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Abstract: Inputs of copperfrom anti-fouling paints presently pose an environmental stress on

some restricted embayments of the Indian River Lagoon, Florida. Over an 18 mo period, samples

of water, suspended matter, sediments, barnacles, clams and crabs from selected sites along the

Indian River and the Eau Gallie River, have been analyzed for copper. Higher than normal cop-

per concentrations were consistently observed in the water column, sediments, barnacles and
crabs collected from the Eau Gallie Harbor. Point sources of copper could be directly traced to

vessel-related activities. From field data and laboratory experiments on the leaching of copper

from anti-fouling paints, an estimated flux of 40 kg/yr to Eau Gallie Harbor was calculated. Up
to 75% of the total copper input to the harbor may be retained there. Outside such tributaries

along the Indian River from Vero Reach to Melbourne, copper levels were within normal limits.

Copper is a micronutrient element fundamental to all forms of life; yet,

in excessive amounts, it may become toxic to organisms by inducing a re-

duction in enzyme activity or a random rearrangement of structural proteins

(Bowen, 1979). Large inputs of Cu from anti-fouling paints presently pose

an environmental threat to restricted coastal embayments such as those

found along the Indian River Lagoon, Florida. These inputs were evaluated

and their fate was assessed within the Indian River System and its biota.

Copper based anti-fouling paints are applied to boat hulls to prevent the

attachment and growth of organisms. The paints function by leaching Cu
into the water fast enough to interfere with an organism's activity, yet not so

rapid as to exhaust the Cu in a short time. An effective leaching rate is

usually quoted at 10 fig Cu/cm 2 of hull/da (Goldberg, 1976). At that rate,

Goldberg (1976) estimates a global input of Cu to the marine environment

from anti-fouling paints to be 2500 metric tons per yr. Although this an-

thropogenic addition is only 1 % of the natural flux, the influence of anti-

fouling paint Cu may be especially evident in harbors, coastal embayments
or shipping lanes. For example, Young et al. (1979) found Cu levels in

selected tissues of the bay mussel Mytilus edulis to be up to 10 times above

normal levels in some Southern California Harbors.

Barber and Trefry (1981) suggested similar problems for harbor areas

along the Indian River Lagoon, Florida. That preliminary work has been ex-

tended to provide a more detailed picture of the behavior of Cu in a typical

harbor setting and the migration of pollutant Cu into the open Indian River

System.

Methods—Field sampling for our Cu study was carried out from November 1978 through
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Fig. 1. Map of the Indian River Lagoon showing sampling sites.

May 1980 at selected sites along the Indian River Lagoon (Fig. 1) and one of its tributaries, the

Eau Gallie River (Fig. 2). Samples collected for Cu and other metal analyses included water,

suspended particulates, bottom sediments, barnacles, crabs and clams. Extreme care was taken

throughout the sampling and laboratory efforts to minimize random metal contamination. In

situ measurements of selected hydrographic parameters (salinity, temperature, pH and dissolved

oxygen) were also made throughout the study period using standard techniques (Strickland and
Parsons, 1972). Water samples were generally collected in duplicate from the bow of a small

fiberglass boat moving slowly upwind. The samples were obtained from about 15 cm below the

surface by direct filling of acid-washed, 500 ml conventional polyethylene bottles. Immediately

upon return to the laboratory, suspended particulates were separated from the unacidified

samples by filtration through preweighed, acid-washed, Nuclepore membranes (47 mm dia, 0.4

[im pore size) . Suspended matter loads were quantified by reweighing the filters following dry-

ing/equilibration. The filters were stored in plastic petri dishes prior to particulate metal analysis

and the filtrate was acidified with 250 /d of concentrated, double distilled HN0 3 and saved for

dissolved Cu determination.

