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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
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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.



25

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.



Conditions Affecting Oil Deposition 27

B 100 m

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



Conditions Affecting Oil Deposition 33

| Reef Fl
4 1986 Galeta Reef Flat
1 7 14 21 28

AWIS 'l""r"w‘""‘“"‘ LI 8

sl  * e e o e o

Sat

26L

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



Conditions Affecting Oil Deposition 37

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.
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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
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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
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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
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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

3
. 257
=
@
o> 2]
S
215
0,
O
1 1
T
5
0.57 * Y =0.69 X +0.92
. R2=040n=61P <0.01
0 T T T T T
05 0 0.5 1 1.5 ) 25

UVF OIL LOG [ug/mg EOM]

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
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(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
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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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Table 3.8 Summary of oil content in Siderastrea siderea tissues by year. Units are mg oil/g EOM (Sect.
3.3.2) by UVF and GC-URE analyses. Samples were done in triplicate, except for some samples, which
were pooled for GC analysis. The values shown are means (SD), except for the pooled samples.

1986 1988/89 1990
Site UVF GC-URE UVF GC-URE UVF GC-URE
Unoiled Reefs
JUG 0.0 (0.0) 1.0 (1.0)
PALW 01(0.0) 10 (06) 0.0 (0.0 0.8 0.7 (0.2) 0.0
DONR 0.1(0.1) 0.0 (0.0) 03 (0.1) 1.6 0.1 (0.0) 0.0 (0.0)
DMA 0.5 (04) 0.8
Moderately Oiled Reefs
MAR3 0.1 (0.0) 0.0 (0.0) 04 (0.1) 1.2 0.1 (0.0) 0.0 (0.0)
NARS 12(04) 14(0.2) 03 (0.1) 0.7 0.1 (0.0) 0.0 (0.0)
Heavily Oiled Reefs
LRE1 0.6 (0.5) 0.0
LRE2 29 (0.3) 0.0 (0.0 04 (0.2) 1.9 0.4 (0.0) 0.0 (0.0)
PM 0.1 (0.7) 0.0 (0.0) 0.1 (0.1) 04 0.1 (0.0) 0.0 (0.0)
GALC 43 (13) 25(0.0) 0.2 (0.1) 1.7 (0.0) 0.1 (0.0) 0.0 (0.0)
PAYN 288 (9.0) 51(12) 0.4 (0.2) 2.0 (2.6) 0.4 (0.1) 0.0
PAYW 0.4 (0.2) 1.4

Other species analyzed but not shown here were Porites asteroides, Agaricia tenuifolia, Acropora palmata,
and Diploria clivosa or strigosa.

degeneration and loss of symbiotic zooxanthellae, and atrophy of mucus secretory
cells and muscle bundles in corals exposed to oil in long-term tank experiments.

In a study of effects of petroleum hydrocarbons on lipid metabolism of larval
lobsters, Capuzzo et al. (1984) demonstrated that exposure to oil lowered levels of
triglycerides and raised levels of sterols compared to controls. These authors also
noted fatty acid stores were altered, indicating decreased storage in energy reserves
and decreased mobilization of essential fatty acids into phospholipid pools. These
alterations in lipid metabolism were related to alterations in larval development,
metamorphosis, and growth rates (Capuzzo et al. 1984). Alterations in lipid
metabolism would also be expected to have profound effects on the physiology and
reproductive success of corals (see Guzmén et al., Chap. 7).

A large portion of the energy fixed in algal-coral photosynthesis goes into
mucus production (Crossland et al. 1980). This mucus, which is rich in wax esters,
triglycerides, and other lipids, is an energy-rich link in the coral reef food chain
(Benson and Muscatine 1974). Thus, if the lipid synthesis system is disrupted in
corals stressed by petroleum hydrocarbons, not only would coral physiology be
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adversely affected, but such an effect would cascade to other components of the
ecosystem dependent on corals for food and space.

3.5.3 Corals in Subsequent Years

Initial findings about the uptake of oil into coral tissues in 1986 were
published by Burns and Knap (1989). Samples collected in subsequent years did not
show significant levels of oil in tissues of surviving corals at oiled reefs. Table 3.8
gives summary data for Siderastrea siderea with sites ranked according to the visual
assessment of oiling. Concentrations of oil in tissues were consistent with the results
of the sediment analyses shown in Table 3.5. In 1988 levels of oil in coral tissues at
heavily oiled reefs had dropped to the same level as moderately oiled reefs. Also in
agreement with the sediment data, corals at the unoiled reef, DMA, had trace oil
contamination in 1988. Levels of oil at all reefs had dropped to just detectable by
1990, 4 yr after the oil spill. Tissues of four other scleractinian coral species were
screened for oil in 1988. Table 3.9 shows summary data for the 1988-1989 collections
of these other species. The most heavily oiled reef, PAYN, showed no significant
difference in tissue oil levels compared to unoiled reefs (PALW and JUG) for all five
species; only S. siderea was analyzed for hydrocarbons in 1990.

Protein-to-lipid ratios of the five species collected in 1990 showed that
S. siderea and Agaricia tenuifolia at heavily oiled reefs had returned to levels at
unoiled reefs (Table 3.10). None of the other species differed in this ratio between
the heavily oiled and unoiled reef in 1990.

3.5.4 Conclusions about Long-term Effects of the Spill on Coral Reefs

Hydrocarbon chemistry data showed a clear association with toxic effects on
coral populations soon after the oil spill (Guzmén et al,, Chap. 7). Within 2 yr
postspill, oil levels in sediments and coral tissues dropped to near-background levels;
after 4 yr levels of oil were barely detectable. This pattern suggests the short-term
damage to reefs noted by Guzman et al. (1991) resulted from the initial dramatic
alteration in habitat and species composition, aggravated by periodic inputs of
contaminated fine sediments washing out of contiguous mangroves. It also appears
that long-term, chronic damage to reefs resulted from increased sedimentation rather
than from the persistence of toxic hydrocarbons in the reef ecosystem.

3.6 Oil in Seagrass Beds

Time-series data for sediments at long-term study sites in subtidal seagrass
beds are shown in Table 3.11. Note that the 1986 values in this table are from
analyses of separate samples collected in October and November 1986 to take
advantage of a sediment core sample, and not those reported in Table 3.2. These
data show the incorporation of high levels of oil at least 20 cm deep in seagrass bed
sediments. Sites with thousands of ug of oil per g of sediments in 1986 dropped to
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Table 3.9 Summary lipid, concentration of oil by UVF, and GC-URE determinations of the 1988/89
coral collection. Samples were scraped immediately after collection and maintained frozen until analysis
in 1989 and 1990.

Species’/  Wet wt. EOM GC-URE Rec. UVF crude Spectra/GC

Site No. Inv. no. ® (@mg) (mg/gd) (%1S?) (mg/gd) Evaluation*
Unoiled Reefs
PALW P3C65 PA 179 39.1 215 03 68 0.0
P3C66 PA 245 404 211 03 67 0.2 Tr. Fuel/
P3C67 PA368 400 232 0.1 82 0.1 ~Nondet.
02 (0.1) 0.1 (0.1)
P3C71 DS146 305 261 0.0 74 0.1 Tr. H.Fuel/
P3C72 DS235 326 250 02 67 0.1 ~Nondet.
P3C73 DS 789 308 354 0.0 76 0.0
0.1 (0.1) 0.1 (0.0)
P3 C77 AT 16,9 18.7 130 0.0 87 0.0
P3C78 AT?2235 476 481 0.0 112 0.0 ~Nondet./
P3CT9 AT479 366 220 0.0 70 0.0 ~Nondet.
0.0 (0.0) 0.0 (0.0)
P3C8 AP12S5 407 288 0.0
P3C87 AP379 416 29 0.0 Tr.Fuel/
P3C8 AP468 418 202 0.1 0.1 ~Nondet.

(combined) 520000

JUG P3C81 PA124 202 112 0.2
P3C82 PASS 354 221 0.1 Tr. Fuel/
P3C8 PAG6,79 420 288 0.6 0.1 ~Nondet.

(combined) 4 01 (0.0)

Moderately Oiled Reef

MAR3 P3C43 PA 179 347 28 1.7 70 0.5
P3C4 PA246 331 29 18 65 11 Tr. Crude

P3C45 PA3S5 306 130 0.4 59 0.2

1.3 (0.6) 0.6 (0.4)
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Table 3.9 Summary lipid, concentration of oil by UVF, and GC-URE determinations of the 1988/89
coral collection (continued).

Species'’/  Wet wt. EOM GC-URE Rec. UVF crude Spectra/GC

Site No. Inv. no. ® (mg) (mg/g) (%LS?) (mg/gd) Evaluation*
Heavily Oiled Reefs
PAYN P3Co0 PA 125 298 233 0.7 73 0.2
P3C61 PA348 302 lost lost
P3C62 PA6,79 251 203 0.7 62 0.7 Tr. Crude
0.7 (0.0) 05 (03)
P3C68 DS148 323 194 0.8 62 03 Tr.H.Fuel or
P3 C69/70 DS 2,56, 532 484 03 62 0.1 Crude
79 E— —_—
0.5 (02) 0.2 (0.1)
PAYN P3C74 AT 13,7 523 374 0.2 68 02
P3C75 AT268 518 387 0.1 72 03 Crude/
P3C76 AT459 480 402 0.2 55 0.1 ~Nondet.
0.2 (0.0) 02 (0.1)
P3C83 AP125 428 376 0.2
P3C84 AP46 471 279 02  TrHF./Ct}/
P3C85 AP789 424 342 0.1 0.2 ~Nondet.

(combined) 68 02 (00)

' PA = Porites astreoides; DS = Diplonia strigosa; AT = Agaricia tenuifolia, AP = Acropora palmata.
2 mg/g EOM.

* Rec. = recovery; LS. = internal standard.

* Tr.= trace; H. = heavy; F. = Fuel; Cr. = Crude; ~Nondet. = nearly nondetectable.

hundreds by 1988. This decrease in concentration suggests that the time span for
possible major toxic effects on seagrass communities is on the order of 2.5 yr. Less
toxic and sublethal effects probably persist for a longer period.

Oil residues in seagrass sediments were highly degraded within 6 mo of the
spill. Figure 3.11 shows a time series of chromatograms for one heavily oiled site;
oil residues were highly degraded at every sampling. PAH data for these samples are
tabulated in Appendix Tables B.1 and B.2; no further analyses of seagrass sediments
were undertaken. However, because of the close proximity of seagrass beds to
heavily oiled mangroves, this habitat is expected to experience continued reoiling
events during storms.



Table 3.10 1990 coral collection: lipid and protein determinations of fresh tissue samples.
Lipid Protein Lipid Protein
Sample (mg/g  (mg/g wet wt) Ratio Sample (mg/g (mg/g wet wt) Ratio
Site  Sp.! no.  wet wt.) x SD P/L? Site Sp.! no.  wet wt.) x SD P/L?
PAYN (Oiled) PALW (Unoiled)
SS 433 2.86 122 26 427 SS 424 237 9.7 0.2 411
434 2.86 129 33 451 425 298 10.2 0.2 343
435 3.65 124 15 339 426 2.80 12,7 04 452
4.05 (0.48) 4.02 (0.45)
PA 436 3.39 15.0 0.2 441 PA 427 243 14.5 0.1 594
437 260 10.6 1.0 4,08 428 3.16 12.4 0.2 392
438 3.77 12.8 04 3.40 429 3.55 156 03 4.40
3.96 (0.42) 4.76 (0.86)
AP 439 333 141 19 424 AP 430 3.59 11.9 0.2 330
440 439 13.9 1.7 3.16 431 3.36 16.0 0.5 475
441 425 131 1.0 3.07 432 447 114 0.1 254
3.49 (0.53) 3.53 (0.92)
AT 487 432 13.9 0.8 322 AT 484 441 8.7 0.7 1.98
488 2.66 124 1.2 4.64 485 282 13.6 0.9 482
489 239 8.7 0.5 3.64 486 1.60 10.2 0.6 6.37
3.83 (0.60) 439 (1.82)
DS 481 6.41 15.75 136 2.46 DS 478 5.67 17.4 13 3.07
482 7.82 17.85 1.33 228 479 7.16 153 1.5 214
483 584 17.75 1.94 3.04 480 10.20 1613 11 1.58
2.59 (0.32) 2.26 (0.61)

Ausruay?) uoqmI0IpAL]

' SS = Siderastrea siderea; PA = Porites astreoides; AP = Acropora palmata; AT = Agaricia tenuifolia; DS = Diploria strigosa.
2 P = protein; L = lipid.

c8
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Table 3.11 Hydrocarbons in seagrass sediments determined by UVF and GC analyses. Units are pg/g
dry weight.

Nov. 1986 Apr. 1987 Dec. 1988

Site UVF GC-URE UVF GC-URE UVF GC-URE
Unoiled Beds
DONT 0 0 6 0 0 0
PALN 0 0 1 0 0 0
LINE 102 14 4 0
BNV 6 0
Moderately Oiled Bed
NARC 596 82 98 7
Heavily Oiled Beds
PGN 211 19 188 11
LREN 4,020 2,021 6,683 203 658 60
LRS 792 111 1,198 137 501 51
MINN 1,499 151 957 75 607 52
LREN Core

0-2 cm 391 19

8-10 cm 665 64

18-20 cm 553 39

Regression of log(pg/g) by UVF (X) vs. log(pg/g) by GC-URE (Y): Y = 0.72X - 0.22, R? = 091,
N =25 P <001

Even in the most heavily oiled subtidal seagrass beds, the root and substratum
structure remained intact after the spill. Although some toxicity to seagrasses and
associated animals was noted, the basic structure of the environment, the root and
rhizome mat, remained intact except along shoreward margins of beds. As a result,
the area of oiled beds decreased (Marshall et al., Chap. 10). This observation was
in sharp contrast to the sediment movement associated with the erosion of shallower
and intertidal seagrass beds. Massive erosion of the heavily oiled intertidal seagrass
bed at LRN occurred in February 1988 (Steger and Caldwell, Chap. 6). As will be
discussed again in Section 3.7, this was probably the mechanism for oil transport into
previously unoiled mangrove sites, such as HIDC (see Garrity and Levings, Chap. 9).

Based on hydrocarbon chemistry for seagrass beds, it seems organic-rich
sediments accumulated enough oil to exhibit acutely toxic effects on sensitive fauna
for a period of at least 2.5 yr. During this time, major erosional events would be
expected to redistribute oil loads in shallow subtidal and intertidal ecosystems.
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Fig. 3.11 Gas chromatograms through time of seagrass sediments at LRS (Fig. 3.5). Samples were
highly degraded in all 3 yr sampled. The labeled peaks are surrogate and internal standards.
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3.7 Persistence of Oil in Mangroves

This section focuses on the persistence of high levels of the spilled oil in
mangrove sediments and the continued reoiling of coastal habitats for over 5 yr
postspill.

3.7.1 Sediment Oil Loads and Weathering Patterns of the Spilled Oil

Sediment cores collected in mangroves at oiled areas in 1986 during the initial
survey showed oil had penetrated at least 20 cm into sediments. The oil presumably
moved by tidal action, diffusion, down animal burrows, and (in later years) down
channels created by decaying roots of dead mangrove trees. Only a few samples
were collected near long-term sites in the initial survey (App. Table B.3). After
biologists selected study sites for the long-term assessment, triplicate sets of cores
were collected at each site in 1989 and 1990 (3 and 4 yr postspill).

The time-series data show oil concentrations remained high in mangrove
surface sediments for at least 4 yr and that more oil was transported to depth in later
years. In Table 3.12, the oil determinations by UVF and GC and the determinations
of the sum of individual polynuclear aromatic hydrocarbons (PAHs) by GC/MS are
presented. There was some year-to-year variability in the data, probably due to
patchy distribution of oil residues in sediments and across sites. An attempt was
made to minimize sampling variability by combining the 0-2 ¢m, 8-10 cm, and 18-20
cm sections from three cores at each station. Archived drawings and photographs
documented the patchy distribution of oil in cores. Tables 3.13, 3.14, and 3.15
present the untransformed data for UVF and GC determinations and the sum of
individual PAHs. Concentrations of individual PAHs are tabulated for each sample
in Appendix Tables B.1 and B.2.

Weathering processes of evaporation, dissolution, microbial degradation, and
photochemical decomposition dramatically altered the composition of oil residues in
surface sediments just 6 mo after the spill. Only in heavily oiled sediments could the
straight-chain or branched-chain alkanes from the oil be quantified. In most
sediment samples the hydrocarbon patterns determined by GC contained up to 99%
unresolved components, indicating that microbial degradation had removed the
resolvable components. In contrast, reaching this stage of degradation in temperate
saltmarshes requires approximately 2 yr (Burns and Teal 1979). Very few mangrove
sediment samples 3 and 4 yr postspill contained quantifiable levels of marker alkanes.
However, residual pools of oil in mangrove sediments remained fluid enough to flow
out when cores were extracted. Oil slicks have been observed repeatedly during the
5 yr since the spill to leach out of oiled mangroves and move along the coast,
sometimes redistributing oil into previously unoiled sites.

Figure 3.12 shows again the gas chromatograms of the hydrocarbon fractions
of the Venezuelan/Mexican Isthmian Crude (VMIC) spilled,o0il oozing from depth
in a core hole at a heavily oiled channel site (PMRE) 3.5 yr postspill, and oil



Table 3.12 Summary UVF and GC-THC oil content as log(pg/g dry weight) and total PAHs as log(ng/g dry weight) in mangrove sediments.

Oiled Unoiled
May 1989 July 1990 May 1989 July 1990
UVF GC PAH UVF GC PAH UVF GC PAH UVF GC PAH UVF GC PAH UVFGCPAH
A. Stream Sites
LRRS (RO1) HIDR (RU1)
0-2 cm 42 33 34 50 41 47 0-2 cm 24 23 27 22 19 26
8-10 cm 37 26 32 49 41 4.7
18-20 cm 25 20 22 42 33 38 15-20 cm
PAYR (RO2) UNR (RU2)
0-2cm 47 38 43 46 38 47 0-2 cm 21 17 26 23 26 24
8-10 cm 51 44 51 46 38 46
18-20 cm 32 27 27 35 28 35
PMRE (RO3) ALER (RU3)
0-2 cm 47 39 45 45 35 40 0-2 cm 21 18 30 27 17 3.0
8-10 cm 49 42 50 37 30 35
18-20 cm 32 29 40 23 20 42
PMRW (RO4) MERR (RU4)
0-2 cm 48 40 49 51 41 50 0-2 cm 1.7 15 18 23 19 22
8-10 cm 33 26 36 46 39 4.7
18-20 cm 20 15 26 40 33 45
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Table 3.12 Summary UVF and GC-THC oil content as log(pg/g dry weight) and total PAHs as log(ng/g dry weight) in mangrove sediments

(continued).
Oiled Unoiled
May 1989 July 1990 Sept. 1986 May 1989 July 1990
UVF GC PAH UVF GC PAH UVF GC PAH UVF GC PAH UVF GC PAH UVFGCPAH
B. Channel Sites
SBCE (CO1) MACS? (CU1)

0-2 cm 55 48 63 47 35 38 0-2cm 24 21 21 14 24 25 15 24
8-10 cm 53 46 52 54 46 48
18-20 cm 40 27 36 54 47 53 18-20 cm 13 0.7

SBCS! (CO2) MACN? (CU2)

0-2 cm 50 5.1 53 46 52 50 44 47 02cm 28 27 24 23 30 28 24 32
8-10 cm 46 39 46 46 42 45 8-10 cm 29 25 31 24
18-20 cm 35 3.7 36 29 33 26 21 30 18-20cm 3.2 4.0 28 22 28 27 32

PCE (CO3) HIDC* (CU3)

0-2 cm 52 40 50 50 40 43 0-2 cm 16 15 19 16 15 33 23 29
8-10 cm 35 26 22 46 38 43 8-10 cm 14 16 20 32 29 29
18-20 cm 32 23 21 34 26 31 18-20 cm 16 16 13 13 08 26 19 27

PCS (CO4) SBCW CU4)

0-2 cm 49 41 51 51 46 54 0-2 cm 30 20 26 45 35 37
8-10 cm 53 45 55 50 44 5.7 8-10 cm 26 19 27 31 21 28
18-20 cm 46 36 46 35 25 34 18-20 cm 09 15 12 17 10 18

LRCW (CO5) LRCS (CU5)

0-2 cm 41 43 33 44 36 46 0-2 cm 3 29 30 38 31 31
8-10 cm 35 24 32 30 1.7 29 8-10 cm 34 32 36 30 24 28
18-20 cm 35 19 33 48 38 49 18-20 cm 24 14 21 18 17 20
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Table 3.12 Summary UVF and GC-THC oil content as log(pg/g dry weight) and total PAHs as log(ng/g dry weight) in mangrove sediments
(continued).

Oiled Unoiled
Sept. 1986 May 1989 July 1990 Sept. 1986 May 1989 July 1990
UVF GC PAH UVF GC PAH UVF GC PAH UVF GC PAH UVF GC PAH UVFGCPAH
C. Open Coast Sites
MINM (001) MSM (0U1)
0-2 cm 42 33 36 47 37 40 0-2 cm 00 00 00 08 06 16
8-10 cm 31 20 22 35 27 33
18-20 cm 19 11 06 3.7 27 33
PGM (002) PBM (0U2)
0-2 cm 47 39 47 51 41 46 0-2 cm 06 02 06 16 08 19
8-10 cm 44 32 42 49 36 41
18-20 cm 41 32 45 43 27 38
DROM’ (003) PADM (0U3)
0-2 cm 42 32 47 36 4.7 48 36 43 0-2 cm 13 02 08 11 03 19
8-10 cm 50 36 50 47 38 44
18-20 cm 30 21 35 25 34
PMM (004) LINM (OU4)
0-2 cm 40 32 23 54 43 51 0-2 cm 15 11 1.7 1.5 09 22
8-10 cm 36 22 29 48 41 48
18-20 cm 28 16 21 42 34 41

11986 site was SBS, approximately 200 m across the channel from SBCS (see Fig. 1.5).

21986 site was MARS, approximately 300 m south of MACS (see Fig. 1.5).

31986 site was MARM, outside an oil-containment boom; MACN was inside the boom on the opposite shore of the lagoon (see Fig. 1.5).
“HIDC initially was unoiled and became oiled before the 1990 collection (see Chap. 9). The 1986 site was HRB; approximately 250 m across the
channel (see Fig. 1.5).

51986 site was LRM, approximately 500 m southwest of DROM (see Fig. 1.5).
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Table 3.13 Qil content of mangrove sediments as measured by UVF. Units are mg/g dry weight. For sites separated by a "/," the second site

was sampled only in 1986; refer to Figure 1.5. Hab./Oil. = habitat and oiling; S = stream; C = channel; OC = open coast; O = oiled, o
U = unoiled; ~ Nondet. = nearly nondetectable.

Sept. 1986 May 1989 July 1990
Hab./ 1991 Qoze
Oil.  Site 0-5cm 15-20 cm 0-2cm 810 cm 18-20 cm 02cm 8-10cm 18-20cm Oil (mg)
S/O LRRS 16.33 5.40 035 89.56 85.68 14.86 19
PAYR 5145  123.66 1.54 37.87 30.85 337 11
PMRE 50.29 72.07 246 30.73 5.56 0.24 120
PMRW 64.33 1.97 0.10 116.85 36.72 10.34 650
S/U HIDR 0.15 0.24 ~ Nondet.
UNR 0.12 021 ~ Nondet.
ALER 0.12 0.48 ~ Nondet.
MERR 0.06 0.20 ~ Nondet.
C/O SBCE 304.70 179.80 9.79 52.52 239.10 272.00 306
SBCS/SBS  391.60 13.00 195.80 42.70 431 96.40 38.50 0.44 182
PCE 85.87 322 1.74 90.98 39.00 2.69 2272
PCS 73.82 22222 36.59 121.86 105.01 3.00 242
LRCW 12.49 3.36 3.19 28.14 091 63.02 22
C/U MACS/MARS 0.25 0.02 0.14 0.35 ~ Nondet.
MACN/MARM 0.65 1.59 0.27 0.88 0.64 0.65 122 0.80 ~ Nondet.
HIDC/HRB 0.07 0.04 0.08 0.02 0.02 2.09 1.67 0.37 ~ Nondet.
SBCW 0.99 042 <001 25.26 117 0.06 ~ Nondet.
LRCS 3.14 2.68 0.26 5.68 1.19 023 ~ Nondet.
0OC/0 MINM 15.72 1.19 0.09 5332 326 461 78
PGM 5220 2568 1412 113.69 80.56 22.00 201
DROM/LRM 10.85 1.09 50.10 110.57 3.63 46.39 4.72 332 105
PMM 321 422 0.57 254.93 69.08 1531 11
0OC/U MSM <001 <0.01 ~ Nondet.
PBM <0.01 0.04 ~ Nondet.
PADM 0.02 0.01 ~ Nondet.
LINM 0.03 0.02 ~ Nondet.
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Table 3.14 Oil content of mangrove sediments as measured by gas chromatography. Units are mg/g dry weight. Refer to Table 3.13 heading for

details.
Sept. 1986 May 1989 July 1990
Hab./ 1991 Ooze
Oil.  Site 0-5cm 1520 cm 0-2cm 810 cm 18-20 cm 0-2cm 810cm 1820 cm Oil (mg)
S/O LRRS 221 0.36 0.10 13.55 11.68 1.79 2
PAYR 5.64 22.56 0.53 579 5.81 0.57 1
PMRE 7.61 17.15 0.87 291 0.92 0.10 5
PMRW 10.04 0.43 0.03 12.97 7.66 2.04 130
S/U HIDR 0.21 0.08 ~ Nondet.
UNR 0.05 0.40 ~ Nondet.
ALER 0.06 0.05 ~ Nondet.
MERR 0.03 0.08 ~ Nondet.
C/O SBCE 67.77 41.87 0.48 3.16 24.35 47.70 43
SBCS/SBS 127.99 488 42.09 7.26 0.74 23.717 14.12 0.13 20
PCE 10.59 0.43 0.20 10.49 5.69 0.28 152
PCS 11.29 34.01 438 35.59 25.77 0.32 35
LRCW 19.10 0.23 0.09 411 0.05 6.86 2
C/U MACS/MARS 0.10 <001 0.02 0.03 ~ Nondet.
MACN/MARM 0.50 11.15 0.21 0.32 0.15 0.27 0.26 0.53 ~ Nondet.
HIDC/HRB 0.02 0.04 0.04 0.04 0.02 0.22 0.22 0.07 ~ Nondet.
SBCW 0.10 0.08 0.03 335 0.13 0.01 ~ Nondet.
LRCS 0.80 1.61 0.03 121 0.24 0.05 ~ Nondet.
0OC/O MINM 1.95 0.10 0.01 4.51 0.48 0.46 12
PGM 7.39 1.53 1.57 13.23 4.16 0.52 33
DROM/LRM 170 0.13 3.56 3.58 0.24 3.69 6.20 033 6
PMM 0.60 0.16 0.04 22.00 11.70 2.68 1
0OC/U MSM 0.00 <0.01 ~ Nondet.
PBM <0.01 <0.01 ~ Nondet.
PADM <0.01 <0.01 ~ Nondet.
LINM 0.01 <0.01 ~ Nondet.
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Table 3.15 Sum of individual PAHs in mangrove sediments. Units are pg/g dry weight except values for ooze oil (ug). Refer to Table 3.13

heading for details. o
SN
Sept. 1986 May 1989 July 1990
Hab./ 1991 Ooze
Oil. Site 0-5cm 1520 cm 0-2cm 810 cm 18-20 cm 0-2cm 810cm 18-20 cm Oil (ug)
S/0 LRRS 229 143 0.17 50.31 4491 6.01 9
PAYR 2052 120.03 0.49 53.20 39.08 347 10
PMRE 34.54 9831 1021 9.43 34 1.55 41
PMRW 82.15 3.75 0.36 92.62 47.70 32.87 2,722
S/U HIDR 0.56 043
UNR 0.41 0.25
ALER 1.06 111
MERR 0.07 0.16
c/0 SBCE 208.29 156.88 3.65 6.93 61.96 188.62 407 A
SBCS/SBS 1,920.76 65.60 156.95 39.03 179 53.71 28.87 0.92 221 Y
PCE 97.89 0.17 0.13 20.04 21.24 1.23 2,597 ~§
PCS 112.23 33611 3725 237.64 448.68 276 464 §
LRCW 2.10 1.53 1.82 35.61 0.79 74.57 8 w
C/U MACS 0.23 0.24
MACN 1.01 1.64 0.00 151
HIDC 0.03 0.10 0.01 0.87 0.74 0.51
SBCW 0.37 0.52 0.02 490 0.70 0.07
LRCS 109 3.65 0.14 124 0.59 0.10 0.1
0oC/0 MINM 3.65 0.16 0.00 11.13 213 1.99 121
PGM 47.18 1540 3111 4292 13.96 5.86 349
DROM/LRM 16.67 037 52.18 104.51 271 17.79 24.78 272 96
PMM 0.19 0.75 0.14 11331 66.91 13.12 9
OoC/U MSM 0.04
PBM <0.01 0.09
PADM 0.01 0.08
LINM 0.05 0.16
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Fig. 3.12 Gas chromatograms of the spilled oil (top), oil oozing from mangrove sediments 3.5 yr
postspill (middle), and the extensive alteration of patterns due to weathering of oil recoating mangrove
roots 2.5 yr postspill (bottom). C,, is an internal standard (Z.5.) added for GC quantification.



96 Chapter 3

recoating mangrove roots at a previously unoiled site (HIDC) 2.5 yr after the spill.
These chromatograms show that the reservoirs of trapped oil still contained a
significant fraction of low-boiling hydrocarbons, which could presumably still be toxic
when leached into coastal waters. Note that a significant proportion of hydrocarbons
eluted before the C,,, internal standard in the ooze oil sample. Residues
redeposited on solid surfaces were so highly modified that source identification would
be impossible by GC without additional supporting chemical evidence.

UVF spectra were conserved even in the highly modified oil residues (Fig.
3.13). Subtle changes in the spectra due to the disappearance of low-molecular-
weight aromatics were evident in some samples. The majority of the fluorescence
signal of this crude oil is contained in the higher-boiling residual aromatic
hydrocarbons of the phenanthrene/anthracene, pyrene/fluoranthene, and
chrysene/benzanthracene series.

The pattern of triterpane biomarkers seen by GC/MS selected-ion-monitoring
of mass-to-charge ratio (m/z) 191 and related ions also was conserved (Fig 3.14).
Triterpanes elute in the Cy to C,, boiling range. Using these selective techniques,
the identity of even highly weathered residues can be verified.

In 1991 mangrove sediments were cored again. Oil oozing out of core holes
during a 3-min period was collected at each site. For cores with no sign of oozing
oil (unoiled sites), 20 mL of the water refilling the hole were collected. Figure 3.15
shows the logarithm of the amounts of oil determined by GC and UVF. From these
data it is clear that significant amounts of oil oozed out of sediments 5 yr postspill.

Figure 3.16 shows the gas chromatograms of the oozing oil from stream,
channel, and open-coast sites. In most cases the oil was highly degraded and similar
to the residues seen in sediment extracts. However, PMRW, an oiled stream site,
contained a surprisingly fresh oil residue with the full suite of n-alkanes preserved.
The oil in surface sediments was more degraded. There was no evidence that this
oil at depth was from a new source; reoiling would have been recorded by biologists
studying mangrove root communities. S. Garrity and S. Levings (pers. comm.)
reported no significant reoiling event that would have delivered enough oil to
penetrate to deep sediments. The oil could have been preserved relatively intact
since the 1986 spill in an anoxic zone of sediment, perhaps inside a decayed
mangrove root.

Appreciation of the relatively intact composition of the oil oozing at PMRW
in 1991 comes from comparing its GC pattern with oil from surface sediments in
1986 and with the ooze oil from PMRE in 1990 (Fig. 3.17).

Chemical evidence that oil oozing from deep sediments could be residual from
the spilled VMIC comes from examination of individual PAH and triterpane
biomarker patterns obtained by selected-ion-monitoring GC/MS. Figure 3.18 shows
the distribution of parent and alkyl-substituted PAHs in the naphthalene (N),
fluorene (F), dibenzothiophene (D), phenanthrene/anthracene (P), and
chrysene/benzanthracene (C) series for VMIC, the ooze oil from PMRE in 1990, and
the ooze oil from PMRW in 1991. Allowing for the loss of the most volatile
naphthalenes, the substitution patterns are similar in the F-, D-; P-, and C-series.
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Fig. 3.13 Synchronous excitation/emission UVF spectra of the spilled oil in mangrove sediments
showing pattern retention despite the extensive weathering apparent by GC analysis (see Fig. 3.12).
RO3 = PMRE; CU3 = HIDC (Fig. 1.5).
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Oil Content in 1991 Sediment Oozes
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Fig. 3.15 Regression of the amount of oil oozing from mangrove sediments in 1991 determined by UVF
and GC. Values are log(pg oil) collected after 3 min. All unoiled sites were analyzed by UVF; only
CUS was also analyzed by GC. Values for all unoiled sites were within the boxed area, lower left. Refer
to Table 3.12 for site acronyms.

The entire data set of PAHs in the 1991 ooze oil samples is given in Table 3.16. It
is apparent that significant levels of low-molecular-weight aromatics were still
leaching from disturbed sediments S yr after the spill.

The data normalized to total hydrocarbon content determined by GC also
showed a relative enrichment of the dibenzothiophene series within the total
hydrocarbon load. Are the sulfur derivatives simply more residual than the parent
hydrocarbons or are they being formed by substitution reactions within the anoxic,
sulfur-rich mangrove sediments? Figure 3.19 shows the distribution of triterpane
biomarkers monitored as m/z 191. The ratios of highly stable markers in the hopane
series are used by petroleum geochemists to distinguish very closely related crude oils
(e.g., Shen 1984; Siefert and Moldowan 1978, 1979). The criterion for mismatch is
that the ratios of diagnostic compounds, such as the C,; pentacyclic triterpanes
(T,,/T,), vary by more than 20%. Weathering reduces the content of T, before T,
but peaks 3 and S are known to weather at the same rate as T,, (Shen 1984). As
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Fig. 3.16 Gas chromatograms of oil oozing from mangrove core holes in June 1991. C,,, is an internal
standard added for GC quantification. RO = oiled stream sites; CO = oiled channel sites; 00 = oiled
open coast sites; CU2 = unoiled channel site shown for comparison (see Table 3.12 and Fig. 1.5 for
sites).

seen in Figure 3.19, the ratios of the T, /T peaks in the same three samples shown
in Figure 3.17 varied by no more than 2.3% and all agree with VMIC (not shown)
within 20%. These ratios thus confirm that the relatively fresh oil seen at PMRW
in 1991 is related to the original crude oil mixture spilled in 1986.

Note that the peak patterns in Figure 3.19, produced in 1991, varied slightly
from those in Figure 3.14, which were produced in 1987. This difference occurred
because the analyses were conducted on different GC columns with different carrier-
gas-flow and oven-programming rates. Resolution increased in the 1991 analyses,
and both sets of patterns are internally consistent.
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Fig. 3.17 Gas chromatograms of oil in mangrove sediments. Top fo bottom: oil extracted from surface
sediments at CO2 (= SBS; Fig. 1.5), October 1986; oozing from core holes at RO3 (= PMRE) in July
1990 and RO4 (= PMRW) in May 1991. Note the full suite of preserved alkanes in 1991 (bottom).
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PAHs: Fresh & Sediment-Preserved Crude
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Fig. 3.18 Content of individual parent and alkyl-substituted PAHs in fresh VMIC and ooze oils from
mangrove sediments in 1990 (RO3 = PMRE) and 1991 (RO4 = PMRW,; Fig. 1.5). Units are ng PAH
compound per mg oil determined by GC. Component data are in Table 3.16.

3.7.2 Long-term Toxicity

Evidence of effects of oil in sediments on mangrove trees comes not only from
measurements of leaf production, seedling growth, and other indicators (Duke and
Pinz6n, Chap. 8), but also from observations of live and dead roots in sediment
cores. Table 3.17 presents counts of roots greater than S mm in diameter, living and
dead, for cores collected in 1989 and 1990. In Figure 3.20 are the scatter plot and
regression, computed as follows. Oil content was patchy both horizontally and
vertically. In some cores the highest concentrations of oil were at the surface, while
in others the 8-10 cm section contained higher concentrations. Only a few cores had
high concentrations in the 18-20 cm sections. To construct the correlation, the
sediment content of oil in UVF units in the 0-2 and 8-10 cm core sections at oiled



Table 3.16 Individual PAHs in oil that oozed into mangrove core holes at each oiled site in May 1991. Units are ng PAH/mg total hydrocarbons

determined by GC. LRCS, an unoiled channel site, shows ng subtracted from samples as a blank.

Open Coast Stream Channel

Compound MINM PGM DROM PMM LRRS PAYR PMRE PMRW SBCE SBCS PCE PCS LRCW LRCS
naphthalene 0 0 0 18 0 0 0 4 0 0 0 2 0 1
C,-naphthalenes 0 0 0 28 0 0 0 10 0 0 0 1 0 13
C,-naphthalenes 0 0 0 57 10 15 0 1,500 103 0 0 21 6 10
C,-naphthalenes 164 18 87 68 64 72 0 3,092 472 295 73 109 88 0
C,-naphthalenes 650 172 227 20 122 177 101 2,041 500 839 651 470 1 0
fluorene 0 0 0 0 0 5 0 35 21 4 4 6 3 0
C,-fluorenes 26 24 37 23 19 24 0 441 109 66 29 55 14 0
C,-fluorenes 157 141 71 34 58 67 55 608 175 339 147 347 17 0
C,-fluorenes 692 789 737 338 326 668 598 1,047 908 920 1,233 1,160 135 0
dibenzothiophene 26 7 13 4 7 14 4 90 18 24 19 17 2 0
C,-dibenzothiophenes 30 19 52 1 50 21 13 1,537 285 167 65 273 12 0
C,-dibenzothiophenes 1,330 743 659 204 522 897 873 2997 1,093 1,736 2,022 2375 56 0
C;-dibenzothiophenes 2,290 2909 2438 1,235 987 2,18 1,920 2327 1418 2170 3,774 2,730 433 0
C,-dibenzothiophenes 1,958 2,468 3,758 2,003 1,112 2243 1,837 1399 1,225 1,578 3,000 1865 936 0
phenanthrene /anthracene!

C,-phenanthrenes 5 0 48 25 13 27 1 346 20 4 6 20 13 1
C,-phenanthrenes 147 80 268 66 57 109 53 670 119 214 201 166 26 0
C;-phenanthrenes 427 278 820 260 144 372 254 536 122 394 591 398 65 0
C,-phenanthrenes 199 205 920 250 138 287 246 194 104 176 309 200 90 0
fluoranthene 18 0 50 40 15 25 18 31 15 26 46 28 19 1
pyrene! 17 0 76 118 17 69 73 56 75 65 134 73 49 2
C,-pyrene/fluoranth 366 550 465 600 109 435 328 325 414 338 793 406 246 0
C,-pyrene/fluoranth 507 734 674 882 174 627 556 359 527 351 91 461 360 0
benzanthracene/chrys 114 148 229 135 62 154 164 118 172 130 334 148 75 0
C,-chrysene/benzanth 86 104 439 203 139 266 255 167 235 179 434 243 137 0
C,-chrysene/benzanth 302 377 1,332 725 119 723 395 387 556 428 921 600 352 0
C,-chrysene/benzanth 284 326 1,277 784 42 539 295 312 413 352 716 525 294 0
C,-chrysene/benzanth 117 192 557 273 15 121 19 151 132 52 201 263 141 0
benzfluoranth(k)(b) 50 73 140 93 39 74 80 30 58 54 117 75 42 0
benzopyrenes 142 168 419 241 105 208 114 106 140 109 236 174 113 0
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Table 3.16 Individual PAHs in oil that oozed into mangrove core holes at each oiled site in May 1991 (continued).

Open Coast Stream Channel
Compound MINM PGM DROM PMM LRRS PAYR PMRE PMRW SBCE SBCS PCE PCS LRCW LRCS
perylene 20 24 65 43 17 23 0 17 17 17 43 22 10 0
dibenzanthracene 0 0 18 0 0 0 0 0 0 0 0 5 0 0
benzoperylene 17 17 43 28 13 24 0 11 11 13 27 16 12 0
Total PAHs 10,139 10,567 15920 8899 4494 10473 8252 20943 9,456 11,040 17,085 13,253 3,757 38

'Phenanthrene was not quantified in this series due to a problem with the SIM acquisition window.
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Fig. 3.19 GC/MS selected-ion-monitoring traces of ion 191 used for triterpane biomarkers of VMIC
in mangrove sediments. The peaks are identified in Appendix Table B.4. Diagnostic ratios of T,,/T,
agree within 2.3% of each other and within 20% of VMIC (not shown). CO2 = SBS; RO3 = PMRE;

RO4 = PMRW (Fig. 1.5).
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Table 3.17 Number of live and dead mangrove roots in sediment cores. 4. May 1989; B. July 1990.

Oiled Sites Unoiled Sites
Proportion Proportion

Site Live Dead Dead Site Live Dead Dead
A. May 1989

MINM 483 3,0,0 0.17 MSM 425 1,3,0 027
PGM 3,6,4 44,10 0.58 PBM 13,3,6 0,0,0 0.00
DROM 228 466 0.57 PADM 798 0,1,1 0.08
PMM 12,10,5 2,0,1 0.10 LINM 5,10,5 0,0,0 0.00
Total 67 40 0.37 77 6 0.07
SBCE 33,4 843 0.60 MACS 10,14,8 0,0,1 0.03
SBCS 7210 383 0.42 MACN 388 52,0 027
PCE 445 042 031 HIDC 586 32,1 024
PCS 443 2,46 0.52 SBCW 55,8 40,2 0.25
LRCW 10,12,7 3,0,0 0.09 LRCS 13,5,3 143 0.28
Total 82 42 034 108 27 020
LRRS 6,7,4 934 0.48 HIDR 372 0,0,2 0.14
PAYR 1,53 225 0.50 UNR 2,26 36,2 0.52
PMRE 0,1,2 45,10 0.86 ALER 5,6,6 431 032
PMRW 1366 633 032 MERR 336 51,3 043
Total 54 56 0.51 51 30 037
B. July 1990

MINM 52,2 2,12 0.36 MSM 6,4,5 1,13 0.25
PGM 1323 866 0.53 PBM 6,5 12 021
DROM 224 541 0.56 PADM 898 1,0,0 0.04
PMM 72 5.1 0.40 LINM 9,119 0,0,2 0.06
Total 4 41 048 80 11 012
SBCE 6,2,1 04,4 047 MACS 446 0,0,0 0.00
SBCS 424 12,106 0.74 MACN 232 324 0.56
PCE 3,1,1 78,7 0.82 HIDC 1,75 6,3,5 0.52
PCS 344 6,8,2 0.59 SBCW 89,5 543 035
LRCW 4,10,2 6,7,12 0.61 LRCS 139,11 3,1,0 0.11
Total 50 99 0.66 Total 89 39 0.30
LRRS 6,2,4 8,6,6 0.63 HIDR 0,1 1,6 0.88
PAYR 544 584 0.57 UNR 9,9,8 1,1,2 0.13
PMRE 220 554 0.78 ALER 748 3,1,0 0.17
PMRW 2,11 5,8,9 0.85 MERR 33,2 2,1,0 027

Total 29 73 0.72 54 18 0.25
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Root Death Related to Sediment Oil Load
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Average proportion of dead roots

OQJ% ’ a ou4

T T T T

" 15 2 25 3 35 4 45 5 55
Log of Avg Sediment ug/g dry wt

Fig. 320 Average proportion of dead mangrove roots in cores related to sediment oil load. Sites
visually classified as heavily oiled are shown as solid black squares; open squares were classified as
unoiled by the 1986 spill. See Table 3.12 and Figure 1.5 for sites.

sites were averaged over 1989 and 1990. This average is plotted as a log
transformation against the average proportion of dead roots counted at each site in
these 2 yr.

