Tributyltin pollution and the bioindicator Nucella
lapillus: population recovery and community level
responses

Thesis submitted in accordance with the requirements of the University of Liverpool
for the degree of Doctor of Philosophy

LIVF“ TUROL
UN; Ly
v

' Victoria-Proud
N

B. Sc. Jt. Hons. (Uni\)hrs'igx,Colle'ge of North Wales, Bangor)

=,
September 1994

Port Erin Marine Laboratory

Department of Environmental and Evolutionary Biology
University of Liverpool

Port Erin

Isle of Man

IMS 6JA



Tributyltin pollution and the bioindicator Nucella lapillus: population recovery and community level
responses
Sarah Victoria Proud

Abstract

The detrimental effects of tributyltin (TBT) have been recorded on many marine organisms. As a result
the UK Government imposed a partial ban on the use of organotin antifouling paints on boats less
than 25 m in length, in 1987. In 1988 the Isle of Man Government followed suit introducing a licensing

procedure restricting all uses of organotins.

At concentrations less than 0.5 ng Sn/l female Nucella lapifius develop imposex - the superimposition
of male sexual characteristics. To date there have been few studies measuring the recovery of Nucella
populations after the introduction of restrictions. This study produces evidence of the exteﬁt of
recovery in Nucella populations from sites in the south-west of England and on the Isle of Man. The
recovery observed was measured by decreasing values of relative penis size, vas deferens sequence
and the percentage of sterile adult females in the population. Following the 1987 ban the recovery of
Nucella populations in the south-west has shown a linear response allowing predictions to be made for
the time scale of complete recovery. In addition concentrations of TBT in the water and tissues of
selected indicator organisms also showed decreases. Around the Isle of Man the illegal use of TBT
paints was identified and later discouraged by the Marine Administration which was followed by a
reduction in TBT concentrations in the water at sites around the Isle of Man. Levels of imposex in

dogwhelk populations around the Isle of Man have decreased.

Although effects of TBT on Nucefla have been well documented at the cellular and individual level, the
knock on effects on the community have not been investigated. Manipuiative field experiments were
used to demonstrate the role of Nucefla lapilus in structuring shore communities to allow predictions of
the effect of TBT to be made. Rather than using the traditional approach of fences and cages,
dogwhelks were removed by hand on regular visits to experimental sites creating treatments with
reduced abundances of dogwhelks akin to shores affected by TBT. The role of Nucella was examined
at different stages of a cycle existing on moderately exposed Manx shores where Fucus vesiculosus
and Semibalanus balanoides fluctuate in abundance. The removal of dogwhelks increased the
abundance of Semibalanus balanoides on the shore and as a result likelihood of algal escapes from
grazing by Patella vulgata also increased. In addition the removal of Nucella increased the size and
longevity of newly established Fucus vesiculosus clumps. In a factorial experiment the role of Patefla
vulgata and Nucella lapilius were examined simultaneously. Nucella was found to have an significant
effect but less than that of Patefla. The presence of Nucella did, however, mediate the effect of Patefia.
In addition Nucella was found to have a direct effect on the level of Semibalanus balanoides settiement
in the field with the number of barnacles settling in cleared areas being reduced on areas which had

been previously occupied by Nucefia.
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CHAPTER 1

General introduction

1.1 Biofouling and antifouling

A variety of marine organisms cause the loss of efficiency of immersed structures
such as ships, pleasure boats, buoys and off-shore platforms by fouling their
surfaces. Barnacles constitute the major problem (Southward & Crisp, 1963,
Christie & Dalley, 1987) although the known number of fouling species totals over
2000 (Evans, 1970) including algae, molluscs (mainly mussels and oysters), tube
worms, hydroids and sponges (Evans & Smith, 1975; Simmonds, 1986). These
fouling organisms produce a roughness that increases the turbulent flow, acoustic
noise and drag of a vessel (Champ, 1986) which in tumn degrades its performance
and increases its fuel consumption (Schatzberg, 1987). A mere 10 micron increase
in the average hull roughness can result in a 0.3-1.0% increase in fuel consumption
(Champ & Lowenstein, 1987). For large vessels fuel costs may amount to half of
the total operational costs (Champ & Pugh, 1987). Figures quoted for the QE I,
(Champ & Lowenstein, 1987) for example, show that the fuel bill for 1985-86 was in
the region of $17‘ million, consequently a 1% increase in fuel consumption due to
biofouling would amount to a $170,000 increase in costs. Other costs of fouling
include the financing of dry docking, long periods out of service, the physical
removal of the organisms and then the repainting (Evans & Smith, 1975; Karpel,
1988). There have been various estimates as to the total cost of biofouling to
shipping world-wide, in 1987 this figure was calculated to be around two hundred

million pounds per annum (Christie & Daliey, 1987).

