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Summary

Despite the decreasing water quality and the occurrence of the crayfish 

plague, the unique conditions present in Ireland offer a good opportunity to study 

aspects of the ecology of the white-clawed crayfish. Ireland is now perhaps the 

only European country to contain only a native European crayfish species. This 

situation allows study of the adaptability of this species in several types of habitat 

and determination of its requirements in terms of water quality.

The first part of this research examines results from eight Irish catchments 

and attempts to determine the range of water quality in which the white-clawed 

crayfish can be found, taking into account several habitat parameters. Biological 

indices as well as physical parameters such as erosion were used to describe 

water quality and habitat characteristics were measured to assess the overall 

suitability of each site. Presence and relative abundance of crayfish was 

assessed using baited traps and hand nets. The distribution of the white- 

clawed crayfish in the catchments sampled for this survey was patchy and 

sometimes difficult to explain. Crayfish were known to live in these rivers up to 

the mid 1980s (Lucey and McGarrigle, 1987), but several catchments presented 

an important restriction in the range of this species compared to previous 

records. Several possible causes exist for this disappearance among which an 

outbreak of crayfish plague and local incidences of pollution were retained as the 

most probable. The white-clawed crayfish is generally found at sites with good 

tree cover, no poaching or erosion and a high macroinvertebrate diversity. The 

abundance of crayfish in a river or at a site is difficult to predict and can vary 

greatly between and within catchments. Crayfish were found in moderately 

polluted water (Q values of 3 to 4 and ASPT over 4.0).

A survey was carried out using a Surber sampler to establish the 

distribution of crayfish within the habitat types present at particular sections of 

rivers. Austropotamobius pallipes can occupy a variety of habitats but will show a 

preference towards certain substrates depending on the size of the individual and 

certain environmental characteristics. Certain types of habitat, such as leaf litter



and vegetation, are readily colonised by juvenile and immature crayfish, while 

other substrates, such as boulders and pebbles, will contain crayfish of all sizes.

In the last part o f this project, an experiment was designed to test if 

crayfish kept at sites with low water quality can survive for an extended period of 

time, and to test individuals for signs of sublethal stress. Following this in situ 

experiment, laboratory experiments were designed to investigate levels of stress 

in crayfish induced by different levels of dissolved oxygen and ammonia. Crayfish 

kept at sites with low water quality exhibited higher levels of sodium ions in their 

haemolymph than those kept at the control site, suggesting a certain level of 

stress induced by the environm ental conditions. A lthough results from the 

laboratory experiments are somewhat variable, they suggest that A. pallipes 

demonstrates physiological stress but can nevertheless survive for extended 

periods of time in mild hypoxia (30% O2 saturation). Exposure to a low level of 

ammonia did not affect ion balance. The presence of ammonia and hypoxia 

produced a disruption o f chloride regulation implying an interaction between 

those two factors which make crayfish more susceptible to one or the other.

This research proved Austropotam obius pa llipes  can dem onstrate a 

certain plasticity and adapt to several habitats and tolerate moderate levels of 

pollution. This crayfish species seems to be rather tolerant of eutrophication or 

organic pollution. This contradicts the possible role o f this taxon as a biological 

indicator of water quality, but means that A. pallipes  has remained relatively 

abundant and widespread in Irish waters despite the overall decline in water 

quality throughout its range.
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Chapter 1. General introduction

1.1. Metazoa
Arthropoda

Crustacea
Malacostraca

Eumalacostraca
Eucarida
Decapoda

Crustaceans are a highly diverse group linked together by a set of 

morphological features such as a carapace and biramous appendages (review of 

the subphylum in Brusca and Brusca, 2003). They vary in shape, size, ecology 

and distribution. Members of this subphylum are distributed in virtually all 

habitats, although the majority are marine. The malacostraca can be divided in 

three (Bowman and Abele, 1982) or, more commonly, two subclasses of which 

Eumalacostraca is the most diverse and abundant. The order Decapoda is one of 

the largest group with over 18 000 described species so far (Brusca and Brusca, 

2003). Decapods are found around the globe, but are most diverse in the Indo- 

West Pacific (Abele, 1982). Members of this order also inhabit a variety of 

habitats and although most are marine, approximately 10% of species are found 

in freshwater (Abele, 1982). The decapods have adapted to many environmental 

conditions, from penaeid shrimps which encounter variable salinity in estuarine 

habitats, to land crabs which need to breath air.

This group has been well studied partly because it contains species of 

commercial importance such as crabs, lobsters and shrimps, which are 

extensively harvested and cultured almost everywhere in the world.

1.2. Decapoda
Astacidea

Crayfish are large decapods which inhabit freshwater habitat on all 

continents except Antarctica, and are at their most diverse in North America and 

Australia. The family Parastacidae is restricted to the southern hemisphere, in 

Australia, South America and Madagascar, while the family Cambaridae is found

1



in North America and East Asia, and the family Astacidae is found mainly in 

Europe but also on the west coast of North America (Hobbs, 1988). Around 540 

crayfish species have been described (taxonomy to subgenus presented in 

Taylor, 2002) and they occupy a variety of habitats such as rivers, lakes, 

swamps, caves, ponds and estuaries. Several factors restrict the range of 

crayfish. Most species are limited by low temperatures, which particularly affect 

growth and reproduction. For example, Astacus astacus which inhabits lakes in 

northern Europe needs at least three months of temperature above 15°C in order 

to reproduce successfully (Abrahamsson, 1972). The genus Procambarus on the 

other hand can survive in temperatures above 30°C (Caine, 1978; Huner, 1988) 

and P. clarkii individuals introduced to southern Sweden failed to reproduce 

(Blindow et al., 1984 cited in Nystrbm, 2002). Although crayfish inhabit freshwater 

habitats, some species can tolerate brackish water and inhabit estuaries (for 

example A. leptodactylus in Turkey; Koksal, 1988).

