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ABSTRACT: Recent trends in the study of metal contamination in the sea are reviewed. Aspects of
contamination which are considered include the input of metals to the sea and their deposition in
the sediments, the influence of environmental and biological factors on the accumulation of metals
by the biota and the use of organisms as indicators of contamination. Laboratory studies on the
biological effects of metals and the problem of monitoring effects in the field are discussed. The
importance of the metabolism of metals by the biota is stressed since it is relevant to the adaptation
of organisms to chronic contamination and to the attainment of very high levels in some commercial
species. Finally, the abatement of contamination is discussed.

INTRODUCTION

Stimulated by factors such as the mercury problem and the development of rapid
analytical techniques there has over the past 10 years been a spectacular increase in
research on heavy-metal contamination in the sea. Heavy metals are of course natural
constituents of the marine environment, albeit sometimes at very low levels, and 11 at
least (Fe, Cu, Zn, Co, Mn, Cr, Mo, V, Se, Ni, Sn) appear to be biologically essential. As
metalloproteins or metal-protein complexes they occur in enzymes and respiratory
pigments, for example, and may have a structural role in polychaete jaws (cf. O'Dell &
Campbell, 1971; Bryan & Gibbs, 1979). As a result, studies on metal contamination
encounter the problem of distinguishing between natural levels and those which are
enhanced from anthropogenic sources and may, since metals are demonstrably toxic,
produce undesirable effects.

Although from a public health aspect, Hg, Cd and Pb are considered the most
hazardous metals and the first two occur on various black lists, several others including
Cu, Zn, Ag and Cr may be of equal or greater hazard to marine biota.

The object of this paper is to review briefly recent ideas about various aspects of the
problem of heavy-metal contamination in the sea.

THE FATE OF HEAVY METALS IN THE SEA

Metals from anthropogenic sources reach the sea via rivers and outfalls, atmospheric
fallout, dumping, marine mining and drilling, and from ships. With the increasing
availability of information it has become possible to compare the magnitude of natural
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and anthropogenic inputs; for example, Goldberg et al. (1977) concluded that
anthropogenic inputs to Narragansett Bay exceeded natural levels by factors of 79 for
Cu, 56 for Pb and 21 for Zn. In some areas the relative importance of different routes of
input has been assessed; thus Cambray et al. (1979) showed that the atmospheric inputs
of most heavy metals to the North Sea equalled in magnitude those from the River Rhine.
Release of metals to the atmosphere raises the possibility of global contamination and a
recent assessment (Nriagu, 1979) suggests that global emissions of Cd (smelting) and Pb
(petrol) exceed natural inputs by well over an order of magnitude. There is evidence
suggesting that whereas contamination from other sources tends to be local, atmospheric
inputs may have enhanced surface sea-water concentrations of metals including Hg and
Pb on a regional scale (cf. Windom et al., 1975).

Estuarine deposition of metals

Since some of the most heavily industrialised areas of the world are sited on the
banks of estuaries, these waters are particularly at risk from metallic contamination. In
the past, metallic wastes have been discharged into rivers and estuaries based on the
assumption that they would be carried to the open sea and dispersed. The truth of the
matter is somewhat different and Turekian (1977) has emphasised the efficiency of
estuaries as traps where heavy metals are deposited.

Two of the most important components in the deposition process are Fe and the
humic materials which stabilize it and other colloidal constituents in river water (cf.
Sholkovitz, 1978). The increase in salinity and sometimes pH during estuarine mixing
leads to the flocculation of iron oxides, the associated humic substances and other
materials such as clays, which are then deposited together with their adsorbed trace
metals (cf. Davies & Leckie, 1978). Deposition is often assisted by biological processes
such as the production of faeces or pseudofaeces by filter feeders; indeed, in the oceans,
the residence times of many metals are primarily controlled by faecal deposition (Cherry
et al., 1978).

Examples in Figure 1 show the ‘“soluble” concentrations of Fe, Cu, Zn and Mn
change during estuarine mixing in Restronguet Creek, a branch of the Fal estuary
system, which receives acid metalliferous mining wastes via the River Carnon. The
initial fall in concentrations is the result of dilution with uncontaminated water from
another river, but the cross-hatched areas below the theoretical lines for simple mixing
of sea water and river water show the degree of flocculation of the different metals;
whereas Fe is almost completely removed from “'solution” and Cu largely so, Mn and Zn
exhibit far less tendency to be removed. A comparison between concentrations in the
inflowing river (largely in solution, pH 3.9) and the Creek sediments is shown in Table 1,
and the degree of retention of metals by the sediments, assuming that Fe is 100 %/
retained, is also shown and compared with values from other areas. The high degree of
retention of Pb and As may relate to their adsorption by oxides of Fe or, as is more likely
for Cu, by the associated humic materials. Possibly by virtue of their high concentrations
in the river Mn and Zn show little retention, as also does Cd which forms strong chloride
complexes in sea water and is not readily removed from solution (cf. Sholkovitz, 1978).