Measures to counteract biofouling were reported from as early as 300 BC when

lead sheets were used to cover the wooden hulled ships to inhibit the action of



boring and fouling organisms. Later in the 17th and 18th centuries copper sheeting
was used to safe-guard against the action of the ship worm, Teredo (Stebbing,
1985). The first antifouling paints were introduced at the tumn of the century (Chémp
& Pugh, 1987) and represented a major change in the control of biofouling. The
paint consists of a film-forming material and a pigment, either of which could
contain a powerful biocide (Champ, 1986). Small amounts of the biocide are

released at the paint surface to kill the settling stages of the fouling organisms.

Many biocides have been tried in antifouling paints. Salts of copper, mainly copper
(Il) oxide, were amongst the first to be used (Christie & Dalley, 1987). Later organo-
mercury and stereoarsenicals were added to enhance the effectiveness of copper
salts (Stebbing, 1985). In the 1970's their use was stopped because of their high
toxicity and levels of environmental contamination (Champ & Pugh, 1987). At one
time DDT was extensively used because of its marked specificity against bamacle
settlement. General outcry against persistent chiorinated hydrocarbons later led to

its use being banned (Christie & Dalley, 1987).

The most effective biocides available in recent years have been the organo-metallic
compounds of arsenic, lead, mercury and tin (Christie & Dalley, 1987). The
organotins were toxicologically and environmentally the most acceptable of these.
They had previously been used as fungicides and as preservatives for wood,
textiles and paper (Champ, 1986; Goldberg, 1986; Champ & Pugh, 1987). Early in
the 1960's tributyltin (TBT) compounds were introduced to antifouling paints
(Stebbing, 1985) although they were not used in significant quantities in Britain until
ten years later. By 1987 between 250,000 and 300,000 Ibs of TBT were being used

annually in antifouling paints in the US (Champ & Pugh, 1987).



Antifouling paints can be classified into two groups depending upon their method of
biocide release (Cardwell & Sheldon, 1986). In the first group the biocide is held in
free association with the paint matrix and released exponentially with time (figure
1.1). These are principally based on copper compounds. Sea-water penetration of
the paint matrix releases the biocide (figure 1.1), either by contact leaching or
dissolving the matrix producing paints which are effective for around two years

(Champ, 1986).

The second group of paints, self-polishing co-polymers, originated from the success
of tributyltin as a biocide. Here the TBT is chemically attached to a polymer
backbone in a bond which is hydrostatically unstable. The biocide is released by
chemical hydrolysis of the TBT itself, in a reaction which occurs at a constantly
renewed surface layer (figure 1.1) (Champ, 1986; Christie & Dalley, 1987). Apart
from the high biocide release during the initial conditioning period there is a
constant leaching of the biocide over time (figure 1.1). This coating remains
effective for 5-7 years (Champ & Lowenstein, 1987), and because of the self-

polishing surface the ships hull remains as smooth as when it was first painted.

Tributyltin based antifouling paints have undoubtedly proved to be amongst the
most effective formulations developed so far. The effective life of the TBT self-
polishing co-polymers is more than double that of other types of antifoulant
representing a substantial financial saving. The US Navy, for example, estimated
that the use of TBT antifouling paints woulid result in a 15% saving in fuel
consumption, which would amount to over $150 million annually if the entire fleet
was treated with these paints (Goldberg, 1986). Other practical advantages of
these paints are in the nature of the constantly renewed surface. This produces a
smooth surface to which new layers of co-polymer paints can be added without

having to remove the previous co-polymer fayers by sand blasting, thus reducing
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Figure 1.1 Leaching from antifouling paints. Relative Ieachjng rates (A) given in
arbitrary units and the diagrammatical representation of leaching from soluble matrix
(B), contact leaching (C) and self polishing co-polymer (D) antifoulants (Champ, 1986;
Christie & Dalley, 1987).



costs (Champ, 1986; Champ & Pugh, 1987). in addition, unlike copper based
paints, there is no galvanic corrosion effect when TBT paints are applied to
aluminium hulled boats (Karpel, 1988). As a resuilt the US Aluminium Association in
1967 recommended that organotin based paints be exclusively used on these boats
(Evans, 1970). Finally the colourless nature of the active biocide, TBT, also means
that antifouling paints of any hue can be formulated, unlike the copper based paints

which are restricted mainly to a copper colour.

