand covered by seagrasses, rhizophytic (root-forming) algae,
and attached algae; d. back-reef flat of fine sediments covered by seagrasses and rhizophytic algae;
e. beaches and berms of loose sediment supporting the seaward fringe of red mangroves (Rhizophora
mangle) and sand forests covered by coconut palms, sea-grape, and other woody and herbaceous plants;
and f. interior mangrove forests with coarse to fine substrata supporting primarily red, black, and white
mangroves (R. mangle, Avicennia germinans, and Laguncularia racemosa). In this diagram the reef flat
habitat corresponds to the area between the lowest low water level on the seaward side of the reef and
beach or mangroves on the landward side. The dotted lines show approximate water levels: (HHW) the
highest high water level produced by combinations of factors such as storm surges, waves, and seasonally
high water levels; (MLW) mean low water level (i.e., the average level of low tides); (LLW) the lowest
low water level produced by combinations of factors, including extreme low tides and seasonally low
water levels. B. Cross section is shown to the approximately correct horizontal scale. The extensive reef
flat is backed by beach, sand forest, and mangroves. Most of the mineral substrata in these habitats are
produced by marine organisms. The hard substrata are constructed in place, mostly by crustose coralline
algae and corals; the soft substrata consist of fragments of calcareous green algae (e.g., Halimeda
opuntia and Penicillus capitatus), coralline (red) algae, corals, and other calcareous organisms.

2.2.2 Patterns of Weather and Sea Conditions in the Region Affected by the 1986
Oil Spill

Weather and sea conditions on this coast vary according to dry- and wet-
season alternations (Figs. 2.2, 2.3), which are common in low-latitude tropics (Glynn
1972; Cubit et al. 1986, 1989). The dry season (roughly December to April) is
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Fig. 2.2 Monthly water level, rainfall, and wind speed above the Punta Galeta reef flat. Water levels
are monthly means with 95% confidence intervals; the dashed line is the mean water level for the 12-yr
period. Heights are above the Punta Galeta datum. Rainfall values are monthly totals, with the yearly
totals printed below. Wind speeds are monthly means; 95% confidence intervals (not shown) are within
1 km/h of the means. The heavy line connects the means of wind speed contributed by northerly winds
(compass direction >292° and <68°). (From Cubit et al. 1989, with permission)

characterized by low rainfall, strong onshore (northerly) trade winds, and high mean
water levels over reef flats (Glynn 1972; Cubit et al. 1986, 1989). During the wet
season (roughly May to November) winds are variable (but predominantly onshore),
mean water levels are lower, and rainfall ranges from 2,000 to 4,000 mm. In most
years, a "little dry season," with strong onshore winds and little rain interrupts the wet
season between July and October.

This coast has a microtidal regime; the mean diurnal range of the tides is
approximately 30 cm. Actual water levels on these exposed windward coasts are
determined by a combination of factors in addition to tidal fluctuations, including
seasonal variations in mean sea level, wind stress, and wave buildup over reef flats
(Cubit et al. 1986, 1989). Strong onshore trade winds of the dry season increase the
amplitude of waves breaking onto fringing reef flats. The breaking waves raise water
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Fig. 23 Seasonal patterns of hydrographic and meteorological conditions at Punta Galeta. In all graphs
the vertical bars are 95% confidence intervals around monthly means calculated from the following types
of data: wind speed, water level, emersion time, mean air temperature, and water temperature are
hourly means; rainfall values are monthly totals; salinity and maximum-minimum air temperatures are
daily readings; solar radiation is W/m?/d. See Cubit et al. (1989) for periods of data collection, which
varied for different parameters between January 1974 and December 1985, and further details. Water
levels are heights above the Punta Galeta datum. Exposure times are mean monthly totals for substrata
at three elevations (cm) above the datum level. Dashed lines in the temperature graphs show the long-
term mean of upstream water temperature. The dry season usually occurs December-April, and the wet
season May-November. (From Cubit et al. 1989, with permission)
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levels over reef flats and drive strong currents across them (Cubit 1985; Cubit et al.
1986, 1989). This water flow exits through channels in reef flats, through mangrove
forests behind reef flats, or both.

The watershed for the area affected by the oil spill is a relatively narrow strip
extending less than 10 km inland. Numerous small streams, but no large rivers, drain
into the region of Bahia Las Minas (Instituto Geogréfico Nacional "Tommy Guardia"
1988).

2.2.3 Observations of Oil Movement and Deposition

The 1986 Bahia Las Minas oil spill occurred on 27 April 1986 when a storage
tank ruptured at the oil refinery on Isla Payardi (Fig. 1.4). Judging from the amount
of oil recovered and the probable losses to evaporation, dissipation, and deposition
in sediments, at least 60,000 to 100,000 bbl of medium-weight crude oil spilled into
the sea. For 6 d most of the oil was contained within Bahia Cativ4, which is
bounded by Largo Remo Island, Samba Bonita Island, the town of Cativ4, and
Payardi Island. On 4 May 1986 refinery personnel reported that rainfall and shifting
winds moved a large quantity of oil out to sea, where it could not be controlled (R.
Morales, pers. comm.). The oil type was 70% Venezuelan Crude and 30% Mexican
Isthmus Crude. The specific gravity of the blend was 27° API at 15.6°C (= about
0.89 gm/cm®; R. Morales, pers. comm.).

Daily observations of oil movement onto the outer coast in Bahifa Las Minas
were made by J. Cubit beginning 9 May 1986, when the first large oil slicks arrived
at Punta Galeta. Onshore winds drove accumulations of oil onto beaches and reef
flats, concentrating the oil in small embayments, inlets, and lagoons. In subsequent
surveys on foot, by car, and from low-flying aircraft, the most heavily oiled shoreline
was between Isla Margarita and Punta Muerto (Cubit et al. 1987; Jackson et al. 1989;
J. Cubit, pers. obs.; H. Caffey and A. Velarde, pers. comm.). In surveys between Isla
Margarita and Maria Chiquita, the only areas that did not appear oiled were in
upper reaches of very sheltered embayments lined by mangroves.

During the spill, oil accumulated in the following zones of the outer coast:
(1) seaward edges of reef flats (between a and b in Fig. 2.14), (2) seaward sides of
berms (if they were present) on back-reef flats (near d in Fig. 2.14), and (3) mid-to-
low portions of sand beaches and outer-coast fringing mangroves (between d and e
in Fig. 2.14). In mangrove channels and streams, oil accumulated along berms at the
outer edges of mangroves and in thickets of red mangrove roots lining channels and
streams.

Meteorological and hydrographic conditions during the month of the spill and
2 mo thereafter are shown in Figure 2.4. The spill occurred during the late dry
season, which is also a period of low tides and low mean water levels. These factors
produced the patterns of oil deposition described above. During low tides, seaward
borders of reef flats were exposed above water level and onshore winds concentrated
oil slicks there. During high tides back-reef berms, beaches, and mangrove berms
acted as barriers that also accumulated oil. Relatively little oil was able to move
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Fig. 2.4 Physical environmental data at Punta Galeta during the 1986 oil spill. Rain = rainfall (mm);
Wind = both the average hourly wind speed and direction, the length of the vertical bar indicates wind
velocity, the vertical bar between W and S is 20 km/h, the position of the vertical bars is the average
hourly wind direction by compass heading, open circles show gusts >20 km/h more than hourly average;
AT = air temperature (°C); WT = upstream water temperature (°C); SR = solar radiation (W/m?);
Delta WT = upstream minus downstream water temperature (°C); WL = water level relative to Punta
Galeta datum (cm), extensive emersion of the reef flat occurs when water level is below 30 cm;
Sal = salinity (0/00). A. April 1986; the spill occurred on the 27th.

over these raised barriers and enter sand forests and interior mangrove forests.
Because of the lack of rain, stream flow was slow during the oil spill and oil
penetrated into stream channels. As stream flow increased through May, June, and
July, stream discharge flushed out portions of the accumulated oil in mangroves
growing along streams (Fig. 2.5).
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Fig. 2.4 Physical environmental data at Punta Galeta during the 1986 oil spill (continued). B. May 1986.

2.3 Objectives, Rationale, and Design
2.3.1 Objectives

For the purpose of generalizing results from the 1986 Bahia Las Minas oil
spill to other oil spills, we examine possible patterns of oil accumulation produced
by different combinations of weather and sea conditions.

Our goals in these analyses were to determine:

1. the extent to which winds, stream discharge, and water levels during the 1986
Bahia Las Minas spill represented conditions in other seasons and years, and
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Fig. 2.4 Physical environmental data at Punta Galeta during the 1986 oil spill (continued). C. June
1986.

2. the frequencies of combinations of water levels, onshore winds, and stream
discharge rates that would have produced other patterns of oil deposition and,
therefore, different spatial distributions and severity of biological damage.

2.3.2 Rationale and Design

Daily field observations during the 1986 spill indicated that water levels,
winds, waves, and rainfall were important factors in determining (1) the extent to
which outer-coast habitats were exposed directly to oil slicks, and (2) the penetration
of oil into freshwater streams.
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Fig. 2.5 Oil being flushed out of a stream channel in Bahia Las Minas, July 1986, about 2.5 mo after
the oil spill. Oil was deposited in the mangroves along this stream in May 1986 (early in the 1986 wet
season), when rates of freshwater discharge were lower.

Using the Environmental Sciences Program database from Punta Galeta, we
were able to (1) directly calculate the seasonal frequencies of various combinations
of winds and water levels along the outer coast of Bahia Las Minas, and (2) combine
rainfall data from Punta Galeta with the relationships between rainfall, soil moisture,
and runoff developed for Barro Colorado Island, Panama (Windsor 1990), to
estimate seasonal patterns of freshwater discharge from coastal streams.

2.3.2.1 The Outer Coast: Winds, Waves, and Water Levels

Oil damage to most outer-coast habitats would have differed under
combinations of weather and sea conditions different from those during the 1986 spill
(Cubit et al. 1987; Cubit and Connor, Chap. 4). Water levels over the Punta Galeta
reef flat vary seasonally, and in some seasons lower elevations of the reef flat are
rarely exposed above water level (Cubit et al. 1986, 1989).

The 1986 oil spill occurred during the season of low mean water levels and
low tides when reef flat biota were frequently exposed above water level (Cubit et
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al,, 1986, 1989). The low water levels exposed reef flat biota in some habitats
directly to oil slicks, but restricted the movement of oil into sand forests and
mangroves, which are at higher elevations behind reef flats (Fig. 2.1). If the 1986 oil
spill had occurred in a period of higher water levels, the biota in most reef flat
habitats would have escaped this prolonged direct immersion in oil, though more of
the oil could have breached beaches and berms to enter sand forests and mangroves.
These conditions are compared in the following analyses.

2.3.2.2 Mangrove Streams: Periods of Freshwater Discharge

The amount of oil that would penetrate into mangrove streams depends on
winds, tidal fluctuations, absolute water levels, and discharge velocities at the surface
of streams. In general, onshore winds and rising tides would tend to push oil into
streams, while offshore winds and stream discharge would do the opposite. Because
freshwater is less dense than saltwater, it determines the surface flow tending to
transport oil out of the mouths of streams.

On this coast, reduced rainfall (and therefore runoff) coincides with strong
onshore winds during the dry season; therefore, the dry season is a critical period
when an oil spill could penetrate into mangrove streams. Two major oil spills have
occurred on this coast near the dry-season period. The Bahia Las Minas oil spill
occurred at the end of the dry season (April 1986), and the Witwater oil spill occurred
at the beginning of the dry season (December 1968).

