
The Impact Of Beach Sand Mining in Montserrat and the Islands of the
Eastern Caribbean

Gillian Cambers

Department of Conservation & Fisheries
British Virgin Islands

Abstract

Coastal changes in Montserrat, a small volcanic island 400km
southeast of Puerto Rico, were measured during theperiod 1966 -1990. The
data showed that all thewest coast beaches had experienced erosion over this
period. Among the causes of this erosion were natural causes (hurricanes and
winter swells), sea defense structures, and beach sand mining. Analysis ofthe
data showed thatbeach sand mining haddoubled the natural rateof erosion.
The paper analyzes the legislation dealing with sand mining. At present there
is no charge for beach sand, and while alternatives to beach sand are
available, these obviously have ahigher cost. Indeveloping countries, natural
resources management docs not play a lead rolein the development plan, and
while a country's progress is measured by economic indicators alone such as
the GDP, this will continue to be the case. Beach sand mining is a major
problem in Montserrat and the Eastern Caribbean Islands; its management
and control requires extensive education of all population sectors, the
provision of alternatives and proof of their suitability, and, perhaps most
importantly, a strong political motivation.

Introduction

Coastal zone management (CZM) isa relatively new concept in the
Eastern Caribbean Islands, yet the need for effective CZM isreadily apparent
in these developing countries as they move towards their goal of sustainable
development. The coastal zones ofthese islands are intensively used. Coastal
problems are widespread and include erosion, pollution, and mining ofbeach
sand for construction purposes. Some islands have set up coastal zone
management agencies, in particular Barbados and the British Virgin Islands,
while other islands such as St. Kitts are moving towards this end. However,
there are islands where the need for such CZM agencies has not yet been
perceived by the present government.

One of the major problems facing allthe Eastern Caribbean Islands
isthe supply of construction sand. Traditionally, this material has been taken
from the beaches. In the past, when the level ofconstruction was very low
and there was a predominance ofwooden buildings, this did not cause major
problems. With the growth oftourism, especially in the last two decades, and
the move towards concrete buildings for residential, commercial, and
industrial construction, the volumes of sand being removed from thebeaches
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has caused considerable beach erosion in many islands. Ironically,
construction of the hotels and related infrastructure has contributed to the

erosion of the beaches the tourists come to enjoy.

This paper discusses the issue of beach sand mining in one island,
Montserrat, and describes and attempts to quantify the physical effects of
large-scale beach sand mining. Political, economic, and institutional aspects
of the problem are discussed within the context of Montserrat and the entire
region. Finally, solutions are proposed and discussed.

Geography and Geology of Montserrat

Montserrat lies north of Guadeloupe and south of Antigua in the
inner volcanic chain of the Caribbean Island arc, 16°45* N and 62° 10' W.
Montserrat is a small island, 104 km2, had a population of 12,000 in 1980.
Montserrat is a dependent territory of Britain and has a Governor appointed
by the Crown. General control and direction of Government affairs is
performedby an elected Legislative and Executive Council (Oldfield, 1987).

Over the past 25 years, Montserrat made the transition from a
plantation-based agricultural economy to a serviceeconomy drivenby tourism,
andto a lesserextent, manufacturing (Von Rabenau, 1987). Steadyeconomic
growth is evidenced by the per capita GDP, which inaeased 2.9% annually
between 1975-1985. It is estimated that high income tourism may have been
the most important contributor to the growth pattern of the economy. The
most important segments of the tourism sector arc the resident tourists and
the holiday tourists. Resident tourism started in the 1960's when foreign
developers and domestic estate owners developed large areas of land on the
west coast and sold them to developers. These resident tourists spend a
significant portion of the year in Montserrat contributing to the Island's
economy, during the rest of the year their houses are rented to holiday
tourists. Von Rabenau (1987) argues that Montserrat now has one of the
highest development standards in the region.

Montserrat is a volcanic island built up of an andesitic suite of
volcanics erupted from seven major centres. The material is mainly coarsely
pyroclastic, but lavas and intrusions occur. The chief rock types are
agglomerates, breccias, and tufts (Martin-Kaye, 1959). Volcanic activity
occurred from the late Miocene to the Pleistocene; no eruption has been
recorded in historic times. There are seven active soufrieres which give rise
to warm sulphur emissions.

The coastline is rugged and cliffed, although there are some small
embayments where beaches have developed. There are eleven sand beaches
along the west coast and two sand beaches on the east coast. All the beaches
are composed of black volcanic sand with essentially a magnetite-pyroxene
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assemblage, with the exception ofRendezvous Bay on the west coast, which
is composed mainly of coral sand. Most of the beaches are small, bayhead
beaches. The west coast beaches exhibit the characteristic Caribbean leeward
coast form, with a narrow intertidal zone, on average 10 m wide and with 8
degrees ofslope, and a flat back-beach segment averaging 12 m wide and 2
degrees ofslope. Small patches ofcoral reef exist along the north, west, and
south coasts but are not present on the more exposed east coast (Wells, 1988).

Montserrat lies within the Trade Wind Belt. Winds approach with
great constancy from directions between northeast and east and, hence, the
east coast isthewindward, high energy coast and thewest coast istheleeward
or low energy coast. The most important type ofstorm is the tropical storm
or hurricane, which occurs from June to November. The last hurricane to
affect Montserrat was Hurricane Hugo in 1989, the centre ofwhich passed
directly over the island with wind speeds of265 km/h (Markham and Fergus,
1989). Damage was severe. Previous to Hugo, Hurricane Klaus in 1985 and
Hurricanes David and Frederick in 1979 passed close to Montserrat and
inflicted severe coastal damage, particularly to the port ofPlymouth in 1979.
The frequency with which hurricanes affect Montserrat is one in five years
(Admiralty Pilot, 1969; De Souza, 1966). The recent pattern would tend to
confirm this statistical average.