1.2 Impact of organotins

Since the 1980's many studies have highlighted the environmental impact of
pollution caused by organotin compounds from antifouling paints (see Bryan &
Gibbs, 1991 for review). The magnitude of these effects were first realised when
the collapse of the French oyster fishery in Arcachon Bay was attributed to the
increased use of tributyltin (TBT) antifouling paints on boats in the harbours nearby
(Alzieu et al., 1986). There were two main effects on the Pacific oyster, Crassostrea
gigas, farmed in this area. The adults began to exhibit anomalies in the caicic
growth of the shell taking on a balled appearance, owing to the formation of
numerous chambers within the shell; this in tum reduced the meat yield. These
oysters were unsaleable. In addition there was a complete absence of any spatfall,

preventing the direct replenishment of the breeding stock in this area (Alzieu, 1991).

Previously it had been thought that the concentrations of TBT from antifouling
paints posed no direct threats to marine organisms in view of the large dilution
factor and consequently the low concentrations at which it was present (Bellinger &
Benham, 1978). When boats are present in a high enough density, however,
especially in sheltered conditions, TBT levels may be high enough to kill commercial

and non-commercial species plus affect the growth and reproduction of others.



In water, TBT concentrations have been reported ranging from <1 ng/l to >1000 ng/!
(see Bryan & Gibbs, 1991 for review). These however are extremes with
concentrations generally ranging between 10-100 ng/l in coastal waters in the UK
(Cleary & Stebbing, 1985; Cleary & Stebbing, 1987a; Dowson et al., 1992; Dowson
et al., 1993). Comparable concentrations have been reported in other countries
including the United States (Hall, 1988), Netherlands (Ritsema et al., 1991), France
(Alzieu et al., 1989) and the Mediterranean (Gabrielides et al., 1990; Alzieu et al.,
1991). Concentrations may, however, vary with season (Hall, 1988), tidal cycle
(Claveli et al., 1986; Cleary, 1991) and depth (Cleary & Stebbing, 1987a; Cleary &
Stebbing, 1987b). The restricted water exchange in harbours and marinas and the
ionic nature of TBT means that high concentrations tend to remain localised
(Goldberg, 1986). Enhancement of concentrations in the surface microlayer, up to
27 times greater than that of the subsurface waters (Cleary & Stebbing, 1987a;
Cleary & Stebbing, 1987b) are due to the lipophilic nature of TBT and the
concentrations of rich organics and lipids found in the top 280-300 um layer of the
water column (Cleary & Stebbing, 1987a). Even 200 km off-shore in the North Sea
levels of TBT of up to 1.2 ng/l have been recorded in the microlayer (Coghlan,
1990). This poses a risk to the neuston, including many temporary members of this
community such as eggs and larval stages of fish and invertebrates (Cleary &

Stebbing, 1987b; Hardy et al., 1987).

The partitioning and removal of TBT to particulates results in concentrations several
orders of magnitude greater than those in the water column (Langston & Burt,
1991). In estuaries in south-west England levels in the sediment have been
recorded in excess of 0.1 pg/g (Langston et al., 1990; Langston & Burt, 1991).
Although the impact of sediment bound tributyltin has received little attention, these
high concentrations pose a risk to benthic organisms, especially deposit feeders

such as Scrobiculana plana (Langston & Burt, 1991).



There is considerable variability amongst organisms with respect to their
susceptibility to tributyltin. Gastropods and bivalves appear to be most sensitive (2-
14 ng/), followed by crustaceans (9-14 ng/l), algae (10-35 ng/l) and fish (>2 ng/l)
(Rexrode, 1987). Table 1.1 summarises the toxicity data and effects of low levels of
organotins in laboratory and field studies upon a variety of organisms (for other
reviews see Cardwell & Sheidon, 1986; Champ, 1986; Rexrode, 1987; Bryan &
Gibbs, 1991; Hawkins et al., in press). Earlier studies tended to be based mainly
upon the acute toxicity of TBT compounds with studies attaining measures of LCgq
or LDgq at concentrations above those found in even the most contaminated waters
(for example Bushong et al., 1988). Later the more realistic long-term sub-lethal
effects were investigated in the laboratory and in the field. Mammais have been the
subject of only limited studies, although death can be induced in mice and rats after
inhalation or ingestion of tributyltin (Schweinfurth & Gunzel, 1987). The risk to
humans is thought to be minimal (Laughlin & Lindén, 1987); it appears that TBT
does not represent a mutagenic, carcinogenic or teratogenic hazard either through
direct contact or via fish or shelifish (Schweinfurth & Glinzel, 1987). Direct contact
with eyes and skin is not recommended, however, as TBT can produce severe
imitation of the skin and mucus membranes. It is ironic that of all the organisms so
far investigated barnacle nauplii, the very organism targeted by antifouling paints,

