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A mi abuelo que hubiese estado muy orgulloso

vy a mi Titi que lo esté



"In our intuitive perceptions, which may be truer than our
science and less impeded by words than our philosophies, we
realise the indivisibility of the earth - 1its soil,
mountains, rivers, forests, climate, plants and animals, and
respect it collectively not only as a useful servant but as a

living being"

Aldo Leopold (1887-1948)
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"Marine pollution is nowadays a major public issue and
the subject of countless scientific studies as a result of a
dramatic increase in social awareness. This has Dbeen
heightened mainly by the occurrence of environmental
disasters, such as the spillages from the oil tankers ’Exxon
Valdez’ in Alaska and the ’Brear’ in the Shetland Islands
(UK), which have contributed to the already growing evidence
regarding the extent to which pollution has caused and
continues to cause severe environmental degradation.

Pollution should be understood as a potential hazard (in
the form of substances or energy) introduced 1into the
environment by man (see Holdgate, 1979), where toxicity would
be the expression of that hazard in the form of a negative
impact on the communities characteristic of the environment
concerned and could lead to the gradual elimination of the
moét sensitive species.

The need to protect marine life against pollution has
led to monitoring the materials entering the marine
environment, as a result of domestic, agricultural and
industrial activities, which involves the determination and
quantification of the waste substances and their effects when

they reach the sea (see Holdgate, 1979; Alloway & Ayres,

1993).

The main aim of the current study 1s to assess the
suitability of the acorn barnacle Elminius modestus (Darwin)

as a species with which to investigate the effects of a



common metallic pollutant, copper. An attempt 1s made to use

the organism as a general indicator of both chronic and acute

copper effects in the marine environment.

Copper is a widely distributed element in nature with a
total annual turnover in the marine environment of about 7
million metric tons, originating from atmospheric fallout and
terrestrial run-off, of which some 1% can be attributed to
anthropogenic input mainly through industrial emissions and
both urban and industrial effluents, as well as minor sources
such as antifouling paints and 1industrial cooling systems
(Nriagu, 1979). The metal can occur in 3 oxidation states,
Cu(II) being the most common as for all the other elements
belonging to the first transition series (see e.g. Cotton &
Wilkinson, 1962). It is highly reactive exhibiting
considerable biological activity.

In the sea copper can exist in several different
chemical forms or species. It can be dissolved (ionic and
complexed), particulate or incorporated into biota, depending
on a number of physico-chemical and hydrodynamic phenomena
(see reviews by Schmidt, 1978a; Lewis & Cave, 1982: also
Engel et al., 1981). The dia-positive state [Cu(II)]

dominates the aquatic chemistry of copper and it is in this
ionic form that copper 1is especially toxic to marine
organisms (Steemann Nielsen & Wium-Andersen, 1970: Sunda &

Guillard, 1976; Andrew et al., 1977; Sanders et al., 1983:
Sunda & Ferguson, 1983; Ahsanullah & Florenz, 1984). Both
inorganic and organic ligands present in seawater can complex

copper (Hatfield & Whyman, 1969), reducing the amount of



Cu(ll) and giving rise to other, less toxic (Gillespie &
Vaccaro, 1978), soluble species (see compilation by Leckie &
Davis, 1979).

Naturally occurring organic ligands are responsible for
most of the copper complexation that takes place in estuarine
(Mantoura et al., 1978: Engel et al., 1981) and marine
(Zuehlke & Kester, 1981) waters. Organic copper complexes
constitute the major copper species 1in those environments
(Mantoura et al., 1978: Zuehlke & Kester, 1981). The extent
of such complexation is determined by the concentration and
chemical composition of dissolved organic matter, salinity
and pH (Sunda & Hanson, 1979: Engel et al., 1981: Zuehlke &
Kester, 1981).

The nature of naturally, occurring, organic copper
ligands has long been a matter of discussion (see review by
Schmidt, 1978a; compilation by Leckie & Davis, 1979: review
by Lewis & Cave, 1982). Kemling et al. (1983) summarised the
current view that organic ligands originate largely from

primary producers either by excretion of complexing agents or
from the decomposition of dead organisms. Steemann Nielsen &
Wium-Andersen (1971), Swallow et al. (1978) and Fisher &
Fabris (1982) showed that products excreted by phytoplankton,
including glycolic acid, carbohydrates, nitrogenous
substances and vitamins (Fogg 1966, 1977), could act as
copper complexing agents (see also Fogg & Westlake, 1955:

McKnight & Morel, 1979: Van den Berg et al., 1979: Hirdsted-

Roméo & Gnassia-Barelli, 1980: Fisher & Fabris, 1982:



Slauenwhite & Wangersky, 1991). In coastal waters, organic
ligands such as fulvic (Manning & Ramamoorthy, 1973) and
humic acids (see Mantoura et al., 1978) have likewise
complexing capacity.