Dissolved Cu species were extracted from solution using the cobalt-ammonium pyrrolidine

dithiocarbamate (APDC) coprecipitation technique of Boyle and Edmond (1975). Sample

preparation was carried out in a clean room which is separated from the main lab by double

doors and serviced with HEPA-filtered air. Following extraction, the filter-precipitates were
placed in polystyrene vials to which 0.5 ml of concentrated, double distilled HN03 was added to

dissolve the Co- APDC precipitate. The solution was then diluted to 15 ml with distilled-dionized

water and analyzed for Cu by atomic absorption spectrophotometry (AAS) using a Perkin Elmer
460 instrument equipped with a Model 400 heated graphite atomizer, an AS-40 auto-sampler,

and a deuterium-arc background corrector. Analysis of spiked water samples showed Cu recov-
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Fig. 2. Map of Eau Gallie River and Harbor and adjoining Indian River Lagoon showing

sampling sites. Inset map of Florida identifies location of study area.

ery by the co-precipitation technique to average better than 95%. All copper in organisms,

sediment or dissolved and particulated phases of the water were analyzed by AAS.
Suspended particulates were digested in 15 ml. stoppered teflon tubes using concentrated HF

and redistilled HN0 3 and heated in a hot water bath.

Sediment samples were obtained directly from 0.5 to 1.5 m water depths using either 10 cm
dia, 40 cm long plastic core liners or by sampling the top 10 cm of sediment with a polyethylene

scoop. Subsamples (1 to 2 cm long) were carefully sectioned and freeze-dried. Sediment metals

were analyzed for Cu and Fe by AAS following complete digestion with HF-HN'0 3-HC104 or a

partial leach with IN HNOs .

Rarnacles from naturally occurring communities of Balanus eburneus were scraped directly

from their substrata and placed in acid-washed polyethylene bags. After return to the laboratory,

barnacles were thoroughly rinsed with distilled water to remove excess detritus. Whole soft parts

were removed, weighed and pooled according to site for each determination. Samples were
placed in acid washed 180 ml tall-form Pyrex beakers and digested with redistilled H\0 3 and
30% H2 2 . The resulting clear solution was brought to a volume of 25 ml with distilled-

deionized water. Procedural blanks were prepared following the same methods used for the

barnacle digestions. Blue crabs (Callinecte.s sapidus) were collected in high density plastic traps.

Dissection of claw and gonad tissue was carefully carried out in the clean lab and sample

digestion and copper analysis followed the techniques described above for the barnacles.

Five to 20 clams (Mercenaria mercenaria) were collected at each site per sampling trip. The
clams were immediately placed in acid-washed polyethylene bags and frozen. In the lab. thawed
clams were removed from their bags, drained for a half minute and shucked. Whole clam soft

tissues and carefully dissected individual organ tissues were placed in 180 ml tall form Pyrex

beakers and digested with concentrated HN0 3 and 30% H2 2 and or HC10 4 . To check our ac-

curacy. NBS oyster and tuna samples are frequently analyzed and our values for Cu are always

well within the certified range. For the variety of analyses reported above, our precision is con-

sistentlv better than 10% . commonlv below 5% .

Eau Gallie Harbor—The Indian River Cu story unfolds at any one of

many harbors or embayments where sizeable marinas or boat-repair

facilities are located. For the purposes of this paper, the Eau Gallie River

and Harbor (Fig. 2) serve as a useful example. Samples of water, suspended

matter, sediment and barnacles were taken at the 10 sites identified in Fig.

2. Sites 3, 3a, and 4 are in the harbor proper, the location of several marinas
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Fig. 3. Distribution of surface water salinities, total suspended matter (TSM), dissolved Cu
and particulate Cu at Eau Gallie/Indian River sampling sites.

and a boat repair facility. Locations, 0, 1 and 2 are upstream of the harbor

in the Eau Gallie River. A dam just below Site serves to restrict upstream

migration of saline water. Sites 5, 5a, 6 and 7 follow the mixing of water

from the harbor with that of the open Indian River Lagoon. Water depths

range from < 1 to about 3m throughout the area.

A partial view of the hydrographic setting for the above sample sites is

given by the plot of surface water salinities in Fig. 3. The plotted values

show means (with standard deviations) for monthly samples collected from

January through May, 1980. Salinity increases along the study transect from

Site to Site 7, with the mid-study area (Sites 2 to 4) showing the highest

degree of variability, a function of freshwater runoff. Water temperatures

ranged from 16 to 30.5 °C for the 5 mo period depicted in Fig. 3; however,

temperatures varied by only 2 to 4°C across the sample transect during a

given sampling trip. Surface water pH averaged 7.3 ± 0.2 in the fresh

waters at Site 0, whereas the grand average for all the other stations was 8.2

± 0.3. Dissolved oxygen concentrations were generally near saturation

values in the surface water samples with up to a 50% reduction in near-

bottom waters.
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Total suspended matter concentrations are seasonally and spatially

variable but show a general decrease from Station 1 to Station 7. The overall

range of values was from 1.4 to 34 mg/l with a grand average of 13 ± 8 mg/Z.

