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To Mum and Dad

"They were dwarfish natures capable of growing into monsters
if ill chance fostered the process...and were highly susceptible
to the encroachments of evil. They were...like crayfish who
always retreat into shadow, going backwards rather than forwards
in life, gaining in deformity with experience, going from bad to
worse and sinking into deeper darknesS...ce.'

(Hugo, Les Miserables)
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ABSTRACT

The only species of crayfish native to the British Isles,
i.e. Austropotamobius pallipes, is presently widely distributed
throughout much of England, Wales and Ireland. The main
controlling factor behind this distribution is the predominantly
"bicarbonate!" freshwater system of the British 1Isles. 1In
geological terms, native crayfish are generally found in areas
of chalk, carboniferous or magnesium limestone, or drift deposits
of boulder clay. More recently, native crayfish have been
affected by a general decline in the quality of Britain's
freshwater system 'largely due to sewage effluent and
agricultural. By far the majority of native crayfish records are
associated with water bodies of very good or good quality, with
the result that many populations of A. pallipes are isolated in
small, good quality headwaters, due to the degree of pollution
in the main rivers acting as '"chemical barriers".

The last two decades have seen a number of alien species of
crayfish imported into England and Wales for aquaculture and
culinary purposes. Deliberate and accidental introductions have
resulted in the establishment of populations of these species in
the wild, the most widespread being the North American signal
crayfish Pacifastacus leniusculus and the European slender-clawed
crayfish Astacus Jleptodactylus. An important and devastating
consequence of the introduction of alien species of crayfish has
been the spread of the crayfish plague fungus Aphanomyces astaci,
possibly initiated by infected P. leniusculus. Both A. pallipes

and A. leptodactylus are susceptible to the disease, with the



result that populations of A. pallipes have been eliminated from
whole 1lengths of river, such as the River Kennet and the
Hampshire River Avon. The nature of the disease and the ease with
which it 1s spread means that crafish is an ongoing problem in

England and Wales, with new populations of A. pallipes regularly

becoming affected.

The distribution of alien species in the British Isles is
an artificial one, initially determined by man, although
consideration of water quality may have determined the choice of
aquaculture sites. However, established populations of alien
species in Fhe wild will be subject to the same constraints as
A. pallipes, which will affect their subsequent spread and
distribution in the freshwater system of England and Wales. A
greater tolerance of environmental factors may allow alien
species to inhabit waters not currently occupied by the native
species, such as polluted or estuarial waters, and possibly

threaten populations of A. pallipes protected by '"chemical

barriers'.

This study investigated and compared some of the

environmental tolerances of A. pallipes, A. leptodactylus and P.

leniusculus and consisted of two parts:

1.) Comparison of the tolerance of A. pallipes, A. leptodactylus
and P. leniusculus to four common pollutants; chloride, copper,
ammonia and lindane, using lethal and sublethal toxicity tests.

No species was found to have a greater overall pollution

tolerance on the basis of the toxicants used in this study.

Median lethal concentrations (LC,,) obtained from lethal studies



with stage II juveniles indicated that A. leptodactylus juveniles
were most tolerant of chloride, but were very sensitive to
lindane. P. leniusculus stage II juveniles were least tolerant
of chloride, but of equal or greater tolerance when tested in
larger juvenile stages, and were most tolerant of copper. A.
pallipes juveniles were very sensitive to copper, and all three
species showed a similar sensitivity to ammonia. However,
episodic experiments with ammonia and copper indicated that
differential short-term tolerance to toxicants, i.e. less than
24 hours, may be important in determining the outcome of episodic
pollution events on crayfish popuiations.

Salinity studies indicated high resistance to chloride, with
all three species able to tolerate salinities up to 50% seawater,
implying freshwater crayfish may be able to tolerate estuarine
conditions. Accumulation studies with P. leniusculus inferred
resistance to high levels of copper in the environment, with a
substantial storage capacity for the metal and a regulatory
mechanism for excretion of excess amounts. However, establishment
of populations under high saline or high copper conditions would
be limited by the lower tolerance of early 1life stages.
Similarly, sublethal studies implied that sublethal toxicant
effects on early life stages may be important in determining

presence or absence of crayfish from a waterbody, through effects

on recruitment.

2.) Comparison of the thermal relations of A. pallipes, A.

leptodactylus and P. leniusculus, using tolerance, growth and

respiration experiments.



Results from tolerance experiments showed that P,
leniusculus had a greater overall thermal tolerance, so is more
resistant to changes in environmental temperature, such as in
waters affected by thermal discharges or in waters affected by
drought and reduced flow. In growth experiments P. leniusculus
grew faster at all temperatures tested and was predicted to grow
at temperatures unsuitable for the other species. Therefore, P.
leniusculus would not only be able to survive and grow in
conditions unsuitable for A. pallipes and A. leptodactylus, but
will also grow faster where favourable conditions exist for all
three species. Field experiments showed that, although P.
leniusculus juveniles were smaller on release from the female,
they were released earlier and their faster growth rate allowed
them to maintain a distinct size advantage over A. pallipes
juveniles, which was very marked by the end of the growing
season. Large size is a key element in the attributes leading to
competetive success in other crayfish species. Field observations

on mixed populations of plague-free P. Jleniusculus and A.
pallipes indeed show that signal crayfish are superior
competitors, eventually eliminating A. pallipes. Therefore
temperature effects may be important in determining the outcome

of competition in mixed crayfish populations..
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CHAPTER 1

INTRODUCTION TO THE STUDY
1.1 Species of crayfish endemic to Europe

There are approximately 500 species of crayfish Xknown
worldwide, occupying a wide range of habitats, with species
divided between the Astacidae in the Northern Hemisphere and the
Parastacidae. They are the largest and 1longest-lived of the
freshwater Crustacea and are often the dominating benthic
invertebrate in a water system with ;:spect to biomass. They are
highly opportunistic in terms of feeding habits, performing roles
of detritivores, carnivores and herbivores (Hogger, 1988), thus
acting as key energy transformers between various trophic levels
within an aquatic ecosystem (see Figure 1.1) and may indirectly

shape community organization in streams (Hart, 1992). Their high
biomass compared to other consumers which cannot rgadily utilise
detritus and living vegetation means they transferfenergy from
the producer level directly to higher trophic organisms. As a
consequence, removal of crayfish may result in rapid ecological
change, such as the increased eutrophication and growth of
aquatic macrophytes in Swedish lakes and ponds after elimination
of the noble crayfish Astacus astacus by disease (Abrahamsson,
1973). On an economic basis, crayfish may be the most important
inhabitant of many waterbodies. Crayfish are a valuable crop and
fetch a high price, particularly in N. W. Europe. The aquaculture

potential of crayfish and the methods developed for increasing



production have been reviewed (Holdich and Lowery, 1988; Skurdal
et al., 1989; Holdich, 1993).