Complexed and particulate copper 1s eventually removed
from solution through precipitation, co-precipitation and
sedimentation (see reviews by Schmidt, 1978b; Lewis & Cave,
1982;:; FoOrstner & Salomons, 1983). Speciation 1s, therefore,
as 1mportant a parameter as total metal concentration when
considering copper toxicity in aquatic media.

Trace amounts of copper are essential to marine life
(see Bowen 1966; White & Rainbow, 1985), but excess levels
are extremely toxic (see reviews by Hodson et al., 1979:
Lewis & Cave, 1982; Amiard-Triquet, 1989) (see Alloway &
Ayres, 1993). However, such toxicity varies with the metal
species and the availability of those species for biological
uptake (see reviews by Lewis & Cave, 1982: Bryan, 1984:
Smies, 1983). Dissolved <copper appears to be more

biologically available than particulate copper (see review by

Schmidt, 1978b) and the ionic form more so than complexed
forms (Sunda & Guillard, 1976: Anderson & Morel, 1978).
Copper 1s essential for marine organisms as a direct
constituent of many enzymes and indirectly for the synthesis
of non-enzymatic proteins (see reviews by Lewis & Cave, 1982:

White & Rainbow, 1985). There are 20 to 30 copper-containing
enzymes which are involved in metabolical processes such as
electron transport reactions and membrane permeability

control (see review by Lewis & Cave, 1982).



In contrast, the toxicity of copper is well documented
with several comprehensive reviews (see Eisler, 1979: Hodson
et al., 1979: Lewis & Cave, 1982; Jdrgensen et al., 1991).
Generally the sensitivity of marine organisms to copper
exhibits both intraspecific and interspecific variability as
a result of the interaction of numerous abiotic and biotic
factors such as salinity temperature, pH, oxygen content,
fluctuating metal concentrations, complexation, acclimation
and diet (see Sprague, 1970:; Hodson et al., 1979: Bascom,
1983; Mance 1987). These factors would also modify metal
availability in the water column and the rate of metal uptake
by the organisms so that copper toxicity is either enhanced,
decreased or even prevented.

Toxicity is normally assessed through acute and chronic
dose-effect tests (see Holdgate, 1979: Committee of Analysts,
1983). Time and dose interact such that short-term tests
are acute using high concentrations of toxins and resulting
in the often quoted median lethal dose (LD50¥ the dose that
kills S50% of the organisms) used for comparison, the
derivation of Maximum Allowable Concentrations (MACs) and the
establishment of Environmental Quality Standards (EQS) (see
Holdgate, 1979)

The 1intrinsic validity of acute toxicity tests,
however, requires standardisation of test conditions. Thus,
tests should ideally be performed on large numbers of animals

of equivalent physiological condition and 1life cycle stage,

which should also be genetically uniform and acclimated to



test conditions (see Holdgate, 1979; Snell et al., 1991).
Extrapolation to natural communities is often compromised by
the experimental conditions of the tests per se, the lack of

data for more than a small number of tests species used so

far and the short duration of the exposure period, which does
not allow prediction of the long-term consequences of
pollutants (see reviews by Sprague, 1968, 1970: Draggan &
Giddings, 1978: Holdgate, 1979: Mance, 1987; Persoone, 1988:
Persoone et al., 1989: Alloway & Ayres, 1993).

Chronic toxicity tests generally investigate the long-
term effects of low concentrations of pollutants focussing on
an organism’s survival, growth and reproduction. Chronic
toxicity is often assessed through a median effective dose
(EDsg= the dose that induces a response in 50% of the
population). Chronic tests are more expensive that acute
tests, but perhaps have more relevance to episodic
contamination of the marine environment.

Copper toxicity 1is expressed mainly through inhibition
of the activity of enzymes (e.g. amylase, trypsin, ATPase)

involved 1in biochemical and cellular processes vital for

life, such as oxidative phosphorilation, membrane
permeability, protein synthesis and electron transport
reactions (see reviews by Hodson et al., 1979; Lewis & Cave,
1982). The results of such 1inhibition are often seen

initially in a lowering of physiological rate processes or a
change in behaviour, which have a direct influence on an
organism’s growth and reproduction and on the eventual

success of the population 1in a contaminated environment



(Ferrando et al., 1993).

A major consequence of chronic metal contamination 1is
the accumulation above ambient concentrations of Dboth
essential and non-essential trace metals by marine
invertebrates (see reviews by Eisler, 1981; Bryan, 1984;
Amiard-Triquet, 1989). The degree of accumulation, however,
varies with metal dose: size, sex and physiological state of
the organism: temperature and salinity (see review by
Depledge & Rainbow, 1990: see also Canli & Furness, 1993):
tidal flow and phytoplankton productivity in the surrounding
water (see Ireland, 1974).