There are no direct measurements of stream discharge available for the area
affected by the oil spill; however, stream discharge can be estimated from
relationships between rainfall and runoff developed for Barro Colorado Island (BCI),
Panama (Windsor 1990) in combination with rainfall data for Punta Galeta. BCI is
approximately 25 km south of Punta Galeta, and relationships between rainfall and
runoff are based on approximately 16 yr of daily observations (Windsor 1990).

2.3.2.3 Methods
Monitoring Data for Weather and Sea Conditions

Physical environmental data for Punta Galeta (Cubit et al. 19884, 1989) were
calculated from the long-term Punta Galeta database (since 1974) for weather and
sea conditions. The database comprises hourly records of air and sea conditions, and
provides a quantitative basis for defining physical conditions during the 1986 oil spill
in comparison to seasonal and year-to-year variations in conditions recorded from
this site. For movement of oil onto the outer coast, we used a corrected version of
the 5 August 1991 update of the database. Methods of monitoring and variability of
conditions are described in Cubit et al. (1986, 19884, 1989). Weekly running
averages of rainfall were used to calculate freshwater discharge rates.
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2.3.2.4 Definitions and Methods of Calculation
Definitions
Onshore Winds

For the reef flat at Punta Galeta onshore wind direction was approximated
using winds from the three northerly octants of northwest, north, and northeast, the
equivalent of compass directions >292° and <68° (due North = 0°).

Water Levels

Water levels in the database were recorded from a tide gauge on the reef flat
at Punta Galeta, and are given in relation to the Punta Galeta datum (the "0" level),
which is approximately 30 cm below mean low water (Cubit et al. 1987, 1988a, 1989).

Winds and Water Levels on the Quter Coast

These analyses describe the actual monthly frequencies of two combinations
of wind speeds, wind directions, and water levels that affected the deposition oil in
outer-coast habitats near Punta Galeta. Both cases used onshore wind directions
(i.e., directions that would transport oil toward the shore). The first (Conditions A)
represents water levels low enough to expose any elevation of the reef flat above
water level, and therefore to floating oil slicks (see Sect. 2.4.1). In the second case
(Conditions B) water levels would be deep enough to allow floating oil slicks to pass
at least 30 cm above the reef flat, but strong onshore winds would create wave
turbulence and mix oil into the water column. Under these conditions high water
levels would allow more oil to be deposited in the extensive habitats with loose
sediment, such as mangroves, high beaches, and sand forests.

Specifications for Conditions A and B

Conditions A (direct exposure of benthic biota on the reef flat to oil slicks)
Conditions A include any onshore winds and any water levels below the reef

crest (<30 cm above datum). The reef crest is the highest part of the reef flat,

excluding loose pieces of coral rubble.

Conditions B (maximum transport of oil slicks into the interior portions of sand forests
and mangrove forests)

Conditions B include water levels at least 30 cm above the reef crest (i.e., >30
cm above datum) with strong onshore winds and probably strong wave action. Here,
onshore winds >20 km/h have been used to hindcast wave action; this
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underestimates wave action coming from distant sources. Under these conditions no
biota of the reef flat would be directly immersed in floating oil slicks, though biota
would be exposed to oil mixed into the water column by waves breaking onto reefs.
Strong onshore winds and probably strong wave action would create the maximum
force to drive oil into high-intertidal and supratidal habitats behind reef flats.

Calculation of Frequencies of Wind- and Water-level Combinations

Frequencies of hr/mo for Conditions A and B were calculated from the
database described above. The combination of synchronous wind speed, wind
direction, and water level data spanned January 1975 through December 1990. To
reduce biases caused by missing data, these calculations used only months with at
least 90% of the hourly records complete for simultaneous measurements of wind
speed, wind direction, and water level. A total of 134 mo met these criteria. Within
this group, corrections were made for missing data.

Explanation of Tukey Box Graphs

The frequencies of hr/mo for each set of conditions are presented as Tukey
box graphs (also called Tukey box plots). The top and bottom of each box represent
the upper and lower quartiles of the data. The horizontal line dividing the box
represents the median. Thus, the length of the entire box is the interquartile range.
The uppermost vertical line spans the distance from the top of the box to the
maximum data point lying within 1.5 times the interquartile distance from the top of
the box. All data lying beyond this point are plotted as individual points: the upper
asterisks are less than three times the interquartile distance from the top of the box,
the circles are more than three times that distance. The lower values are calculated
by the same procedure. Unlike means and standard errors (or standard deviations)
these plots more fully represent the actual distribution of the full set of data,
including skewness, outlying values, and other irregularities.

Discharge from Freshwater Streams

To estimate the discharge of freshwater from coastal streams, we used the
relationships established by Windsor (1990), which are based on a geometrically
lagged moving average (one whose weighting decreases geometrically back through
time) of weekly rainfall. When this average fell below 20 mm/wk, soils began to lose
moisture. After a 4-wk run of these values, runoff almost ceased. When this value
rose above 20 mm, soil moisture began to increase. Runoff began after a lag period
when (1) the soil saturated or (2) when rainstorms exceeded the infiltration capacity
of soils and overland flow occurs (see also Dietrich et al. 1982). Once soils were
saturated, monthly rainfall and runoff were positively correlated.

We applied Windsor’s (1990) procedures for BCI to determine periods of low
freshwater runoff in the area of Bahfa Las Minas. This stepwise procedure began by
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defining the wet and dry seasons, and then estimating dates of reduced runoff. To
define the wet and dry seasons, Windsor (1990) created a running average over
periods of 6 wk. This average was geometrically lagged so that rainfall for the ending
week was weighted much more heavily than the beginning week 6 wk earlier. To do
this he summed the following values: one-half of the rainfall for the ending week
(time ¢), plus one-fourth the rainfall for the previous week (¢ — 1), plus one-eighth
the rainfall for wk ¢ — 2, and so on to wk ¢ — 6. For Bahia Las Minas we used the
Punta Galeta database to calculate the geometrically lagged moving average of
rainfall (hereafter called lagged average rainfall) over the period January 1974 to June
1991. Gaps in the hourly records of this database were corrected using data from a
rain collector mounted on the laboratory dock to give a continuous daily record (K.
W. Kaufmann, pers. comm.).

The beginning of the dry season was defined as the first day of three
consecutive weeks when the value for lagged average rainfall fell below 20 mm. The
end of the dry season (i.e., the beginning of the wet season) was defined as the first
day of three consecutive weeks when the lagged average rainfall exceeded 20 mm.

As a more conservative procedure, we then estimated the lengths of the
periods of low stream discharge in two ways (Cases A and B), using different
assumptions to estimate the ending dates (and therefore the lengths) of the periods
of low discharge in the dry season. The procedure to estimate the reduction of
stream discharge at the beginning of the dry season was based on the relationship
between the onset of the dry season and the reduction of runoff at BCI, where
discharge was greatly reduced approximately 4 wk after the dry season began (as
defined above). In Case A we assumed that discharge began when the wet season
began. In Case B we assumed a delay in the increase of stream discharge that was
based on observations at BCI, where discharge rates lagged behind early wet season
rainfall by up to 2 mo, depending on the timing and amount of early rains (Windsor
1990). For Case B stream discharge was estimated to resume after two conditions
occurred: (1) the wet season began as defined above, and (2) rainfall increased to a
level with at least three consecutive weeks of more than 35 mm of rain per week.
Based on the BCI records, the Case B procedure appeared to be the more realistic
method for estimating the length and ending date of the dry season periods of low
stream discharge.

To estimate variations of runoff from successively larger basins, we added a
series of constants to the lagged average rainfall and then calculated the period of
low discharge as done for Case A. The added constants were 2.5, 5, 7.5, and 10.

Conditions During the 1968 Witwater Oil Spill

There are no equivalent meteorological records from Punta Galeta for 1968
when the tanker S.S. Witwater oil on this coast. Consequently, we used data from
meteorological stations of the Panama Canal Commission (PCC) near Punta Galeta.
Data for rainfall were obtained from three PCC stations: Crist6bal, Aguas Claras,
and El Ciento. Cristébal is located on Bahia Limén about 8 km southwest of Punta
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Galeta (see Fig. 1.2). Aguas Claras and El Ciento are located at higher elevations
near, but outside of, the highest part of the watershed of Bahia Las Minas. These
two sites are approximately 18 and 20 km, respectively, southeast of Punta Galeta.
Data for wind speed and direction were only available from Cristébal. For the
rainfall data, we applied the relationships developed above to hindcast conditions
during the 1968 Witwater spill. All three rainfall records were used because of the
east-west gradient in this area (Windsor 1990), which could affect estimates of
seasonal changes in stream discharge.

2.4 Results and Implications

2.4.1 Winds and Water Levels on the Outer Coast

2.4.1.1 Conditions A

Reef flat habitats could be directly exposed to oil slicks at any time of year,
but most often between February and August. The seasonal peak in exposure times
was in April and May; thus, the 1986 oil spill occurred at the time of year when the
lowest levels of reef flats were most vulnerable to direct contact with oil slicks. May
1986 was "average" because the total hours of exposure in May 1986 were close to
the median value for the month of May in all years (Fig. 2.64). The 1968 Witwater
oil spill occurred near the end of December when the probability of exposure of reef
flats was low.

2.4.1.2 Conditions B

The 1986 oil spill occurred at the beginning of the April-October period when
combinations of high water levels and strong onshore winds were rare (Fig. 2.6B).
In May 1986 these conditions were near zero; consequently, the spilled oil did not
penetrate deep into sand forests and mangroves. Instead, low water levels caused
most of the oil to be deposited in a narrow band along the seaward fringe of beaches
and mangroves. If the oil spill had occurred between November and March, as did
the December 1968 Witwater spill, the probability would have been much higher that
strong onshore winds, high waves, and high water levels would have carried more oil
into the extensive areas of sand forests and interiors of mangrove forests at Bahia
Las Minas.

In summary for the outer coast, May 1986 was average for the conditions of
winds and water levels compared with the month of May in other years. This was
a time when strong onshore winds and high water levels were relatively infrequent,
but low water levels were at their peak frequency. Thus, oil deposition was
concentrated low on the shore instead of at higher tidal elevations.
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Fig. 2.6 Hours per month that outer coast habitats at Punta Galeta were exposed to the combinations
of onshore winds and water levels specified for Conditions A and B in the text. Tukey box plots are
explained in the text. The number of months included in the computations is given as N at the bottom
of each set of graphs. Values for May 1986, the first month of the oil spill at Punta Galeta, are shown
as black diamonds on the y-axis. A. Hours per month that the outer coast has been exposed to any
onshore winds combined with water levels at, or below, the level of the reef crest. B. Hours per month
that the outer coast has been exposed to strong onshore winds combined with water levels at least 30
cm above the reef crest.
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2.4.2 Estimated Periodicity of Stream Discharge
2.4.2.1 Predicted Seasonal Patterns of Stream Discharge in Bahia Las Minas

Rainfall is highly seasonal at Punta Galeta (Fig. 2.7). The dry season varied
in length between 10 and 23 wk in the 17 yr of rainfall data available (median = 18
wk of dry season, Table 2.1). The median start of the dry season occurred in the last
week of December, with 53% of dry seasons starting between the third week of
December and the first week of January. The last week of November was the
earliest and the second week of February the latest start on record (a range of 11
wk). The wet season began as early as the last week of March and as late as the
middle of May (a range of 7 wk). However, 59% of the wet seasons started in the
last 2 wk of April. Every year there was a period when stream discharge was
predicted to be low (Fig. 2.7, Table 2.1). By the more conservative measures of Case
A, the median period of low flow was 14 wk, but ranged from 6 to 19 wk (Table 2.1).
In these calculations low stream flow could begin as early as mid-December or as
late as early March. In more than half the years reduced discharge could have
started by the end of January. Flow was estimated to resume between March and
May; in most years discharge would start in April.