Crayfish are susceptible to low pH, most species being negatively affected 

by a pH below 5.5 (Appelberg, 1989). The effects of acidification on crayfish has 

been well studied, particularly in Canada for Orconectes sp. and for the species 

A. astacus  in Scandinavia (e.g. France; 1983; France and Graham, 1985; 

Appelberg, 1992).

The range of habitats in which crayfish are found is also limited by the 

availability of shelter. In non-burrowing species, the abundance of refuge, in the 

form of rocky substrate, roots or macrophytes, is often correlated to abundance of 

crayfish (e.g. Lodge and Hill, 1994; Foster, 1995; Smith et al., 1996). Many 

crayfish species are known to burrow. Some live almost exclusively in burrows, 

for example Procambarus hagenianus (Fitzpatrick, 1975) or Engaeus species 

(Hogger, 1988). Others are known to excavate burrows on certain occasions, for 

example Pacifastacus leniusculus {Guan, 1994) or Procambarus clarkii (e.g. 

Huner, 1988; Gherardi et al., 2000). Shelter provides protection from predators 

and other crayfish, particularly during moulting when cannibalism is known to 

occur (Mason, 1977; Gydemo et al., 1990; Ackefors, 1996).
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Apart from their conspecifics, crayfish have a variety of predators such as 

invertebrates, fish, birds and mammals (reviewed in Hogger, 1988). In North 

America, mammals like racoons, muskrats and opposurns are known to include 

crayfish in their diet (Hogger, 1988) while in Europe, otters and mink predate on 

crayfish (e.g. Delibes and Adrian, 1987; Smal, 1991). Herons and other wading 

birds are their most common avian predators (Sommer and Goldman, 1983; 

Hogger, 1988). Invertebrate predators include dragonfly nymphs which will attack 

only juvenile crayfish (Witzig et al., 1986; Jonsson, 1992). Although crayfish have 

a range of both aquatic and terrestrial predators, they rarely form the major part 

of an animal’s overall diet. Predatory fish on the other hand are known to 

negatively relate to crayfish abundance (Stein, 1977; Lodge and Hill, 1994; 

Englund, 1999). Eel are thought to be voracious predators of A. astacus in 

Sweden (Svardson, 1972). Juvenile crayfish are particularly susceptible to 

predation by fish (e.g. Stein and Magnuson, 1976; DiDonato and Lodge, 1993; 

Dahl, 1998).

In most habitats where they occur, crayfish are considered to be keystone 

species. The structure of their mouthparts enables freshwater crayfish to 

consume a wide variety of food items (Thomas, 1978; Holdich, 2002a). Juvenile 

crayfish are capable of filter-feeding (Budd et al., 1978) but will feed mainly on 

invertebrates while adults generally eat detritus or macrophytes (e.g. Mason, 

1975; Reynolds, 1979; Lodge, 1991; Lodge and Hill, 1994; Momot, 1995). Many 

studies have demonstrated the impact of crayfish cropping on macrophytes 

(reviewed by Nystrom, 1999). In general, research indicates a decline in species 

richness and biomass of selected submerged macrophytes, whereas emergent 

species are less affected (Nystrom, 1999). Crayfish can also impact directly or 

indirectly on the macroinvertebrate community (e.g. Matthews et al., 1993; 

Charlebois and Lamberti, 1996; Nystrom et al., 1996; Usio and Townsend, 2002). 

Not all invertebrates will be affected equally by crayfish predation, as they prefer 

less mobile invertebrates to fast swimmers or sediment-living animals 

(Abrahamsson, 1966; Lodge et al., 1994; Nystrom, 1999). Soft-shelled snails are 

usually a favourite of crayfish and have even been known to modify their
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behaviour in presence of this predator (Alexander and Covich, 1991). Although 

diet is similar within the Astacidea, certain species will have greater impact on 

their surroundings. For example, P. leniusculus  has stronger effects on 

macrophytes and snail abundance than native crayfish in Europe (Nystrom and 

Strand, 1996; Nystrom, 1999). Crayfish exert a complex influence on food webs 

in rivers and lakes because of direct and indirect trophic effects: they are 

omnivorous and can alter the composition of a community by preying on 

macroinvertebrates, grazing on macrophytes or physically modifying the habitat 

(Nystrom, 2002).

Crayfish are exploited in many countries. The noble crayfish, Astacus 

astacus, is the most commercially important species in Europe, where Sweden 

and France are the two major consumers. Russia, Sweden and Finland are the 

biggest producers of noble crayfish (harvest summarised in Skurdal and Taugbol, 

2002). Turkey and Russia also exports large quantities of the narrow-clawed 

crayfish, A. leptodactylus to Europe (Koksal, 1988). The trade of crayfish 

between countries greatly favoured the transport of crayfish across borders, and 

the stocking of native or exotic crayfish species in waterways that did not 

previously harbour these species. Although originally from North America, the 

signal crayfish, P. leniusculus, is now of commercial interest both in the United 

States and in Europe. The red swamp crayfish, P. clarkii, is the other North 

American crayfish of commercial importance in many countries, with China being 

the biggest producer (Huner, 2002). The genus Orconectes has only limited 

commercial importance in North America and Europe, even though 0. limosus 

was originally introduced into Europe for commercial purposes (Hamr, 2002).

A third to a half of the world’s crayfish species are today in decline or 

threatened with extinction (Horwitz, 1995; Taylor et al., 1996; Gherardi and 

Holdich, 1999; Taylor, 2002). The threats to crayfish diversity are habitat loss, 

overharvesting, and, the greatest threat by far, introduction of non-indigenous 

crayfish and their associated diseases and parasites. Horwirtz (1995) identified 

33 species which are threatened in Australia, while Taylor et al. (1996) estimated 

that more than 50% of North American species are threatened or endangered. In
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North America, several species are being displaced by more aggressive and 

faster-growing crayfish such as P. len iusculus  and Orconectes rusticus 

(Bouchard, 1977; Taylor and Redmer, 1996). The threat to North American 

species is heightened by the fact that many crayfish have narrow geographical 

range (Taylor et a i, 1996). The same situation is encountered in Australia where 

many species have very limited range (Horwitz, 1995).