Copper distributions and inputs to the Eau Gallie Harbor—Dis-

solved Cu concentrations along the Eau Gallie/Indian River study area

ranged from 0.4 to 5.6 fig/ 1. The extremely high values were consistently ob-

tained in the immediate area of several boat marinas at Sites 3, 3a and 4

(Fig. 3). Subsequent dilution of these peak levels is brought about by mixing

with the lower Cu containing freshwater or seawater end-members

represented by Sites and 7, respectively. Dissolved Cu values for these end-

members were typically on the order of 0.4 to 0.6 figll.

Similar to the dissolved Cu trend, particulate Cu concentrations were

highest in the harbor area (Fig. 3) where values averaged 90 to 100 ng Cu/g

of suspended matter and ranged as high as 130 /xg/g. In contrast to the har-

bor values, upstream and downstream waters had suspended matter Cu
levels averaging about 30 uglg. The combined dissolved/particulate Cu data

show that particles transport 30 to 50 % of the total Cu in the upper river

and 20 to 30% of the total in the central harbor and Indian River Lagoon.

The peak concentrations of dissolved and suspended particulate Cu
shown in Fig. 3 are clearly traceable to the marinas and boat-repair facilities

in the harbor. To help evaluate the magnitude of these sources, the rate of

Cu release from a common brand of marine paint used locally was

measured. Pieces of wood with a known surface area were treated with the

55% Cu2 paint and then placed in aquaria filled with Eau Gallie Harbor

water. The average Cu leaching rate was found to be 12 fig Cu per cm2 of

painted surface per day. From the present boat population of the area ('v 130

boats), a flux of 110 g Cu/da to the harbor waters was estimated.

This Cu flux, which is so evident in water column dissolved and par-

ticulate phases (Fig. 3), is also clearly discernible in the harbor sediments.

Concentrations as high as 200 itg Cu/g sediment were found in the central

harbor (Station 3A, Fig. 4). At Station 3A, sediment Cu values of 150 to 200

Uglg persist over the top 24 cm of the sediment column (Fig. 4), interrupted

only by a 6 cm thick low Cu containing shell layer. Away from the central

harbor, the depth extent of anomalously high Cu levels is restricted to the

top 5 to 10 cm (Fig. 4, Stations 1 and 3) at levels of 50 to greater than 100

Uglg. At depth in the Eau Gallie Harbor sediments and outside the harbor in

the open Indian River (Stations 5a, 6 and 7), sediment Cu concentrations are

more typically <2 to 15 /xg/g.

To put the Eau Gallie Harbor sediment Cu concentrations in perspec-

tive, average continental crust has an estimated 55 fig Cu/g (Taylor, 1964).

Mississippi River suspended matter has 45 itg Cu/g (Trefry and Presley,

1976), and the E.P.A. limit for Cu in disposal sediments is 50 itg/g (E.P.A.,

1973). Thus, by most standards or comparisons, the harbor sediments

typically have 2 to 4 times greater Cu concentrations.

Copper in Eau Gallie Harbor biota—The biological ramifications of
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the observed Cu inputs to the Eau Gallie Harbor were first identified in the

ivory barnacle Balanus eburneus (Barber and Trefry, 1981). During this ini-

tial work, Cu levels in barnacle soft tissue were found to range from 11 to 64

/ig/g (dry wt) when dissolved Cu concentrations were 0.4 to 1.6 fig/l. Fig. 5

shows that average Cu levels in barnacles collected from January to August,

1979, dramatically increase on approach to harbor Site 3 from either the

upstream or downstream directions. Within-site variations over the 8 mo
period (6 separate sampling trips) were surprisingly slight (Fig. 5). This tem-

poral uniformity was especially evident at Sites 6 and 7 where the mean (

±

standard deviation) of 14.6 ± 0.6 /ig/g most likely defines ambient barnacle

Cu concentrations in this region. According to Fig. 5, then, Eau Gallie Har-

bor barnacles (Station 3) are enriched in Cu by a factor of 4 relative to the

open Indian River Lagoon specimens.