Europe has a relatively impoverished crayfish fauna with
only five native species, all belonging to the family Astacidae.
The life histories of these species are adapted to suit the cold
water habitats where they naturally occur. Typically, moulting
is restricted to the warmer summer months when feeding takes
place. Mating and egg-laying generally take place in the autumn
in response to changes in day-length and water temperature. The
eggs are then carried over the winter by the female until
hatching occurs early the following summer. Amongst the astacine
crayfish some crayfish are able to adapt to a wider range of
environmental conditions than others. Although all members of the
Astacidae have similar habitat requirements the most adaptable
species are clearly the more successful in terms of distribution
and abundance (Hobbs, 1988; Hogger, 1988).

Austropotamobius torrentium Schrank, the stone crayfish, is

the least adaptable and is mainly confined to central and south-

eastern Western Europe (Laurent, 1988), where it shows a
preference for cold, fast-flowing, un-polluted upland streams.
Austropotamobius pallipes (Lereboullet), the white-clawed
crayfish, occurs in Western Europe, including the British Isles
(Laurent, 1988) where it is at the northern limit of its range.
A. pallipes 1s able to inhabit a much wider range of habitats,
including both lentic and lotic conditions. Astacus astacus
(Linnaeus), the noble crayfish, is widespread in eastern, central
and northern parts of Europe (Cukerzis, 1988). Where its

distribution overlaps that of A. pallipes, such as in north-east



France, it favours larger water courses whereas the latter
species inhabits the smaller brooks and streams. Astacus
leptodactylus Eschscholtz, the narrow-clawed or Turkish crayfish,
is endemic to the areas surrounding the Black Sea and the Caspian
Sea, but has spread widely within Russia and eastern Finland
(Koskal, 1988). It has also been introduced into western Europe
(Qvenild et al., 1989) and is now found in Poland, Germany,
France, Switzerland and Yugoslavia. It inhabits lakes, ponds,
rivers and swamps. In the Ukraine, impoundment of major rivers
has created lakes which now contain dense populations of this
species. Four sub-species of A. leptodactylus are recognised,
differentiated by their general appearance and form of the
carapace and the chelae. Finally, Astacus pachypus Rathke is
confined to areas of the Caspian and Asov Seas. Little is known
of the biology of this species.

With respect to the commercial and culinary value of native
species, A. astacus has been regarded as a regional delicacy
since the Middle Ages (Spitzy, 1972) and demand for this species
is still great in the European market, particularly in
Scandanavia and France. However, because of the decline in
populations due to crayfish plague A. leptodactylus has become
more important, with Turkey and Russia becoming the main
suppliers to the western European market (Holdich and Lowery,
1988; Holdich, 1993). The small size and slow growth rate of
crayfish _belonging to the genus Austropotamobius makes them
relatively unsuitable for commercial exploitation (Rhodes and
Holdich, 1979), although the potential for the farming of A.

pallipes in north-central 1Ireland has been investigated



(Reynolds, 1989). However, in general A. pallipes can only be
regarded as being important for small-scale, local consumption

(Laurent, 1988).

1.2 Introduction of alien species of crayfish

1.2.1 Europe

In Europe, introductions of alien species of crayfish have
largely resulted from attempts to restore crayfish populations
and associated markets after crayfish plague has caused a decline
in native crayfish stocks, although restocking with European
species, especially A. leptodactylus, in areas where c:.:ayfish
plague has "burnt out" has occurred, but with not much success
(Qvenild et al., 1989). All the European crayfish species are
affected by the disease crayfish plague, caused by the epizootic
fungus Aphanomyces astaci Schikora. This fungus has been
described in detail by Alderman and Polglase (1986, 1988). The
emergence of crayfish plague is now .generally accepted to have
occurred in the Po valley, Italy in the early 1860s, either
through deliberate introduction of crayfish harbouring the
disease or accidentally, e.g. in the ballast tanks of ships
(Furst, 1984). The disease spread rapidly north, east and west
and most populations of European species have been severely
affected throughout their ranges in mainland Europe.

On entering a watercourse the disease spreads quickly from
individual to individual and can result in the total elimination

of crayfish from a water body. Mainly as a result of this disease



A. astacus and A. pallipes are listed as rare and endangered and

rare respectively in the Invertebrate Red Data Book of the IUCN

(Wells et _al, 1983), although ét the time the extent of the
distribution of A. pallipes in Britain was not fully appreciated
(Holdich and Reeve, 1991). In 1988, because of threats to its
survival, A. pallipes was added to the list of species protected
by the Wildlife and Countryside Act, although this was confined
to "taking" under Section 9(1) and to '"sale'" under Section 9(5)
(Department of Environment, 1988). Asiatic and Australasian
species have been shown to be just as susceptible to crayfish
plague' as European species (Unestam, 1972) and therefore
unsuitable for introduction into European waters. However, all
North American species tested are highly resistant to infection
by A. astaci, with a balanced relationship occurring between host
and parasite.

In 1890, Orconectes limnosus Rafinesque was introduced from
North America into a tributary of the Oder River, Germany, to
substitute for losses of A. astacus. It is now common in water
systems throughout Europe, particularly Germany, Austria, Poland,
Russia and France (Momot, 1988). Three reasons for its rapid
spread are: 1.) fast reproduction; 2.) resistance to crayfish
plague; 3.) resistance to mild pollution. However, it is regarded
as a gastronomically inferior species due to its sub-standard
taste and has very limited commercial wvalue.

More recently the signal crayfish, Pacifastacus leniusculus
(Dana), has been introduced into and distributed throughout
western Europe (Lowery and Holdich, 1988). This species is native:'

to north-western North America. The range of the species has been

10



increased by introduction to south-western states, such as
California, at the end of the nineteenth century (Goldman, 1972)
and more recently into Europe in the 1960s (Abrahamsson, 1973).
In the USA the species is capable of populating a wide range of
habitats, ranging from sub-alpine streams and lakes to dilute
brackish water creeks. Initial imports of signal crayfish into
Sweden resulted in outbreaks of crayfish plague (Abrahamsson,
1973). Experimental and field evidence has since shown that both
0. limosus and P. leniusculus harbour the crayfish plague fungus
as a latent, chronic infection and can therefore function as
vectors for the disease (Unestam, 1972, Persson aﬁd Soderhall,
1983). For this reason, a hatchery was developed for signals in
1968 at Simontorp for production of signal juveniles within
Swedish borders. Many juveniles have now been exported to other
European countries, e.g. Finland, Russia, Greece, Poland,
Germany, France and England, resulting in established populations
in many cases.