1.3. Astacoidea
Astacidae

There are five native species of crayfish in Europe, which all belong to the 

fam ily Astacidae. They are divided into two genera; A s t a c u s  and 

A ustropo tam ob ius. Species of the genus Astacus have a more easterly 

distribution on the continent compared to Austropotamobius. The noble crayfish, 

Astacus astacus, was mentioned earlier because of its economic value. This 

species is widely distributed in Europe, ranging from France to Russia and 

Greece (Holdich, 2002b; Skurdal and Taugbol, 2002). Its natural range has been 

extended by man through stocking, particularly in Scandinavia where crayfish is 

an important food item (Westman, 1991). Noble crayfish are found in lakes and 

rivers of good water quality. They prefer a substrate which offers plenty of 

shelters such as rocks or macrophytes but can also burrow (reviewed in 

Cukerzis, 1988). The narrow-clawed crayfish, A. leptodactylus is another 

commercially important species. It was originally distributed in most of the river 

systems in Eastern Europe (Koksal, 1988) but has extended its range northward 

and westward (Holdich, 2002b; Skurdal and Taugbol, 2002). The narrow-clawed 

crayfish can inhabit a wide variety of habitats, including brackish water. It is found 

on practically all types of substrate and can be found in deep lakes (Koksal, 

1988). Less is known about the thick-clawed crayfish, A. pachypus, which is 

found in Russia, Kazakstan and Bulgaria (Holdich, 2002b; Skurdal and Taugbol, 

2002). This species can live in both brackish and fresh water and is mainly 

carnivorous (Cherkashina, 1999).
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Two species are widely recognised in the genus Austropotamobius, A. 

torrentium and A. pallipes. The former is found in the middle of Europe, chiefly in 

Germany, Austria , Sw itzerland and the Balkans (Laurent, 1988). 

Austropotamobius torrentium  is rather small and lives in brooks with stony 

substrate, often at high altitudes (Laurent, 1988). This species is not 

commercially exploited. The white-clawed crayfish, A. pallipes, will be discussed 

in more detail later.

Several species of non-indigenous crayfish have been introduced to 

Europe, usually for commercial exploitation. Three of those are now well 

established in the wild: Orconectes limosus, Pacifastacus leniusculus and 

Procambarus clarkii. O. limosus was successfully introduced to Germany in 1890 

and later to the Loire river in France (Momot, 1988). It is now common in many 

rivers in most of western Europe and ranges east to Russia (Holdich, 2002b). 

The signal crayfish, P. leniusculus, was introduced to Europe in the 1960s and 

can now be found in western and north eastern Europe, including Great Britain 

and Scandinavia (Holdich, 2002b). This species was introduced as an ecological 

and economical replacement for the noble crayfish, which suffered greatly from 

the introduction of the crayfish plague. Wild and cultured signal crayfish are now 

being sold in markets in Europe. Procambarus clarkii is most successful in 

Portugal and Spain, but it can also be found in France, Italy and Germany 

(Holdich, 2002b). This crayfish is commercially exploited in Spain and Portugal 

(Holdich et al., 1999).

Although alien crayfish species can outcompete native species, the main 

threat arising from the introduction of non-indigenous crayfish is the concurrent 

introduction of the fungus Aphanomyces astaci Schikora. This fungal pathogen 

causes aphanomycosis, otherwise known as the crayfish plague. This disease is 

fatal to all European crayfish species, results in rapid mortality, and sometime 

causes the loss of entire populations. Crayfish plague was first observed in 

Europe in the 19‘  ̂ century with massive mortalities observed in Italy, France and 

Germany (reviewed in Alderman, 1996). This disease has affected native crayfish 

stocks throughout the European continent, most recently in Spain (Alonso et al.,
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2000), Britain (Alderman et al., 1984) and Ireland (Reynolds, 1988). The North 

American crayfish introduced to Europe are resistant to the fungus but act as 

vectors of the disease (Vey et al., 1983; Alderman ei al., 1990, Dieguez- 

Uribeondo and Soderhall, 1993). The fungus is transmitted via motile zoospores 

which encyst on uncalcified parts of the cuticle of crayfish (reviewed in Soderhall 

and Cerenius, 1999). Hyphae penetrate the cuticle, where further growth is 

inhibited in a resistant host (Nyhlen and Unestam, 1980), but will penetrate 

further into connective tissue and eventually all tissues in a susceptible host 

(Alderman and Polglase, 1988).

Zoospores survive for only a short period of time, which varies according 

to temperature (Alderman et al., 1987). Once a population becomes infected, 

death generally occurs within 2 weeks (e.g. Vey et al., 1983; Matthews and 

Reynolds, 1990). Downstream populations become infected by water transport of 

spores while crayfish upstream are exposed to spores by the movement of 

infected crayfish upstream (Nylund and Westman, 1995). It is generally believed 

that the fungus is transported between water bodies through spore-containing 

fishing gear or by transmission from infected hosts such as the American crayfish 

species. However, there is molecular evidence that zoospores can also be found 

on the slimy surface offish scales (Hall and Unestam, 1980; Vogt, 1999).

1.4. Austropotamobius
pa///pes (Lereboullet, 1858)

The geographical range of Austropotamobius pallipes spreads across 

western Europe, from Portugal and Spain, through France to the Dalmatian 

region (Laurent, 1988). It is found also in England, Wales and Ireland. An isolated 

population exists in Scotland (Holdich and Rogers, 1997) and the species was 

also introduced to Corsica recently (Arrignon et al., 1999b). The present range of 

this crayfish species has been greatly reduced, mostly because of plague 

outbreaks, but also due to habitat degradation (e.g. Bernardo et al., 1997; 

Holdich and Rogers, 1997; Alonso et al., 2000; Fureder et al., 2002). This
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species is listed in Annex 2 of the EU Habitat Directive and is protected to some 

extent in countries where it occurs.