The trend of barnacle Cu concentrations versus site (Fig. 5) is coincident

with that shown for dissolved and particulate Cu in Fig. 3 and again

distinguishes the harbor as an obvious point source of Cu. Barber and Trefry

(1981) note a significant correlation between dissolved Cu and barnacle

dissolved Cu as the key to Cu accumulation in barnacle soft tissues. No
significant correlation (at p = 0.05) was found between particulate Cu (ex-

pressed in fig Cu// water or fig Cu/g particles) and barnacle Cu.

One recent analysis of barnacle tissue collected in the area of Site 3A,

where dissolved Cu concentrations are on the order of 5 fig/l, yielded 120 fig

Cu/g (dry wt). This observation nicely extends the linear relationship be-

tween dissolved and barnacle Cu and shows that some harbor barnacles have

almost 10 times higher Cu loading than open Indian River specimens.

Available data from other studies in other areas (Walker et al., 1975; Bar-
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Fig. 5. Barnacle soft tissue Cu concentrations for specimens collected at Eau Gallie/Indian

River sampling sites.

baro et al., 1978) show barnacle Cu ranges to be from 46 to 3750 jig/g (dry

wt). Although the Eau Gallie Harbor barnacles certainly do not approach

observed high values, the order-of-magnitude increase over background

levels in the area certainly warrants concern.

To augment the barnacle study, Cu distribution in the commercially im-

portant and more commonly eaten blue crab Callinectes sapidus was also in-

vestigated. In this second look at the biota, a test of the hypothesis that tran-

sient species such as the blue crab can assimilate pollutant Cu during so-

journs into polluted areas was made. Crabs were sampled in the Eau Gallie

Harbor (Site 3, Fig. 2) and in the open Indian River near Melbourne Beach

(Fig. 1). From February to May 1980, 14 individuals from the harbor setting

and 19 from the open estuary were trapped and analyzed for the Cu content

of the left and right claw and gonadal tissues.

Claw tissue from the Eau Gallie Harbor crabs averaged 75 ± 45 \ig Cu/g

(dry wt), about 70 % higher than the 45 ± 20 ^tg/g value for the Indian River

crabs (Table 1). High variability was common to both data sets (Table 1)

and thus application of an F-Test to the 2 populations showed that they

could not be statistically separated at the 95% confidence level. Never-

theless, the 'v 70% higher mean and median values between the 2 en-
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vironments certainly suggests some carry-over of the harbor's Cu perturba-

tion to the transient crab population.

Within the claw tissue data sets is an interesting relationship between

right and left claw Cu concentrations from the same individual. Despite the

ranges in claw tissue Cu concentrations for both environments, a strong

linear relationship was observed between the left and right claw Cu values

from crabs collected in the harbor (r = 0.98, p = 0.05) and the river (r = 0.6,

p = 0.05). The slope of the regression line in each data set was 0.7. These

data support a strong covariance in Cu uptake by an individual's claw tissue

and may provide future insight to the biochemical and environmental

parameters which yield the observed ranges in Cu concentrations.

The Cu difference between the 2 environments was much more evident

in the gonad tissue as harbor values (125 ± 55 /ig/g) were significantly dif-

ferent (at p = 0.05) from those in the open river system (55 ± 35 fig/g).

Although the range of values was sizeable in both cases, the Eau Gallie Har-

bor spread was double that of the Indian River population. Because the

gonads are located within the abdominal cavity above the gill plates, they

are directly exposed to water column Cu during gas exchange and may be

more immediately responsive to environmental changes. More importantly,

because the gonads are the key to reproduction and perpetuation of the

population, the 2.5 times greater Cu concentrations in the harbor crabs is of

some concern.

The above discussion does support the initially stated hypothesis that the

transient blue crab can assimilate Cu above normal levels while in polluted,

restricted embayments such as the Eau Gallie Harbor. Other studies of Cu in

the blue crab claw tissue from "non-polluted" areas have shown means of 54

fig/g (dry wt) for San Antonio Bay, Texas (Trefry et al., 1976) and 34 fig/g

(dry wt) for the Southeast coast of the USA (Windom, 1972). Thus, the open

Indian River organisms are well within these values, whereas the Eau Gallie

Harbor concentrations are somewhat higher.