appear to be the most resistant (Goldberg, 1986).

1.3 Gastropods and imposex

Hermaphroditism is relatively common in the mollusca as a whole (Fretter &
Graham, 1962) with around 40% of the 5600 mollusc genera being either
simultaneous or sequential hermaphrodites (Heller, 1993). These changes are

almost exclusively protandric, changing from male to female (Wright, 1988). There
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is, however, little or no evidence of hermaphroditism amongst the neogastropods

(Smith, 1980; Heller, 1993).

In 1970 a number of female Nucella lapillus from populations around Plymouth in
south-west England were reported to possess a penis like structure (Blaber, 1970).
This phenomenon was later observed in Nassanus obsoletus (Say) (Smith, 1971) (=
llyanassa obsoleta) and coined 'imposex' - the superimposition of male sexual
characteristics on the female (Smith, 1971). Jenner (1979) suggested this
phenomenon to be environmentally controlled and further work by Smith (1981a,
1981b) illustrated that imposex was in fact related to a water borne chemical from
harbours and marinas. Screening of eight chemicals used on and around boats
(Smith, 1981c) and laboratory based studies (Smith, 1981d) established that

imposex was related to tributyltin used in antifouling paints.

Since then strong evidence has been provided by Bryan et al. (1986, 1988) of the
link between the development of imposex in female Nucella lapillus and tributyitin.
Populations surrounding areas of high boating activity have been shown to have
the highest degree of imposex (Bryan et al., 1986; Spence et al., 1990a) with
similar detrimental effects having been found near fish farming cages using TBT
(Davies ef al, 1987; Bailey & Davies, 1989). High tissue burdens of other
contaminants used in the shipping industry showed no clear correlations with

imposex levels (Bryan et al., 1986).

The degree of imposex is significantly comelated with tributyltin concentrations
(Gibbs et al., 1987) and is initiated at < 1 ng/t (0.5 ng Sn/l) (Gibbs et al., 1988). The
biochemical changes responsible for the development of imposex are thought to be
a consequence of an increase in the steroid hormone testosterone in the female.

Gibbs et al. (1991a) has suggested that the testosterone titre in the individual is



increased on exposure to TBT because the cytochrome p-450 dependent
aromatase responsible for the conversion of testosterone to oestraidiol 178 is
inhibited. In the absence of TBT the direct injection of testosterone into female

dogwhelks causes an increased expression of imposex (Spooner et al., 1991).

The extent of the development of TBT induced imposex in Nucella lapillus can be
measured by two indices: relative penis size (RPS) and vas deferens sequence
(VDS) between which there is a significant relationship (Gibbs et al., 1987). In order
to measure these indices the whelk is first dissected out of its shell and sexed.
Females are identified according to the presence of a red/brown sperm ingesting
gland found posterior the capsule gland. This is an obvious structure found in all
females to which there is no similar feature in males (Fretter & Graham, 1962). The
relative penis size index compares the bulk of the female penis to that of the male
within the same population (Bryan et al., 1986; Gibbs et al., 1987) and the vas
deferens sequence index categorises the development of the penis and vas
deferens in the female in six stages (Gibbs et al., 1987). The initial appearance and
growth of the penis and vas deferens can be categorised in ranked stages from 1-4.
The continual development of the vas deferens subsequently leads to the occlusion
of the genital papilla, stage 5, which in turn prevents the release of the egg
capsules which build up in the capsule gland, stage 6. These two later stages
render the female effectively sterile. Eventually the build up of aborted capsules
ruptures the capsule gland in the female leading to a premature death (Gibbs &
Bryan, 1986). In highly contaminated areas juveniles may reach stage 5 before
reaching sexual maturity, thus never being able to breed (Gibbs & Bryan, 1987). In
these cases the population becomes characterised by having few or absent
juveniles and ultimately being dominated by adult males, resulting in its complete
demise (Bryan et al., 1986; Gibbs & Bryan, 1986; Spence et al., 1990a; Gibbs et al.,

1991b). The survival of the population relies on the rafting in of females capable of



breeding (Gibbs et al., 1988) since the adults are relatively immobile and Nucella
does not have a planktonic dispersal phase in its life cycle (Fretter & Graham,

1962).