The relationship is significant and shows the distinction between heavily oiled
and unoiled sites. However, there also appear to be intermediate sites showing
effects of oil on roots. The unoiled stream and channel sites were mostly in Bahfa
Las Minas (Fig. 1.5). Not only was this area contaminated by the 1986 spill of crude
oil, but also extensive areas of mangroves were killed in the same general area nearly
20 yr earlier following the 1968 wreck of the tanker Witwater, which was carrying fuel
oil and Bunker C (Duke and Pinzén, Chap. 8). Traces of background oil were
detected in deep layers of mangrove sediment cores taken at HRB in 1986. Also,
MARS, located at Isla Margarita outside of Bahia Las Minas, showed relatively high
levels of light fuel oil in 1986 that must have come from a separate spill. One result
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of the history of repeated oil pollution incidents along this coast appears to be a
detectable effect on the condition of mangrove roots related to the degree of oil
contamination.

Preliminary evidence of the toxicity of mangrove sediments came from
adapting the Microtox bioluminescent bacterial assay to solid-phase testing (Ross et
al. 1990; Buhlich et al. 1981). The data in Figure 3.21 show the technique has
promise for demonstrating toxicity using frozen sediments.

3.7.3 Bivalve Bioindicators of Water Quality

The case for using bivalves as indicator organisms for petroleum
contamination in coastal waters was published by Burns and Smith (1981). Two
species are generally common in mangrove habitats near Bahia Las Minas. The
oyster Crassostrea virginica and the false mussel Mytilopsis sallei are dominant
encrusting bivalves on mangrove roots at sheltered channel and stream sites,
respectively (Garrity and Levings, Chap. 9). Bivalves preferentially accumulate the
more soluble, lower-molecular-weight hydrocarbons in an oil-contaminated ecosystem.
As these compounds are also the most acutely toxic fractions of oil, the tissue content
of bivalves should provide evidence of continued release of toxic, bioavailable
petroleum residues into coastal waters. Doses estimated from bivalves may not
correspond exactly with those estimated from sediments. Rather, they provide a
time-integrated estimate of the degree of contamination in the surrounding water
column.

Care must be used in selecting an oil for constructing the calibration curve for
UVF analysis because the lower-molecular-weight, soluble aromatics have different
emission maxima and lower fluorescent intensities than more-condensed-ring
aromatics. GC analysis is quantitative despite different elution ranges of aromatic
hydrocarbons associated with bioaccumulated oil residues. However, biogenic
hydrocarbons filtered from food particles can interfere with the accurate
quantification of degraded oil residues. These complicating factors account for some
of the variation shown in Figures 3.3 and 3.4.

Uptake is related to the lipid content of the organisms in addition to the
amount of oil in surrounding waters. Expression of results as oil content per mg lipid
thus provides an effective comparison between sites. The maximum limit of
accumulation in bivalves is generally up to approximately 30 ug oil/mg lipid based
on GC analysis (Burns and Smith 1982).

Oysters were collected from only three sites in 1986. No living oysters or
other obvious bivalves could be found in heavily oiled mangrove areas. Oysters were
collected from mangrove roots at HRB, MARM, and MARS. Quarterly collections
of false mussels at stream sites and oysters at channel sites began in December 1988,
2.5 yr after the spill.

Water-soluble fractions of crude oil were accumulated by bivalves during the
entire study. Table 3.18 gives UVF estimates of oil content per mg of extractable
lipid (EOM) for each sample. Table 3.19 gives the GC-URE estimates of oil content
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Microtox Solid Phase Assays
Mangrove Surface Sediments

Cun Co2 Cu1

Co2  Oui

Station and Date

EC 50

Cu1

CU1 + Crude
Station and Date

109

Fig. 321 Microtox ECg, values from solid-phase assay of mangrove sediments. The scale is percent
dilution of seawater extract of 200 mg of sediment. Literature values indicate that unoiled sediments
read 2.5 and above; lower values are considered toxic. The fop graph shows that for this limited test,
the bioassay shows promise for determining the relative toxicities of oiled sediments. The error bars
show 1 SD for duplicate (CO2 = SBCS [Fig. 1.5], 1989; OU1 = MSM, 1989) or triplicate (CO2 = SBS,
1986) determinations; all others were single determinations. CU1 = HRB in 1986, MACS in 1989;

003 = DROM.



Table 3.18 Mangrove organisms: oil content over time expressed as pg oil/mg EOM based on UVF analysis. m = false mussels; o = oysters;

b = barnacles.

Site Dec 88  Feb 89 May 89 Aug 89 Nov/Dec 89 Mar 90 May 90 Aug 9 Nov/Dec 90 May/Jun 91
Qiled Stream

LRRS m 20.8 353 26.8 25.5 228 513 10.7 15.7 124
PAYR m (9.60), 23.5 16.9 228 11.8 6.1 3.7 8.5 14.6 12.1
PMRE m (12.30), 22.5 316 576 93 10.6 255 13.7
PMRW m (4.60), 8.8 234 212 122 14.8 9.6 111 3.7 22.0
Unoiled Stream

HIDR m 50 23 22 14 1.4
UNR m 0.6 1.7 2.7 1.5
ALER m 09 1.1 0.8 18 1.2
MERR m 04 0.6 1.5 0.6 1.2 08 05
QOiled Channel

SBCE o 40, 4.1 15.2 11.7 50 29 715 6.7 59 .
SBCS o 59, 6.6 9.1 52 9.3 53 52 124 4.6
PCE o 42,24 8.0 8.1 57 23 4.0 79 25
PCS o 4.8, 26.6 99 9.2 82 36 4.6 59 52
LRCW o 36 6.8 3.0 8.7 3.0 2.7 39 6.8
Unoiled Channel

MACS o 25 06 0.6
MACN o 1.7 1.4 1.7 19, 1.7 0.8 0.7
HIDC o 1.0 1.6 16 12 0.2 0.5 0.5 1.1
SBCW o 23 0.5 1.8 0.7 21 0.2 0.5 0.6 1.0 1.0
LRCS o 0.6 0.6 14 1.6 0.8 1.1 1.6
Oiled Open Coast

MINM b 163.5 129 19.9 1.9, 136

PGM b 67.8 7.4 24.6 252 43.6, 19.5

DROM b 100.7 243 408, 4.5

PMM b 10.1, 35.5 79.6 20.6 16, 0.8

Unoiled Open Coast

MSM b 0.2 0.3 0.2 0.6

PBM b 03 04 13

PADM b 0.1 1.2 0.7

LINM b 0.0 10
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Table 3.19 Mangrove organisms: oil content over time expressed as pg oil/mg EOM based on GC-URE analysis. m = false mussels; 0 = oysters;

b = barnacles.

Site Dec 8  Feb 89 May 89 Aug 89 Nov/Dec 89 Mar 90 May 90 Aug 90 Nov/Dec 9% May/Jun 91
QOiled Stream

LRRS m 19.7 12.5 12.0 409 14.7 1143 34 39 33
PAYR m (13.70), 283 8.1 10.1 6.6 16 12.2 8.3 71 42
PMRE m (8.30), 8.1 13.8 13.7 7.6 42 9.1 38
PMRW m (4.30), 90 114 111 9.2 8.7 58 36 59 5.2
Unoiled Stream

HIDR m 35 13 1.5 0.0 0.6
UNR m 13 13 29 04
ALER m 1.8 34 1.7 0.0 1.0
MERR m 0.5 1.5 09 0.5 0.0 0.0 0.5
Qiled Channel

SBCE o 24,52 8.9 7.8 38 22 6.4 1.5 28
SBCS o 73,3.1 9.8 52 43 6.5 35 9.8 28
PCE o 31,23 6.0 0.6 1.0 23 24 44 09
PCS o 82,340 6.5 4.5 13.7 49 78 6.5 6.8 29
LRCW o 22 21 1.6 43 1.6 14 23 46
Unoiled Channel

MACS o 71 Int 1.0
MACN o 4.1 20 1.7 0.4 1.6 32
HIDC o 0.7 0.0 1.1 09 0.0 04 29 0.7
SBCW o 2.7 lost 1.2 2.0 09 Int 03 0.5 3.0 1.1
LRCS o 1.0 0.0 1.5 0.3 09 1.5 0.7
Oiled Open Coast

MINM b 44.0 4.1 55 1.9, 3.1

PGM b 879 1.1 13 45 44,29

DROM b 18.2 6.4 48,62

PMM b 39 14.6 0.8 1.7, 0.7

Unoiled Open Coast

MSM b 2.0 0.0 0.0 00

PBMb 0.5 33 0.0

PADM b 1.5 3.0 0.0

LINM b 1.8 0.5
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in ug/mg EOM and Table 3.20 gives the concentration of the sum of individual
aromatic hydrocarbons as ng/mg EOM. Concentrations of individual PAHs can be
found in Appendix Table B.2.

Figure 3.22 shows the concentrations of oil in oysters and false mussels as
averages of the samples from replicate sites at each time. The tables show the
substantial scatter in the results from replicate sites, but the distinction between oiled
and unoiled remains. No samples were excluded from the averages despite a few
anomalously high values, which would likely result from ingestion of suspended,
rather than dissolved, oil. The immediate impression from this simple summary plot
is that, at oiled sites, oysters had only about one-half the amount of oil in their
tissues as false mussels. At three of the oiled stream sites in 1988, both species were
collected from the same sites. False mussels contained on average about twice the
levels of oysters (Table 3.18). Levels of oil in both species at all oiled sites and at
a few unoiled sites subsequently oiled would be expected to cause at least sublethal
stress responses in the bivalves (Widdows et al. 1990). Seasonality in levels of oil is
suggested because the highest levels of oil in bivalve tissue occurred in the samples
collected in February-March of 1989 and 1990. This season is the time of heaviest
wind and wave action. This peak in concentration in bivalve tissue corresponds with
increased oil mobilization visible as root and dowel coatings (Garrity and Levings,
Chap. 9).

The disparity in levels of oil concentrated by these two species led us to
conduct an uptake experiment. In May 1991 oysters and mussels were collected from
unoiled sites and packed in open-mesh nylon bags, which were tied to subtidal
mangrove roots at an oiled site, LRRS. Samples of each species were collected 0,
3,6,9, 12, 15, and 21 d later. Figure 3.23 shows the GC and UVF results from these
samples. The time course of uptake and discharge of petroleum contaminants, as
documented for similar species, indicates a half-life in tissues of approximately 3 d
for the majority of the tissue burden (Burns and Smith 1981). Oysters showed only
half the initial rate of uptake (R)), half the average concentration (C,,), and half the
maximum concentration (C,, ) of false mussels. This experiment shows the
difference in accumulation characteristics between these two species.

The field data (Tables 3.18-3.20) can thus be interpreted to mean that similar
amounts of soluble oil fractions were available for bioaccumulation at oiled stream
and channel sites. This observation agrees with the sediment data and shows that
potentially toxic hydrocarbons were available for uptake by bivalves § yr after the oil
spill.

Barnacles, Chthamalus sp., from open-coast sites were also tested for their
usefulness as bioindicators. However, this species was so small that it was not
possible to dissect soft tissues from the shell, as was possible for bivalves. Barnacle
shells therefore were included in extractions. Levels of oil in these samples were
extremely variable and the residues appeared to be high-boiling, residual tar-type
fractions, not the water-soluble fractions accumulated by bivalves. Examples of the
GCGCs of oil residues from the three species are given in Figure 3.24. It must be
concluded that this species of barnacle was not a useful bioindicator species.
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Table 320 Mangrove organisms: PAH content over time expressed as ng PAH/mg EOM based on
GC/MS analysis. m = false mussels; 0 = oysters; b = barnacles. No data May 1990-May/June 1991.

Site Dec 8  Feb 89 May 89 Aug 89 Nov/Dec 89 Mar 90
Oiled Stream

LRRS m 394 1059 78.2 1470 36.0
PAYR m (2810), 393 59.7 10.6 31.1 16.7
PMRE m 100.6 112.1 185.1
PMRW m (510), 65 127.1 93.7 50.9 79.2
Unoiled Stream

HIDR m

UNR m

ALER m

MERR m

QOiled Channel

SBCE o 440, 64.4 1778 2143 38.9
SBCS o 66.7, 86.0 370 38
PCE o 227,179 79 38.1 423
PCS o 93,9, 338.2 3704 19.0 26.4 20.1
LRCW o 6.0 20.2 1.2

Unoiled Channel

MACS o

MACN o 319

HIDC o 14.7 9.2 6.5
SBCW o

LRCS o 51 33

QOiled Open Coast

MINM b 518.8 313 875

PGM Db 281.7 123 399 283

DROM b 105.2 22

PMM b 13.8 49.7 12.6

Unoiled Open Coast

MSM b

PBM b

PADM b

LINM b

That the water-soluble fraction of the spilled crude oil was accumulated in
bivalves was further demonstrated by the UVF spectra shown in Figure 3.25.
Bivalves contained the water-soluble fraction in the 2- to 4-ringed series, while the
oozing oil was more enriched in the heavier and more fluorescent 4-, 5-, and
higher-ring series. The third trace in Figure 3.25 is of a fuel-oil residue in oysters
from an unoiled site, which is easily distinguished both in quantity and quality from
the crude-oil residues.
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Oil in Mangrove Bivalves Over Time

(0]
o

N
i

Mussels

N
o

Oysters

ug Oil by UVF / mg EOM
o

Controls

10/86 12/88 2/89 5/89 8/89 12/89 3/90 5/90 8/90 12/90 3/91 6/91
Collection Date

Fig. 322 Concentration of oil in false mussels and oysters as averages of replicate sites. Units are pg
oil/mg EOM by UVF analysis. The data are from Table 3.18, which shows the range of values.
Controls = values at unoiled sites.

3.7.4 Further Discussion of Changes in Oil Composition Over Time

Gas chromatograms of oil in sediments showed that, in most instances, the
residues followed predictable weathering patterns. Most low-molecular-weight
components disappeared by evaporation and dissolution. Alkanes and other resolved
marker compounds disappeared within 6 mo of the spill, except for oil sheltered from
degradation in anoxic pools in mangrove sediments. The persistence of the UVF
pattern over time was unexpected. PAH analysis showed that, even in weathered
samples depleted of naphthalene and lower molecular weight aromatics, this residual
UVF signal was due primarily to the 3- to 4-ringed aromatics. As shown in Figure
3.18, the dibenzothiophene series also was persistent, and that the proportion of
DBT: to total hydrocarbons increased with time.
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Bio-uptake time course 1991
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Fig. 323 Uptake of oil into bivalves transplanted from an unoiled site to an oiled site in May 1991,
Mpytilopsis accumulated twice as much oil as Crassostrea, calculated as R, (initial rate of uptake), C,,,
(maximum concentration), or C,, (average concentration) based on both UVF and GC analyses.
RO1 = LRRS (Fig. 1.5).

Figure 3.26 shows examples of the distribution of individual PAHs in oiled
sediments averaged over the 0-2 and 8-10 cm sections and during the 1989 and 1990
sampling periods compared to the average concentration in bivalve tissues over time.
In both cases the PAHs were normalized to the total hydrocarbon content
determined by GC. As for Figure 3.18, this presentation shows the relative change
in composition of oil residues.

Total amounts of oil in tissues or sediments are given for each sample in
Tables 3.5 and 3.20, as well as in Appendix Tables B.1 and B.2. The patterns show,
in general, that the PAHs accumulated by bivalves were similar to the PAHs in the
oil leaching or resuspended from sediments. Bivalves accumulated the whole suite
of parent and substituted PAHs in the naphthalene through chrysene elution range.
The most abundant PAHs in bivalve tissues were generally the dibenzothiophene
series, followed by the chrysenes and phenanthrenes. This pattern agrees well with
the UVF spectra of bivalve tissues. Oysters at SBCS contained a larger percentage
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Fig. 324 Gas chromatograms of saturated hydrocarbons in false mussels, oysters, and barnacles
collected in December 1988. Bivalves accumulated the relatively soluble fraction of oil from the water
column, while residues on barnacles appeared to be more weathered, tar-like fractions. The labeled
peaks are surrogate and internal standards. RO3 = PMRE; 001 = MINM (Fig. 1.5).
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Fig. 325 Synchronous excitation/emission UVF spectra of aromatic hydrocarbons in false mussels
compared to those in sediments at RO3 (= PMRE [Fig. 1.5], oiled with VMIC) and to trace fuel-oil
residues at an unoiled site (CU2 = MACN). Note the lack of signal due to higher-ring structures in
fuel residues. Diln. = dilution; WSF = water-soluble fraction.

of C;- and C,-phenanthrenes than sediments. Comparison of these patterns with
VMIC, shown in Figure 3.18, suggests that the more soluble C;- and C,-compounds
are being depleted in sediments and accumulated by bivalves. This process is shown
most clearly at SBCE; sediments were relatively depleted in DBTs and
phenanthrenes, which were predominant components in bivalves. As seen in Table
3.16, the most residual PAHs in sediments were the DBT, phenanthrene/anthracene,
and pyrene/fluoranthene series.

A second way of displaying the individual PAH data is shown in Figure 3.27.
Here, the relative concentrations of individual compounds in sediments are plotted
against those in bivalves. The compounds falling below the regression line should
be the most residual ones in sediments; those falling above the line should be
depleted fastest.
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Fig. 327 Data in Figure 3.26 plotted as regressions of sediment content (x-axis) and organism content
(y-axis). RO4 = PMRW; RO3 = PMRE; CO2 = SBCS; COI = SBCE (Fig. 1.5).

Evidence that the composition of residues leaching from sediments into the
water column began to change detectably S yr after the spill comes by dissection of
the correlation of UVF and GC analyses of bivalves. Figures 3.3 and 3.4 showed
highly significant correlations of UVF and GC analyses of the entire data set,
spanning samples collected in December 1988 through June 1991, and for UVF and
total PAHs for samples collected December 1988 through March 1990 (PAH data
are not yet available for bivalves collected later than March 1990). Some of the
scatter in these plots can be accounted for if the data are grouped by time.

Table 3.21 shows that the slopes of the regressions between the UVF and GC
determinations decreased after August 1990. Samples collected from November 1990
to June 1991 showed a detectable change in slope in the regression, indicating a
change in the composition of the residues accumulated by bivalves. This change may
be from a difference in the composition of PAHs accumulated or from a larger
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Table 321 Regression equations for UVF (X) and GC (Y) determinations of oil residues in bivalve
tissues. Concentrations were transformed to log(pg oil/mg EOM). N is the number of samples; R? is
the correlation coefficient squared; P is the significance of the slope. Note that the final regression
encompasses the entire sampling interval, 1988-1991,

Sampling Interval Regression Equation N R? P

Dec. 88-Feb. 89 Y = 0.74X + 0.16 32 0.82 < .001
May 89-Dec. 89 Y = 0.73X + 0.02 33 0.63 < .001
Mar. 90-Aug. 90 Y = 074X + 0.02 41 0.68 < 001
Nov. 90-Jun. 91 Y = 045X + 0.07 4 0.45 < 01
Dec. 88-Jun. 91 Y = 067X + 0.06 150 0.60 < 001

percentage of the UVF signal due to fluorescent derivatives, rather than the parent
hydrocarbons.

3.8 Summary Conclusions

The hydrocarbon-chemistry data confirm the long-term persistence of crude-
oil residues deep in mangrove sediments. The initial fast rate of degradation of
alkane fractions observed in 1986 was not maintained in later degradation rates of
the more residual aromatic hydrocarbons. Pools of buried oil maintained surprising
consistency in composition as seen by UVF, GC, and GC/MS analyses.

This buried oil was continually leached into coastal waters and accumulated
by encrusting bivalves during the first S yr after the spill. Major reoiling events
associated with erosion of heavily oiled coastal sediments created chronic oil
pollution in coastal waters, with detectable, continuing biological effects in fringing
mangroves (Garrity and Levings, Chap. 9), mangrove forests (Duke and Pinz6n,
Chap. 8), and reef corals (Chap. 7) S yr after the spill.

The most residual aromatic fractions appeared to be the dibenzothiophene,
phenanthrene, and higher series. The continued high concentrations of these
relatively toxic fractions, even in sediment residues appearing highly weathered by
GC, indicates their life span in mangroves is much longer than 5 yr.

The effect of this oil spill was clearly discernible despite the history of oil
pollution along this coast. The proportion of dead roots in mangrove-sediment cores
provided a record of long-term damage by major oil pollution incidents.

Detectable changes in the composition of residues available for
bioaccumulation S yr after the spill indicate that the next S yr will be critical for
studying the gradation of lethal into sublethal biological effects in coastal systems.
Justification for further study with emphasis on the functional ecology of mangroves
is clear. Physiological stress measurements on key species would provide a sensitive
means of determining sublethal effects. Chemistry should be expanded to attempt
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quantification of the residual derivatives of aromatic hydrocarbons because of the
observed changes in the composition of oil residues over the first S yr postspill. The
persistence for more than 20 yr of medium-weight aromatic hydrocarbons in heavily
oiled sediments in a temperate saltmarsh was reported by Teal et al. (1992).

We hope that the potential for the study of the Bahia Las Minas spill site to
provide further answers to remaining questions on the time scales and processes
involved in environmental recovery will continue to be realized.

3.9 Alternative Sources of Contamination

The source of contamination was unquestionable in areas heavily
contaminated by VMIC. GC and UVF patterns in environmental samples differed
from the spilled oil in ways explained by weathering processes. Particular scrutiny
was given to samples taken near the site of the 1968 Witwater wreck. Nearby
mangroves, seagrass sediments, and coral reef sediments were contaminated primarily
with degraded VMIC, although traces of degraded fuel oil were seen in mangrove
and coral reef sediments. The only unoiled mangrove site with significant
contamination by another oil was MARS. This contamination appeared to originate
from a spill of light fuel oil; the concentration of oil was higher at depth than at the
surface by September 1986. The surface assemblage of animals and plants seemed
to be similar to that at MARM based on cursory observation. Thus the surface
organisms appeared to have recovered from obvious effects by the time the core was
taken in September 1986. One heavily oiled river site (PMRW) leached relatively
fresh oil when cored in 1991. This oil was preserved from the 1986 spill, as shown
by GC/MS analysis of triterpane biomarkers.

At unoiled reef and seagrass sites, residual contamination by tar balls and fuel
residues likely originating from ships was visible by the highly sensitive UVF method.
One unoiled reef (DMA) was contaminated by a relatively fresh oiling with heavy
fuel oil. The chromatogram for this residue is shown in Figure 3.28. Judging by the
rapid rate of degradation of oil residues in coral reef sediments, an estimate of less
than 2 mo seems reasonable for timing this event. Because mangrove sediments at
the closest site (MSM) did not show any detectable contamination in May 1989, this
must have been an isolated incident that did not oil large areas of coastline.
However, a reduction of benthic infauna, which may relate to this incident, occurred
in algal beds directly downwind of the DMA reef (Cubit and Connor, Chap. 4).

During the 1990 collection, reef sites inside of Bahia Las Minas were
subjected to a recent spill of fuel oil from the electricity plant. Fuel oil, however,
was not detected in reef sediments or coral tissues. Similar events were evident in
the UVF spectrum of oil residues in bivalves at mangrove site PAYR beginning in
August 1989. This mixture of crude and fuel oils was visible in samples collected
though May 1990; by August 1990 the spectrum was again dominated by crude-oil
residues. These transient events were distinguished by fluorescence analysis.

Work was also carried out to characterize Sunniland crude oil from Florida
in a comparison with the Venezuelan/Mexican Isthmian Crude to predict generally
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the relative toxicity of the two crude oils. This comparison was made to help assess
the comparability of effects of the Bahfa Las Minas spill with a possible spill of
Sunniland crude oil on the coast of southern Florida. The densities of the two oils
were: 0.846 g/cc (SD = 0.005, N = 9) for VMIC and 0.878 g/cc (SD = 0.007, N =
9) for Sunniland. Gas chromatography showed that the two crude oils have nearly
identical elution ranges. Table 3.22 gives the results of GC/MS analysis of volatile
benzene derivatives. There appeared to be no significant difference between the two
crude oils.

Figure 3.29 shows the relative composition of individual PAHs in three
reference crude oils: VMIC, Sunniland, and Prudhoe Bay crude oils. Sunniland
appeared to be slightly more dense than VMIC and contained slightly lesser amounts
of the more volatile PAHs. However, the composition followed the same pattern as
the other medium-weight crude oils and would, in general, be expected to exhibit the
same order-of-magnitude effects if spilled into coastal ecosystems. It is expected that
weathering patterns would follow similar trends for all three crude oils. Sunniland
Crude has a very different triterpane pattern, as shown in Figure 3.30. Thus VMIC
and Sunniland could be distinguished by GC/MS analysis.

3.10 Analytical Quality Control and Quality Assurance Practices

The Bermuda Biological Station for Research (BBSR) organic chemistry
laboratory follows quality and assurance procedures tailored to the needs of
individual projects. Procedures relevant to petroleum-hydrocarbon, PAH, and
oxidation-product analyses for the Bahia Las Minas oil spill study are described here.

3.10.1 Routine Instrument Calibrations

The basis of any chemical analysis is the analytical balance. BBSR has a
complete set of calibration weights and the organic-chemistry staff routinely verify
the accuracy of the balances. All calibration solutions of hydrocarbons are diluted
using volumetric glassware. Solution weights are written on each vial and checked
before use as calibration standards. Standards are the best-available purity and are
tailored to meet specific analytical objectives. A reference alkane mixture was made
in 1984 and aliquots of the concentrated stock solution were heat-sealed in glass
ampoules. Stock solutions are made in isooctane or hexane, and dilutions for
instrument calibrations are made fresh as use warrants. In addition to mixtures of
pure compounds made in the lab, some commercial solutions are purchased to act
as certified checks on laboratory accuracy. These solutions include a commercially
available reference mixture of polynuclear aromatic hydrocarbons.

An initial calibration curve is generated over the linear range of the detector.
A standard mixture within this linear range is run daily to ensure maintenance of
instrument sensitivity and chromatographic integrity. The daily standard is compared
with the initial calibration curve and must fall within 20% of known values. Daily
response factors are used for sample quantification. = The accuracy of a sample
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Table 322 Content of volatile aromatics in the ethyl-benzene through decyl-benzene elution range in
the Venezuelan/Mexican Isthmian Crude Oil and Sunniland Formation Crude Oil, for comparison.
None of these volatile benzene derivatives could be detected in sediment core samples containing VMIC
collected in September 1986. Nondet. = nondetectable.

VMIC Oil  Sunniland Oil

Compound (ng/mgoil)  (pg/mg oil)
benzene'
toluene!
ethyl benzene 0.9 12
m,p-xylene 22 15
o-xylene 1.1 1.1
isopropyl benzene 0.1 0.2
n-propyl benzene 0.2 04
mesitylene 04 0.2
p-cymene 0.9 1.2
n-butyl benzene 04 02
n-hexyl benzene Nondet. Nondet.
n-octyl benzene Nondet. Nondet.
n-decyl benzene Nondet. Nondet.

'Benzene and toluene could not be quantified because of coelution with hexane used as the solvent for
injection.

analysis thus is ensured not only by calculating sample data from response factors
generated by standards run the same day, but also with the knowledge that the daily
response factors are within the normal and well-characterized range.

If the daily standard falls outside of the satisfactory range, then the instrument
undergoes trouble-shooting procedures to return it to optimum sensitivity. If this is
not possible, the system is completely recalibrated and samples are only run when
system performance is satisfactory. This applies to the gas chromatographs (GCs),
the gas chromatograph/mass spectrometry system (GC/MS), the high-performance
liquid chromatograph (HPLC), and the fluorometer (UVF).

3.10.1.1 GC-FID Calibrations

The linearity of the flame-ionization detector (FID) response is checked by
injection of a series of dilutions of hydrocarbons, one of which is used as an internal
standard. Calibration mixtures are made in the range of 5 to 100 ng/uL. The FID
is linear over this range. A calibration mixture of saturated and unsaturated
hydrocarbons is run daily when sample extracts are being analyzed. Samples are
concentrated or diluted to yield accurately quantifiable results within the established
linear range of the detector.
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Fig. 3.29 Relative distribution of individual PAHs in three crude oils.

3.10.12 GC/MS

Internal auto-tune procedures conducted on a daily basis establish mass-
accuracy and ion-abundance requirements. A daily calibration mixture is run in
selected-ion-monitoring (SIM) mode. Relative response factors of peaks with
mass/charge (m/z) ratios of compounds of interest are tabulated as per the GC-FID.
When these deviate by more than 20%, evaluation and trouble-shooting procedures
are initiated. Five-point calibration plots were produced for 20 PAHs and
alkyl-substituted PAHs spanning the naphthalene through benzoperylene elution
range. The m/z ratios for parent and confirming ions of the target PAHs are given
in Table 3.23. When possible, response factors are based on pure PAH standards.
Response factors for 21 other alkyl PAHs, for which no pure standards were
available, were interpolated from the relative abundance of specific mass fragments
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Table 323 Selected-ion-monitoring program (m/z ratios) used for quantitative analyses of polynuclear
aromatic hydrocarbons. IS = internal standard.

Target Ion Confirmation Ion

naphthalene 128 127
C, (2-methyl) naphthalene 142 141
C, (1-methyl) naphthalene 142 141
C,-naphthalenes 156 141
d10-biphenyl (IS) 164 162
C;-benzothiophenes 176 161
C,-benzothiophenes 190 175
C,-naphthalenes 170 155
C,-naphthalenes 184 169
fluorene 166 165
C,-fluorenes 180 165
dibenzothiophene 184 185
d10-phenanthrene (IS) 188 187
phenanthrene/anthracene 178 179
C,-fluorenes 194 179
C;-fluorenes 208 193
C,-dibenzothiophenes 198 197
C,-dibenzothiophenes 212 211
C,-phenanthrenes/anthracenes 192 191
C;-dibenzothiophenes 226 211
C,-dibenzothiophenes 240 211
C,-phenanthrenes/anthracenes 206 191
C,-phenanthrenes/anthracenes 220 205
C,-phenanthrenes/anthracenes 234 219/191
fluoranthene 202 200
pyrene 202 200
C,-fluoranthenes/pyrenes 216 215
C,-fluoranthenes/pyrenes 230 215
benzathracene 228 226
chrysene 228 226
C,-benzanthracenes/chrysenes 242 243
C,-benzanthracenes/chrysenes 256 241
C,-benzanthracenes/chrysenes 270
C,-benzanthracenes/chrysenes 284

benzofluoranthenes 252 241
benzopyrenes 252 253
d12-perylene (IS) 264 260
perylene 252 253
indenopyrene 276 138
dibenzanthracene 278 279

benzoperylene 276 138
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as determined from scan data of the Venezuelan/ Mexican Isthmian crude oil and
from published mass spectra. The deuterated internal standards used were:
d10-biphenyl, d10-phenanthrene, and d12-perylene.

3.10.1.3 UVF

The signal-to-noise ratio of the fluorometer is checked routinely using the
Raman emission of distilled water. If it drops below the specified limit, the lamp is
replaced. Standard response graphs are made from fresh dilutions of crude oil or
other relevant calibration mixtures. A new calibration graph is prepared for use with
every batch of samples. The analyst initiates trouble-shooting procedures if standard
graphs vary by more than 20% on a daily basis. Because UVF is only a
semi-quantitative technique, calibration standards must be tailored to the application.
For fractionated samples, D.VMIC was a quantitative standard for the aromatic
fractions of the sediment and organism samples in this study.

3.10.2 Routine Blank and Recovery Experiments

Every batch of six to nine samples had a blank extraction spiked with a
mixture of analytical standards. This blank underwent complete analysis as a sample,
following all cleanup and evaporation stages. The procedures typically recover
80-100% of the C 4 to C;, elution range. Recovery drops to 65-70% at C,, due to the
evaporation steps.

Ideally, surrogate standards are added to every sample to coempute recovery
through the procedures and the results can then be corrected for recovery. This level
of precise sample handling was used for samples that yielded similar levels of
contaminants, such as coral tissue and reef sediments. In the seagrass and mangrove
sediment samples, concentrations varied over many orders of magnitude making it
difficult to estimate how much of the standards to add. Also, biogenic hydrocarbons
in bivalve extracts often interfered with the accurate quantification of surrogate
standards. Recovery was based on the standards in the spiked blanks and on the
recovery of the spiked surrogate standards as determined by GC analysis, when
possible. When samples were reduced in volume for GC analysis, a GC-
quantification internal standard was added just before analysis to facilitate accurate
determination of analytes. The surrogate standards used were Cg4, C,,,, and
O-terphenyl and the internal standard was C,,,. O-terphenyl is a particularly useful
standard for samples undergoing UVF analysis as it elutes with the bulk of the
aromatic hydrocarbons during isolation procedures, but has negligible fluorescence.
For GC/MS analysis of PAHs, d10-biphenyl, d10-phenanthrene, and d10-perylene
were added just prior to analysis. Each analysis report was then scrutinized for
recovery of the internal standards. If recovery was unsatisfactory, the sample was
reinjected.
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3.10.3 Coding of Samples for Analysis

As samples were removed from the freezer for analysis they were assigned a
sequential number on individual data sheets. The inventory number was listed
against the sample analytical number in the laboratory notebook. From this stage
onward, the analyst did not know the history of the samples. It was not until the data
collation stage that the samples were grouped into sites and analytical replicates. In
this way, analytical bias was minimized.

3.10.4 Analysis of Standard Reference Materials

The methods used in the BBSR organic chemistry laboratory for the analysis
of petroleum hydrocarbons in marine samples conform to the UNEP Manual and
Guides No. 20 (1991). A Quality Control Chart is kept by the laboratory using the
Ma-K-1 oyster sample reference material for petroleum hydrocarbons. This material
from the IAEA, Monaco, was analyzed yearly during the laboratory’s participation
in the Bahia Las Minas oil spill study. Results are shown in Figure 3.31. In 1990
the laboratory also participated in an international intercomparison exercise for
analysis of petroleum hydrocarbons in a reference sediment by UVF and GC and
individual PAHs by GC/MS. The BBSR laboratory results were excellent.
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Dr. K. Burns.



131

4
Effects of the 1986 Bahia Las Minas QOil Spill on
Reef Flat Sessile Biota, Algal-turf
Infauna, and Sea Urchins

John D. Cubit and Judith L. Connor

4.1 Abstract

On 27 April 1986 at least 60,000-100,000 bbl of medium-weight crude oil
spilled from a refinery on the Caribbean coast of Panama. After weathering for 6 d
in a small bay, the oil escaped and began to wash onto the fringing reef flats of Bahia
Las Minas. The areas affected included the reef flat and biological reserve at Punta
Galeta, which had been under study since 1970. The prespill database for Punta
Galeta consisted of hourly hydrographic and meteorological records and detailed,
time-series monitoring of the spatial distributions and abundances of algae,
seagrasses, sessile invertebrates, and sea urchins on reef flats. Using these data, the
populations of reef flat biota were compared before and after the oil spill. Postspill
comparisons were also made among additional sites. The prespill baseline data
established relationships between variations in the physical environment and changes
in the reef flat biota, which were used to distinguish effects of the oil from natural
physical stresses.

Continuous observations of oil movement and accumulation were made during
the spill. Deposition of oil was not uniform over reef flats, which allowed population
changes to be compared over gradients of oiling. Onshore winds and waves
concentrated oil slicks against raised barriers, including seaward margins of reef flats,
which were exposed above water level by seasonally low sea levels and low tides. At
high tide oil floated over reef flats and exited through natural drainage channels or
collected along beaches and natural berms on the landward sides of reef flats.

Mortality of plants and invertebrates was greatest in the zones where oil had
accumulated. Where oil floated over the reef flat without prolonged direct contact
with reef flat biota, no mortality of sea urchins, algae, or seagrasses was detected.
Rates of regeneration varied among species and appeared to be dependent on a
number of factors, including the severity of initial damage, the mode of recruitment
of new individuals, the proximity of sources of propagules, and the pre-emption of
space by competitors.

Populations of some sessile biota, such as fleshy macroalgae and crustose
coralline algae, regenerated within a year. However, populations of some other
sessile biota, such as stony corals and the zoanthids Palythoa spp. had not fully
recovered as of the last surveys in June 1990. With the possible exception of one
group of crustaceans, the tanaids, populations of infauna in the algal turfs (formed
primarily by the fleshy red alga Laurencia papillosa) were re-established less than 15
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mo after the oil spill. Patterns of recruitment of sea urchins suggested some
persistent factor on the substratum diminished recruitment, possibly by inhibiting
settlement of larvae. Apparently the regeneration of all macroalgae and sessile
invertebrates depended on regrowth of fragments surviving in situ or washing in from
nearby habitats. For these attached biota, no evidence of regeneration from spores
or larvae was observed, and the species with the fastest regeneration times were
those regrowing from fragments that survived in situ. Populations of biota slow to
recover were those that were nearly eliminated from the reef flat (e.g., stony corals
and Palythoa spp.); the regeneration of these biota depended on fragments washing
in from deeper, subtidal habitats. These results indicate the recovery of other sessile
biota would have also been delayed if longer exposure to oil, or exposure to more
toxic oil, had reduced the in sifu survival below a critical minimum.

4.2 Introduction

Reef flats are broad, shallow platforms of coralline rock and calcareous
sediments formed by coral-algal reefs when the reefs reach sea level. Biological
processes produce nearly all the structure and substrata of reef flats. Because sea
level has been relatively stable for the past several thousand years, reef flats have
formed on many actively growing reefs. These extensive, highly productive habitats
are common throughout the tropical and subtropical areas of the world and account
for much of the surface area of many warm-water reefs.

Reef flats are important components of coastal environments. They have been
ranked among the most productive ecosystems on earth (Lewis 1977; Kinsey 198S5;
Hatcher 1988). Coastal ecosystems in the tropics and subtropics generally depend
on benthic, rather than planktonic, productivity (Hatcher 1988), and an estimated 10
to 60 percent of the benthic productivity from reef flats is exported to other marine
ecosystems. This material is thought to be a major food source for animals in deeper
water, including corals (Kinsey 1985). Reef flats are important foraging grounds for
fish, shore birds, lobsters, and other animals. Beds of the foliose red algae Laurencia
spp. on tidal and shallow subtidal flats in Florida are essential as nursery and
foraging sites for spiny lobsters (e.g., Herrnkind and Butler 1986; Butler and
Herrnkind 1991). Consequently, the Florida Coastal Oil Spill Handbook lists these
algae among the biota of concern for oil spill damage (State of Florida 1986). Reef
flats act as natural breakwaters and shoreline revetments (Fig. 4.1).
Hydrodynamically, the shallowest shore structures are the most important in
protecting shorelines from wave action (U.S. Army Corps of Engineers 1984);
therefore, along many tropical and subtropical coasts, reef flats, as well as other tidal
flats, are the primary protective structures for developed property and coastal
ecosystems, such as mangrove forests and coastal wetlands.

Reef flats tend to have certain features in common. As illustrated by the
zonation map of Punta Galeta (Fig. 4.2), the seaward, or windward, sides of most
reef flats are protected by concrete-like pavements, or revetments, built by coralline
algae and corals. These masses of coralline rock are usually the highest parts of reef
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Fig. 4.1 Schematic profile of a fringing reef flat in Bahia Las Minas (top). The graphs show relative
rates of primary productivity, hydrodynamic effects, and time of direct contact with oil during the 1986
Bahia Las Minas spill at positions corresponding to the reef flat profile. The vertical bar to the left of
the reef flat profile represents the approximate range of water levels, including the extremes caused by
storm surges. The span labeled % Cover Transects is the zone of the REDGE transects. As shown by
the gap in the figures, the horizontal scale has been greatly shortened.
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Fig. 42 Zonation map of the reef flat at Punta Galeta showing the spatial distribution of the principal
biota. The zones are not mutually exclusive, i.e., the distributions overlap, and some species are found
outside the zones shown on the map. This map was produced for the ZONE surveys (from Meyer and
Birkeland 1974; see text for more explanation). :

flats and are the principal structures determining the dissipation of wave energy, rates
of water flow, and many other hydrographic factors on reef flats as a whole. Behind
the protection of these revetments, coralline rubble and sediments accumulate.
Much of this material is generated in situ by coralline red algae, calcareous green
algae (especially Halimeda species), and various invertebrates with calcareous shells
and skeletons. These sediments are stabilized primarily by plants. The root-like
growths of rhizophytic (root-forming) green algae and seagrasses trap and bind the
sediments. Canopies of algal mats further promote deposition and retention of
sediments.

Although hundreds of species are found on reef flats (e.g., Cubit and Williams
1983), a few species tend to predominate. As shown in Figure 4.3, less than 10
species account for nearly all the biotic cover on the reef flat at Punta Galeta.
Furthermore, these 10 species, or similar species in the same genera, are not found
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Fig. 43 Principal species and groups of species of sessile biota on the reef flat at Punta Galeta, as
determined by the CONSURY surveys of the whole reef flat (1981-1982). The biota have been ordered
by relative percent cover. The graph includes only the species or groups with >0.01 percent cover; bare

space is not included.
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just on the reef flats of Bahia Las Minas, but on various kinds of warm-water tidal
flats throughout the tropics and subtropics. (Warm-water tidal flats include
essentially any level, relatively stable substrata in the intertidal and shallow subtidal
zones of the tropics and subtropics, such as reef platforms, limestone shelves, shell
deposits, and accumulations of carbonate loose rock and sediment.) For example,
crustose coralline algae, turfs of Laurencia papillosa, and the sea urchin Echinometra
lucunter are the principal biota on hard substrata of reef flats in Bahfa Las Minas
(Birkeland et al. 1976) and on intertidal limestone flats along the Florida Keys
(Stephenson and Stephenson 1950; Croley and Dawes 1970; Chan 1977). The
predominant biota found in areas of sand and mud of back-reef flats in Bahia Las
Minas are the seagrass Thalassia testudinum, rhizophytic (root-forming) green algae
(e.g., Halimeda spp. and Penicillus spp.), and mats of fleshy red algae (e.g., Laurencia
spp.). These are the same principal species or genera found on the sedimentary tidal
flats of South Florida (e.g., Hoffmeister 1974; Zieman 1982; Shinn et al. 1989).
However, factors that affect oil movement and deposition such as sea conditions,
weather, and tidal flat topography must be carefully considered when generalizing
results from the Bahifa Las Minas oil spill to other tidal flat environments (Cubit and
Connor 1993; Cubit and Levings, Chap. 2). As explained further in the Discussion
and Conclusions (Sect. 4.5), topography and sea conditions would make the tidal flats
in South Florida more susceptible to damage from oil spills.

Algae, seagrasses, and sessile invertebrates with photosynthetic symbionts
cover most of the surface of reef flats with a highly productive photosynthetic lawn.
The lawn provides both food and cover for high densities and diversities of mobile
invertebrates (e.g., Cubit and Williams 1983). Mobile invertebrates (e.g.,
echinoderms, small crustaceans, polychaetes, and gastropods) provide the trophic link
between primary producers and carnivorous predators, such as larger invertebrates,
fishes, and shore birds.