According to the Case B calculations, stream discharge begins less predictably
than the start of early wet season rains. In S yr, sustained heavy rains began as soon
as lagged average rainfall went above 20 mm (1976, 1980, 1981, 1984, and 1987) and
discharge probably began at approximately the same time (Table 2.1). However, in
the other 11 yr with complete records for rainfall (1991 excluded), heavy rains began
2-13 wk after the defined start of the wet season (median = 7 wk, N = 11). In these
more realistic estimates, which incorporated delays in heavy rains, the period of
reduced flow was longer, up to 31 wk (Case B in Table 2.1). Sustained discharge
could begin as early as April or as late as August. The procedure of adding a
constant amount of soil moisture to lagged average rainfall tended to decrease the
estimated length of the dry season and the estimated period when discharge was low
(Table 2.1). Adding the maximum factor of 10 to lagged average rainfall only
decreased the dry season by an average of 2 wk; however, in 1978 adding 10
eliminated the dry season entirely. This suggests that stream discharge could be
continuous year round in larger streams from watersheds that had the same seasonal
patterns of rainfall. Such streams would be unlikely to be oiled.

Adding soil moisture to lagged average rainfall changed the length of the dry
season by delaying its start, not by ending it early. In other words, after the rains
stopped, larger streams had positive downstream flow longer than smaller ones. Flow
was reduced in all streams late in the dry season and for variable periods in the early
wet season. Thus, the period of maximum vulnerability to oiling was late in the dry
season and early in the wet season under all variations of the flow regime examined.



H
8

Chapter 2

@D
3
|

N
3
|

8
|

Lagged Average Rainfall (mm)

o

. (] N
74 '76 '76 77 78 779 T80T 817827837 84T 85786 187 a8 891 90! 91!
Year

Fig, 2.7 Lagged average rainfall at Punta Galeta, January 1974-June 1991. The dotted line at 20 mm
indicates the level below which stream discharge drops to levels near zero, and mangrove streams are
most vulnerable to penetration by oil slicks. See text for definition of lagged average rainfall.

2.42.2 Stream Discharge Conditions During the 1986 Oil Spill

The Bahia Las Minas oil spill occurred at the end of April 1986, in the period
of the dry-to-wet season transition. After being trapped in Bahia Cativa for about
a week, oil escaped and began to move along the coast on 4 May (Cubit et al. 1987).

In 1986 the dry season ended the week of 14 April, based on lagged average
rainfall (Fig. 2.84). However, rainfall was sporadic or light until the first week of
June, ranging from 3 to 118 mm per wk (total for 7 wk = 248 mm). Seventy-six
percent of the total fell in 2 wk, 70 mm the week of 14 April and 118 mm the week
of 19 May (Fig. 2.8B).

Case A estimates of freshwater discharge suggest that some discharge could
have started during the early part of May 1986, but lagged average rainfall was barely
above the 20-mm cutoff until the third week of May (Fig. 2.84). Under Case B
conditions, discharge probably did not begin until approximately the second week of
June. Because the wet season started slowly in 1986 (Fig. 2.8B), we judge that Case
B conditions better reflect conditions during the spill. Thus, stream discharge
probably did not provide much force to oppose the entry of oil into stream channels
while fresh oil slicks were coming ashore during the 1986 Bahia Las Minas spill.
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Table 2.1 Estimates of lengths of periods (wk) when streams in the vicinity of Bahia Las Minas would
have low rates of freshwater discharge. Cases are defined in text. Letters in columns with constants
added denote effects on seasonal pattern: E = wet season starts early; L = dry season starts late.
ND = no data.

Length

of dry Case A Case A Case A Case A
Year season (wk) Case A  Case B + 25 + 50 + 75 + 10.0
1975 19 15 19 15 15 14 L 14 L
1976 19 15 15 12 E 12 E 11 EEL 11 E L
1977 23 19 31 19 17 L 17 L 13 E, L
1978 16 12 14 7 EL 7 E,L 7 E L 0
1979 16 12 18 12 11 L 11 L 1 L
1980 12 8 8 8 7 L 7 L 7 L
1981 13 9 9 7 7 L 7 L 7 L
1982 10 6 19 S L 5 L 2 L 2 L
1983 21 17 28 17 16 L 16 L 16 L
1984 16 12 12 11 L 11 L 11 L 11 L
1985 18 14 17 14 14 13 L 13 L
1986 14 10 17 10 9 L 9 L 9 L
1987 18 14 14 13 L 13 L 13 L 13 L
1988 17 13 15 13 13 13 12 L
1989 21 17 25 17 16 L 16 L 16 L
1990 19 15 22 15 13 L 13 L 13 L
1991 18 14 ND 14 13 L 13 L 13 L
Median 18 14 17 13 13 13 12
Range 10-23 6-19 8-31 5-19 5-17 2-17 0-16
N (yr) 17 17 16 17 17 17 17

2.5 Discussion

Coastal habitats in Bahia LLas Minas consist of extensive areas of reef flats,
mangroves, and beaches within the relatively narrow range of the tides. Weather and
sea conditions during the spill determined the movement and deposition of oil into
these habitats, and, therefore, spatial patterns and biota affected by oil. For any
particular spill on this coast, the pattern and severity of damage would depend on
when the oil spill arrived in the cycles between dry and wet seasons.

In actuality, if the same spill from the refinery had occurred during the strong
and sustained onshore winds at the peak of most dry seasons, oil may have remained
in Bahia Cativ4 until most of it was recovered. Onshore winds did, in fact, keep the
oil trapped in this bay for the first week of the spill in April-May 1986 (Cubit et al.
1987). However, for the sake of generalization, the following discussion will assume
the movement of oil slicks along the shore. This occurred during the 1986 spill and
would also occur after a spill from a tanker or other source offshore.
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Fig. 2.8 Rainfall conditions affecting stream discharge during the 1986 Bahia Las Minas oil spill. The
star marks the date of the spill into Bahia Cativa on 27 April 1986, and the triangle marks the date the
first large masses of oil escaped from Bahia Cativd and began moving along the coast. 4. Lagged
average rainfall, as defined in the text. The dashed line at 20 mm indicates the level below which stream
discharge was estimated to drop to near-zero levels. B. Actual weekly total rainfall for the same period.
The dashed line at 35 mm per week represents the estimated increased rainfall required to initiate
stream discharge after the start of the wet season.
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2.5.1 Movements and Deposition of Oil in Habitats of the Outer Coast

Winds, waves, and water levels determined the extent of oil deposition in the
outer-coast habitats illustrated in Figures 2.14 and B. The Bahia Las Minas oil spill
occurred during the transition from the dry to wet season. Most of the oil spread
along the coast and came ashore in May 1986. Frequency analyses (Fig. 2.6) indicate
that conditions of winds and water levels during the 1986 oil spill were well within
the normal range for the month of May. Due to the seasonally weak onshore winds
and low mean water levels (Fig. 2.6), oil slicks accumulated along seaward edges of
reef flats, beaches, and mangrove forests (habitats b, c, and d in Fig. 2.1). Biological
damage was high in these zones of oil deposition (Cubit and Connor, Chap. 4;
Garrity et al,, Chap. 5; Duke and Pinz6n, Chap. 8; Garrity and Levings, Chap. 9).

May 1986 was also a period of relatively calm seas with little turbulence to
mix oil into the water column. However, during several days of strong wave action,
oil was detected in the water column as it entered the laboratory seawater system (J.
Cubit, pers. obs.). The seawater intake was about 1.5 m below water level in the
relatively sheltered lagoon, and oil appeared as globules floating to the surface of
seawater tanks in the laboratory. If this period of wave action had been longer, oil
probably would have injured or killed more filter feeders in subtidal zones (habitat
a in Fig. 2.1). Despite the infrequent conditions necessary to mix the oil with water,
visible o0il was present within live polyps of subtidal corals, and the mortality of
subtidal corals was high (Guzman et al., Chap. 7).

If the oil spill had occurred during the dry season, stronger onshore winds,
higher water levels, and increased wave action would have driven more oil over
natural barriers and into higher-elevation habitats of the outer coast, including high
beaches, sand forests, and interior mangrove forests (habitats e and f in Fig. 2.1).
Greater wave action would also have mixed more oil into the water column, and high
water levels would have reduced the exposure of reef flats and other habitats to
direct contact with oil slicks. In particular, biota at the seaward edge of reef flats
would have escaped the prolonged direct immersion in oil that occurred during the
1986 oil spill. As discussed below, the 1968 tanker Witwater spill occurred during dry
season conditions.

2.5.2 Movement of Qil into Streams Flowing through Mangrove Forests

Based on rainfall data from Punta Galeta, we estimate that there is a 3.5- to
4.5-mo "window" each year when stream discharge is weak and has little force to
oppose the entry of oil. The size of this window decreases with increasing stream
discharge, and increasing discharge is a function of amount of rainfall and area of
watershed. Streams entering the region of Bahia Las Minas drain a relatively narrow
watershed, and stream discharge was likely to be low during the low-rainfall period
between early February and late April. Runoff could be more continuous from
watersheds with other hydrological characteristics, such as larger size, more total
rainfall, shorter dry season, or larger component of groundwater flow, upstream
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storage processes, or both. In coastal areas with such characteristics, there is a lower
probability that the inner reaches of bays or stream mouths will be oiled.

Marine water levels interact with stream discharge in affecting the penetration
of oil into freshwater streams. When water levels are high, water velocity is reduced
because the same volume of water flows through a larger cross section. When water
levels are low, water velocity increases as streams discharge through smaller cross
sections.

In the region of Bahifa Las Minas, stream habitats in mangroves are at greatest
risk of oil contamination during the dry season, when onshore winds are stronger,
water levels higher, and stream discharge rates lower. Thus, during the dry season
the forces transporting oil into mangrove streams are at a maximum, and discharge
velocities at a minimum. Stream habitats of mangroves are at least risk in the mid-
to-late wet season, when onshore winds are weaker, water levels lower, and stream
discharge rates higher.

2.5.3 Predicted Patterns of Oil Deposition and Possible Effects of the December
1968 Witwater Spill

On 13 December 1968, the 3,400-ton tanker S.S. Witwater ruptured about 4
km offshore from Punta Galeta, spilling approximately 20,000 bbl of diesel oil and
Bunker C oil into the ocean (Riitzler and Sterrer 1970). Based on the observed
biological effects of the 1986 spill and local meteorological records for 1968, it is
possible to predict the probable spatial patterns of oil distribution and the resulting
biological effects of the Witwater spill.

Panama Canal Commission data for wind direction and speed at Cristébal
indicate that between 13 and 31 December 1968 wind directions were only from the
north and northeast, and mean daily wind speeds ranged from 14 to 29 km/h. In the
seasonal weather patterns analyzed for Punta Galeta (Cubit et al. 1986, 1989; Figs.
2.2, 2.3, and 2.64, B), these conditions of onshore winds produce high mean water
levels, few hours of reef flat exposures, and strong wave action. These conditions
correspond to Riitzler and Sterrer’s (1970) reports of weather and sea conditions
during the Witwater spill and to the sea conditions seen in aerial and ground-level
photographs of the Witwater oil spill on file at the Galeta Marine Laboratory.