This crayfish species has been further divided by several authors into 

distinct species or subspecies (IVlachino, 1997; Grandjean etal., 2000; Grandjean 

et a i, 2002). These classification generally account for geographical differences 

within the European range of A. pallipes, such as A. italicus in the south and A. 

pallipes in the north (Grandjean et al., 2002). Despite the complexity of this 

species uncovered through molecular analysis, most of the literature refers to this 

species complex as A. pallipes.

The white-clawed crayfish is not very tolerant of low pH and occurs in a pH 

range from 6.5 to 8.5 (Holdich and Jay, 1977; Foster, 1995). Although this 

species can survive fairly low pH or low levels of calcium for a limited period of 

time, it cannot grow or reproduce in such conditions. Austropotamobius pallipes 

cannot harden its exoskeleton in water with less than 2.8 ppm calcium 

(Chaisemartin, 1967 cited in Laurent, 1988). It is a temperate climate species; 

growth is greater at higher temperature and it is very slow under 10°C (Laurent, 

1988). Nevertheless, mating behaviour will be triggered by a fall in temperature in 

the autumn and egg development requires a cold diapause of about six weeks 

(Reynolds etal., 1992).

As mentioned earlier, crayfish occur in a variety of habitats, such as lakes, 

rivers and ponds (e.g. O ’Keeffe, 1986; Rallo and Garcia-Arberas, 2000; 

Grandjean et al., 2000). The preferred habitat characteristics were the focus of 

several studies, which generally conclude that availability of shelter is a major 

limiting factor fo r/\. pallipes (e.g. Smith et al., 1996; Naura and Robinson, 1998).

The white-clawed crayfish, like all Astacidae, is an omnivore. The 

mouthparts indicate that it can cope with a varied diet; it is capable of feeding on 

very small food items as well as larger prey items such as fish and molluscs 

(Thomas, 1978). In a study by Reynolds (1979), 46 food items (animal and 

vegetation) were offered to crayfish of this species and most were eaten.

Austropotam obius pallipes  can live up to 8 to 12 years and mature 

sexually in its second or third year, maturity being delayed in colder climates (e.g.
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Brewis and Bowler, 1982; Rhodes and Holdich, 1982; Matthews, 1992). In nnost 

of Its range, mating occurs from mid-October to November. Hatching in milder 

regions can occur as early as March and takes place in May or June in colder 

climates (Laurent, 1988). Because A. pallipes is long-lived and slow-growing, 

populations are exposed to environmental conditions, such as water quality, 

which vary seasonally and yearly. Signs attributed to changes in their habitat can 

be displayed in crayfish populations for several years.

The white-clawed crayfish has many predators. The most voracious of 

them is probably the eel. In waters where eels are abundant, such as large lakes, 

crayfish cannot thrive (Moriarty, 1973). Other predators of adult crayfish include 

trout, perch, otters and mink (e.g. O’Keeffe, 1986; Hamilton and Rochford, 2000). 

Juveniles can fall prey to fish, dragonfly larvae and larger crayfish (e.g. O’Keeffe, 

1986). Predators do not generally have a major influence on the overall 

distribution of crayfish but they may impact on a small scale.

• •
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Figure 1.1. Distribution of crayfish populations (1985) in Ireland (10 km^) in relation to underlying 
geology. Taken from Reynolds ef a/., 2002b.
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Austropotamobius pallipes is the only crayfish species occurring in Ireland. 

It is widespread in the midlands where the soil is predominantly limestone (Figure 

1.1; Reynolds, 1982; Lucey and McGarrigle, 1987). It inhabits lakes, for example 

Lough Lene (Co. Westmeath), and rivers, for example the river Liffey (Co.
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Kildare). Lucey and McGarrigle (1987) gathered records A. pallipes for Ireland 

and established that this species is found in most of the midland catchments. The 

origin of the white-clawed crayfish in Ireland is still under debate. Reynolds 

(1979) first suggested a Lusitanian origin to this species in Ireland. Lucey (1999) 

suggested that man had introduced crayfish to the island from British stocks in 

the sixteenth century. Recent studies of mitochondrial DNA show that the Irish 

stock possesses a single haplotype and that this genetic configuration occurs in a 

few populations in France but none in Britain (Grandjean and Souty-Grosset, 

2000; Gouin et al., 2001). Furthermore, a decline in genetic variability was 

observed from south to north in Ireland, which would imply an initial introduction 

in the south and further colonisation of the island by this founder population 

(Gouin et al., 2001). Although its native status is in some doubt, the white-clawed 

crayfish is now considered a keystone species in Irish freshwater habitats 

(Matthews et al., 1993; Reynolds, 1997) and is protected by the Wildlife Act 

(1976) in the Republic and through the Wildlife and Countryside Act 1981 in 

Northern Ireland.

Introduction of alien crayfish species is prohibited by the Fisheries Acts in 

the Republic of Ireland and by the Wildlife Order 1985 in Northern Ireland. 

Despite the ban on the importation of exotic crayfish, an outbreak of crayfish 

plague occurred in the mid 1980s. The fungal plague was diagnosed in Lough 

Lene in 1987 (Matthews and Reynolds, 1990) and is believed to have wiped out 

populations from several lakes in the area (Reynolds, 1988). Spores were 

thought to have been carried into the country on wet fishing gear (Reynolds, 

1988). Of the other conditions which affect A. pallipes, porcelain disease, 

Thelohania contejeani has a low incidence in the Irish stock and neither 

Psorospermum haeckeli nor branchiobdellid parasites have ever been reported in 

Ireland (O’Keeffe and Reynolds, 1983).
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1.5. A. pallipes as a bioindicator

The white-clawed crayfish has traditionally been described as sensitive to 

pollution and considered as a potential bioindicator of water quality (e.g. Jay and 

Holdich, 1981; Holdich & Reeve, 1991; Reynolds eta!., 2002b). However, the 

Alsacian nickname “Dohlenkrebs” which means “sewer crayfish” suggests that 

this species may be rather tolerant of oxygen deficiency (Laurent, 1988). Its 

habitat and water chemistry requirements are well known, but the water quality 

requirements of >A. pallipes have not been clearly defined.