The east, north, and west coasts of the Island are also affected by
wave swells which originate from extra-regional disturbances in the North
Atlantic Ocean during the winter months, October to March. Swell events
cause serious erosion, especially on the west coast. The frequency of swell
events varies from year to year. For example, in the nearby island ofGrenada,
six swell events were recorded in the 1985/86 winter season, while in the
1986/87 winter season, eleven swell events were recorded, one ofwhich lasted
for 15 days (Cambers, 1990a).

Institutional and Legislative Background to Beach Management

The Ministry ofAgriculture, Trade, Lands and Housing (MATLH)
is responsible for most aspects ofcoastal zone management in Montserrat, in
particular conservation, fisheries, land and sea usage, and national parks.
Existing legislation related to the coastal zone deals with beach protection,
fisheries regulation, and oil pollution control (Lausche, 1987). All beaches on
Montserrat are public and have a public access.

The Beach Protection Ordinance (No.9, 1970) regulates removal of
sand, stones, orgravel from any beach, seashore, or foreshore. The removal
ofsuch material by motor vehicle is prohibited except with apermit issued by
the Ministry ofCommunications and Works (MCW). Fouling the seashore
with garbage, litter, or other offensive matter is also prohibited. Penalties for
offences under the ordinance may be charged up to US $758. The terms
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"beach", "foreshore", and "seashore" are not defined under the ordinance, and
interpretation follows common law usage.

However, the Beach Protection Ordinance is not implemented or
enforced in Montserrat, despite Government's awareness of the problems
caused by beach sand mining. To give but one example, following serious
beach erosion caused by Hurricanes David and Frederick in 1979, the
MATHL commissioned a study of the erosion and possible alternatives to
beach sand mining (Cambers, 1981). This study reviewed several long-term
alternatives and made recommendations. In addition, the studyrecommended
that a short-term control measure be to implement the Beach Protection
Ordinance and start a licensing system whereby users paya minimal cost for
the quantities of sand mined. It was felt that this would condition users to the
idea of paying for a valuable resource.

However, the recommendations of this study were never
implemented. Throughout most of the 1980*s, the beaches were mined for
sand and the only measure of control was action by the Ministry of
Communications & Works to rotate the beaches which were mined.
However, with only minimum enforcement, this measure was largely
ineffective.

Von Rabenau (1987) discussed Montserrat's policies affecting
resource use and depletion and found a lack of Government follow-thru on
resource and environmental issues. He found that with sand mining, as well
as other areas of environmental management, problems had been identified
and studies undertaken, but recommended policies had not been
implemented. This mayreflect a lackof political will to implementwhat may
be viewed as harsh and restrictive environmental management options, a
possibility discussed later in this paper.

Coastal Beach Changes in Montserrat 1966-1990

Methodology

The surveying of beach profiles as a quantitative indicator of coastal
change is a relatively new form of monitoring to the Eastern Caribbean
Islands. No regular surveying of beach profiles is conducted in most islands.
Coastal monitoring has only recently (1980's) been adopted in the more
advanced islands such as Barbados and Trinidad. In Montserrat, this type of
monitoring was established in March, 1990 (Cambers, 1990a).

Against this background, the following methodology was adopted to
obtain quantitative estimates of coastal change. The 1970 Department of
Overseas Surveys 1:2500 maps, based on aerial photography of 1966, were
used to measure from buildings or other landmarks to the vegetation
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edge/cliff edge and to continue the measurement to the high water mark.
The same buildings/landmarks were located in the field in March, 1981 and
inFebruary, 1990 and the measurements repeated. The three measurements
were compared tocompute coastal change. While there is asizeable margin
oferror in this technique, in the absence ofother data the results may be used
to infer the direction and relative magnitude of beach change, if not the
absolute magnitude. In addition, while the position of the high tide mark
changes daily, the tidal range in the Eastern Caribbean Islands is small
(03-0.5m) and seasonal effects have been largely eliminated since all
measurements were made in February or March.

Results

Table 1shows theannual rate ofcoastal beach change for each of the
two measurement periods (1966-1981) and (1981-1990), as well as for the
entire period (1966-1990) for eight beach sites on the west coast of
Montserrat. (Unfortunately the two east coast sites could not be included
since there were no convenient landmarks/buildings from which to conduct
the measurements).

At Sugar Bay, just south of the main town of Plymouth, the rate of
erosion was fairly low. This mayreflect the fact that the measurement site is
south of a groin structure. The net drift of sand at this point is from south
to north and it is most likely that accretion around this groin has influenced
the beach change at this point. At Sturge Park, located just north of
Plymouth, there has been severe beach erosion. The average rate of change
for this beach is -1.92 m per year - avery high erosion rate for a Caribbean
coast. It ismost likely that reclamation and jetty construction at Plymouth in
the early 1970's reduced the supply ofsand tothis beach. In addition, Sturge
Park has traditionally been oneof themajor sources of construction sand for
the island. Foxes Bay has also shown a high erosion rate, -0.8 m per year.
Prior to the 1979 hurricanes, this beach was a major source of construction
sand, although since 1979 this has not been a permitted beach. However,
illegal extraction has taken place. At lies Bay, Woodlands Bay, and Bunkum
Bay, the average rate oferosion has been similar, -0.41 m per year. However,
at Carrs Bay, aknown sand mining beach, the rate ofchange has been higher,
-0.82 m per year.