Although the behaviour of Fe in Figure 1 is commonly found, the degree of removal
(cross-hatched areas) of other metals varies considerably between estuaries (cf. Beau-



8 G. W. Bryan

2.4ppH 38 16
38
22
h 20} E
5| 405
\ 18}
b
16p, {4
AR 10.4 AN
@ 5 SRVA
w [&] £ c
£ g_ o N
5 g =12 35
3k 03 o
™ 4 1.0}
~ %
LN .
-
TN % L
Sl N % lo2 0.8 2
EREREAN ®,
%
N o 06}
1t M ] o 041
St
% N
e BN M
L stron gL LIRS g ) 0
q 0 20 30 0
Salinity Salinity

Fig. 1. Restronguet Creek: relations between salinity of water and "soluble” concentrations of four
metals. Shaded areas below lines for simple dilution indicate degree of removal of metal from
“solution”

lieu: Holliday & Liss, 1976; Rhine: Duinker & Nolting, 1978). Indeed, in some estuaries
such as the Tamar, concentrations of Mn, Zn and Cu have been observed to peak at
intermediate salinities, suggesting remobilization from the sediments or desorption from
suspended particles (Bryan & Hummerstone, 1973; Morris et al., 1978). Redox conditions
are particularly relevant to the remobilization of metals from sediments; reducing
conditions tend to promote the solubilization of Mn and Fe, whereas oxidising conditions
appear conducive not only to the release of Cd, Cu, Ni, Pb and Zn (Lu & Chen, 1977) but
also to the microbiological methylation of Hg which is suspected to be the original
source of methyl mercury in marine organisms (cf. Fagersirom & Jernelov, 1973; Bartlett
et al., 1978). The remobilization of metals in estuarine sediment is no guarantee that they
will reach the sea since, as Turekian (1977) has pointed out, released metals are quite
likely to be carried upstream by the estuarine circulation and redeposited. The deposi-
tion of very high concentrations of heavy metals in the sediments of many estuaries (and
other confined areas) provides a sink for continued contamination even in the absence of
further input and demonstrates clearly the unsuitability of estuaries for heavy metal
disposal.

Availability of metals for bioaccumulation

It is not proposed to discuss the mechanisms of metal absorption by the biota (cf.
Bryan, 1979) but rather to consider the influence on uptake of different metallic forms.
Some of the earliest studies on this aspect were concerned with the formulation of more
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Table 1. Relation between metal concentrations in Carnon River and Restronguet Creek sediment

As Cd Cu Fe Mn Pb Zn
Total concentration in River Carnon (ppb}
160 22 615 7310 957 40 7585
Total concentration in Restronguet Creek sediment (ppm)
1080* 3* 3190 60900 403 379 2400
Percentage retention of river input by sediment assuming Fe = 100 %
81 1.6 62 100 5 114 3.8
Percentage retention by southeastern USA estuaries (Windom, 1976)
- 17 - 100 64 - -
Percentage retention in Chesapeake Bay (Helz, 1976)
- 22 20 89 26 23 26

* Thornton et al. (1975)

deadly antifouling paints. For example, it was shown that the greater toxicity of alkyl
than inorganic Hg compounds to crustaceans probably results because their greater lipid
solubility facilitates rapid penetration of the epidermal cell walls (cf, Corner & Rigler,
1958). Recent work has confirmed these observations on Hg in various phyla (cf.
Pentreath, 1976a; Fowler et al., 1978) and studies have been extended to inorganic and
organic species of other metals. Since the culture media often contain chelators, a
number of studies have been concerned with the influence of natural and synthetic
complexing agents on metal accumulation by phytoplankton: for example Sunda &
Guillard (1976) showed that in such media the availability of Cu is reduced, the
concentrations in the cells being related to the cupric ion activity of the water and not the
total Cu concentration. On the other hand, the uptake of Cu by the polychaete Cirrifor-
mia spirabrancha was unaffected by dissolved yellow organic matter (Milanovich et al.,
1976) and in Mytilus edulis George & Coombs (1977) observed that complexation of Cd
with EDTA, alginic acid, humic acid or pectin actually doubled the rate of uptake and
the final concentration achieved. Others have been concerned with the influence on
uptake of inorganic forms of metals; for example, Fowler & Benayoun (1976) showed that
Se was absorbed more readily as selenite than selenate by M. galloprovincialis and
studies on the uptake of Cu, Cd, Pb and Zn in M. edulis by Phillips (1976) showed that
only Cu uptake was influenced by the presence of the other metals.