Wave action at the time of the Witwater spill probably churned oil into the
water column. The lower levels of the reef flat were probably underwater through
most of the spill and thus only exposed to the suspended and soluble portions of the
oil. According to Riitzler and Sterrer (1970), oil came ashore rapidly, passed over
the reefs, concentrated in certain areas, and was quickly cleaned up. In this period
of a few days or weeks in December, the highest elevations of reef flats were
probably not exposed directly to accumulations of oil for more than a few hours total
(Figs. 2.6 4, B).

Based on estimates from the rainfall data for the three stations examined,
freshwater streams were discharging during the Witwater spill. At Cristébal, the dry
season began the second week of December, with runoff predicted to drop beginning
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approximately the second week of January 1969. At Aguas Claras and El Ciento, we
calculated that the dry season began the third week of December, with the drop in
runoff expected approximately the third week of January 1969. Depending upon the
small-scale local conditions in 1968, it may have been possible for the strong onshore
winds to push oil into some streams from small drainages, but it was unlikely that
larger streams were oiled.

At present we have few data to test these hindcasts of biological damage
caused by the Witwater spill. However, the existing data agree with our predictions.
Patterns in the long-term data for sessile biota on the reef flat at Punta Galeta
(started in 1970) are consistent with the hypothesis that some species on high
substrata, but not low substrata, were recuperating from damage by the Witwater oil
spill (Cubit and Connor, Chap. 4). The following information from the studies of
Duke and Pinz6n (Chap. 8 and App. D) provide more extensive corroboration for
patterns of damage to mangroves caused by the Wirwater oil spill. Patches of barren
areas and young mangrove trees in 1973 aerial photographs of the Bahia Las Minas
region indicate probable mortality of mangroves during the 1968 Witwater spill.
Compared to patterns of mortality caused by the 1986 oil spill, the 1973 photographs
showed areas of mortality that extended farther into mangrove forests and in some
cases left a wider surviving fringe. In addition, oil from the 1968 Witwater spill
apparently killed areas in the central interior of the mangrove forest, which had not
recovered as of 1990. However, no such damage occurred in the 1986 oil spill.
Consistent with the oil being driven by strong onshore winds, the mangrove mortality
also extended deeper into the bays within Bahia Las Minas. However, despite the
strong onshore winds, there were no signs of the oil penetrating into the channels of
freshwater streams (Duke and Pinzén, Chap. 8 and App. D).

2.5.4 Summary of Overall Effects of Weather and Sea Conditions on Oil Deposition

In general, an oil spill in the dry season (Sect. 2.2.2) would cause greater
immediate damage to biological communities along freshwater streams in mangroves
and higher tidal habitats, such as sand forests and interior mangrove forests.
Additionally, wave action would mix more oil into the water column. A spill in the
wet season would cause greater immediate damage to biological communities in
lower intertidal habitats, such as reef flats and fringing mangroves. Intermediate
patterns of damage could occur in the transition periods between seasons.

An oil spill in the dry season would pose a much greater risk of long-term,
chronic contamination of oil seeping from sediments. If oil slicks came ashore in
January, February, or March, the probability is much higher that the combination of
strong onshore winds, waves, high water levels, and low stream discharges (see Fig.
2.3) would result in a much greater deposition of oil in the extensive areas of sand
forests and interior mangrove forests (habitats e and f in Fig. 2.1). All these areas
have porous substrata of loose sediment. There appears to be no known way to
clean oil from these sediments without destroying the forests, releasing masses of oily
sediment into the surrounding environment, or both. Oil deposited in some
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mangrove sediments during the 1986 spill underwent little weathering over a 5-yr
period (Burns et al. 1991; Burns, Chap. 3). Larger-scale deposition of oil in these
environments would not only cause more extensive destruction of sand forests and
mangroves than observed in the 1986 spill, but also deposits of oil in these habitats
would constitute a larger reservoir of oil to feed the chronic oiling of all coastal
habitats. Such oiling occurred on a smaller scale after the 1986 spill and caused
chronic contamination of shoreline environments during the five subsequent years of
our study (Burns et al. 1991; Guzmén et al. 1991; Burns, Chap. 3; Guzmaén et al.,
Chap. 7; Garrity and Levings, Chap. 9). On a more massive scale, such oiling could
have resulted in delayed, but repeated and more severe damage to biota in adjacent
habitats, particularly biota growing on mangrove roots and in back-reef flats. Such
damage would be aggravated by large-scale erosion of oily sediments and dead
vegetation from sand forests and mangroves (Duke and Pinzén, Chap. 8).

2.5.5 Generalization to Other Spills

Case studies are often used to determine policies regarding oil spills,
particularly to evaluate potential risks to marine resources and to plan responses for
control and cleanup. Case studies are often cited as representative of conditions
expected of other spills in similar habitats. If this typical approach were used for the
Bahia Las Minas spill, it might begin like this:

Damage was mostly confined to certain species of corals in subtidal habitats, biota near
seaward edges of reef flats, and mangrove communities along the fringes of mangrove
forests. Damage to biota of back-reef flats only occurred at some sites, and relatively
little oil penetrated and damaged interior portions of mangrove forests.

Because the 1986 Bahia Las Minas oil spill is the most comprehensively
studied oil spill in a tropical environment, it is likely to be used extensively in
formulating oil spill policies. As shown by the potential wide-ranging effects of
weather and sea conditions on oil deposition, generalizations from this case study
require taking into account possible patterns of oil accumulation that would have
been produced by other combinations of conditions. Without such considerations,
potential risks could be considerably underestimated or overestimated, and oil spill
plans could be inadequate or otherwise inappropriate.
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3
Hydrocarbon Chemistry

Kathryn A. Burns

3.1 Abstract

The hydrocarbon chemistry program interfaced directly with studies of
biological effects and recovery in coral reef, seagrass, and mangrove ecosystems. The
aims of the program were to provide dose-response information and to study
biogeochemical processes acting to modify the spilled oil over time in tropical,
coastal environments. Analysis of sediment samples collected over a wide area 6 mo
after the spill generally confirmed visual rankings of severity of oiling and the large-
and small-scale patchiness of the distribution of oil. Concentrations of oil were
highest in organic-rich sediments of mangroves, reaching levels of more than 20% of
sediment dry weight. Analysis by gas chromatography (GC) showed that the initial
rate of degradation of alkane hydrocarbons in mangrove sediments was rapid
compared to that in temperate salt marshes. The size distribution of coral reef
sediments showed erosion already was the cause of deposition of increasing loads of
fine particles onto reefs in heavily oiled areas of Bahia Las Minas within 6 mo of the
spill. It was therefore anticipated that coastal ecosystems would continue to receive
oil-contaminated sediments from increasing erosion of mangroves and seagrass beds.

Subsequent sampling was conducted at biological study sites, with chemical
analyses providing the basis for interpreting biological effects of the spill.
Weathering rates varied from site to site, and the chemistry data were essential for
understanding trends in repopulation and recovery of community structure in the
various habitats. Within two years of the spill, most hydrocarbon residues had been
removed from sediments on high-energy coral reef platforms. By 4 yr postspill,
although the residues were nearly nondetectable in this habitat, our techniques were
sensitive enough that we could still differentiate oiled and unoiled reefs. High levels
of oil persisted in seagrass beds for at least 2.5 yr. Pools of oil trapped in mangrove
sediments were surprisingly consistent in composition for more than 5 yr, as seen by
ultraviolet fluorescence, GC, and GC/mass spectrometry analyses. The relatively fast
rate of degradation of alkanes was not maintained for aromatic hydrocarbons.
Buried oil leached into coastal waters and was bioaccumulated by encrusting bivalve
molluscs during the 5 yr of sampling. Major events of reoiling associated with
erosion of heavily oiled sediments created chronic pollution of coastal waters. The
most persistent aromatic hydrocarbons were the dibenzothiophene, phenanthrene,
and higher ring-number series. Continued high concentrations of these toxic
hydrocarbons, even in samples that appeared by GC to be highly weathered, indicates
that the life span of these compounds in mangrove sediments is much longer than 5
yr. Effects of the 1986 oil spill were clearly discernible despite the history of
repeated oil pollution in the region. For example, the proportion of dead mangrove



52 Chapter 3

roots in mangrove sediment cores provided a record of long-term damage by major
oil spills. Changes in the composition of residues bioaccumulated by bivalve molluscs
5 yr after the spill indicate the next 5 yr will be critical for the transformation of
initial lethal effects into later sublethal effects in coastal populations and
communities. To our knowledge this is the first set of long-term chemistry data from
an oil spill in tropical, coastal environments.

3.2 Introduction

In April 1986 at least 9.6-16.0 million L (60,000-100,000 bbl) of medium-
weight crude oil spilled from a ruptured storage tank into a complex region of
mangroves, seagrasses, and coral reefs on the Caribbean coast of Panama just east
of the entrance to the Panama Canal (Keller et al., Chap. 1). This spill, the largest
recorded into coastal habitats in the tropical Americas, occurred close to the Galeta
Marine Laboratory of the Smithsonian Tropical Research Institute. Because
populations of plants and animals in both oiled and unoiled areas had been
documented previously, the study of this spill afforded a unique opportunity to assess
the effects of oil on tropical coastal ecosystems. Investigations began immediately
and initial ecological effects were summarized by Cubit et al. (1987) and Jackson et
al. (1989). Intertidal mangroves, seagrasses, algae, and associated invertebrates were
covered by oil and died soon thereafter. There also was extensive mortality of
subtidal reef corals and infauna of seagrass beds. These dramatic effects stand in
sharp contrast to conclusions based on laboratory dosing experiments and small-scale
field experiments. These were designed to assess short-term effects of oil spills and
of dispersed oil, and indicated that corals under these circumstances suffer only
transient physiological effects and should not be expected to exhibit mortality from
oil spills unless oil is dispersed into subsurface waters (Knap 1987; Ballou et al.
1987). Small amounts of dispersant were sprayed from aircraft over offshore areas
and channels (Sect. 1.5). Refinery officials estimated that less than 21,000 L of
Corexit 9527 were used (Cubit et al. 1987). The amount of dispersant relative to oil,
the limited areas over which it was sprayed, and weathering of the oil before
dispersant was applied would result in insignificant dispersion of the large amount
of spilled oil. Thus chemical dispersion alone would not account for the mortality
of subtidal corals over the extended area documented in this study (Guzman et al.,
Chap. 7).

The hydrocarbon chemistry program was designed to interface with studies of
biological effects and recovery in coral reef, seagrass, and mangrove ecosystems.
Sampling and analytical plans were designed to provide dose-response information
and to study biogeochemical processes acting to modify the spilled oil over time in
tropical coastal environments: the reactions, rates, routes, and reservoirs.

This chapter is divided into sections on methods (Sect. 3.3) and results of the
initial assessment of effects in 1986 (Sect. 3.4), followed by the results of long-term
studies of coral reefs (Sect. 3.5), seagrass beds (Sect. 3.6), and mangroves (Sect. 3.7).
Section 3.8 presents summary conclusions of the hydrocarbon chemistry program.
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Section 3.9 is a description of efforts to distinguish alternative sources of
contamination in the system, and Section 3.10 describes analytical quality-assurance
procedures. The entire data set for individual polynuclear aromatic hydrocarbons in
sample extracts is contained in Appendix Tables B.1 and B.2.