Using the data from Table 1, an attempt was made to estimate the
relative importance of the various causes of the beach erosion. There are
three major causes:

(1) natural causes, eg. hurricanes and winter swells
(2) sea defence structures
(3) sand mining.
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Table 2 lists the importance of these causes at each site. The first
column represents the average erosion rate ateach beach for the period 1966
- 1990, (some extrapolation was necessary for Lime Kiln Bay). The second
column lists whether sea defence structures have played a major part in the
recorded coastal change; eg. the Plymouth port reclamation obviously
influenced the rate of change at Sturge Park. The thirdcolumn lists whether
or not sand mining has been a major factor at that beach. It has been
assumed that hurricanes and winter swells affect all beaches to a similar
extent. This is an obvious over-simplification, but it maybe assumed for this
analysis.

Having assumed that natural causes affect all beaches similarly, Table
2 shows that there are three beaches with no sea defence structures and where
theunavailability ofvehicular access means that there has been nosignificant
beach sand mining. These beaches are Lime Kiln Bay, Woodlands Bay, and
Bunkum Bay. All three beaches have asimilar rate of erosion of -038 m per
year. Two other beaches, Foxes Bay and Carrs Bay, have no sea defence
structures but have experienced extensive sand mining during the 24-year
period. Both these beaches show an erosion rate of -0.80 m per year. Based
on this very limited data, it appears that sand mining has resulted in a
doubling ofthe natural rate oferosion. It is impossible tocomment on Sturge
Park andSugar Bay in this analysis because sea defence structures have also
played a role in beach changes here.

To take another comparison, the beaches on the west coast of
Barbados have also been eroding inrecent times. An analysis of theerosion
rate along these beaches using aerial photographs has been completed for the
period 1954 - 1983 (Cambers et al., 1985). These data show an average
erosion rate of -0.2 to -0.3 m per year. It has beensuggested that this erosion
is due to natural causes and coral reefdeterioration (Proctor and Redfern
International Ltd., 1984). This recession rate, which isbasedon more detailed
survey data than is available for Montserrat, is of the same order of
magnitude as the three beaches on Montserrat where no sand mining has
taken place and where there are no sea defence structures. This provides
some additional justification for the use of these three beaches as a baseline
against which the effects of sand mining can be estimated. (Barbados has
inland sources of construction sand and beach sand mining is not a major
factor there).

In summary, it may be stated that the rate of beach erosion in
Montserrat is high in the context of the Eastern Caribbean. While it appears
likely that natural causes such as hurricanes and winter swells play a
significant causal role, the mining of beaches for construction sand also
influences beach erosion such that natural erosion rates may be doubled.

Discussion
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As hasbeen shown in the previous section, it appears likely that the
rate of coastal erosion in Montserrat has doubled as a result of beach sand
mining. Sand is an essential component for the construction industry which,
in turn, contributes to the development process.

The question must be asked whether the sand is more valuable in the
buildings and related infrastructure or on the beaches? As shown earlier,
Montserrat's tourism is based on resident tourism, rather than the more
typical Caribbean Islands where short-term stayover visitors arethe norm and
where most of the tourism infrastructure is centred around the beaches.
Nevertheless, the Tourism Board of Montserrat views the beaches as an
important part of the tourism product andresidents, both local and overseas,
view the beachesas an important recreational resource.

To date, Montserrat has been fortunate in that most of the land
behind the beaches is undeveloped. As the beaches erode, they have
repositioned themselves further inland with theactual beach form remaining
seemingly unchanged. However, this state of affairs is not likely to continue.
For instance, at Sturge Park beach the Fisheries building and the oil storage
tanks may become endangered as the beach retreat continues; existing and
potential development at Carrs Bay maybe similarly threatened.

In an attempt to value the land lost at Sturge Park over the 24-year
period, the length of the beach and the width of the land lost was calculated.
The area of land lost was 66,700 m2. Beachfront property has ahigh value in
the Caribbean Islands. Assuming a value of US $50 per m2, this lost area
represents a value of US $3,335,000. Since beach sand is free in Montserrat,
it appears thata small number of property owners havesubsidised the island's
construction industry over the past two decades.

As the coastline becomes more developed and as existing properties
are endangered by erosion, efforts will have to be madeto provide alternatives
to beach sand and to control beach sand mining. There arealternatives, such
as offshore sand sources (Cambers, 1981), quarry dust, and possibly, inland
materials such as tarris (pumice). It should be noted that the inland
alternatives have not yet been fully evaluated. However, alternatives will be
costly when compared with beach sand, which isat present a "free" resource.
To date, the political support has not been sufficient to place any price on
beach sand. Obviously this has to be a first step, even if it is onlya minimal
price. However, such a step would require a very strong political party which
wasalso deeply committed to sound environmental management. And when
a country's growth and progress is measured by its GDP, of which
construction is animportant component, natural resource management plays
a minor role in the overall development process.

However, there are signs that Montserrat is moving to manage its
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natural coastal resources. In 1990, a beach monitoring programme was set up
and technical assistance has been sought to develop a plan of operations to
manage sand resources. Studies have been carried out before and not
implemented; hopefully, this time the effort will be sustained and a sound
beach management programme put in place.

Implications for The Region

Sand mining is a problem throughout most of the Eastern Caribbean
Islands. Montserrat is at one end of a scale where there is no permitting
process and no charge for the sand resource. Other islands, eg. Grenada, have
a permitting process whereby certain beaches are open to mining, but no
charge is levied. Still other islands, such as St. Lucia, have a permitting
process and aminimimal charge for sand (US $2 per yd3) (Cambers, 1990b).
However, in all these islands, inadequate surveillance, an absence of beach
monitoring, and illegal mining make sand mining one of the region's major
coastal problems. In general, the nature and effects of beach sand mining are
recognized, but there is a lack of political will to manage and regulate what
has always been regarded as a free resource.