Although metals in solution are often in biologically readily available forms, the
much higher concentrations in other phases such as particulates and food organisms
often renders them far more important as sources of metals in marine animals. It is hardly
surprising that the dietary matrix should influence absorption and Pentreath (1976b), for
example, found that 80-93 % of methyl Hg was retained from a diet of Nereis by the
plaice Pleuronectes platessa but only 4-42 °/e from Mytilus. Similarly, Luoma & Jenne
(1977) showed that the availability of sediment-bound metals to the deposit-feeding
bivalve Macoma balthica was very dependent on the composition of particles to which
the metals were adsorbed.

Although we know that the bioaccumulation of metals and presumably their toxicity
is governed by their form, the recognition and measurement of various species in the
field has proved very difficult. In sea water work on metal speciation is only now moving
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Table 2. Some properties of biological indicators of heavy-metal contamination

Species Feeding Substrate Estuarine Use as indicator
type tolerance + Appears to act as indicator
Spooner & + +Particularly good accumulator

Moore (1940) ?  Doubt about use
Upstream limit R Definite regulatory ability

in Tamar () Months for transplanted organisms
Estuary (km to equilibriate with new environ-
from mouth) ment

Ag Cd Cu Cr Hg

Ascophyllum — rock 11 + + +
nodosum {(New growth relates to new
tissue may never
Fucus — rock 21 + + + + +
vesiculosus
Mytilus filter rock 15 26 + U + +
edulis
(>5m?) (~3m)

Ostrea filter sediment/ 10 + ++
edulis stones (>5m) (>5m?)
Cerastoderma filter sediment 13 -+ + +
edule
Scrobicularia deposit sediment 18 + + ¢ + +
plana (8m) (>12m) (8m)
Macoma deposit sediment 15 + + 2 + +
balthica
Nereis deposit/ sediment 23 + + + + +
diversicolor = omnivore (life span of
Littorina herbivore  rock/ 11 + + ++R ?
littorea sediment
Littorina herbivore rock/weed/ 11 + ++ ++
obtusata sediment
Patella herbivore  rock 8 + ++ +
vulgata

(3m?) (>3m)
Nucella carnivore rock 5 + + 4+ ++
lapillus (>4m) (>4m)

References: 1. Haug et al. (1974); 2. Melhuus et al. (1978); 3. Myklestad et al. (1978); 4. Bryan &
Hummerstone (1973); 5. Morris & Bale (1975); 6. Bryan & Hummerstone (1977); 7. Seeliger &
Edwards (1977); 8. unpublished; 9. Boyden (1975); 10. Boyden (1977); 11. Phillips (1977); 12.
Davies & Pirie (1978); 13. Young et al. (1979); 14. Simpson (1979); 15. Majori et al. (1978);

from the field of theory into that of reality with the aid of anodic stripping voltammetry
and specific ion electrodes, for example. In the case of sediments, recognition of various
forms depends mainly on chemical extraction procedures largely inherited from soil
chemists. These methods are certainly useful but are rarely if ever specific for a
particular form and descriptions of sediment fractions as "‘adsorbed metals™ or “organi-
cally bound’ are operational rather than true descriptions of the extracts.

Because the speciation of metals in the environment is largely unknown it is
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Influence of increasing size

Concentration rises (-+) falls (—)
remains constant (0)

Ni Pb Zn Ref. Ag Cd Cu Cr Hg Ni Pb Zn Ref.
+ + 12
environment but old 3
equilibriate)
+ + + 245
6,7.8
+ + + 9,10, 0 - +12 - - - 10
12,13
(>4m) (>5m) 10,12
14,15
++ 9,10 0 0 - - 0 10
(<5m) 10
++ 2 + 69 - - 0 - - 16
+ ++ ++ 6 +/-  + +/- + + + + + 6,7,18
(>12m) (>12m) (>12m) 17
+ + ++ 6 0 + 0 0 + 0 + 8
+ + R 6,19 variable but not usually marked -
~ 1 year)
+ + +R 6,21, 0 0 - - 10
22
+ + +R 6,23 -
+ + 6,22, + - - - 10
24
(>3m) 20
++ 6,22 - 8
(3m) 20