The red swamp crayfish, Procambarus clarkii Girard, is another
North American species to be introduced in large numbers into
western Europe (Holdich, 1993). The species is native to north-
eastern Mexico and the southern United States (Huner, 1988), but
has been introduced extensively in the USA and other countries,
such as Brazil, Belize, Portugal, Spain, France, Kenya, China,
Taiwan, Japan and Hawaii. This crayfish is very productive and
in Spain the yield presently is approximately 3000 tonnes in
natural waters, reservoirs and ricefields and there are now
populations in the south-western part of France, in Gard and

Brittany (Laurent et al., 1991). However, in many places such

11



introductions have been damaging, rather than beneficial, with

damage to crops and structures such as levees and dams.

1.2.2 The British Isles

Prior to the 1970s A. pallipes was the only species of
crayfish present in the British 1Isles, and is presently
widespread throughout much of England, Wales and Ireland (Holdich
and Reeve, 1991). It should be noted that from here on A.
pallipes will also be referred to as the "native" crayfish,
although there is some debate as to what extent the spread of
this species was assisted by man after the last Ice Age. Albrecht
(1983) concludes that A. pallipes gained access to British waters
as a result of human activities. In addition, presence of this
species in Ireland may also be of human origin (Reynolds, 1979),
introduced by continental monastic orders after the tenth century
A.D., together with most other Irish fish species (Reynolds,

1989) . However, Laurent (1988) does not hold this opinion,

arguing that the small size of Austropotamobius lessened the
interest for its transplantation. Whatever the origin of the
species in the British Isles, it is presently an established and
integral component of the freshwater system (Huxley, 1880;
Hogger, 1984; Holdich and Reéeve, 1991).

Since the 1970s the signal crayfish, P. leniusculus, and the
Turkish crayfish, A. leptodactylus have been imported into
Britain (but not Ireland) for culinary and aquaculture purposes
(Lowery and Holdich, 1988). As a result of escapes from crayfish

farms and deliberate introductions into the wild, these alien

12



crayfish are now widespread in England and Wales and are forming
expending populations in a number of areas, including ones
previously occupied by the native species (Holdich and Reeve,
1991). As a consequence, people producing alien crayfish for sale
or transfer are required to regis‘ter with the Ministry of
Agriculture, Fisheries and Food (MAFF) uglder a 1985 Order of the
Disease of Fish Act (Alderman and Wickins, 1990). Also, in March
1992 A. leptodactylus, A. astacus and P. leniusculus were placed
on Schedule 9 of the Wildlife and Countryside Act, making it
illegal without licence to release them, or allow them to escape

into the wild,\despite the fact that are now ordinarily resident
in the wild (Holdich and Rogers, 1992).

1.2.2(i) Austropotamobius pallipes (Fig 1.2)

In England and Wales, populations of native crayfish are
presently found in every National ﬁivers Authority region (Figqg

1.3). A recent survey, coupled with records provided by other

workers, has revealed over 1000 sites where native crayfish have
been found since 1970 (Holdich and Reeve, 1987). Populations have
been recorded from both standing and flowing waters, including
lakes, reservoirs, inundated quarries, rivers and brooks, but are
always associated with base-rich, easily-weathered substrates
(Laurent, 1988) (see 2.3.1). Most crayfish records are found
below an altitude of 120m, presumably as . temperature is a
limiting factor at higher altitudes. However, the highest
population* can be found at 400m in Malham Tarn, Yorkshire.

Native crayfish are distributed throughout most of central

13



Eire, extending also to the east and west coasts. This includes
the catchments of the Boyne, Liffey, Barrow, Corrib and Shannon,
the latter draining one sixth of Ireland. There are no known
populations or attempted implants of alien crayfish anywhere,
principally due to an operating impoft policy that excludes all
non-native species of crayfish.

In Scotland, native crayfish are largely absent. However, a
population can be found in north-west Sutherland in a coastal
loch, Loch Croispol. This population was introduced in the 1940s.
The area is affected by the North Atlantic Drift, which has a
warming effect in the winter and spring. This population extends
the northerly range of this species by approximately 300 km from
Northumberland (Holdich and Reeve, 1991).

1.2.2(ii) Pacifastacus leniusculus (Fig 1.2)

There has been one controlling factor dictating the initial
distribution of signal crayfish within the British. Isles, and
that is man. The distribution of signals (Fig. 1.4) can be
considered as totally artificial, occurring in a haphazard
manner, and not yet influenced by any of the constraints
affecting the distribution of the native crayfish. The picture

is complicated by the uncertainty concerning the success' or
failure of many of the 250 or so recorded implants (Reeve, 1990).
An unknown proportion of successful implants have failed to
develop into viable breeding populations, either because of poor

husbandry, or ecological resistance in the form of poor water

quality, or unsuitable water chemistry.
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An initial import of 1000 signals was made in 1976 from the
Simontorp hatchery. After successful trials in the south of

England by an entrepeneur a franchise was obtained, resulting in

the import of some 150 000 juveniles during 1977 and 1978, and

the reported stocking of 245 lakes and ponds. With the increase
in the number of crayfish farmers the British Crayfish Marketing
Association (BCMA) was established, with encouragement from the
Government, 1in order to establish new growers, to ensure high
prices, and to discourage poor quality, dumping and price-
cutting. A number of individuals imported signals directly from
North America and from suppliers other than Simontorp in Europe.

Crayfish farmers were warned not to introduce signals into
the wild, but a certain number have done so, or have not taken
sufficient precautions to prevent escapes. Breeding populations
account for 17% of known implants, of which 8% represent
established populations in natural waters (Reeve, 1990). Signals
have become established in both closed (water-filled gravel pits)

and open (streams) natural waters. In at least three of these

waters, the Rivers Lodden, Whitewater and Kennet, the signals
have occupied a vacant niche that was created when native
populations were eliminated, presumably by crayfish plague. This
is largely due to a similar biology shared between native and

signal crayfish, the two species being close ecological
homologues.

In some river systems, wild populations of signal crayfish
are sufficiently dense to represent a significant, but largely
untapped, resource. A single commercial crayfish trapper is

operating in the Ouse system (Wiles, pers. comm.) and it is

15



likely that there 1is smaller scale exploitation of signal

populations in the River Kennet and River Thame.