3.3 Methods

3.3.1 Sampling Design and Methods

Where the spill occurred, the coastline is convoluted, with strips of beach
bordering wave-exposed areas and mangroves lining sheltered areas. Subtidal
seagrass beds occur just offshore, with coral reefs seaward of them. Most of the reefs
in this study were within a few hundred meters of the shore. Photographs of the
affected coastline are in Jackson et al. (1989).

To answer dose-response questions, replicate sites were established in each
habitat. Sampling was designed to characterize hydrocarbon loads at each replicate
site. To maximize spatial coverage but minimize the number of samples for analysis,
samples were composited (combined together) from zones of interest within each
site. The basic sampling design in each type of habitat is given in Table 3.1; see
Appendix Table B.3 for a complete listing of samples analyzed. The timing of
sampling efforts was planned for complete sediment and organism collections 2.5 or
3, and 4 yr postspill, with quarterly collections of bivalve molluscs starting 2.5 yr after
the spill. The first major sampling effort during the long-term study was conducted
in December 1988 and May 1989, and a second major sampling effort was completed
in July 1990. A partial sampling of sites was conducted in 1986 (see Sect. 3.4).

Samples of coral tissues and associated sediments were collected from reefs
where observations of coral growth and mortality were being conducted. Samples
were taken from the same reefs, in areas close to, but just outside the areas marked
for assessment studies to avoid possible interference. Sediments in small depressions
at most reefs consisted of coarse coral-algal rubble, indicating high-energy sorting
despite the proximity of seagrass beds landward. Galeta Channel (GALC), a site
about 4 km west of the site of the spill (Fig. 1.5) and Payardi North (PAYN), within
Bahia Las Minas, were heavily oiled. Sediments from these sites contained a
relatively large proportion of small particles, indicating that more of the fine
sediments eroded from seagrass and mangrove areas landward were retained. Oil
slicks did not cover sampling sites the days corals were collected for hydrocarbon
analyses, but on other occasions slicks were observed emanating from highly polluted
mangrove areas due to runoff during heavy rains (Guzmaén et al., Chap. 7).

Samples of scleractinian corals were collected from reefs at 3 to 6 m depth by
a diver using a hammer and chisel. Each piece was brought to the surface, using
care not to touch the living portions, and handed to assistants in a boat. The corals
were sealed in solvent-washed aluminum foil. Each piece was numbered, and
replicate pieces of each species were packed together in labeled polyethylene bags
and packed on ice. Either immediately at the laboratory or, in most cases, after brief



54 Chapter 3

Table 3.1 Sampling design and plan to answer dose-response questions using replicate oiled (O),
moderately oiled (M), and unoiled (U) sites. Habitats: S = drainage stream; C = channel and lagoon;
OC = open coast. Samples by this design were collected 2.5 or 3, and 4 yr postspill; partial sampling
was conducted in 1986. Quarterly samples of indicator bivalves were collected 2.5-5 yr postspill. See
Appendix Table B.3 for sites and dates of all samples analyzed.

A. Mangroves: 2 treatments (O and U) x 3 habitats (S, C, and OC) x 4 replicate sites = 24 stations.
At each station:

® 3 surface sediment samples, each a composite of five 2-cm cores from across the site

@ 3 samples from different depths of sediment cores, each a composite of 0-2, 8-10, and 18-20
cm sections from 3 replicate cores

® 1 composite sample of bivalves (false mussels or oysters) from across the site

B. Coral reefs: 3 treatments (O, M, and U) x 6, 2, or 4 replicate sites = 12 stations. At each station:

® 3 surface sediment samples, each a composite of 5 scoops of 0-5 ¢cm of sediments
® 3 tissue samples of each major coral species, each a composite of 3 colonies

C. Seagrass beds: 2 treatments (O and U) x 4 replicate sites = 8 stations. At each station:
® 3 surface sediment samples, each a composite of 5 scoops of 0-5 cm of sediments
At selected oiled stations:

® 3 samples from different depths of sediment cores, each a composite of 3 cores

storage in a freezer, samples were partially defrosted and tissues scraped into labeled
glass jars. For analysis, replicate samples consisted of tissue scraped and composited
from three pieces of coral into each replicate. Surface sediments were collected from
small depressions at reef sites using solvent-cleaned glass jars as scoops. Composite
samples were sealed with screw-cap lids lined with foil.

Sediments were collected at the subtidal seagrass beds selected for biological
assessment studies and, during the initial survey in 1986 only, from a number of oiled
intertidal seagrass beds. Surface sediments were collected using a glass jar as a
scoop; several scoops were composited into replicate samples. A few cores were
taken using a polyethylene tube approximately 8 cm in diameter. Cores were capped
and then sectioned in the laboratory.

Mangrove sediments were collected in 1989 and 1990 at sites selected for
studies of the mangrove fringe and epibiota of mangrove roots. Unfortunately, long-
term biological study sites had not been selected in 1986 and the first collection
covered a wide spatial range but included none of the long-term sites. Also, the 1989
and 1990 collections did not include all the sites for studies of mangrove forests (see
Duke and Pinzén, Chap. 8 and Garrity and Levings, Chap. 9). Surface cores were
taken with a 2-cm diameter cork borer and composited across study sites. Depth
cores were taken at low tide using an aluminum tube, approximately 8 cm in
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diameter, hammered into the dense mat of roots and sediments in intertidal fringing
mangroves. A long knife was then used to cut the sediment around the core for its
removal. The ends of the tube were plugged and each core was wrapped in foil,
placed on ice, and transported to the laboratory for sectioning. To prevent cross
contamination of samples, the sampling gear was cleaned after each use with
detergents followed by rinses with analytical grade acetone and hexane. Additionally,
unoiled sites were sampled first, followed by lightly and, finally, heavily oiled sites
based on visual assessment. The sediments at all mangrove sites consisted of densely
compacted mangrove root material interspersed with fine sediments. At the
laboratory, cores were sectioned after partial freezing. Replicate cores were extruded
onto separate pieces of washed foil, and the layers at 0-2, 8-10, 18-20 cm depth, and
any other interesting layers were cut with solvent-cleaned knives and placed on
separate pieces of washed foil. Core edges were trimmed off and the replicate
sections composited into labeled jars. Samples were frozen and the remaining core
was split vertically for observations of visible oil content and live and dead roots.

Tissues of bivalve molluscs collected from mangrove roots were scraped into
labeled glass jars, generally after the bivalves had been stored briefly in a freezer.

High-volume seawater samples were collected only in 1986 in mangroves
(Largo Remo Mangrove [LRM]) and at Galeta Sand (GALS; Fig. 1.5) by passing
water through a glass column packed with Amberlite XAD-2 resin. Columns were
attached to mangrove roots with intakes positioned below the estimated low-tide
mark. Sampling took approximately 5 hr at flow rates of 150 to 400 mL/min over
bed volumes of 100 mL of resin. Upon retrieval, columns were sealed with glass
caps, wrapped in foil, and refrigerated until analysis.

Samples were frozen or kept chilled and flown to Bermuda for analysis. At
the Bermuda Biological Station for Research (BBSR), sediment and organism
samples were stored in a locked freezer.

3.3.2 Analysis Plan

A combination of chemical methods was used, ranging from ultraviolet
fluorescence spectrometry (UVF), which is selectively sensitive to aromatic
hydrocarbons and their derivatives, to the more quantitative but less specific method
of flame-ionization gas chromatography (GC), to the extremely sensitive and selective
technique of selected-ion-monitoring gas chromatography/mass spectrometry
(SIM GC/MS). Details of the extraction and analysis procedures followed the
guidelines published by UNEP (1991).

Samples of organisms were extracted in a Soxhlet apparatus using a hydrolysis
procedure. Sediments were extracted with MeCl, using sonication. Surrogate
standards (C,g., C5,., and OTP) were added to extracts to track recovery through
subsequent cleanup steps. Lipid weights, defined as total extractable organic matter
(EOM), were determined by evaporating 10-ul aliquots of the MeCl,-extracts onto
the pan of an electronic microbalance. For organisms extracted by the hydrolysis
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procedure, separate subsamples of the homogenized tissues were sonicated with
Me(l, for the EOM determinations.

All extracts were screened by UVF analysis. Oil units were computed by
preparing a calibration standard from oil extracted in 1986 from heavily oiled
mangrove sediments. This procedure provided the data needed for replication
relevant to dose-response studies. Correlations were then established between UVF,
GC, and GC/MS estimates of oil content.

The GC method analyzed the concentration of hydrocarbons eluting in the C,,
to Cy n-alkane range. The columns were 30 m capillaries bonded with DBS
nonpolar phenyl, methyl silicon phase, with hydrogen as the carrier gas flowing at
approximately 1 mL/min. Oil content was estimated as the total resolved plus
unresolved (URE) hydrocarbon signal. Obvious biogenic hydrocarbons were
excluded from the quantification of oil content. Samples with severe biogenic
interference had oil content conservatively estimated as only the URE signal. See
Section 3.10 for a description of analytical quality assurance procedures.

Tissue extracts always required precleaning with an adsorption
chromatography step before UVF analysis; sediments were fractionated only before
GC and GC/MS analysis. Most sample extracts were cleaned by passing them
through a column of alumina and sequential elution of total hydrocarbon fractions
with hexane and MeCl,. A few extracts were separated into individual hydrocarbon
classes using normal-phase high-performance liquid chromatography (HPLC).

A third measure of oil content was based on the sum of the individual
polynuclear aromatic hydrocarbons and alkylated congeners in the
naphthalene/fluorene, phenanthrene/anthracene, dibenzothiophene,
pyrene/fluoranthene, chrysene/dibenzanthracene, and benzopyrene/benzoperylene
series as determined by SIM GC/MS. In some cases replicate extracts were pooled
before continuing with more detailed chemical characterization steps.

For the 1986 sediment collection, subsamples were dried at 90°C and sieved
to determine the size distribution of particles. Sieves were stainless steel of standard
mesh sizes, 125 um and 1,000 um. For mangrove cores, part of the 0-5 cm sections
of the cores were dried, lightly ground with a mortar and pestle to break up peat and
root material, and then sieved.

For the 1986 and the 1990 coral tissue collections, subsamples of coral tissue
were analyzed for total protein content. Because fragments of coral skeleton were
included when scraping the tissue, it was not possible to determine an accurate wet
weight of tissues. Tissues were ground with precombusted Na,SO, into a
homogeneous paste. Protein determinations were made on aliquots of the sample
paste as a measure of tissue mass, using the Folin-phenol procedure (Lowry et al.
1951). The aliquots were sufficiently diluted to preclude interference of the Na,SO,
in the protein assays, as determined by including the same amount of salt in the
standards and blanks.
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3.3.3 Methods Correlations

In Figure 3.1, the highly significant regression of GC and UVF estimates of
oil content in mangrove sediments can be seen. The data span six orders of
magnitude and 4 yr of sampling. The close regression between UVF and total
content of polynuclear aromatic hydrocarbons (PAHs) determined by GC/MS is seen
in Figure 3.2. In Figures 3.3 and 3.4, the same plots for false mussels and oysters
collected as bioindicators are shown. The scatter is greater in the bivalves due, in
part, to the phenomenon of selective bioaccumulation, in which bivalves
preferentially accumulate the more soluble components of oil in water mixtures.
Water-soluble components generally have weaker fluorescence intensity at the
wavelengths used for estimating the content of crude oil. As shown below, part of
the variation in the regression of the total data set for bivalves, collected between
December 1988 and June 1991, is due to the changing composition of oil residues
accumulated in the fifth year after the spill. The relationship was still highly
significant for the larger data set. The dashed line in Figure 3.3 shows the
distribution of points from sites visually assessed as oiled and unoiled.