16. Boyden (1974); 17. Bryan & Hummerstone (1978); 18. Bryan & Uysal (1978); 19. Bryan (1974);
20. Stenner & Nickless (1974); 21. Bryan (1979); 22. Nickless et al. (1972); 23. Young (1975}; 24.
Preston et al. (1972)

frequently difficult to relate laboratory observations on metal uptake (or toxicity) to the
field situation. As a result, field studies on the uptake ard loss of metals have recently
been conducted by transferring animals between contaminated and uncontaminated
areas (Table 2). While this type of experiment suffers from lack of control, the long
periods often required for equilibration with the new environment certainly emphasise
the difficulty of drawing conclusions from short-term laboratory experiments. Field
studies have also been used to identify factors controlling the availability of metals.
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Luoma & Bryan (1978, 1979) compared the concentrations of various metals in the
deposit-feeding bivalve Scrobicularia plana with the concentrations in chemical extracts
of surface sediments. The study covered a large number of estuaries so that the animals
came from sediments which varied widely in total metal concentrations and in the
abundance of metal-binding substrates such as iron and manganese oxides and organic
matter. In the case of Pb, the concentration in the animal was almost directly proportion-
al to the Pb/Fe ratio in IN HCI or 25 %/ acetic acid extracts of surface sediment, indicating
that the binding of Pb by oxides of Fe is an important control on its availability to the
animal.

Biological factors in bioaccumulation

Although metal speciation has a great influence on the bioaccumulation of heavy
metals, the metabolism of the metal in the organism has an important influence on the
concentrations ultimately achieved; both factors are of course influenced by environ-
mental parameters such as salinity, temperature and so on. If an organism absorbs metals
at a rate proportional to the environmental concentration there are at least three possible
types of relation between the concentrations achieved by the tissues and those of the
environment. (1) The organism excretes the metal at a rate proportional to the body
burden and therefore the concentration in the body is proportional to environmental
availability and usually remains fairly constant or tends to fall with increasing age (e..g.
Mytilus edulis, Table 2). (2) The organism has limited powers of excretion and tends to
store absorbed metals. In this case the concentration in the organism may still be directly
proportional to environmental availability but, unless it grows fast enough to dilute the
metal, the level in the body tends to increase with age {(e. g. Scrobicularia plana, Table
2). (3) The organism is able to increase the efficiency of excretion in response to
increased absorption and therefore the concentration in the body does not increase in
proportion to environmental availability (cf. Table 2 for examples of these regulating
organisms). Generally speaking, the more highly evolved forms including fish and
decapod crustaceans tend to be the best regulators and the essential metals such as Zn
and Cu are better regulated than the non-essential such as Cd and especially Hg.

Food chains and biomagnification

In the context of the passage of metals along food chains, it is of some importance
whether or not a predator regulates metals and whether its diet consists of organisms
which do or do not regulate. For example, flounder, Platichthys flesus, from the Severn
Estuary having a diet of Macoma balthica (non-regulator) contained higher levels of Zn
than those having a diet of crustaceans and small fish which tend to regulate Zn
(Hardisty et al., 1974). Some years ago it was tacitly assumed by many people that all
contaminants are biologically magnified in their passage along food chains. It is not
difficult to find examples where animals contain higher metal concentrations than their
diet (cf. Cd in two non-regulators, Littorina obtusata and Fucus vesiculosus in Table 5).
However, if one looks at the concentrations of metals over the whole spectrum of
organisms from phytoplankton to fish and marine mammals, the only metal for which
there is evidence of general bioamplification is mercury or, more specifically, methyl
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mercury which does not appear to be regulated by any of the lower organisms and the
majority of fish. It was suggested {Bryan, 1979} that the development of demethylation
processes in a few predatory fish species and marine mammals is an evolutionary
response to biomagnification.

INDICATORS OF METALLIC CONTAMINATION

Although sea-water analysis certainly has a place in the detection of metallic
contamination, it has until recently proved difficult to obtain meaningful results in
oceanic areas because of additional contamination during sampling (cf. Bruland et al.,
1979). In addition, the variability of levels, particularly in stratified tidal estuaries makes
it difficult to obtain an integrated picture without considerable sampling effort. By
comparison, analyses of sediments are easy and have provided valuable information not
only about recent metallic inputs but also, from dated cores, about the history of
contamination (cf. Goldberg et al., 1977).

However, analyses of water and sediments are rarely carried out with regard to
biological availability and therefore, since this parameter is one of the prerequisites for
pollution, there is a strong argument for the analysis of biological indicators. Such
indicators should preferably be good accumulators of metals, of reasonable size and
should reflect changes in environmental availability; thus organisms having an ability to
regulate metals are unsuitable. Other desirable properties are that the organism shouid
be widely distributed, common, accessible, easily recognised, relatively stationary,
available at all times of year and, for estuarine purposes, sufficiently tolerant of low
salinities and high suspended solids to penetrate a reasonable distance upstream (cf.
Phillips, 1977). The properties of some intertidal benthic organisms which have proved
useful as indicators in the United Kingdom are summarised in Table 2 and an indication
of the relative merits of some of these species as accumulators is given in Table 3.
Because different species have different distributions ranging from rocky shores to
muddy estuaries and absorb metals from different sources, there is no universal indicator

Table 3. Comparison of metal accumulation in indicator species from a site 2 km up East Looe
Estuary contaminated with Ag and Pb. Highest concentrations are underlined