The interest in the accumulation of metals by marine
invertebrates stems from their potential use to monitor
marine pollution. Historically, pollution was monitored
through chemical analysis of seawater and marine sediments,
which tends to be expensive and provides an inadequate
picture of the development of a pollution problem without
extensive long-term sampling (see Phillips, 1977, 1980).
Alongside seawater sampling, the use of bioaccumulator
organisms (as pollution indicators) has been advocated since
they are easily available and their tissues show analytically
feasible metal concentrations which reflect the changes 1in
metal availability in their surrounding environment
integrated over time (see Phillips, 1977, 1980).

Because of the diversity of habitats and marine

species there is no universal indicator organism (Bryan,

1984)., Acorn barnacles have shown potential for use as



bioindicator organisms (Walker et al., 1975a: Barbaro et al.,
1978: Barber & Trefry, 1981;:; Rainbow, 1985; Phillips &
Rainbow, 1988: Powell & White, 1990). They are sessile
animals, abundant and widely distributed on rocky substrata
within the intertidal zone (Darwin, 1854) and hence easy to
sample. Being filter feeders, they could be used to monitor
dissolved and suspended particulate metals (see requirements
for indicator species in Phillips, 1976, 1977). Species like
E. modestus are capable of tolerating brackish water, can be
reared in the laboratory with few problems (Moyse, 1960;
Thighe-Ford et al., 1970), have a relatively fast larval
development allowing a speedy turnover, and can be made to
settle on a wide range of surfaces tailored to suit
subsequent manipulation of the organisms (Luéas et al.,
1979). Furthermore, juvenile growth is also relatively fast,
and in the case of E. modestus sexual maturity can be reached
in 8 weeks (Crisp, 1958). Finally, acorn barnacle species

such as B. eburneus, B. (Semibalanus) balanoides, E.
modestus, B. amphitrite and B. crenatus have been shown to

accumulate metals such as copper, zinc, cadmium, 1iron,
manganese, calcium and lead (Clarke, 1947: Ireland, 1973,
1974; Walker et al., 1975a; Barbaro et al., 1978:; Rainbow,

1985: Rainbow & White, 1989: Powell & White, 1990; Zauke et

al., 1992),

+ ¥

Accumulation of metals can result in a built up to toxic
levels within the organism’s tissues, but acorn barnacles are
known to reduce such effects by sequestering metals in their

soft tissues in the form of physiologically inert, insoluble



organic and inorganic granules (Bernard & Lane, 1961: Walker
et al., 1975a, 1975b: Walker, 1977; Thomas & Ritz, 1986:
Pullen & Rainbow, 1991).

However, the use of bioindicator organisms to monitor
pollution (biomonitoring) 1S a retrospective hazard
assessment and biomonitor organisms reflect the physical and
chemical changes experienced during a period where harm (if
any) may have already been done (Persoone, 1988). As a
result, increasing attention 1s now being given to an
ecotoxicological approach, involving whole communities and a
predictive evaluation of the negative impact of pollutants
as a means of determining whether or not a poliutant might be
released into the sea and in what quantities (see Persoone &
De Pauw, 1991), The formulation of standardised,
representative and validated toxicity tests (see review by
Persoone, 1988), such as that developed by Snell & Persoone
(1989) using rotifers, thus becomes increasingly important.
Acorn barnacles, and especially acorn barnacle nauplii, could

likewise fulfil the conditions laid down by these authors
regarding, mainly, uniformity of the physiological,
developmental and, to some extent, genetic homogeneity of the
test organisms, both in an easy and low-cost manner.

Acorn barnacles appear to fulfil the necessary
prerequisites for the selection of indicator species and, at

the same time, are suitable organisms for use 1in

ecotoxicological studies on both the acute and, in

particular, the chronic effects of pollutants in the marine



environment.

Studies on the effects of copper on barnacles have
spanned the life cycle of the organisms. They are heavily
concentrated on the adult forms even though the larvae, as
with any other marine invertebrate larvae and juvenile
stages, are generally more sensitive to pollutants than the
adults (see review by Mance, 1987; see also Connor, 1972;
Ahsanullah & Arnott, 1978: Birge & Black, 1979; Lewis & Cave,
1982: Davenport & Redpath, 1984). The ability to work with
equal ease on all stages of a barnacle life history must
enhance its usefulness. For example 1in setting up water
quality criteria for environmental protection when usually

adult sensitivity alone has been used in the past (see

Ahsanullah & Arnott, 1978).

Clarke (1947) was one of the first to test the effects
of copper on barnacle larvae using B. eburneus nauplii and B.
improvisus cyprids. As with most toxicity studies, Clarke

(1947) focused on the 1lethality of the metal at high

concentrations., Such acute studies provide data which are
difficult to interpret and compare. Table 1 shows the results
of acute toxicity tests on the nauplii of a number of
barnacle species in the form of short-term LDsj (see Sprague,
1970) values and derived from static test procedures
performed under different conditions of salinity and
temperature. Not only was exposure time specific to each

test, but also the criteria for establishing death of the

nauplii varied.
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E.