1.2.2(ii) Astacus leptodactylus (Fig 1.2)

The main populations of this species are in the Thames Basin
(Fig 1.5). At least four lake and pond systems in London,
including the Serpentine and Hampstead Heath and Clapham Common
ponds, support large populations of Turkish crayfish (Holdich and
Reeve, 1991). In addition they occupy approximately 40 km of the
Grand Union Canal, from Camden, west through the city to
Bullsbridge where the population splits, west towards the Colne
Valley and east towards the Thames. The spread of the species is
considered to be assisted by the British Waterways Board through
their dredging operations. Silt, containing crayfish, may be
dredged from one stretch of the canal to be dumped at another
site. All of these populations are thought to be derived, both
directly and indirectly, from Billingsgate Fish Market, possibly
as discarded stock (Reeve, 1990). Two, 1largely unmanaged,
populations are also known to exist in Suffolk in two eutrophic
farm ponds. Recently, records of Turkish crayfish along the

length of the River Stour have been reported (Holdich, pers.

comm. ), presumably originating from the pond introductions.

1.2.2(iv) Other species

There are only two records for Astacus astacus in the

16



British Isles. A breeding population is known to exist in an
enclosed pond in the Mendips, although its exact location has not
been disclosed (Reeve, 1990). Also, an implant was made into

Coldingham Loch, Berwickshire. However, no further details are

available.

Procambarus clarkii is imported from the Far East and sold at
aquarists, pet shops and garden centres under the name Red,
Imperial or Emperor "Lobster". Up until March 1992, there were
no confirmed wild populations in the British Isles and there was
some debate as to whether the species could survive the British
climate. However, a population was present in a bathing pond on
Hampstead Heath for an unknown period prior to draining, when the

animals were removed (Rogers, pers. comn.).

1.3 Factors affecting the distribution of native crayfish

The distribution of the native crayfish in the British Isles

has been affected by the following factors;

l1.3.1 Geology

The effect of geology upon the distribution of 'native
crayfish operates through the calcium chemistry of waters
associated with particular rock types.

In crayfish, as in all other arthropods, size is increased by
moulting. Over 90% of total body calcium is lost at the moult in
the shed exoskeleton (10% being retained mainly in the

gastroliths). Although some calcium may be recovered by eating

17



the exuvium, the majority is obtained from the external medium
by an efficient uptake mechanism in the gills. Therefore,
crayfish require a continual supply of calcium, either in ionic

form or as a salt, usually bicarbonate (Greenaway, 1974a). The

latter contributes to carbonate formation during calcification
of the new exoskeleton. Although some magnesium is also
incorporated into the exoskeleton (Greenaway, 1974b), a crayfish
population cannot survive if there is insufficient calcium in the
environment. As a consequence there is an apparent affinity for
calcium-rich strata in the distribution of native crayfish
(Reeve, 1990).

In Ireland, crayfish are usually found in catchments
underlain by Carboniferous Limestone. This rock type forms much
of the Midland Plain and is by far the most common stratum in
Ireland. Those crayfish not associated with this stratum are
located in areas of Calcareous Till, a glacial drift deposit that
covers extensive areas, often to considerable thicknesses (Lucey

and McGarrigle, 1987). Crayfish are largely absent from areas

surrounding the Midland Plain, where the rock types are generally
acid, weather-resistant and deficient in calcareous material
(Charlesworth, 1963). Similarly in Scotland, the massive band of
- old, hard, acid rocks across central Scotland have probably
prevented the northerly spread of native crayfish (Jay and
Holdich, 1981). The population in Loch Croispol is in an area of
Durness Limestone, which would appear to provide ideal conditions
for crayfish (Reeve, 1990).

In northern England, a large number of crayfish populations

are closely associated with Carboniferous Limestone. Similarly,

18



in the south and east of England a large proportion of crayfish
populations are underlain by Chalk strata, <consisting
predominantly of friable limestone. The material from both Chalk

and Carboniferous Limestone strata can also be found in the form

of superficial, drift deposits, formed by glacial erosion and
deposition. In particular, Boulder Clay may be of importance to
the local distribution of some crayfish populations. This deposit
is typically tough, compact and tenacious and is often more

permanent than 1local, solid strata. Calcareous Boulder Clay
coveré much of eastern England and the Midlands. Such deposits
are of particular importance to crayfish where the underlying
strata is unsuitable, providing sufficient calcium carbonate for

the existence and continuation of a population.

1.3.2 Crayfish Plague

The history of crayfish plague in British waters is
debatable, but it is clear that there is no evidence for mass
crayfish mortalities from the last half-century and, up until the
1980s, native crayfish were widespread and abundant in many areas
of the country (Jay and Holdich, 1981; Holdich and Reeve, 1987).
The first confirmed outbreaks of crayfish plague in England (and
Greece (Theocharis, 1986)) occurred a few years after the
introduction of signal crayfish, so it is difficult to escape the
conclusion that the two events may be linked. Initial imports of

signals included imports directly from North America and from
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Germany, thereby bypassing the recognised route via Simontorp.
However, imports from Simontorp may .have also been infected by
the fungus. Initial imports into Sweden were shown to be infected
(Abrahamsson, 1971) and hyphae of A. astaci have been found in
commercially supplied juveniles that would have been derived from
those initial imports (Persson, 1979). Signals imported from
Simontorp have been implicated with a plague outbreak in Greece
(Theocharis, 1986). Also, crayfish obtained from a commercial
supplier were shown to be infected with the fungus and were
indirectly responsible for a plague outbreak in native crayfish
stocks at Nottingham University (Alderman et al, 1990).
Crayfish plague has been confirmed as responsible for the
following mortalities of native crayfish. In the Thames Basin,
between 1981 and 1988, populations were eliminated in the
catchments of the Lea, Colne, Wey and Darent (Reeve, 1990). The
initial outbreak in 1981 in the Lee system is detailed in Hogger
(1984). Also in 1981, a mass mortality occurred in the Sherston

branch of the Bristol Avon. Further mortalities followed in the

Tetbury branch of the river in 1982 and 1983 (Alderman et al.,
1984). In 1984, native crayfish were eliminated from a 65 km
stretch of the Hampshire Avon in a matter of weeks and the cause
was rapidly diagnosed as an A. astaci infection (Alderman et al.,
1984). Additional outbreaks have occurred in Ireland, in a number
of loughs in the Shannon system, in 1987 (Reynolds, 1988) and in
the Dowles Brook catchment of the Wyre Forest in 1988 (Reeve,
1990). Crayfish plague has also been implicated, but not
confirmed as the cause, in the loss of native crayfish from the