There are feasible alternativesto beach sand mining, on regional and
national scales. A recent study (Cambers, 1988) recommended a regional
approach to deep water dredging to stockpile sand for the individual islands.
In Guyana, there are extensive deposits of river sand suitable for construction.
Some islands, such as St. Lucia, have extensive deposits of pumice; pilot
projects have shown its suitability for various types of construction. Again,
some islands, eg. the British Virgin Islands, have resorted to nearshore
dredging to supply sand.

Alternatives exist for the region. It remains for the individual islands
to select the most appropriate alternativesand to implement them. This is no
easy task, requiring extensive education of all sectors of the population, the
provision of alternatives and proof of their suitability, and a strong political
motivation. The control of beach sand mining is one of the major coastal
zone problems facing the islands of the Eastern Caribbean.
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Table 1 Coastal Beach Change in Montserrat Between (1966-90)

Site Coastal Change, metres per year

1966 - 1981 1981 - 1990 1966 - 1990

Sugar Bay * * - 0.24
Sturge Park 1 * * - 2.73

Sturge Park 2 - 1.65 - 2.07 - 1.81

Sturge Park 3 - 1.78 - 1.15 - 1.55

Sturge Park 4 - 2.07 - 0.70 - 1.58

Foxes Bay * * - 0.79
lies Bay * * - 0.48
Lime Kiln Bay - 0.37 * *

Woodlands Bay - 0.40 - 0.39 - 0.40
Bunkum Bay - 0.53 - 0.11 - 0.38
Carrs Bay 1 - 2.04 - 0.26 - 1.37

Carrs Bay 2 * * - 0.26

* no available data

exact site description from Cambers 1990.



Table 2 Relative Importance of Sea Defence Structures and Sand
Mining on the Beach Erosion Rate in Montserrat

Site Average Erosion Influence of Influence of
Rate 1966-1990 Sea Defence Sand Mining

0>

(m per year) Structures

Sugar Bay - 0.24 yes •

Sturge Park - 1.92 yes yes

Foxes Bay - 0.79 no yes

lies Bay - 0.48 no *

Lime Kiln Bay - 0.37 no no

Woodlands Bay - 0.40 no no

Bunkum Bay - 0.38 no no

Carrs Bay - 0.82 no yes



The Usefulness of Transplanted Oysters in Biomonitoring Studies

Jos6 L. Sericano, Terry L. Wade, and James M. Brooks
Texas A&M University

Abstract

This study was designed to examine the uptake and depuration of
selected organic contaminants of environmental concern, i.e., polynuclear
aromatic hydrocarbons (PAHs) and polychlormated biphenyls (PCBs), by
transplanted oysters CCrassostrea' virginica') in Galveston Bay, Texas and to
establish the feasibility of using transplanted oysters for biomonitoring the
contamination status in areas were no indigenous bivalves are present.
Transplanted oysters bioaccumulated individual PAHs and low molecular
weight PCBs to concentrations that were not statistically diffcrentiable from
the levels encountered in native oysters within30 to 48 days. In contrast, high
molecular weight PCBs did not reach equilibrium in transplanted oysters;
whose high molecular weight PCB concentrations were lower than those
measured in indigenousoysters during the seven-weekuptake period. During
the depuration phase of this study, originally uncontaminated oysters
depurated PAHs and low molecular wight PCBs at a faster rate than
chronically contaminated oysters. Clearance of high molecular weight PCBs
was limited in both oyster populations.

Introduction

Contamination of the coastal marine environment by a number of
organic compounds of synthetic or natural origin has received increasing
attention over the last several years. Biomonitoring of these compounds in
the aquatic environment has been well establishedand bivalves are generally
preferred for this purpose. The rationale for the "Mussel Watch" approach
using different bivalves, e.g. mussel, oysters and/or clams, has been
summarized by different authors (Goldberg et al., 1978; Farrington et al.,
1980; Phillips, 1980; Risebroughet al., 1983) and its concept has been applied
to many monitoring programs during the last decade (Farrington et al., 1983;
Martin, 1985; Tavares et al., 1988; Wade et al., 1988; Sericano et al., 1990).

The National Oceanic and Atmospheric Administration's National
Status and Trends Program (NOAA's NS&T) is designed to monitor the
current status and long-term effects of selected organic and inorganic
contaminants of environmental concern, e.g. polynuclear aromatic
hydrocarbons (PAHs), chlorinated pesticides, polychlormated biphenyls
(PCBs), and trace metals, along the coasts of the U.S. by measuring their
concentrations in bivalves over a number of years. During the first five years
of this program (1986-1990), the intent was to sample all the locations
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prescribed by NOAA. However, locations depleted ordevoid of living oysters
caused byvirtue of diseases, predators, excessive freshwater runoff, harvesting,
ordredge material burying entire reefs compromised this goal. Therefore, in
some instances, it was not possible to obtain samples. After the first five
years of the NS&T, nearly 20% of the original locations presented some of
the above-mentioned sampling problems that left the database with missing
values. Transplantation of bivalves to areas where indigenous individuals were
not originally present or have been lost because of natural or man-induced
actions could be a potentially useful tool in monitoring environmental
pollution.

The present study was designed to examine the uptake and
depuration of selected organic contaminants, i.e. polynuclear aromatic
hydrocarbons (PAHs) and polychlormated biphenyls (PCBs), in oysters
(Crassostrea virginical through transplantation experiments in two locations
in Galveston Bay, Texas.

Materials and Methods

Experimental design

Approximately 250 oysters of similar dimensions were collected from
a relatively uncontaminated area in Galveston Bay, Hanna Reef, and
transplanted in 24x70 cm net bags, containing 25-30 individuals perbag, to a
new location near the Houston Ship Channel in the upper part of the Bay
(Figure 1). Composite samples of 20 transplanted and 15 indigenous oysters
were collected at 0, 3, 7, 17, 30, and 48 days during the first phase of the
transplantation experiment. The remaining Hanna Reef oysters were then
back-transplanted to their original location in Galveston Bay. At the same
time, approximately 150 indigenous oysters from the Ship Channel site were
also transplanted to the Hanna Reef area. Composite samples of 20 oysters
from each population were collected at 3, 6, 18, 30, and 50 days after
transplantation.