The shallowness of reef flats and other tidal flat ecosystems makes them
highly vulnerable to oil spills (Gundlach and Hayes 1978; NRC 198S; State of Florida
1986). Because reef flats are built by the plants and animals that grow on them, the
lethal effects of an oil spill have the potential to damage the actual physical structure
of reef flats, not just the veneer of biota on the surface. The solid, hard portions of
reef flats are built by coralline algae and corals. The sedimentary portions are built
primarily from the skeletons of calcareous algae and animals growing on the reef flat.
These sediments are trapped and held together by the roots of root-forming algae
and seagrasses. Both the solid and sedimentary structures of reef flats are subject
to erosion through physical and biological processes (Steneck and Adey 1976; Lewis
1977; Trudgill 1983; Hubbard 1986). Without the construction and maintenance
activity of the reef flat biota, the solid and sedimentary components of these
structures would erode away.

Despite the vulnerability of reef flats to oil spills and the ecological and
economic importance of this habitat, there is very little information regarding the
effects of oil spills in these ecosystems. The Oil in the Sea report (NRC 1985, p. 412)
describes the state of information as follows:
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"One area that has been totally neglected is that of spill impact on tropical or
warm-water microphytes and macrophytes. Of particular concern in this respect are
the giant algal flats that constitute important components of tropical trophic systems
and barrier reef systems. These are highly vulnerable to oiling because of their
shallowness. Except for a single follow-up study (Lopez 1978), nothing is known of
their recovery potential following oiling."

The Minerals Management Service (MMS) of the U.S. Department of the
Interior funded this study of the 1986 Bahia Las Minas oil spill primarily to evaluate
the vulnerability of marine environments in South Florida to oil spills. The National
Research Council’s description of "totally neglected" is an accurate assessment for all
tidal flats, including reef flats, in South Florida. Extensive and diverse tidal flat
habitats exist in Florida Bay and along the Florida Keys to the Dry Tortugas (Mayer
1914; Stephenson and Stephenson 1950; Phillips 1959, Croley and Dawes 1970;
Hoffmeister 1974; Chan 1977; U.S. National Ocean Service 1986; Jaap and Hallock
1990; J. Ogden, pers. comm.; M. Robblee, pers. comm.; J. Cubit, pers. obs.). The
MMS funded and published a series of surveys of the marine habitats of South
Florida to determine the environments at risk from oil spills. These surveys
systematically covered the entire geographic area of shallow-water environments of
Florida Bay and the Florida Keys to the Dry Tortugas. However, the surveys
concentrated on particular, mostly subtidal, species and did not include the hundreds
of hectares of biotic communities on reef flats and other tidal flats in this region
(Jaap 1984; Environmental Science and Engineering, Inc. et al. 1987; Phillips and
Larson 1990). In another study, the NRC (1989) evaluated these surveys of South
Florida for their adequacy to assess potential effects of oil and gas activities and
concluded "the shallow-water benthic communities, other than corals, have been
inadequately studied and characterized.”

The earlier published results of this study of the 1986 Bahia Las Minas oil
spill have already been extrapolated to the extensive, seagrass-covered tidal flats of
South Florida. Citing the mortality of reef flat vegetation caused by direct contact
with oil (documented in Cubit et al. 1987 and Jackson et al. 1989), Zieman (1990)
predicted an oil spill could destroy "the priceless nursery meadows" of shallow
seagrasses in Everglades National Park and the western portions of the Lower Keys.
The applicability of the results of this Bahfa Las Minas study to other tidal flat
environments are treated in more detail in the Discussion of this chapter (Sect 4.5).

In May 1986 the Bahia Las Minas oil spill washed onto the reef flat at Punta
Galeta that had been under study since 1970. The prespill database consisted of
extensive, detailed monitoring of the abundances and spatial distributions of plants
and animals on the reef flat in relation to concurrent changes in weather and sea
conditions. These data demonstrate that the abundances of reef flat species are
highly dynamic, changing mainly in response to fluctuations of the physical
environment (e.g., Cubit 1985; Cubit et al. 1986). These baseline data allowed us to
compare abundances of the flora and fauna on the reef flat before and after the oil
spill, using physical monitoring data to distinguish effects of the oil from effects of
variations in sea and weather conditions. In addition, the distinct pattern of oil
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deposition on the reef flat provided the basis to compare changes in the biota in
zones that differed in direct exposure to oil. After the oil spill we also began
monitoring additional oiled and unoiled sites to measure the extent to which postspill
events at Punta Galeta Reef represented general phenomena. The surveys of biotic
cover and echinoid populations on the reef flat included more than 90% of the living
biomass, sessile organisms, primary producers, structuring species, and reef builders
at this site.

4.3 Objectives, Design, and Confounding Factors
4.3.1 Objectives

The purpose of this element of the study was to examine the types of
ecological changes caused by the 1986 Bahia Las Minas oil spill and to elucidate, as
well as possible, the processes of cause-and-effect that produced these changes and
that can be applied to the effects of oil spills in similar shallow-water ecosystems.
Unlike many studies of oil spills, this one was not performed to levy fines or charge
for losses. Such studies are primarily concerned with assessing total damage and
time to recovery after a particular oil spill. As discussed in more detail at the end
of this chapter, these measures, per se, have limited value in understanding how oil
spills affect marine biota. Consequently, they also have limited application to
evaluating the potential effect of other oil spills. More important for generalization
are the processes that determined the amount of damage, including the effects of
factors such as sea conditions, weather conditions, shoreline configuration, biotic
zonation, substratum types, and topography of the tidal flats of concern.

4.3.2 Design and Consideration of Confounding Factors
4.3.2.1 Problems in Designing a Post-hoc Study

To design this study, it was necessary to confront the serious dilemma that
affects all unforeseen, after-the-fact studies of a single event. The 1986 oil spill was
not a controlled experiment. The study was a post-hoc investigation of a single oil
spill, and choosing treatments corresponding to "experimentals" and "controls"
involved serious, unavoidable biases that could invalidate the results if not properly
recognized and treated. Most of the information regarding effects of the oil was
derived from surveys that compared the biota of sites or habitats differing in
exposure to oil. Unlike a correctly designed experiment, there was only one,
unreplicated oil spill, and the oil remained in one geographic area. Therefore,
dividing this area into various "oiled" sites to obtain sample sizes greater than one is
what Hurlbert (1984) called "pseudoreplication” in space. The various factors that
moved and deposited oil slicks definitely did not produce a random distribution of
oil. To compare "oiled" and "unoiled" sites meant comparing two different regions
of the coastline (Sect. 1.4). All oiled sites were in the region of Bahia Las Minas,
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and all the unoiled sites were in the region of Costa Arriba (between Maria Soto and
Isla Grande; Fig. 4.4); therefore, it was neither possible to randomly choose nor
intersperse control and affected sites within the same area of coastline. Hurlbert
(1984) suggested that lack of interspersion is a more severe problem than nonrandom
selection. As described below, the environments of these two regions have many
differences, and the resulting bias violates both the basic principles of experimental
design and the fundamental requirements of ANOVAs and other statistics needed
to analyze the data. These are not vague, hypothetical problems of concern only to
statistical purists: if one compares two locations not only different in oil exposure, but
also different in sea conditions, weather conditions, geology, and human modification,
then there is a high risk of finding differences in the biota caused by differences in
the basic environment, regardless of oil. In the science of investigating cause-and-
effect and testing hypotheses, two principles are fundamental: (1) only the factor(s)
of interest should vary among treatments, and (2) if other factors cannot be
controlled, then consideration of the strongest possible alternative hypotheses is
obligatory. If these procedures are not followed, the results are not valid.
Consequently, the validity of such a post-hoc study depends on a very critical
examination of assumptions and biases that could affect the findings of the study.

When studying impacts of particular events, Green (1979) and Stewart-Oaten
et al. (1986) have discussed study designs to cope with the problems discussed above.
These designs compare changes (1) at impact and control sites before and after an
event, (2) at impact and control sites only after an event, or (3) at impact sites only
(with no control sites) before and after an event. In this study we use a different
design. To reduce dependence on comparisons between the regions of Bahia Las
Minas and Costa Arriba, the primary source of information in this study is derived
from within-site and within-survey method comparisons of zones of reef flats with
different degrees of oiling. Within-site comparisons eliminated biases caused by
regional differences, but were subject to smaller-scale potential biases resulting from
comparisons of different zones. To compare biota under different exposures to oil,
it was necessary to compare biota in close proximity, but in somewhat different
physical environments. Consequently, an essential part of the reef flat study was the
examination of the alternative hypotheses that mortalities during the oil spill were
caused by differences existing among zones, including exposure to desiccation,
insolation, high temperatures, and other physical stresses, the severity of which was
at a seasonal peak during the oil spill. The detail of the long-term baseline data for
changes in the biota at Punta Galeta relative to the monitoring of the physical
environment allowed these hypotheses to be tested. The principal site was Punta
Galeta, where detailed, long-term monitoring of the physical environment and reef
flat biota formed a set of baseline data that could be used to make before-and-after
comparisons in relation to physical conditions and to the gradient of oil deposition
on the reef flat. In addition, the laboratory is located on this reef flat, which allowed
direct, continuous observations of the processes of oil movement, oil deposition, and
the immediate effects of oil on the reef flat biota. As described below, postspill
comparisons were also made among additional sites.



[y
S
o
Panama Canal Q
Entrance 8
S
S
LN
Kilometers

Fig. 4.4 Map of the central Caribbean coast of the Republic of Panama, shown as increasing enlargements. 4. The Republic of Panama; the box
designates the area of map B. B. The central Caribbean coast of Panama between the Rio Chagres and the town of Palenque, showing areas
surveyed for oil contamination and potential study sites. The unoiled sites for biological monitoring were Marfa Soto Arriba (MSU) and Maria
Soto Abajo (MSD).
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Fig. 44 Map of the central Caribbean coast of the Republic of Panama, shown as increasing
enlargements (continued). C. Map of Bahia Las Minas and vicinity. The oiled sites for biological
monitoring were Punta Galeta (GAL) and Isla Largo Remo (LAR).

4.3.2.2 Weather and Sea Conditions as Potential Confounding Factors in Examining
Effects of the 1986 Oil Spill on Reef Flat Communities

Seasonal and year-to-year variations of weather and sea conditions strongly
affect the abundances of plants and animals on reef flats in Bahia Las Minas
(Hendler 1977; Connor 1984; Schneider 1985; Cubit 1985; Cubit et al. 1986, 19884,
1989) and therefore must be taken into account in evaluating effects of the oil spill.
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The single most important factor in this regard is the time the reef flat is exposed
above water level during the warmer, sunnier parts of the day (Hendler 1977; Cubit
1985; Cubit et al. 1986, 1988b, 1989). These daytime exposures of the reef flat above
water level (also termed "emersions” of the reef flat) are seasonal and most frequent
between March and June (Cubit et al. 1986, 1989). Because the exposures naturally
cause mass mortalities of many reef flat plants and animals, their effects must be
taken into account in evaluating the 1986 Bahia Las Minas oil spill, which started at
the end of April.

Descriptions of the physical environment in this chapter were calculated from
the long-term database for weather and sea conditions at Punta Galeta.
Implemented in 1974, this monitoring program provides a strong quantitative basis
for defining the physical conditions during the 1986 oil spill in comparison to the
seasonal and year-to-year variations in conditions recorded from this site. This
constantly evolving and expanding database (see Cubit et al. 1989 for a list of
published sources) consists of hourly records of air and sea conditions from the
Smithsonian Tropical Research Institute Environmental Sciences Program. A
corrected version of the 5 August 1991 update of the database was used, and includes
corrections to earlier data added by K. Kaufmann, R. Thompson, and J. Cubit. The
methods of monitoring and variability of conditions are described in Cubit et al.
(1986, 1988a, and 1989). This section will summarize conditions of daytime water
level during the 1986 oil spill. Cubit and Levings (Chap. 2) compare water levels and
wind conditions during the 1986 oil spill with those conditions in other months and
years.

The total time reef flats were exposed above water level was a critical factor
in interpreting changes in the zonation and abundance of plants and animals on reef
flats following the oil spill (Cubit and Levings, Chap. 2). To calculate average
monthly water levels, biases caused by missing data were reduced by using data only
from those months with at least 90% of the hourly records existent for daytime water
level. The months of each year meeting these criteria are shown in Table 4.1.
Within this group, proportional corrections were estimated for the missing data,
standardizing each of these months to a full month of data. In the description of
yearly total times of exposure above water level (emersion), only the actual data were
used, without adjustments. The missing data in some months of frequent exposure
may have produced substantial underestimates of total exposure times for some years,
particularly 1975 and 1977 (Table 4.1). The exposure criteria used were hours with
water levels below 26 cm above Galeta datum, which corresponds to exposures of
most of the reef flat surface above water level (Meyer and Birkeland 1974; Meyer
et al. 1975; Cubit et al. 1986, 1989). (Galeta datum is the fixed zero level from
which all water level measurements at Punta Galeta are made. The datum level is
approximately 30 cm below mean low water, and is defined in relation to regional
tidal levels in Cubit et al. 1986). The daytime hours used were 0800 to 1800,
inclusive, which is the portion of the day most exposed to the stresses of desiccation,
insolation, and high temperatures.
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Table 4.1 Percent of hourly records having valid data for the combination of water level, wind direction,
and wind speed between 0800 and 1800, inclusive.

Month

Year
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

1974 98 100 100 9% 99 100 100 100 100 95 100 100 99
1975 100 100 100 73 8 100 75 58 100 66 69 100 86
1976 100 67 63 100 84 97 8 100 87 100 95 67 87
1977 91 35 66 1 7% 59 51 92 100 76 100 96 70
1978 100 100 94 92 97 97 100 100 100 100 99 84 97
1979 20 43 100 96 76 100 100 100 100 92 98 83 84
1980 100 100 96 90 95 100 9 91 100 96 86 72 93
1981 9% 88 82 100 9% 99 100 100 100 95 100 100 9%
1982 9 94 87 100 100 100 100 100 100 91 9N 95 96
1983 8% 100 93 100 100 100 100 100 100 100 100 100 98
1984 100 100 100 100 100 100 100 99 100 100 100 100 99
1985 9% 100 99 100 100 100 100 100 100 100 100 90 98
1986 100 100 98 100 100 99 9% 77 98 100 100 100 97
1987 100 100 100 100 100 100 100 100 100 95 100 100 99
1988 100 78 97 8 100 100 100 99 100 96 100 100 9%
1989 99 8 98 100 100 100 9 100 100 100 99 80 96
1990 92 100 100 100 92 97 98 91 8 54 100 99 92

Figure 4.5 shows the average monthly patterns and yearly total of daytime
exposures of the full reef flat. Daytime exposure frequencies were highest in the
months of April, May, and June, the time of year when oil slicks reached most of the
reef flats in Bahia Las Minas during the 1986 spill. The total daytime exposure times
for 1986 were moderate compared with other years. In 1988, however, the total
exposure times were much higher than any year on record.

4.3.2.3 Sites Added After the 1986 Oil Spill
Site Selection Process: Rationale and Procedure

More sites were added mainly for two reasons: (1) to determine the extent to
which species composition, zonation patterns, and population dynamics allowed the
results from Punta Galeta to be extrapolated to other locations, and (2) to detect
major, widespread phenomena occurring after the oil spill, but not caused by the oil.
Biota on the Caribbean coast of Panama can change dramatically for reasons other
than the effects of oil spills. For example, changes in the abundances of sea urchins
and the zonation of algae are associated with year-to-year variations in mean sea
levels (Cubit 1985; Cubit et al. 1986). In the 1980s alone we have seen mass
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Daytime Exposure of Galeta Reef Flat
above Water Level (0800-1800 hrs)
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Fig. 4.5 Monthly averages (4) and yearly totals (B) in the number of hours the reef flat at Punta Galeta
was exposed above water level during the daytime (0800-1800). The monthly averages were calculated
from the 1974-1990 data, excluding months with <90% valid data. The solid triangle denotes the
occurrence of the 1986 oil spill. See text for further explanation.
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mortalities of the sea fan Gorgonia ventalina (Guzmén and Cortés 1984; J. Cubit,
pers. obs.) and the sea urchin Diadema antillarum (Lessios et al. 1984a, b). In
addition, bleaching and other signs of stress have been observed for corals and other
cnidarians (Glynn 1984). Such phenomena occurred over wide areas of the
Caribbean Sea. In interpreting the long-term survey data from Punta Galeta, it
would be easy to attribute such sudden changes occurring after the oil spill to effects
of the oil. Thus, a primary purpose for adding the unoiled sites was to detect these
large-scale phenomena that could appear in the before-and-after studies at Punta
Galeta, but were not caused by the 1986 oil spill.

In addition, studies on this coast have demonstrated that the abundances of
plants and animals on reef flats can show strong seasonal variations, year-to-year
fluctuations, and multi-year trends (e.g., Hendler 1977; Connor 1984; Cubit 198S;
Cubit et al. 1986; studies reviewed in Cubit et al. 1988b, 1989). Thus, a major
challenge in this project was to distinguish natural changes in reef flat biota from
changes caused by the oil spill.

Because precise abundances of the biota vary naturally from reef flat to reef
flat, the added sites served mainly as comparisons for change of state, rather than
absolute state. The principal habitats of interest were those where we made pre- and
postspill comparisons at Punta Galeta. To reduce confounding effects of physical
factors other than oil, the additional sites were selected to match the topography of
the reef flat at Punta Galeta. Thus, sites were selected that had a forereef slope,
emergent reef flat, and inner reef flat habitats with coral rubble and seagrasses.
Efforts to match sites could not produce a set of sites equal in all respects except in
their exposure to oil. The unavoidably wide geographical range between the oiled
and unoiled sites also included environmental disparities. Bahia Las Minas is a
shallow, turbid bay; Costa Arriba is on a section of more open coast with less turbid
water. One of the oiled sites was at Isla Largo Remo, at the mouth of Bahia Cativ4,
which was exposed to additional pollutants besides oil from the 1986 spill. This
narrow, shallow bay receives effluent from the refinery, discharges from the slaughter
house of the city of Colén, raw sewage and garbage from the town of Cativ4, and
chronic small spills of diesel and other fuel oils from an electricity generating plant.
Because of these environmental differences between the regions of the oiled and
unoiled sites, differences in the biota between the regions must be interpreted with
caution and cannot be regarded as sensitive measures of the 1986 oil spill. To fit
time and logistical constraints, we selected one additional oiled site and two unoiled
sites.

To find such sites, we surveyed the coastline from the Rio Chagres to
Palenque, a distance of approximately 110 km (Fig. 4.4B). Initial surveys were made
by boat, on foot, and from low altitude (<150 m) overflights. During these flights
we also took photographs for later reference. Final selection of sites was made on
foot. Our selection proceeded as follows.

1. The coastline between the Rio Chagres and the city of Col6n was eliminated
because the reef flats did not comprise the same complement of habitats
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found at Punta Galeta. Most of these were more elevated than the Punta
Galeta reef flat (based on aerial surveys, followed up by surveys on foot).

The reef flat at Isla Margarita was rejected because dredging projects had
changed the reef flat structure (based on surveys on foot).

The coastline between Isla Grande and Palenque was eliminated because
extensive deforestation had resulted in heavy depositions of terrigenous
sediments on reef flats (based on overflights).

The coastline between Portobelo and Isla Grande was eliminated because the
reef flats were much more protected from wave action and lacked a forereef
slope (determined from overflights).

The reef flats between Buenaventura and Portobelo were eliminated because
of the presence of terrigenous sediments or lack of suitable reef flat structure
(surveyed on foot).

The unoiled sites were thus narrowed to the coastline between Buenaventura
and Maria Chiquita, and the oiled sites between Islas Naranjos and Punta
Galeta (Fig. 44B, C). This coastline was surveyed on foot to make the
following selections.

a. Unoiled sites: both sites were in the Maria Soto region, where the reef
flats most closely matched those at Punta Galeta. These reef flats are
approximately 23 km east of the site of the oil spill.

b. Additional oiled site: the seaward (northern) reef flat of Isla Largo
Remo most closely matched Punta Galeta. This reef flat borders
Bahia Cativa to the west, where the oil spill initially was concentrated.
It probably received much more oil than Punta Galeta during the spill.
In addition, after the spill it continued to receive more light oiling
from chronic seepage at the refinery and adjacent mangroves. Thus,
any effects of oil should be more pronounced at this site than at Punta
Galeta.

Exposure to Qil at Oiled and Unoiled Sites

The terms "oiled” and "unoiled" are used here in a relative sense. In surveys

by helicopter, small plane, small boat, and on foot, the deposition of extensive black
oil slicks appeared to be limited to the shoreline between Maria Chiquita and Isla
Margarita. However, during these surveys, oil sheen was seen offshore along the
entire coast from Isla Margarita to beyond Nombre de Dios (Cubit et al. 1987).
(Nombre de Dios was the eastern limit of overflights.) On 26 May 1986 oil sheen
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was during a flight extending as far east as Punta San Blas, about 50 km beyond
Nombre de Dios (J. Karr, pers. comm.). The sheen appeared to be transported by
the coastal current, which flows roughly west to east (i.e., along the coast from Bahia
Las Minas toward Colombia), and was aided by an unusual period of south winds
during the oil spill (J. Cubit, pers. obs.). H. Caffey and A. Velarde (pers. comm.)
reported instances of black slicks arriving on the shoreline northeast of Portobelo,
where resumption of the prevailing northeast winds probably deposited oil slicks that
had been offshore. They also surveyed the shoreline between Portobelo and Maria
Chiquita, but no oil was found or reported.

The term "oil" refers to the mixture of Venezuelan and Mexican Isthmus crude
oils spilled, plus an unknown quantity of the dispersant Corexit 9527. On 27 April
1986 crude oil spilled from a ruptured storage tank on land at the refinery on Isla
Payardi (Fig. 4.4). Because part of the oil soaked into the coral landfill beneath the
refinery, the portion entering the sea was difficult to estimate. Texaco officials
initially estimated that 35,000 to 50,000 bbl spilled into Bahia Cativ4, (Cubit et al.
1987), which borders the Isla Largo Remo study site. However, Texaco officials later
announced recoveries of 48,000 bbl (Cubit et al. 1987) and 60,000 bbl (A. Dodge,
pers. comm.) of cleaned oil from the sea. Considering the amount of oil trapped in
sediments and the probable losses of oil to the open sea and evaporation, the actual
amount of oil spilled into Bahia Cativd was probably at least 60,000-100,000 bbl.

Northerly (onshore) winds held the oil in Bahia Cativad until 5 May 1986,
when rain and slack onshore winds allowed oil to flow out of the bay. On 6 May
1986 a Hercules C-130 four-engined aircraft equipped with a Biegart Aviation, Inc.,
ADDS Pack sprayed Corexit 9527 on oil slicks at the mouth of Bahia Cativ4 and in
front of the refinery (Cubit et al. 1987; J. Cubit, pers. obs.). This is the narrow
channel between Isla Largo Remo and Isla Payardi, located adjacent to the study site
at Isla Largo Remo (Fig. 4.4). Additional Corexit 9527 was sprayed offshore by a
single-engine crop-duster airplane. On at least two days (11 and 12 May 1986), the
crop duster sprayed dispersant on slicks in the open ocean offshore from the town
of Portobelo. On 12 May the crop duster was also observed spraying dispersant in
front of the refinery (again near the Largo Remo site) and in the open ocean
approximately 2-3 km northeast of Punta Galeta (J. Cubit, pers. obs.). Refinery
officials estimated the total Corexit 9527 sprayed was <21,000 L (Cubit et al. 1987).
Possible effects of the dispersant will be addressed in the Discussion and Conclusions
(Sect. 4.5).

4.4 Components of Research

This report is based on the following types of data:

1. field observations of o0il movement and oil deposition in relation to water
levels, winds, and waves,

2. initial effects of the oil on the biota of reef flats,
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3. surveys of the sessile biota (seagrasses, algae, and sessile invertebrates of reef
flats),

4. censuses of sea urchin populations,

5. censuses of the infauna living in turfs of the fleshy red alga Laurencia

papillosa, and

6. the physical regime of the Punta Galeta reef flat affecting reef flat biota and
oil deposition during the oil spill, compared with these factors in other
seasons and years.

4.4.1 Field Observations of Oil Movement, Qil Deposition, and Initial Direct Effects
of the Oil on Reef Flat Biota

4.4.1.1 Methods of Qualitative Sampling of Microalgal Mats Immediately After the
Oil Spill at Punta Galeta

As part of the field observations during the oil spill, mats of microalgae
growing on the reef flat were sampled as follows for examination in the laboratory:

7 June 1986: To examine the developing flora and fauna at Punta Galeta after the
oil spill, samples of the hard carbonate substratum were collected from the
most seaward portion of the reef flat surveyed in the transects for measuring
spatial cover. Six pieces of substratum, each approximately 2 to 3 c¢m? in
surface area, were wrapped in porous waxed paper and placed in paper
envelopes to permit gas exchange while retaining moisture. Samples were
microscopically examined while fresh and then preserved by desiccation at
room temperature.

29 June 1986: Eighteen samples of algae were taken adjacent to nine of the 10
transect lines. The samples were taken 10 cm away from the line. Nine
samples were taken 10 cm landward of the zero marker for the transects. The
other nine samples were taken 2 m landward of this marker. The samples
were processed the same way as before.

4.4.1.2 Field Observations of Oil Movements, Deposition, and Effects

During the first month of the oil spill, daily observations were made of oil
movement, oil deposition, and apparent response of the flora and fauna of reef flats.
Most of these observations were made from the laboratory at Punta Galeta and other
sites accessible by land. Aerial observations were also made from helicopters and
fixed-wing aircraft. The first large masses of oil arrived at Punta Galeta on 9 May
1986, 12 d after the spill at the refinery. Although the oil had weathered during this
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time, it was still liquid (not tarry) and had the appearance of thick, used crankcase
oil. Dispersant was not sprayed on slicks at Punta Galeta, and any dispersant that
may have been in these slicks would have been residual dispersant from spraying
elsewhere.

Between 10 and 19 May 1986 the reef flat was exposed above water level
during low tides (Fig. 4.6), creating a barrier for the oil being moved ashore by
northerly winds. This caused oil to accumulate along the seaward side of reef flats
for the duration of low tides (Figs. 4.1, 4.7). Rising tides lifted unadhered oil from
the seaward edge of the Punta Galeta reef flat and floated the oil over the peak of
the reef crest. Under these conditions the back-reef flat was flooded by the rising
tide before the accumulations of oil moved over the reef crest, as illustrated in
Figure 4.8. Consequently, as winds and water movement moved oil slicks across the
back-reef flat, oil floated above the substratum and benthic biota until it exited
through drainage channels or became deposited along beaches behind the reef flat.
In contrast to the other reef flats in Bahia Las Minas described below, this
combination of reef flat topography and direction of oil movement reduced the time
the back-reef flat at Punta Galeta was in direct contact with oil slicks.

Organisms along the seaward edge of the Punta Galeta reef flat
(approximately meters 0-6 in Fig. 4.9) were directly immersed in oil, and the surface
of the substratum was obscured by oil. By 17 May 1986 the smell of rotting
invertebrates and appearance of numerous sea urchin tests indicated massive
mortality beneath this layer of oil. Thalli of the fleshy red algae Laurencia papillosa
and Gelidiella acerosa dried at low tide, which allowed oil to adhere to these turf-
forming algae. On the reef flat, the calcareous green alga Halimeda opuntia formed
dense, sediment-filled mats, which absorbed oil like a sponge. By 24 May 1986,
enough oil had worn away to reveal a 1-3 m wide band of white carbonate
substratum, which included bleached corals and coralline algae. The band paralleled
the shore near the lowest low water line, marking a zone previously occupied by a
mixture of zoanthids, corals, and a mixture of calcareous and fleshy algae. By
systematic visual estimation, less than 10% of the original sessile community still
remained. A translucent fuzz of fine filamentous algae had started growing over the
white carbonate substratum.

By search, we could find none of the crabs (e.g., species of Microphrys,
Pachygrapsus, and Grapsus) normally present in this zone. Live Grapsus grapsus,
however, were present on nearby emergent habitats (logs and coral rubble). These
usually fast-running crabs were easily caught by hand, and appeared blind. Before
the oil spill, the littorinid snail Littorina nebulosa had been abundant on drift logs on
the back-reef flat (J. Cubit and R. Thompson, unpublished data). After the spill we
searched this habitat for L. nebulosa, but found none of this normally common snail.
Because of the small size of the shells (<2 cm maximum length) and the thick layer
of accumulated oil and oily debris around the drift logs, any snails that had fallen
from logs into the oil could not be found.

On 1 June 1986 patches of oil still adhered to the reef flat at Punta Galeta.
The fleshy, turf-forming algae Laurencia papillosa and Gelidiella acerosa showed no
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Fig. 4.6 Hourly water levels over the reef flat at Punta Galeta in 1986 (solid line). Heights are above
Galeta datum. The daily mean water level is shown as a dashed line. The honizontal line at 30 cm is
the height of the reef crest. The solid triangle marks the arrival of the first oil slicks at Punta Galeta
in May. Gaps in the data resulted from chart stoppages; the vertical bars show the maximum and
minimum water levels during the stoppages.
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Fig. 4.7 Aerial photograph of Punta Galeta during the 1986 Bahia Las Minas oil spill, showing the
accumulation of oil along the seaward edge of the reef flat.

visible damage in deeper tide pools and shallow subtidal areas, but were much less
abundant than usual on emergent substrata of the reef flat where oil had adhered to
their fronds. The algae gradually died back to basal tissue.

By 7 June 1986 the translucent, golden-green fuzz of microalgae was
approximately 0.1-0.5 cm thick and covered an estimated 75% of the seaward edge
of the reef flat. This is the zone where the spatial cover of sessile biota and the
"reef-edge" populations of sea urchins are censused. The mat of microalgae was
absent in the following areas: (1) pits where sand had accumulated, (2) pits where
coralline algae were still present, and (3) patches ~2-10 cm in diameter around holes
(~1 cm diameter) occupied by small crabs (Pachygrapsus sp., ~0.5 cm carapace
width), which had recently colonized these holes. Similar holes without crabs were
not surrounded by cleared patches. In microscopic examination of samples taken on
this date, the algal fuzz consisted of the following (in order of abundance): the
filamentous green alga Cladophora sp., the cylindrical green alga Enteromorpha sp.,
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Fig. 4.8 Aecrial photograph of oil streaming over the crest of the reef flat at Largo Remo during a rising
tide. (The photograph shows approximately 200 m of reef crest extending from upper left to lower right.)
During the preceding low tide, winds and waves deposited an accumulation of oil against the seaward
side of the reef flat (right). The oil moved over the reef crest (from right to left) when the tidal level
was high enough to protect the back-reef flat from direct contact with oil slicks.

and the filamentous red alga Centroceras sp. At least seven species of pennate and
centric diatoms overgrew the substratum and other algae. In addition, ciliated
protozoans, nematodes, and harpactacoid copepods were abundant among algal
filaments. Small globules of oil were also found in the algal samples. Although
blue-green algae were abundant in spot samples <50 m away on the back-reef flat,
few blue-green algae were found in the samples from the reef-edge zone.

In contrast to the reef flat at Punta Galeta, raised berms and lack of drainage
channels on the back-reef flats at some other sites in Bahfa Las Minas caused oil to
accumulate in beds of the seagrass Thalassia testudinum. This occurred on portions
of the two reef flats southeast of Isla Mina, the reef flat on the north side of Isla
Pefia Guapa, and the reef flat on the north side of Isla Largo Remo (see Fig. 4.4).
Seagrass leaves died and sloughed away within a month, but the mat of tough, fibrous
rhizomes and roots remained in the soft substrata. This mortality did not occur in
portions of the same Thalassia beds closer to the seaward edges of reef flats. In this
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Fig. 4.9 Topographic profile of the seaward edge of the reef flat at Punta Galeta. Elevations are above
Galeta datum, approximately 30 cm below mean low water (Cubit et al. 1986, 19884, 1989). The profile
is the average of elevations measured along the 10 transects used for the REDGE surveys, and the
meter intervals correspond to those given for the REDGE data. The highest clevation of the reef flat
is the reef crest, located approximately between meters 5 and 15 of this profile.

area, oil did not form pools, nor did it occur on reef flats, such as the one at Punta
Galeta where the reef-crest barrier, tidal flow, and back-reef channels protected the
back reef and allowed oil to drain away from the flat. In observations of sites at
Peiia Guapa and near Isla Mina, mats of rhizomes and roots of the dead Thalassia
slowly decomposed, and the sand and silt of the Thalassia beds eroded down to hard
coralline rock between 6 March 1987 and 16 June 1988. At the same time heavy
erosion of the beach at Pefia Guapa was also observed (4 August 1987). No
recolonization of these seagrass beds was observed. Much more detailed and
quantitative observations of the disappearance of the Thalassia bed at Largo Remo
North are given by Steger and Caldwell (Chap. 6).

4.4.1.3 Summary and Discussion of Weather and Sea Conditions Affecting Oil
Deposition and Biological Changes on the Punta Galeta Reef Flat

Daily field observations during the 1986 spill indicated water levels, winds, and
waves were important factors in determining (1) the total surface area and specific
zones of the reef flat directly exposed to oil slicks, (2) the duration that various zones
were directly immersed in oil, and (3) the resulting mortality of biota on the reef flat.
When the first oil slicks arrived at Punta Galeta in May 1986, low water levels, low
wind speeds, and onshore wind direction caused them to accumulate along the
seaward edge of the reef flat. Low water levels (Fig. 4.6), coinciding with the arrival
of oil slicks, allowed the accumulations of oil to be in direct contact with the biota
at the low elevations at the seaward edge of the reef flat. The effects of oil on the
biota of the reef flat were measured in the quantitative surveys described below. The
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physical conditions determining the direct exposure to oil in May 1986 are compared
with other seasons and years in Cubit and Levings (Chap. 2).

4.4.2 Spatial Cover of the Sessile Biota of the Reef Flat: Surveys of Algae,
Seagrasses, and Sessile Invertebrates

4.4.2.1 Types of Surveys

The reef flat study includes a long-term database of the spatial cover of the
sessile biota on the reef flat at Punta Galeta. The database was derived from three
consecutive sets of surveys conducted between 1970 and 1990, as follows (the names
of the databases are in capital letters).

1. ZONE surveys (1971-1977): percent cover of sessile flora and fauna in various
zones on the reef flat. These surveys were conducted by C. Birkeland, D.
Meyer, A. Reimer, and G. Hendler.

2. CONSURYV surveys (1981-1982, plus two postspill surveys in 1986): percent
cover of sessile flora and fauna in random samples over the entire reef flat.
These surveys were conducted by J. Connor.

3. REDGE surveys (1983-1984, 1986-1990): percent cover of sessile organisms
and volume of Laurencia papillosa bed in transects at the seaward section of
the reef flat (Fig. 4.10). These surveys were conducted by J. Cubit and J.
Burgett.

The surveys of biotic cover included more than 90% of the total reef flat
fauna and flora by the following criteria: biomass, biotic cover, primary producers,
structural components, and builders of the reef flat. The census information includes
location on the reef flat, which allows data to be related among studies and to
patterns of oiling. For the following analyses the databases were restructured to
allow detailed comparisons among surveys, particularly to compare prespill and
postspill data. As described in the following sections, the postspill CONSURV
surveys of the whole reef flat (June and September 1986) indicated oil caused the
heaviest detectable damage along the seaward side of the reef flat, in the zone
sampled most intensively by the REDGE surveys. Thus, the REDGE surveys were
chosen as the primary source of data for the oil spill studies and were duplicated at
additional sites after the spill. The REDGE data were from transects at the seaward
zone of the reef flat, the habitat that received the most direct exposure to oil during
the spill.
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Fig. 410 Map of the reef flat (shaded area) at Punta Galeta showing the positions of the 10 REDGE
and urchin-monitoring transects. The REDGE transects are the 10 thinner, nearly vertical lines near the
upper edge of the reef flat. The urchin transects are the thicker lines.

4.4.2.2 Field Methods

Quantitative Surveys of All Sessile Biota Before and After the 1986 Oil Spill

ZONE Surveys

The percent cover of sessile organisms was measured using a point-intercept
method in 1-m? quadrats, with 25 points in a uniform array per quadrat. There were
20 quadrats per survey in each zone, placed using random x and y coordinates
measured from permanent transect axes in each zone. New random coordinates were
used for each survey. The data used here represent the "coralline zone" and the
"Laurencia zone" (Birkeland et al. 1976).
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CONSURYV Surveys

The percent cover of sessile organisms was measured using a point-intercept
method in 0.5 x 0.5-m quadrats, with 100 points in a stratified-random array in each
quadrat. There were 100 quadrats per survey, placed according to random x and y
coordinates measured from permanent stakes in a grid over the whole reef flat. New
random coordinates were used for each survey.

REDGE surveys

The percent cover of sessile organisms was measured using a point-intercept
method on permanent line transects (criteria for this method are given below). For
permanency, all transects were marked with steel stakes driven deep into the reef
flat. Additional back-up stakes were set at fixed distances from the primary stakes.
The positions of the stakes were mapped by measuring triangulation distances among
stakes and by establishing lines-of-sight to local landmarks. At Punta Galeta there
were 10 transects, with 10 random points per meter (stratified within 0.5 m intervals).
A new arrangement of random points was used for each survey. The axes of the
transects were perpendicular to the shoreline and established at random positions
within 20 m intervals along the shore. The transects began in the "coralline zone"
and spanned the Laurencia papillosa zone. The transects ranged in length from 9 to
21 m (mean = 15.6 m). After the oil spill, five matching transects were established
at each of the three additional sites. These new transects were spaced roughly
equidistantly along the portion of the shoreline that most closely matched the
seaward edge of the Punta Galeta reef flat. The sections of shoreline surveyed at all
four study sites were approximately 100 to 300 m between the first and last transects.
The REDGE surveys were conducted by crawling along the transects on hands and
knees and examining in minute detail the biota beneath each point on the transect
line.

Criteria Used to Measure Percent Cover With the Point-intercept Method

With the point-intercept method, the species present under exact points (not
areas) were recorded as the cover species. In the CONSURYV and REDGE surveys,
organisms attached directly to the substratum (i.e., carbonate rock or sand) were
distinguished from those attached to other organisms. Following standard usage, the
former were recorded as "primary cover” and the latter as "secondary cover." The
values and validity of this field method are well established (e.g., reviews by Grieg-
Smith 1983; Foster et al. 1991).
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Methods of Comparing Data Among the ZONE, CONSURYV, and REDGE Surveys
(1970-1990)

The ZONE, CONSURY, and REDGE surveys were originally designed to
monitor different aspects of the reef flat biota and not to be connected into a
continuous time series. The data are presented here for only one purpose: to
compare population changes within surveys, but not to compare absolute abundances
among surveys. As explained below, the differences in sampling design among the
surveys cause abundances to be averaged over different areas within zones, which
could account for some of the between-survey differences in the absolute abundances
of some species.

To compare the amount of fluctuation recorded within surveys, a database was
constructed that matched the habitats and species groupings on the reef flat as
closely as possible. To construct this database that spans 1970 to 1990, the species
in all the surveys were assigned uniform identification codes and hierarchical
grouping codes. Because the spatial organization of each survey type was different,
subsets of data were extracted that corresponded to the sections of the reef flat
sampled by all surveys in common. The sampling of the ZONE surveys was confined
to transects placed within discrete zones; in contrast, the sampling of the CONSURV
and REDGE surveys was conducted over a continuum spanning various zones. The
organization of the ZONE surveys thus determined the spatial division of the
comparison data extracted from the CONSURY and REDGE surveys. Two of the
zones in the ZONE surveys corresponded to the areas of the reef flat also sampled
by the CONSURYV and REDGE surveys. These were the "coralline zone" and the
"Laurencia zone" shown in Figure 4.2. Of these two zones, the Laurencia zone was
the best represented in all the surveys. Although the CONSURYV surveys used 100
quadrats per survey date, the quadrat positions were randomly dispersed over the
entire reef flat; consequently, relatively few fell in the narrow seaward zones,
particularly in the coralline zone. In this 1970 to 1990 comparison, the bias of small
sample sizes was reduced by averaging the CONSURV data by year for the
Laurencia zone and not using the CONSURY data for the coralline zone.

All data were checked against the original data sheets and reports, and any
errors were corrected. A few errors were found in the published data for the ZONE
surveys, but only the corrected data were used for this report.

4.4.2.3 Results: Spatial Cover of Sessile Organisms
Results for the cover of sessile biota are organized into five parts.
1. Seasonal patterns calculated from the REDGE data.

2. Prespill vs. postspill comparisons using the CONSURYV data.
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3. Broad-scale spatial and temporal changes seen during the 1986 oil spill at
Punta Galeta compared with variations recorded in the ZONE, CONSURY,
and REDGE surveys from 1970 to 1990. Variations recorded before the 1986
spill include possible residual effects of the tanker Witwater spill in December
1968.

4. Fine-scale spatial gradients of change at the seaward section of the reef flat
recorded before and after the oil spill in the REDGE surveys at Punta Galeta
(1983 to 1990).

5. Comparisons of the postspill surveys of the additional oiled and unoiled sites
(1987 to 1990).

Seasonal Variations of the Sessile Biota
Categories of Space Occupancy

Patterns of seasonality for the sessile biota at Punta Galeta were calculated
from the data of the REDGE surveys. These were the longest running surveys that
transected the zone of heaviest oiling and biological damage at the seaward edge of
the reef flat. Four categories of space occupancy accounted for approximately 98%
of the spatial cover in the REDGE data: microalgae, macroalgae, sessile
invertebrates, and bare substratum. Microalgae represents blue-green algae, diatoms,
and other algae too small for identification by naked eye in the field. The
macroalgae consist of all other fleshy and calcareous algae, including the crustose
forms. The sessile invertebrates are those that adhere onto the substratum and have
little or no mobility. Most of these in the study areas were cnidarians (e.g.,
anemones, zoanthids, and stony corals).

Little sandy substratum occurred within the REDGE transects; therefore,
seagrasses only accounted for about 2% of the spatial cover data. To some extent
the categories of bare substratum and microalgae represent a continuum. Truly bare
substratum was a rare and temporary condition, existing for a few days before being
overgrown by microalgae (usually blue-green algae, diatoms, and filamentous green
algae). During the transition, assigning cover to one category or the other depended
on lighting conditions and visual acuity, which were difficult to standardize. To avoid
this ambiguity the two categories have been combined in Figure 4.11.

Seasonal Variation

The spatial covers of the macroalgae and microalgae-bare substratum
categories were highly seasonal (Fig. 4.11). The cover of macroalgae peaked
between November and March, when the reef flat was rarely exposed above water
level in the daytime hours (Cubit et al. 1986, 1989; Fig. 4.5). The cover of
macroalgae progressively decreased with the onset of daytime exposures of the reef
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Fig. 4.11 Seasonality in spatial cover of algae and sessile invertebrates on the seaward portion of the
reef flat at Punta Galeta. The data are monthly means from the REDGE surveys (1983-1990).
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flat during Panama’s wet season (usually beginning around March of each year).
Cover of the microalgae-bare substratum category varied inversely with macroalgal
cover and peaked in mid-year. The cover of sessile invertebrates was much more
stable.