These plots provide a new perspective on the concept of "legally defensible
methods,” a term used in recent damage assessments to include only those methods
that measure the content of aromatic hydrocarbons by GC/MS. Aromatic
hydrocarbons are, however, only one fraction of the toxic components of crude oils.
No single method yielding quantitative data on the content of all petroleum
components in environmental samples exists. Rather, each method measures a
subset of the total petroleum-derived contamination. The use of a range of
complementary methods, tailored to provide answers to specific environmental
questions, allows for the most efficient use of resources, a significant lowering of
analytical detection limits, and a more accurate understanding of the biogeochemical
processes affecting changes in oil residues over time. This approach will be
illustrated in the data and interpretations presented in this report.

3.4 Initial Sediment Survey, 1986

In September 1986 approximately 100 small-volume samples of surface
sediments were collected from intertidal areas to estimate oil levels in sediments.
The purpose of this collection was to support planning biological assessment studies,
to assess spatial heterogeneity and temporal variation of oil concentration at study
sites, and to document apparent topographical features associated with the
distribution of oil.

UVF analyses showed the relative distribution of oil in surface sediments and
confirmed the relative severity of oiling at the various sites. However, concentrations
estimated by UVF were greater than actual amounts of hydrocarbons in sediments
as measured gravimetrically or by GC. This difference occurs because UVF analysis
is sensitive only to fluorescent aromatic hydrocarbons and derivatives. Light
aromatics are water soluble and subject to rapid removal from environmental



58 Chapter 3

Oif Content in Mangrove Sediments
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Fig. 3.1 Regression of the log of the concentration of oil in mangrove sediments (pg oil/g sediment
dry weight) determined by UVF and GC methods. The data are from all cores and depths for samples
collected in 1986, 1989, and 1990.

samples by dissolution and evaporation. Residual high-molecular-weight
hydrocarbons generally have higher fluorescent intensities than low-molecular-weight
hydrocarbons. Also, substituted derivatives of PAHs would be included in UVF
measurements. Thus, as oil weathers it becomes more fluorescent.

To improve the quantitative accuracy of UVF analyses, weathered oil
extracted from heavily contaminated mangrove sediments at station SBS (Fig. 3.5)
was used to generate the response graph for UVF analyses, yielding estimates of the
concentration of oil in units of degraded Venezuelan/Mexican Isthmian crude
(D.VMIC), the type of oil spilled. Table 3.2 contains the summary UVF and GC
estimates of oil content expressed as ug oil/g sediment (dry weight), oil composition
determined by an assessment of the UVF and GC patterns, and the size composition
of sediments sampled in 1986, all tabulated according to habitat type. Table 3.2 also
shows the original classification of oiling severity based on visual assessment.
Sampling sites are shown in Figure 3.5.
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Correlation between Log UVF and Log PAH
Mangrove Sediments 1986-1990
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Fig. 32 Regression of the log of the concentration of oil in mangrove sediments determined by UVF
and the concentration of total PAHs determined by GC/MS; log(pg oil/g sediment dry weight) for
UVF and log(ng oil/g sediment dry weight) for PAHs. The data are from all cores and depths for
samples collected in 1986, 1989, and 1990.

3.4.1 Mangrove Sediments

The unoiled mangrove site HRB (Fig. 3.5) contained trace residues of oil
(<200 pg/g; Table 3.2), perhaps from earlier spills. MARS and NARM were lightly
oiled with VMIC. In July 1986 MARS had high levels of fuel oil, determined by
UVF spectra, in surface sediments. Fuel oil was detected in deeper core sediments
at MARS in September 1986, but the surface of the core also contained trace VMIC.
This site was classified as unoiled, but chemical analyses detected some
contamination by VMIC. SBS was heavily oiled, with highest surface concentrations
in the mid-forest, and LRM was heavily oiled from the front forest through the mid-
and back forests. It was obvious by visual inspection that the distribution of oil was
extremely patchy. This small-scale variation was reflected in replicate surface
sediment samples. The coefficient of variation (standard deviation divided by the
mean times 100) ranged from 14% to 56% within stations. To illustrate the extreme
patchiness, three samples from the back forest of LRM were taken from patches of
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Qil Content in Oysters and Mussels
December 1988 to June 1991
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Fig. 33 Regression of the log of the concentration of oil in mangrove bivalves (ug oil/mg EOM)
determined by UVF and GC. All samples were collected from December 1988 through June 1991.
Dashed line indicates the break between samples from sites visually assessed as oiled (right of dashed
line) and unoiled.

heavily oiled surface sediments. The coefficient of variation in these three samples
was 122%, with oil levels ranging from 2 to 66% of sediment dry weight. Despite
this patchiness over scales of meters, sites could be ranked in terms of relative degree
of oiling. There was some disparity between visual assessments of oiling and
amounts of oil in sediments determined by chemical analysis in areas initially
classified as unoiled to lightly oiled. Mangrove sediment samples collected 5 mo
after the spill demonstrated that VMIC had, in some cases, been transported into
previously unoiled areas, such as the lagoon adjacent to Isla Margarita (Fig. 3.5).
This finding agrees with visual observations of slicks emanating from heavily oiled
mangroves and redistribution of oil along the coast. These observations were to be

a repeated phenomenon, as shown in the results of the long-term study (Sects. 3.5-
3.7).
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UVE VS PAH Correlation: Log
December 1988 to March 1990
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Fig. 3.4 Regression of the log of the concentration of oil in mangrove bivalves determined by UVF and
the concentration of total PAHs determined by GC/MS; log(ug oil/mg EOM) for UVF and log(ng
oil/mg EOM) for PAHs. All were samples collected from December 1988 through March 1990.

3.4.2 Shallow Sediments

Sediment samples were collected along the shore of Isla Largo Remo (LRN2)
in approximately 0.5 m of water at about 10-m intervals. We observed that in some
areas where currents were eroding the surface sand, layers of oiled sand were visible
underneath. Thus, even in areas where surface sands appeared to be unoiled, layers
of oil persisted at varying depths depending on erosion and burial rates. It was not
possible to take compacted cores for depth distribution in these dynamic
environments. Erosion and redistribution account for some of the variability in
chemical measurements and for some chronic reoiling events, which were to persist
in later years (Sects. 3.5-3.7).
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Fig. 3.5 Map of sampling sites, September 1986 (continued).

3.4.3 Seagrass and Coral Reef Sediments

Since some of the long-term study sites in seagrass beds and coral reefs were
sampled in 1986, the hydrocarbon data for these sediment samples will be repeated
in the time-series data (Sects. 3.5 and 3.6). Sediment size data (Table 3.2) indicated
that reefs in Bahia Las Minas were receiving a larger percentage of fine particles
from contiguous mangroves and seagrass beds than unoiled sites.



64 Chapter 3

Table 32 Oil content of surface sediments (0-2 cm) and core sections (0-5 cm) collected in 1986
(September, unless noted otherwise) by UVF and GC analyses, sediment size composition, type of oil
based on UVF spectrum, and visual assessment of degree of oiling (H = heavily; M = moderately; L
= lightly; U = unoiled; ND = no data; Nondet. = nondetectable). Refer to Figure 3.5 for site locations.

pg oil/g sediment % Size Composition
(> 1,000pm\ UVF Visual
Site UVF GC > 125pm\ < 125pm) Spectrum’ Assessment

Mangrove Sediments

LRM (front?) H
Surface 37,881
17,037
50,283 VMIC
Core 1,830 469 62\38\0 VMIC
LRM (mid®) H
Surface 63,581 VMIC
49,275
123,421
Core 35,195 16,715 16\67\17 VMIC
LRM (back?) H
Surface 87,735 VMIC
8,840 VMIC
372,856 VMIC
SBS (front®) H
Surface 66,848 VMIC
72,463 VMIC
12,439 VMIC
Core 256,000 180,340 11\88\1 VMIC
SBS (mid?) H
Surface 189,962
92,228 VMIC
159,513 VMIC
Core 120,254 69,645 42\50\8 VMIC
SBS (back?) H
Surface 42,967 VMIC
15,198 VMIC
21,824 VMIC

Core 6,929 3,083 8\75\16 VMIC
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Table 32 Oil content of surface sediments (0-2 cm) and core sections (0-5 cm) collected in 1986
(September, unless noted otherwise) by UVF and GC analyses, sediment size composition, type of oil
based on UVF spectrum, and visual assessment of degree of oiling (continued).

pg oil/g sediment % Size Composition
(> 1,000pm\ UVF Visual
Site UVF GC > 125pm\ < 125pm) Spectrum' Assessment

Mangrove Sediments (continued)

MARM (scaward of boom) L
Surface 2 Biogenics
4 Biogenics
6 Trace
Core 650 665 13\73\14 VMIC
NARM ND
Core 182 100 17\77\6 VMIC
MARS (July 1986) U
Surface 1,091 381 42\50\7 L. Fuel
1,976 L. Fuel
MARS (inside of boom) 18]
Surface 5 Biogenics
5 Biogenics
3 Biogenics
Core 250 135 19\70\10 Trace VMIC
HRB (front®) U
Surface 151
181 VMIC
138
Core 85 4 23\67\10 H. Fuel
HRB (mid?) U
Surface 46
30 W. Crude
38
Core 70 52 32\60\9 L. Fuel
HRB (back?) U
Surface 53 W. Crude
67
47 W. Crude

Core 131 46 17\74\9 W. Crude
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Table 32 Oil content of surface sediments (0-2 cm) and core sections (0-5 cm) collected in 1986
(September, unless noted otherwise) by UVF and GC analyses, sediment size composition, type of oil
based on UVF spectrum, and visual assessment of degree of oiling (continued).

ug oil/g sediment % Size Composition
(> 1,000pm\ UVF Visual
Site UVF GC > 125pm\ < 125um) Spectrum' Assessment

Seagrass Sediments

LREN H
Surface 7,274 S5\59\36 VMIC
11,070 7\54\40
7,132 5\76\19 VMIC
24,555 5,561 4\68\28 VMIC
LRS H
Surface 335 30\67\2 VMIC
97 29\69\2 VMIC
331 88 33\65\2 VMIC
NARC M
Surface 150 4\54\42 VMIC
163 2\61\36 VMIC
48 58 N\S7T\36 VMIC
LRN2 M
Surface 4 33\57\10
7 30\64\6 Biogenics
5 21\68\11 Biogenics
350 28\68\5 VMIC
35 33\62\5 VMIC
8 S50\46\4
2 44\50\6
20 32\64\4 VMIC
14 25\72\3
7 14\82\4 Biogenics
500 21\73\6 VMIC
MARG (June 1986) L
Surface 144 100\0\0
104 3\69\28
59 9\70\21 VMIC
MARG (June 1986, separate sample) L
Surface 63 4\63\33 VMIC
28 2\65\33
81 3\66\31 H. Fuel

60 26 2\69\29 H. Fuel
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Table 32 Oil content of surface sediments (0-2 cm) and core sections (0-5 cm) collected in 1986
(September, unless noted otherwise) by UVF and GC analyses, sediment size composition, type of oil
based on UVF spectrum, and visual assessment of degree of oiling (continued).

pg oil/g sediment % Size Composition
(> 1,000pm\ UVF Visual
Site UVF GC > 125pm\ < 125pm) Spectrum! Assessment

Seagrass Sediments (continued)

LRLC L
Surface 7 20\74\7
13 21\72\7
4 20\74\6
4 14 22\74\5 VMIC
LRN3 L
Surface 3 33\65\3
5 53\46\1 Biogenics
8 35\59\7
PALN 8]
Surface 0 45\52\3
0 48\49\3
0 44\53\3
216 0 43\56\1 H. Fuel
DONT U
Surface 0 21\71\8
0 37\59\4
0 32\65\4
0 0 31\64\5 Nondet.