River Lodden and its tributary the Whitewater, and from the
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entire length of the River Kennet.
In some cases, evidence would strongly indicate that signal

crayfish implants were responsible for the plague outbreak.
However, a number of workers have shown that crayfish plague can
be transmitted on vectors other than érayfish. Human vectors have
figured prominently, both through the initial import of infected
signal crayfish and through other activities. There 1is a
suggestion that A. astaci was introduced into the River Lee on
equipment used by biologists studying another crayfish population
(Lowery and Hogger, 1986). Similarly, the outbreak at Nottingham
University was probably due to students collecting macrophytes
with nets from tanks containing infected signal crayfish, then
using the same nets in tanks holding natives (Alderman et al.,
1990). Divers and fishermen have been implicated in the transfer
of A. astaci to Ireland (Reynolds, 1988). Other vectors
implicated in the transfer of A. astaci include salmonids
(Alderman et al., 1987: Hall and Unestam, 1980), waterfowl and
mammals, such as otters and mink.

According to Reeve (1990), since the initial mortalities in
1981, an estimated 22% of native crayfish populations in England
and Wales (post-1970) have either been eliminated, or are at risk
due to the presence of crayfish plague in the catchment. This is
likely to increase due to the ease of dissemination of A. astaci
and the enormous reservoir for the disease in wild signal

crayfish populations.
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1.3.3 Water Quality

The first survey of water quality in rivers in England and
Wales was organised by the former Ministry of Housing and Local

Government in 1958. This was followed'by surveys organised by the
Department of the Environment (DoE) in 1970 and 1975, with
intermediate updating for the years 1971 and 1972. In 1980, the
National Water Council (NWC) was given the task of organising the
survey and presenting the results (NWC, 1981). This survey used
a revised river classification s?stem (NWC, 1978), which was
adopted by water authorities in England and Wales and the DoE.
Further surveys were carried out in 1985 (DoE, 1986) and 1990
(National Rivers Authority, 1991).

The water classes specified in the NWC scheme are broadly
related to the potential use of the waters, especially in support
of fisheries and are as follows:

Class 1A

Waterbodies in this class represent water of high quality
suitable for potable extraction, and have high amepity value
e.g., as game or other high class fisheries. Average Biochemical
Oxygen Demand (BOD - determined from a 5 day carbonaceous test)
is probably not greater than 1.5 mg/l and there should be no
visible evidence of pollution. The class limiting criteria (95

percentile) are as follows;

i) Dissolved oxygen (DO) saturation greater than 80%.
11) BOD not greater than 3 mg/l.

iii) Ammonia not greater than 0.4 mg/l.

iv) Non-toxic to fish in European Inland Fisheries Advisory

22



Commission (EIFAC) terms. (Based on "Water Quality Criteria for
Freshwater Fish'". Alabaster and Lloyd (1980)).
Class 1B

This represents wéters of less high quality than Class 1A,
perhaps due to a high proportion of high quality effluent present
or because of the effects of physical factors, such as
canalisation, low gradient or eutrophication, but is usable for

substantially the same purpose. Criteria are as follows;

i) DO greater than 60%.

ii) BOD not greater than 5 mg/l (average BOD probably not greater
than 2 mg/l).

iii) Ammonia not greater than 0.9 mg/l (average procbably not
greater than 0.5 mg/l).

Class 2
Such waters are of moderate amenity value, supporting
reasonably good coarse fish populations, and are suitable for

potable supply after advance treatment. The water should not show

physical signs of pollution, other than humic colouration and a

little foaming below weirs. Also;

i) DO should be greater than 40% saturation.

ii) BOD should not be greater than 9 mg/l (average BOD probably

not greater than 5 mg/l).
Class_3

These waters are polluted to such an extent that fish are
absent, or are only sporadically present. The water may be used

for low-grade industrial purposes, but has considerable potential

for further use if cleaned up. Also;

i) DO should be greater than 10% saturation.
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ii) They are not likely to be anaerobic.

iii) BOD is not greater than 17 mg/l.

Class 4
These are grossly polluted waters, which are inferior to Class
3 in terms of oxygen and are likely to be anaerobic at times. In

EIFAC terms they are incapable of supporting fish.

Class X

Insignificant watercourses and ditches, not usable, where the
DO is greater than 10% saturation.

In most instances, chemical classification given above will
be suitable. However, there may be circumstances where BOD,
dissolved oxygen levels, or ammonia concentration may be outside
the stated lgvel for a class, e.g. extreme weather conditpions
(flood or drought) or when a water body is dominated by plant
growth. Also, as the classification is based on a few chemical
parameters, there may be cases where water quality is markedly

reduced by chemicals other than those used in the classification.
Where this is the case, the classification is made on the basis

of the biota actually present.

Reeve (1990) tabulated the distribution of native crayfish
populations in England and Wales within the various grades of

water quality, according to the river quality survey of 1985
(DOE, 1986). This data is shown in Table 1.1.

It can be seen from the table that the greatest proportion of
native crayfish records are allied to Class 1A and 1B waters. In
comparison, the number of records allied to waters of class 3 and

4 are negligible. This would strongly suggest that waters of
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class 3 and 4 are lethal to crayfish. Those few records that do
exist for these waters probably represent unconfirmed, pre-1970

records for water bodies that have since been downgraded, with

the probable loss of the crayfish population. Class 1 waters

sustain healthy breeding populations, whereas waters of class 2
seem to be intermediate, with some waters being suitable for
crayfish and others not. The class 2 chemical characteristics
should therefore represent the limit of tolerance of native
crayfish to water quality, with respect to oxygen, BOD, etc. (see
above). However, these waters potentially receive a wide variety
of mild pollutants, which are too great to estimate accurately
the level of pollution that would dictate the presence or absence
of a crayfish popualtion.

Associated with water quality is river engineering. In a
number of European countries it has been observed that various
types of engineering operations (clearing, canalizing, dredging,
changing of river beds, damming of rivers, regulation of river
levels and stream flows and forest ditching) have caused,
directly and indirectly, damage to crayfish populations. The
crayfish is very sensitive to changes in habitat, éarticularly
as it is a slow moving bottom dweller, confined to a narrow
littoral zone. Operations such as dredging and construction Qork
frequently cause 1long-term turbidity, with an increase in
suspended solids and a decrease in dissolved oxygen content
downstream. More directly, Lowery and Hogger (1986) observed an
operation to remove aquatic grass, Glyceria maxima, from a
tributary of the River Lea. Up to 137 crayfish were removed at

each operation stroke using a 0.73 m’ dredge. More important are
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permanent alterations to the crayfish habitat, such as removal

of favourable habitat features, e.g. stones, vegetation and steep

banks (Niemi, 1977).