Nearly all the species of macroalgae and sessile invertebrates on the reef flat
were perennials. Seasonal and other reductions in cover of these macrobiota resulted
from mortality caused by exogenous factors, usually physical stresses.

CONSURY Prespill-Postspill Surveys of Biotic Cover on the Full Reef Flat

Two CONSURY surveys of biotic cover were conducted of the whole reef flat
at Punta Galeta in June and September of 1986 for comparison with surveys using
the same sampling design and methods used in the months of June and September
of 1981 and 1982. The data were analyzed in two ways.

1. Overall comparisons. To reduce seasonal bias, the prespill data were lumped
by calendar month (i.e., June and September) and compared by month with
the postspill (1986) data for the same calendar month.

2. Survey-by-survey comparisons. To critically examine differences between the
prespill and postspill surveys, the surveys for each prespill year (1981 and
1982) were compared one-by-one with the 1986 (postspill) data. This exposes
the cases where the weight of one particular survey causes the ANOVAs of
the lumped data ("1981 + 1982") to produce a statistically significant but less
trustworthy effect of the oil.

For these comparisons the reef flat was divided into two primary sections:

1. the seaward edge of the reef flat, which received the heaviest oiling during the
1986 oil spill; this section corresponds to the seaward 50% of the REDGE
transects, and

2. the inside (i.e., interior) section of the reef flat, which received less oil.

Before analyzing the data, a small portion (approximately 15%) of the inside
section of the reef flat adjacent to the channel was excluded for the following
reasons:

1. the amount of oiling was uncertain, and

2. this portion of the reef flat was subjected to other perturbations, including
discharge of sewage and chemicals from the laboratory, disturbances resulting
from the deployment of oil booms, and exposure to solvents and phenolic
chemicals used to clean the booms and other oil spill control equipment.
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Flow patterns through the channel (verified with dye markers) prevented
these chemicals from reaching the other portions of the reef flat.

Seaward Edge of the Reef Flat in June

In the overall comparisons, abundances of the following species or groups of
species were significantly lower after the oil spill in June 1986: crustose coralline
algae, Halimeda opuntia, all macroalgae combined, and all sessile invertebrates and
macroalgae combined (Table 4.24). In the survey-by-survey comparisons, the June
1986 abundances for all categories except Halimeda opuntia were significantly lower
than the abundances in prespill surveys for June. In all June comparisons, no
statistically significant increases of any macrospecies were recorded at the seaward
edge of the reef flat (Table 4.24).

Inside Section of the Reef Flat in June

In the overall comparisons, only the abundance of Halimeda opuntia was
significantly lower after the oil spill (Table 4.2B). However, in these overall
comparisons abundances of the following species or groups of species were
significantly higher after the oil spill: Acanthophora spicifera, all erect fleshy algae
combined, all erect algae combined, and Zoanthus sociatus (Table 4.2B). In the
survey-by-survey comparisons, none of these differences was statistically significant
in every survey-by-survey comparison (Table 4.2B). Unlike the reef flats at Largo
Remo North (see Steger and Caldwell, Chap. 6), Pefia Guapa, and Mina South 1 and
2, beds of the seagrass Thalassia testudinum on the Punta Galeta reef flat did not
markedly decrease after the 1986 oil spill.

Seaward Edge of the Reef Flat in September

In the overall comparisons, abundances of the following species or groups of
species were significantly lower after the spill: crustose coralline algae, Halimeda
opuntia, all macroalgae combined, and all sessile invertebrates, and macroalgae
combined (Table 4.2C). The red alga Acanthophora spicifera showed a statistically
significant increase. All of the above differences were also significant in the survey-
by-survey comparisons, except for the category of "all macroalgae" (Table 4.2C).

Inside Section of the Reef Flat in September

In this category, all changes that are statistically significant are probably not
biologically significant. In all cases of statistically significant increases or decreases,
the 1986 values fell between the values for 1981 and 1982, and the prespill-postspill
differences were only significant because the values for September 1981 were very
different from the values for September 1986 (Table 4.2D). Therefore, the statistical
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Table 42 Comparisons of percent cover of sessile biota at the Punta Galeta reef flat, as measured in
the CONSURY surveys before and after the 1986 oil spill. The set of data labeled 1981 + 1982 was
produced by pooling all quadrats surveyed in the months of June for those years. Differences significant
at P < .05 are bold; "----" signifies insufficient data for test; Crust. cor. = crustose coralline; Sess.
invert./macro. = sessile invertebrates and macroalgae.

Percent Cover Probability
1981 1981 1982 81+82

Biotic + vs. vs. Vs,
Category 1981 1982 1982 1986 1986 1986 1986
A. Seaward Edge, June
Acanthophora spicifera 25 0.7 16 13 8 2 6
Erect fleshy algae 413 384 398 36.6 9 9 9
All erect algae 424 438 431 36.9 i 5 5
Stony corals 0.2 0.2 0.2 0.0 --- ---
Crust. cor. algac 19.6 18.2 18.9 53 001 .001 .000
Halimeda opuntia 10.1 6.6 83 3.2 041 226 046
Laurencia papillosa 299 314 30.7 281 9 T 9
All macroalgae 721 68.6 703 454 003 013 003
Sess. invert./macro. 78.2 721 75.0 478 000 006 001
Palythoa spp. 0.6 0.0 03 0.0 - - -
Zoanthus sociatus 52 31 41 22 6 8 6
N (quadrats) 17 19 36 16
B. Inside Section, June
Thalassia testudinum 18.2 14 16.1 13 2 8 3
Acanthophora spicifera 0.8 04 0.6 2.6 08 026 036
Erect fleshy algae 11.1 11.6 114 17.5 025 07 021
All erect algae 11.6 119 11.7 17.8 031 .08 026
Stony corals 0.1 0.1 0.1 0.0 S5 3 3
Crust. cor. algae 6.4 93 78 77 3 7 7
Halimeda opuntia 83 7.6 8.0 44 018 052 009
Laurencia papillosa 9.5 10.1 9.8 14.0 2 4 2
All macroalgae 26.4 29.1 27.7 311 2 7 4
Sess. invert./macro. 48.1 452 46.7 534 2 06 057
Falythoa spp. 0.0 0.0 0.0 0.1 --- --- ---
Zoanthus sociatus 2.7 15 21 83 057 010 019

N (quadrats) 67 65 132 68
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Table 42 Comparisons of percent cover of sessile biota at the Punta Galeta reef flat, as measured in

the CONSURY surveys before and after the 1986 oil spill (continued).

Percent Cover Probability
1981 1981 1982 81+82

Biotic + Vs. Vs, VS.
Category 1981 1982 1982 1986 1986 1986 1986
C. Seaward Edge, September
Acanthophora spicifera 20 22 21 130 014 018 015
Erect fleshy algae 55.9 74.7 66.3 65.5 3 3 98
All erect algae 56.8 77.8 68.4 65.6 3 2 8
Stony corals 0.0 0.5 03 03 --- ) 9
Crust. cor. algae 16.2 73 11.3 0.8 000 008 000
Halimeda opuntia 6.5 5.6 6.0 03 023 001 000
Laurencia papillosa 451 63.7 55.4 503 S5 2 7
All macroalgae 79.5 90.7 85.7 66.7 2 004 017
Sess. invert./macro. 87.7 95.1 91.8 68.9 04 002 007
Palythoa spp. 2.1 03 11 0.0 --- --- ---
Zoanthus sociatus 41 34 3.7 13 4 6 4
N (quadrats) 17 21 38 12
D. Inside Section, September
Thalassia testudinum 26.2 20.1 232 20.8 3 9 6
Acanthophora spicifera 22 93 58 9.0 001 842 08
Erect fleshy algae 10.5 38.6 245 322 000 5 .03
All erect algae 113 394 253 34.6 000 6 01
Stony corals 0.0 0.2 0.1 0.2 --- 7 6
Crust. cor. algae 11.7 25 71 26 000 S 006
Halimeda opuntia 5.6 4.7 51 34 2 6 3
Laurencia papillosa 78 28.1 179 210 001 3 4
All macroalgae 286 478 382 413 005 2 4
Sess. invert./macro. 59.1 73.1 66.1 71.4 .000 4 1
Palythoa spp. 0.0 0.0 0.0 0.1 6 3
Zoanthus sociatus 3.7 39 38 72 1 2 09
N (quadrats) 67 67 134 72

significance of these comparisons is rejected as showing a biologically significant

effect of the 1986 oil spill.

In summary, the CONSURYV surveys showed that most of the decreases in
biotic cover following the 1986 oil spill occurred at the seaward edge of the reef flat.
Halimeda opuntia, the only exception, decreased over the whole reef flat. At the
seaward edge of the reef flat, the only statistically significant postspill increase was
the proliferation of the fast-growing red alga Acanthophora spicifera. In the interior
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of the reef flat, all statistically significant changes were postspill increases of cover,
but none of these was statistically significant in each survey-by-survey comparison.
More detailed, and longer-term comparisons of the biota at the seaward portion of
the reef flat were made with the data from the REDGE surveys (see below).

ZONE, CONSURY, and REDGE Surveys at Punta Galeta: Changes During the 1986
Oil Spill in Relation to Variations Recorded in the Coralline Zone and Laurencia
Zone Between 1970 and 1990

The primary value of the 1970-1990 data set is to compare changes in
abundances within each type of survey, rather than to compare absolute abundances
among surveys. As will be described in the following sections, some species, such as
corals, coralline algae, and Halimeda opuntia were not uniformly distributed across
the width of the coralline and Laurencia zones. Therefore, the ZONE surveys, which
did not uniformly transect the zones, tended to produce different absolute
abundances than the CONSURYV or REDGE methods. However, methods were
consistent within surveys, and the data from each survey type show the relative
fluctuations of the biota for the survey period.

The spatial variation in oil deposition on the reef flat at Punta Galeta
provided a form of "control” for making prespill and postspill comparisons at this site.
Most of the coralline zone was covered by oil slicks at low tide during the first wk
of the oil spill. The seaward portion (approximately 15%) of the Laurencia zone was
also under oil at low tide, but the rest of this zone extended landward and upward
onto the reef crest (Fig. 4.9), above and beyond the heavy accumulations of oil.

In these two zones nearly all the macrobiota (i.e., the predominant species of
macroalgae and sessile invertebrates) were perennials. Seasonal variations in the
abundances of these groups resulted from mortality caused by external physical
factors, rather than from the endogenous programming of obligate annuals (Fig.
4.11).

In the coralline zone, macroalgae and sessile invertebrates suffered high
mortality: both groups were nearly eliminated from this habitat (Figs. 4.12, 4.13).
This was the greatest reduction in the abundance of macroalgae and sessile
invertebrates recorded in this zone during any preceding or subsequent survey (i.e.,
from 1970 to 1990), including the catastrophic period of low water levels in 1988.

In the Laurencia zone the reduction in the abundance of macroalgae during
the oil spill was marginally the greatest up to that date, but was exceeded during the
stressful period of 1988 (Fig. 4.12). Sessile invertebrates were normally rare in the
Laurencia zone, and the sparse populations showed little effect of either the oil spill
of 1986 or the low water levels of 1988 (Fig. 4.13).

As a group, macroalgae regenerated rapidly in both zones after the oil spill,
regaining prespill abundances within 6 mo after the spill. Macroalgae also exhibited
a similar rapid rate of regeneration after the severe mortalities during the low water
levels of 1988. In both situations macroalgae regenerated from surviving remnants,
with no sign of regeneration from sporelings.
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Fig. 4.12 Percent cover of macroalgae in the coralline and Laurencia zones at Punta Galeta, 1970-1990.
Data for 1981 and 1982 are yearly means + 1 SE from the CONSURY surveys. The solid triangle
marks the time of 1986 Bahia Las Minas oil spill.

As a group, populations of sessile invertebrates in the coralline zone were
much slower to recover from the oil spill and appeared to be in the process of
recovery through the last surveys of 1990 (Fig. 4.13). Like macroalgae, sessile
invertebrates also regenerated from remnants surviving in situ, or fragments washing
in from adjacent zones of greater survivorship. No evidence was seen of regeneration
by means of larval settlement.

The calcareous green alga Halimeda opuntia is one of the main producers of
loose sediment on the reef flat, and was abundant in both the coralline and
Laurencia zones (Fig. 4.14). In the Laurencia zone the abundance of Halimeda
opuntia was near zero in 1970, but increased steadily to about 25% cover by 1974.
Much less variation and no trends were recorded for Halimeda opuntia in the
coralline zone during this same period. As will be discussed later, the Laurencia
zone was the portion of the reef flat most likely exposed to oil during the Witwater
spill of December 1968. Following the 1986 oil spill, populations of Halimeda were
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Fig. 4.13 Percent cover of all sessile invertebrates in the coralline and Laurencia zones at Punta Galeta,
1970-1990. Data for 1981 and 1982 are yearly means + 1 SE from the CONSURY surveys. The solid
triangle marks the time of 1986 Bahia Las Minas oil spill.

reduced much more in the coralline zone than in the Laurencia zone. Recovery in
the coralline zone was slow, and was set back by the stressful conditions of 1988.
However, by 1990 the abundances of Halimeda in both zones equaled or exceeded
prespill abundances in 1983-1984 (Fig. 4.14).

The red macroalga Laurencia papillosa was rare in the coralline zone during
the 1970-1984 period before the 1986 oil spill (Fig. 4.15). After the 1986 spill
Laurencia papillosa became more abundant in the coralline zone, forming a
seasonally fluctuating population there. The dense cover of Laurencia papillosa in
the Laurencia zone decreased between 1970 and 1977. In this zone the reduction in
cover of Laurencia papillosa during the 1986 oil spill was well within the range of
fluctuations seen before the spill, and was less than the reductions during the extreme
low water levels of 1988.

Crustose coralline algae (i.e., Rhodophyta: Corallinaceae) were one of the
main groups of organisms continuously producing the solid carbonate rock of the reef
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Fig. 4.14 Percent cover of calcareous green alga Halimeda opuntia in the coralline and Laurencia zones
at Punta Galeta, 1970-1990. Data for 1981 and 1982 are yearly means + 1 SE from the CONSURYV
surveys. The solid triangle marks the time of 1986 Bahia Las Minas oil spill.

flat. In 1970 these algae formed more than 60% cover in the area then designated
as the coralline zone (Fig. 4.16). Between 1970 and 1973 cover declined to about
30% in the coralline zone. During the 1986 oil spill crustose coralline algae were
nearly eliminated from the coralline zone, but were re-established within a year, and
persisted through the extreme low water levels of 1988 (Fig. 4.16).

In the Laurencia zone, crustose coralline algae were less abundant and more
fluctuating in abundance. The 1986 oil spill appeared to have no effect on the
crustose coralline algae in the Laurencia zone (Fig. 4.16).

On the reef flat, Palythoa (mostly P. caribaecorum) was restricted almost
entirely to the coralline zone, where its abundance increased from near zero in 1970
to about 12% cover in 1984 (Fig. 4.17). During the 1986 oil spill Palythoa was nearly
eliminated. After the 1986 spill populations of Palythoa regenerated primarily from
one source: fragments of colonies washing in from deeper water. No evidence of
growth from small larval stages was observed. The regeneration of Palythoa
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Fig. 4.15 Percent cover of the fleshy red alga Laurencia papillosa in the coralline and Laurencia zones
at Punta Galeta, 1970-1990. Data for 1981 and 1982 are yearly means = 1 SE from the CONSURV
surveys. The solid triangle marks the time of 1986 Bahia Las Minas oil spill.

populations was still in progress as of the last surveys in 1990 and was probably
slowed by mortality during the seasons of low water levels in 1987 and 1988 (Fig.
4.17).

Populations of Zoanthus sociatus in the coralline zone suffered high mortality
in the oil spill of 1986. These populations required about a year to regain
abundances comparable to those present before the spill (Fig. 4.18).

Populations of Zoanthus in the coralline zone had three sources of material
to contribute to regeneration: polyps that survived in situ, fragments that washed in
from deeper water, and fragments that washed in from the Laurencia zone.

From 1970 to 1972, Zoanthus sociatus had been rare in the Laurencia zone,
but afterward formed fluctuating populations, which showed little, if any, effect of the
1986 oil spill (Fig. 4.18).

The second major group constructing carbonate pavement on the reef flat was
the stony corals (mostly Porites spp. and Millepora spp.). ~ On the reef flat, stony
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Fig. 4.16 Percent cover of crustose coralline algae in the coralline and Laurencia zones at Punta Galeta,
1970-1990. Data for 1981 and 1982 are yearly means + 1 SE from the CONSURY surveys. The solid
triangle marks the time of 1986 Bahia Las Minas oil spill.

corals were restricted almost entirely to the coralline zone, where they were
eliminated by the 1986 oil spill (Fig. 4.19). After the oil spill fragments of coral from
surviving colonies in deeper water began washing onto the reef flat, re-establishing
coral populations in the coralline zone. However, the immigrant corals did not
survive the extreme low water levels of 1988, and as of the last surveys of 1990, coral
abundances on the reef flat remained low (Fig. 4.19).

The REDGE Surveys at Punta Galeta: Changes of the Sessile Biota in Relation to
Distance from the Oil Accumulation at the Seaward Edge of the Reef Flat

The transects of the REDGE surveys were started in 1983 to monitor
variations in zonation on the seaward side of the reef flat. The transects began in
the coralline zone (which was heavily oiled during the 1986 spill), crossed the
Laurencia zone and the reef crest, and ended in the area of sediment deposition on
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Fig. 4.17 Percent cover of the zoanthids Palythoa spp. in the coralline and Laurencia zones at Punta
Galeta, 1970-1990. Data for 1981 and 1982 are yearly means + 1 SE from the CONSURYV surveys. The
solid triangle marks the time of 1986 Bahia Las Minas oil spill.

the landward side of the Laurencia zone (Figs. 4.1, 4.2, 4.7, 4.9). After the oil spill,
these surveys were organized so that changes in the sessile biota could be examined
meter-by-meter over the gradient of oiling at the seaward section of the reef flat.
This procedure measured effects of oil at much higher resolution than the other
survey methods on the reef flat. The REDGE surveys were replicated at additional
sites after the oil spill (see next section) and were continued into 1990.

To show the spatial gradient of oil effects at Punta Galeta, the percent cover
data from the REDGE surveys were graphed by 1 m intervals going from seaward
(0 m) to landward. For statistical comparisons each transect was divided into two
zones: (1) the seaward 30%, which was exposed to more direct contact with oil slicks,
and (2) the landward 70%, which received less oil.

As noted in the field observations (Sect. 4.4.1), the mortality of sessile
invertebrates and macroalgae at Punta Galeta (the macrospecies in Fig. 4.20) was
concentrated at the seaward edge of the reef flat, and diminished in the landward
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Fig. 4.18 Percent cover of the zoanthid Zoanthus sociatus in the coralline and Laurencia zones at Punta
Galeta, 1970-1990. Data for 1981 and 1982 are yearly means + 1 SE from the CONSURY surveys. The
solid triangle marks the time of 1986 Bahia Las Minas oil spill.

direction. In June 1986 the percent cover of macrospecies at the seaward 30% of the
transects was lower than in any prespill survey (Fig. 4.20), including the two previous
surveys for the months of June in 1983 and 1984 (Table 4.34). These differences
persisted through September 1986 (Table 4.3D). In the landward 70% of the
transects these June differences were not significant for both prespill surveys (Table
4.3B). However, the rapid increase of macrospecies by September 1986 produced
biotic covers that were significantly higher than in previous Septembers (Table 4.3C).

As described in the field observations, microalgae immediately colonized much
of the substratum vacated by the mortality of macroalgae and invertebrates (the
macrospecies in Fig. 4.20); consequently little open substratum existed after the oil
spill. By the time of the first postspill census, the proliferation of microalgae at the
edge of the reef flat had developed into an opaque, dark, golden-brown felt that
covered nearly all hard substrata (Fig. 4.20); the cover was significantly higher than
any prespill survey (Table 4.34). This mat was composed of the same species found
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Fig. 4.19 Percent cover of all stony corals in the coralline and Laurencia zones at Punta Galeta, 1970-
1990. Data for 1981 and 1982 are yearly means + 1 SE from the CONSURYV surveys. The solid triangle
marks the time of 1986 Bahia Las Minas oil spill.

in the 7 June samples. Diatoms were a principal component, overgrowing both the
substratum and other types of algae. In more sheltered areas blue-green algae, such
as Calothrix, Lyngbya, and Oscillatoria, also formed thick mats, but were absent from
the edge of the reef flat.

In the first postspill survey (June 1986) of the REDGE transects, the
proliferation of microalgae was greatest at the seaward ends of the REDGE transects
and diminished going landward (Fig. 4.20). This was the reverse of the pattern of
zonation for microalgae before the oil spill, and at the seaward ends of the transects,
microalgal cover was much greater than recorded in any of the 16 prespill surveys of
these same transects.

By September 1986 the cover of microalgae had decreased to within the range
of covers measured in the REDGE surveys before the oil spill. In 1988 the extensive
exposures of the reef flat resulted in another bloom of microalgae having greater
total cover than the postspill bloom (Fig. 4.20). The two blooms, however, exhibited



Reef Flat Sessile Biota, Algal-turf Infauna, and Sea Urchins 173

All Macrospecies Microalgae

Land

Sea

100
7%
a 0 ry 0

83 84 85 86 87 88 89 90 91 83 84 85 86 87 88 89 90 91

Year

Fig. 4.20 Prespill-postspill changes in the percent cover and zonation of all macrospecies and microalgae
on the reef flat at Punta Galeta, plotted by meter interval from the seaward edge of the reef flat. The
numbers 0-16 at the left are meter intervals going away from the ocean (0 is closest to the ocean). The
solid triangle on the baseline marks the time of the oil spill. The dashed lines span 1985, when no
surveys were made.



174

Chapter 4

Table 43 Fisher LSD contrasts for biotic cover in the reef edge (REDGE) transects at Punta Galeta
(1983-1990). The contrasts were calculated for species or species groupings showing significant
differences among times in repeated-measures ANOVAs. * = P <,05; NS = not significant. See text

for further explanation.

Contrasts
83+84 83+84

1983 1984 83+84 VS. VvS.

Vs. VS, Vs. 87,88, 87,89,
Biotic Category 1986 1986 1986 89,90 90
A, Seaward 30%, June Surveys
Acanthophora spicifera NS NS NS * *
Erect fleshy algae * * * NS *
Stony corals * * * * NS
Crustose coralline algae * * * NS *
Halimeda opuntia * * * NS NS
Laurencia papillosa * * * NS *
All macroalgae * * * NS *
All erect algae * * * NS *
Sessile invertebrates * * * NS NS
All macrospecies * * * NS *
Microalgae * * * * *
Palythoa spp. * * * * *
Zoanthus sociatus NS * * NS NS
B. Landward 70%, June Surveys
Acanthophora spicifera * * *
Erect fleshy algae * * *
Stony corals NS NS NS NS NS
Crustose coralline algae NS * NS * *
Halimeda opuntia * NS NS NS *
Laurencia papillosa * * * * *
All macroalgae * NS * NS *
All erect algac * * * * *
Sessile invertebrates NS NS NS NS NS
All macrospecies * NS * NS *
Microalgae * * * * *
Falythoa spp. NS NS NS NS NS
Zoanthus sociatus NS NS NS * NS
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Table 43 Fisher LSD contrasts for biotic cover in the reef edge (REDGE) transects at Punta Galeta

(1983-1990; continued).

Contrasts
83+84

1983 1984 83+84 Vvs. 83+84

Vs. vs. Vs. 87,88, vs.
Biotic Category 1986 1986 1986 89 87,89
C. Seaward 30%, September Surveys
Acanthophora spicifera NS NS NS NS NS
Erect fleshy algae NS NS NS * NS
Stony corals NS * * NS NS
Crustose coralline algae NS * * NS NS
Halimeda opuntia * * * * NS
Laurencia papillosa NS NS NS * NS
All macroalgae NS NS * NS *
All erect algae NS NS NS * NS
Sessile invertebrates * * * NS NS
All macrospecies * * * * NS
Microalgae * * * * *
Palythoa spp. * * * * *
Zoanthus sociatus NS NS NS * *
D. Landward 70%, September Surveys
Acanthophora spicifera NS * * NS NS
Erect fleshy algae NS * * * *
Stony corals NS NS NS NS NS
Crustose coralline algae NS * NS NS NS
Halimeda opuntia NS NS NS NS *
Laurencia papillosa NS * * * *
All macroalgae NS * * * *
All erect algae NS * * * *
Sessile invertebrates NS NS NS * NS
All macrospecies NS * * * *
Microalgae NS * NS * NS
Falythoa spp. NS NS NS NS NS
Zoanthus sociatus NS NS NS * *

almost the reverse patterns of zonation. In the 1988 bloom microalgae were least
abundant at the seaward edge of the reef flat and increased going landward (Fig.

4.20).

Microalgal abundance was greatly altered by the postspill bloom of 1986 and
by the postexposure bloom of 1988. As a result, all combinations of statistical
comparisons for the month of June were significant regardless of zone (Table 4.34,
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B). For the month of September all statistical comparisons were significant for the
seaward 30% of the transects, but not the landward 70% (Table 4.3C, D).

In June 1986 the abundance of the fleshy (i.e., noncalcareous) macroalga
Laurencia papillosa was significantly reduced over the width of the REDGE transects
(Fig. 4.21; Table 4.34, B). However, by September 1986 the abundances of this alga
had greatly increased. As microalgae declined after the oil spill, Laurencia papillosa
became more abundant at the seaward edge of the reef flat than it had been in the
16 prespill surveys (as shown by the increased cover of this alga in meters 0 and 1
of the transects in Fig. 4.21).

Before the oil spill the zoanthid Palythoa caribaeorum was found mainly at the
seaward edge of the reef flat, where it was nearly eliminated by the oil spill (Fig.
4.22). As of the last REDGE survey in June 1990, Palythoa had not yet fully
recovered, and postspill abundances in the seaward 30% of the transects were
significantly lower than prespill abundances for the whole survey period (Table 4.34,
C). In the landward 70% of the transects, Palythoa was too rare for meaningful
comparisons of oil spill effects.

While we were conducting these surveys, the zoanthid Palythoa caribaecorum
was observed to recolonize the reef flat via fragments of colonies washing in from
deeper, subtidal habitats. As shown in Figure 4.22, this produced a process of
recolonization that was most rapid in the meter-interval nearest the ocean. This
same process also occurred in the recolonization of the zoanthid Zoanthus sociatus.
In addition, small fragments of Zoanthus colonies survived the oil spill in situ, and
much of the subsequent recolonization of Zoanthus was produced by vegetative
spreading from these fragments. Zoanthus regenerated more rapidly than Palythoa
(Fig. 4.22).

As mentioned previously, stony corals and crustose coralline algae differed in
total mortality during the oil spill and in mode and rate of recolonization after the
spill. Like Palythoa, coral populations of the reef flat were present only in the
seaward zone of heaviest oiling and were eliminated from the reef flat (Fig. 4.23).
Also like Palythoa, corals recolonized from fragments washing in from subtidal
habitats. This produced a slow, sporadic recolonization that did not survive the
extreme low water levels of 1988 (Fig. 4.23). In contrast, crustose coralline algae
were present over the full span of the transects. Significant reductions in the cover
of coralline algae occurred in the seaward 30% of the transects (Fig. 4.23; Table
4.3A4), but these reductions did not remain significant through September 1986 (Table
4.3D). Crustose coralline algae probably regenerated from tissue that survived below
the layers of dead thalli at the surface. The regeneration of crustose coralline algae
required less than a year and occurred uniformly over the entire width of the
damaged area (Fig. 4.23).

Postspill Comparisons of Sessile Biota Among Sites

The lengths of the transects in the REDGE surveys varied according to the
distance required to completely span the Laurencia zone at each transect location.
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Fig. 421 Prespill-postspill changes in the percent cover and zonation of Laurencia papillosa on the reef
flat at Punta Galeta, plotted by meter interval from the seaward edge of the reef flat. The numbers 0-16
at the left are meter intervals going away from the ocean (0 is closest to the ocean). The solid triangle
on the baseline marks the time of the oil spill. The dashed lines span 1985, when no surveys were made.
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Fig. 422 Prespill-postspill changes in the percent cover and zonation of Palythoa caribaeorum and
Zoanthus sociatus on the reef flat at Punta Galeta, plotted by meter interval from the seaward edge of
the reef flat. Note that the vertical scales differ between the two columns of graphs to better show
temporal variations in cover for each group. The numbers 0-16 at the left are meter intervals going away
from the ocean (0 is closest to the ocean). The solid triangle on the baseline marks the time of the oil
spill. The dashed lines span 1985, when no surveys were made.
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Fig. 4.23 Prespill-postspill changes in the percent cover and zonation of stony corals and crustose
coralline algae on the reef flat at Punta Galeta, plotted by meter interval from the seaward edge of the
reef flat. Note that the vertical scales differ between the two columns of graphs to better show temporal
variations in cover for each group. The numbers 0-16 at the left are meter intervals going away from
the ocean (0 is closest to the ocean). The solid triangle on the baseline marks the time of the oil spill.
The dashed lines span 1985, when no surveys were made.
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The width of this zone varied according to the wave exposure and topography of the
reef flat. To compare the REDGE surveys among sites, transect lengths were
standardized, and abundances of sessile organisms were plotted against the percent
of transect length from the seaward end of the transects.

Figure 4.24 compares postspill patterns of microalgal abundance and zonation
over time at all sites with reference to the patterns at Punta Galeta before and
immediately after the oil spill (June 1986). At all sites after the spill, the abundance
and zonation of microalgae in most years was similar to the pattern for Punta Galeta
before the spill. However, the extreme low water levels of 1988 produced a bloom
of microalgae synchronously at all sites (Fig. 4.24). At all sites the zonation of the
natural blooms was not skewed seaward as was the postspill bloom at Punta Galeta
(Fig. 4.24).

Intersite comparisons indicate that fleshy macroalgae in general, including the
predominant species, Laurencia papillosa, had also regenerated at the other oiled site,
Largo Remo, by the time of the first survey in September 1987 (Figs. 4.25, 4.26).
However, during the extreme low water levels of 1988, L. papillosa and other fleshy
macroalgae declined much more at the oiled sites than the unoiled sites, suggesting
the re-establishing populations may have been more vulnerable to natural
disturbances. After 1988, algae regrew again.

Intersite comparisons also indicate that the increased abundance of Laurencia
papillosa and other fleshy macroalgae at the seaward edge of the reef flat at Punta
Galeta (Figs. 4.12, 4.15, 4.21, 4.25, 4.26) may have been part of phenomena not
caused by the oil spill. As of the 1990 censuses Laurencia papillosa and the other
fleshy macroalgae had become more abundant in the seaward portions of the
transects at all sites, both oiled and unoiled (Figs. 4.25, 4.26).

Although corals had been recruiting at the oiled sites via fragments washing
in from deeper habitats, in 1987 and early 1988 corals were still less abundant at the
oiled sites than the unoiled sites (Fig. 4.27). During the extreme low water levels of
1988 coral abundance was reduced at all sites, with near elimination of reef flat
corals at Punta Galeta (Fig. 4.27). In early 1989 recruitment of corals occurred at
all sites except at Punta Galeta, but afterward the decline resumed. As of the last
survey (June 1990), corals had become rare at all sites, oiled and unoiled (Fig. 4.27).
As previously described for Punta Galeta, the other group of reef builders, the
crustose coralline algae, survived much better. As of June 1990 crustose coralline
algae were the principal builders of hard substrata on the reef flats at all sites,
regardless of exposure to oiling (Fig. 4.28).

The major producer of carbonate sediment, Halimeda opuntia, also persisted
at the oiled and unoiled sites, including the period of extreme low water levels of
1988 (Fig. 4.29). Because zoanthids (Zoanthus and Palythoa spp.) were rare at the
unoiled sites, oiled-unoiled comparisons were not appropriate.
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4.4.2.4 Summary and Discussion of Effects on Sessile Biota

The seasonal patterns derived from the detailed, long-term baseline data show
the oil spill occurred during the time of year when the predominant sessile biota,
macroalgae, were at a natural low point in abundance. Therefore, if abundances
during the oil spill had been compared with the overall averages for all prespill
surveys (i.e., the abundances averaged for all months of the year), the results would
have produced the appearance of a strong, detrimental effect of the oil spill, which
would have been false. By making comparisons only within seasons, the seasonal
component is reduced, allowing more reliable comparison of the spatial component
corresponding to the gradient of oiling.

The CONSURY comparisons show that most of the mortality during the oil
spill occurred near the seaward edge of the reef flat, in the area of the REDGE
transects. The higher resolution data of the REDGE surveys demonstrated the
mortality of sessile biota during the oil spill was graded according to the gradient of
oil deposition on the reef flat. In general, algae regenerated faster after the oil spill
than sessile invertebrates. The calcareous green alga Halimeda opuntia, however, was
slow to recover.

The oil reduced the abundance of stony corals on the reef flat at Punta
Galeta, and, in the first all-site census in 1987, stony corals were less abundant at the
oiled sites than the unoiled sites. By June 1990 the abundances of stony corals at
oiled and unoiled sites were approximately equal. The detailed monitoring data for
the biota and physical environment of the reef flats demonstrate that this
convergence in abundance can be clearly attributed to the mass mortality of
organisms at all sites during a very unusual set of low water levels during 1988. The
convergence neither indicates the corals recovered, nor that such mortality is
"normal.”

Spatial patterns of damage and processes of recovery are treated in the
Discussion of this chapter (Sect. 4.4).

4.4.3 Censuses of Sea Urchin Populations

4.4.3.1 Methods

Censuses of sea urchin populations have been part of the long-term
monitoring program at Punta Galeta. Urchins were counted in three permanent
transects in three habitats on the reef flat (Fig. 4.10): at the seaward section of the
reef flat (the "reef-edge transect"), in the intertidal Thalassia bed (the "Thalassia
transect”), and in the back-reef area of coral rubble and loose sediment (the "rubble
transect”). Each transect was 1 m wide by 20 m long (Fig. 4.30). At Punta Galeta
the rubble transect was established in 1971, the Thalassia transect in 1972, and the
reef-edge transect in 1977. In the expanded monitoring program after the spill,
matching transects were established at the three additional sites and first censused
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Fig. 430 Diagram of method of transect sampling used to monitor sea urchin populations. The
permanent transects were 20 m long and 1 m wide. The sea urchins were countedin a1 m by 1 m
quadrat frame, which was divided into 16 subsections for easier counting.

in September 1987. All transects were permanently marked with steel stakes driven
deep into the reef framework. The stakes, including back-up stakes, were mapped
using direct linear measurements and triangulation to local landmarks.

To maintain continuity with the prespill surveys, censuses were made once per
month at Punta Galeta, depending on water conditions. The other sites were
monitored every 3 mo, water conditions permitting, with a minimum of three surveys
per year. Counts were made in a square-meter quadrat placed at each meter interval
of the transect (Fig. 4.30), and data were recorded individually for each quadrat;
consequently, the data include the spatial distribution of sea urchins along the
transect.

The substrata in each square meter were carefully inspected, including sorting
through the overlying vegetation and lifting all pieces of rubble for examination.
Glass-bottomed viewers were used when the transects were covered by water.
However, counts were not made on days with strong wave action and currents over
the transects because manipulation of the vegetation and rubble would have caused
the sea urchins to become dislodged and wash away from the permanent transects.
In addition, reliable counts could not be made when more than 15 cm of turbid water
covered the transects. Vagaries of weather forced repeated rescheduling of surveys,
resulting in much wasted time to complete the surveys of all sites within the same




Reef Flat Sessile Biota, Algal-turf Infauna, and Sea Urchins 189

time period. Inspection of the data from the first two surveys of all sites indicated
that use of 10 instead of 20 quadrats per transect would reliably census sea urchin
populations; therefore, at the new sites, counts were made at every other meter
interval. At Punta Galeta, consistency with the prespill data was maintained by
censusing all 20 m of each transect on all dates.

At Punta Galeta, the sampling schedule was modified slightly during the oil
spill. The first large slicks arrived in the afternoon of 9 May. Forewarned, we
immediately censused the sea urchin populations. The first postspill censuses of the
transects were made on 31 May and 3 June 1986, 23-26 d after the first oil slicks
arrived at Punta Galeta. The censuses were repeated on 19-20 June, 43 d after the
first slicks arrived at this site. The censuses made between 31 May and 3 June at
Punta Galeta were treated as June data in the analyses.

4.4.3.2 Results of Sea Urchin Censuses

The format of the census data allowed changes to be analyzed at various
spatial scales, including fixed 1-m? quadrats within the permanent transects, positions
along the transects, distances of the transects away from the edges of the reef flats,
and the locations of the reef flats sites relative to the oil spill. Changes observed in
the long-term data before the oil spill were used to interpret the changes noted after
the spill in 1986.

Prespill-Postspill Comparisons of Changes in Populations of Sea Urchins at Punta
Galeta

The long-term monitoring of sea urchin populations on the reef flat at Punta
Galeta demonstrated that the abundances of sea urchins varied seasonally, fluctuated
from year to year, and exhibited long-term trends. Figure 4.314-F provides monthly
average abundances for each species of sea urchin in each transect. These averages
were calculated from the data shown in Figures 4.32-4.34; the figures show the time
span of, and gaps in, the data. Echinometra lucunter, Echinometra viridis, and
Echinoneus cyclostomus normally reached maximum abundances during the middle
of the year (Panama’s wet season), while most of the other species reached maximum
abundances around the beginning of the year (Panama’s dry season) and completely
disappeared in the middle of the year (Fig. 4.314-F). Thus, the absence of
Lytechinus variegatus and Tripneustes ventricosus on the reef flat in the months
immediately following the oil spill was most likely a result of this natural seasonal
variation, and not a result of the oil. Populations of Diadema antillarum and
Eucidaris tribuloides, normally rare during the months of the oil spill, had declined
in the years before the oil spill, thus precluding conclusions regarding effects of the
1986 oil spill on these species (Figs. 4.32-4.34).

When oil slicks arrived at Punta Galeta in May 1986, Echinometra lucunter
was the most abundant sea urchin on the reef flat, followed by Echinometra viridis
and Echinoneus cyclostomus. In addition, recruitment was underway for all three
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Fig. 431 Seasonal patterns of variation of sea urchin populations in the three permanent transects on
the reef flat at Punta Galeta. A. Echinometra lucunter. Each filled bar is the monthly mean; the error
bar is + 1 SE. These patterns have been calculated from data collected over the following periods: reef-
edge transect (1977-1991); Thalassia transect (1972-1991); rubble transect/mid-reef (1971-1991). Within
these periods, data are missing for some species in some years. The actual dates of sampling for each
species in each transect are shown as the data points in Figures 4.32-4.34. Note that the scales of the
vertical axes differ to better show changes over time.
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Fig. 431 Seasonal patterns of variation of sea urchin populations in the three permanent transects on
the reef flat at Punta Galeta (continued). B. Echinometra viridis. See Figure 4.314 for explanation of
graph format.
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Fig. 431 Seasonal patterns of variation of sea urchin populations in the three permanent transects on
the reef flat at Punta Galeta (continued). C. Eucidaris tribuloides and Echinoneus cyclostomus. The
only significant populations of these two species occurred in the permanent reef-edge transect. See
Figure 4.314 for explanation of graph format.



Reef Flat Sessile Biota, Algal-turf Infauna, and Sea Urchins 193

04 - Reef—edge Transect

02

00 -~

7 - Thalassia Transect

[ yltechinus variegalus per me

o5 - Rubble Transect

00 -
Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec
Month

Fig. 431 Seasonal patterns of variation of sea urchin populations in the three permanent transects on

the reef flat at Punta Galeta (continued). D. Lytechinus variegatus. See Figure 4.314 for explanation
of graph format.
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Fig. 431 Seasonal patterns of variation of sea urchin populations in the three permanent transects on
the reef flat at Punta Galeta (continued). E. Tripneustes ventricosus. See Figure 4.314 for explanation
of graph format.
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Fig. 431 Seasonal patterns of variation of sea urchin populations in the three permanent transects on
the reef flat at Punta Galeta (continued). F. Diadema antillarum. See Figure 4.314 for explanation of
graph format.
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Fig. 432 Monthly population densities of sea urchin populations in the reef edge transect at Punta
Galeta, 1977-1991. A. Lytechinus variegatus, Echinometra lucunter, and E. viridis. The data are means
+ 1 SE of counts in the 20 square-meter quadrats for each survey date. The solid triangle marks the
arrival of the first oil slicks at Punta Galeta in May 1986. Note that the scales of the vertical axes differ
to better show changes over time.

species, and their populations had been increasing for several months before the spill
(Figs. 4.32-4.34). (Recruitment here refers to the arrival of small urchins,
approximately 0.5 cm test diameter, which had recently settled from the plankton.)

Changes in the abundances of these sea urchins during the spill corresponded
to their position on the reef flat relative to the accumulation of oil along the seaward
border of the flat. In the time-series graphs the largest apparent decrease in the
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Fig. 432 Monthly population densities of sea urchin populations in the reef edge transect at Punta
Galeta, 1977-1991 (continued). B. Diadema antillarum, Eucidaris tribuloides, Tripneustes ventricosus, and
Echinoneus cyclostomus. See Figure 4.324 for explanation of graph format.
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Fig. 433 Monthly population densities of sea urchin populations in the Thalassia transect at Punta
Galeta, 1972-1991. A. Lytechinus variegatus, Echinometra lucunter, and E. viridis. The data are means
* 1 SE of counts in the 20 square-meter quadrats for each survey date. For standardization, the data
for all species have been plotted on axes for 1972-1991; blank spaces in the graphs indicate periods of
no records for that species, including species other than L. variegatus during 1972-1977. The solid
triangle marks the arrival of the first oil slicks at Punta Galeta in May 1986. Note that the scales of the
vertical axes differ to better show changes over time.
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Fig. 433 Monthly population densities of sea urchin populations in the Thalassia transect at Punta
Galeta, 1972-1991 (continued). B. Eucidaris tribuloides, Tripneustes ventricosus, Diadema antillarum, and
Echinoneus cyclostomus. See Figure 4.334 for explanation of graph format.
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Fig. 434 Monthly population densities of sea urchin populations in the rubble transect at Punta Galeta,
1971-1991. A. Lytechinus variegatus, Echinometra lucunter, and E. viridis. The data are means + 1 SE
of counts in the 20 square meter quadrats for each survey date. For standardization, the data for all
species have been plotted on axes for 1971-1991; blank spaces in the graphs indicate periods of no
records for that species. The solid triangle marks the arrival of the first oil slicks at Punta Galeta in May
1986. Note that the scales of the vertical axes differ to better show changes over time.
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Fig. 434 Monthly population densities of sea urchin populations in the rubble transect at Punta Galeta,
1971-1991 (continued). B. Diadema antillarum, Eucidaris tribuloides, Tripneustes ventricosus, and
Echinoneus cyclostomus. See Figure 4.344 for explanation of graph format.
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Echinometra populations was in the reef-edge transect (Fig. 4.32). Lesser decreases
occurred in the Thalassia transect, 26 m directly landward of the reef-edge transect.
The abundances of the two Echinometra species in the rubble transect increased.
The only significant populations of Echinoneus cyclostomus were in the reef-edge
transect, where populations were reduced to near zero during the spill (Figs. 4.32-
4.34).