Imposex has been shown to occur in populations of Nucella throughout the British
Isles (Bryan et al., 1986; Bailey & Davies, 1989; Spence et al., 1990a), Europe
(Fioroni et al., 1991a; Gibbs et al., 1991c; Ritsema et al, 1991; Stroben et al.,
1992a; Oehimann et al., 1993) and North America (Miller & Pondick, 1984). During
the 1980's very few populations were found where females did not exhibit some
signs of the development of male sexual characteristics, the only examples being
from remote sites in Scotland (Spence ef al., 1990a). It has been argued that
because of the widespread nature of imposex in Nucella lapillus that this
observation is indicative of the natural occurrence of this phenomena. Evidence
against this hypothesis, however, includes the fact that imposex was not recorded
before the late 1960's and that preserved material shows that several populations
now exhibiting high imposex values were free from any signs of imposex in the past
(Bryan et al., 1986; Bailey & Davies, 1988). It would however be surprising if it was
only TBT that could induce this phenomena, but the similarities between data on
imposex throughout the geographical range of Nucella (Gibbs et al., 1991c) and the
strength of laboratory and field evidence suggests that for all practical purposes

TBT is the only cause (Bryan & Gibbs, 1991).

The occurrence of imposex is not confined to /lyanassa obsoleta and Nucella
lapillus. To date imposex has been reported in more than 70 species of
neogastropod world-wide (see table 1.2). It is only in a few of these species that the
link between imposex development and tributyltin has been identified following
rigorous laboratory and field studies (table 1.2). The exact expression of imposex in

the development of the penis and vas deferens may differ slightly between species.



Although the use of the vas deferens sequence (VDS) and relative penis size (RPS)
indexes were developed for Nucella lapillus (Gibbs et al., 1987) they have been
adapted by other workers to suit other affected neogastropods (for example see
Ellis & Pattisina, 1990; Fioroni et al., 1991b; Stewart et al., 1992; Stroben et al.,
1992b; Stroben et al., 1992c). As a consequence neogastropods now provide

useful bioindicators to world-wide levels of TBT pollution (Ellis, 1991).

Aithough Nucella lapillus becomes effectively sterile when exposed to relatively low
concentrations of TBT (Gibbs & Bryan, 1986) this is not the case in all
neogastropods (table 1.2). Effective sterilisation also appears to occur in Thais
haemastoma (Spence et al., 1990b), Nucella lamellosa (Bright & Ellis, 1990),
Nucella lima (Short et al., 1989) Ocenebrina aciculata (Stroben et al., 1992c),
Lepsiella vinosa (Nias et al., 1993), Thais orbita, Haustrum haustonum and
Lepsiella scobina (Stewart et al., 1992) (see table 1.2). Population level effects like
those observed for Nucella lapillus will be masked by those species which have
planktonic larval phases. These populations have a greater chance of survival: T.
haemastoma for example, has a larval dispersal stage in its life cycle (Spence et al.,

1990b) enabling re-colonisation of heavily contaminated sites.

The sensitivity of the response to tributyltin, does however, appear to vary between
species with Nucella lapillus being one of the most sensitive recorded to date (see
table 1.2). For example, imposex is initiated at tributyltin concentrations of <1 ng/l in
Nucella lapillus (Gibbs et al., 1988), 2 ng/l in llyanassa obsoleta (Bryan et al.,
1989a) and between 2-3 ng/l in Ocenebra erinacea (Gibbs ef al., 1990).

10
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14 Legislation on tributyltin antifouling paints

The French were the first to introduce restrictive legislation on the use of
triorganotins in antifouling paints, banning their use on boats less than 25 m in
length in January 1982 (Alzieu et al., 1986; Alzieu, 1991). Their prompt action
followed the evidence that the collapse of the oyster fishery in Arcachon Bay was

due to the increased use of TBT paints on boats in the harbours nearby.