1.4 Introduction to the present study

Certain parallels may be drawn between the spread of alien
species of crayfish in England and Wales and the dramatic range
expansion of the rusty crayfish, Orconectes rusticus, in the mid-
western United States. The factors behind this range expansion
are not fully understood, although much of the spread has
resulted from accidental and intentional introductions by man
(Butler and Stein, 1988). This species has displaced endemic
species adjacent to its range in Indiana and Ohio, and is having
a similar effect on native species in other areas (Capelli,
1982). Once in a new habitat 0. rusticus has several attributes
(e.g. higher metabolic and growth rates, aggressive behaviour,
greater resistance to low pH, reproductive interference with
other species and*a greater fecundity), which may allow it to
survive and compete successfully with native species (Berril et
al., 1985; Butler and Stein, 1988).

Such attributes may contribute to the expansion of alien
species of crayfish in Britain, although the problem is
complicated by the- fact that some P. leniusculus populations
carry crayfish piague, to which A. pallipes 1is highly
susceptible. However, studies on mixed populations of plague-free
P. leniusculus and A. pallipes (Holdich and Reeve, unpub.;

Holdich and Domaniewski, unpub.) have shown that P. leniusculus
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eventually eliminates A. pallipes through competition for
resources and through cannibalism. Factors which allow this
species to do this may include higher growth rate and larger
adult size, higher fecundity, timing of reproduction and
moulting, and greater aggression. Similarly, A. leptodactylus
seems superior to other European species of crayfish in several
respects, especially in warmer climates. It is reported to grow
and propagate faster and has a wider habitat preference. Its
temperature optimum is higher than for other species and it is
very tolerant to high temperatures (Fiirst, 1989).

With regards to resistance to environmental factors, it has
been shown that polluted waters (Classes 2, 3 and 4) can
effectively restrict the range of the native species (gee 1.3.3).
In the Trent Basin, crayfish are absent from many rivers they
used to inhabit. Although, crayfish plague has positively been
identified in the Wyre Forest area (Reeve, 1990) and implicated
in the Wye and Derwent (Holdich, pers. comm.), elsewhere in the

region, water pollution has been implicated, particularly sewage,

heavy metals and pesticides. Little data exists on the effects
of environmental parameters on A. pallipes, although there is a
great deal of information on general physiology and ecology, and

population dynamics (see Holdich and Lowery, 1988, for reviews).

Other studies on this species have been limited, and include the
effects of abnormal levels of pH (Jay and Holdich, 1976),
toxicity studies with lindane and cadmium- (Mees, 1983) and the
effect of simulated farm waste effluents (Foster and Turner,
1993). Similarly, little data exists to suggest whether the two

introduced species are more or less tolerant of environmental
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factors, the only study to date being the effect of nitrite on
P. leniusculus (Harris and Coley, 1991). Such data could be used
to predict whether alien species could survive in the wild in

waters unsuitable for A. pallipes.

At present, populations of native crayfish in flowing waters
such as in the Trent Basin are generally restricted to the upper
reaches of small tributaries, due to the degree of pollution in
the main rivers. These stretches of polluted water effectively
act as buffers, or '"chemical barriers'", between populations of
crayfish and could therefore prevent the spread of crayfish
plague within the river system. Studies on the environmental
tolerances of the three species would indicate whether native
populations would be at risk from alien species spreading through
these polluted waters, if they were introduced into the Trent
Basin and other areas.

In addition, some idea may be gained whether alien species

can occupy waters in this country not currently inhabited by
crayfish. For example, the spread of Turkish crayfish in the
River Stour, mentioned above, could eventually lead to them
entering a tidal area. They are known to occupy saline conditions
in the Caspian Sea (Cherkasina, 1975), as do signal crayfish in
the Sacremento Delta in the United Staes (Rundquist and Goldman,
1978). Also, parts of the Trent Basin are polluted by saline
waters originating from coal mining activities. Native crayfish
avoid these areas (Mees, 1983) but they could possibly be
inhabited by alien species.

The present study is the first in which a comparative study

has been made of native and alien crayfish species under the same
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experimemtal conditions. In order to assess the environmental

tolerances of the three species, two main types of study were

undertaken. Firstly, a series of lethal and sublethal toxicity
tests were performed, using pollutants found routinely in rivers
in many parts of the country, partiéularly in the Trent Basin,
i.e. copper, chloride, ammonia and lindane. Secondly, as
teﬁperature is such a key environmental parameter, experiments
to determine the thermal tolerance of the three species, and the
effects of temperature on growth and respiration were carried
out. This has particular relevance to waters which are heated by
industrial effluents, e.g. from the electricity generating

industry, and direct solar heating of waters reduced in flow and

volume by drought conditions. Also, temperature is a major
consideration in the aquaculture industry, in determining the
optimum conditions for production.

Finally, following stocking of crayfish into natural water
bodies for farming purposes and the exploitation of wild

populations, the potential for the accumulation of toxicants in

crayfish tissues is investigated.
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Table 1.1: Numbers of Austropotamobius pallipes records
allied to different NWC class waterbodies in England and Wales
(from Reeve, 1990).
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Figure 1.1: Diagrammatic food web showing the trophic position
of freshwater crayfish (from Hogger, 1988).
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Figure 1.2: Male specimens of Austropotamobius pallipes (life
size), and Astacus leptodactylus and P. leniusculus (1/2 life
size).
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Figure 1.3: The distribution (in 10 km squares) of
Austropotamobius pallipes in the British Isles based on all
records from 1970-1991 inclusive (from Holdich and Reeve, 1991).




Figure 1.4: The distribution (in 10 km squares) of all Xknown
implants of Pacifastacus leniusculus in England, Scotland and
Wales (from Holdich and Reeve, 1991).