Coral Reef Sediments

PAYN H
Surface 343 49\44\6

197 60\36\3 VMIC

217 48\47\5 VMIC

79 110 51\47\2 VMIC

GALC H
Surface 393 13\70\17

364 21\64\15 VMIC

136 16\69\15

715 85 16\78\6 VMIC
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Table 32 Oil content of surface sediments (0-2 cm) and core sections (0-5 cm) collected in 1986
(September, unless noted otherwise) by UVF and GC analyses, sediment size composition, type of oil
based on UVF spectrum, and visual assessment of degree of oiling (continued).

pg oil/g sediment % Size Composition
(> 1,000pm\ UVF Visual
Site UVF GC > 125pm\ < 125pm) Spectrum' Assessment

Coral Reef Sediments (continued)

LRE H
Surface 41 21\79\0 VMIC
54 20\71\1
44 27\72\1
19 10 27\72\0 VMIC
NARS M
Surface 2 S2\47\0
15 64\36\0
28 60\39\1 H. Fuel
25 6 66\34\1 H. Fuel
DONR U
Surface 0 90\10\0 Trace H. Fuel
0 94\5\1 Nondet.
0 94\6\0 Nondet.
41 0 94\6\0 H. Fuel
PALW U
Surface 0 T7\23\0 Trace Fuel
0 86\14\0 Trace Fuel
0 82\18\0 Nondet.
0 1 89\11\0 Trace Fuel

Intertidal Reef Flat Sediments

GALT M
18 10\86\4
2 55\45\1 H. Fuel
116 51\47\2 VMIC
52 57\43\0 VMIC
94 19\80\1 VMIC
60 66\34\0 VMIC

'The compositional evaluation of oils was based on UVF spectra. VMIC = Venezuelan/Mexican
Isthmian Crude, the type of oil spilled; L. or H. Fuel refers to the spectra of predominantly 1-3 and 1-4
ringed aromatics with none of the higher wavelength emission seen in spectra from crude oils; W.
Crude = weathered crude oil.

*Front, mid, and back are zones of fringing mangroves, moving landward from the seaward-most edge.
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3.4.4 Initial Weathering Patterns

Gas chromatographic analyses showed that the oil in all sediment samples
collected in September 1986, including many mangrove cores, was substantially
altered within 6 mo of the spill. Most alkanes were missing, leaving primarily an
unresolved signal that was quantified using an average response factor over the
appropriate elution range on the GC. In Figure 3.6 are examples of GC traces of
hydrocarbons ranging from the relatively least degraded oil residue in surface
sediments at a protected channel mangrove site (SBS) to very degraded patterns at
an open-coast mangrove site (LRM) and a seagrass bed (LREN). It was thus
determined that peak ratios, such as n-heptadecane/pristane or
n-octadecane/phytane, which are often used to estimate weathering rates of oil
residues in marine sediments in temperate zones, would not be useful in this data set
from a tropical area. Evaporation and dissolution processes removed most of the
low-molecular-weight and acutely toxic hydrocarbons in the benzene through n-decyl
benzene series. GC/MS analysis failed to detect these highly volatile compounds in
any of the sediment extracts.

The relative ranking of site contamination is compared with residual oil levels
in each type of habitat in Table 3.3. The mangrove sites LRM and SBS were
classified as heavily oiled, MARM as lightly oiled, and HRB and MARS as unoiled,
by visual observation (Table 3.2). Chemical analyses generally confirmed this
assessment and quantified it for this spill. The data from depth cores (Sect. 3.7)
showed that by September 1986 some oil had penetrated at least 20 cm into heavily
oiled mangrove sediments.

Seagrass sites classified as heavily oiled had concentrations of oil in surface
sediments >300 pg/g. Moderately oiled sites were in the 20 to 500 ug/g range
(samples in which VMIC was identified), and lightly oiled sites were in the
4-150 pg/g range. VMIC was not detected at unoiled seagrass sites (PALN and
DONT; Table 3.2). One sample from unoiled sites showed traces of tar balls (heavy
fuel oil) even at relatively unpolluted areas. Such contamination is expected along
the coast of Panama from ship traffic and previous incidents of contamination. The
UVF spectra for residues of the crude oil spilled in 1986 at Bahfa Las Minas were
distinguishable from highly weathered fuel residues in tar balls (Fig. 3.7). LREN
sediments, composed of fine silty sand, had much higher levels of oil than areas with
coarser sands, such as LRS, despite the extremely high levels of oil in the mangroves
fronting both of these seagrass beds. Oil levels dropped with distance from shore
(LRN2 [onshore] compared to LRN3 [offshore] and LREN [onshore] compared to
LRS [offshore]; Table 3.2).

Coral reefs at PAYN, GALC, and LRE were visually ranked as heavily oiled,
and reef sediments contained 19-715 ug oil/g (Table 3.2). NARS was classified as
moderately oiled, and associated sediments contained <30 ug oil/g of a heavy fuel
oil; VMIC was not identified in the samples collected, although slicks were observed
soon after the spill and years afterward (Guzmén et al., Chap. 7; Table 7.6).
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Fig. 3.6 Gas chromatograms of sediments collected in 1986, 6 mo after the oil spill. Except for
sheltered channel mangrove sediments (top, SBS), patterns were very degraded. Note the examples of
an open coast mangrove site (middle, LRM) and a seagrass site (bottom, LREN) where the residual
hydrocarbon pattern was missing most volatile components (<Cy,) and most resolved components.
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Table 33 Visual degree of oiling related to UVF oil equivalents in surface sediments collected 6 mo
after the Bahia Las Minas oil spill (see Table 3.2). Values are pg/g dry weight. ND = no data;
Nondet. = nondetectable.

Visual Degree of Oiling
Habitat Heavy Moderate Light Unoiled
Mangrove >1,800 ND <700 <200
Seagrass Bed >300 <200 <150 Nondet.
Coral Reef > 40’ <30 ND Nondet.

'Except two samples at LRN2,
*Except one sample at LRE.

Sediments at unoiled reefs contained only traces of fuel oil visible by UVF spectra.
One of the samples contained 41 ug oil/g; the rest contained 0.

Chemical data generally corroborated visual estimates of the severity of oiling,
as expected. Because some areas are flushed more than others by currents and
waves, residual levels of oil at lightly and moderately oiled areas may change from
initial levels.

3.4.5 Oil in the Water Column

In Table 3.4, the concentrations of oil suspended in the water column of
heavily oiled mangrove areas based on GC and UVF analysis are listed. The
chromatogram of the water sample from GALS compared to that of unweathered
VMIC is shown in Figure 3.8. VMIC was 70% Venezuelan Crude and 30% Mexican
Isthmian Crude, with a specific gravity of 27° API at 15.6°C and a reported density
of 0.89 g/cc. Characterization of this oil using adsorption chromatography showed
that it was 47.4% saturates, 6.4% light aromatics, 4.8% heavy aromatics, and 18.9%
more polar aromatic hydrocarbons, which required MeCl, for elution; 22.5%
remained unrecovered on the column. The carbon preference index (CPI), defined
as the sum of odd-numbered n-alkanes divided by the sum of even-numbered
n-alkanes over the C,; to Cy elution range, was close to 1. Residual oil suspended
in the water column was devoid of most resolved components and was missing most
of the low-molecular-weight components. This is the residual oil that would be
available for washout to contiguous seagrass beds and reefs.

3.4.6 Conclusions

The 1986 survey of sediments generally confirmed the visually assessed
relative ranking of severity of oiling of coastal habitats. Oil concentrations were
highest in organic-rich sediments of mangroves; concentrations reached over 20% of



72 Chapter 3

_~”7330 nm L. fuel with some heavy components at 420 nm (a)

H. fue! with no heavy components above 400 nm (b)

357 nm VMIC with heavy components at 420 nm (c)

420 om

Relative Fluorescence Intesity

—1

280
300
320
340
360
380
100
420
Lho

60

(a). Sample No. 83. Mangrove sediment. MARS.
(b). Sample No. 87. Reef sediment. DONR.
(c). Sample No. 85. Seagrass Sediment. MARG.

Fig. 3.7 Examples of synchronous excitation/emission UVF spectra. L. = light; H. = heavy.

sediment dry weight. It was anticipated that oil buried in mangrove sediments would
act as a long-term reservoir, causing reoiling of coastal habitats over time.

GC analysis showed that initial rates of degradation of the spilled oil were
high compared to oil trapped in temperate salt marshes, where reaching the stage of
degradation observed in Panama would take close to 2 yr (Burns and Teal 1979).
In assessing the GC and UVF patterns of 1986 samples, strategies for interpreting
geochemical degradation patterns and integration of chemical data with biological
studies had to be further developed to incorporate the rapid rate of degradation, as
seen in this initial data set.

The size distribution of coral reef sediments showed that erosion was causing
the deposit of increasing loads of fine particles on reefs in the heavily oiled areas of
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Table 3.4 Concentration of petroleum hydrocarbons in water samples from two oiled mangrove sites.
Determinations were by GC analysis of saturated fractions (URE) and UVF analysis of aromatic
fractions.

Volume URE UVF
Site L) (ug/L) (ug/L)
LRM 53 45 15.1
45 6.7 29.1
GALS 115 19 48

Samples were collected by pumping seawater through glass columns filled with Amberlite XAD 2 resin.
Columns were tied to mangrove prop roots with intakes approximately 0.5 m below the water surface.
The water was saturated with crude oil emanating from sediments, as evidenced by surface sheens.

Bahfa Las Minas compared to unoiled areas. Thus, it was anticipated that reefs
would continue to receive oil-contaminated sediments from the increasing erosion
occurring in contiguous mangroves and seagrass beds (Jackson et al. 1989; Guzmén

et al. 1991).
3.5 Long-term Studies of Coral Reefs
3.5.1 Oil in Reef Sediments

Summary data for the content of oil in reef sediments over time, determined
by GC and UVF analysis, are shown in Table 3.5. The same data are plotted in
Figure 3.9 with UVF data on the x-axis and GC data on the y-axis. Using these two
independent analytical methods, trace amounts of oil in reef sediments were clearly
visible 4 yr postspill. The data in Figure 3.9 clearly show, however, that
concentrations at oiled sites decreased overall through time and by 1990 heavily and
moderately oiled sites contained only traces of oil (less than 7 ug/g dry weight by GC
analysis). One unoiled reef (DMA) was contaminated by traces of heavy fuel oil
visible in the sediments in 1988. As shown in Section 3.9, this oiling appeared to be
recent heavy fuel oil and not VMIC. The other three unoiled reefs had just-
detectable oil levels at all three samplings. Based on the content of oil in reef
sediments, two sites visually classified as heavily oiled would have been chemically
classified as moderately or lightly oiled (PM and LRE2).