Species Mean dry weight ppm dry tissue
soft parts
(9) Ag Cd Cr Cu Hg** Ni Pb Zn

Fucus vesiculosus - 0.7 1.1 1.9 12 0.09 113 17 190
Mytilus edulis 0.24 0.2 23 25 9 0.39 26 45 113
Cerastoderma edule 0.28 2.4 0.7 1.9 10 026 54 5.3 54
Scrobicularia plana 0.15 56.4 1.2 33 300 047 145 189 1120
Macoma balthica 0.04 819 02 33 338 - 6.9 61 1010
Nereis diversicolor 0.02 4.2 04 0.3 60 0.11 35 25 258
Littorina littorea 0.18 30.0 16 05 154 0.37 2.8 17 232
Patella vulgaia 0.53 5.6 56 0.5 18 0.26 23 30 145
Nucella lapillus”® 0.20 42 16 56 141 092 4.1 7.1 520

*0 - 6 km; ** Langston (unpublished)
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Fig. 2. South-west Britain: geographical distribution of Ag in whole soft parts of Scrobicularia

plana. Open circles are equivalent levels in Macoma balthica, the concentration ranges above

being divided by 0.59. Results are for individual sites in Severn (1a—4a, 1b—10b) but in estuaries
1-26 and 5a—11a are mean values along estuary. Estuary 7 is Restronguet Creek

organism. Any reasonable monitoring programme should therefore involve analyses of
several species (e. g. seaweed, filter feeder, deposit feeder) to try and assess contamina-
tion in different forms. Table 3 illustrates how contamination with particulate Ag was
readily available to the deposit-feeding bivalves Scrobicularia plana and Macoma
balthica but not to Mytilus edulis and Fucus vesiculosus two commonly used indicators.
Because of influences such as those of size (Table 2) and condition on metal levels in
organisms, their use calls for uniformity of sampling. With Scrobicularia it was found
necessary to analyse animals of 4-cm shell length collected from mid-tide level in either
spring or autumn to avoid the breeding season (cf. Fig. 2). Partly because it has been the
subject of so much study Mytilus appears to have more than its share of problems as an
indicator, particularly with regard to obtaining organisms of comparable size, condition
and so on at different sites. However, some of these problems have been circumvented

with the use of caged, cultivated mussels of known age as indicators of Hg contamina-
tion (Davies & Pirie, 1978).
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Generally speaking, the best biological indicators of metallic contamination are not
the most commercially valuable species. Fish are generally monitored from the public
health aspect, but for most metals are poor indicators of environmental contamination.
However, they appear unable to regulate Hg (largely in the methyl form) and are
arguably the best indicators of environmental contamination with this metal, if size is
taken into account (cf. Phillips, 1977). A linear relation between Hg levels in sea water
and those in the muscle of various teleosts has been demonstrated by Gardner (1978);
concentration factors (wet basis) ranged from 2.9 X 103 in the least contaminated to 10.6
X 10° in the most contaminated inshore waters, possibly reflecting the tendency for
concentration-size regressions for fish to steepen in contaminated areas (cf. Renzoni,
1976).

EFFECTS OF HEAVY METALS
Experimental studies

There is no doubt that the LC,, (median lethal concentration) approach to heavy-
metal toxicity has provided a wealth of information about the effects of different metals
on different species and has revealed the many factors, biological, chemical and
environmental which modify toxicity. Even after long exposure, LC;, concentrations
rarely fall in the ranges observed in the most contaminated waters. Experiments with
some larval organisms provide exceptions and Calabrese et al. (1977) found an 8-10 day
LCs, of 16 ppb of Cu (SW usually < 1 ppb) for larvae of the bivalve Mercenaria
mercenaria. Although this approach has relevance to small organisms, which may
accumulate metals rapidly, it has been shown to be patently unsatisfactory for larger
organisms. Here, absorption of the metal (and hence an effective dose) is often so slow
that sometimes only ridiculously high concentrations are effective in toxicity tests
having death as the end point. An example in Table 4 for Ctenodrilus serratus shows that
although the 96 hour LC;, for Cr was 4.33 ppm compared with 0.09 for Hg, the
concentrations which in time affected reproduction were equal at 0.05 ppm. The much
lower toxicity of Cr in the LC;, test probably reflects its slower uptake by the worm and
hence the slower attainment of an effective dose. Rate of uptake is certainly one of the
important factors on which the relative toxicity of different metals depends: Table 4
shows how the toxicities of metals to Nereis diversicolor are closely related to uptake
rates measured with radionuclides. Although the dose to an organism is very important it
is often difficult to define. It is not simply the total level in the body since this will
include metals in immobilised forms. The rate of intake is important because this
determines whether the organism's detoxification mechanism can cope or not: one of the
main adaptations found in metal-tolerant strains of various species is a lower permeabil-
ity, although very high concentrations of immobilised metals may be found.