To compare May-to-June 1986 changes in Echinometra populations with
changes seen in the same period of other years, June populations were regressed on
May populations of the same year. In any year, June populations are necessarily
dependent on the population of the immediately preceding May, and changes due to
recruitment and mortality occurring over the intervening month. Thus, the regression
establishes an expected population in June relative to the population existing a
month earlier in the same location. As a conservative test of the hypothesis that oil
caused changes in Echinometra populations, the data for May and June 1986 were
included in the regressions. In the reef-edge transect, which was nearest the heavy
deposition of oil at the seaward edge of the reef flat, the decreases in populations of
both Echinometra species from May to June 1986 appeared as points falling below
the 95% confidence intervals (Fig. 4.35). Although the two Echinometra species also
decreased in the Thalassia transects between May and June 1986, the decreases were
less than the established norm for other years, as shown by the regression line. In
the rubble transect, populations of both species increased from May to June 1986,
even though oil was still coming ashore.

While weathered oil slicks were still present over the reef flat in the months
following the spill, Echinometra lucunter resumed recruitment in the reef-edge and
rubble transects, Echinometra viridis resumed recruitment in the Thalassia and rubble
transects, and Echinoneus cyclostomus resumed recruitment in the reef-edge transect
(Figs. 4.32-4.34).

Spatial differences in recruitment suggested a residual effect of the oil, as
illustrated by the most abundant species, Echinometra lucunter. In the reef-edge
transect after the oil spill, recruitment of this species was much reduced relative to
previous years in the square-meter quadrats nearest the zone where oil had
accumulated. Before the oil spill, timing of recruitment of E. lucunter was generally
synchronized among the 20 quadrats of the reef-edge transect, producing the
periodic, simultaneous increases of urchin populations shown in the 20 stacked graphs
of Figure 4.36. In addition, during these events recruitment was relatively high in the
quadrat nearest the ocean (Fig. 4.36). However, in the months following the spill,
recruitment failed in this quadrat, but resumed in the quadrats farther from the
seaward border of the reef flat (Fig. 4.36).

The distribution of Echinometra lucunter along the transects at Punta Galeta
was also examined for indications that immigration and emigration of adult urchins,
rather than recruitment of larvae and mortality of adults, could have explained the
periodic changes in abundance, including the changes following the 1986 oil spill.
Periods of change similar in magnitude to the change during the 1986 oil spill were
chosen for comparison with the change in mid-1986. The monthly changes in spatial
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Fig. 435 The relationships between May and June populations of Echinometra spp. during the 1986 oil
spill compared with the relationships between May and June populations of other years. Each data
point represents a May-June combination for the same year. The data points for the prespill years are
shown as open circles, for 1986 as solid triangles, and for the postspill years as solid circles. The 6
pointed stars mark the solid circles for 1988, the year of severe exposures of the reef flat above water
level, The curved lines are 95% confidence intervals on each side of the regression line for each year’s
June population on the preceding May population. The years of data for each species and transect are
shown by the data points in Figures 4.32-4.34. Each transect is shown separately (Edge = reef-edge
transect; Thal = Thalassia transect; Rubl = rubble transect).
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Fig. 436 Time series of changes in the populations of the sea urchin Echinometra lucunter in each fixed
1-m? quadrat of the reef-edge transect at Punta Galeta from 1977 through 1990. The transect was
oblique to the shoreline, and the quadrat at the bottom of the graph was nearest the seaward edge of
the reef flat. The solid triangle marks the arrival of the first oil slicks at Punta Galeta in May 1986.
Note that recruitment events were generally synchronized among quadrats and that recruitment in the
seaward quadrat accompanied overall recruitment events, except immediately after the spill.
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distributions of urchins along the transects in 1986 and other years did not show

shifts that would correspond to population migrations in and out of the transects (Fig.
4.37).

Postspill Comparisons of Sea Urchin Populations Among Sites

The graph comparing the total populations of all species of sea urchins among
the four sites summarizes the most apparent difference among them: all species of
sea urchins were consistently rare at Largo Remo, the oiled site nearest the refinery
(Fig. 4.38). During the urchin censuses at this site, no recruitment of juvenile urchins
was observed. This absence of sea urchins did not exist at the other oiled site (Punta
Galeta), nor at the two unoiled sites (Maria Soto Arriba and Maria Soto Abajo).

With the possible exception of Lytechinus variegatus, the multi-site surveys
showed no apparent additional effects of oil on sea urchin populations (Fig. 4.394-
G). In the reef-edge transects, Lytechinus variegatus remained near zero at Punta
Galeta for about 3 yr after the oil spill, but this species was seasonally abundant at
the unoiled sites (Fig. 4.394). However, multi-year declines of this species have also
occurred before in the reef-edge transect at Punta Galeta (Fig. 4.324). In the
Thalassia and rubble habitats, no exceptional differences existed in the abundance
of Lytechinus variegatus between Punta Galeta and the two unoiled sites (Fig. 4.394).

4.4.3.3 Summary and Discussion of Results of Sea Urchin Censuses

The detailed baseline data for sea urchin populations at Punta Galeta showed
that after the oil spill the abundances of Lytechinus variegatus, Eucidaris tribuloides,
Tripneustes ventricosus, and Diadema antillarum were much lower than the overall
prespill mean. However, for each of these species, the low postspill abundances
could be explained by (1) normal seasonal reductions that occur each year at the
time when the spill also occurred (Fig. 4.314-F) or by long-term trends that were in
progress before the 1986 spill. Abundances of the two Echinometra species, E.
lucunter and E. viridis, did show detectable decreases in the reef-edge transect (Fig.
4.35), the transect nearest the heavy deposition of oil at the seaward edge of the reef
flat. Anomalous reductions of recruitment after the spill also occurred in the
seaward portion of the transect. However, such changes in recruitment did not occur
after mortality caused by the extremely low water levels of 1988 (Fig. 4.36), which
suggests some persistent factor on the substratum, not heavy mortality per se, could
have affected recruitment after the oil spill. Such a factor (or factors) could also
have been responsible for the very low abundances of sea urchins in all surveys at
Largo Remo. This possibility is covered in more detail in the general discussion
below (Sect. 4.5).
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Fig. 437 Examination of spatial distributions of Echinometra lucunter populations for evidence of
migrations. Data are from the reef-edge transect at Punta Galeta (quadrat 1 is nearest the ocean). The
periods of change chosen for comparison are marked as A4, B, and C on the time-series graph (top).
The spatial distributions for each survey date during these changes are shown as the histograms below
each letter. The date of each survey is shown as a four-digit year-month. The solid triangle marks the
arrival of the first oil slicks at Punta Galeta in May 1986.
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Fig. 4.38 Intersite comparison of total populations of all species of sea urchins in all transects. The data
are means and standard errors. GAL = Punta Galeta, LAR = Largo Remo, MSU = Maria Soto
Arriba, MSD = Maria Soto Abajo.
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Fig. 4.39 Intersite comparison of populations for each species of sea urchin in each transect. A.
Lytechinus variegatus. The data are means and standard errors. Transect names are shown at fop
(Edge = reef edge); GAL = Punta Galeta, LAR = Largo Remo, MSU = Maria Soto Arriba,
MSD = Maria Soto Abajo.
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Fig. 439 Intersite comparison of populations for each species of sea urchin in each transect (continued).
B. Echinometra lucunter. See Figure 4.394 for explanation of graph format.
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Fig. 439 Intersite comparison of populations for each species of sea urchin in each transect (continued).
C. Echinometra viridis. See Figure 4.394 for explanation of graph format.
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Fig. 4.39 Intersite comparison of populations for each species of sea urchin in each transect (continued).
D. Echinoneus cyclostomus. See Figure 4.394 for explanation of graph format.
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Fig. 4.39 Intersite comparison of populations for each species of sea urchin in each transect (continued).
E. Diadema antillarum. See Figure 4.394 for explanation of graph format.
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Fig. 439 Intersite comparison of populations for each species of sea urchin in each transect (continued).
F. Tripneustes ventricosus. See Figure 4.394 for explanation of graph format.
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Fig. 439 Intersite comparison of populations for each species of sea urchin in each transect (continued).
G. Eucidaris tribuloides. See Figure 4394 for explanation of graph format.
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4.4.4 Infaunal Populations of the Laurencia papillosa Turf: Postspill Comparisons
Among Sites

4.4.4.1 Methods

To detect loss of infauna caused by the 1986 oil spill, infaunal populations
were sampled at the oiled and unoiled sites after the spill. This is the only
component study of the reef flat studies with no matched prespill data.

Infaunal sampling was designed to compare the following aspects of the
infauna of Laurencia turf between the oiled and unoiled sites: (1) the types,
abundances, and zonal distribution of the infauna, and (2) changes in these aspects
of infaunal populations with time after the oil spill.

Sampling was performed approximately every 6 mo in the same zones of
Laurencia papillosa surveyed as part of the monitoring of the sessile biota. Core
samples were taken using a hand sledge to drive a stainless-steel pipe 5.2 cm in
diameter (21.2 cm? area) through the algal turf into the hard substratum of the reef
flat. To assure a complete core of the algal layer, cores were rejected if a plug of
hard substratum was not present at the base of the core. The cores were located
along five transect lines perpendicular to the shoreline (Fig. 4.40). The transects
were randomly placed for each sampling, and the positions of the transects were
recorded to avoid repeated sampling at the same location later. Samples were taken
in triplicate clusters, repeated at four positions on each transect. The first position
was at the seaward edge of the L. papillosa zone. The remaining positions were 2,
4, and 6 m from the seaward edge of the L. papillosa zone going in a landward
direction (Fig. 4.40). Each core sample was taken in the densest portion of the L.
papillosa turf within the same 50 x 50 cm quadrat, maximizing the distance among
samples. If the algal turf did not exist within the designated location, the position
was moved laterally (parallel to the shoreline) to the nearest area of algal turf.
Where the algal zone was less than 6 m wide, a landward set of samples was not
taken. To avoid interference, no samples were taken near the permanent transects
used to monitor sessile biota and sea urchin populations. The samples were sealed
in plastic bags with labels showing the position, site, and date of collection. The
samples were preserved on the day of collection; some samples were initially frozen.
All samples were fixed in 5% formalin buffered with sodium borate. After sorting
and counting, the infauna were archived in 75% ethanol.

Two samples from each triplicate were processed per site for each sampling
date, making a total of 40 samples processed for each site on each date. In the
following presentation of results, all population densities are expressed as animals per
unit area of algal turf. As will be discussed later, the total population densities per
unit area of reef flat is a product of both the densities in the algal turf and the total
cover of algal turf,

The samples were stained with rose bengal to assist distinguishing animals
from debris. In the laboratory algae, substratum, and infauna were separated. A
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Fig. 440 Sampling scheme for the infauna of Laurencia papillosa beds. Samples were taken along a
transect placed at a random distance from the permanent REDGE transects. The samples were taken
in clusters of three; each cluster was 2 m apart, with the first cluster at the seaward edge of the
Laurencia bed. In the data, the positions of the clusters are referred to as zones 1 to 4, as shown in the
diagram. See text for further explanation.

stream of running water was used to wash the infauna from the sample, and any
remaining animals were picked from the algal turf during examination under a
dissecting microscope. The infauna processed were large enough to be retained by
a sieve of 0.5-mm plankton netting.
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The type of substratum and species of predominant macroalgae in the turf
were recorded, and these materials were dried and weighed. At this first level of
processing, infauna were separated into major taxonomic groups (usually Order).
Except for polychaetes, all invertebrates were counted and their length measured.
Because polychaetes tended to be in fragments and were elastic, no linear
measurement proved satisfactory to quantify their abundance. Instead, only
specimens with heads were counted and the width of the first segment behind the
head was used as a measure of size. Although records were kept of all infauna, the
data reported here are for the mobile infauna only. Anemones, zoanthids, sponges,
and other sessile invertebrates are not included in the data from the infauna core
samples, but are included in the more comprehensive biotic cover data of the ZONE,
CONSURY, and REDGE surveys, described above.

To reduce possible systematic biases that could be contributed by the
processors of samples, all processors shared the effort of processing the samples for
all sites and dates. In addition, samples were processed in two rounds: one sample
of every triplicate was processed for all dates and sites available before proceeding
to the second sample of the triplicate.

Counts and length measurements were rechecked by repeated processing of
random samples and by statistical comparison of data according to processor. In this
screening, one of the three primary processors was found to have measured
polychaetes and crustaceans in a manner that produced a slight, but statistically
significant, difference in her set of samples. The assortment of samples among
processors, as described above, made it unlikely that this difference would bias the
results of the oiled-unoiled comparisons; nonetheless, to have maximum confidence
in the data, all polychaetes and crustaceans measured by this processor were
remeasured and recounted. The data were then reanalyzed for biases and no
subsequent indications of bias were found.

Populations of infauna in beds of the alga Laurencia papillosa were sampled
on six dates after the oil spill, from 1987 to 1990. The sampling underway in late
1989 was interrupted by warfare, with only one oiled and one unoiled site completed,;
therefore, a complete set of samples for all sites was taken again in April 1990. To
maintain equal sample sizes for all sites, the following analyses were limited to the
five complete sampling periods and did not include the partial sampling from late
1989.

4.4.4.2 Results and Discussion of Infauna Surveys

The total count of infauna averaged approximately 11 animals per cm? of algal
turf for all 800 samples combined (all sites and dates). Isopods, amphipods, tanaids,
gastropods, and polychaetes comprised most of the infauna. In all these major
groups the highest abundances of animals were in the smallest size category (0.5 to
0.99 mm; Fig. 4.414-F). Isopods and amphipods tended to be more abundant in
zone 1, the zone nearest the sea; the other groups showed little or no patterns of
zonation (Fig. 4.414-F). Polychaetes and crustaceans as a group (including tanaids,
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Fig. 4.41 Populations of infauna of Laurencia papillosa turf compared by oil condition of site, size class,
and zone on the reef flats. A. Isopods. The solid circles are means for the two oiled sites (Largo Remo
and Punta Galeta); the open circles are means for the two unoiled sites (Maria Soto Arriba and Marfa
Soto Abajo). Zones are listed at fop, size classes are shown at right. Note that scales of abundance
(vertical axes) differ among size classes to better show changes over time.

isopods, and amphipods) tended to increase with time at all sites, peaking in the 1989
or 1990 samples, as summarized in Figure 4.42. Gastropods only showed this pattern
at the oiled sites (Fig. 4.42).

When the sampling began approximately 15 mo after the oil spill, tanaids were
the only major group to show clearly lower populations at the oiled sites. In
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Fig. 4.41 Populations of infauna of Laurencia papillosa turf compared by oil condition of site, size class,
and zone on the reef flats (continued). B. Amphipods. See Figure 4.414 for explanation of graph

format.

September 1987 populations of tanaids in most size classes and zones were near zero
at the two oiled sites (Figs. 4.41C, 4.42). Regeneration of tanaid populations was
first recorded at the Largo Remo site in late 1988, but was not recorded at Punta
Galeta until the last set of samples (April 1990). In the April 1990 sampling, tanaids
were much less abundant at the oiled sites than the unoiled sites, even though
tanaids also exhibited an extraordinary drop in abundance at the "unoiled" sites
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Fig. 4.41 Populations of infauna of Laurencia papillosa turf compared by oil condition of site, size class,
and zone on the reef flats (continued). C. Tanaids. See Figure 4.414 for explanation of graph format.

between October 1988 and April 1989. This drop corresponded to the appearance
of fresh heavy fuel oil in sediment samples taken at Dos Marias reef, approximately
7 km upwind from the "unoiled"” sites (K. Burns, pers. comm., Sect. 3.5.1).

The other two major groups of infaunal crustaceans (isopods and amphipods)

did not show these patterns over time, and by 1990 they were more abundant at the

oiled sites than the unoiled sites.

As a group, gastropods tended to be more

abundant at the oiled sites than the unoiled sites at all sampling dates (Fig. 4.42).
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Fig. 4.41 Populations of infauna of Laurencia papillosa turf compared by oil condition of site, size class,
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Population densities of infauna were compared with the percent cover of algal
turf to test the hypothesis that infauna concentrated in the surviving algal turf when
turf covers were low. In Figure 4.43 infaunal counts per cm® of algal turf were
plotted against the cover of algal turf. In these plots each point represents the mean
density of the infaunal type in a given zone, at a given site, on a given date versus
the mean percent cover of Laurencia papillosa in the same zone, site, and nearest
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Fig. 4.41 Populations of infauna of Laurencia papillosa turf compared by oil condition of site, size class,
and zone on the reef flats (continued). E. Polychaetes. See Figure 4.414 for explanation of graph
format.

survey date. (The nearest survey date for cover of sessile biota was usually within
a month of the sampling for infaunal populations.) As summarized for the three
major groups of infauna, there was no apparent relationship between densities of
infauna and percent cover of algal turf; in particular, no sign of infaunal densities
increasing at low algal covers existed (Fig. 4.43).
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Fig. 4.41 Populations of infauna of Laurencia papillosa turf compared by oil condition of site, size class,
and zone on the reef flats (continued). F. Total crustaceans (isopods, amphipods, tanaids, crabs, and
stomatopods). See Figure 4.414 for explanation of graph format.

For most groups of infauna, the maximum populations were in the zone
closest to the ocean. This zone was awash in oil during the low tides of May 1986
when oil slicks came ashore. Most of the turf of Laurencia papillosa in this zone was
killed back to remnants of basal tissue, eliminating the normal habitat for infauna.
The June 1986 samples of microalgal mats that quickly colonized this zone did not
contain any of the amphipods, isopods, tanaids, gastropods, or polychaetes that



224 Chapter 4

~ Tanaids
I Legend
& LAR
® GAL
2 4
g MSD
© A msu
g
|
>
= o : : . .
[
O _ Isopods 4 Gastropods
N
&
O
D
O 11 2 4
D
©
=
<C( O T T T 1 O —
3- Amphipods - Polychaetes
2 4
37
1 4
O T T T 1 0.0 T T T il
87 8 89 90 91 87 88 89 90 91
Date

Fig 4.42 Summary comparisons of infaunal populations at oiled and unoiled sites. As shown in the
legend at the upper right, each symbol represents a site; solid symbols are oiled sites, open symbols are
unoiled sites. Solid lines connect mean values for the pair of oiled sites, dashed lines connect mean
values for the pair of unoiled sites.
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postspill surveys indicated were probably abundant in this zone before the oil spill.
If any of the original infauna from this zone survived the oil spill, they would have
had to (1) avoid prolonged immersion in the oil that replaced seawater in this habitat
and (2) found refuge in another habitat until the algal turf regrew. However, despite
the severe loss of primary habitat and any mortality caused by the oil, the first
infaunal samples (15 mo after the spill) showed abundances of most infaunal groups
at the oiled sites were equal to or greater than abundances at the unoiled sites.
As a group, tanaids were the only group of infauna to show consistent
indications of a deleterious effect of oil. In the samples (1987 and 1988), tanaids
were much less abundant at the original oiled sites than original unoiled sites (Figs.
441C, 442). In 1989 tanaid populations declined at the original unoiled sites,
corresponding to another oiling event. This was probably not caused by the severe
low tides of mid-1988 because (1) tanaid populations persisted through this stress at
Largo Remo and Maria Soto Arriba (LAR and MSU, respectively, in Fig. 4.42.
Tanaids are probably more vulnerable to oil effects because of the following factors.

1. The exoskeletons of tanaids are probably susceptible to fouling by oil. In
laboratory observations, tanaids were found to have strongly hydrophobic
(water-repellant) exoskeletons. When sorted from algal mats under water, the
living tanaids appeared to have dry surfaces and became trapped on the
surface tension of the water, as though they were small shavings of paraffin
(J. Cubit, pers. obs.). Oil does not readily adhere to wet surfaces, but readily
adheres to waxy, hydrophobic surfaces. Regardless of any toxic effects, this
probably put these small animals at the strong disadvantage of being fouled
by oil in their environment. Although some other crustaceans may have waxy
components in their cuticles, the exoskeletons of most crustaceans are
hydrophilic (wettable), and the layer of surface water probably provided some
protection against being coated with oil.

2. Tanaids appear to be mainly predators and filter feeders (Schram 1986).
Recovery of predatory tanaids would necessarily lag the re-establishment of
prey species, and the water-pumping activities of filter-feeding tanaid species
would have increased their exposure to oil in the environment.

Consistent with the postulated greater sensitivity of tanaids to oil, populations
decreased at the "unoiled” sites between October 1988 and April 1989, while oil was
detected in sediment samples from Dos Marias reef, a location upwind from these
sites. These sediment samples were collected in mid-December 1988, and GC
analyses showed the presence of volatile fractions, indicating the oil was relatively
fresh (K. Burns, pers. comm., see Sect. 3.9). In addition, surveys of invertebrates in
subtidal seagrass beds indicated that tanaids were one of the groups most negatively
affected by oil (Marshall et al., Chap. 10).

In the period of the infaunal surveys of the reef flat (September 1987 to April
1990), the results for other groups of infauna were also similar to the surveys of
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subtidal seagrass beds: populations of isopods, amphipods, and gastropods in the core
samples at oiled sites were approximately equal to, or greater than, populations at
unoiled sites. The relationship of repopulation of infauna to regeneration of algal
beds is discussed in more detail in the general discussion at the end of this chapter
(Sect. 4.5).

4.5 Discussion and Conclusions
4.5.1 General Discussion

Applying the results of this oil spill to other potential spills should be done on
the basis of (1) the cause-and-effect processes that produced the spatial patterns and
severity of damage, and (2) the factors that determined rates of recovery. Effects of
this oil spill depended on a combination of many factors, including oil type, weather,
sea conditions, and topography of the shoreline, all of which can vary from spill to
spill. Therefore, absolute measures from this oil spill such as total damage or
recovery rate have little valid application by themselves to other spills. As explained
below, results of this study indicate effects of the 1986 Bahia Las Minas oil spill
would have been predicatably different under other conditions of weather, sea state,
and shoreline topography. Depending on conditions at the time of the spill, another
spill at the refinery in Bahia Las Minas with an identical quantity of the same crude
oil could cause biological damage very different in spatial pattern, severity, and
recovery time. As explained below, a spill of the same type and quantity of oil under
certain other conditions could spare the reef flat biota that suffered high mortality
in the 1986 spill, but cause long-lasting damage to organisms that were little affected.

The dependence of damage on environmental conditions at the time of an oil
spill is particularly important in using case studies to formulate policies regarding oil
spills. This dependence, however, is often overlooked. Regarding the long-term
implications of this spill, one of the observations made during this study is that it is
common for research scientists, government officials, and oil industry representatives
assume without reservation that (1) the absolute measures of damage and recovery
recorded as effects of one spill are useful by themselves to estimate the effects of
other oil spills in equivalent habitats, and (2) these estimates can be used without
adjustment to determine plans and policies regarding oil spill risk and oil spill
control. As discussed below, application of a particular case study to predicting oil
spill effects and response planning can be made more comprehensive by including
the predictable variations in oil movement and deposition that would occur under the
full ranges of physical variables expected for the sites of application.

In the first surveys after the 1986 oil spill, the magnitude of changes in the
reef flat biota at Punta Galeta coincided with the spatial pattern of direct deposition
of oil on the reef flat: the greatest reductions in the abundances of invertebrates and
macroalgae were at the lowest intertidal levels at the seaward edge of the reef flat,
where oil accumulated during the extreme low tides of May. Much less damage
occurred at higher tidal levels (on the reef crest) and in back-reef flat habitats.
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These patterns of mortality coinciding with deposition of oil indicate that the primary
cause of the initial mortality was direct contact with oil slicks and not a widespread,
toxic effect of oil mixed in the water.

The exposure of the biota of reef flats to direct contact with oil depended on
factors such as wind direction, wind speed, water level, wave action, topography of
the reef flat, and zonation of the biota. The heavy deposition of oil along the
seaward edge of reef flats was determined by the combination of onshore winds,
seasonally low mean water levels, seasonally low tides, and relatively little wave
action. During low tides the raised barrier formed by the reef crest protected the
back-reef flat from the accumulating oil. On the rising tide at Punta Galeta, oil did
not float over the reef crest until the back reef was underwater. This caused oil to
float over the substrata and biota of the back reef and then exit through drainage
channels at the back of the reef flat.

Differences in zonation patterns can account for many of the differences in
proportional mortality among the various groups of organisms after the 1986 oil spill.
Most of the reef flat populations of stony corals and the zoanthid Palythoa spp. were
located at the seaward edge of the reef flat, which was the zone of highest mortality
for all species. The populations of stony corals and Palythoa spp. on the reef flat
were therefore almost eliminated by the oil spill. Another zoanthid, Zoanthus
sociatus, was also common in this seaward zone, but survival of the Zoanthus
population in the higher intertidal areas of the REDGE transects maintained a
substantial population during the 1986 oil spill. At Punta Galeta, all the seagrasses
of the reef flat (mostly Thalassia testudinum) were located on the back reef, where
they were protected from the oil. These seagrasses showed no statistically significant
reduction after the oil spill. However, oil did accumulate on the back-reef zones of
other, nearby reef flats, causing extensive loss of Thalassia beds there.

Effects of the oil were concentrated on the part of the reef flat that probably
supported the highest rates of productivity (Kinsey 1983; Hatcher 1988; Fig. 4.1).
Algae, which account for much of the productivity, regenerated rapidly. However,
the severity of effects would have depended on the consequences of (1) the lost
period of full primary productivity, and (2) the lost period of full secondary
productivity by the infauna and other fauna, which depend on algal beds for both
forage and shelter. The ecological information available for reef flats is too meager
to determine the effects of these losses. Without this information, assessment of total
damage is not possible.

Processes of oil deposition and resulting mortality of reef flat biota were used
to predict (i.e., hindcast) the widely different patterns of oil deposition and biological
damage during the December 1968 spill of diesel oil and Bunker C oil from the
Witwater (Riitzler and Sterrer 1970; Cubit and Levings, Chap. 2). These predictions
were tested against monitoring data that could show whether damage persisted after
the Witwater spill. The apparent effects of this spill are consistent with the hypothesis
that oil primarily causes mortality by direct contact. The steady increase of the
calcareous green alga Halimeda opuntia in the Laurencia zone from the first surveys
in 1970 (Fig. 4.14) may reflect regeneration from oil damage. Unlike the meandering
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oil slicks of the 1986 spill, oil slicks of the 1968 spill apparently came ashore during
a short period of time and were quickly removed by cleanup crews (Riitzler and
Sterrer 1970). The expected durations of combinations of water levels and onshore
winds for the month of December shown in Table 4.4 agree with the summary
description of weather conditions during the Witwater spill (Riitzler and Sterrer 1970;
Cubit and Levings, Chap. 2): December is a month of high mean water levels, few
hours of exposures, and strong onshore winds (the seasonal tradewinds), and strong
wave action. Data from the Panama Canal Commission weather station at Cristébal
(approximately 8 km southwest of Punta Galeta) indicate the season of onshore
tradewinds had started by the time of the Witwater oil spill (Cubit and Levings, Chap.
2). The expected total time of exposure of the coralline zone for the whole month
of December was about 0 to 8 h (Table 4.4); therefore, the coralline zone was
probably not exposed directly to accumulations of oil slicks for more than a few
hours total in December 1968.

Oil slicks from the Witwater spill probably only came in contact with the
highest parts of the reef flat, i.e., the reef crest in the Laurencia zone. Here the
expected time of exposure was about 10 to 40 h for the whole month. As noted in
the field observations (Sect. 4.4.1), clumps of Halimeda opuntia absorbed and held
crude oil like a sponge. If this had occurred during the 1968 Witwater spill, the
combination of the more toxic diesel and bunker fuel would have probably caused
severe mortality of Halimeda opuntia. Progressive recuperation of Halimeda opuntia
from heavy mortality in December 1968 could explain the steady increase of this alga
in the Laurencia zone from 1970 to 1975. The rate of increase during this period was
similar to the rate of increase of Halimeda opuntia in the coralline zone after its
heavy mortality during the 1986 oil spill.

Based on the studies of the 1986 oil spill, Halimeda opuntia is probably the
only species in these surveys that could have shown a detectable effect of the 1968
Witwater spill in the available (i.e., post-1970) survey data. Populations of fleshy
algae would have regenerated by the time of the first surveys in 1970. Populations
of sessile invertebrates did show slow recovery after the 1986 oil spill, but the high
water levels during the Witwater oil spill would have protected most of the sessile
invertebrates, which are found mainly in the deeper coralline zone. One exception
is Zoanthus sociatus, which is found on higher substrata. Consistent with expected
damage from the 1968 Witwater spill, Zoanthus was rare in the Laurencia zone in the
first surveys of 1970 to 1972 and increased thereafter. However, populations of
Zoanthus in the Laurencia zone are sparse and fluctuating, which reduces confidence
in any conclusion that the rarity of Zoanthus from 1970 to 1972 was an effect of the
December 1968 oil spill.

In the formulation of alternative hypotheses in this post-hoc study of the oil
spill, the strongest alternative hypothesis was that seasonally low water levels, rather
than oil, caused the postspill reductions in the biota of the reef flat. The stresses
during low water levels include desiccation, insolation, and exposure to predatory
shore birds. The deleterious effects of these factors are well documented for the reef
flat at Punta Galeta, producing natural declines in the abundance of the sessile biota
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Table 4.4 Expected conditions of wind and water level for the month of December. Values of expected
hours per month are based on 8 yr of environmental data at Punta Galeta (see Cubit and Levings, Chap.
2).

Conditions
Wind Water Level Expected h/mo'
Onshore, any speed Extreme low (coralline zone emersed) 0to8
Onshore, any speed Any part of reef flat emersed 10 to 40
Onshore, any speed At reef crest 10 to 30
Onshore, >20 km/h ? Any level above reef crest 275 to 450
Onshore, >20 km/h ? At least 30 cm above reef crest 40 to 90

'Expected value for 50% of months (interquartile interval).
*Probable strong waves.

and certain species of sea urchins in the period between April and November (e.g.,
Birkeland et al. 1976; Hendler 1977; Schneider 1985; Cubit 1985; Cubit et al. 1986,
1988b, 1989; Figs. 4.11, 4.314-F).

The detailed baseline data from Punta Galeta combined with the among-site
comparisons ruled out the stress-based hypotheses in two ways: (1) compared with
stresses and mortality recorded in other years, the stresses during the 1986 oil spill
were not severe enough to account for the observed mortality in the oiled zones, and
(2) even in the worst of years, these stresses produced spatial patterns of damage that
were the reverse of the damage seen during the oil spill. In regards to the second
point, the frequent and extensive exposures of the reef flat above water level in 1988
constituted a "natural experiment" that provided a strong test of the "stress
hypothesis." The spatial patterns of reduced abundances were much different
between the postspill censuses in June 1986 and the postexposure censuses in June
1988. Moreover, in each situation the reductions in abundances coincided with the
exposure to each stress factor. After the oil spill, mortality was greater nearer the
seaward edge of the reef flat. After the low water levels in 1988, mortality was
greater on the reef crest. This difference occurred even though the exposures of the
reef flat were the worst in 15 yr of records and could have swamped the effect of the
oil spill. If natural physical stresses had produced the postspill reductions of biota
near the seaward zone of the reef flat in 1986, then the reductions in this zone would
have been even higher in 1988. They were not, indicating that it is highly probable
that reductions in the cover of sessile biota after the oil spill were caused by oil and
not by natural stresses of the physical environment.

The detailed time-series data from the biological surveys also demonstrated
that some mortality associated with the oil spill and failure to recover afterward was
probably not caused by oil. For example, the data showed the population declines
of some biota (e.g., Eucidaris tribuloides) after the 1986 oil spill were probably
continuations of declines in progress long before the 1986 oil spill (Figs. 4.32B, 4.44).
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Fig. 4.44 Prespill-postspill comparison of the average population densities of the sea urchin Eucidaris
tribuloides in the reef edge transect at Punta Galeta. The data are means and standard errors of
monthly mean densities for 1977-1990 (see Fig. 4.32).

Because of population fluctuations, these trends would have been difficult to detect
in less-detailed data, and the trends were lagged, or did not occur, at the unoiled
sites. In a less-detailed study based only on intersite comparisons, these declines
would have been falsely attributed to oil damage. Such declines have been noted for
corals, sea urchins, seagrasses, and other marine organisms throughout the Caribbean
(Williams and Bunkley-Williams 1990). Because these declines are not necessarily
synchronous or of equal magnitude among sites, they have the potential to appear
as oil damage in studies relying only on statistical comparisons of sites.

In addition, the combination of among-site comparisons and detailed physical
monitoring data demonstrated that the abundance of corals on the reef flat did not
continue to recover because the coup de grace was delivered by a period of the lowest
water levels on record. Comparisons of oiled and unoiled sites showed that these
low water levels killed corals regardless of persistent effects of oil.

Site comparisons by themselves, however, have significant limitations in
demonstrating the effects of oil (Sect. 4.3.2). Without proper safeguards for between-
region biases, differences in plant and animal populations between sites cannot be
used to demonstrate effects of oil without making certain assumptions, including:
(1) the regions were equivalent before the spill, and (2) differences after the spill
were caused by oil. If this study had relied entirely on between-region comparisons,
it would have been virtually guaranteed to find "oil effects” that were statistically
significant, but false.
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4.5.2 Processes Affecting Regeneration and Recovery

The mortality of sessile species during the 1986 oil spill and the exposures of
1988 resulted in little bare substratum. In both years, open space was immediately
colonized by a bloom of microalgae, and in both years microalgae were most
abundant in the zones of highest mortality of perennial species. The postspill bloom
was concentrated at the seaward edge of the reef flat and diminished landward. The
postexposure bloom was concentrated near the crest of the reef flat, and diminished
seaward.

Blooms of benthic algae have been reported after oil spills elsewhere in the
tropics (Russell and Carlson 1978) and in the temperate zones (Bellamy et al. 1967;
Southward and Southward 1978); they appear to be a universal phenomenon. The
cause of these blooms is not certain. The consensus explanation is that they are
caused by mortality of herbivores (e.g., O’Brien and Dixon 1976; Southward and
Southward 1978). This is consistent with our observations of the initial reductions
in numbers of sea urchins, grazing crabs, and infauna, followed by the disappearance
of microalgae as herbivores recolonized. However, release from competition and
stimulation by increased nutrients cannot be ruled out as contributing to algal blooms
(Russell and Carlson 1978). To our knowledge, the information from this study is
the only before-and-after quantitative description of such a bloom and its demise
following an oil spill.

The sea urchin data suggest that some persistent factor also may have
negatively affected sea urchin populations in the oiled areas. After the May-June
1986 decreases in the reef-edge and Thalassia transects at Punta Galeta, Echinometra
and Echinoneus species resumed recruitment even though oil slicks were still present
on the water. Contrary to the prespill spatial patterns for the reef-edge transect,
however, recruitment did not resume in the quadrat nearest the zone of heavy oiling
at the seaward border of the reef flat. This interruption of recruitment may have
been caused by some component of the oil absorbed into substrata or by a change
in the biotic properties of substrata influencing settlement. Many marine organisms
use the presence of various "cues” on the substratum to initiate settlement; these cues
include those produced by coralline algae and other benthic organisms (Morse 19884,
b).

The same factors producing the small-scale failure of recruitment at Punta
Galeta may have produced the absence of sea urchins on a much larger scale at
Largo Remo. At this site, near the mouth of Bahia Cativ4, sea urchin recruitment
in all 4 yr of surveys was considered almost a total failure. Observations of higher
densities of E. lucunter in subtidal areas adjacent to the reef flat at Largo Remo (J.
Cubit, pers. obs.; Guzmén et al., Chap. 7) suggests that the near absence of urchins
on this reef flat was caused by floating oil or some other factor near the surface of
the water. The 1986 oil spill initially was concentrated in this bay, and mangrove
sediments and coral landfill beneath the refinery continued to seep oil throughout the
study period. In addition, several small spills of diesel and other fuel oils occurred
at the electricity generating plant located at the head of this bay. This site also
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borders the path of heaviest aerial spraying of the oil dispersant Corexit 9527 during
the oil spill in May 1986 (Cubit et al. 1987). The dispersant alone, emulsified oil, or
some combination of these factors could have resulted in the absence of urchins.
Punta Galeta was farther than Largo Remo from all such effects, and postspill
recruitment was at times heavy (Figs. 4.32-4.34, 4.39). In field experiments in
Panama, crude oil mixed with Corexit 9527 killed all the sea urchins (Lytechinus
variegatus and Echinometra lucunter) in the treated area (Ballou et al. 1987). Chan
(1977) also suggested surfactants as a possible cause of mortality of Echinometra
lucunter after an oil spill in the Florida Keys. In addition, as described earlier, Bahia
Cativd receives other pollutants and freshwater runoff. Intertidal habitats would
have received the greatest exposure to these contaminants. The petroleum products
and freshwater would be concentrated at the surface of the water. According to
refinery officials (pers. comm.), the Corexit 9527 apparently did not disperse much
oil into the water column because it was sprayed onto thick, weathered oil slicks
during calm sea conditions. Thus, the combination of Corexit and oil probably
remained floating at the surface of the water.

After the oil spill, Laurencia papillosa and other species of fleshy algae also
increased their space occupancy in the zone previously occupied by Palythoa and
corals. Because this phenomenon occurred at both the oiled and unoiled sites, it may
have been unrelated to the oil spill. The increase of fleshy algae at the seaward edge
of the reef flat may have been caused by factors similar to those causing shifts in the
landward edge of the L. papillosa zone. The latter have been related to year-to-year
changes in mean sea level (Cubit 1985). This project was discontinued before it was
possible to determine if the zones of L. papillosa and other fleshy algae were
restabilizing at different shore positions in the oiled and unoiled sites. As reported
from other studies, the increase of fleshy algae at the seaward edge of the reef flat
may have excluded corals (e.g. Loya and Rinkevich 1980), which declined at all sites.

The infauna data suggest that these small invertebrates probably recolonized
the Laurencia papillosa turfs rapidly after the oil spill. Combined with the
recolonization of sea urchins, this probably contributed to the disappearance of the
microalgal bloom. The dense populations of infauna in Laurencia papillosa turf and
sea urchins account for most of the animals on the reef flat. They probably
constitute the predominant pathway for converting primary productivity of the reef
flat algae into a form that is consumed by octopus, lobsters, fish, and other
carnivorous predators that forage in and around this shallow reef environment.

Studies in Florida have demonstrated that the infauna inhabiting Laurencia
beds constitute an essential food resource for spiny lobsters, particularly the juvenile
stages (Marx and Herrnkind 1985a, b; Herrnkind and Butler 1986; Butler and
Herrnkind 1991). Studies at Punta Galeta have also shown that spiny lobsters forage
in Laurencia turfs of the reef flat at night (A. Richards, pers. comm.; J. Cubit pers.
obs.).

The rapid recovery of populations of amphipods, isopods, small gastropods,
and polychaetes was probably based in part on the fact that most of these animals
are herbivores or omnivores (e.g., Barnes 1986; Schram 1986), and probably
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benefitted from the blooms of microalgae following the oil spill and the extreme low
tides of 1988.

The time to recovery of infaunal abundances per unit area of turf is only one
component assessing the severity of depopulation of infauna in the tidal flat
ecosystem. A second component is the total area of the algal turf itself. Densities
of infauna per unit area of turf did not indicate that infauna crowded into surviving
algal turf when total turf areas were reduced. Therefore, the reduction of Laurencia
papillosa turfs during the oil spill in 1986, and the disproportionate reductions of the
turf at oiled sites during the extreme low water levels in 1988, both constituted
severe, oil-related losses of infauna from tidal flat ecosystems. These results indicate
that oil-caused reductions of habitat should be considered as deleterious for
populations of small invertebrates as the direct lethal effects of oil.

In addition to lethal effects, chronic, low-level exposure to oil has been shown
to decrease fecundity of crustaceans such as amphipods and copepods (studies
reviewed in Neff and Anderson 1981). Sublethal exposure to petroleum
hydrocarbons can also reduce the growth or survival, or both, of larvae of various
invertebrates, including molluscs and crustaceans (Neff and Anderson 1981; Capuzzo
et al. 1984). Despite these negative effects, these infauna were usually more
abundant at Largo Remo than Punta Galeta, even though the Largo Remo site was
more exposed to chronic reoiling from the adjacent Bahia Cativd. These results
suggest that favorable factors (e.g., increased food supply or decreased predation
rates) were overriding deleterious effects of chronic oiling or that oil affects these
small invertebrates differently in closed systems of the laboratory than open systems
of the field.

Populations of most major categories of infauna were much higher in the last
sampling period (April 1990) than in the first sampling period (September 1987).
This pattern included both the oiled and unoiled sites. Does this mean the initial
abundances were depressed, or the final abundances were unusually high? Similar
patterns were found after this oil spill for infauna of subtidal seagrass beds (Marshall
et al., Chap. 10) and for stomatopods on reef flats (Steger and Caldwell, Chap. 6).
In the first surveys of seagrass beds (September-November 1986), population
densities of all invertebrate categories except burrowing shrimp were low at both the
oiled and unoiled sites, but increased thereafter (Marshall et al., Chap. 10). Steger
and Caldwell (Chap. 6) have the only prespill data in this regard. Their prespill-
postspill comparisons indicate an anomalous regional reduction of larval recruitment
following the 1986 oil spill that lasted until 1988-1989. In addition, fishermen in
Colén have reported a recent, dramatic decline in abundance of the heavily
harvested blue mangrove crab Cardisoma guanhumi in the region from the city of
Colén to Portobelo, but not in locations farther down-current nor in areas up-current
from Col6n (Borbua 1991). Although the decline may have been related to fishing
pressure, this crab had been heavily harvested starting before 1974 (G. Hendler, pers.
comm.; J. Cubit, pers. obs.) without the decline reported in 1991.

This phenomenon included a wide range of crustaceans, gastropods, and
polychaetes. However, it did not occur among sea urchins. It also included both
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animals with planktonic larvae (e.g., stomatopods and polychaetes) and animals
without planktonic larvae (e.g., most isopods and amphipods). This may have been
a multi-year perturbation with natural causes. Unlike other multi-year perturbations,
however, this one affected not just one taxonomic group, but a diversity of taxa. If
this were an effect of the oil spill, it included the "unoiled" areas that were not
directly inundated by black oil slicks. However, all "unoiled" sites for all projects
were within the Bahia Las Minas area or downstream from Bahia Las Minas in the
coastal current, where some oil was transported, as described in Section 2.2.3. Oil
concentrations were low in most hydrocarbon samples taken beyond Maria Chiquita
(Burns, Chap. 3), and an effect of the oil spill in these areas would indicate that
small invertebrates are very sensitive to oil, the dispersants sprayed on the oil, or a
combination of both.

This possibility could be directly tested with demographic analyses of the
species of greatest tangible value: the long-lived and economically important groups
(e.g., lobsters, crabs, shrimp, and conchs), which are found both down-current (toward
Colombia) and up-current (toward Costa Rica) from Bahia Las Minas. If the oil spill
had a widespread effect, the size-frequency distributions of only the down-current
populations should show gaps in size classes corresponding to a loss of juveniles from
mid-1986 to approximately 1988. Fishery statistics are not recorded for the
Caribbean coast of Panama, but the economic importance of answering this question
is illustrated by statistics from Florida (Table 4.5): crustaceans alone accounted for
more than 50% of the dollar value of the commercial fishery, and a 2- or 3-yr gap
in recruitment could have a severe economic impact.

Laurencia papillosa and other fleshy macroalgae of reef flats quickly
regenerated after the oil spill; within 5 mo they had regained abundances within the
range measured before the spill. This regeneration time was much faster than the
10-yr recovery time reported for some populations of fleshy intertidal algae in the
temperate zone (NRC 1985). Populations of the calcareous green alga Halimeda
opuntia were slower to regenerate, probably a direct result of a slower inherent
growth rate.