The UK Government was slower to react. Action was first prompted in July 1985
with suggestions that the tin content for antifouling paints used on boats of 12 m or
less should be limited to 0.4 gm/ (Anon, 1985a; Abel et al, 1987). The Paint
Makers Association campaigned against any further regulatory action (Anon,
1985b) and at this stage a ban was not imposed. In order to give the paint industry
more time to develop new paints based on different biocides, only voluntary

regulations were proposed by the Government in July 1985 (Abel et al., 1987).

The United Kingdom Control of Pollution (Antifouling Paints) Regulations 1985
came into operation on 13 January 1986 under sections 100 and 104 (1) of the
Control of Pollution Act 1974. Concentrations of tin in dried co-polymer and non co-
polymer paints were limited to 7.5% and 2.5% respectively as maximum quantities
by weight (Abel et al., 1986; Side, 1986). It was not until 1 July 1987 that legislation
came into force announcing a ban on the sale and supply of TBT antifouling paints
and its application to pleasure craft, less than 25 m in length, and the nets and
cages used in fish farming (Abel et al., 1987; Duff, 1987). This was too late to be
effective for the 1987 season, thus allowing the use of TBT paints for an additional

year (Spence, 1989).
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Similar bans have now been introduced all over the world (table 1.3). In some
cases they are more stringent. The legislation introduced on the Isle of Man, for
example, although not passed until 1988 introduced a licensing procedure which
was applied to the use of organotin paints on boats and structures of all sizes
(Marine Administration, 1988; Orme, 1990). Effectively this put a complete stop to
any use of organotin paints since it was unlikely that any licences would be granted

(pers. comm. D. Ramsbottom, Marine Administration, isle of Man).

Tidal flushing of contaminated areas may help disperse and dilute the tributyitin
(Waldock, 1986). Environmental concentrations will also be reduced as TBT is
removed through absorption to lipids and particulate matter (Langston et al., 1987;
Unger et al., 1988) and through assimilation and metabolism by plants and animalis
(Lee, 1985; Cardwell & Sheldon, 1986; Lee, 1986). Natural degradation does occur,
breaking down tributyitin to the less toxic forms of dibutyl, monobutyl and inorganic
tin (Blunden & Champman, 1982; Maguire ef al., 1983). Estimated half lives for TBT
in water range from 6 to 60 days depending on the conditions (Thain et al., 1987).
The process may be accelerated, for example, by exposure to sunlight (Maguire et
al., 1983) or by increased temperatures (Thain et al., 1987). Degradation of TBT to
DBT and MBT in sediments appears to be far slower with half lives expressed in

years rather than days, especially in anaerobic conditions (Bryan & Gibbs, 1991).

Despite these restrictions there are still new inputs of TBT into the environment due
to a number of factors. In the UK ships over 25 m in length are still permitted to use
TBT antifouling paints (Abel et al., 1987; Duff, 1987) as are aluminium hulled boats
which have so far been exempt from the TBT bans regardless of their size as the
altemative copper based paints cause erosion (Karpel, 1988). These exceptions
may be revoked as the UK is set to tighten controls on organotin antifouling paints

soon (Anon, 1993a). The illegal use of TBT paints appears to be wide-spread
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despite efforts to reduce them (Ambrose, 1994), with boat owners continuing to use
them because of what they see as a lack of viable altematives. Concem is also
growing about industrial sources of tributyltin and their threat to the environment
although curbs now seem imminent following action by France and Germany (Anon,

1987).

it appears from the evidence from France that the introduction of legislation has
been effective in reducing environmental levels of TBT and as a consequence
reducing the levels of effects seen in sensitive organisms. In Arcachon Bay water
concentrations of TBT decreased by 50% in the first year after restrictions were
introduced. By November 1986, some three years later, concentrations had been
reduced 5-10 times. Recovery was also seen in the oyster Crassostrea gigas with a
decrease in the percentage of shell maiformations and the retum to normal spatfall
(Alzieu ef al., 1986; Alzieu, 1991). Recent evidence from the UK also suggests that
there have been reductions in the level of TBT in the water following the
introduction of restrictions (Waite et al., 1991; Bryan et al., 1993a; Dowson et al.,
1993). In addition there is also some limited evidence of a recovery of some
dogwhelk populations in Northumbria (Evans et al., 1991) and on the Isle of

Cumbrae (Evans et al., 1994).