Some of the factors which influence toxicity (e. g. form of metal, influence of other
chemicals, salinity and temperature) may be effective because they change the rate of
absorption or excretion. However, less than optimum living conditions (e. g. low food
supply, low oxygen level, low salinity) which stress the organism are also important and
are additive to the effect of the metal.

In the search for effects at realistic concentrations, increasing numbers of studies
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Table 4. Toxicity of metals to two polychaete species

Element Ctenodrilus serratus (Reish, 1978) Nereis diversicolor (50 °/o SW)
96 hour LC;, Significant suppres- 192 hour LCs, Rate of absorption
(ppm} sion of reproduction (ppm) from 0.1 ppm
(ppm) {ppm dry wgt/day)
Hg 0.09 0.05 >0.1 52
Cu 0.3 0.1 0.27 16
Ag - - 0.5 9
Cr (6) 4.3 0.05 10 5 (approx.*)
Zn 7.1 0.5 30 14
Cd >20 2.5 100 0.4
* Rate estimated by extrapolation from net uptake rate at higher concentrations

have considered the sublethal effects of metals and have progressively increased in
sophistication. They include multiparameter physiological, biochemical and histo-
pathological studies on exposed fish (cf. Calabrese et al., 1975), studies on the most
vulnerable stages in life cycles such as the eggs and early larval stages of fish (cf.
Blaxter, 1977), factorial experiments demonstrating the combined effects of metal,
salinity and temperature on larval development of shrimp (cf. McKenney & Neff, 1979),
experiments with laboratory cultures (e. g. polychaetes, Reish, 1978) and of course the
controlled ecosystem or plastic-bag experiments (cf. Steele, 1979). Even this sub-lethal
work has frequently failed to demonstrate effects at realistic metal concentrations.
Taylor (1977a, b) summarised information on the sub-lethal effects of Hg and Cd and
found that the lowest levels producing an effect were 0.1 ppb Hg (SW ~ 0.02 ppb) and 1
ppb Cd (SW ~ 0.1 ppb) but that 90 % of the results were in the ranges > 5 ppb Hg and >
50 ppb Cd. Some of the effects observed at realistic levels will be considered briefly.

Calabrese et al. (1975) studied the effects of exposure for 60 days to 5 ppb of Cd on
the flounder Pseudopleuronectes americanus. Oxygen consumption was depressed in
excised gill tissue but no effects were observed on various haematological parameters
such as plasma protein level and plasma osmolality. In addition, no histopathological
effects were observed, but Gould (1977) showed that synthesis of Zn metalloenzymes
was stimulated so that although under attack from Cd their functions could continue at a
near-normal rate. Adaptation to exposure was also observed by Dawson et al. (1977) who
showed that although the oxygen consumption of excised gill tissue from the striped bass
Morone saxatilis was depressed after 30 days exposure to 0.5 ppb of Cd it had returned to
normal after 90 days. However, as Gould (1977) has pointed out, adaptive processes
involving enzymic changes will be a drain on metabolic energy.

The possibility of effects of metals on fecundity and reproduction is of particular
environmental importance and some species have been found to be very sensitive. For
example, Moraitou-Apostolopoulou & Verriopoulos (1979) showed that egg production
in the copepod Acartia clausi was inhibited by only 1 ppb of Cu (SW < 1 ppb), and in the
copepod Pseudodiaptomus coronatus Paffenhofer & Knowles (1978) found that 5 ppb of
Cd reduced the rate of reproduction by 50 %/ but had no effect on growth, food conversion
and so on. There is a considerable literature on the effects of low levels of metals on the
growth of phytoplankton populations in culture (Davies, 1978), although it is often
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difficult to extrapolate the results to the field. However, studies on natural populations of
phytoplankton have shown them to be quite sensitive and Davis & Sleep (1979) showed
that the carbon fixation rate was depressed by 15 ppb of Zn (SW ~ 1 ppb), a level often
exceeded in contaminated areas.

The most ambitious experimental studies on the effects of metals have been the
controlled ecosystem experiments carried out in enclosures in the Saanich Inlet. Results
from these and experiments at Loch Ewe have been reviewed by Steele (1979). Although
some effects were apparent following additions of 1 ppb of Hg or 10 ppb of Cu to the
enclosures, it proved difficult in some cases to separate the effects of the metals from the
added stresses of enclosure. In fact, Steele points out that large tank experiments
containing a simple phytoplankton, Tellina, plaice food chain were more sensitive to
metals than the more natural ecosystems, effects being observed on phytoplankton at 3
ppb of Cu and on plaice at 0.1 ppb of Hg.