After the 1986 oil spill rates of recovery of populations of plants and animals
on reef flats depended on the following factors.

1. The severity of damage to the population.

2. Mode of recruitment and recolonization, e.g., recruitment of planktonic larvae
and spores, immigration of mobile animals, regeneration from fragments
surviving in situ, and vegetative spreading from fragments washed in by wave
action (Table 4.6). Recolonization resulting from immigration of mobile
animals or wave-driven transport of fragments of sessile organisms depended
on the existence of source populations in refuges only a few meters from the
damaged zones.

3. The inherent growth rate of the species.
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Table 4.5 The commercial value of crustaceans from the Gulf Coast of Florida for 1987 and 1988.
These are values of the landed commercial catch only and do not include the values of the marketed
catch, support services, or the recreational fishery. (Source: U.S. Department of Commerce 1987, 1988)

Year
Group 1987 1988
Crabs $10,379,000 $15,335,000
Spiny Lobsters 16,100,000 14,471,000
Shrimps 39,313,000 32,575,000
Total crustaceans 65,792,000 62,381,000
Total fishery (all species) 111,397,000 114,381,000
% of total from crustaceans 59% 55%

Table 4.6 Modes of recruitment and recolonization contributing to the recovery of benthic biota on reef
flats after the Bahia Las Minas oil spill.

Mode Examples

Arrival of planktonic larvae from open Sea urchins, some infauna

ocean

Immigration of mobile animals from Infauna of algal beds, especially those

adjacent, but less damaged, habitats without planktonic larvae, such as
amphipods and isopods

Wave transport of fragments of sessile Colonial animals (e.g., Palythoa,

species from adjacent, but less damaged, Millepora); possibly some algae

habitats

Regrowth from remnants surviving in situ Most algae; some colonial animals (e.g., Zoanthus
sp-)

4. Possible competition with other species.

S. Long-term destruction of the habitat.

6. The persistence of oil at the site.

For example, the fleshy red alga Laurencia papillosa, the most abundant
species on the reef flat, was regularly killed back to basal tissue in seasons of physical
stress, but regrew from this tissue during more favorable conditions. Oil produced
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similar damage to this alga, and it again regenerated from surviving basal portions.
Unlike most algae, which have a single holdfast for attachment, plants of Laurencia
papillosa grow in a tangled carpet of fronds with many points of attachment. This
provides a single plant with many points for possible survival and regeneration.
However, if the oil had been more toxic or the exposure to oil more prolonged,
higher mortality of basal tissues could have slowed or prevented recovery, as seen in
colonies of the zoanthid Palythoa caribaeorum and the hydrozoan coral Millepora
complanata. Both of these sessile invertebrates can also spread vegetatively from
surviving fragments. However, these species suffered nearly 100% mortality on the
reef flat, and their slow, partial recovery was largely dependent on the slow growth
of colony fragments washing in from refuges in deeper water.

The re-establishment of Palythoa and Millepora also may have been slowed by
competitive interference from populations of fleshy algae (Loya and Rinkevich 1980),
which became more abundant in the habitat vacated by the two sessile invertebrates.
The loss of corals from the reef flat left coralline algae as the primary reef builders
in these habitats. The rapid regeneration of coralline algae suggests they regrew
from basal tissues protected deep within the ceramic-like thalli of these algae. If this
is correct, recolonization succeeded because the weathered crude oil of the 1986 spill
was not toxic or soluble enough to kill entire thalli. If a more toxic oil or more
prolonged exposure to oil had killed entire thalli of the corallines, the most critical
portion of the reef would have stopped accreting. The seaward portion of the reef
flat is critically important for the hydrodynamics of the reef as a whole (Fig. 4.1;
Cubit 1985; Cubit et al. 1989), and reduced accretion combined with presently rising
sea level could cause rapid changes to the physical environment and biota of the
whole reef (Cubit 1985, 1990; Cubit et al., 1986, 1989).

In the case of Thalassia testudinum, after the seagrass beds died, rhizomes and
roots gradually rotted away over a period of several years. Without replenishment
by sediment trapping and reinforcement by roots and rhizomes, sandy substrata
eroded down to coral rock (see Steger and Caldwell, Chap. 6 for a well-documented
case). Loss of substrata required by this seagrass may delay regeneration
considerably.

The series of surveys comparing Laurencia papillosa populations at oiled and
unoiled sites after the oil spill showed that populations that had regenerated after oil
damage were more vulnerable to the stresses of low tides in 1988 than populations
not damaged by oil. This result indicates claims of recovery based on measures of
abundance may not be accurate indications of recovery in the sense that population
dynamics of the species have returned to normal.

Ecological models for colonization and population dynamics of intertidal zones
are usually based on the arrival of planktonic spores and larvae (e.g., Roughgarden
1989). These planktonic stages can be supplied from adult populations on distant,
undamaged shores or from a pool of planktonic stages in the ocean offshore from
damaged areas. This was not the primary mode of recolonization of reef flats (see
also Guzmén et al. 1991, Chap. 7). Except for sea urchins and some infauna (those
having planktonic larvae), recovery of most reef flat biota depended on perrenation
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(spreading growth) from fragments that survived in situ or arrival of fragments of
sessile species and immigrants of mobile animals from immediately adjacent habitats
that suffered less damage (Table 4.6).

These localized mechanisms of recovery imply that postspill recovery of
biological communities on warm-water tidal flats is dependent on the survival of a
critical minimum population for each species. Below this minimum, re-establishment
of a species may not occur at all or not for a very long period. Delayed recruitment
of the original set of species could allow the establishment and pre-emption of space
by another assemblage of benthic organisms, or "alternate stable state," at the
damaged site (Hatcher 1984). This could further impede re-establishment of the
original community. Such changes have been seen following severe mechanical
destruction of benthic communities by a shipwreck on the Great Barrier Reef
(Hatcher 1984).

Differences in modes of regeneration and lack of severe damage from cleanup
activities may explain why algal populations recolonized faster after the oil spill on
the reef flats of Bahfa Las Minas than reported after oil spills on intertidal shores in
the temperate zone. Within a year after the oil spill, the predominant species of
fleshy algae on the reef flat at Punta Galeta had regenerated to abundances
approximately equal to both of those recorded on this same flat before the spill, and
measured at unoiled reef flats after the spill. This regeneration time is much faster
than the 10-yr recovery time reported for some populations of fleshy intertidal algae
in the temperate zone (NRC 1985). This difference could be the result of two
factors.

1. The common algae of warm-water flats regularly respond to seasonal stresses
by dying back to basal portions and regrowing from the bases during more
favorable conditions. This adaptation also served well when oil coated and
killed the upper portions of algae on the reef flats in Bahia Las Minas. When
subjected to natural physical stresses, algae of the intertidal zone on
temperate shores are more "hardy," and their usual response is to persist,
rather than to die back and regrow. The lack of selection for regrowth ability
after severe tissue loss is one possible explanation for the slow recovery of
temperate algae after oil spills, and is easily testable by field experiments.

2. Oil spills in the temperate zone have been subject to more intense cleanup
activity, including the use of detergents for earlier spills, such as the Torrey
Canyon spill. Detergents used during the Torrey Canyon spill were toxic to
intertidal algae (Boney 1968). As discussed above, cleanup activities may
have slowed recovery by removing the remnants of algae that survived the oil
per se.

A construction project on the reef flat at Punta Galeta can be viewed as an
experiment testing the hypothesis of the dependence of recovery on regeneration
from localized survivors. In this project, a temporary causeway of rock and gravel
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over plastic sheeting was laid down on the back-reef flat. The causeway was
approximately 1 m thick, 4 m wide, and 30 m long. The causeway stayed in place for
approximately 3 mo in 1991 (22 April to 23 July). In the affected area, the biological
damage caused by the construction project was much more severe than the damage
caused by the 1986 oil spill. Virtually all the seagrasses, macroalgae, and other biota
under the fill were killed. As of January 1992, approximately 6 mo after the
causeway was removed, the former location of the causeway stood in sharp visual
contrast to the rest of the back-reef flat. Though most of the area of the former
causeway was covered with a fine layer of microalgae, it was essentially barren of
macrospecies. The few clumps of macroalgae present in the area of damage grew
on loose rocks that appeared to have washed into the zone of damage. In contrast
to this lack of regeneration, in the seaward zone of the reef flat where oil caused the
highest mortality, macroalgae had mostly regrown within 6 mo.

The dependence of postspill recovery on fragments that survive in situ or
arrive from nearby sources implies that simple, but immediate, planting of fragments
could speed recovery of the sessile flora and fauna, thereby reducing the risk of
permanent change of tidal flat ecosystems suffering severe damage from oil.

4.5.3 Applicability of the Results of This Study to Oil Spill Risk Analyses and
Planning for Oil Spill Response

This section will briefly address some general implications of this study for
policies such as evaluating the risk of oil spills, selecting priorities for oil-spill control,
and determining the methods for cleanup.

The results of this study indicate that the severity of damage to tidal flat
communities depends on the following factors, in addition to the toxicity of the oil
itself.

1. Winds, waves, currents, and other sea and weather conditions affecting the
surface movement and vertical mixing of oil.

2. Water levels, tidal range, tidal flat topography, and other factors determining
the amount of tidal flat habitat at or near water level at the time of the oil
spill.

3. Shoreline configurations that concentrate or block oil slicks.

4. The zonation and along-shore distribution of biota in relation to the vertical

and horizontal topography of the tidal flat.
5. The propensity of the substratum to absorb oil.

Such information is often overlooked in risk analyses. For example, MMS-
sponsored analyses regarding the potential effects of oil spills in South Florida have
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been reviewed in the NRC (1989) report titled The Adequacy of Environmental
Information for Outer Continental Shelf Oil and Gas Decisions: Florida and California.
In this report, the NRC notes that most of the MMS information pertains to deeper-
water communities and concludes: "The shallow-water benthic communities [in South
Florida], other than corals, have been inadequately studied and characterized." In
addressing the deficiencies of the MMS reports, the NRC (1989) specifies corals,
mangroves, and seagrasses as the benthic groups of special concern that need further
study. However, the remedial studies recommended by the NRC do not include the
need for information about tidal elevation, zonation, substratum type, or other factors
that would determine exposure of the biota to direct contact with oil. In addition,
the NRC recommendations specify particular groups of organisms (e.g., seagrasses)
as a way to define habitats. However, this approach omits some major, but less well-
known, taxonomic groups such as most of the major groups of algae and mobile
invertebrates. These deficiencies could be overcome by defining the needs for
further studies in the same terms the NRC used to criticize the MMS studies, i.e., to
directly study and characterize the distribution and abundance of the biota in the
shallow habitats of South Florida, rather than presuppose that studies focused on
particular taxa would serve this purpose.

The lack of attention to algae in these MMS and NRC studies is a major
omission that can be demonstrated by just two examples: (1) most of the sand and
finer sediments of Florida Bay and the Florida Keys are produced by calcareous
green algae such as Halimeda spp. and Penicillus spp. (Hoffmeister 1974; Shinn et al.
1989), and (2) the successful settlement and survival of lobster larvae in Florida Bay
depends on the masses of fleshy red algae Laurencia spp. (Marx and Herrnkind
1985a, b; Herrnkind and Butler 1986; Butler and Herrnkind 1991).

Zieman (1990) has extrapolated the results of this Bahia Las Minas study to
the shallow seagrass beds on the mud banks of Florida Bay. Citing Chan (1977),
Cubit et al. (1987), and Jackson et al. (1989), Zieman (1990) makes the following
predictions for South Florida:

"Where oil has contacted seagrasses that are just intertidal or just subtidal, damage has
been extensive, while deeper subtidal beds are generally unharmed by direct effects of
the oil (Chan 1977; Cubit et al. 1987; Jackson et al. 1989). These instances point out
how vulnerable much of South Florida’s seagrass meadows would be to an oil spill...
Many of the deeper seagrass beds ... would probably survive [an oil spill], but the
priceless nursery meadows of Florida Bay in Everglades National Park and much of
the western portions of the Lower Keys could be destroyed. This is because so much
of this area consists of shallow mudbanks that are emergent on very low tides... The
average standing crop of [Thalassia] leaves for the entire [Florida] bay was 63.2 g dry
wt/m? whereas the density in the upper meter of the western section of the bay, which
would be by far the most vulnerable to oil spills, is 125 g dry wt/m? (Zieman et al.
1989)."

Although Zieman’s (1990) predictions are based on the early results of the
Bahia Las Minas study, they are entirely consistent with the final results. To
elaborate further, it should be noted that damage to seagrasses in Bahfa Las Minas
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was probably caused by oil penetrating the sediments around the roots and rhizomes
of the seagrasses. Few seagrass flats in South Florida have the configuration that
protected some of the seagrass beds on the fringing reef flats in Bahia Las Minas.
Because reef flats in Bahia Las Minas are backed by land, oil slicks could only arrive
over the raised reef crest, which protected back-reef flats through the processes
described earlier. In South Florida many seagrass flats are on offshore formations,
which would be exposed to oil slicks from all sides.

These exposed structures include the reef flats of South Florida, which are on
bank reefs, rather than fringing reefs (e.g., Jaap 1984). In these offshore locations,
the reef flats of South Florida are vulnerable to oiling on all sides of the reef crests,
not just on the seaward sides, as in the case of Bahia Las Minas. In addition, the
tides in South Florida have about twice the amplitude of the tides in Bahia Las
Minas (U.S. National Ocean Service 1988). The combination of offshore reef
locations and greater tidal range would allow oil slicks to be in direct contact with
a much greater area of South Florida reef flats than Bahfa Las Minas reef flats.

Oil on all tidal flats, including reef flats, creates a severe dilemma for cleanup
decisions: on one hand, cleanup activities increase damage, but on the other hand,
no cleanup of tidal flats with porous substrata could prolong a situation of chronic
oiling. For all tidal flats, regardless of substratum, cleanup activities should be
carefully controlled to maintain surviving populations above the critical minimum
level required for regeneration and recovery, as discussed above. After an oil spill,
most residual populations on tidal flats would suffer severe additional destruction
from the usual methods used to clean up oil spills, such as hot water, steam,
sandblasting, scrubbing with absorbent materials, or methods involving traffic of
machinery or trampling by cleanup crews. Little is known about the effects of
dispersants and other chemical agents on the biota of tidal flats.

In sandy or muddy areas on tidal flats, microbial decomposition of oil is slow
because of anaerobic conditions. In addition, the natural mechanical washing of the
biologically stabilized sediments is slow. Oil remaining in sediments would create a
potential source to supply long-term chronic oiling, as seen in Bahia Las Minas after
the 1986 oil spill (Burns, Chap. 3). Clearly, development of highly specialized
cleanup methods, those removing residual oil but not residual biota, is needed for
these environments. By removing the small surviving portions of tidal flat biota,
cleanup activities could prevent or greatly delay the re-establishment of most plants
and animals on tidal flats. Because of the multiple, long-term problems resulting
from oil contamination, the best solution is to provide these sedimentary areas of
tidal flats with high priority, maximally effective protection that would prevent oil
from reaching environments located at or near water level.

The 1986 Bahia Las Minas oil spill was not the worst example of how an oil
spill could affect reef flats. The oil on most of the reef flats in 1986 was weathered
crude oil of relatively low toxicity. In addition, weather and sea conditions restricted
the oil deposition to narrow portions of reef flats. As a result, biological damage
resulting from this spill was relatively moderate, and populations of most of the
surveyed species remained above the threshold of the "critical minimum." This
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allowed many, but not all, populations to regenerate rapidly. Populations of reef flat
biota could have been reduced below the "critical minimum" required for in situ
regeneration if conditions during the oil spill had prolonged exposure to oil, the oil
had been more toxic, or standard cleanup measures had been used. Such damage
could have lasted for years.

Simple enumeration of certain biota in a geographic area is the usual method
of biological analysis used for studying the potential effects of oil spills and devising
contingency plans for oil spill control. However, this type of information is not
adequate for examining the potential effects of oil on a biological community. To
evaluate risks to the biota, it is essential to include the range of expected weather
and sea conditions, tidal elevations of the biota, and other factors that will determine
the exposure of the biota to the damaging effects of the oil.
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S
Effects of an Oil Spill on the Gastropods
of a Tropical Intertidal Reef Flat

Stephen D. Garrity, Sally C. Levings,
and Carlos Gonzalez M.

5.1 Abstract

The severity of effects of a major oil spill on reef flat gastropods on the
Caribbean coast of Panama varied with the amount of oil deposited in each intertidal
zone. Snails died immediately after the spill in zones with heavy accumulations of
oil, and numbers decreased further in some zones after cleanup activities. Overall
snail density and number of species decreased through time. Recruitment appeared
reduced in some zones more than 2 yr after the spill. Such patterns were not
observed at an unoiled site until a small spill of diesel fuel was followed by a similar
reduction in snail populations. This small spill, however, did not have long-term
effects. Effects of oil spills on these types of reef flats depend on emersion patterns
because water levels determine where oil is distributed.

5.2 Introduction

On 27 April 1986 an oil storage tank at the refinery on Isla Payardi in the
Republic of Panama ruptured, spilling at least 60,000-100,000 bbl of medium-weight
crude oil into the Caribbean Sea (Cubit et al. 1987; Jackson et al. 1989). The Galeta
Marine Laboratory of the Smithsonian Tropical Research Institute, located on a
nearby reef flat, has been the focus of detailed investigations since 1968 (e.g.,
Birkeland et al. 1976; Cubit and Williams 1983). Oil began washing ashore at Punta
Galeta in early May, as the area between the Caribbean entrance to the Panama
Canal and the town of Marfa Chiquita was extensively oiled (Fig. 5.1).

5.2.1 Physical Structure

Six discrete habitats (zones) on the reef flat were sampled (Fig. 5.2). Running
roughly from the shore toward the seaward edge of the reef flat, they included:

1. high rubble,

2. low rubble,

3. sand,

4. reef rock,

5. beds of seagrasses, primarily Thalassia testudinum, and
6. beds of algae, primarily Laurencia papillosa.
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Fig. 5.1 Map of study sites. 4. Location of study arca in Panama. B. GNRF = Galeta Navy Reef
(oiled), TPR = Toro Point (unoiled), MSR = Maria Soto (unoiled). See Figures 1.2 and 1.5 for further
details.

The high rubble habitat was on the shoreward margin of the reef and
consisted of an elevated, consolidated matrix of dead coral, shell fragments, and sand,
with some loose rubble and shell (Fig. 5.3). It was never submerged, although waves
might splash or surge onto the high rubble habitat during extremely rough weather
(S. D. Garrity, pers. obs.).

The low rubble habitat occurred just below and seaward; it was less
consolidated and consisted mainly of large fragments of coral rubble embedded in
sand, and other relatively loose debris (Fig. 5.4). This habitat lay partly within the
intertidal zone; it was regularly to intermittently submerged and emersed, depending



Gastropods of a Tropical Intertidal Reef Flat 245

high rubble zone
reef rock zone

Laurencia zone
1

I o _| High tide
line
~60cm
— — X _Yiow tide

Line

Thalassia zone low rubble zone

“4—— Seaward Landward —

Fig. 52 Composite diagram of the six reef flat zones. Tide limits are approximate, and actual water
levels may exceed upper and lower limits because of weather conditions; see text. Thalassia zone is
shown as subtidal, but seagrass leaves may be exposed to air during low tide.

upon tidal cycle and wave action. Movement of snails between the high and low
rubble zones was possible because the zones were contiguous sections of shore.

The sand habitat (Fig. 5.5) also occurred at the shoreward margin of reef flats,
partly in and partly below the intertidal zone (Fig. 5.2). We monitored snails in the
intertidal portion of this habitat.

The reef rock habitat, a relatively horizontal area of jagged and pocked rock,
occurred seaward of the above habitats (Fig. 5.6). Well within the intertidal zone,
it underwent fairly regular cycles of submergence and emersion. This habitat was
physically isolated from the shoreward zones by deeper water.

Thalassia beds (Fig. 5.7) have been described by Heck (1977). Located within
the lagoon and in deeper areas of the reef flat, they were partly emersed during low
tides. Laurencia beds (Fig. 5.8; see also Connor 1984) occurred near the seaward
fringe of the reef flat and were exposed above water level only when calm seas
occurred with minus tides.

Cubit et al. (1986, 1989) discuss thoroughly the details of intertidal exposures
at Punta Galeta. Tidal fluctuations are small and often overridden by winds and
currents, leading to an irregular pattern of submersion and emersion of the reef flat.
In general, water levels and wave action are high in the late wet (December) and
especially dry seasons (January-March). In the early rainy season (April-May)
onshore winds cease and water levels drop, often leading to long periods of exposures
of the reef flat above water level. Exposures of the reef flat occur most often in this
part of the year, but may happen at any time when winds and tides are both low.

5.2.2 Biota and Literature Review

Gastropod molluscs are abundant and diverse consumers on many tropical
shores (Vermeij 1978), but relatively little is known about molluscs on coral reef flats



Fig. 53 High rubble zone, May 1989. A. General view, facing seaward, TPR. The quadrat is 0.5 x 0.5
m. Note transect tape and storm debris. B. Close-up of 0.25-m? quadrat, TPR. Note consolidated coral
rubble substratum. Visible snails include Tectarius, Nodilittorina, and several species of Littorina.



Fig. 53 High rubble zone, May 1989 (continued). C. General view, GNRF. Note storm debris and
erosion of zone. D. Close-up of 0.25-m? quadrat, GNRF. Visible snails include Tectarius and Littorina
lineolata.

(Kohn and Leviten 1976; Leviten and Kohn 1980). The relative abundance and size
structure of molluscs in different habitats on the Galeta Navy Reef (GNRF), located
approximately 0.5 km west of the reef flat at Punta Galeta (GAL, Figs. 1.5, 4.4; see
Cubit and Connor, Chap. 4), were sampled quantitatively in 1982-1983 (Garrity and
Guttierez, unpublished; Garrity and Levings 1990; Table 5.1). These are the most
comprehensive data on gastropod ecology at GNRF before the spill (but see also
Radwin 1969; Birkeland et al. 1976; Brattstrom 1985).

Little information exists on even short-term effects of oiling on the molluscs
of reef flats (Birkeland et al. 1976; Eisler 1973, 1975a, b; Chan 1976, 1977, Maynard
et al. 1977; Maynard 1984).



248 Chapter 5

Fig. 54 Low rubble zone, May 1989. A. General view, TPR. Quadrat and line are in the low rubble
zone; high rubble zone is visible above and to the left. Reef rock zone is visible in the background at
the extreme upper right. B. Close-up of 0.25-m’ quadrat, TPR. Note unconsolidated nature of the
substratum relative to the high rubble zone. Visible snails are Planaxis nucleus in the lower left of
quadrat.
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Fig. 54 Low rubble zone, May 1989 (continued). C. General view, GNRF. Note litter at high tide
mark. D. Close-up of 0.25-m? quadrat, GNRF. No snails are visible; note tar balls in the lower right
quadrat and outside the quadrat to the upper right.
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Fig. 55 Sand zone, May 1989. A. General view, MSR. Note lack of fringing hard substratum. The
trees are red mangrove, Rhizophora mangle. B. Close-up of 0.25-m” quadrat, MSR. Clipboard is visible
to the left for scale. Small black snails in the foreground are Batillaria minima.
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Fig. 5.5 Sand zone, May 1989 (continued). C. General view, GNRF. D. Close-up of 0.25-m’ quadrat,
GNRF. Batillaria minima is abundant within this quadrat.

5.3 Objectives, Rationale, and Design
5.3.1 Overview

In August 1986, roughly 3 mo after oil began coming ashore on the Punta
Galeta reef flat, we initiated quarterly monitoring of snail abundance and size
structure both at GNRF and at unoiled sites using methods identical to those in
1982-1983. These data provide an opportunity to examine effects over time of a
major oil spill on the gastropods of a tropical reef flat. We present (1) data taken
at GNRF before the oil spill, (2) data from 12 quarterly, postspill monitorings of the
GNREF site (oiled), and (3) comparative data from 12 quarterly monitorings of
control (unoiled) reef flats. A control site was oiled by a small diesel spill in May
1988; we discuss its effects and recovery of this site relative to overall results through
May 1989, when the study ended.
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Fig. 5.6 Reef rock zone, May 1989. A. General view, TPR. B. Close-up of 0.25-m’ quadrat, TPR.
Note pocked and creviced nature of rock. The chiton Acanthopleura granulata is in the upper left.
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Fig. 5.6 Reef rock zone, May 1989 (continued). C. General view, GNRF. Note how deeper water
isolates this zone. D. Close-up of 0.25-m? quadrat, GNRF. Substratum is pocked and creviced, as at
TPR.
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Fig. 5.7 Thalassia zone, May 1989. A. General view, MSR, high tide. Object in the foreground is a
clipboard for scale. B. Close-up of 0.25-m* quadrat, MSR. Clipboard is visible to right for scale.

Time considerations limited monitoring to one replicate of each of the six
oiled and unoiled habitats (henceforth referred to as zones). This lack of replication
of zones within treatments prevents direct statistical comparison between oiled and
unoiled treatments. Our data are thus best used to indicate the magnitude of
reductions in mollusc populations at GNRF from 1983 levels and to follow
population events at this site over time (main sequence 2 of Green 1979). Population
differences for common species between unoiled (Toro Point and Marifa Soto) and
oiled sites (GNRF) over time are also useful; we suggest some of these are related
to oiling.

5.3.2 Sites

Due to its location in front of the U.S. Navy antenna site at Punta Galeta
(Fig. 5.1), the section of reef flat sampled was protected from human interference.
Beginning in August 1986, unoiled reef flats were sampled similarly for gastropod



Fig. 5.7 Thalassia zone, May 1989 (continued). C. General view, GNRF, high tide. D. Close-up of
0.25-m? quadrat, GNRF. No snails are visible.

distribution, abundance, and size structure. Two unoiled sites were used because no
one area had all the habitats found at GNRF. The unoiled flats were located (1)
west of Toro Point (TPR) where high rubble, low rubble, reef rock, and Laurencia
zones were monitored, and (2) seaward of Maria Soto (MSR) where we monitored
gastropods found on sand and in the Thalassia bed.

At both TPR and GNRF some erosion of the surface was observed in the high
rubble habitat during the dry season (December-March) of 1987-1988. This erosion
followed periods of heavy wave action. Using the same quadrats used to measure
density in May 1988, we visually estimated the extent of erosion as percent cover of
newly eroded substratum. Further, on 14 May 1988, a week prior to quarterly
monitoring, at least part of TPR was contaminated by a small diesel spill from a
grounded sailboat. The monitoring immediately after this event is marked by an
arrow on all figures, and observations are presented in subsequent sections. We
again estimated percent cover of oil in the high rubble, low rubble, and reef rock
zones at both TPR and GNRF in November 1988.
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Fig. 58 Laurencia zone, May 1989. A. General view, TPR. Ships anchored in the background are
awaiting transit through the Panama Canal. B. Close-up of 0.25-m? quadrat, TPR. Note bleaching of
some algae.
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Fig. 58 Laurencia zone, May 1989 (continued). C. General view, GNRF. Most algae are bleached,
except those on the outer fringes of the reef. D. Close-up of 0.25-m? quadrat, GNRF. No snails are
visible. Most algae are bleached.
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Table 5.1 Snail abundance by zone at Galeta Navy Reef, 1982-1983. Data are mean number (1 SD)
per 025 m>. N = 20 quadrats except in the Thalassia and Laurencia zones, where N = 30. - = absent.

Species High Rubble Low Rubble Reef Rock  Thalassia Sand  Laurencia

Tectarius muricatus 6.1 (8.6) - -
Naodilittorina tuberculata 2.8 (3.7) 09 (1.7) 0.1(0.2) - - -
Littorina angustior 10.8 (14.2) 8.8 (9.0) 1.0 (4.0 - - -
L. lineolata 36 (5.2) 33 (44 -
L. ziczac 0.3 (0.7) 13 (2.7) 0.2 (0.9) - - -
Melampus coffeus 0311 - -

Nerita versicolor 0.7 (1.6) 11.4 (16.6) -
N. fulgurans - 08 (1.5) 0.3 (0.6) - - -
N. peloronta - 0.3 (0.7) -

N. tessellata - 121 (227) 108 (9.5) - - -
Planaxis nucleus - 06 (2.2) -
L. meleagris - - 1.0 (2.8)
Gastropod sp. 1 - - 0.1 (0.2) - - -
Cerithium ebemeum - - - 3.0 (5.8) - -
C. literatum - - - 12.1 (14.7) - -
Thais rustica - - 0.03 (0.2) - -
Batillaria minima - - - - 96.4 (97.3) -
Neritina virginea - - - 0.3 (0.9) -
Gastropod sp. 2 - - - - 0.1 (0.3) -
Astrea ’phoebia - - - - - 0.2 (0.5)
Cyprea zebra - - - - - 14 (2.6)
Diodora dysoni - - - - - 0.1 (0.2)
Leucozonia nassa - - - - - 0.03 (0.2)
Smaragdia sp. - - - - - 02 (04
Thais deltoidea - - - - - 0.3 (0.9)
Nudibranch sp. - - - - - 0.1 (0.4)
Gastropod sp. 6 - - - - - 0.03 (0.2)

5.4 Oiling and Reoiling

The following additional data were collected soon after the spill at GNRF.
In August 1986 the amount of oil adhering to the substratum in each habitat was
assessed. In the high rubble, low rubble, and reef rock habitats, percent cover of oil
was visually estimated within 20 randomly placed 0.25-m? quadrats. Extensive field
notes were taken of oiling in the intertidal sand habitat and in Laurencia and
Thalassia beds, where the nature of the substratum precluded percent cover
measurements.

Oil from the 1986 spill was not deposited uniformly across GNRF. The high
rubble zone, which is wetted only by spray and splash, had a percent cover of
2.3 * 2.9% oil in August 1986 (mean + 1 SD, N = 20 quadrats). In contrast, the
low rubble and reef rock zones were heavily oiled. In the low rubble zone oil
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covered 69.0 £ 17.6% and diatoms growing on hardened oil averaged 15.5 + 14.0%
cover. On reef rock, hardened oil or oil overgrown by diatoms accounted for 91.7
* 9.6% cover. Oil was present in the sand, Thalassia, and Laurencia zones, but the
amount could not be quantified, as on the rocky substratum of the three zones higher
in the intertidal. However, slicks and oil globules were seen at high tide in August
1986 (S. D. Garrity, pers. obs.), and oil seeped visibly from sand disturbed at low
tide. In Thalassia beds plants were heavily covered with epiphytes, especially the red
alga Acanthophora spicifera, blue-green algae, and diatoms. The Laurencia bed was
heavily silted and had high cover of turf-like microalgae and bare space (17.5 +
17.9%).

Control areas showed no oil cover attributable to the spill. No sign of oiling
was found at MSR through the 3 yr of the study. However, at TPR, located adjacent
to the Atlantic entrance to the Panama Canal, a few tar balls were noted initially and
were found with increasing frequency in the low rubble and reef rock zones at each
visit (Fig. 5.9). This low-level, chronic oiling appears related to ship traffic.
Additionally, in May 1988 a 75-foot sailboat ran aground on the reef at TPR,
releasing an undetermined amount of diesel fuel. An oily sheen was seen across the
flat, and dead crabs and snails were found in several habitats (C. Gonzilez, pers.
obs.). The volatility of diesel fuel and the small size of the spill suggest this spill may
have caused short-term effects, but was unlikely to have persistent effects relative to
the 1986 Bahia Las Minas spill.

Percent cover of oil was monitored again at both GNRF and TPR in
November 1988. In the high rubble zone at GNRF, 2.6 + 4.8% (mean * 1 SD,
N = 20 quadrats) of the substratum was covered with oil, most of which was highly
weathered mats of tar. This is approximately equal to the cover of oil in the high
rubble zone immediately after the spill. More oil was recorded at TPR (5.3 +
17.1%) because a large tar ball covered 76% of one quadrat. In the low rubble zone,
oil cover had dropped to 3.6 + 3.7% in November 1988, compared with ~75% cover
in August 1986. Only traces of oil were recorded at TPR. Oil only covered 14.4 +
21.6% of the reef rock zone at GNRF (vs. ~90% in August 1986); this remaining
oil was heavily overgrown by diatoms. Only traces of oil were recorded at TPR in
an equivalent area. Because of the continuing presence of tar balls and the May
1988 diesel spill, TPR should be considered lightly oiled compared to GNRF (heavily
oiled) or MSR (unoiled).

5.5 Components of Research
5.3.1 Gastropod Abundances Prior to Oiling
5.5.1.1 Methods
Monitoring was done during daylight, and generally when water levels and

wave action were low to moderate. Within each zone gastropod abundance was
estimated by placing 0.25-m” quadrats at 20 to 30 randomly selected points along a



Fig. 59 Tar ball in the reef rock zone, TPR, May 1988. Forceps (lower left) are 25.4 cm long.

50-100 m transect line; all gastropods visible within each quadrat were identified and
counted. We did not sample cryptic or burrowing gastropods because it would have
involved considerable disturbance to most habitats. Prespill monitoring at GNRF
was done between November 1982 and January 1983.

5.5.1.2 Results

Table 5.1 lists mean densities of gastropod species found in six reef flat
habitats at GNRF in 1982-1983. The high rubble zone was characterized by the
large-bodied, herbivorous snail Tectarius muricatus (mean density = 6.1/0.25 m?) and
the smaller Littorina angustior (10.8/0.25 m%). Nodilittorina tuberculata (2.8/0.25 m?)
and L. lineolata (3.6/0.25 m?) were also relatively common, while L. ziczac, Nerita
versicolor, and Melampus coffeus were rare (<1 snail/0.25 m?).

Nine species occurred in the low rubble habitat at GNRF prior to the spill.
Nerita tessellata and N. versicolor were the most abundant (~12/0.25 m?), and N.
fulgurans and N. peloronta were rare (<1 snail/0.25 m?). Littorina lineolata, L.
angustior, and L. ziczac occurred in roughly the same abundance as in the high rubble
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zone, while Nodilittorina (we use generic names for genera with only one species
present) was rarer (<1 snail/0.25 m?) than higher on the shore. Planaxis nucleus,
which forages under rocks, was present in low abundance (<1 snail/0.25 m?).

Nerita tessellata was the most abundant snail (10.8/0.25 m?) on reef rock at
GNRF, while Nerita fulgurans, Littorina ziczac, L. angustior, L. meleagris, and
Nodilittorina occurred in low density (<1 snail/0.25 m?).

Two species, Batillaria minima and Neritina virginea, occurred on intertidal
sand at GNRF in 1982; Batillaria was patchily abundant (~100/0.25 m?), while
Neritina was rare (<1/0.25 m?). Thalassia beds were characterized by two species
of cerithids, Cerithium eburneum and C. literatum at a total density of ~15
individuals/0.25 m®. These snails were found on and around Thalassia blades.

Laurencia beds had relatively high gastropod diversity, but low abundances in
1982 (total density <3 individuals/0.25 m?). Both predaceous and herbivorous
gastropods occurred within this habitat; the most common were Cypraea zebra,
Smaragdia sp., and Thais deltoidea.

5.5.2 Initial Effects on Gastropod Populations: Oiling and Mortality of Snails

5.5.2.1 Methods

See Section 5.5.1.1; GNRF was first remonitored during July and August 1986,
3 mo after oiling.

To examine the size structure of common species of snails, individuals
(usually >200) of each species were collected and shell lengths measured to the
nearest mm. All snails were collected by hand from a separate series of contiguous
0.25-m? quadrats running from the upper to lower limits of each zone. Forceps were
used to collect tiny individuals and those in crevices. Snails were measured with
vernier calipers and returned immediately to the appropriate habitat. Snail species
were identified and vouchers retained for verification. Size data were used to test
for size-specific mortality following the spill.

During August 1986 sampling, snails within quadrats were recorded as having
oiled or unoiled shells. In both August and November 1986 dead snails that were
either (1) cemented by oil to the rock in the low rubble habitat or (2) found in the
high rubble habitat (where movement of shells by wave action did not occur) were
separately counted, along with live individuals in abundance transects. Dead snails
were collected in these two habitats for size measurements. Size-selective mortality
was examined by comparing the size-frequency distributions of live and dead snails
collected at the same time and in the same habitat.

5.5.2.2 Results

Although the amount of oil deposited on the high rubble zone at GNRF was
small (Sect. 5.4), a greater proportion of snails than of substratum was oiled in
August 1986. Forty-eight percent of Tectarius counted in quadrats, 25% of
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Nodilittorina, 28% of L. angustior, 17% of L. ziczac, and 6% of L. lineolata had oiled
shells in August 1986. Dead individuals of 10 species were collected (N = 283 snails)
within the high rubble zone outside of density quadrats (Table 5.24). Included were
Nodilittorina, L. angustior, L. lineolata, and L. ziczac, normally resident in the high
rubble zone; N. versicolor, N. tessellata, N. peloronta, and Planaxis nucleus, usually
found lower on the shore; and Melampus and L. angulifera, primarily inhabitants of
mangroves (N. versicolor and Melampus were both rare in the high rubble zone
before the spill). Live L. lineolata did not differ in size from empty shells (Table 5.3;
P >.1, G-test with Williams’ correction; Sokal and Rohlf 1981). For all other dead
snails collected, too few live individuals were present for comparison.

Dead snails of 10 species were also collected from the high rubble zone in
November 1986, about 7 mo after the spill (N = 262 snails); nine species appeared
in density quadrats (Table 5.24). Because all empty shells had been removed when
found in August, these data represent mortality of snails between the August and
November monitorings. They also suggest the higher proportion of oiled snails
relative to oiled substratum in the high rubble zone (observed in August, above) was
due to upward movement of oiled individuals following the spill. The absence of live
individuals of species found dead in this zone supports this hypothesis (Table 5.2 vs.
Table 5.4), but prevents a test for size-selective mortality.

Of the snails found in the low rubble zone in August 1986, 100% of P. nucleus,
L. angustior, and L. lineolata had oiled shells, as did 68% of N. versicolor and 14%
of N. tessellata. The single L. ziczac found was unoiled. Much of the low rubble
zone was coated with a thick, viscous layer of oil (Sect. 5.4). We counted the number
of dead snails stuck to or covered with oil (Table 5.2B) along with counts of live
individuals, then removed the dead snails. At least five species were found (there
were individuals of both Littorina and Nerita spp. too oiled to identify). Live and
dead individuals of N. versicolor and N. tessellata were abundant enough to test for
size-selective mortality; in both cases, mortality of small snails was greater than large
ones (P <.005, G-test with Williams’ correction; Table 5.3).

Individuals of four species were found dead in November 1986 (Table 5.2B).
For N. versicolor and P. nucleus, small snails died more frequently than large ones
(Table 5.3; P <.005, G-test with Williams’ correction). The opposite was true of N.
tessellata (P <.005, G-test with Williams’ correction), but only 12 live N. tessellata
were found. Seven of these were less than 8 mm long, while the smallest live snail
found in August was 9 mm long.

5.5.2.3 Summary

Effects of the spill appeared minor in the high rubble zone. Wetted only by
wave splash, this zone received only small amounts of oil. Many snails found in the
first 6 mo after the spill had oil on their shells, and some newly dead individuals
were recovered in August and November 1986. However, it is likely that these
individuals had moved upwards from the low rubble zone in response to oiling below
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Table 52 Abundance of dead snails in the high and low rubble zones at Galeta Navy Reef. Data are
mean number (1 SD) per 0.25 m®% N = 20 quadrats; + = present, but not found in quadrats; -
= absent. Nerita spp. and Littorina spp. are individuals that were too oiled to identify to species.

Species August 1986 November 1986

A. High Rubble Zone

Tectarius muricatus - +
Nodilittorina tuberculata + 0.1 (0.31)
Littorina angustior + 0.3 (0.55)
L. ziczac + 0.2 (067)
L. lineolata + 0.1 (0.22)
L. angulifera + 0.1 (0.22)
Nerita tessellata + 1.0 (1.50)
N. versicolor + 0.3 (0.73)
N. peloronta + -
Melampus coffeus + 0.9 (1.50)
Planaxis nucleus + 0.3 (0.57)
B. Low Rubble Zone

Nerita fulgurans 0.6 (1.15) -

N. versicolor 0.9 (1.40) +

N. tessellata 0.3 (0.92) +
Nerita spp. 1.6 (1.88) -
Littorina ziczac 0.1 (0.22) -

L. angustior - +
Littorina spp. 0.8 (1.27) -
Planaxis nucleus 0.4 (0.67) +

(Littorina angulifera, the mangrove littorinid, was observed to move up to 10 m in
trees following oiling in the mangroves; S. D. Garrity, pers. obs.).

In contrast, data suggest that snails were killed initially by oil in the low
rubble zone at GNRF. Species number and snail abundance were sharply reduced
in the reef rock zone, and initial effects were suggested by data in the sand zone.

The spill had no detectable effects in Thalassia beds, given the variation in
populations over time. In Laurencia beds, data from GNRF suggest a reduction in
snail populations after the oil spill.

5.5.3 Initial Effects on Gastropod Populations: Effects of Reef Cleanup Crew,
August-September 1986

5.5.3.1 Methods

See Section 5.5.1.1; less than 1 wk after the first postspill monitoring, a
cleanup crew manually removed oil and oiled debris from the high and low rubble
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Table 5.3 Size-selective mortality in the high and low rubble zones at Galeta Navy Reef. Data are
number of snails in size classes, living or dead, after the oil spill (August or November 1986).

Size (mm)
4 56 78 91011121314151617 1819 20 P!
High Rubble Zone
Littorina lineolata
8/86 Live 242421 >.1
Dead 1617172348 7
Low Rubble Zone
Nerita versicolor
8/86 Live 12211010 82225261212 4 < <. 005
Dead 21 9 51419 9222825 9 7 1 1
11/86 Live 1 4 323243337331710 2 1 1 < <.005
Dead 333254756121
N. tessellata
8/86 Live 2 7142734222215 5 1 < <.,005
Dead 1 4 9111921244254363716 6 1
11/86 Live 2221 1211 < <.005
Dead 24263 7101719 9 51
Planaxis nucleus
11/86 Live 1251021 7 4 < <.005
Dead 212496

ICalculated using the G-test with Williams’ correction (Sokal and Rohlf 1981).

habitats and used water hoses to blow oil from the sand habitat. These three
habitats were remonitored within 2 wk to assess changes brought about by the
cleanup.

5.5.3.2 Results

Gastropod abundances at GNRF were monitored twice in August-September
1986, before and immediately after the activities of a cleanup crew (Table 5.4).
Cleanup occurred in the high and low rubble zones, where oiled rocks, rubble, and
other debris were collected by hand and removed by wheelbarrow, and in the sand
zone, where cleaning was attempted using saltwater pumps and hoses. Here, oil,
snails, and small detritus were washed seaward several meters into deeper water (S.
D. Garrity, pers. obs.).