Species

eburneus
balanoides
crenatus

amphitrite 200-350
improvisus 150-200

Improvisus
improvisus
Improvisus
improvisus
modestus

60 29
410 6
260 6

24

24

80 24
>200 24
80 96
>160 96
2395 16

20
26
20
20
15
15

30
30
15
30
15
30
15

Reference

Clarke,

Pyefinch & Mott,
Pyefinch & Mott,

Lang
Lang
Lang
Lang
Lang
Lang

Toseland,

et
et
et
et
et
et

1947
1948
1948
1979
1979
1980
1980
al., 1981
al., 1981
1976 unpub.

al.,
al.,
al.,
al.,

Table 1 Acorn barnacle nauplii LDg, values (ppb) reported to
date 1n the literature (with the exception of Corner &
Sparrow’s (1956) estimated 24-h LDs5 at >6,000 ppb), Time in
hours, S=salinity, T=temperature

Nevertheless, the objective of the studies was not
simply concerned with the production of LDggs for the
different barnacle species or the establishment of water

but also with the

quality criteria, investigation of acute

toxicity mechanisms and possible factors affecting them.

could be more easily obtained by

Comparable JLDSOS

standardising the experimental procedure as has been done

the

for fish 1983). However,

(see Committee of Analysts,

study of copper toxicity to barnacle larvae needs further

experimentation over longer-term periods, using

concentrations that reflect the situation in the environment.,

Studies on the sublethal effects of copper on barnacle

larvae started with Pyefinch & Mott (1948), who showed that

(Semibalanus) balanoides cyprids was

of B.

settlement

In addition, they pointed out the

inhibited above 24 ppb.

differences in sensitivity between the different life stages

of barnacle species, showing that cyprids were more tolerant

11



to copper than nauplii and that the adults were the most
tolerant of all (1.5 and 1.7 adult/larva LDgp ratio for B.
(Semibalanus) balanoides and B. crenatus respectively) (see
also Clarke, 1947). Bernard & Lane (1963) focused on the
oxygen consumption of B. amphitrite cyprids, which they
linked to motor activity, showing that addition of copper
up to a threshold concentration increased respiration rates,
but that the rate decreased progressively as more copper was
added.

More recent work usually deals with stage II nauplii,
where copper uptake could occur mainly through diffusion
across the body cover due to their high surface/volume ratio.
Such work includes that of Lang et al. (1979, 1980, 1981),
who monitored mortality, rate of development, normality of
moulting, spontaneous swimming speeds and photobehaviour
during 48 or 96 h exposure to copper in B. improvisus. Their
work showed reductions in survivorship and positive
phototactic response, as well as 1In the rate of both
development and swimming activity (speed and pattern). In
addition, all the nauplii that successfully moulted from
stage II to stage III exhibited morphological abnormalities,
consisting of twisted short setae and deformed appendages.
Morphological abnormalities in larvae (or embryos) exposed to

sublethal pollutant levels, and especially metals, have also

been observed in other marine 1invertebrates such as
gastropod (see review by Ravera, 1991) and bivalve molluscs
(see Martin, 1981).

Royo-Gelabert (1991, unpublished), recognising the need

12



to monitor larval growth over extended periods of copper
exposure, studied copper effects on B. amphitrite nauplili
over the period of their development and assessed the effects

on all six naupliar stages. Her work showed reduced

survivorship and morphological abnormalities in the nauplii,
which occurred above a threshold concentration of 1,000 ppb
and were similar to those described by Lang et al. (1979,
1980, 1981), including enlarged (bulbous) bases to the setae
on the endopodites of all six limbs. In addition, her study
revealed the existence of a different mechanism for acute
and chronic toxicity, as well as the importance of
phytoplanktonic exudates in reducing copper’s toxic action.
Reduced copper toxicity via complexation had also been
observed by Toseland (1976, unpublished) on E. modestus
nauplii, using EDTA as a chelating agent.

Clarke (1947) also pioneered the study of the acute
toxicity of copper 1in adult barnacles, and showed that
mortality of copper-exposed animals was proportional to
concentration over the range tested. At the chronic level, he
showed that copper retarded the development of newly
metamorphosed B. improvisus and prevented the formation of
the calcareous base. Pyefinch & Mott (1948) also observed
retarded development in B. (Semibalanus) balanoides and B.
crenatus. Furthermore, Clarke (1947) detected copper induced

behavioural alterations in fully grown adults, in which, at

copper citrate <concentrations of 600 ppb for B.