Analytical method

The analytical procedures used during this studyaremodifications of
previously reported methods (MacLeod el al., 1985) and are fully described
elsewhere (Wade et al, 1988; Sericano et al, 1990).

Results and Discussion

The concentrations of some of the organic contaminants increased
dramatically during the seven-week exposure period. Comparatively,
concentrations of individual PAHs and PCBsin indigenous oystersduringthe
first phase of this experiment were fairly constant. The analyte concentrations
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in native oysters represent the time-integrated contaminant concentrations
available to the oysters insolution, adsorbed onto particles, and incorporated
into food.

Initial concentrations of total PAHs intransplanted oysters increased
from 290 ng/gto a final value of4360 ng/g. Two- and three-ring PAHs were
detected in low concentrations in transplanted and indigenous oysters. Four-
and five-ring compounds were accumulated to the highest concentrations in
Hanna Reef oysters. By the end of the first 48 days, transplanted oysters
accumulated these PAHs to levels that were not statistically diffcrentiable
from the concentrations measured in native individuals (Figure 2a). The
PAHs accumulated to thehighest concentrations bytransplanted oysters were:
pyrene> fluoranthene> chrysene> bcnzo(e) pyrene> benzo(b)-anthracene
(Figure 2b). Clams and mussels exposed to sediments contaminated with high
PAH concentrations accumulated pyrene> benzo(e) pyrene> benzo(b)
fluoranthene> benz(a) anthracene (Obana et al, 1983) and chrysene>
benzo(b) fluorantheno fluoranthene> benzo(e)pyrene> benz(a)anthracene
(Pruell et al, 1986), respectively.

Hanna Reef and Ship Channel oysters showed statistically significant
depuration (p<0.05) of four- and five-ring PAHs after relocation to the
Hanna Reef area (Figures 2c and 2d). Depuration of these aromatic
compounds byboth groups of oysters was approximately exponential. This is
indicated in Figure 3, where the concentration of selected PAHs plotted on
a semi-log plot approximate straight lines.

Kinetics parameters describing uptake and release of PAHs can be
calculated assuming the first-order equation

(1) dC,/dt = kuCw-kdCt

where Ct is the PAH concentration in the transplanted oyster at time=t, Cw
is the PAH concentration in the seawater, and ku and kd are the uptake and
depuration rate constant, respectively. If the C,, at Hanna Reef is regarded
as zero, i.e., Cw=0, which is considerably reasonable because of the very low
PAH concentrations measured in indigenous oysters, then equation (1)
reduces to

(2) dC,/dt = -kdC,

or, after integration,

. (3) log Ct = log Co-(kd/2.301)t

where C0 is the PAH concentration in oysters at the time of their relocation
to the Hanna Reef area. Using this equation and the PAH concentrations
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corresponding to both oysterpopulations during the depuration period, values
of kd can be calculated. Statistical analyses, at the a=0.05 level, of the
regression lines of the logarithm of the concentrations versus sampling time
for the depuration period showed significant differences betweenthe slopes,
i.e., depuration rates, measured for Hanna Reef and Ship Channel oysters.

The biological half-life, tj ,2, canbe derived from equation (3)

(4) t1/2 =0.693/kd

The half-lives are reported in Table I. They ranged from 10.4 and
12.4days for pyrene to 25.6 and 385 days for fluoranthene in Hanna Reef and
Ship Channel oysters, respectively. Most of the values were, however,
between 10 and 16 days.

Recently, Pruell et al. (1986) reported the half-lives for selected
PAHs in mussels (Mvtilus edulis') exposed to environmentally contaminated
sediments. The calculated half-lives comparedwell with the values measured
in this study (Table I).

PCB concentrations in transplanted oysters increased from 30 ng/g
to 850 ng/g after the 48-day exposure period. Pentachlorobiphenyls were the
compounds accumulated to the highest concentrations in transplanted and
native oysters (Figures 4a and 4b). In comparison, practically no octa-, nona-,
or decachlorobiphenyls were detected in either oyster group. Contrasting with
PAHs, not all the PCB homologs measured in transplanted oysters reached
the concentration encounteredin indigenous individuals by the end of the first
phase of this experiment. While there were no statistically significant
differences in the tri- and tetrachlorobiphenyl concentrations measured in
transplanted and native oysters, significant differences were observed in the
total concentrations of penta- and hexachlorobiphenyls. It seems evident that
a longer exposure period is needed for the higher molecular weight PCBs to
reach an steady state concentration (Figure 5).

Hanna Reef and Ship Channel oysters showed statistically significant
depuration (p<0.05) of low molecular weight PCBs when relocated to the
Hanna Reef area (Figures 4c and 4d). Originally uncontaminated oysters
depurated PCBs at a faster rate than chronically contaminated oysters. The
depuration rates of high molecular weight PCBs were significantly slower in
both oyster populations. This differential PCB depuration can be observed in
Figures 4b and 4d showing the concentrations of selected PCBs at the end of
the uptake and depuration periods. Biological half-lives for these PCBs in
Hanna Reef and Ship Channel oysters ranged from 21 to 129 days and from
20 days to >year, respectively (Table 1). Pruell et al. (1986) reported
half-lives for tri- to hexachlorobiphenyls in mussels exposed to resuspended
contaminated sediments ranging from 16.3 to 45.6 days. Similar to the present
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study, the biological half-lives of PCBs increased with the number of chlorine
atoms in the biphenyl rings. Langston (1978) also reported that the less
chlorinated PCB congeners were depurated more rapidly by bivalves
(Cerastoderma edule and Macoma balthical with half-lives from 5 to 21 days
for di- to tetrachlorobiphenyls. Incontrast, hexachlorobiphenyls, and someof
thepentachlorobiphenyls, did not decrease inconcentration during the21-day
study. Courtney and Denton (1976) reported that environmentally
contaminated clams and clams exposed to Arodor1254 in the laboratory did
not depurated PCBs during three months in control seawater.