It can be concluded that in some species effects have been observed experimentally
at concentrations coming within the range of values for some contaminated estuaries,
fjords and coastal regions. However, the concentrations in such areas are not generally
so high that effects in the field are likely to be immediately obvious.

Effects of metals in two contaminated estuaries

There are remarkably few examples in the literature concerning deleterious effects
on the marine environment which can unequivocably be attributed to metal contamina-
tion (e.g. Minamata Bay, Japan). Obviously the places where effects should be sought
are those where residue analyses have shown there to be high levels of contamination.
Two United Kingdom estuaries coming into this category are considered below.

Restronguet Creek

Restronguet Creek (Fig. 2) is a branch of the Fal Estuary system and is heavily
contaminated with metals (Fig. 1, Table 1). The Creek is about 4 km long, almost dries
out at low tide and has been contaminated for over 200 years. Examples of Cu and Zn
concentrations in organisms approaching their upstream limits of distribution are given
in Table 5 and ratios showing their enhancement above normal values are also given.
Enhancement for Cu varies from about two orders of magnitude in seaweed and
polychaete worms to low levels in the crab and flounder where regulation probably
occurs. Regulation probably explains the variability in Zn enhancement both directly
and because some predators may feed on organisms which already regulate. Although
copper is one of the most toxic metals and the influence of Zn and other metals in Table 5
might be expected to be additive, the variety of species found in the Creek clearly results
from their great ability to handle high concentrations of Cu and Zn. For example, this is
inherent in oysters where the immobilization of Cu (and Zn) in a granular form in the
amoebocytes leaves the animals green in colour and inedible but otherwise unaffected
(cf. George et al., 1978). Other species appear to have adapted by exposure to metals.
Carcinus maenas from the upper Creek were particularly tolerant to Zn, most of the
larger Creek animals in one experiment being unaffected by 10 ppm over a period of 38
days whereas 50 °/ of the normal crabs died within 6 days. The more tolerant animals
were generally less permeable to zinc and perhaps better equipped to excrete it;
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however, the induction of Zn metallothionein may also be involved, having been
observed in other species of crabs by Olafson et al. (1979). In the polychaete Nereis
diversicolor tolerance to both Cu and Zn appears to be genetically based (Bryan, 1976).
Tolerance to Cu observed in Fucus vesiculosus from this estuary might also have a
genetic basis since this has been observed in other seaweeds (Russell & Morris, 1970).
Although having a lower initial growth rate F. vesiculosus from the Creek was able to
continue growing in water containing 0.1 ppm of Cu which prevented growth in weed
from other estuaries (Fig. 3). Analyses of the weed at the beginning and end of the
experiments suggest that the tolerant weed is probably less permeable to Cu and that
this coupled with growth dilution helps to limit the concentration.
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Fig. 3. Fucus vesiculosus. Effect of Cu on growth and concentrations in plants from three contrasting
estuaries. Each line represents three plants of about 3-cm initial length (17.5 S%w, 13 °C, continuous
light, no added nutrients)

Since there appear to be no non-metallic contaminants of any significance in the
Creek any effects on the distribution of the biota should be attributable to heavy metals.
The effects are certainly not as clear-cut as might be expected, the most obvious being
the absence of Scrobicularia plana from large areas of the intertidal muds where, under
normal conditions, it would account for an appreciable fraction of the total biomass.

Severn Estuary — Bristol Channel

As a result of industrial processes such as smelting, the waters of the Severn Estuary
(Fig. 2) are appreciably contaminated with Cd (1.4-9.4 ppb) and other metals (Abdullah
& Royle, 1974). Detectable Cd contamination extends for some 200 km and Table 5
illustrates the enhancement of both Cd and Ag levels in species collected towards their
upstream limits of distribution. Enhancement of Cd in all species is consistently high,
appearing to reflect quite closely the enhancement in the water (say 5 ppb divided by
0.1 ppb = 50) and the inability of most species to regulate Cd levels. The apparent
indifference of these organisms to such high Cd levels resides in most cases in the
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induction of metallothioneins (Table 5). Enhancement of Ag was particularly obvious in
the burrowing species but how it is handled in Macoma balthica is unknown.

A study of faunistic records covering the last 30 years (Mettam, 1979) indicates that
the total number of species in the estuary has remained relatively constant and there is
no evidence for long-term environmental changes. As with Restronguet Creek, however,
contamination in the area is long standing (cf. Clifton & Hamilton, 1979) and there is no
certain base line with which to compare.

Monitoring the effects of heavy metals

Although deleterious effects may be observed in the field, the complexity of
contamination in many areas makes it difficult to unequivocally relate effects to specific
pollutants. Since it demonstrates exposure, and also presumably the utilization of energy
by the organism to detoxify metals, residue analysis is an obvious preliminary to any
attempt to solve this problem. Even this approach requires care to make it specific; for
example, analysis of fish muscle, as opposed to perhaps viscera or gills, is unlikely to
show whether a fish has been exposed to high levels of Zn or Cu.