(Semibalanus) balanoides and 550 ppb for B. eburneus, cirral

13



beating slowed down after 12 h and where increasing exposure
time progressively reduced activity until the animals died.
However, Clarke (1947) also observed that poisoned animals,
1.e. those with open valves, inactive, but reacting to touch,
could recover within a day if placed in clean seawater,
Pyefinch & Mott (1948) 1likewise observed activity changes
with copper exposure 1n adult B. crenatus, where 6 h
exposure to copper levels above 310 ppb reduced barnacle
activity (cirral beating) to about 9%. More recently, Powell
& White (1989) also studied cirral activity in copper exposed
B. (Semibalanus) balanoides and B. crenatus at both lethal
and sublethal 1levels. They showed a significant overall
reduction in the level of activity with copper as well as a
decrease in beat frequency at copper levels that were proved
to be lethal. Such levels were also shown to induce changes
in the type of cirral activity, from normal beat to pumping.
Changes 1in cirral activity with copper exposure might
result in an altered metabolic load, given the relationship
between activity and metabolism (Crisp & Southward, 1961:
Newell & Northcroft, 1965). Thus, Newell (1973) suggested
that environmental stress might reduce the scope for activity
and the respiration rate would hence fall below the standard
rate characteristic of the organism. Reductions in oxygen
consumption under copper exposure have been observed in both
molluscs (Brown & Newell, 1972) and crustaceans (Corner &
Sparrow, 1956). Corner and Sparrow (1956) suggested that
reductions of about 25% in the respiration rate of copper-

exposed Artemia salina constituted a response to specific

14



inhibition of respiratory mechanisms (cellular respiration).
Published literature does not seem to contain any example

concerning barnacles. However, Bowles (1993, unpublished)
showed that, over a range of sublethal copper concentrations,

the respiration rate of E. modestus adults increased below 60
ppb, whereas above that level it fell progressively to below
the values observed prior to copper addition (see also
Burkitt, 1994 unpublished). A similar pattern of response to
copper concentration had already been observed by Bernard &
Lane (1963) in the case of the cypris larva of B. amphitrite.
Thus, increased respiration in E. modestus could signify a
rise in metabolic rate necessary to cope with added copper
levels below a certain threshold concentration. Above that
concentration, the respiration rate would fall as copper
toxicity either reduced activity or disrupted normal
metabolism,

Copper exposure also affects growth and development of
adult acorn barnacles. Weiss (1948) observed that B.
amphitrite, B. improvisus and B. eburneus grown on copper
antifouling paints, copper alloys or close to copper-coated
surfaces were loosely attached (hence easily removed) and
showed distortion of ©both the shell margins and the shell
plates. The author also observed that the three species
exhibited different resistance to the development of
malformations, which probably resulted from their different
copper tolerances, B. amphitrite being the least sensitive

(Weiss, 1947). Not only, the morphology of acorn barnacle

15 .




base and parietal plates, but also that of the opercular
plates can be affected by environmental contamination.
Furman’s (1989, 1990) study on the geographical variation of

B. improvisus over a wide geographical range by reference to

biochemical and morphometric characteristics first suggested
that pollution could be responsible for the gross distortion
of the opercular plates observed in specimens from Gdynia in
the Baltic sea. Royo-Gelabert & Yule (1994) demonstrated the
existence of a link between the morphology of E. modestus
opercular plates and copper concentration in the laboratory,
which was parallelled by the relative shapes of field
barnacles from polluted and unpolluted sites within a 200
mile range of the west coast of Britain. The plates of
contaminated animals were relatively larger.

Metal pollution, including that caused by high copper
levels, has also been shown to act differentially on
genotypes within a population. Thus, Nevo et al. (1978) and
Patarnello et al. (1991) observed that the genotype
frequencies of B. amphitrite from contaminated sites showed

consistent differences with those from clean locations. It 1is
not known whether the differences are associated with pqst-
settlement mortality of certain genotypes susceptible to

pollution or whether the observed pattern results from

differential larval settlement.

The current work aims to demonstrate that a very hardy,

fast growing, acorn barnacle species <can be used to
investigate both acute and chronic effects of pollutants on

intertidal organisms. Elminius modestus (Darwin) is an acorn

16



barnacle originating from Australia and New Zealand (Darwin,
1854). However, owing mainly to shipping movements, its
distribution has widened globally and i1t can now be found on
mid and lower shores in Britain, where it was first observed
in 1945 (Bishop, 1947; Crisp & Chipperfield, 1948). E.
modestus 1is found intertidally on sheltered coasts and
estuaries, since it is able to tolerate salinity
fluctuations by closure of the opercular plates.