With the restrictions on TBT paints there has generally been a retum to the
traditional copper based formulas. This has happened in Arcachon Bay, for
example, and has in tum resulted in a considerable increase in the copper
concentrations found in the tissues of oysters close to harbours (Claisse & Alizey,
1993). In comparison to TBT from antifouling paints, copper is much less toxic to
oysters (His & Robert, 1987). These copper based paints are not as long-lasting as
the self-polishing co-polymers containing TBT and as a consequence there has

been renewed enthusiasm in the development of other altematives to counteract
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biofouling. A Japanese company, for example, has developed a new system called
MAGPET (marine growth prevention by electrolysis technology) which passes an
electrical current through a conductive coating which results in electrolytic action
through the surrounding seawater. This produces acid ions around the ships hull
preventing the settlement of marine organisms (Anon, 1993b). Other suggestions
include the use of low energy surfaces (Callow et al., 1986; Brady, 1994; Schmidt et
al., 1994), microbially produced antibiotics (O'Carroll, 1988) and biological control
using the limpet Patella caerulea (Safriel & Erez, 1987; Anon, 1993c). Paints to rival
those containing TBT are now being introduced by manufacturers as viable
altematives to organotin antifouling paints. it appears that BP is testing
'‘SeaGuardian' a paint which can remain effective for up to three years and that
Intemational Paints are developing the first self-polishing co-polymer without TBT.
Although what the active biocides in these paints are is currently undisclosed
(Anon, 1991). Hempel Marine Paints too have developed a TBT free self-polishing
co-polymer which is currently being tested. This is expected to provide the five year
protection offered by TBT paints. The active biocides in this paint are described as
a mixture of cuprous oxide and organic biocides although again the nature of which

organic biocide was not mentioned (Ambrose, 1994).
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1.5 Ecoloqy of Nucella lapillus

Nucella lapillus, the common dogwhelk, is a camivore found intertidally mainly at
the mid tide level (MTL) and below (Colman, 1933; Lewis, 1964) although vertical
migrations up and down the shore do occur with season and age (Feare, 1970a;
Coombs, 1973). It is not abundant on shores with high wave exposure and few
crevices or at very sheltered sites nor are they tolerant of low salinity conditions

(Moore, 1936).

The sexes are separate in Nucella and fertilisation is internal (Fretter & Graham,
1962; Fretter & Graham, 1984). The proportion of females within the population
increases with increasing age and shell length (Moore, 1938a; Feare, 1970b). In
north-east England the main breeding season occurs in spring and early summer
(Feare, 1970b) where the egg capsules are laid mainly in April and May (Feare,
1970a). Moore (1936), however, reported seeing capsules all year around at
Plymouth in south-west Britain. These capsules are vase-shaped containers which
are attached in clusters to the rock surface (Moore, 1938b; Fretter & Graham, 1962,
Fretter & Graham, 1984). When first laid they are straw coloured which fades with
age. Inside each capsule there may be up to 1000 yolky eggs (Fretter & Graham,
1984). These hatch during September and October, in north-east England, with
each capsuie releasing an average of 22 protoconchs (Feare, 1970a).
Development of the encapsulated embryos is direct, the juveniles emerging as
miniature adults; there is no larval stage. If all the nurse cells within the capsule are
used up before hatching cannibalism may occur (Largen, 1967). When hatched,
individuals with a shell height of about 1 mm shélter in the empty husks of dead
bamacles at the same height on the shore as where the egg capsules were laid
(Feare, 1970a). Moore (1938), however, suggested that they are washed down

onto the lower shore to feed on Spirorbis borealis. The main growing season is from
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June to November but intermittent feeding by juveniles over the winter is reflected
in slow growth over this period (Feare, 1970a). The shell height attained after one
winter is related to temperature, as their feeding first reduces and then stops as the
temperature decreases (Largen, 1967). Variations in shell height within each age
group may also be explained by differences in the habitat as those individuals living

in pools grow faster than those on the open shore (Feare, 1970a).

The shells of immature individuals grow rapidly from increments added to the inner
lip which remains thin and sharp. When growth ceases in the third year, as the
dogwhelk reaches maturity, the inner lip of the shell becomes thicker reaching a
width of around 5 mm. Then a series of teeth develop (Moore, 1936). This is
thought to strengthen the shell and narrow the opening, protecting against predator
attack particularly on sheltered shores (Crothers, 1971; Crothers, 1975a). Additional
rows of teeth may be added to the sheli lip if growth continues after maturity (Feare,
1970a) or after periods of starvation (Bryan, 1969). Generally the characteristics of
the shell edge and length can be used to classify individuals into first years

(juveniles), second years (immatures) and adults (Feare, 1970a).