The terms “bioindicator" and “biological indicator” can be used in two 

contexts. Species have specific requirements in terms of habitat, dissolved 

oxygen and nutrient levels. Once these conditions are defined for one or an 

assemblage of species, the presence and persistence of these species will mean 

that the environmental parameters are within the species tolerance range. 

Another concept associated with bioindicators is that organisms will accumulate 

toxic substances in their tissue and thus reflect the extent of contamination of the 

environment by these substances. Several organisms have been used to monitor 

pollution of freshwater system by pollutants such as pesticides or heavy metals 

(e.g. Kristensen, 1982; Prygiel et al., 1999; Gherardi et al., 2001; Favero and 

Frigo, 2002). Several species of crayfish have been used as biological indicators 

in this context (e.g. Escartin and Porte, 1996; Anton et al., 2000; Fernandes et 

al., 2002).

In freshwater ecology, the first concept is commonly used to assess the 

overall state of an ecosystem. Biological indices have been devised to rate the 

“quality” of an ecosystem. Such indices are useful tools for the management of 

ecosystems because they easily convey an interpretation of the data to non

scientists. The most common type of biological indices comprise of 

macroinvertebrate assemblages in lotic systems. These indices involve a 

community of organisms, the composition of which will change according to the 

level of pollution in the environment. A decrease in the environmental quality can 

occur as a disturbance or as stress. The former is a drastic pollution event from
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which many biotic indices recuperate fairly quickly. Stress is more diffuse and can 

affect the environment on the long term. Most indices rely both on presence or 

absence of pollution tolerant species and also on their abundance. These indices 

usually give an indication of the organic pollution and eutrophication of a habitat. 

The first and probably most famous biological index is the saprobity index which 

is based on the degree of saprobity (degree of pollution) of species (Pantle and 

Buck, 1955 cited in Hellawell, 1986).

Most biotic indices allocate a score to particular freshwater invertebrate 

taxon. The cumulative score will give an indication of the quality of the water at a 

site. Some of the biotic indices in use today are the Biological Monitoring Working 

Party (BMWP) biotic score in the United Kingdom (Chesters, 1980; Armitage et 

al., 1983) and the Indice Biologique Global Normalise (IBGN) in France (AFNOR, 

1992). The biotic index used by the Irish Environmental Protection Agency to 

monitor water quality of rivers is the Q value (Flanagan and Toner, 1972). This 

index is based on presence and abundance of tolerant and susceptible 

invertebrate families. It ranges from 1 (bad water quality, toxic pollution) to 5 

(excellent water quality).

Diversity indices have also been used to rate habitat quality. Species 

richness, Shannon-Weaver index and the Simpson’s index have been used with 

algae (e.g. Salusso and Morana, 2002), fish (e.g. Meng et al., 2002), or 

macroinvertebrate assemblages (Camargo, 1992; Rizzoni et al., 1995) to assess 

habitat quality in aquatic systems.

The aim of this project is to determine the water quality requirements of 

the white-clawed crayfish in order to better ascertain if this species could be a 

biological indicator. The study was designed to correlate crayfish presence with 

the biotic indices composed of macroinvertebrate assemblages in use in Ireland.

Despite the occurrence of the crayfish plague, the unique conditions 

present in Ireland offer a good opportunity to study the white-clawed crayfish. 

There are no competing crayfish species, either native or non-native, to curtail 

their range in Irish rivers. Furthermore, the impact of plague in Ireland is limited 

compared to continental Europe and Britain. In Ireland, therefore, it is possible to



study the adaptability of this species in several types of habitat and to determine 

its requirennents in terms of water quality.

This project was divided in two main area of research: fieid surveys 

designed to define the habitat requirements of A. pallipes, and experimental 

investigations into the tolerance of A. pallipes to low water quality. Chapter 2 

presents the results of an extensive field study on the distribution of the white- 

clawed crayfish in several Irish catchments in relation to habitat characteristics. 

The following chapter describes a field survey done on a much smaller and more 

precise scale to determine the different microhabitats inhabited by crayfish in a 

river. Chapter 4 deals with in situ and laboratory investigations in survival and 

stress induced by low water quality, reduced dissolved oxygen and sublethal 

ammonia concentration. The last chapter discusses briefly the relevance of A. 

pallipes as a bioindicator.
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Chapter 2. Water quality requirements of the white-clawed crayfish: a field study

2.1. Introduction

Austropotamobius pallipes (Lereboullet) is the native crayfish found in 

most of Western Europe. Until recently, it was distributed from Spain to Croatia, 

across France and Italy, being widespread in England and Wales as well as 

Ireland (Holdich, 2002b). This species, including all subspecies, has drastically 

decreased its geographical range, mainly due to disease, habitat degradation and 

interspecific competition.

In Ireland, the white-clawed crayfish is chiefly found in the midland rivers 

and lakes. Lucey and McGarrigle (1987) published a distribution of 

Austropotamobius pallipes on the island based on their own observations and 

records found in the literature. According to these authors, crayfish range across 

the Irish midlands, from the river Deel (Co. Mayo) in the northwest, to the 

Blackwater river (Co. Monaghan) in the north, the river Barrow (Co. Carlow) in 

the southeast and the Awbeg (Co. Cork) in the southwest. They are fairly 

abundant throughout their range in both lakes and rivers. Byrne et al. (1999) 

found catch per unit effort of around five crayfish per traps in a tributary of the 

river More. O’Keeffe (1986) also found good populations of crayfish in streams 

(Brittas river, Co. Wicklow) and White lake, Co. Westmeath.