The anterior three pairs of cirri are differentiated
from the posterior and, as a result, E. modestus can carry
out both macro-captorial and micro-filter feeding (Southward,
1955a; Crisp & Southward, 1961). Reproduction occurs
continuously throughout the year, so larvae are present at
all times in the plankton (Crisp, 1958) with a tendency to
greater larval abundance in the summer (Knight-Jones &
Waugh, 1949; Crisp, 1958). Larval development was described
by Knight-Jones & Waugh (1949) and is typical of that seen
in balanomorphs, but rapid, taking as little as 6 days from
larval release to settlement stage (Yule, 1986). The
juveniles also grow very rapidly, reaching maturity at a
basal diameter of 6-7 mm in as little as 8 weeks (Crisp,
1958) and the maximum basal diameter is 1 cm.

The above characteristics enable effective study of the

organism at all stages of the life history_. A large part of

the work is aimed at addressing the difficulties in drawing
adequate conclusions from acute toxicity tests with larvae

and investigating the major factors (e.g. temperature, diet,
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complexation etc.) which influence the measurement of LDgg s.

In addition, the effects of chronic exposure to copper
throughout the organism’s life history are addressed aiming
to indicate how physiological processes, such as ingestion or
respiration rates, are disrupted leading to the death of
individuals or to reduced fecundity thus endangering the
survival of populations.

Finally the availability of .a nearby population of
chronically contaminated barnacles (Dulas Bay, N. Wales, UK)
presented the opportunity to compare responses of larvae and
adults with potentially different tolerances, and to
investigate the degree to which tolerance may be conferred
genetically. That population would also allow the assessment
of the chronic effects of copper on the morphology of
barnacle opercular plates, and the comparison with earlier
studies (Royo-Gelabert, 1991 unpublished: Royo-Gelabert &

Yule, 1994).
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PROCURATION OF LARVAE

The acorn barnacle larvae used throughout this study

were obtained by either of two methods: ‘artificial’

hatching, the most widely employed, or ’natural’ hatching.

Artificial’ hatching method

Adult barnacle specimens with ripe egg masses were
lightly crushed using a mortar and pestle and carefully
placed in a dark polystyrene tray containing cartridge-
filtered (0.2 um) and UvV-irradiated seawater (FUVSW),
whereupon ripe egg masses began to hatch. The tray was

covered with a dark lid, leaving an opening for a strong

point light-source to attract the newly released,

photopositive, stage I nauplii, which were pipetted off into

a flask containing FUVSW. Only the nauplii released within
the first half hour of setting up the tray with the crushed

adults were used in any of the experiments.

If the eggs masses were not ripe, the adults were

dissected, the egg masses removed and transferred to
suitable flasks containing FUVSW, where they were kept at the

required temperature, under constant gentle aeration (1
bubble.sec'l). until they matured.

The above was the most common method used for hatching
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the nauplii in the toxicity tests carried out throughout the

work, and was that used in the methodology of each specific

test unless otherwise stated.

’Natural’ hatching method

Substrata covered with barnacles (e.g. pebbles, shells,
etc.) were brought back to the laboratory where they were
brushed clean and placed in tanks with FUVSW at the required
temperature with constant aeration. The barnacles were
cleaned regularly and fed daily on a diet of Artemia sp.
nauplii (Artemia 90, Sanofi Aquaculture, Paris, France) and
mixed unicellular algae (both routinely grown 1in the
laboratory as food supply for marine invertebrates), to
ensure maturation of the egg masses. The algae were cultured
in a semi-continuous manner using methods similar to those
described by Walne (1966). Upon maturation of the egg masses,
stage I nauplii hatched naturally in the tanks. Subsequently,
the nauplii were attracted to a light source in the corner of

the tank and pipetted off into flasks with FUVSW,
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PREPARATION OF LARVAL EXPERIMENTAL CULTURES

Two basic conditions were used to maintain acorn

barnacle larvae during tests, depending on the length of the
experimental period. Occasionally, the culture medium was

modified to suit the 1individual needs of a particular
experiment. The same techniques were utilised to produce

culture media in the adult experiments.

Glass vials

These were used mainly in long term culture experiments,
ranging from 12 to 20 days, where the nauplii were fed
throughout the experimental period. Thus, routine use was
made of 22 ml glass vials containing 20 ml of a medium made
of by FUVSW (11.9 ml), the flagellate Rhinomonas reticulata
[Lucas] (Novarino, 1991) to give a concentration of 100
cells.ul-l (8 ml) and the requisite amount of copper
dissolved in deionised, distilled water (0.1 ml), with a
final salinity of approximately 32 ppt.

Stock copper solution was made up to 106 ppb using
hydrated copper sulphate (CuSO4.5H20, AnalaR, BDH Chemicals
Ltd., Poole, UK) and deionised, distilled water; it was then

kept in a refrigerator and used throughout the study. The

copper was supplied to each medium in a volume of 100 ul
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originating from a 10 ml ’intermed{ate’ copper solution,
constituting a dilution of the 10° ppb stock solution in
deionised, distilled water, which belonged to a series as

large as the number of copper concentrations to be used in

any individual experiment.

'Control’ cultures were made up in an identical manner
to those containing copper, but the 100 nl of added copper
was substituted by 100 pl of deionised, distilled water.