The change through time in slope of the regressions (Fig. 3.9) indicated the
composition of oil in sediments changed in such a manner that the most residual
fractions were more fluorescent over time than the oil used for instrument
calibration.
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Fig. 3.8 Gas chromatograms of saturated hydrocarbons. 4. VMIC oil; B. oil suspended in seawater (2
ng/L) at Galeta Sand (GALS, Fig. 3.5), September 1986.

3.5.2 Uptake of Oil by Corals in 1986

3.5.2.1 Quantitative Results

Corals collected in 1986 showed uptake of oil into tissues. The results of
analyses of composited homogenized tissue from five pieces of Siderastrea siderea



Table 3.5 Summary of oil content in coral reef sediments by year, showing the visual classification of oiling of sites. The units are pg oil/g dry
weight of sediments by UVF and GC-URE analyses. Samples were done in triplicate except for 1986 and 1988 extracts, which were pooled for
GC analysis. The values shown are means (SD), except for the pooled samples.

1986 1988 1990
Classif.
and Site UVF  GC Spectrum' UVF GC  Spectrum! UVF GC Spectrum'
Unoiled Reefs
JUG 1.7 (1.8) 0.2 Tr.H.F./~Ndt. 9.5 (8.8) 09 (0.1) Ndt.
PALW 0 (0) 1 Tr.F./~Ndt 1.7 (0.3) 0.0 Tr.H.F./~Ndt. 5334 1.6 (0.7) Ndt.
DONR 10 (18) 0.1 Tr.H.F./Ndt. 0.3 (0.1) 0.2 Ndt. 1.0 (0.7) 0.9 (0.6) Ndt.
DMA 43 (12) 8.1 Cr./DCr. + 127 (21) 6.1(0.7) Cr./DCr. +
alkanes alkanes
Moderately Qiled Reefs
MAR3 54 (67) 7.0 Cr./VD.Cr. 79 (30) 6.0 (20) Tr.Cr./V.D.Cr.
NARS 18 (10) 6 Cr./DCr 14 (2) 04 Cr./~Ndt. 50 (11) 25(11) TrCr./V.D.Cr.
or HF.
Heavily Oiled Reefs
LRE1 101 (33) 63 Cr./VD.Cr. 37 (10) 56 (23) Cr./V.D.Cr.
LRE2 40 (13) 9 Cr./DCr. 43 (14) 4.1 Cr./V.D.Cr. 70 (5) 62 (1.3) Cr./V.D.Cr.
PM 15 (2) 1.7 Cr./V.D.Cr. 33 (12) 28 (1.0) Cr./~Ndt.
GALC 406 (206) 85 Cr./D.Cr. 126 (62) 217 Cr./V.D.Cr. 38 (10) 30(.7) Cr./VD.Cr.
PAYN 209 (93) 110 Cr./DCr. 244 (137) 194 Cr./VDCr. 34 (6) 30(0.2) TrCr./V.DCr.
PAYW 264 (123) 216 Cr./VD.Cr. 105 (36) 45(05) Cr.+F./D.Oil +
alkanes

'0il type by UVF spectrum: Tr.F. = trace fuel; Ndt. = nondetectable; H.F. = heavy fuel; Cr. = crude oil; D. = degraded; V.D. = very degraded.
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Fig. 3.9 Regressions of oil content in coral reef sediments estimated by UVF and GC-URE for each
year of sampling. Dotted boxes in 1986 and 1988-89 show the range of values of the next sampling year.
The dotted box for 1990 shows that the range of the three uncontaminated unoiled reefs was clearly
distinguishable from the oiled reefs and the contaminated unoiled reef (DMA).
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from each reef are shown in Table 3.6. These triplicate analyses established the
means and standard deviations for samples collected over an area of several tens of
square meters at depths ranging from 3 to 6 m. The horizontal lines break the data
into statistically different groups of hydrocarbon concentrations based on 1-way
analysis of variance (ANOVA) using group means and 95% confidence limits. The
data include two estimates of the content of petroleum hydrocarbons, the amount of
unresolved compounds (URE) determined by GC and UVF oil equivalents of the
aromatic fractions. GC estimates, expressed as mg URE/g protein, split the data
into two groups: low- and high-pollution areas. The same data expressed as mg
URE/g lipid split the data into low-, medium-, and high-contamination areas. UVF
oil equivalents per gram lipid split the data into unoiled, low-, medium-, and high-
contamination areas. In all cases the relative ranking of contamination was from the
unoiled site at PALW, through light to moderate levels at NARS and moderate to
high levels at GALC, to very high levels at Payardi North (see Fig. 3.5).

This pattern was repeated in the quantitative results for Agaricia tenuifolia.
The results of composite analyses of this species along with the means of the data for
Siderastrea siderea and the visual evaluation of oiling severity are given in Table 3.7.
Also listed in this table are the protein-to-lipid ratios of both species at each site.
This ratio appeared to increase in heavily oiled samples.

3.5.2.2 Descriptive Results

Representative chromatograms of the saturated hydrocarbon fractions of
corals at unoiled and oiled reefs are shown in Figure 3.10. These traces may be
compared with the chromatograms of the original oil and the seawater extracts shown
in Figure 3.8. Hydrocarbons in the spilled oil spanned the C,, to Cy elution range,
with n-alkane peaks predominant over an unresolved mixture (URE).
Chromatograms of extracts of corals from unoiled reefs showed clusters of discrete
peaks at relative retention indices (RRIs) typical of the patterns of biogenic
hydrocarbons synthesized by marine algae (RRIs of approximately 1500, 1700, and
1900 [Blumer et al. 1971]). These hydrocarbons were likely to have been synthesized
by the dinoflagellate symbionts in coral tissues. Some of the other discrete peaks
may also be biogenics. There was negligible contribution from plant waxes in the
C,;-C;,; elution range, which would be expected if corals accumulated biogenic
hydrocarbons from surrounding seagrass beds and mangroves. Corals at oiled sites
showed similar patterns of biogenics, but also an accumulation of hydrocarbons
representative of a highly degraded oil. The oil pattern was similar to that seen in
water samples collected at oiled mangrove sites (Fig. 3.8). Compared with the
original oil, the volatile and low-boiling components were missing, as were most
n-alkanes and other resolved hydrocarbons. This finding emphasizes the residual
unresolved pattern of hydrocarbons typical of highly degraded oil residues.

These data documented the uptake of dissolved or dispersed hydrocarbons by
subtidal corals within 1 yr of the oil spill. Corals appeared to take up hydrocarbons
primarily from the water column, as indicated by the GC patterns. There were
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Table 3.6 Concentration of hydrocarbons in Siderastrea siderea in 1986, expressed as mg/g lipid or
protein. The horizontal lines mark significantly different sites (ANOVA, P <.05).

Saturates Unsaturates
Biogenics' URE? URE UVP oil URE
Site (mg/glipid)  (mg/glipid)  (mg/g protein) (mg/glipid)  (mg/g lipid)
PALW 14 1.8 0.40 0.2 28
03 0.6 0.11 >0.1 1.8
0.2 0.6 0.15 >0.1 0.2
NARS 24 1.6 0.30 1.8 2.5
0.6 1.2 0.29 0.9 0.5
0.6 13 0.40 1.0 0.6
GALC 38 26 0.82 58 25
21 2.5 0.58 44 26
1.5 2.5 0.71 2.7 19
PAYN 28 46 0.72 23.6 28
38 39 093 213 40
33 6.8 0.63 414 43

'Biogenics are the sum of multiple peaks with relative retention indices (RRI) near 1500, 1700, and 1900,
which are common biogenic hydrocarbons produced by marine algae.

*URE is the GC signal generated by the complex mixture of hydrocarbon residues that cannot be
resolved into individual peaks. This is a conservative estimate of petroleum hydrocarbons in samples.
3UVF oil units were determined using the spilled oil as the calibration standard (Sect. 3.3.2) and
measuring fluorescence at 360 nm emission with 310 nm excitation.

similar levels of oil in sediments but a significantly lower concentration of
hydrocarbons in coral tissues (when expressed per gram lipid) between GALC and
PAYN. Thus, it would appear that oil in sediments was not necessarily available for
uptake by corals (compare Tables 3.5 and 3.8). This conclusion is suggested by the
lack of biogenic hydrocarbons typical of seagrasses or mangroves in coral tissues,
despite the location of reefs where receiving significant input of detritus from these
contiguous ecosystems is expected. High levels of oil hydrocarbons were suspended
in seawater near mangroves (Table 3.4), indicating that highly oiled mangrove
sediments would be a source of contaminated water for an extended period after the
spill. Coral mortality, shown by decreases in coral cover, was consistent with the
chemical ranking of the severity of oiling, determined by analyzing the hydrocarbon
composition of surviving corals. The coral data in Jackson et al. (1989) showed that
percent cover of corals decreased by 76% at 3 m depth and 45% at 9 to 12 m depth
at GALC, which was visually assessed as heavily oiled. Reductions in cover were
significantly less at moderately oiled reefs and were not observed at unoiled reefs in
1986.
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Table 3.7 Concentration of petroleum hydrocarbons in coral tissues, 1986. Hydrocarbons are expressed
as mg URE/g lipid or protein, or mg/g lipid by UVF. Also shown are protein-to-lipid ratios and visual
site classifications.

URE URE UVF Protein/ Degree of
Site Coral (mg/g lipid) (mg/g protein) (mg/g lipid) Lipid Oiling
PALW unoiled
Siderastrea 1.0 0.2 0.1 4.6
Agaricia 0.3 0.1 >0.1 25
NARS moderate
Siderastrea 14 03 12 43
Agaricia 0.4 0.1 0.4 26
GALC heavy
Siderastrea 25 0.7 43 42
Agaricia 238 1.0 31 4.5
PAYN heavy
Siderastrea 51 0.8 28.8 6.1
Agaricia 83 1.2 49.7 6.4

3.5.2.3 Discussion

Corals in experimental systems have been shown to incorporate petroleum
hydrocarbons in their tissues as a result of dosing (Peters et al. 1981; Knap et al.
1982). In addition to documenting the incorporation of petroleum hydrocarbons into
coral tissue and demonstrating a positive correlation between tissue burden and
mortality, the data from the first year of this study suggested a possible modification
in the protein-to-lipid ratios of corals heavily stressed by oil. Although the sample
size was too small to show a statistically significant change in this ratio, the possibility
is consistent with laboratory studies in which corals were stressed by addition of
dispersed oil.

Cook and Knap (1983) reported a temporary reduction in photosynthetic rate
and a decrease in lipid biosynthesis with wax ester and triglyceride synthesis reduced
97% and 95%, respectively, relative to undosed control corals. Fatty acid, sterol and
polar lipid synthesis rates were reduced 83% to 21% compared to controls. While
these effects were only visible for a few hours in laboratory tank experiments, data
from samples collected S mo after the Bahia Las Minas oil spill indicate that such
physiological effects may be chronic in highly contaminated reef systems.

Rinekevich and Loya (1979) reported that corals on reefs subjected to chronic
oil pollution showed decreased reproductive success; the same is true for Siderastrea
siderea from two heavily oiled reefs in Bahia Las Minas (Guzmaén et al., Chap. 7).
Peters et al. (1981) observed impaired development of reproductive tissues,
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