In summary, PAHs and low molecular weight PCBs were rapidly
accumulated by transplanted oysters. Apparent steady-state concentrations
were reached after 30 to 48 days. In contrast, high molecular weight PCBs
did not reached an equilibrium plateau within the seven-week exposure to
high PCB concentrations. However, the still-increasing concentrations
measured for these PCBs by the end of the exposure period seems to indicate
that, given enough time, equilibrium concentrations will eventually bereached.
When back-transplanted to the Hanna Reef area, originally uncontaminated
and chronically exposed oysters depurated PAHs with half-lives ranging from
10.4 to 23.6 days and from 12.4 to 38.5 days, respectively. These rates were
similar to those calculated for tri- and tetrachlorobiphenyls but faster than
those estimated for heavier molecular weight PCBs. Despite the limitations
discussed in the text, transplanted oysters are considered valuable
bioindicators of environmental contamination by PAHs and PCBs in areas
lacking indigenous bivalves.

Acknowledgements

Funding for this research was provided by the National Oceanic and
Atmospheric Administration Grant Number 50-DGNC-5-00262 (National
Status and Trends Program).

421



References

Courtney, WA.M. and G.R.W. Denton. 1976. Environ. Pollut. 10: 55-64.

Farrington, J. W, J. Albaiges, KA. Burns, B.P.Dunn, P. Eaton, J.L. Laseter,
P.L. Parker, andS. Wise. 1980. In: The International Mussel Watch: Report
of a workshop sponsored by the EnvironmentalStudies Board Commission on
Natural Resources. National Research Council, pp. 7-77.

_, E.D. Goldberg, R.W. Riserbrough, J.H. Martin, and V.T. Bowen.
1983. Environ. Sci. Technol. 17:490-496.

Goldberg, E.D, V.T. Bowen, J.W. Farrington, G. Harvey, J.H. Martin, P.L.
Parker,W. Risebrough, E. Schneider, and E. Gamble. 1978. Envir. Conserv.
5: 1-25.

Langston, WJ. 1978. Mar. Biol, 46: 35-40.

MacLeod, W.D, D.W. Brown, AJ. Friedman, D.G. Burrows, O. Maynes,
R.W. Pearce, CA. Wigren, and R.G. Bogar. 1985 In: Standard Analytical
Procedure of the NOAA National Analytical Facility, 1985-1986. Extractable
Toxic Organic Compounds. (2nd Ed.), U.S. Department of Commerce,
NOAA/NMFS. NOAA Tech. Memo. NMFS F/NWC- 92.

Martin, M. 1985. Mar. Poll. Bull. 16: 140-146.

Obana, H, S. Hori, A. Nakamura, andT. Kashimoto. 1983. Water Res, 17:
1183-1187.

Phillips, DJ.H. 1980. "Quantitative Biological Indicators. Their Use to
Monitor Trace Metals and Organochlorine Pollution": Applied Science:
London.

Pruell, RJ, J.L. Lake, W.R. Davis, and J.G. Quinn. 1986. Mar. Biol, 91:
497-507.

Risebrough, R.W, B.W. de Lappe, W. Walker II, B.R.T. Simoneit, J.
Grimalt, J. Albaiges, JA. Garcia Regueiro, I. Ballester A. Nolla, and M.G.
Marino Fernandez. 1983. Mar. Poll. Bull, 14:181-187.

Tavares, T.M, V.C. Rocha, C. Porte, D. Barcelo, and J. Albaiges. 1988. Mar.
Poll. Bull, 19: 575-578.

Sericano, J.L, E.L. Atlas, T.L. Wade, J.M. Brooks. 1990. Mar. Environ. Res.
29: 161-203.

422



Wade, T.L, EXAllas, J.M. Brooks, M.C. Kennicult II, R.G. Fox, J.L.
Sericano, B. Garcia-Romcro, D. DeFrcitas. 1988. Estuaries, 11:171-179.

423



TABLE I. Biological half-ltves of selected PAHs and PCBs In transplanted and
Indigenous oysters

COMPOUND OYSTERS MUSSELS1
HANNA REEF SHIP CHANNEL

Phenanthrene • - -

Fluoranthene 25.6 38.5 29.8

Pyrene 10.4 12.4 -

Benzotalanthracene 13.2 15.3 17.8

Chrysene 12.3 15.8 14.2

Benzo(e)pyrene 11.5 16.1 14.4

PCB#26 21 20 -

PCBS52 28 47 -

PCB#110 45 147 -

PCB#U8 75 >year -

PCB#149 129 >year -

PCB#22 • - 16.3

PCB#101 - - 27.9

PCB#128 . - 36.5

PCB#153 - - 45.6

1 Pruell etal, 1986
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Introduction

Environmental regulatory programs in the United States have been
estimated to cost more than $70 billion annually. Most of these programs
address specific local pollution problems. For the specific purposes for which
they were designed, these programs appear to be effecUve; however, the
means to assess the effectiveness of these programs in protecting the
environment at national and regional scales and over the long-term do not
east. The U.S. Environmental Protection Agency (EPA) considers it critical
to establish monitoring and assessment programs to confirm the effectiveness
of pollution control programs and to corroborate, at regional and national
scales, the science upon which they are based.