The concentrations of added (nominal) copper in each
naupliar culture were assumed to be confident estimates of
the actual concentrations in those media, since an earlier
study using Balanus amphitrite (Darwin) nauplii grown in
culture media prepared as described above showed that there
was a very good correspondence between the target copper
concentrations in the cultures and those measured by atomic
absorption spectrophotometry (see Royo-Gelabert, 1991,
unpublished; Royo-Gelabert & Yule, 1994). Therefore, all

copper concentrations given refer to that nominal amount at

the outset of the experiments.

The present study made no attempt to determine either
the metal speciation process within the naupliar cultures or
the possible reductioﬁ in the total copper concentrations due
to physical, chemical and biological processes such as

precipitation, adsorption and physiological detoxification.

The added copper would have speciated in accordance to

the pH and the organic matter content of the cultures (see
Zuehlke & Kester, 1983). Generally the buffering capacity of

seawater maintains pH at around 8. The pH of the naupliar
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cultures was measured initially at 7.7 and 7.55 after 48
h with no food algae ©present. A similar culture
containing food algae gave an initial pH of 7.7, but showed a
rise to 8.4 after 48 h. Most of the toxicity tests
carried out in the present study were conducted over 48
h hence the time is pertinent to the results.

A decrease in pH of 0.15 units would result in a slight
(less than 2%) increase in the percentage of free 1onic
copper (Zuehlke & Kester, 1983), which might enhance copper
toxicity to the nauplii in the acute toxicity tests. However,
such enhancement would not be as dramatic as that caused by
lack of organic complexation, resulting from the absence of
food algae 1in those tests (see Chapter One: General
Introduction).

An 1increase in pH of 0.7 would result in a 2% decrease
in the percentage of free ionic copper (see Zuehlke & Kester,
1983), which would have been negligible compared to copper
complexation to algal food products (see Chapter One).

The algae R. reticulata was supplied to the naupliar
cultures either straight from the jars 1in which 1t was grown
and was thus suspended in the medium used for 1its culture
(see Walne, 1966) (’unwashed’, 40% Algal Culture Medium,
ACM), or centrifuged at 2,000 r.p.m. for 10 min and

resuspended in FUVSW (’washed’, 0% ACM). Consequently, 40%

was the maximum ACM to be achieved in a 20 ml naupliar
culture, since the volume of added algal suspension was 8 ml.

The culture vials were placed on a rotating wheel at 6
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r.p.m. to maintain the homogeneity of the media and prevent
sedimentation of the algae (see Crisp & Southward, 1961:
Crisp, 1984) (see Plate 1). The wheel was kept in either the

laboratory or in a refrigerated chamber depending on the

temperature needed to grow the nauplii. Light conditions
varied, these being natural 1f the wheel was in the
laboratory, but artificial (12 h 1light/12 h darkness

cycle) if it was kept in the refrigerated chamber.

The number and origin of the nauplii, temperature,
salinity, light conditions, copper concentrations, etc. were
parameters that varied with each test and have been specified

accordingly,

Polystyrene trays

These were used in short-term experiments, ranging from

24 to 48 h, where the nauplii were not fed throughout the

experimental period. The trays were transparent, square and
divided into 5x5 cells, each of 5 ml volume. In most cases
the distribution of the copper concentrations in these cells
followed a 5x5 Latin square design. Initially, each cell
contained 4 ml of a medium made up of FUVSW (3.9 ml) and the

requisite amount of copper dissolved in deionised, distilled

water (0.1 ml).

The stock copper solution was the same as that used 1in

the long-term experiments, where copper was initially

supplied to each cell in volumes of 100 upl that originated
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from ’intermediate’ copper solutions, as described above. To
reduce preparation time and variability, however, it was
later decided to make up the various copper concentrations by
serial dilution of the highest concentration (in the range
chosen for a particular experiment) using 250 ml volumes as a
minimum. Each cell of the tray was then filled with the

appropriate copper-containing culture medium, which was

pipetted off from a larger volume.

The trays were covered with transparent lids and
sometimes placed in recirculating water baths to keep the
media at Ithe desired temperature. The water baths were
maintained in the laboratory under natural light conditions.,
Specific experimental protocols are given in the relevant

sections.
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ACORN BARNACLE COLLECTION SITES

Adult barnacles were collected from sites that were

chosen according to the presence of the species studied, viz,
Elminius modestus (Darwin), rather than the conditions at
those locations per se. In addition, some experiments
required the specimens to have settled on a particular
substratum. Dulas Bay, however, was chosen as a sampling
location because of its very special physical, chemical and
biological characteristics as an estuary with considerable
copper loading.