The geographical range of A. pallipes extends over the Carboniferous 

limestone which underlies most of the Irish midlands. Rivers flowing over 

limestone are rich in calcium, an essential mineral for crayfish which regularly 

moult their calcium carbonate exoskeleton. A. pallipes needs at least 2.8 ppm 

calcium to harden its exoskeleton (Chaisemartin, 1967).

The white-clawed crayfish is found in a variety of habitats and the various 

features of a river which favour crayfish have been studied by several authors in 

Britain (Foster, 1995; Smith et a i, 1996; Naura and Robinson, 1998) and 

continental Europe (Spain: Alonso et al., 2000; France: Neveu, 2000; Reyjol and 

Roquepio, 2002). Bank features, such as tree cover, profile and substrate, and
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channel features such as substrate and vegetation are known to affect the odds 

of finding crayfish or the abundance of crayfish at a site. Foster (1995) included in 

his analysis chemical parameters, such as phosphate and ammonia, which are 

indicative of water quality and found crayfish to be abundant where nutrient 

enrichment occurred. Several authors note the fact that this species of crayfish is 

called “Dohlenkrebs”, which translates to sewer crayfish, in Alsace and 

Switzerland (Laurent, 1988; Foster, 1995). Nevertheless, this species has 

traditionally been described as sensitive to pollution and considered as a 

potential bioindicator of water quality (Jay and Holdich, 1981; Holdich and Reeve, 

1991; Reynolds et al., 2002b).

Table 2.1. Regional analysis of river quality in percentage of channel length in the period 1998- 
2000. Biological Quality classes: A; unpolluted, B: slightly polluted, C: moderately polluted, D: 
seriously polluted. Taken from McGarrigle et al., 2002.

Regions Classes

A B C D

Eastern 45 27 25 3

South-Eastern 62 24 13 1

Southern 83 14 3 0

Mid-Western 65 14 20 0

Shannon 68 19 11 1

Western 82 10 8 0

North-West(a) 49 20 30 1

North-West(b) 87 5 7 1

Total 70 17 12 1

Water quality in Ireland is generally good (Table 2.1). Toxic pollution is 

rare, with only 1% of streams classed as seriously polluted in 2000 (McGarrigle et 

al., 2002). However, eutrophication and organic pollution are becoming more 

widespread with an increasing number of Irish rivers classified as moderately 

polluted over the past decade (Bowman et al., 1996; Lucey et al., 1999; 

McGarrigle et al., 2002). The EPA surveys carried out throughout Ireland every
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year indicated a decline in rivers which can be classified as unpolluted (class A, 

Q value of 4 or 5), while there is an increase in moderately polluted rivers 

(classes B and C, Q values of 3 and 3-4), particularly in the eastern regions of the 

island (Lucey et al., 1999). This trend is attributed to agricultural run-offs (manure 

and artificial fertilisers) and, more locally, to sewage discharge. The latest EPA 

survey by McGarrigle et al. (2002) observed a stabilisation of this downward drift 

of water quality.

This chapter examines results from eight Irish catchments (Figure 2.1) and 

attempts to determine the range of water quality in which the white-clawed 

crayfish can be found, taking into account several habitat parameters. Biological 

indices as well as physical parameters such as erosion were used to describe 

water quality and habitat characteristics were measured to assess the overall 

suitability of each site.
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2.2. Materials and Method

Study area

Six hydrometric areas were visited for this project; the Liffey (hydrometric 

area 09), the Boyne (area 07), the Suir (area 16), the Munster Blackwater (area 

18), the Barrow (area 14), and the upper Shannon (area 26) and lower Shannon 

(area 25). Eight catchments or subcatchments of these basins were included in 

the study (Figure 2.1): the Liffey catchment, the Boyne catchment, the Multeen 

subcatchment (tributary of the Suir), the Awbeg subcatchment (tributary of the 

Munster Blackwater), the upper Barrow catchment, the Inny subcatchment 

(tributary of the Shannon), the Brosna subcatchment (tributary of the Shannon), 

and the Little Brosna subcatchment (tributary of the Shannon). For the sake of 

simplicity, the Multeen, the Awbeg, the Inny, the Brosna and the Little Brosna will 

be considered as catchments, instead of subcatchments. Earlier records of 

crayfish exist in the literature for all these catchments (Reynolds, 1982; Lucey 

and McGarrigle, 1987).

Seventy-two sites were visited during this project. The sites to be sampled 

were chosen to cover each catchment as well as possible and on the basis of 

previous records. However, some pre-selected sites were not sampled because 

of difficult access; this explains why some numbers are missing in the list of sites 

(for example C4). A list of the sites sampled for this study is given below and 

maps of each basin are given in the results (section 2.3).

The upper Liffey was sampled thrice over the three year survey. Only sites 

in the upper Liffey river, where crayfish were found in 2000, were visited again in 

2001 and 2002. This was done to obtain population data over three years.
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Figure 2.1. Catchments surveyed in this project. Note that only the 
upper barrow was sampled. Details in text.
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List of study sites (with county and national grid reference)

Liffey (Figure 2.3)
S1: Liffey, Ballyward bridge, Co. Wicklow, 0024 161
S2; King's river, Lockstown bridge, Co. Wicklow, N979 035
S3: Liffey, Ballymore Eustace bridge, Co. Kildare, N927 098
S4: Liffey, Kilcullen bridge, Co. Kildare, N843 097
S5: Liffey, Alexandra bridge in Clane, Co Kildare, N879 271
S6; Liffey, Abbey farm estate Celbridge, Co. Kildare, N976 334
S7: Liffey, Lucan bridge, Co Dublin, 0035 355
SB: Rye water, Anne's bridge, Cos. Meath/Kildare, N930 395
S9: Rye water, Sandford's bridge, Co. Kildare, N979 376
S10: Liffey, Carragh bridge, Co. Kildare, N854 207
S11: Liffey, Athgarvan bridge, Co. Kildare, N822 122
S12: Liffey, Ballysmuttan bridge, Co. Wicklow, 0057 148
S I3: Liffey, Newbridge, Co. Kildare N807 153
S14: Liffey, Millicent bridge, Co. Kildare N881 246