The Environmental Monitoring and Assessment Program (EMAP)
is anationwide program being implemented by EPA's Office ofResearch and
Development (ORD). It was developed in response to the demand for
information on the condition of the nation's ecological resources. Although
EMAP is funded by ORD, it is designed to be an integrated federal program
Dunng the planning of EMAP, ORD has worked with other federal agencies
including the National Oceanic and Atmospheric Administration (NOAA) the
US. Fish and Wildlife Service (USFWS), the U.S. Forest Service, and'the
US. Geological Survey (USGS), as well as other offices within EPA (e.g the
Office of Marine and Estuarine Protection [OMEP]). These other agencies
and offices will participate in the collection and use of EMAP data.

The goal of EMAP is to assess and document the status and trends
in the condition of the nation's forests, wetlands, estuaries, coastal waters,
inland surface waters, Great Lakes, agricultural lands, and arid lands on an
integrated and continuing basis. It is designed to answer the following
questions on regional and national scales over a Ume period of decades:
What is the status, extent, and geographical distribution of our ecological
resources? What proportion of these resources is declining or improving
Where? At what rate? What are the factors likely to be contributing to this
declining condition? Arc pollution control, reduction, and mitigaUon
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programs achieving overall improvement in ecological conditions?

EMAP-NC (EMAP Near-Coastal) uses a regionalization scheme to
divide the.nation's estuarine resources into a series of biogeographical
provinces (Figure 1). In 1990, field activities were implemented in the
Virginian Province and, in 1991, will be implemented in the Louisianian
Province. By 1995,all provinces in the continental U.S. should be included in
the sampling program. This paper describes the plans for implementating
EMAP in the Gulf of Mexico (Louisianian Province) in 1991.

EMAP-NC does not have the resources to monitor all parameters of
concern. Rather, EMAP-NC will identify, evaluate, and use indicators of
environmental quality for each near-coastal ecosystem type that collectively
characterize the overallcondition of ecosystems and are applicableon regional
and national scales.

Sampling Design

The initial sampling design to be used by EMAP-NC combines the
strengths of systematic and random sampling designs with an understanding
of estuarine systems, to collect data that provide unbiased estimates of the
status of the nation's estuarine resources with a known level of confidence.

The classification scheme is used to divide estuaries into classes that have

simitar physical features and are likely to respond to stressors in a similar
manner. The sampling classes defined include: (1) 28 large, continuously
distributed estuaries covering 23,773 km2 (e.g., Galveston Bay, Mississippi
Sound); (2) a single, large, continuously distributed tidal river covering 307
km2 (i.e., Mississippi River); and (3) 156 small, discretely distributed estuaries,
bays, inlets, tidal creeks, and rivers covering 6,066 km2 (e.g., Crystal Bay,
Perdido Bay, Biloxi Bay, Atchafalaya River). In addiUon, a fourth estuarine
class will be implemented, experimentally, to address its importance in the
overall assessment of estuarine condition in the Louisianian Province. This

classrepresents small bayous (i.e., with surfaceareas < 2.5 km ) including 418
bayou systems in the delta region of Louisiana covering878 km .

EMAP-NC does not have the resources to characterize natural
variability or to assess status in all seasons. Therefore, sampling will be
limited to a confined portion of the year (i.e., an index period), when
measured parameters are expected to show the greatest response to pollution
stress and within season variability is expected to be small. EMAP-NC has
selected summer as the appropriate index period. For most near coastal
ecosystems in the Northern Hemisphere, mid-summer (July-August) is a
period when dissolved oxygen concentrations are most likely to approach
stressfullow values(Hollandet al.,1977; EPA, 1984; Officer et al.,1984), and
the cycling and adverse effects of contaminant exposure are greatest because
of low dilution flows and high temperatures (Connell and Miller, 1984;
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Sprague 1985, Mayer et al., 1989). In addition, fauna and flora are usually
abundant during summer, increasing the probability of collecting the
organisms required to complete assessments.

Withineach estuarine class, elements of systematic, random, andfixed
location sampling based on scientific judgement will be used. Large,
continuously distributed estuaries will be sampled using a randomly placed,
systematic grid. Grid points will be about 18 km apart, and the large
estuarine class will include 55 sample sites. The Mississippi River will be
sampled within systematically-spaced segments, with their boundaries located
about 15 km apart. Two sampling points are located within each segment;
one is randomly selected and one is an index sample totaling 20 sample sites.
The purpose of the index sample is to use scientific judgement to identify
sampling locations that can beused todetermine if degraded conditions occur
in asystem without having toconduct intensive surveys. The index sample site
will be located in a depositional, muddy environment where sediments are
accumulating and the potential for exposure to low dissolved oxygen
concentration and/or contaminants is high.

Small, relatively discrete estuaries will be sampled using a population
approach. First, a list of all small estuaries is defined and placed in order
according to latitude and/or longitude. Then, the estuaries are placed into
contiguous groups of four and one estuary from each group is randomly
selected without replacement to besampled in 1991 (N=47 estuaries). Two
samples are located in each small estuary that is sampled; one is randomly
selected and one is an index sample for a total of 94 samples from thesmall
estuarineclass. Regional-scale information from index sites willbe combined
with similar information from randomly selected locations. To complete the
total of 222 sample sites, 24 samples will becollected from small bayous, 13
spatial supplementary samples from Mobile Bay (to evaluate the effect ofgrid
scale on parameter estimation), and 16 judgemental sites selected torepresent
specific environmental conditions in order to test the reliability of selected
indicators.

Index samples will be used to estimate the proportion of small
estuaries and tidal river segments that have unacceptable (or acceptable)
indicator values. However, the index samples are biased and cannot be used
alone toestimate theextent of degradation. When regional-scale information
from index sites is combined with similar information from randomly selected
locations, robust statements can bemade about the proportion ofsystems that
have pollution problems in highly vulnerable sites aswell as about the extent
and magnitude (i.e., areal extent) of degradation for the population of small
estuaries and tidal river segments.