At all times of the year Nucella lapillus can be seen on the shore in aggregations.
During the summer, between May and October dogwhelks were observed on the
Yorkshire coast in aggregations on the open rock. These groups consisted of 20-
500 individuals of all age classes which were feeding. The aggregation was thought
to protect individuals not just from predatory attack but against dislodgement due to
wave action (Feare, 1970a; Feare, 1971a). Winter and pre-breeding aggregations
were also observed, with individuals sheltering in clefts and pools on the shore
(Feare, 1970a). All age classes are found in these winter aggregations, although
'the adults arrive first and disperse last (Feare, 1971a). The aggregations prevent

individuals from loosing their foothold on the shore which is reduced at cold
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temperatures. Although adult Nucella within these aggregations do not feed,
immatures may leave the aggregations for a brief period during periods of calmer
weather to do so. The pre-breeding aggregations observed are a continuation of
the winter aggregations with the indication of change occurmring when the juveniles
move away to commence feeding in the spring. These aggregations bring the
sexes together for spawning at sites which provide the optimum conditions for the
hatching of the egg capsules (Feare, 1971a). Feare (1971a) observed that the
same breeding sites were used each year, but since few individuals returned to the
same locality in consecutive years the habitual usage of the sites was proposed to

be due to suitability rather than any homing behaviour in Nucella.

Suppression of a pelagic larva from the life cycle has considerably limited the
dogwhelks power of dispersal, which instead relies on the crawling abilities of the
adults or the rafting of juveniles on floating debris. They do not cross natural
barriers such as sand, mud or deep water voluntarily (Crothers, 1985).
Consequently if there is plentiful food and shelter they tend to remain for long
periods in the same general area, moving an average distance of 0.16 m between
consecutive low tides when feeding (Hughes & Drewett, 1985). Crothers (1985), for

example, recovered marked Nucella within 30 cm of the release site after 1 year.

1.5.1 Parasite infection in Nucella lapillus

Nucella lapillus are commonly found infested with Cercaria purpurae Lebour the
larval stage of the trematode parasite Parorchis acanthus Nicoll (Rees, 1940).
Nucella acts as the intermediate host with the mature worms being found in the
Herring Gull, Larus argentatus (Rees, 1940). The eggs hatch in the rectum of the
gull and the liberated miracidia penetrate the tissues of the intermediate host,

Nucella, to proceed to the next stage of their development. Initially the rediae are
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found near the surface of the digestive gland (Rees, 1940) but eventually they
permeate the whole of the digestive gland and gonad (Rees, 1966). The cercariae
emerging from the rediae reach the exterior by passing between the body and the
shell and out through the shell aperture (Rees, 1966). Light, salinity and
temperature are all important factors in controlling the emergence of the larvae from
Nucella (Rees, 1948). In the affected molluscs the digestive gland is destroyed to
varying dégrees with most of the damage caused during the early stages of
infection (Rees, 1971). In addition the parasite infection also reduces the size of the

male penis and castrates the molluscan host (Lauckner, 1980).

Other effects are on the growth and behaviour of Nucella infected by Parorchis
acanthus. Firstly those dogwhelks which are infected are larger in size, indicating
that they either continued to grow after maturity or that they grow faster than
unaffected individuals (Feare, 1970a; Crothers, 1985). These individuals are also
characterised by having muitiple rows of teeth on the inside lip of their shells. Feare
(1970a) reported that in infected individuals from Robin Hood Bay, North Yorkshire,
56% had at least three rows of teeth and 13% had four. In addition affected whelks
could also frequently be identified by their deformed shells sometimes with an extra
fourth whori (Feare, 1970a). Parorchis acanthus may also be responsible for the
behavioural abnormalities in Nucella with individuals not entering the safety of
aggregations leaving them more susceptible to attack from avian predators (Feare,
1970a; Crothers, 1985). Oystercatchers, for example, only attack those dogwhelks
occumring singly on the shore. For example, in September 1966 when 67% of
dogwhelks had already aggregated only 1% were infected by the fluke but of those
attacked by oystercatcher 13% contained the parasite (Feare, 1971b).

Lauckner (1980) suggested that the deviations from the 1:1 sex ratio found by

Feare (1970a) co