In the high rubble zone 6 of 7 species found before cleanup were less
abundant immediately afterward, with the abundance of Tectarius dropping 50%.
One rare species increased slightly in abundance, and two new species appeared. In
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Table 5.4 Density of gastropods before and after cleanup activities in the high rubble, low rubble, and
sand zones at Galeta Navy Reef, 1986. Data are mean number (1 SD) per 0.25 m>. N = 20 quadrats,
each monitoring,

August August-September

Postspill Post-cleanup November
A. High Rubble Zone
Littorina angulifera 0.1 (0.2) 0 0
L. angustior 14.8 (12.8) 13.0 (18.9) 10.4 (13.5)
L. lineolata 09 (14) 0 0.4 (0.8)
L. ziczac 0.6 (1.6) 0 0.8 (0.3)
Nodilittorina tuberculata 25@3.5) 14 (2.7) 11 (1.2)
Tectarius muricatus 14.8 (10.2) 72 (13.3) 121 (11.3)
Nerita versicolor 0.1 (0.2) 0.7 (2.7) 0
L. nebulosa 0 0.1 (0.2) 0
N. peloronta 0 0.1 (0.3) 0
N. tessellata 0 0 0.6 (2.5)
Melampus coffeus 0 0 0.1 (0.5)
B. Low Rubble Zone
Littorina angustior 0.2 (0.7) 14 (5.8) 10 (1.3)
L. ziczac 0.1 (0.2) 0 0511
Littorina spp.' 0.1 (0.2) 0 0
Nerita tessellata 1.1 (2.6) 0.1 (0.2) 0.1 (0.3)
N. versicolor 13 (2.2) 0.3 (0.9) 43 (4.0)
Planaxis nucleus 0.1 (0.2) 0 12 (2.2)
P. lineatus 0 0.1 (0.5) 0
Tectarius muricatus 0 0.1 (0.5) 0
Melampus coffeus 0 0 0.1 (0.5)
C. Sand Zone
Batillaria minima 111 (41.2) 0.1 (0.2) 0
Cerithium eberneum 24.3 (69.3) 0 0
Neritina virginea 0 0 415.0 (4974)

Too oiled to identify to species.

the low rubble zone 4 of 5 species decreased in abundance or disappeared, one
increased, and two new species were found after cleanup. In the sand zone the most
abundant snail disappeared, and another common species decreased in density by a
factor of 10 following cleanup.

Changes in the high and low rubble zones appeared ephemeral. Table 5.4
also shows snail abundances for the following quarterly monitoring (November 1986).
Four species which had appeared in the two rubble zones after cleanup did not
persist. However, reductions in density of Batillaria and C. eburneum in the sand
zone continued. These two species disappeared, and a third species, Neritina virginea,
not previously found, appeared in high density.
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5.5.3.3 Summary

Activities of a cleanup crew resulted in disturbance to some species in the
high rubble zone, but this appeared temporary. In the low rubble and sand zones,
some species showed a further reduction in abundance immediately after these
activities.

5.5.4 Long-term Effects on Gastropod Abundance

5.5.4.1 Methods

See Section 5.5.1.1. Reef flat habitats were monitored quarterly after the spill
until May 1989.

5.5.4.2 Results
High Rubble Zone
Overall Abundance

After the spill total snail abundance (all species combined) was similar (~30
snails/0.25 m?) at TPR and GNRF in August and November 1986 (Fig. 5.10). From
February 1987 through May 1989, however, density was greater at TPR than GNRF
in all 10 monitorings. When we compared the number of species found at each
monitoring, more species occurred at TPR in 8 of 12 instances, with one tie. More
species were found at GNREF in the first two monitorings after the spill (when two
"nonresident" species, L. angulifera and Melampus, were found) and in May 1988
(after a diesel spill at TPR).

Individual Species Abundances

The data in Figure 5.11 show the relative contribution of common species to
overall snail abundance at each site. Between November 1986 and February 1987
a single species, Littorina lineolata, increased markedly in abundance at TPR only.
This caused most of the difference in abundance between sites. Another contributor,
Littorina angustior, was initially abundant only at GNRF, then disappeared during the
same period. Two species, Nodilittorina tuberculata and Tectarius muricatus, showed
roughly similar changes in abundance at both sites.

Figures 5.12 and 5.13 show long-term abundance data for individual species
in this zone. Despite some gastropod mortality immediately after the spill
(Sect. 5.5.2), abundances of most species at GNRF in August 1986 were roughly
similar to those in 1982. Tectarius was the exception, having more than doubled in
density (to ~15/0.25 m?). The unoiled site at TPR, first monitored in August 1986,
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Fig. 5.10 Total gastropod abundance and number of species in the high rubble zone. Abundance data
are mean densities (SE) of all gastropod species combined for each site at each sampling date. Vertical
arrow indicates the diesel spill at TPR in May 1988. Number of species is the total recorded in 20 0.25-
m? quadrats at each sampling date. ND = no data.

had three main differences from GNRF: L. angustior was absent, L. ziczac was far
more common than at GNRF, and only four species were recorded.

Density at both oiled and unoiled sites remained about the same in November
1986, except for a decrease in L. ziczac at TPR and an increase in Tectarius at
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Fig. 5.11 Abundance of Littorina lineolata, L. angustior, Nodilittorina tuberculata, Tectarius muricatus,
and other gastropods combined in the high rubble zone. Vertical arrow indicates the diesel spill at TPR
in May 1988. ND = no data.

GNREF. Both oiled and unoiled sites had markedly increased numbers of L. lineolata
in February 1987. L. angustior, abundant in all previous monitorings at the oiled site,
essentially disappeared in February 1987. L. ziczac became rare at the unoiled site
at the same time, and Tectarius also dropped sharply in abundance. L. ziczac
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Fig. 5.12 Abundance of species of Littorina in the high rubble zone. Vertical arrow indicates the diesel
spill at TPR in May 1988. ND = no data.

remained rare at both sites (<1 snail/0.25 m?) through the next several monitorings
(rainy season), then increased at TPR during late rainy/early dry season 1987-1988
(2-4/0.25 m?). L. lineolata, after a decrease in May 1987, increased at both sites
through dry season 1988, then decreased again in May 1988.
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Fig. 5.13 Abundance of Tectarius muricatus in the high rubble zone. Data are means of 20 quadrats
at each sampling date. Solid portions of bars for GNRF are means of 20 quadrats run along a transect
line above the high rubble zone when snails were observed in the supratidal. Vertical arrow indicates
the diesel spill at TPR in May 1988. ND = no data.

The 1988 dry season was windy, with extremely high wave action (R. C.
Thompson, pers. comm.; S. D. Garrity, pers. obs.). By May up to 75% of the
substratum in the high rubble zone at GNRF had been recently eroded
(mean = 24.8%, range = 0-75%, N = 20). There was somewhat less erosion at TPR
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(mean = 10.5%, range = 0-50%, N = 20). In February 1988 Tectarius decreased
greatly in abundance at both GNRF and TPR. At GNREF this reduction in number
was partly caused by an upward migration of snails into supratidal debris (mean
density + 1 SD of Tectarius above its normal range was 10.5 *+ 8.1/0.25 m%, N = 20
quadrats; Fig. 5.13). In May 1988 Tectarius was rare at GNRF in both the high
rubble zone and above its normal range (2.9 + 3.3/0.25 m?). This suggests delayed
mortality. Similar reductions in density were observed at TPR, where less supratidal
rock was available. The absence of a supratidal refuge equivalent to that at GNRF
apparently led to greater immediate Tectarius mortality during storm conditions, and
probably caused the reduction in numbers of Tectarius in February 1987 as well.

In May 1988 density of all species dropped at both GNRF and TPR (Figs.
5.10, 5.11); this also occurred in February to May 1987. It may reflect a regular
migration of snails to lower levels of the shore at the end of the dry season, when
water levels predictably drop and the reef flat is exposed for long periods (Cubit et
al. 1986). However, at TPR there was a small spill of diesel fuel just prior to the
May monitoring. Species number dropped from 8 to 4 (the four rarest species
disappeared). N. versicolor was one; it had been present in 4 of 7 previous
monitorings. This species died in large numbers in the lower intertidal after the
diesel spill and may have been affected indirectly in the high rubble zone. Members
of the genus Nerita typically exhibit rhythmic feeding migrations (e.g., Levings and
Garrity 1983; Peckol et al. 1989), making them likely to be affected by conditions in
a broad range of the intertidal. Overall, the data suggest that the diesel spill at TPR
in May 1988 had effects in the high rubble zone only on N. versicolor and perhaps on
three rare species of Littorina. Density returned to previous levels in August 1988.

Over the next four monitorings (August 1988-May 1989), L. lineolata slowly
continued to decline at GNRF; at TPR, after a small increase in August 1988, it also
declined through the remainder of the study. Rare species, including L. ziczac and
L. nebulosa, also became rarer or disappeared at both sites. This general trend was
correlated with further physical degradation of the habitat at both sites through
continued erosion by wave action (S. D. Garrity, pers. obs.).

Low Rubble Zone

Overall Abundance

Total gastropod abundance in the low rubble zone was generally greater, but
more variable at TPR than at GNRF (Fig. 5.14). For 3 yr following the spill, snail
density was higher at TPR in 10 of 12 monitorings. In 2 of the 3 yr, snail density was
highest in mid-rainy season (August) at the unoiled site, while there was little
seasonality evident at GNRF (Fig. 5.14). At GNREF overall snail density remained
50-95% lower than it had been in 1982-1983 until August 1988 (over nine quarterly
monitorings).

The number of species found per transect was higher at GNRF than TPR in
7 of 12 monitorings; the unoiled site had more or the same number of snail species
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Fig. 5.14 Total gastropod abundance and number of species in the low rubble zone. Abundance data
are mean densities (SE) of all gastropod species combined for each site at each sampling date. Vertical
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m’ quadrats at each sampling date. ND = no data.

only for the first four monitorings following the spill and in the final (May 1989)

monitoring (Fig. 5.14).
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Individual Species Abundances

The relative contributions of various species or groups to overall snail
abundance are shown in Figure 5.15. Littorinids and Planaxis showed the strongest
differences between oiled and unoiled sites, while neritids did not differ as much.
At GNREF only, neritids appeared to have a seasonal cycle of abundance, with lowest
densities in May (early rainy season) in all 3 yr examined. At TPR littorinid
abundance decreased greatly through rainy season in 1987 and never recovered.
Planaxis, the major contributor to overall snail density, also showed highly seasonal
patterns of abundance, with peaks in mid- to late rainy seasons 1987 and 1988 at
TPR (and to a lesser degree at GNRF).

Figures 5.16 and 5.17 show individual species densities for littorinid and
neritid snails. In the first monitoring after the spill, only five species were found at
GNREF (Fig. 5.14, August 1986). Nerita fulgurans, N. peloronta, L. lineolata, and
Nodilittorina disappeared there between 1982 and August 1986; abundances of
remaining species dropped roughly by a factor of 10 (Figs. 5.16, 5.17). Immediately
following activities of the cleanup crew, L. lineolata, L. ziczac, and P. nucleus
disappeared while a few P. lineatus appeared (Table 5.4).

In November 1986 four species present in 1982 were absent, and one new
species appeared (Tables 5.1 and 5.4). The latter, Melampus coffeus, usually is found
in mangrove detritus. Of the two previously most abundant species, N. fessellata
dropped further in density between August and November 1986, while N. versicolor
increased. There were no major changes in density for any species of gastropod at
the unoiled site (TPR) during the same period (Figs. 5.16, 5.17).

In February 1987 there were increases in density for 10 species (most notably
L. lineolata and N. versicolor) at TPR (Figs. 5.16, 5.17). Three of these species also
increased at GNRF (N. tessellata, L. nebulosa, and Nodilittorina), but abundances
remained comparatively low (Figs. 5.16, 5.17). In contrast to events in the high
rubble zone, most species in the low rubble zone did not decrease markedly in
density in May 1987 (early rainy season); only N. tessellata and several rare species
(combined as "other" on Fig. 5.16) became less abundant at GNRF. At TPR most
species declined slightly, and N. fessellata increased (Figs. 5.16, 5.17).

In August 1987 P. nucleus (Fig. 5.15) and N. fulgurans (Fig. 5.17) markedly
increased in abundance at the unoiled site, and N. versicolor, N. tessellata, and P.
nucleus increased at GNRF (Figs. 5.15, 5.17). Most other species declined in
abundance at both the oiled and unoiled site, notably L. lineolata and L. angustior
(Fig. 5.16), or at TPR only (N. versicolor and N. tessellata, Fig. 5.17).

In November 1987 snail density at TPR dropped markedly. The two species
whose densities had increased greatly in August were relatively rare in November.
Only N. tessellata increased in density, and three previously rare species were not
found. At GNREF the three species that had increased in abundance in August, as
well as L. ziczac, markedly decreased. Three species that had been rare in August
were not found in November samples, but L. lineolata increased by a factor of 20
(Figs. 5.15, 5.16, 5.17).
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Fig. 5.15 Abundance of Planaxis nucleus, Littorina spp., L. lineolata, Nerita spp., and other gastropods
combined in the low rubble zone. Vertical arrow indicates the diesel spill at TPR in May 1988.
ND = no data.

Densities of snails in February 1988 were generally lower than in November
1987 at both sites. A notable exception was Nerita tessellata at GNREF; it increased
by a factor of 10 (Fig. 5.17). The number of species decreased at both sites as well
(from 9 to 6 at GNREF, and from 6 to S at TPR). This contrasted sharply to events
seen the previous February. Field notes document storm damage and erosion of the
habitat between November 1987 and February 1988.
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Fig. 5.16 Abundance of species of Litforina in the low rubble zone. Vertical arrow indicates the diesel
spill at TPR in May 1988. ND = no data.

For most species, density at both GNRF and TPR dropped considerably
between February and May 1988 (Figs. 5.15-5.17); only L. lineolata at TPR showed
a small increase. The overall decreased densities, perhaps due to continuing effects
of rough dry season weather, complicate interpretation of the effects of the diesel
spill that occurred only at TPR. However, there is some evidence for mortality due
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Fig. 5.17 Abundance of species of Nerita in the low rubble zone. Vertical arrow indicates the diesel spill
at TPR in May 1988. ND = no data.

to the spill. Only two species were found at TPR in May, both at greatly reduced
density; five species were recorded in February. All Batillaria minima in density
quadrats were dead (mean density of dead snails + 1 SD = 10.3 + 25.1, N = 20).
At GNREF total snail density also dropped, largely as a result of changes in numbers
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of N. tessellata. Three rare species disappeared (of six present at the previous
monitoring), while one was added (Nodilittorina).

At the next monitoring (August 1988), three neritid species, particularly Nerita
fulgurans (Fig. 5.17), as well as Planaxis nucleus (Fig. 5.15), had increased in
abundance both at TPR and GNRF. Littorinid abundances remained low, although
L. lineolata continued to increase slowly at GNRF only (Fig. 5.16). In November
1988 N. fulgurans disappeared from both sites, and N. versicolor increased (Fig. 5.17).
L. lineolata continued to increase at GNRF and reappeared, along with L. ziczac
(both sites) at TPR (Fig. 5.16).

After November 1988 littorinid abundance declined overall, with
disappearances of L. ziczac at both sites, and a decrease in L. lineolata as well (with
a slight increase in the latter at GNRF in May 1989; Fig. 5.16). In February 1989 N.
versicolor declined in abundance at both sites, while N. tessellata and N. fulgurans
reappeared at both sites. Neither species occurred at GNRF in May 1989; N.
versicolor was the only neritid found. At TPR N. versicolor and N. tessellata were
more abundant than in February, but N. fulgurans was rarer.

Reef Rock Zone
Overall Gastropod Abundance

The effects of oiling were severe in the reef rock zone. Total gastropod
abundance was higher at TPR than at GNRF in 11 of 12 monitorings; only in May
1988, following the localized diesel spill, was snail abundance as low at TPR as at
GNREF (Fig. 5.18). Similarly, the number of gastropod species found per transect was
higher at TPR at all monitorings except May 1989. Like overall snail abundance,
species number at TPR was lowest immediately after the May 1988 diesel spill,
although there were still more species of molluscs found (three) than at GNRF
(one).

The relative contribution of species or groups to overall patterns of abundance
in the reef rock zone is shown in Figure 5.19. Both littorinids and neritids, present
before the spill, were almost entirely absent from the reef rock zone at GNRF for
2 yr following the spill. Even after 3 yr, density at GNRF was <7.5 snails/0.25 m?
(all species combined). At TPR there were 4-10 neritids/0.25 m? except after the
diesel spill (May 1988), when they were rare (0.2 snails/0.25 m?). At TPR littorinids
were both more abundant and variable than neritids, with no apparent pattern of
seasonality and lowest density immediately after the diesel spill. Several rare species,
including Purpura patula and Acanthopleura granulata, were found at TPR in 9 of 12
monitorings, but only one individual was found at GNRF.

Individual Species Abundances

At GNRF in August 1986, of the species found prior to the spill only two
species of neritids remained, and both were less abundant than in 1982 (Fig. 5.20; the
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Fig. 5.18 Total gastropod abundance and number of species in the reef rock zone. Abundance data are
mean densities (SE) of all gastropod species combined for each site at each sampling date. Vertical
arrow indicates the diesel spill at TPR in May 1988. Number of species is the total recorded in 20 0.25-
m? quadrats at each sampling date. ND = no data.

mean density of N. fulgurans in August 1986 was 0.1/0.25 m? and cannot be seen in
the figure). N. fulgurans was not found between August 1986 and August 1988. M.
versicolor, absent in 1982, was present in August 1986 (mean density = 0.1/0.25 m?,
not visible in Fig. 5.20), but was not recorded from May 1987 through February 1989.
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Fig. 5.19 Abundance of Littorina spp., Nerita spp., and other gastropods combined in the reef rock zone.
Vertical arrow indicates the diesel spill at TPR in May 1988. ND = no data.

N. tessellata remained rare, never reaching a density of 1 snail/0.25 m2. No littorinids
reappeared through August 1988. A single chiton, Acanthopleura granulata, was
found in November 1986. Recovery appeared to begin in earnest only in 1989 and
was not complete in May when the study ended.

At the unoiled site the reef rock zone had more vertical relief and was more
emergent than at GNRF. Three or four species of neritids were counted during all
monitorings except May 1988, when only one species was found.
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Fig. 520 Abundance of species of Nerita in the reef rock zone. Vertical arrow indicates the diesel spill
at TPR in May 1988. ND = no data.

Four species of littorinids occurred in the reef rock zone (Fig. 5.21). Numbers
of L. lineolata fluctuated, but remained high through February 1988, dropping in May
1988. L. ziczac remained rare until August 1988. L. angustior varied from § to 28
snails/0.25 m? between August 1986 and August 1987; none was recorded after
August 1987. L. meleagris was ephemeral; it was found only in 1987.
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Fig. 521 Abundance of species of Littorina in the reef rock zone. Vertical arrow indicates the diesel
spill at TPR in May 1988. Note difference in scales between TPR and GNRF. ND = no data.

Seven species were recorded at TPR in the reef rock zone in February 1988,
at a total density of 21.8/0.25 m%. In May only three species were found, with a total
density of 2.4/0.25 m? (an order of magnitude fewer snails than in the seven previous
monitorings). On 23 May more than 120 dead N. versicolor and numerous dead crabs
were counted in a 5-m’ area. Dead individuals of five species (N. tessellata, N.
versicolor, N. peloronta, N. fulgurans, and Tectarius, N = 81 total, most N. tessellata)
were found on 1 June. These data strongly suggest an immediate effect of diesel at
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TPR in this zone. Density recovered in August 1988 and remained similar to that
in February 1988 for the duration of the study.

Sand Zone

At GNREF Neritina was not found and Batillaria abundance was far lower in
August 1986 than in 1982 (Tables 5.1, 5.5). No live Batillaria were found in
November 1986. Only a few Batillaria were found at each monitoring until August
1987, and they were extremely rare again in November 1987. Since then, numbers
fluctuated from <1 to >50 snails/0.25 m%. Cerithium eburneum, absent in 1982, was
common in August 1986. It was also washed seaward by cleaning, and only two
individuals, found in August 1987, were counted afterward. The small-bodied
Neritina, absent in August and September 1986, appeared in high density in
November 1986. Its numbers gradually declined through 1987, and none was
recorded after August 1987.

At the unoiled site (MSR), C. eburneum was absent in August and rare in
November 1986, after which none was found. Batillaria was patchily abundant in all
monitorings. Neritina was abundant in November 1986. None was found in February
1987 and only a few were counted in May 1987. None was recorded after the May
1987 monitoring.

Thalassia testudinum Zone

At GNREF in August 1986, C. eburneum was not found, and C. literatum was
rare; in November 1986, neither species was found (Table 5.6). On the unoiled reef
at MSR, both species occurred in low abundance during the August and November
1986 monitorings. Since then, snails were rare at both oiled and unoiled sites. No
snails were recorded at either site after November 1987, except for a few Batillaria
at MSR in August 1988 and February 1989.

Laurencia papillosa Zone

Gastropods were rare in this zone (Table 5.7). No gastropods were found in
August and November 1986 at GNREF, but T. deltoidea reappeared in low abundance
in February through August 1987. Two even rarer species were found then, Olivella
in May 1987 and Engina in August 1987. No snails were found in sampling from
November 1987 through May 1989.

At TPR 1 to 4 species were found in low abundance at each monitoring
through August 1987. Since then, like at GNREF, no snails were recorded. No snails
were found at TPR in May 1988 after the diesel spill and early wet season exposures.
In July 1988 an unrelated search at this site for Morum oniscus, a cryptic species,
yielded only dead individuals (C. Gonzélez, pers. obs.).
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Table 5.5 Density of gastropods in the sand zone. Data are mean number (1 SD) per 0.25m% N = 20
quadrats.

Galeta Navy Reef v Maria Soto
Cerithium Batillaria Nentina  Cerithium Batillaria Neritina
eberneum minima virginea eberneum minima virginea
1986 August 24.3 (69.3) 11.1 (41.2) 0 0 901.3 (1137) 1.5 (6.5)
November 0 0 4150 (4974) 03 (1.1) 1728 (176) 91.5 (146.3)
1987 February 0 51 (139) 1165 (12.6) 0 418.8 (527) 0
May 0 0 71.9 (94.4) 0 26.6 (35) 10.7 (18.6)
August 0.2 (04) 77.4 (163.5) 20.7 (30.3) 0 164.4 (552) 0
November 0 0.3 (0.8) 0 0 96.7 (189) 0
1988 February 0 0.4 (0.8) 0 0 147.1 (233.4) 0
May 0 42.3 (121.6) 0 0 57.2 (68.6) 0
August 0 524 (137.6) 0 0 128.0 (182.7) 0
November 0 7.8 (12.7) 0 0 8.2 (84) 0
1989 February 0 149 (27.1) 0 0 69.3 (69.1) 0
May 0 19.1 (47.3) 0 0 24.8 (27.2) 0

Table 5.6 Density of gastropods in the Thalassia testudinum zone. Data are mean number (1 SD) per
025 m%. N = 20 quadrats.

Galeta Navy Reef Maria Soto
Cerithium  Cerithium Cerithium  Cerithium  Batillaria
eberneum literatum ebemeum  literatum minima
1986 August 0 0.05 (0.2) 0.2 (0.5) 0.3 (0.6) 0
November 0 0 09 (1.1) 0.6 (1.5) 0
1987 February 0.1 (0.3) 0 0 0 0
May 0 0 0 0.1 (0.3) 0
August 0.1 (0.3) 0 0.7 (1.5) 0 0
November 0 0 0 0 0
1988 February 0 0 0 0 0
May 0 0 0 0 0
August 0 0 0 0 1.7 (2.6)
November 0 0 0 0 0
1989 February 0 0 0 0 0.5 (13)
May 0 0 0 0 0
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Table 5.7 Density of gastropods in the Laurencia papillosa zone. Data are mean number per 0.25 m?
N = 20 quadrats; - = no data. No molluscs were recorded at either site starting November 1987.

1986 1987
Species 1982-1983  August November February May August November
A. Galeta Navy Reef
Thais deltoidea 03 0 0 0.1 0.1 0.1 0
Engina turbinella 0 0 0 0 0 0.1 0
Leucozonia nassa 0.03 0 0 0 0 0 0
Astraea phoebia 0.2 0 0 0 0 0 0
Opisthobranch sp. 1 0.1 0 0 0 0 0 0
Diodora dysoni 0.1 0 0 0 0 0 0
Smaragdia sp. 03 0 0 0 0 0 0
Gastropod sp. 6 0.03 0 0 0 0 0 0
Cypraea zebra 14 0 0 0 0 0 0
Olivella pusilla 0 0 0 0 01 0 0
Total species 8 0 0 1 2 2 0
B. Toro Point
Thais deltoidea - 0.2 03 0.2 0.5 03 0
Olivella pusilla - 04 0.2 0.1 0 0 0
Mitra sp. - 0 0.1 0 0 0 0
Aplysia sp. 1 - 0 0 0.2 0 0 0
Conus sp. 1 - 0.1 0.1 0 0 0 0
Heliacus ?cylindricus - 0 0 0 0 0.1 0
Engina turbinella - 0 0 0 0 0.1 0
Total species - 3 4 3 1 3 0

5.54.3 Summary

Species number and abundance in the high rubble zone fluctuated at both
sites after the spill, but showed a downward trend, at least partly due to habitat loss
unrelated to the spill. If recruitment continues to be below normal at GNREF relative
to TPR, there will be a gradual reduction in gastropod density, an increase in larger
size classes of snails, and eventually a further decrease in species number.

After the shoreline cleanup, despite the complicating factors of habitat loss
and snail mortality (or movement) correlated with dry season storms, data indicate
persistent effects of oiling in the low rubble zone through May 1988. By August
1988, snails were as abundant as they had been in 1982. The diesel spill at TPR had
strong immediate effects, but was followed by the recruitment of several species and
a return to prior patterns of abundance. This suggests few long-term detrimental
effects of this small spill in the low rubble zone.
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Our data show strong, persistent effects of oiling at GNREF in the reef rock
zone, where species number as well as snail abundance was reduced sharply, relative
to both conditions prior to the spill and to the pattern of population change at the
unoiled site. There was a strong reduction in density at TPR after a relatively small
diesel spill, but populations quickly recovered to previous levels.

After the spill and cleanup, short-lived pulses of recruitment caused large
variations in gastropod density in the sand zone at both oiled and unoiled sites. The
spill also had no detectable effects on snails in Thalassia, given the variation in
populations over time. We have no explanation for the paucity of gastropods in this
habitat since 1986 relative to 1982.

In Laurencia beds, the postspill reduction in snail populations was followed
by gradual recovery. It is possible that snails moved up from crevices deep in the
reef flat from subtidal populations. The small diesel spill at TPR had no detectable
effects because snails were absent in previous monitorings.

5.5.5 Patterns of Recruitment: 1986-1989
5.5.5.1 Methods

See Sections 5.5.1.1 and 5.5.2.1. Size data were used to examine patterns of
recruitment over time. A species was considered to have recruited if a pulse of
small, previously absent individuals appeared. Because monitoring was quarterly,
pulses of rapidly growing species could have been missed; estimates of recruitment
should be considered conservative.

5.5.5.2 Results

Recruitment differed among species, as well as between oiled and unoiled
sites. Size-frequency data on shell lengths are shown for three species with different
patterns of recruitment in Figure 5.22. Batillaria minima, here shown from the sand
zone at MSR, showed a relatively static population size structure from August 1986
through May 1987. A sharp pulse of recruitment in August 1987 was followed by
increases in shell size between November 1987 and July 1988. A lesser event of
recruitment occurred in December 1988, followed by rapid growth over the dry
season. The relative increase in some smaller size classes in May 1989 may not have
been due to recruitment because no size classes smaller than those in the previous
monitoring were found. Rather, this probably represented movement or mortality
of some larger snails, and was not counted as a recruitment event.

In contrast, Tectarius muricatus, shown from the high rubble zone at GNRF,
remained relatively static throughout the study, with little or no change in shell size
(Fig. 5.22). There were no large pulses of recruitment and only occasional
appearances of small numbers of small individuals. A third species, Littorina
lineolata, from the high rubble zone at TPR (Fig. 5.22) recruited in moderate
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numbers in November 1986, February 1987, August 1987, February 1988, and
February 1989.

Episodes of recruitment are listed for all species abundant enough to follow
in Table 5.8. Most species have planktonic larvae (Vermeij 1978), with the exception
of members of the genus Cerithium. Dispersal and settlement should thus be
independent of snail population size at any given site.

In the high rubble zone, for the first year following the spill (August 1986-May
1987), only Littorina lineolata recruited at GNREF; this species, another
littorinid, and two neritids recruited at TPR. Over the second year (August
1987-May 1988), L. lineolata again was the only species to recruit in the high rubble
zone at GNRF, compared to three littorinids and two neritids at TPR. In the final
year of the study L. ziczac and Nodilittorina tuberculata recruited at GNREF, and these
two species, plus L. lineolata and Tectarius, recruited at the unoiled site. Overall,
between August 1986 and May 1989, four pulses of recruitment were recorded in the
high rubble zone at GNRF, while 13 were observed at TPR; three species recruited
only at TPR (Table 5.8).

In the low rubble zone 10 species recruited at TPR between August 1986 and
May 1987, compared to five at GNRF (Table 5.8). Only 1 of these 5, L. lineolata,
did not also recruit at the unoiled site in this zone. However, it did recruit in the
high rubble zone. In both the second and third years following the spill, about the
same number of species recruited in the low rubble zone, although individual species
varied between sites (Table 5.8). Over the 3 yr, 15 episodes of recruitment occurred
at GNRF, compared to 19 at TPR. One species, Planaxis lineatus, recruited only at
GNREF, while three species recruited only at TPR (Table 5.8).

On reef rock there was no recruitment at GNREF in either yr 1 or 2 following
the spill. At TPR eight species recruited during yr 1, but only two in the second year.
Recruitment was equivalent between sites in the third year, with four species at
GNRF and five at TPR. Overall, there were four recruitment events in the 3 yr after
the spill at GNRF, compared to 15 in the reef rock zone of the unoiled site, and four
species that recruited at TPR during this period did not recruit at GNRF (Table 5.8).

On intertidal sand there were no differences in the number of recruitment
events between sites. Overall, four episodes of recruitment occurred at GNRF
between August 1986 and May 1989, and four at MSR (Table 5.8). No unique
species recruited to either site.

Recruitment was impossible to follow in the Thalassia and Laurencia zones,
due to the low abundance of gastropods in these zones from August 1986 through
May 1989. In the former zone, two species of cerithids had been abundant in
1982-1983, indicating either a general disappearance of the genus in this region or
a very patchy population structure. In the Laurencia zone, mobile molluscs are
generally rare, and recruitment may be low, variable, or both.
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Table 58 Episodes of recruitment, 1986-1989.

1986 1987 1988 1989
No Fe My Au No Fe My Au No Fe My Total
High Rubble
Galeta Navy Reef LL LL LZ NT 4
Toro Point Lz LN LL LL LZ LZ LL 13
LL NT NV LN NT ™
Low Rubble
Galeta Navy Reef LL PN LZ PN NV LL NF PL 15
NS PL NS NT
NV NF
NT
Toro Point LZ LA PN PN BM LZ LL PN 19
LL LM NF NS BM
LN
NF
NV
NS
NT
PN
Reef Rock
Galeta Navy Reef LL NV 4
LZ NS
Toro Point LA LM NS NV LZ NF LL 15
LL 1LZ NV NS
NT NV
NS
NF
Sand
Gal. Navy Reef NE = BM BM BM 4
Maria Soto NE NE BM BM 4

BM = Batillaria minima, LA = Littorina angustior, LL = L.lineolata, LM = L. meleagris, LN = L.
nebulosa, LZ = L. ziczac, NF = Nerita fulgurans, NS = N. tessellata, NV = N. versicolor, NE = Neritina

virginea, NT = Nodilittorina tuberculata, PL = Planaxis lineatus, PN = P. nucleus.

5.5.5.3 Summary

Decreased recruitment at GNRF relative to that at TPR appeared to be the
major long-term effect of the spill in the high rubble zone. In the low rubble zone
there may have been decreased or failed recruitment during the first year after the
Recruitment in the second and third year after the spill appeared to be

spill.

equivalent at GNRF and TPR.
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Recruitment in the reef rock zone failed completely for 2 yr after the spill,
resuming only in November 1988. There may also have been a reduction in
recruitment at TPR in May 1988 after a relatively small diesel spill.

After the shoreline cleanup, short-lived pulses of recruitment occurred in the
sand zone at both oiled and unoiled sites. The low abundance of gastropods made
it impossible to follow recruitment in Thalassia and Laurencia beds.

5.6 Discussion
The effects of the oil spill at Bahia Las Minas on gastropod molluscs

inhabiting the nearby reef flat at GNRF must be evaluated cautiously. Conclusions
are speculative, given:

1. the 4-yr period between pre- and postspill monitoring,
2. the natural scarcity of gastropods in some habitats,

3. the patchy distribution of many species,

4, the unknown extent of natural variation, and

5. tack of data before the spill from TPR and MSR.

Despite this, there is evidence that the oil spill had strong effects on the molluscs of
some zones at GNRF. Especially important are:

1. observations of dead snails glued to the rock by oil,

pA recovery of large numbers of dead snails at GNRF when none was recorded
at TPR, and

3. failure of recruitment in the most heavily oiled zones.

Of the habitats sampled, oil was most heavily concentrated in the low rubble
and the emergent portions of the reef rock zones, where wave action and the rise and
fall of tides added layer upon layer of oil to rocky surfaces following the spill
(J. Cubit, pers. comm.). Relatively little oil splashed up onto the high rubble, above
the level of the tides. The intertidal sand, Thalassia, and Laurencia zones were also
heavily oiled, but the physical evidence quickly disappeared as sand shifted, oiled
plants rotted and drifted away, and ephemeral algae bloomed.

The observed pattern of oiling was due to the complicated pattern of tidal
emersion at Punta Galeta (Cubit et al. 1986, 1989). By April and May, onshore
winds, which usually keep water levels high and mask tidal fluctuations on the reef
flat, have dropped. This results in the periodic emersion of much of the surface of
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the reef flat. In contrast, an oil spill during the dry season, when water levels and
onshore winds are consistently high, would have concentrated oil on or at the edge
of the high rubble zone (see Cubit and Levings, Chap. 2). Lower zones of the reef
flat probably would have had little direct contact with surface slicks of oil, and were
affected only by oil mixed into the water column. The latter scenario appears to
have occurred when the Punta Galeta reef flat was oiled during dry season by the
tanker Witwater spill in 1968 (Riitzler and Sterrer 1970). Thus, effects of the oil spill
were intimately dependent upon the pattern of wind and tides, combined with small
differences in elevation across the reef flat (e.g., Connor 1984).

A small diesel spill at TPR occurred following the grounding of a 75-foot
sailboat on 14 May 1988. Weather conditions were similar to those during the Bahia
Las Minas spill. Intertidal reef gastropods were experiencing extended periods of
daytime emersion. Extreme daytime exposures (J. Cubit, pers. comm.) occurred for
five or more hours each day both before and during the May 1988 monitoring period
(19-22 April, 2-5 May, 16-22 May, and 29 May-7 June). Although low water levels
occur every year at this time, 1988 had an unusually high number of exposures (J.
Cubit, pers. comm.; Cubit and Connor, Chap. 4). Mobile molluscs behaviorally
reduce physical stress from heat and desiccation while emersed by moving lower on
the shore, moving to vertical surfaces or crevices, or becoming inactive under cobble,
coral rubble, sand, or debris (Garrity 1984). Some of these behaviors affected
exposure of snails to diesel fuel at TPR. Fuel collected in depressions and on sand
in the reef rock and low rubble zones (C. Gonzilez, pers. obs.).

Physical stress alone does not explain the observed mortality at TPR. First,
several hundred dead, freshly oiled individuals of six snail species were collected
during the May 1988 monitoring at TPR; no such dead snails were found either at
GNREF or MSR. Of the 206 Batillaria minima counted in quadrats in the low rubble
zone at TPR, all were dead, while of the 237 individuals counted in quadrats from
the sand zone at MSR, all were alive. Second, snail abundance generally increased
at TPR from May to August 1988, despite continued daytime reef exposures in June,
July, and early August. A number of species showed recruitment during these
extended exposures, further suggesting adaptation of snail population to such
exposures.

As a result of the pattern of oil deposition from the 1986 refinery spill, both
reef rock and low rubble zones showed major and persistent changes in gastropod
abundance at GNRF. These zones at TPR appeared briefly affected by a small
diesel spill in May 1988, the same time of year as the spill at GNRF. At GNRF
there was little evidence of recovery in the reef rock zone until 3 yr after the spill
and its resultant mortality; recruitment was strongly affected until late 1988.

The high rubble zone received relatively little oil, and populations of snails
varied after the spill at both oiled and unoiled sites. The presence of large numbers
of oiled snails in this zone soon after the spill suggests vertical movement of snails
from lower, more heavily oiled zones. The extent and timing of normal snail
movement and migration may help explain differential mortality among species and
may be a factor in some of the changes in abundance seen at both sites since the spill
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(e.g., Peckol et al. 1989). Activity patterns of gastropods elsewhere have been shown
to influence susceptibility to pollutants (Dicks 1976). This aspect remains to be
investigated.

In the Laurencia zone several species of gastropods are normally rare. Since
the oil spill, few to no molluscs were found at GNRF. However, the same pattern
has been observed at the unoiled site, indicating that oiling alone is not responsible
for the reductions. More detailed examination of mollusc populations, perhaps
focusing on micromolluscs, might have provided more conclusive results.

In the sand and Thalassia zones at GNRF, there were strong differences in
snail abundance between 1982 and postspill monitorings. The oil spill or subsequent
cleanup operations (or both) eliminated Batillaria from intertidal sand at GNREF.
Numbers since have fluctuated, probably depending upon pulses of opportunistic
settlement, and suggesting few persistent effects of oiling. In the Thalassia bed, two
species of Cerithium were present at GNRF before the spill and were absent or rare
after the spill. However, at the unoiled site in 1986 both species were also rare.
They have been commonly reported in Thalassia beds (e.g., Heck 1977), but were
rare along the entire coast during this study (S. D. Garrity, pers. obs.). We have no
explanation for this phenomenon. Although oil may have affected the gastropods of
the Thalassia bed at GNREF, results could also be explained by unrelated population
fluctuations along this coast.

To confound our findings, results from sand and Thalassia beds highlight the
potential for variation in recruitment among sites (e.g., Caffey 1983). Because only
two sites could be monitored for each zone, we cannot separate random variation at
each site from effects of oiling. Persistence of effects over time may indicate that
recruitment is reduced at oiled sites, or merely that an individual site tends to have
low recruitment.

This general problem strongly affects studies of pollution (e.g., Jones 1982;
Lewis 1982; Underwood and Peterson 1988). Oil spills are unplanned events that
occur rarely in areas where long-term monitoring programs have been in progress for
many years or where the life histories of resident organisms are well known. As with
many ecological problems, data from tropical habitats are even rarer than data from
the temperate zone (but see Birkeland et al. 1976; Eisler 1973, 1975a, b; Chan 1976,
1977; Maynard et al. 1977; Maynard 1984; Cubit et al. 1986). Despite its
imperfections, the present study represents the only long-term data available for
tropical molluscs (Garrity and Levings 1990). Interpreted cautiously, the data show
thus far that (1) mortality was extensive in some sections of the reef flat and (2)
recovery had not been completed 3 yr after the spill. The separation of natural
population fluctuations from those caused by oil, and any evaluation of time to final
recovery must await further study.
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6
Reef Flat Stomatopods

Rick Steger and Roy Caldwell

6.1 Abstract

Stomatopod crustaceans, commonly known as mantis shrimp, are important
components of reef flat and seagrass bed communities. In particular, gonodactylid
stomatopods are abundant predators that live in cavities in hard substrata, such as
coral rubble, specializing on gastropod and hermit crab prey. Prior to the 1986 Bahia
Las Minas oil spill near the Galeta Marine Laboratory, gonodactylid densities of 7-8
individuals per m? were recorded from low-intertidal Thalassia beds in this area.

In September 1986, 5 mo after the oil spill, four study sites were established
and a sampling regimen prescribed to determine immediate and long-term effects of
oiling on gonodactylid populations. Two sites, Isla Mina and Isla Largo Remo North,
had been heavily oiled. The other two, Isla Margarita and Isla Largo Remo West,
received little or no direct oiling and served as reference sites. Three types of
sampling were conducted. First, to determine densities, a reserve was established at
each site for quadrat sampling. During each sampling period 0.5-m® quadrats were
cleared of all hard substrata, which were then measured and broken apart to reveal
resident stomatopods. Second, to provide greater numbers of animals, large pieces
of rubble were haphazardly selected from areas near the reserves, measured, and
broken apart. Finally, to determine the relationship between stomatopod size and
the volume of the cavity it occupied, pieces of rubble known to contain at least one
gonodactylid were taken from selected sites, the animals removed, and the cavity
volumes measured. All gonodactylids collected were characterized according to
species, sex, size, reproductive condition, injuries, and molt and growth status.
Sampling was conducted at the four sites during the wet (September) and dry
(February) seasons from September 1986 through February 1988. Dry-season-only
sampling was continued from February 1989 through February 1991. Two control
sites that had not been oiled (Marfa Soto and Punta Escucha) were added in
February 1988. Only the haphazard rubble samples were collected at these sites.

Results from the initial postspill samples in September 1986 showed there
were significantly fewer large gonodactylids, particularly females, at the two heavily
oiled sites. Also, individuals at the heavily oiled sites grew more per molt and had
fewer wounds than individuals at the reference sites and at the same sites prior to
the spill. At the one heavily oiled site sampled for gonodactylid-size cavity-volume
relationships, individuals occupied larger cavities than did animals at reference sites
both before and after the spill. These results suggest that loss of large gonodactylids
at heavily oiled sites through mortality, emigration, or both resulted in reduced
competition for cavities. This change allowed animals to occupy preferred-size
cavities. Relaxed competition also resulted in less fighting and injuries, and increased
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growth. Growth may also have been promoted at oiled sites due to an increase in
available prey. Numbers of hermit crabs increased rapidly postspill, presumably due
to snail mortality and a resulting increase in shell availability.

Long-term effects of oiling were measured in habitat changes at Isla Largo
Remo North, the most heavily oiled site. Oiling killed Thalassia and a wide band of
mangroves at this site. Subsequent erosion resulted in the loss of up to 14 cm of soft
substratum and transformed the habitat into an area dominated by large pieces of
unconsolidated coral rubble. Isla Largo Remo North no longer has the preferred
habitat of gonodactylids, and stomatopod density remained low nearly 5 yr after the
spill. Thalassia beds at the other heavily oiled site recovered within a year of the
spill, and again provided suitable habitat for gonodactylids.

Oiling had a long-term effect on gonodactylid recruitment. Recruitment was
reduced for 1 to 2 yr following the spill at heavily oiled sites relative to reference
sites. This reduction resulted in a decline in densities of young and medium-aged
gonodactylids at these locations. The long-term effect of reduced recruitment on
gonodactylid populations was confounded, however, by a general depression of
recruitment at all sites from 1987 through 1989. The cause of this phenomenon and
its relationship to the oil spill are unknown.

No direct effects of the oil spill on gonodactylids were measured after 1988.
Immigration of larger stomatopods into heavily oiled sites and a return to normal
levels of recruitment eliminated or masked any direct effects of oiling that persisted.

Indirect effects of oiling brought about through reduced competition for
cavities, including the gonodactylid-size to cavity-volume relationship and wounding,
could not be discerned at any site other than Isla Largo Remo North after 1988. At
this heavily oiled site, after significant erosion continued, low gonodactylid density
and abundant available cavities resulted in high stomatopod-size to cavity-volume
ratios and reduced wounding.