A critical issue that must be addressed by EMAP-NC is howbest to
represent the ecological condition of near-coastal environments with limited
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resources and relatively few samples. It is obvious that one or two samples,
from one or two locations, at one time of the day, in a specific season of a
particular year cannot characterize the ecological condition of even a small
estuary. Such a sampling program is justified only if it can be demonstrated
lhat parameters that are indicative of the overall ecological condition of
estuaries can be identified and a population approach to sampling can be used
to characterize estuarine resources. That is, resources and locations that are
sampled can be used to make inferences about unsampled resources and
locations. One of the major goals of EMAP-NC 1990-1991 field efforts is to
make this demonstration.

Ecological Indicators

EMAP-NC does not have the resources to monitor all ecological
parameters of concern to the public,Congress, scientists, and decision makers.
Therefore, a defined set of parameters that serve as indicators of
environmental quality will be measured. EMAP-NC indicators will be
selected that are related to ecological condition in a way that can be
quantified and interpreted, can be applied across a range of habitats and
biogcographical provinces, are of value and concern to society, and are
quantifiable in a standardized manner with a high degree of repeatability.

The selection of indicators that will be used by EMAP-NC is an
ongoing process. It is anticipated that a number of years will be required
before a relatively complete list of indicators will be developed. Categories
of indicators that were identified and will be sampled by EMAP-NC include
the following:

Response Indicators

Measurements that quantify the integrated response of ecological
resources to individual or multiple stressors. Examples include measures of
the condition of individuals (e.g., frequency of tumors or other pathological
disorders in fish), populations (e.g., abundance, biomass), and communities
(e.g., species composition, diversity).

Exposure Indicators

Physical, chemical, and biological measurements that quantify
pollutant exposure, habitat degradation,or other causesof degraded ecological
condition. Examples include contaminant concentrations in the water,
sediments, and biological tissues; the acute toxicity of sediments to endemic
or sensitive biota; and dissolved oxygen concentration.

Habitat Indicators
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Physical, chemical, and biological measurements that provide basic
information about the natural environmental setting. Examples include water
depth, salinity, sediment characteristics, and temperature. Habitat indicators
will beused to normalize values for exposure and response indicators across
environmental gradients. Habitat indicators may also be used as a basis for
defining subpopulations of interest for assessments.

Stressor Indicators

Stressor indicators are economic, social, orengineering measures that
can be used to identify the sources of environmental problems and poor
ecological condition. Examples include human demographics, land use
patterns, discharge records from manufacturing and sewage treatment
facilities, freshwater inflows, and pesticide usage in the watershed. Stressor
data will be gathered primarily from existing federal and state programs (e.g.,
NOAA's National Coastal Pollution Discharge Inventory-NCPDI; wetland
acreage and extent from FWS's National Wetland Inventory, NOAA, and state
wetland inventories and maps), from other EMAP task groups (e.g., the
extent and distribution of forests) as well as from local permitting/planning
agencies.

The relationships among indicator categories are summarized in
Figure 2. Information on exposure, habitat, and stressor indicators will be
used to identify potential factors contributing to the status and trends of
response indicators. A list of indicators that will be used in the first year of
the program is provided in Table 1. In this first year, EMAP-NC will
oversample indicators and use the data collected to develop a reduced list of
indicators that can beapplied in future years toaccurately characterize overall
estuarine condition. The additional sampling is necessary because indicators
ofestuarine condition that are acceptable tothe public and scientists and that
have been demonstrated tobeappropriate toapply at regional scales are not
well developed.

Near-Coastal EMAP Reporting

EMAP-NC will produce three types ofreports tomeet the objectives
of the program: (1) Annual Statistical Summaries; (2) Interpretive
Assessment Reports; and (3) Special Scientific Reports. Annual Statistical
Summaries will be prepared approximately 9 months after data are collected
and will provide tabular and graphical summaries of each year's collections.
They will be analogous to the annual reports prepared by the Department of
Commerce for leading economic indicators. Interpretive Assessment Reports
will be prepared every 4 years for the public, Congress, interested scientists,
and decision-makers (e.g., the EPA Administrator). These reports will assess
status ofecological resources on regional scales, measure trends in ecological
resources, identify likely causes ofpoor, deteriorating, or improving conditions,
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assess the extent and magnitude of pollution impacts, identify emerging
problems and their likely causes before they reach crisis proportions, and
assess the effectiveness of regulatory/control programs. Special Scientific
Reports will be produced periodically to address specific concerns raised
about the program (e.g., appropriateness of design) and topical areas of
general interest (e.g., results ofthe indicator testing and evaluation program).
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Table 1. Indicators to be used in the 1991 Louisianian Province Monitoring
Program

Category

Response

Exposure

Habitat

Stressor

Proposed Indicator

Benthic species composition and biomass
Gross pathology of finfish/shcllfish
Fish community composition
Relative abundance of large shellfish
Histopathology of fish/shellfish
Apparent RPD

Sediment contaminant concentration

Sediment toxicity
Contaminants in fish/shellfish tissues
Contaminants in colonial nesting birds
Contaminants in large bivalves
Selected biomarkers (e.g., cytochrome P-
450, blood chemistry)
Continuous and point measurements of
dissolved oxygen concentration

Salinity
Temperature
Sediment Characteristics (e.g., organic
content, grain size)
Water Depth

Freshwater discharge
Climatic fluctuations

Atmospheric deposition
Point-source pollutant loadings
Nonpoint-source pollutant loadings
Land use patterns
Human population density
Fisheries landings
Shellfish bed classifications
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