In Restronguet Creek it was reasonable to assume that ecological effects were
related to metals but impossible from analyses and simple toxicity tests alone to specify
with any certainty whether Cu or Zn was most important. However, the study illustrated
in Figure 3 demonstrates the development of a very marked difference between the
tolerance to Cu of Fucus from the Creek and that of other populations: the difference for
Zn was much less obvious, indicating that Cu had the more important impact on this
species. Luoma (1977) has advocated the study of differences in tolerance between
normal and polluted populations towards specific toxins as a means of identifying which
contaminants are having most impact. All inducible tolerance mechanisms (e. g.
metallothioneins) may not be completely metal specific but tolerance having a genetic
basis is usually (but not always) specific (cf. Bryan, 1976; Brown, 1978).

Various studies following the reciprocal transfer of organisms between uncontami-
nated and contaminated areas have proved useful in assessing effects. For example,
changes in metal residue levels and condition in transferred Scrobicularia plana were
used to assess what had appeared to be a deleterious effect of Pb and other metals (Bryan
& Hummerstone, 1978). Concentration gradients in the field often provide suitable
conditions for studies relating effects to environmental levels; for example, Shore et al.
(1975) showed that there was a possible correlation between increasing levels of Cd in
the limpet Patella vulgata along the Severn Estuary — Bristol Channel and reduced
ability to utilize glucose (cf. Table 5).

The use of bioassays to assess water quality is normally non-specific. However, with
the hydroid Campanularia flexuosa the influence of metals in water of low quality from
the Bristol Channel was measured by the improvement observed when they were
removed from the water with Chelex resin (Stebbing, 1979). Other studies in the same
sea area have demonstrated the occurrence of deleterious effects in mussels as inferred
by various physiological and biochemical indices of condition (cf. Bayne et al., 1979) and
the high incidence of diseased specimens (Lowe & Moore, 1979). At present these studies
are largely unspecific, but attempts are being made to arrive at indices that might
measure the effects of single classes of pollutant.
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Effects on mammals and man

Generally speaking, there is little evidence for the deleterious effects of heavy
metals on marine mammals. However, Stoneburner (1978) has suggested that Hg may
have caused the stranding of pilot whales based on the observation that Hg: Se ratios in
the livers of some whales far exceeded the 1:1 molar ratio usually observed: this
normally seems to result from the storage of Hg as mercuric selenide granules following
the demethylation of methyl Hg absorbed from the fish diet (Martoja & Viale, 1977). It
has been observed that Hg levels in the livers of seals tend to increase with age,
particularly in contaminated areas, whereas concentrations in muscle remain low.
Roberts et al. (1976) observed about 1 ppm (wet) in muscle from the common seal Phoca
vitulina compared with more than 100 ppm in the liver of the oldest animals.

Studies on natives of the Canadian Arctic who eat seals have shown them to have
somewhat increased levels of Hg in hair and blood but no evidence of poisoning has
been discovered (cf. Smith & Armstrong, 1978). As far as I am aware, with the exception
of Minamata disease there is no evidence that marine foodstuffs have caused any
permanent form of metal poisoning in humans. However, the dietary intake rates of
metals such as Hg and Cd regarded as tolerable are so low that they can readily be
exceeded by eating contaminated seafood (cf. FAO/WHO, 1972).

Abatement of contamination

Fujiki (1973) reported that whereas in 1959 the bivalve Venus japonica from
Minamata Bay contained 178 ppm (dry) of Hg this had fallen to only a few ppm in 1970
following removal of the Hg sources. However, levels of Hg in the sediments remain as
high as 100 ppm at some sites and are gradually being dispersed to other areas (Kumagai
& Nishimura, 1978). Following a reduction of 95-98 %, in the Hg output from an Italian
chlor-alkali plant it was observed that in 28-29 months the concentration in the crab
Pachygrapsus marmoratus fell by 78 %/ and the fall in other species ranged from 20-31 %/
(Renzoni, 1976). It was noted that complete recovery would probably be delayed by the
large amounts of Hg built up in the sediments. Of course, it is not always so easy to stop
the input of wastes. For example, examination of a dated sediment core from the Tamar
Estuary by Clifton & Hamilton (1979) showed that levels of Cu, Zn and Pb in the
sediments rose sharply following a peak of metalliferous mining in the mid-nineteenth
century and have remained constant for the past 100 years. This has been caused by
continual input from the weathering of spoil heaps and, although the estuary is regarded
as unpolluted, concentrations of metals in the biota are abnormally high.
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