Figure 1.5: The distribution (in 10 km squares) of all known
implants of Astacus leptodactylus




CHAPTER 2

INTRODUCTION TO POLLUTION STUDIES

Besides geology, one of the major factors influencing the
national distribution of A. pallipes is water quality (see
1.3.3), with native crayfish associated with grade 1A and 1B
waters, suggesting a preference for unpolluted water with
dissolved oxygen greater than 60%, and BOD and ammonia less than
5 mg 17 and 0.9 mg 17 respectively. In the Trent Basin, this has
resulted in native crayfish populations being confined to
relatively small, good quality headwaters, due to the lower water
quality of the main watercourses acting as ''chemical barriers".
Native crayfish would not appear to be able to tolerate the level
of pollution in grade 3 and 4 waterbodies, although a number of

established populations exist in grade 2 waters. These waters

seem to occupy an intermediate position, with some waters being
suitable for crayfish and others not. Grade 2 waters receive a
variety of mild pollutants, which may include toxic materials or
suspended solids, so it is impossible to estimate the exact level
of pollution that would dictate presence or absence of a crayfish
population. However, these waters appear to represent the limit
of tolerance to pollution for a sustainable crayfish population..

The term '"pollution" covers a wide variety of definitions.
These are reviewed in Warren (1971), but probably the most
satisfactory definition of the word is given by Holdgate (1979):
"The introduction by man into the environment of substances or

enerqgy liable to cause hazards to human health, harm to living
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resources and ecological systems, damage to structure or amenity,

or interference with legitimate uses of the environment."

Under this definition, events such as the seasonal de-
oxygenation of some waters would not be regarded as pollution,
although this has been included under the term "natural
pollution"” by some authors (Hynes, 1960). However, there are
still many pollutants occuring in freshwater that f£it the broad
definition quoted above. Mason (1981) lists 15 catagories of
pollutants found in freshwater, although a more succinct list of
pollutant types is given by Jeffries and Mills (1990). These are
non—-toxic pollutants, toxic pollutants, thermal pollution,
pathogens and human/recreational impact. The category of toxic
pollutants is by far the broadest, and consequently a large
volume of work has been published on the effects of toxins to
freshwater organisms. The major types of toxic pollutants have

been listed as acids, alkalis, organic compounds, heavy metals,

gases and anions (Mason, 1981), and the major sources of these

'materials are given in Hellawell (1986).

Pollutants can exert a wide variety of toxic effects at
different levels of_ biological organisation and a correspondingly
wide range of investigative methods have been used in their
study. The main types of toxic effects are given by Sprague

(1969) and are defined as:

Lethal toxicity: Toxic action directly causing the death of an

organism.

Sublethal toxicity: Toxic action resulting in effects on the

organism other than its death.

Acute toxicity: Toxic action (lethal or sublethal) whose effects
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manifest themselves quickly (by convention within a few days).
Chronic toxicity: Toxic action (lethal or sublethal) whose
effects manifest themselves over a longer period (by convention,
within periods of weeks or months, rather than days).
Cumulative: Toxic effect brought abou{:, or increased in strength,
by successive doses.

The most commonly used method of quantitatively expressing
the effect that a potential pollutant has on an organism is the
determination of the "lethal concentration'" (LC). This is an
acute lethal toxicity test where the lethal concentration is the
concentration of chemical required to cause a certain percentage
mortality 1in a given time. Thus a 96 hour LC,, is the
concentration of a (toxic) material which kills 50% of the test
organisms in 96 hours. Acute lethal toxicity tests were initially
developed for fish and are reviewed by Sprague (1969) and Buikema
et al. (1982) and a standard methodology has been adopted to
allow direct comparison between tests (HMSO, 1981). Consequently,
a wealth of data has been generated on the acute toxicity of
pollutants to fish. However, invertebrates are often more
sensitive to toxicants than fish (Patrick et al., 1968) and
clearly represent a greater majority of the biomass in a natural
system. In addition, macroinvertebrates are organisms which fish
are often dependent on for food, so that wuse ©of
macroinvertebrates in toxicity testing is essential for
protection of aquatic ecosystems (Maciorowski and Clarke, 1980).
As a result, toxicity tests with organisms other than fish have

become increasingly common.

The response of crayfish species to pollutants has been
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reviewed in Hobbs and Hall (1974). However, much of the
information they give on the effects of pollution on crayfish is
derived indirectly from investigations of comparative physiology,
environmental adaptations, or natural history, rather than from
studies directly relating to impacts of particular contaminants.
More recently, toxicological research using freshwater crayfish
has been reviewed by France (1985). Crayfish more than amply meet
the criteria identified by the United States Environmental
Protection Agency (Buikema et al., 1982) for the selection of a
species for toxicity studies. They:

1l.) represent an ecologically important group.

2.) occupy a position in the food chain leading to man or other
important species.

3.) are widely available (use of indigenous species is
preferable), amenable to laboratory testing and easily maintained
in the laboratory. In addition, there is adequate béckground
information on physiology, genetics, taxonomy and their role in
the environment.

Leonhard (1979) proposed the use of the crayfish Orconectes
virilis as "toxicological tools" in the laboratory. However,
acute lethal toxicity testing in general, and with crayfish in
particular (France, 1985), has been criticised as having little
relevance to the determination of the ultimate ecological
consequences of pollution. Few experiments have incorporated
basic life-cycle information into experimental design. Early life
stages may be more sensitive to pollutants than adult stages

(Buikema and Benfield, 1979). In addition, few have investigated

temporal effects, or have monitored prolonged mortality. More
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importantly, toxicity tests are often <carried out at
unrealistically high toxicant concentrations and have failed to
relate toxicity data to field-derived information. In this study,
an attempt was made to integrate as many of these factors as

possible into the experimental design and subsequent

interpretation of the data.

France (1985) also indicated that sublethal experiments
formed less than a quarter of all studies on freshwater crayfish.
As a result of dilution and dispersion of pollutants from point
source inputs in the natural environment, chronic exposure to
sublethal concentrations of pollutant is likely to affect a much
greater biomass than exposure to acute lethal concentrations
(Kleerekoper, 1976). Sublethal effects are those defined as
subtle changes in an organism's homeostasis induced by
environmental stress, that produces no obvious, or gross short-
term damage. Sublethal studies on crayfish have included
investigations on the effects of pollutants on repiration in
tissues (Hubschmann, 1967) and eggs (Appleberg, 1980), growth
(Hubschmann, 1967), reproduction (Brown and Avault, 1974) and
bioaccumulation (Zia and Alikhan, 1986).