Copper dispersion to the Indian River Lagoon—Water column and

barnacle Cu data (Figs. 3 and 5) show that the peak values found in the Eau
Gallie Harbor (Sites 3a and 4) are drastically reduced at open Indian River

Sites 6 and 7. These trends imply that a limited amount of the anthropogenic

Cu load of the harbor is dispersed to the open lagoon and/or that any Cu ef-

flux to the open system is quickly mixed and diluted.

Sadoughi (1980) has synthesized a Cu mass balance estimate for the Eau
Gallie-Indian River System using an "arrested saltwedge flow" model (Of-

ficer, 1976), wherein the flow velocity in the upper layer is much larger than

in the lower layer. The Eau Gallie saltwedge has been shown (Meyer, 1977)

to have a sharp halocline typically at 0.5 m, with 16 ppt salinity water in the

upper layer and 24 ppt water in the lower layer. Meyer (1977) found near

zero water velocities at the density interface with increasing velocities

toward the surface. Upstream freshwater input to the Eau Gallie Harbor ('v

4 x 106 //da) mixes with some 7 x 106 //da of saline water intruding from
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the Indian River to produce a resultant intermediate salinity water outflow

of 11 x 106 //da over the arrested saltwedge. By coupling the water flow

data with total Cu values, Sadoughi (1980) estimated the following Cu in-

puts to the harbor: (1) 6 g/da from the Indian River, (2) 5 g/da from

freshwater sources and (3) 110 g/da from anti-fouling paint inputs. Of this

approximately 120 g Cu/da influx to the harbor, only 'v 30 g/da are

calculated to leave the harbor with the outflowing intermediate salinity

water. Thus, an estimated 75% of the total Cu input to the harbor is re-

tained there, with about 25% flushing out into the open estuary.

Harbor sediments are the logical sink for the Cu retained there. The
observed high Cu levels in the Eau Gallie Harbor suspended matter (Fig. 3)

and sediments (Fig. 4) support this contention. Furthermore, during the

laboratory Cu leaching experiments, a significant percentage of the released

Cu (15 to 25%) was taken up by the particles on a 1 da time scale. Coupling

these observations with Sadoughi's (1980) estimated 11 day flushing time for

the Eau Gallie Harbor reinforces this particulate removal mechanism. To
assess the magnitude of the sediment Cu reservoir, the Cu anomalies in the

sediment column were integrated using sediment profiles (such as those in

Fig. 4) for 7 different areas of the Eau Gallie system. The total excess sedi-

ment Cu (above background levels) in the harbor (area = 1.16 x 109cm 2
)

was calculated to be 830 kg. If 75% of the pollutant Cu flux (i.e. ^ 82 g/da)

is removed to the sediments, it would take about 30 yr to amass the estimated

Cu burden. This estimate does not, however, attempt to factor in additions

of Cu to the harbor during boat scraping and painting activities.

The preceding discussion serves merely to support the idea of limited

flushing of pollutant Cu from such embayments as the Eau Gallie Harbor to

the open Indian River. This limited migration of Cu away from the source

area leaves its mark on the water, sediment and biota of the harbor, thus

minimizing the effect on the estuary at the expense of the harbor.

Lower dissolved Cu levels immediately outside the Eau Gallie River

mouth (Fig. 3) at 0.4 to 0.8 fig/l are typical of values found along the stretch

of open Indian River from Vero Beach to Melbourne. Although these levels

are higher than open ocean values of 0.1 figll or less (Bruland, 1980), they

are not indicative of a large build-up of dissolved Cu. Particulate Cu con-

centrations in the Indian River commonly range from 0.1 to 0.6 fig/l and
the high particle load of these lagoonal waters ( ~ 10 mg//) favors the re-

moval of dissolved Cu to particle surfaces. The resultant picture at this time

is thus one of modest Cu levels throughout the main estuary.

Sediment Cu values along the open Indian River System at the sites

studied (Fig. 1) typically ranged from < 1 to about 15/ig/g and are certainly

well below the values of 100 to 200 /*g/g in the Eau Gallie Harbor and also

below continental crustal abundances (55 /xg/g; Taylor, 1964). Although our

sediment surveys to date are not extensive, we have not yet identified any

Cu-rich deposits comparable with the harbor data set.