The barnacles were collected at low water from sampling
sites which were located on the North Wales coastline, UK,
and on the island of Anglesey (see Figure 1). The Menail
Strait provided loose barnacles from Menai Bridge pier and
individuals on small slates from Port Dinorwic. Dulas Bay
supplied E. modestus both loose and attached to small rocks,

whereas Conway provided specimens fixed to mussel shells.

As a general rule, newly collected barnacles were

allowed to recover from handling before they were used in any

of the adult tests.
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Figure 1
Elminius modestus collection sites on the North Wales coastline, UK,

and on the island of Anglesey

Dulas Bay

ANGLESEY

Conway

Menal Bridge

/

Port Dinorwic
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COPPER ANALYSIS

Dissolved copper concentrations 1in water samples used

throughout the study were determined following a slight

modification of the diethyldithiocarbamate method of

Strickland & Parsons (1965, 1972), whereby copper was
extracted from the seawater samples 1n an organic phase and
the extinction of the extracts measured
spectrophotometrically.

The method determines only the non-complexed or weakly
complexed forms of the metal ions, which are considered to be
the more biologically active (see Sunda & Guillard, 1976,
Anderson & Morel, 1978). A significant fraction of the
’soluble’ copper in the sea may be strongly bound to organic
matter and not react with diethyldithiocarbamate (Stricklé.nd
& Parsons, 1972). The magnitude of this bound fraction
depends largely on the organic matter load of the seawater.
Thus, Foster & Morris (1971) estimated that 3% copper was
not directly extractable, using this method, in Afon Goch
water samples with a very low organic matter content (Foster
et al., 1978). In contrast, the high organic content of
seawater in the Menai Strait, which shows large annual

fluctuations, would result in 13% to 43% of the copper

content not being extracted by the method (Foster & Morris,

1971).

Nevertheless, water samples taken from the Menai Strait
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during the present study consistently showed dissolved copper
concentrations below 2 ppb, which are substantiated by

existing literature (see Foster & Morris, 1971: Davenport &

Redpath, 1984).

All the glassware used in the analysis was acid washed
with 50:50 hydrochloric acid. One litre water samples were
collected from the required locations using polythene
bottles, which were then left in the laboratory, both for the
water to acquire room temperature and for the sedimentation

of any particulates.

A minimum of 2 x750 ml water volumes were processed
within 8 h of collection (see Foster & Morris, 1971). 1If
dilution of the samples was necessary, 1t was normally
effected with FUVSW prior to the extraction. Occasionally,
however, the copper content of a sample would be higher than
had been expected, where the sample had not been diluted
prior to extraction. In those cases, the extract would then
be diluted using carbon tetrachloride, which undoubtedly led
to a systematic error in copper estimation, since the sodium

diethyldithiocarbamate might not have been able to complex

all the copper in the sample. Otherwise, the percentage of

-

copper extracted is around 95% and the calibration procedure

takes into account the slight error (Strickland & Parsons,

1972).
The basic Strickland & Parsons (1965, 1972) method was

modified in terms of the calibration procedure. Thus, in the
determination of the blank, any copper 1in the 250 ml of

deionised, distilled water was extracted by adding 2 ml of
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sodium diethyl-dithiocarbamate and 3 x5 ml of carbon
tetrachloride, as was done for any of the seawater samples.
The water was not pre-conditioned prior to extraction as
outlined by the above authors. Yule (pers. comm.) developed
this modification, which gives a performance comparable to
that of the original method, since deionised, distilled water
was used for both the reagent blanks and a zero-copper blank
not assumed in the calculations of the sample copper

concentrations.
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LDsy, TESTS AND PROBIT ANALYSIS

LDsy (see Trevan, 1927) stands for Median Lethal Dose,
the dose of any given toxic substance which kills §0% of a
population of any given species that has been exposed to it
for a certain period of time (see Fry, 1947; Sprague, 1969)
(also known as LCsg, or Lethal Concentration 50, see review
by Sprague, 1969),.

The LDgy of a substance is normally derived from the
results of an acute toxicity test, a test determining the
relationship between the dose of the substance and the
response of the tested species over a chosen exposure time
(normally 48 h), where the response 1is usually the death
of the test organisms (see Sprague, 1969) (see Chapter One).
The LDgg value represents the outcome of the toxicity test
allowing interspecific and 1intraspecific comparisons. Such
comparisons could, however, be complicated by each author’s

particular interpretation of the meaning of the LDgq (see
Sprague, 1969) and the conditions under which each toxicity

test 1s carried out, since many parameters, such as

temperature, salinity, exposure time, pH, etc. affect the

outcome (Sprague, 1970) (see Chapter One).

The LDsq is calculated from the curve of standardised
mortality against dose (see review by Sprague, 1969). The
statistical method used 1in the present study is known as

Probit Analysis and was developed by Finney (1952, 1964,
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1971). The analysis takes the doses of toxin tested, the

total number of test organisms and the number of ’'responding’
organisms for each dose, transforming t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>