One other stomatopod, the large burrowing species Lysiosquilla grabiuscula,
was common, particularly at Isla Mina, in intertidal Thalassia beds prior to the oil
spill. Monogamous pairs apparently remain in one burrow for life and individuals
are quite long lived. Prior to the spill adults were followed for up to 4 yr. Since the
oil spill searches for Lysiosquilla have failed to reveal a single burrow at any of the
oiled or reference sites. It appears this species is locally extinct, although why it has
not been found even at the reference sites remains unclear.

6.2 Introduction

Stomatopods (mantis shrimp) represent an ancient lineage of predatory
marine crustaceans found in most tropical and semitropical seas (Fig. 6.1). Most
species occur in shallow coastal habitats burrowing in sandy or muddy sediments or
occupying cavities in coral, rock, and other hard substrata. Mantis shrimp are
characterized by a pair of enlarged thoracopods that form powerful raptorial
appendages used to capture and process prey. The raptorial appendages are also
potent offensive and defensive weapons used in intra- and interspecific combat.
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Fig. 6.1 Typical stomatopod crustacean with major body parts and appendages labeled.

Caldwell and Dingle (1976) divided stomatopods into two functional groups based
on the morphology of the raptorial appendages, spearers and smashers. Raptorial
appendages of spearers possess a slender, terminal dactyl armed with numerous
spines. They are used to impale soft-bodied prey, such as shrimp and fish. Smashers
typically have unarmed dactyls with greatly enlarged and heavily calcified heels that
are used like hammers to smash armored prey, such as snails and crabs.

Gonodactylid stomatopods are smashers that occupy and defend cavities in
hard substrata as refuges from predators. Gonodactylids are principal components
of many intertidal communities due to their position as both important predators and
prey. As prey, they serve as an abundant source of food for herons, egrets, fishes,
and octopuses (Reaka 1985; Caldwell 1987). As predators, they are capable of
structuring local populations of hermit crabs and gastropods, their primary prey
(Caldwell et al. 1989). In addition, gonodactylids are used often in research on the
function and expression of aggressive behavior because of their combativeness and
highly developed systems of communication (for reviews see Caldwell and Dingle
1976; Reaka and Manning 1981; Steger 1985; Caldwell 1987).

The population biology, ecology, and behavior of gonodactylids have been
studied in great detail around the Galeta Marine Laboratory of the Smithsonian
Tropical Research Institute (STRI). These studies were carried out over a 5-yr
period from 1979 to 1983 by R. Caldwell and R. Steger. During that period, we
monitored gonodactylid populations on reef flats and seagrass beds within a 4-km
radius of the Galeta Marine Laboratory. We collected approximately 150
stomatopods per week throughout most of this period to determine demographic
structure and reproductive, growth, and recruitment patterns of populations.
Sampling methods included quadrat- and transect-density studies, in which all animals
were removed and recorded from prescribed areas (0.5 m?% 1 m% and 49 m?);
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breaking selected pieces of rubble likely to contain at least one stomatopod; and
collecting at prescribed intervals all gonodactylids that colonized grids of artificial
concrete cavities set out in the field. In all, over 50,000 gonodactylids were collected
and catalogued with respect to species, sex, size, reproductive condition, injuries, molt
status, and growth. In addition, we undertook several sampling programs to
determine local stomatopod densities, estimated stomatopod-size to cavity-size
relationships, locally manipulated stomatopod densities to determine their effect on
local prey populations, and conducted numerous field and laboratory observations to
document various agonistic and reproductive behaviors. Much of the current
information available on the ecology and behavior of gonodactylid stomatopods
comes from this research program (e.g., Caldwell and Lamp 1981; Caldwell 1982,
Berzins and Caldwell 1983; Steger and Caldwell 1983; Montgomery and Caldwell
1984; Steger 1985; Caldwell 1986a; Caldwell 1986b; Caldwell 1987; Steger 1987;
Caldwell 1988; Caldwell et al. 1989; Shuster and Caldwell 1989; Adams and Caldwell
1990; Caldwell 1991). The following is a brief summary of the biology of
Panamanian gonodactylids relevant to this study.

6.2.1 Physical Structure

The primary habitat where gonodactylid stomatopods are found on the central
Caribbean coast of Panama is low intertidal and shallow subtidal Thalassia
testudinum (seagrass) beds. These beds often form on wave-exposed coasts between
the shore and the crustose coralline algal and coral reef crest. Frequently these beds
are interspersed among coral-rubble-strewn reef flats or outcrops of reef platform,
and they are often found directly in front of stands of red mangrove, Rhizophora
mangle. Seagrass beds often form up to a few centimeters above mean low water,
but just below the level of the reef crest, and are frequently exposed during low tides.
During most of the year Thalassia (turtlegrass) beds are lush. Blades are several
centimeters long and provide a thick, green canopy generally covering the substratum.
However, during extreme diurnal low tides of May and June, if prevailing winds are
light or offshore, beds are exposed for several hours during the heat of the day and
Thalassia blades die back to a short brown stubble.

Rhizomes and root systems of Thalassia stabilize organically rich calcareous
sediments to form a firm substratum. On wave-sheltered shores the reef crest is
often lacking and seagrass beds typically grade subtidally into deeper water. In these
areas sediments contain more silt, are softer, and are less favored by gonodactylids.
Gonodactylids can also be found living in other intertidal and shallow subtidal
habitats, particularly on reef flats containing consolidated carbonate rock, coral
rubble, or heavy algal turfs. However, Gonodactylus are most numerous in intertidal
seagrass beds, provided there are pieces of coral rubble, crustose coralline algae, or
other hard substrata that provide cavities to serve as homes.

Our studies of gonodactylid populations took place at five primary locations
within 4 km of the Galeta Marine Laboratory. Each location had extensive seagrass
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beds interspersed with pieces of coral rubble and coralline algae that served as
homes for stomatopods. All selected seagrass beds were exposed at spring low tides.

6.2.1.1 Isla Margarita

Isla Margarita was the westernmost site (Fig. 6.2). We worked on a
northwest-facing reef flat and Thalassia bed. The turtlegrass bed extended
approximately 200 m along the shore. The distance between the reef crest and a
concrete sea wall was 40-80 m. To the east the seagrass bed sloped subtidally into
a shallow bay. To the west Thalassia gave way to a rubble-strewn reef flat
interspersed with exposed reef platform, rubble and sand bars, deeper pools and
channels, and occasional patches of seagrasses. During onshore winds waves broke
over the crest and washed directly over the flat to the sea wall.

6.2.1.2 Punta Galeta

The second site was on Punta Galeta directly in front of the U.S. Navy
antenna facility 1 km west of the Galeta Marine Laboratory (Fig. 6.2). This north-
northwest facing location consisted primarily of rubble-strewn reef flat and exposed
reef platform with occasional patches of seagrasses, and extended 100-200 m back
from the reef crest. The shore consisted primarily of elevated reef platform and
coral rubble. We sampled selectively over a 500-m section of this reef flat. During
onshore winds waves swept across this flat from the north and the general drainage
was to the southwest with return through various deep channels.

6.2.1.3 Isla Mina

The third site was on Isla Mina (MINA; Fig. 6.2). This location had a reef
crest that faced north and curved around to the east. The reef flat behind the crest
consisted of a large Thalassia bed with occasional rubble and sand bars and small
patches of exposed reef platform. To the south the seagrass bed sloped subtidally
into a quiet, protected bay. The shore consisted of a mix of sand beach with coconut
palms and patches of red mangrove. The exposed seagrass bed was approximately
300 m long and 40-70 m wide. During onshore winds waves washed over the north-
and east-facing reef crest. Water flowed the length of the reef flat and exited to the
south onto subtidal seagrass beds in the back bay.

6.2.1.4 Isla Largo Remo West

The fourth site was on the northwest corner of Isla Largo Remo (LRW; Fig.
6.2). An expansive Thalassia bed (200 x 300 m) was situated behind the north- and
west-facing reef crest. There were occasional outcrops of reef platform and large
pieces of coral rubble. The reef flat continued to the east. The shore consisted
entirely of red mangrove with a shallow channel running between the mangroves and
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Fig. 62 Map of study sites used to survey effects of oiling on gonodactylid stomatopods. A4. Location
of the study region in Panama. B. Location of unoiled control sites; SOTO = Maria Soto; ESCU =
Punta Escucha.

the reef flat. During onshore winds water came over the reef crest, traveled
southwest across the flat, and exited through a shallow channel into the bay to the
west.

6.2.1.5 Isla Largo Remo North

The fifth and most easterly site was on the north-northwest-facing shore of Isla
Largo Remo (LRN; Fig. 6.2), just west of a deep pass that cuts through the reef crest
and opens onto a shallow lagoon extending to mangroves. We sampled an 80 by 40
m exposed bed of Thalassia directly in front of an extensive stand of red mangrove
forest. Toward the north the reef flat extended 150 m to the reef crest. This flat
consisted of exposed platform, rubble, and patches of seagrasses. During onshore
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Fig. 62 Map of study sites used to survey effects of oiling on gonodactylid stomatopods (continued).
C. Location of oiled sites (LRN = Isla Largo Remo North; MINA = Isla Mina) and lightly oiled to
unoiled reference sites (LRW = Isla Largo Remo West; MAR4 = Isla Margarita).

winds waves broke over the reef crest, entered through the pass, and moved across
the seagrass bed into mangroves. Return flow was to the east back into the lagoon
and to the west along the reef flat and mangrove edge.
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6.2.2 Gonodactylid Stomatopods

Six species of Gonodactylus are found living in cavities in hard substrata on
the Punta Galeta coast. However, two of these species have been recorded only
subtidally. G. curacaoensis occurs on faces of fringing reefs at depths below 2 m and
G. torus is a rare dwarf species occasionally taken at depths exceeding 10 m. Of the
four remaining Gonodactylus found on intertidal reef flats and seagrass beds
surrounding Punta Galeta, three species are common. G. bredini is the most
abundant, accounting for approximately 80% of intertidal gonodactylids. G. oerstedii
is the second-most-common species, making up about 15% of gonodactylids, and G.
austrinus comprises about 5% of intertidal gonodactylids (Steger 1987). G. spinulosis
is exceedingly rare; only two small males were recorded during prespill studies. It
is unlikely that a breeding population of G. spinulosis exists on the Panamanian coast.

G. bredini and G. oerstedii are most abundant at Punta Galeta from the low
intertidal to a subtidal depth of approximately 0.5 m. While both species occur
considerably deeper, they become increasingly rare with depth. There is a tendency
for small, nonbreeding G. oerstedii (7-40 mm total length) to be more common below
mean low water and for large breeding adults (>45 mm) to be found in the
intertidal, but any-sized individual can be found in rubble from the intertidal down.
Both adult (>25 mm) and juvenile (7-25 mm) G. bredini are more common in the
lower intertidal, but they too are found subtidally (Caldwell 1988).

G. austrinus tends to be a habitat specialist, occurring most frequently on reef
crests where there is a swift current, wave action, or both, and complete exposure at
low tide is rare. G. austrinus individuals are frequently associated with the calcareous
alga Halimeda opuntia, which grows in dense mats over surfaces of coral rubble and
coralline algae. Juveniles are often found living between algal mats and the coral
surface, but adults seek cavities in rubble. Adult G. austrinus are occasionally
collected inshore in the low intertidal, but we suspect many of these animals were
transported there by wave action. For example, in March 1987, 3 wk after several
days of high wind and heavy surf, we found several large pieces (20-40 cm diameter)
of Halimeda-covered crustose coralline algae and coral rubble that had washed
inshore onto exposed Thalassia flats. After several days of exposure Halimeda was
dying, but inside these pieces of rubble were several G. austrinus. One large block
contained nine G. austrinus, including a female with eggs. The closest source for
such rubble was over 50 m away on the reef crest where G. austrinus were common.
The rubble, along with its resident stomatopods, obviously had been transported
inshore by the storm. Postlarval G. austrinus, however, frequently recruit onto
intertidal Thalassia flats and juveniles are relatively common in this area.

The abundance of gonodactylids on reef flats around Punta Galeta is quite
high. Our best estimate of prespill densities comes from data taken at Isla Margarita
in August 1979. Ten 1 x 10 m transects were sampled. All rubble was removed from
the transects in 1-m? quadrats and broken to extract all gonodactylids. The area
sampled was predominantly Thalassia bed with some coral rubble outcrops. We
estimated there were 9.6 + 0.59 (mean + 1 SE) Gonodactylus per m? at this site.
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Density estimates taken from seagrass beds at other locations near Punta Galeta and
at other times of the year generally were quite similar, particularly when excluding
juveniles, which fluctuate markedly due to sporadic recruitment events.

6.2.2.1 Gonodactylus Life History

The life histories of all three species of Gonodactylus discussed in this report
are similar. Where differences exist, they will be specifically noted. Individuals settle
out of the plankton and onto reef flats as postlarvae. At this stage they are typically
6-9 mm total length (G. oerstedii are typically smaller than G. bredini and G.
austrinus, but there is considerable overlap) and resemble miniature adults except
that they lack external reproductive organs and are transparent. They begin to
develop body pigment in 3 or 4 d and molt within 1 to 2 wk. Individuals continue
to molt approximately every 2 wk and grow 15-20% per molt for the next 1 to 2 mo.
When males reach 11 mm total length the gonopods become visible. Gradually, the
rate of molting slows to once every 1 to 2 mo and growth drops to near 10% per
molt. When females reach a total length of approximately 18 mm, gonopores
become visible. One year after settling out of the plankton as postlarvae, these
stomatopods are 25-33 mm long. Female G. bredini and G. austrinus may begin
breeding when they are around 25 mm total length. G. oerstedii females delay first
reproduction until they are approximately 40 mm long. Males of all three species
appear to begin breeding at about the same size as is typical for females of their
species. Once breeding is initiated, molting intervals decrease further to once every
2 to 4 mo, and growth per molt decreases to around 5% or less. By the end of the
second year these gonodactylids are approximately 40 mm long. At 3 yr they are in
the 45-50 mm range. Because they delay reproduction, G. oerstedii may grow
somewhat more rapidly than the other two species, but they also decelerate their rate
of growth once reproduction is initiated. A few G. bredini and G. austrinus achieve
a maximum body size of 55-60 mm, and we estimate these individuals are no more
than S to 6 yr old. G. oerstedii may achieve a slightly larger size (65 mm), but due
to initial rapid growth, they are probably about the same age (Caldwell and Steger,
unpubl. data).

Reproduction in these gonodactylids is on a lunar cycle, with most females
mating and laying eggs near the time of the full moon (Fig. 6.3). They then brood
their eggs and larvae for 1 mo, and larvae leave female cavities and enter the
plankton on the next full moon. On the Atlantic coast of Panama full moons are
associated with the most extreme spring tides, and therefore the greatest risk of tidal
exposure, but they also coincide with the greatest tidal currents, when larvae can be
transported off reefs and into the open ocean. Small females initially reproduce only
every 3 to 6 mo, but older females typically breed every other month. Molting and
reproduction are incompatible in gonodactylids. For a female to molt she must
forego reproducing for at least 1 mo (Caldwell 1986b). At least some females breed
in the population each lunar cycle; typically, 25 to 40% of sexually mature females
are reproductive at any given time. However, for reasons we do not fully understand,
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Fig. 6.3 Percent of female Gonodactylus >30 mm in total length reproductive (as indicated by well-
developed cement glands) or captured paired with males. Animals were collected in 1983 at MINA.
Data are derived from over 4,000 stomatopods, with at least 100 individuals captured every 5 d. Open
circle represents the full moon; sofid circle represents the new moon.

in most years during June, July, and August many small females (<35 mm long) do
not reproduce.

Mating systems of these species of Gonodactylus appear to be similar. Males
and females pair in either the male’s or the female’s cavity for a few days prior to
oviposition (Fig. 6.3). During this time they mate repeatedly and the male guards the
female from other males, thereby protecting his paternity (Shuster and Caldwell
1989). As soon as the female spawns the male leaves the cavity to the female and
searches for another home (Fig. 6.4). This is a time of increased mortality for males,
and with each breeding episode the number of surviving males declines. At the age
of first reproduction the sex ratio in these gonodactylids is approximately 1:1.
However, among older individuals the ratio may be as high as three females for every
male.

We are uncertain how long larvae remain at sea in the plankton before they
return to reef flats and settle out as postlarvae. Based on data from other
populations and species, our best estimate is that larvae are planktonic for 2 to 3 mo
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Fig. 6.4 Size frequency of female, male, and juvenile Gonodactylus bredini captured at MINA in 1983.
Also plotted (right axis) is the percent of females in each size class.

and that this period is somewhat variable depending on local conditions (Caldwell,
unpubl. data).

Recruitment typically occurs during the new moon, but does not occur every
lunar cycle despite the fact that a considerable proportion of females in the
population reproduce each month. Recruitment is most likely during the dry and
early wet season (February-May), with a second small peak in October or November
(Fig. 6.5). Factors controlling recruitment and the source of postlarvae that settle on
reefs around Punta Galeta are poorly known (Steger 1987).

6.2.2.2 Physical Tolerances

The upper distributions of G. bredini, G. oerstedii, and G. austrinus at Punta
Galeta are determined by physical limits. All three species have similar tolerances
to the high temperatures, desiccation, and low salinities that may be encountered
during tidal exposures. For example, adults of all three species can survive water
temperatures up to 39°C for 30 min., but suffer greater than 50% mortality at 40°C



304 Chapter 6

35 ‘ﬂ
30 { 1
25

20 -

15

Percent of Sample

10

5; Yﬂ Al

0] ol o7 @l o el ol o' el e ol e @ e Te Te Te lo Te 1
Jul  Aug Sept Oct Nov Dec dJan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

1979 1980

Fig. 6.5 Postlarval recruitment of Gonodactylus at Isla Margarita (MAR4), July 1979-December 1980.
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scored before October 1979. Circles below the x-axes represent new (solid) and full (open) moons
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(Caldwell 1988). Tide pool temperatures near 40°C are not uncommon when spring
low tides occur during periods of bright sun and offshore winds.

Females of all three species brood eggs in cavities in the lower intertidal.
Females care for their eggs for about 3 wk. After hatching, larvae remain in cavities
for an additional week prior to entering the plankton during spring tides associated
with the full moon. Temperature and salinity tolerances of eggs and larvae
remaining in female cavities are high and match those of adults. The tolerance of
eggs and early larvae to high temperatures and low salinities probably reflects the
fact that if a severe exposure occurs while a female is brooding her young, she cannot
easily transport them to deeper water to avoid extreme physical conditions (Caldwell
1988).

Even though eggs and larvae of gonodactylids are tolerant of extreme heat,
we have observed mass mortality during exposures. For example, in May 1983 a
series of unusually severe reef flat exposures occurred, coupled with light winds and
bright sun. When the first exposure occurred, approximately 40% of the large
gonodactylid females in the intertidal were brooding eggs and larvae. After five
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consecutive exposures, not a single female brooding eggs or larvae could be found.
Most females survived by abandoning their cavities and crawling into shallow pools
of water under pieces of rubble that they had occupied or moved to deeper water.
However, most left their eggs or larvae in the cavity where they perished, or eggs
were lost when they were removed from the protection of the cavity (Caldwell 1988).

Once larvae complete the fourth stadial molt and leave female cavities to
enter the plankton, they are much more susceptible to thermal and osmotic stress
(Caldwell 1988). However, planktonic stomatopod larvae occur in the open ocean
where thermal and salinity fluctuations are much less extreme and rarely would
approach lethal levels.

6.2.2.3 Competition for Cavities

Gonodactylids require cavities in hard substrata. These cavities provide a
refuge from predators, a place to process prey, and a safe shelter in which to mate
and brood eggs and larvae. On reef flats and seagrass beds around Punta Galeta,
gonodactylids typically live in cavities in coral rubble or coralline algae, although they
also can be found living in cavities in a variety of objects, including shells, sea urchin
tests, basal attachments of detached sea fans, and even seeds and nuts. Without a
cavity, the life expectancy of a gonodactylid is probably very short.

Suitable cavities, particularly for large individuals, are often in short supply
(Steger 1985, 1987). While gonodactylids can modify existing cavities to some extent,
they usually cannot create them. Competition, therefore, is often intense for existing
cavities and much of the complex aggressive repertoire documented for these species
involvs acquiring and defending homes (Caldwell 1987). Given the potent weapons
these animals possess and the value of a cavity, it is not surprising that contests for
cavities are fierce and frequently result in injuries. The ability of an animal to
defend a cavity is related to how well it fits into it (Steger 1985). If the cavity is too
large, bigger, stronger stomatopods are likely to enter and displace the resident. A
cavity smaller than that preferred is easier to defend because often a larger intruder
cannot fit through the entrance. However, if a cavity is too small to provide space
for feeding and reproducing, a resident is unlikely to vigorously defend it when
challenged. Competition for homes will tend to force animals to accept cavities
smaller than preferred. The more intense the competition, the smaller the cavity-
volume to stomatopod-size ratio. This relationship of cavity to stomatopod size is a

good indicator of cavity limitation and competition in a population (Fig. 6.6; Steger
1988, 1987).

6.2.2.4 Other Stomatopods

Another stomatopod, a large burrowing spearer, Lysiosquilla glabriuscula, was
common on reef flats surrounding Punta Galeta prior to the spill. These animals
obtain a maximum body length of up to 22 c¢m, form lifelong pair bonds, and live for
several years. Burrows of mature adults are U-shaped with two entrances 2-3 m
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apart. The burrow connecting the two entrances runs only 20-40 c¢cm under the
surface. Each entrance has a diameter of 5-7 cm, but during the day these animals
typically cap the entrances with a sand-mucus plug leaving only a small hole in the
center for their eyes and antennules. When the burrow is covered by water the male
sits in one camouflaged entrance waiting for passing prey, which are seized by a rapid
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strike of the barbed raptorial appendages. Females rarely hunt for themselves and
are provisioned by their mates. At night males are more likely to hunt from an open
burrow entrance, but they still rely exclusively on ambush to obtain prey. Except to
locate another mate, should their own die, individuals rarely leave their burrows and
persist in one location for several years, possibly their entire lives (Caldwell 1991).

By systematically walking across exposed seagrass beds at low tide, we located
Lysiosquilla burrow entrances. Burrows were also discovered by searching at night
when entrances are more frequently open. Once a burrow was found it was
permanently marked by driving a stake near the entrance. Eventually, because males
hunt from both openings to the burrow, the two entrances were identified and
marked. Even when animals completely sealed the entrances for 2 or 3 wk to molt
or brood eggs, the burrow could still be found by digging down 15-20 cm through the
plug.

Between 1979 and 1983 we located and marked Lysiosquilla burrows on low
intertidal seagrass beds and reef flats surrounding Punta Galeta, including Isla Mina,
Isla Largo Remo, and Isla Margarita. Some burrows were observed for up to 4 yr
and very few burrows "disappeared." In August 1983, when we last surveyed these
sites prior to the 1986 oil spill, there were 17 marked and active Lysiosquilla burrows
at MINA, two at LRW, one at LRN, and two near the Galeta Marine Laboratory
dock.

6.2.3 Bahia Las Minas Oil Spill

On 27 April 1986 at least 60,000-100,000 bbl of medium-weight crude oil
spilled from a ruptured storage tank into Bahia Las Minas near the Galeta Marine
Laboratory. By 15 May oil had spread along the coast and washed across fringing
reefs into mangroves, small estuaries, and onto beaches within 10 km of the refinery.
By June heavy oiling was observed along much of the coast between Isla Margarita
and Islas Naranjos, although the degree of oiling at specific sites was highly variable.
Much of the coast hardest hit by the spill included sites where, from 1979 to 1983,
we had studied the behavior and ecology of gonodactylid stomatopods. Because of
the considerable knowledge we had of these populations and habitats combined with
the importance of gonodactylids as predators in the fringing reef community, they
seemed to be ideal candidates for study to determine the initial effects of the spill
on inhabitants of these habitats and to follow any long-term consequences.

6.3 Objectives, Rationale, and Design of the Long-term Study
6.3.1 Overview

The initial September 1986 survey of reef flats around the Galeta Marine
Laboratory was designed to document any effects of the oil spill on stomatopod
populations. While we concentrated on population consequences, particularly
demographic structure at oiled and unoiled sites, we also discovered physiological



308 Chapter 6

and behavioral effects associated with oiling that pointed to some of the mechanisms
involved in producing these population changes.

An assessment of long-term effects of the oil spill on gonodactylid
stomatopods from February 1987 to February 1991 was designed to examine the
persistence and consequences of effects of the spill on gonodactylid stomatopods.
We specifically examined several parameters that were, according to the initial
postspill survey, affected by oiling.

6.3.1.1 Population Structure

In 1986 we documented selective mortality or emigration of large adults from
oiled sites (Jackson et al. 1989). We wanted to determine whether large
Gonodactylus would immigrate back into these oiled areas and whether young adults
would be able to mature and continue to survive.

6.3.1.2 Recruitment

During the initial assessment of effects of the oil spill, we noted a lack of
small stomatopods at both oiled and unoiled sites, with the greatest decrease at oiled
sites. These juveniles should have recruited into the population during the 3 mo
following the spill. However, recruitment is seasonal and sporadic on this coast and
it was not possible to determine whether we were observing normal variation in
recruitment or an effect specifically related to the spill. We planned to monitor
recruitment over the next S yr to determine whether it was re-established at these
sites and whether there would be a difference in the level of recruitment at oiled and
unoiled sites. We also hoped to gain some understanding of natural variation in
recruitment to help us interpret our findings. In addition, if recruitment continued
to fail, we intended to follow subsequent changes in population structure, and
ultimately the effects this might have on reproduction and survival of local
populations.

6.3.1.3 Growth

The September 1986 study showed that adult gonodactylids at oiled sites were
growing 50% more per molt than animals at unoiled sites. We postulated this
increase was due to competitive release resulting from the loss of large individuals
from the population, possibly because of an increase in the number of hermit crabs
(potential prey) resulting from the sudden availability of empty gastropod shells (see
Garrity et al,, Chap. 5). We planned to monitor growth at oiled and unoiled sites to
determine whether this effect persisted when and if competition and food limitation
were restored.
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6.3.1.4 Injuries

Large Gonodactylus had fewer wounds at oiled than at unoiled sites. We
postulated this was due to the reduced density of large individuals in oiled
populations and therefore less fighting for cavities. We planned to follow wounding
rates to determine whether they increased in oiled populations if and when large
individuals returned and competition for cavities was re-established.

6.3.1.5 Stomatopod-size to Cavity-volume Relationships

After the spill, gonodactylids at oiled sites occupied larger cavities than the
same-sized individuals had prior to the spill. We hypothesized that the loss of large
individuals from oiled sites reduced competition for cavities, and allowed animals to
acquire cavities closer to the size they preferred. We planned to follow this
stomatopod-size to cavity-volume relationship to see whether it returned to prespill
levels if and when competition was restored as large individuals reappeared in the
population.

6.3.1.6 Habitat Change

There was considerable loss of Thalassia-blade cover on lower intertidal
seagrass beds at oiled sites following the oil spill. These seagrass beds are prime
habitat for gonodactylids, and recovery of stomatopod populations in these affected
habitats relied on the presence of healthy Thalassia beds. We planned to monitor
intertidal seagrass beds to determine the extent of damage and the course of their
recovery.

6.3.1.7 Effects on Other Stomatopods

In 1983 we recorded a number of Lysiosquilla glabriuscula living on reef flats
around Punta Galeta, however, following the spill we failed to locate a single
Lysiosquilla burrow. We planned to continue monitoring for the reappearance of this
species.

6.3.2 Confounding Effects

Three factors conspire to make the interpretation of our results difficult with
respect to the direct effect of oiling on stomatopods: (1) natural variation in
recruitment, (2) changes in other animals that might affect stomatopods, and (3)
habitat alteration.
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6.3.2.1 Natural Variation in Gonodactylid Recruitment

Our prespill studies from 1979 to 1983 demonstrated that recruitment of
juvenile Gonodactylus into the population varies from month to month, with season,
and from year to year. While Gonodactylus breed and release larvae every month,
recruitment is sporadic. A few recruits may appear each month, but generally there
is a peak in recruitment during late dry season and early wet season (February
through May). A second minor increase may also occur in October and November.
However, recruitment totally fails during some months, and overall levels are higher
in some years than in others (Steger 1985, 1987). This variation can have a marked
effect on the number of small gonodactylids in the population. Pulses of or failures
in recruitment can be followed in the age structure of a population for at least a year
until these animals reach 25-35 mm total length. Because growth markedly slows in
larger individuals, and because to some extent the number of larger gonodactylids is
determined by cavity availability, large size classes remain relative constant unless
recruitment declines markedly over two or more consecutive years. Gonodactylus
populations have not been studied for a sufficient period to understand the extent of
fluctuations in recruitment, whether these changes occur over a sufficiently long
period to affect demographic structure, particularly in larger size classes, and the
geographical extent of such changes. Nor do we understand the causes of these
natural perturbations. It is against this background of natural variation in
recruitment that we must then try to interpret possible consequences of the oil spill
on stomatopod recruitment and population structure.

6.3.2.2 Effects of Other Animal Species on Stomatopods

We only surveyed stomatopods present at the study sites. We have no
quantitative data on changes in abundance or behavior of other predators, prey, or
competitors with stomatopods that lived in these habitats. Effects that we might
attribute directly to oiling could be secondarily mediated through other species. For
example, one of the major differences measured in the first sampling period after the
spill was that large gonodactylids at oiled sites grew more than large gonodactylids
at unoiled sites. It was our impression that many potential prey species, particularly
gastropods, had been eliminated, or their numbers greatly reduced, at oiled sites. On
the other hand the death of many gastropods may have provided an abundance of
empty shells that could be used by hermit crabs. It appeared to us that hermit crabs
were extremely numerous in the months following the spill, possibly because their
numbers were no longer limited by shell availability. This dramatic increase in
abundance of a prey species could account, at least in part, for the increased growth
that we observed in stomatopods. However, without quantitative data on other biotic
constituents of these habitats, such interpretations must remain tentative.
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6.3.2.3 Habitat Change

One of the most dramatic effects recorded in our study was the destruction
of the Thalassia bed at Isla Largo Remo North, the subsequent loss of soft sediment,
and its replacement with an unconsolidated jumble of coral rubble. To further
complicate matters, the red mangrove forest directly behind this site was also
deteriorating. Many trees died, roots rotted, and substrata began to erode. This
deterioration resulted in the release of some oil and silt back onto the former site
of the Thalassia bed. These confounding factors make it difficult to attribute
decreases in stomatopod recruitment and abundance to a particular cause. The
decline in stomatopods could be due to a lack of suitable substrata, a lack of prey,
reoiling of the site, or some combination of these or other unidentified factors. With
only one study site having undergone such severe and confounded degradation, it is
difficult, if not impossible, to tease apart cause and effect.

6.3.3 Site Selection and Design
6.3.3.1 Site Selection

To assess effects of the 1986 Bahia Las Minas oil spill on local gonodactylid
populations, we planned to sample several sites that received significant oiling and
compare them to other locations with little or no oiling. We also wanted to select
sites with prespill data on stomatopod populations. That limited us to Isla Margarita,
Punta Galeta, Isla Mina, and two sites on Isla Largo Remo (Fig. 6.2). Because
gonodactylids are most numerous in low intertidal Thalassia testudinum beds (Steger
1987), it seemed appropriate to concentrate on this type of habitat.

A review of prespill data suggested that detecting differences in population
structure among sites would require collections of at least 300 gonodactylids per site
per sampling period. With only 3 wk per sampling period in the field and knowing
that we could collect and process no more than 100 stomatopods per day, as well as
the added time required to collect data for density and cavity-volume estimates, only
two oiled and two unoiled sites could be studied.

In 9 September 1986 we inspected a number of seagrass beds for evidence of
oiling and discussed with STRI personnel present during the spill which of the
potential sites had been oiled and which had not. From a number of possible beds,
we selected four for study that met our criteria.

Isla Largo Remo North (LRN) was closest to the source of the spill. There
was considerable evidence of oiling; no live Thalassia blades could be found, much
of the coral rubble was spotted with weathered oil, adjacent mangrove roots were
caked with weathered oil, and an oil sheen was still being released from the
substratum when we walked across the site. We visually classified this site as heavily
oiled and established it as an oiled station.

Isla Mina (MINA) also showed signs of considerable oiling. The shore and
mangrove roots were caked with weathered oil, there was considerable loss of
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Thalassia cover, and an oil sheen appeared when the substratum was disturbed. We
visually classified this site as moderately to heavily oiled.

Isla Largo Remo West (LRW), while only 400 m from LRN, showed little
indication of oileding. Thalassia beds were lush and no oil was detected on rubble.
There was no indication of oil being released when sediments were disturbed. STRI
personnel reported that, during the spill, oil built up on the front of the reef crest at
low tides, but floated over seagrass beds during high tides and was not deposited
directly on the reef flat. We visually classified this site as having received light to no
oiling and established it as a reference station.

Isla Margarita (MAR4) was the farthest of the original study sites from the
source of the spill. There was no evidence of recent oiling at the site; seagrass beds
were healthy and no oily sheen was released from disturbed sediments. We visually
classified this site as having received light to no oiling and established it as the
second reference station.

By February 1989 there was a general decline in gonodactylid recruitment at
both the oiled and reference sites. To help determine the scale of this phenomenon,
we established two control sampling sites up the coast that had received no oiling
during the spill. These sites were Maria Soto, 23 km northeast of the source of the
spill, and Punta Escucha, 26 km northeast of the site of the spill (Fig. 6.2). Both sites
had lush Thalassia beds strewn with rubble.

Maria Soto (SOTO) was quite similar to sites at and near Punta Galeta. The
seagrass bed was situated on a reef platform directly behind a northwest-facing reef
crest. During onshore winds waves came over the crest, washed across the seagrass
bed, and flowed along the shore to the southwest. One major difference between
SOTO and three of the primary sites (LRN, LRW, and MINA) was the absence of
mangroves along the shore. In this respect, SOTO was most like MAR4.

Punta Escucha (ESCU), situated in a somewhat protected bay, was shielded
from large swells arriving from the north. The reef crest was less developed and the
Thalassia bed was in slightly deeper water than the other sites. The seagrass bed
selected for sampling was 50 to 150 m offshore, and there were few mangroves
directly adjacent to the site. The seagrass bed had a softer, more silty substratum
than the other sites.

6.3.3.2 Site Classification According to Oiling

None of the seagrass beds that we studied was sampled in 1986 for
hydrocarbons, so they cannot be directly classified according to the system used by
Burns (Chap. 3). Burns (Chap. 3) did sample coral reef sediments at LRE2,
approximately 300 m east of LRN, and classified the site as moderately oiled by
hydrocarbon analysis. However, inspection of LRN indicated that it was more
severely affected than LRE2 and fits better with the heavily oiled category.

A subtidal seagrass bed was sampled on the northern end of Isla Mina
(MINN). It was visually classified as heavily oiled and hydrocarbon analysis
confirmed this assessment. This site was approximately 200 m north of MINA. From
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our inspection of MINA, we feel this site more closely corresponds to Burns’s
moderately oiled category.

No hydrocarbon sampling was conducted that closely corresponds with the
reference sites, LRW and MAR4. Since oil was known to flow over LRW at high
tide, it is reasonable to classify this site as having been lightly oiled. Due to the
proximity of oil to MAR4, the same classification of lightly oiled is also appropriate
for this site.

Hydrocarbon sampling at a subtidal reef in the vicinity of SOTO and ESCU
(DONR) confirms that these sites were probably unaffected by this spill (Burns,
Chap. 3).

6.3.3.3 Design

The original design consisted of two treatment levels, light to no oiling
(reference) and moderate to heavy oiling (oiled), with two sites in each treatment.
In 1989 a third treatment level, no oiling (control), was added, with two sites. We
had hoped to analyze data using repeated-measures analysis of variance. However,
over the course of the study, the two oiled sites physically and biologically diverged.
The habitat at MINA recovered to its prespill state while LRN deteriorated and
changed into an unconsolidated rubble bed. Later in the study, it did not seem valid
to consider these two sites as part of the same treatment. To a lesser extent, the
same was true of the two reference sites. Because of its proximity to LRN and the
prevailing direction of currents, LRW experienced significant siltation as sediments
at LRN were washed away. We saw no evidence of similar siltation at MAR4. Even
the two control sites proved to be more dissimilar than expected. The silty and
protected nature of ESCU made it physically and biologically different from the
other five sites. For these reasons, and due to lack of normality and unequal
variances in much of the data, we abandoned the repeated-measures design and
relied, when necessary, on within-site variance estimates to compare sites with one
another and across time. When it seemed biologically sound, particularly early in the
study, sites were combined within treatment for analysis. We also frequently present
data arranged by treatment, but in these cases mean them to be only broad
qualitative categories.

6.4 Oiling and Reoiling

We recorded any evidence of oil observed at all sites during visits between
1986 and 1991. At LRN an oil sheen appeared on the surface of the water whenever
someone walked through the area during each visit from September 1986 until
February 1988. Oil sheens continued to appear sporadically at LRN through
February 1991. Oil was also found in some coral rubble at LRN during every visit.
At MINA we observed oil released from sediments during September 1986-
September 1987. Oil was found in rubble at MINA in September 1986 and February
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1987, but not in September 1987 or thereafter. We did not see oil released from
sediments and did not find oil in coral rubble at LRW, MAR4, SOTO, or ESCU.

6.5 Components of Research
6.5.1 General Sampling Methods

Two types of sampling programs, area quadrats and rubble samples, were
established in the initial September 1986 postspill survey. These sampling methods
were continued at the two oiled and two reference sites throughout the study. Each
site was sampled in September (wet season) and February (dry season) through
February 1988. This provided a sufficient set of data to track any changes in
stomatopod density at these locations and to detect any differences in seasonal effects
between oiled and reference sites. Sampling in the wet season was discontinued after
September 1988. The two unoiled control sites (SOTO and ESCU) were added in
February 1989; only rubble sampling was undertaken.

6.5.1.1 Area-quadrat Samples

In September 1986 we established 400-m’ reserves, which were used
exclusively for quadrat sampling, at each of the four primary sites. Each reserve was
selected as typical of seagrass beds in the area. The reserves were also matched
across sites to be as similar as possible prior to the spill with respect to depth,
percent Thalassia cover, and the amount and kinds of rubble and coralline algae they
contained. To accomplish this matching we had to rely on field notes and our
memory of the nature of these locations in 1983 when last surveyed. However,
having spent 5 yr sampling these areas, we are confident that the characterization of
the state of these reserves prior to the spill was accurate.

During each sampling period we sampled at each reserve 30 0.5-m? quadrats.
The position of each quadrat was determined by laying down x-y coordinate axes and
using pairs of random numbers to locate its placement. A 0.5-m? square frame was
placed on the substratum, water depth and characteristics of substrata in the quadrat
recorded, and all hard substrata removed, placed in buckets, and transported ashore.
All pieces of hard substrata larger than 2 cc were measured and then broken to
collect the resident stomatopods. These samples were also used to identify changes
in the habitat and to estimate densities of rubble, as well as to determine
gonodactylid density.

The removal and breaking apart of coral rubble is a destructive process that
conceivably could alter habitat availability and, thus, stomatopod numbers across the
study. Furthermore, because we processed 30 0.5-m? quadrats from the same 400-m?
reserves each sampling period, it is likely that some areas were sampled more than
once, although lack of precision in laying out x-y coordinates makes it unlikely that
the exact same location was sampled repeatedly.
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These habitats are dynamic, and most rubble in the areas sampled is not
firmly embedded in the substratum. Through wave action, normal currents, storms,
logs rolling over reef flats, and biological agents, rubble is constantly being created
on the forereef and reef crest and then is transported across reef flats. Furthermore,
tagging studies show considerable turnover in pieces of rubble typical of those
containing stomatopods and, frequently, these pieces are moved or buried and re-
exposed in this habitat (Caldwell 1988). We noted little effect of repeated sampling
on rubble quality or abundance. Given the amount of suitable gonodactylid habitat
in the area, gonodactylid density, and the frequency that local gonodactylids move
(Caldwell et al. 1989), we feel the sampling program had little effect on local
populations.

6.5.1.2 Rubble Samples

Pieces of coral rubble were sampled during every sampling period at all sites.
Rubble was collected from areas within 100 m of the quadrat reserves at the oiled
and reference sites, and from an approximately 2,000-m? area at the two control sites.
Each piece of rubble was selected haphazardly, examined for cavities, placed in a
plastic bag, and returned to shore. The criteria for selecting a piece were that it
contain at least one hole that a stomatopod could use as a refuge and was
representative of rubble sizes at the site. These generally ranged from 10,000 cc to
100 cc. Each piece was then measured and broken, and all stomatopods removed.
Eight to 10 samples, each sample consisting of 10 pieces of rubble, were collected
from every site each sampling period. Rubble samples were used to calculate
densities of Gonodactylus per unit volume of rubble. Again, due to the generation
and movement of rubble and the high density and movement of stomatopods in these
areas, we feel the sampling effort had little effect.

6.5.1.3 Stomatopod Identification and Cataloguing

All gonodactylids collected in the field were returned to the laboratory and
examined under a dissecting microscope to determine species, sex, size, reproductive
condition, and injuries. They were then held individually in cups of seawater outside
under ambient conditions to identify and measure any animal that molted. After 3 d
the animals were returned to another reef flat at least 1 km from any of the study
sites.

Four species of Gonodactylus, G. bredini, G. oerstedii, G. austrinus, and G.
spinulosis, were collected during this study. However, only a single 16-mm male G.
spinulosis was captured after the spill (September 1986 at MAR4). This species is
so rare at the sites that it was eliminated from all analyses. The other three species,
G. bredini, G. oerstedii, and G. austrinus, were collected in a ratio of approximately
7:2:1. Because they are all approximately the same size (maximum total length of
60-70 mm), occupy the same types of cavities in coral rubble, and generally can be
found in the same types of habitat, they were combined for the sake of analysis.
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6.5.2 Effects of Oiling on Habitat Characteristics
6.5.2.1 Methods

Using area-quadrat samples, the amount of rubble per unit area was estimated
at oiled and reference sites for all sampling periods from September 1986 through
February 1991. This determination was accomplished by measuring the volume of
rubble broken in each 0.5-m? quadrat.

Physical characteristics of the substrata were also recorded from quadrat
samples. We classified the physical characteristics found in quadrats as one of the
following five categories.

1. Thalassia Blades. Quadrats were located in lush stands of Thalassia where
blades of turtlegrass were abundant throughout the quadrat.

2. Thalassia Rhizomes. Quadrats contained no turtlegrass blades above the
sand-silt bottom, but the substratum contained turtlegrass roots and rhizomes.

3. Coral Bench. Hard substratum in the form of dead coral bench covered at
least 10% of the quadrat.

4, Soft Sediment. The substratum consisted of a sand-silt bottom with no
evidence of coral bench or seagrasses.

S. Halodule Blades. Quadrats were dominated by the seagrass Halodule.

6.5.2.2 Results

The mean volume of rubble per 0.5 m? varied significantly through time at
LRN and LRW but not at MINA and MAR4 (Table 6.1). The largest change
occurred at LRN, where erosion exposed large amounts of rubble in 1990 and 1991
(see below). The mean number of pieces of coral rubble per 0.5 m? varied
significantly at all sites (Table 6.2).

The habitat at LRN, the most heavily oiled site, changed completely during
the course of monitoring (Table 6.3). Although this area was part of a large
turtlegrass bed prior to the oil spill, not one of the