Boyne (Figure 2.1)
LI: Tremblestown (Athboy), Tremblestown bridge, Co. Meath, N753 577
L2: Blackwater (Kells), Mabe's bridge, Co. Meath, N736 773
L3: Tremblestown (Athboy), bridge west of Johnsbrook, Co. Meath, N675 692
L4: Boyne, Newtown Trim bridge, Co. Meath, N816 568
L5: Stonyford, Earl's bridge, Co. Meath, N754 577
L6: Deel, Inan bridge, Cos. MeathAA/estmeath, N504 635
L7: Blackwater (Kells), d/s Castle Lough, Co. Cavan, N659 981
L8: Blackwater (Kells), Virginia, u/s Lough Ramor, Co.Cavan, N605 871
L9: Boyne, 2 km d/s Navan, Co. Meath, N882 683
L10: Boyne, Slane bridge, Co. Meath, N964 737
L11: Blackwater (Longwood), bridge at Johnstown, Cos. Meath/Kildare, N767 399
L I2: Blackwater (Longwood), bridge east of Longwood, Co. Meath, N722 453
LI 3: Boyne, Ballyboggan bridge, Cos. Meath/Kildare, N639 402
L14: Yellow (Castlejordan), Garr bridge, Co. Offaly, N532 369
L15: Blackwater (Kells), Killinkere bridge, Co. Cavan, N611 935
L16: Moynalty, Cloggagh bridge, Cos. Meath/Cavan, N676 917
L17: Moynalty, Rosehill bridge, Co. Meath, N716 851
L I8: Blackwater (Kells), Bloomsbury bridge, Co. Meath, N794 740
L I9: Knightsbrook, bridge Near Laracor, Co. Meath, N807 538

Multeen (Figure 2.11)
M l: East branch, Rossmore Bridge, Co. Tipperary R995 512 
M2: East branch, Clonedarby Bridge, Co. Tipperary S002 493 
M3: East branch, Aughnagross Bridge, Co. Tipperary R991 413 
M4: West branch, Ironmills Bridge, Co. Tipperary R915 468 
M5: West branch, Morpeth Bridge, Co. Tipperary R941 417 
M6: West branch, Ballinaclogh Bridge, Co. Tipperary R985 408
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Awbeg (Figure 2.15)
A1: Ardskeagh bridge, Cos. Cork/Limerick R577 208 
A2: Farran bridge, Co. Cork R544 185 
A3: Bridge next to Scart bridge, Co. Cork R525 153 
A4: Cahermee bridge, Co. Cork R568 083

Barrow (Figure 2.19)
BO: Barrow, bridge upstream Tinnahinch Br., Co. Laois N356 097
B1: Barrow, Ballyclare bridge, Co.Laois N385 147
B2: Barrow, Klinahown bridge, Cos. Laois/Offaly N514 107
B3: Barrow, Spa bridge in Portarlington, Co. Laois N553 128
B4: Barrow, Pass bridge in Monastervin, Co. Kildare N623 109
B5: Barrow, Bert bridge, Co.Kildare S659 969
B6: Barrow, Tankardstown bridge, Cos. Laois/Kildare S704 883
B7: Slate, Agar bridge, Co. Kildare N704 217
B8: Slate, bridge west of Rathangan, Co. Kildare N666 192

Inny (Figure 2.23)
II: Jobson’s bridge, Co. Meath N531 806 
13: Camagh bridge, Cos. LongfordAA/estmeath N393 756 
14: Bridge u/s L. Derravaragh, Co. Westmeath N387 700 
15: Bridge d/s L. Derravaragh, Co. Westmeath N388 667 
16: New Castle bridge, Co. Longford N183 569

Brosna (Figure 2.27)
C2: Brosna, Newell’s bridge, Co. Westmeath N384 424 
C3: Brosna, Kilbeggan bridge, Co. Westmeath N333 355 
C5: Brosna, Belmont bridge, Co. Offaly N073 222 
C6: Clodiagh, Rahan bridge, Co. Offaly N257 257 
C7: Clodiagh, Gorteen bridge, Co. Offaly N341 172 
C8: Clodiagh, Clonaslee bridge, Co. Laois N318 109 
C9: Tullamore, Springfield bridge, Co. Offaly N386 241 
CIO: Silver, Ballyboy bridge, Co. Offaly N204 140

Little Brosna (Figure 2.31)
LB1: Keeloge branch, Keeloge bridge, Co. Offaly S046 913
LB2: Miltown bridge, Co. Offaly 069 909
LBS: Bridge near Bunow confluent, Co. Offaly S I08 905
LB4: Brosna bridge, Co. Offaly S080 939
LBS: Riverstown bridge, Cos. Offaly/Tipperary N053 036
LB6: Derrinasallow bridge, Cos. Offaly/Tipperary N033 079
LB7: New bridge, Cos. Offaly/Tipperary N018 090

19



Site description

On the first visit, a physical description of the site was made and physico

chemical measurements were recorded. Physico-chemical measurements and 

flow rate were recorded thrice at each site. Conductivity, temperature and pH 

were measured using electronic probes (Metler-Toledo AG Check Mate 90 and 

Multi 340i probe) and recorded. Flow was estimated by timing the passage of a 

neutrally buoyant marker. Width was estimated and depth measured at three 

different trap sites in the river. A visual assessment of the substrate (percentage 

rock, gravel, sand, and mud) and of the vegetation cover in the river was 

performed (percentage cover and percentage of aquatic plants and algae, 

amphibious plants, mosses and reeds). Tree cover on the banks was rated from 

1 to 5 (1=no trees, 2=0-25% tree cover, 3=25-50% cover, 4=50-75% cover, 5=75- 

100% cover). Possible disturbance (weirs, bridges, litter, drains) or other 

interesting features of each site such as poaching, erosion, number of riffles and 

the presence of decaying leaves were noted (for an example of a field data form 

see Appendix 1; Appendix II presents an example of the variety of sites visited).