Assimilation of Cu by the biota of the open Indian River Lagoon was also



No. 3/4, 1983] TREFRY ET AL. — COPPER STORY 425

investigated using the clam Mercenaria mercenaria . For the 6 Indian River

sites sampled between Vero Beach and Melbourne (Fig. 1), whole clam Cu
concentrations averaged 5.4 ± 2.0 fig/g (dry wt) . Mean values were spatially

and temporally uniform (Fig. 6) over this region; and, using analysis of

variance statistics, no significant differences in metal concentrations be-

tween these sites were identifiable (at p = 0.05, F = 0.56). Despite this ap-

parent conformity of the Cu data set, a sizeable range in values (1.5 to 9.8

jtg/g) was observed. These variations are best explained as a function of clam
size (or age), since a significant negative correlation (r = — 0.60, p = 0.05)

was determined for size versus Cu content. Thus, a rather tight data set

emerges for this stretch of the lagoon.

In sharp contrast to the Indian River values discussed above, Cu concen-

trations in clams collected from the Port Canaveral Turning Basin (Fig. 1)

were significantly higher with a range of 9.9 to 20.7 fig/g and a mean (±
S.D.) of 17 ± 5 /xg/g (Fig. 6). The Port is a moderately industrialized area

and, though separated from the Indian River by locks and a dredged chan-

nel, does serve as one source of saltwater for the lagoonal system. Relative to

clam Cu data from Chesapeake Bay (x = 11 ± 4 fig/g; Larsen, 1979) or an

average for the east coast of the U.S. from Maine to North Carolina (x = 13

Hg/g; Pringle et al., 1968), the Indian River values (5.4 ± 2.0 fig/g) are

noticeably low and suggest minimal anthropogenic perturbations. The Port

Canaveral data set, however, does support a measurable pollution in-

fluence.

Summary and conclusiclns—Our Indian River Cu story begins with

point-source inputs of pollutant Cu from marine anti-fouling paints.

Copper-based paints leach Cu into the surrounding water from vessel hulls

at a rate of 'v 12 fig/cm 2 of painted surface/da. Detailed studies in the Eau
Gallie Harbor show that the pollutant Cu input to that area is about 110

20

10

S
i ^

PC MC TC MB SI W
Locations

VB

Fig. 6. Whole clam copper concentrations at selected Indian River sites and in the Port

Canaveral Turning Basin. (PC = Port Canaveral, MC = Melbourne Causeway, TC = Turkey
Creek, MB = Melbourne Beach, SI = Sebastian Inlet. YV = Wabasso, and VB = Vero Beach).
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g/da and that it produces up to 10 times higher Cu concentrations in water,

suspended matter, sediment and barnacles collected near harbor marinas

than outside the harbor proper. Even transient crabs sampled in the harbor

showed indications of a doubling in gonadal tissue Cu levels.

Mass balance calculations for Cu in the Eau Gallie system support reten-

tion of 75% of the pollutant Cu within the harbor, with the remainder

flushing out into the open estuary. The primary removal mechanism for Cu
from harbor waters is via sorption on suspended particulates and subsequent

sedimentation. An estimated 830 kg of pollutant Cu have been deposited in

the Eau Gallie sediments to date.

The apparent limitation in Cu efflux from the harbor certainly con-

tributes to the observed normal levels of Cu in water, suspended matter,

sediment and barnacles collected in the open estuary, only about 1.5 km
away from the harbor source. Surveys for Cu in selected Indian River water,

sediment and clam samples from Vero Beach to Melbourne show no anom-
alous values.

Extrapolation of the Cu story to other metals is presently limited to zinc

(Barber and Trefry, 1981). Similar Zn distributions in Eau Gallie harbor

barnacles point to a non-point source of Zn from galvanized metals,

sacrificial anodes and similar Zn-laden materials.

With respect to Cu, the barnacles and crabs of the Eau Gallie Harbor

have a higher than normal Cu body burden, yet one which is below some of

the more extreme values reported in the literature. The order-of-magnitude

elevations in water, suspended matter, and sediment Cu for the restricted

harbor waters do evoke concern; especially when Cu is one of many poten-

tial pollutants released to the harbor. To solve such pollutant problems,

regulations must be placed on the siting of marinas and the discharge of ef-

fluents to restricted embayments of the Indian River.
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