In this study, the lethal and sublethal effects of four
major pollutants on A. pallipes, A. leptodactylus and P.
leniusculus were investigated. The pollutants were as follows:
chloride, from mining and sewage effluents; copper, from coal
mining and industrial effluents; ammonia, from sewage and:
agricultural effluents; lindane, a pesticide, from agricultural
practices. As well as being a unique comparative study of the

relative tolerance of the three species to these toxicants, the
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data from these experiments may indicate whether A. leptodactylus
and P. leniusculus are more tolerant of pollution in general than
the native species. If so, these species could inhabit waters not

occupied by A. pallipes, or could threaten populations of native

crayfish in headwaters protected by so called 'chemical

barriers".
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CHAPTER 3

GENERAL METHODS TO PART 1

3.1 EXPERIMENTAL ANIMALS

The three species of crayfish used in these studies, i.e.
A. pallipes, A. leptodactylus and P. leniusculus, were obtained
from breeding colonies maintained at Nottingham University.
Animals were kept in large outdoor concrete holding tanks, which
were subject to natural seasonal variations in ambient
conditions. The floor of the tanks were covered with gravel,
broken bricks and lengths of drainpipe, to act as hides, and
limestoné chippings in order to maintain calcium concentrations
in the water. Each tank was trickle-fed with Nottingham mains
water from the potable supply, which was fed into the tanks via
a sprinkler head to aid aeration. Whilst held in the tanks, the
crayfish were fed regularly with a proprietry pelleted dog food
("Minced Morsels", Quaker Oats Ltd.). In addition, aquatic weed
collected from the field was provided. As a consequence of this
a natural flora and fauna developed in the tanks, which consisted
of Cladophora, and macroinvertebrates such as snails, Asellus and
Gammarus, which may have also contributed to the diet.

There is ample evidence that different stages in the life
cycle of aquatic organisms show differing responses to toxicants,
with juvenile macroinvertebrates generally being more sensitive
than mature animals (Buikema and Benfield, 1979, Pascoe, 1987).
Immature animals may be more sensitive for a number of reasons,

including; a.) they have a larger surface area:volume ratio and
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so have a greater exchange with the environment. b.) they may
have a higher initial lipid content, facilitating uptake of
lipid-soluble toxicants. c.) they have a greater weight-specific
metabolism, thereby facilitating the uptake of toxicants and 4d.)
in arthropods, they moult frequently during the developmental
stages. In freshwater crayfish, juveniles hatch and remain
attached to the mother for two moults (Holdich, 1992). After the
first moult the juveniles (stage II) are semi-independent and can

be removed from the female by gentle shaking. For the above
reasons this stage was chosen for the initial experiments.
Berried female crayfish of the three species were monitored
in the outdoor tanks until their eggs hatched. They were then
moved indoors and housed in individual, aerated aquaria at 13 °C
and further monitored until the juveniles had moulted to the
stage II. The female was then removed and the juveniles held in
the tank until required. Larger juvenile stages were used in some
experiments and were collected from the outdoor tanks and sorted

into size classes. These were also held indoors at 13 °C until

required.

3.2 MATERIALS AND METHODS

Efforts were made to standardise experimental procedures,
so that tests on the different speéies would be directly
comparable. A number of guidelines have been outlined for
toxicity testing by various authors (Sprague, 1969; Buikema et
al., 1982) and were incorporated as far as possible. All

experiments were carried out in a temperature controlled room (13
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+ 1 °C) in a light regime of 12 hours light : 12 hours dark.
Animals were fed for at least 48 hours before testing, however

no food was provided during the test itself.

3.2.1 ACUTE LETHAL TOXICITY TESTS

Except for the ammonia toxicity test, a static testing
regime was used in which animals were individually contained in
5cm diameter petri-dishes. A small square of black nylon mesh was
provided for the crayfish to cling to and the dishes placed on
a black background, in order to minimize in-test stress. Warlen
- and Engel (1978) have evaluated flow-through versus static
bioassay systems and have concluded that the former should be
used where possible as a reduction in toxicity is often observed
ﬁin static systems, possibly due to a reduction in toxicant
concentration due to adsorption, uptake by the test organism and
complexation with biologically generated compounds. For this
reason copper, chloride and lindane test solutions were replaced
every 24 hours and samples of test solutions taken to determine
actual toxicant concentrations.

For ammonia it was decided that a continuous flow-through
system (Fig 3.1) would be used, due to the difficulty in
maintaining a constant concentration of un-ionised ammonia in a

static system. Animals were placed on nylon mesh platforms in 400

ml beakers (Fig 3.2). Test solutions were delivered continuously
by peristaltic pump through tubing pushed through the base, so
that the solutions overflowed into a sump. Replacement of test

solutions was 95% in approximately 3 hours. Animals were

43



prevented from escaping by a petri-dish lid on top aof the beaker.
samples of the test solutions were taken every 24 hours.

All materials used in the testing apparatus were acid-washed
in 10% nitric acid for 24 hours, then thoroughly rinsed in
deionized water. Temperature, pH and hardness were determined
daily during the tests. Aerated, dechlorinated Nottingham

tapwater was used as diluent in all of the experiments. The
chemical characteristics of the diluent water are shown in Table
3.1. No aeration was carried out during short-term toxicity tests
in case of volatilisation of the toxicant, especially in the case
of lindane.

Preliminary rangefinding experiments were carried out to
determine suitable toxicant concentration ranges. Solutions for
each test were made up using suitable analytical grade (99.9 %)
reagents (B.D.H, AnalaR). Lindane solutions were made up from a
10 % stock solution of gamma - HCH in acetone. Controls in the
lindane trials therefore had an amount of acetone added to the

water equal to the amount present in the highest concentration

of lindane used.

Actual test concentrations were determined as follows.
" Chloride was measured using a silver nitrate/potassium chromate
titration kit (Palintest Ltd., England). Tablets containing pre-
determined and fixed amounts of chemical reagent were added to
50 ml aliquots of test solution. Tablets were added and the
solution stirred until the end-point of the titration was
reached, as indicated by a change in colour of the solution from
purple to dark blue. Chloride concentration in mg 1"! was derived

from the formula (Number of tablets added - 1) x 20.
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Copper concentrations were measured by atomic absorption
spectrophotometry (AAS) of 50 ml samples acid-fixed (pH 1.0) with
1 ml analytical grade nitric acid. Analysis was carried out using
a Pye Unicam SP9 Atomic Absorption Spectrophotometer (Pye Unicam
I.td., Cambridge). A calibration curve was derived from a series
of standard solutions made up from deionised water and a 50 mg

-1

1 stock solution of CuS0, .5 Hzo. Standard solutions were as

2+

follows; 0, 0.5, 1.0, 1.5, 2.0, 2.5, 5.0 and 10.0 mg 1™ cu’’ and

were acidified as above. Spectrophotometer readings were plotted
against standard copper concentration and the calibration curve
found to be linear over the range of s<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>