Figure 2.2. August trap used to sample crayfish
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The parameters measured to describe the sites were chosen from the 

literature (Foster, 1995; Smith et al., 1996; Naura and Robinson, 2000) and 

adapted to what was present at the sites. Most authors used similar parameters 

relating to substrate, banks and vegetation.

Crayfish sampling

Crayfish were sampled using two methods: trapping and netting. The traps 

used were August™ traps (Figure 2.2); they were baited with liver or kidney and 

weighted down with rocks to prevent them from moving in the current. Ten traps 

were used at each site; they were usually set in pairs, attached to the bank. The 

traps were laid to cover a stretch of river of approximately 20 meters. The depth 

at which the traps were set varied according to the physical characteristics of the 

river at each site. Traps were left under water for 48 hours. All crayfish caught 

were measured (carapace length), weighed and sexed. All crayfish were released 

on site. Catch per unit effort (CPUE) is the average number of crayfish per trap.

Hand nets (0.06m^ opening, 1mm mesh size) were used to sample smaller 

crayfish. Sexually immature (less than 25mm of carapace length male or female) 

and juvenile (unsexed) crayfish are only rarely caught with traps. Nets were used 

to sample through the vegetation, leaf litter and rocky substrate. Netting is not a 

quantitative method of sampling and is used only to establish that juveniles are 

present and thus that the population is breeding. Hand netting was performed for 

a standard period of 15 minutes after which, if no crayfish were found, juveniles 

and immature crayfish were considered to be absent from the site. All crayfish 

were sexed when possible and measured (CL).

Biological indices

Three invertebrate samples were also taken at each site. Each sample 

was obtained with a ten seconds “kick” sample. Rocks and vegetation were 

disturbed by the feet along a one meter transect for ten seconds, and the water 

carrying organisms and detritus flowed through a 0.06m^ net (1mm mesh size) 

held downstream. Everything collected during those ten seconds was brought
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back to the laboratory for further Identification. All invertebrates were preserved in 

70% alcohol. Two biological indices and one diversity index were calculated from 

these invertebrate samples. The Q value is the Irish biological index used by the 

Irish Environmental Protection Agency (Flanagan and Toner, 1972; Lucey et a i, 

1999), while the BMWP and its complement, the ASPT score, are used by the 

British water authorities (Armitage et al., 1983; Chester, 1980). A list of the taxon 

used for these indices is given in Appendix IV. For this study, the ASPT score 

was used instead of the BMWP, because it is less sensitive to sample size. The 

Q value is based on the tolerance of different groups of macroinvertebrates and 

ranges from 1 to 5, 5 indicating excellent water quality and 1 indicating bad water 

quality. The ASPT gives a score to invertebrate families according to their 

tolerance to organic pollution and eutrophication and, although there is 

technically no upper limit, a score above 7.0 is generally consistent with an 

excellent water quality. A score below 4.0 is consistent with poor water quality. 

The Simpson’s index was used for diversity measurements. It was calculated 

with the counts of taxa at family level from the formula stated in Rosenberg and 

Eiresh, 1993.

Statistical analysis

SPSS 10.0 for Macintosh was used to perform all statistical analysis. 

Backward Log-Likelihood logistic regressions were performed using presence (1) 

or absence (0) of crayfish as a dependent variable. A linear regression was 

performed using CPUE as the dependent variable. A cluster analysis was 

performed on the average counts over three samples for taxa at the family level, 

except for Oligochaeta, Hydracarina and Tricladida. Two methods were used: 

complete linkage and Ward’s method. References manuals consulted for the 

statistical analyses are Menard (2002) and Everitt (2001).
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2.3. Results

Habitat features and water chemistry varied between sites within a 

catchment and between catchments. The following sections present population 

and distribution results for each catchment separately. All data were then 

analysed together to assess habitat requirements of the white-clawed crayfish.

2.3.1 Physical, chemical and biological parameters

Table 2.2 gives mean values for conductivity, pH, flow and depth 

measured at each site for all the catchments included in this survey. Certain 

catchments, for example the Little Brosna, had much higher conductivity than 

others, for example the Multeen. The Liffey exhibited a clear trend of increasing 

conductivity along the channel length.

Most catchments presented great variability in flow and depth between 

sites. The Inny river was particularly deep, with all but one site being deeper than 

1 meter. The pH varied between 7.0 and 8.5, indicating that all rivers were 

alkaline.
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Table 2.2. Physical and chemical parameters measured at each site for all catchment surveyed. 
Conductivity is in |jScm‘\  flow is in m s'\ depth is in cm.

Catchment River Site Conductivity pH Flow Depth
Liffey Liffey S12 41 7.6 0.60 41

S1 78 7.7 0.29 55
S3 149 7.9 0.18 37
S4 280 8.2 0.14 71
S11 298 8.0 0.26 54
S13 298 8.0 0.44 76
S10 396 8.3 0.50 49
S14 381 7.8 0.44 76
S5 432 8.5 0.26 41
86 451 8.5 0.29 65
S7 521 8.2 0.31 40

King’s River S2 37 7.4 0.48 43
Rye Water S8 594 8.1 0.15 62

S9 610 8.2 0.12 26
Boyne Kells Blackwater L7 208 7.4 0.29 25

L15 208 7.4 0.59 22
L8 208 7.3 0.32 45
L2 283 7.7 0.27 43
L18 248 8.0 0.41 60

Moynalty L16 200 7.6 0.63 29
L17 248 7.4 0.32 37

Deel L6 678 7.9 0.12 56
Tremblestown L3 716 7.9 0.37 47

L1 724 7.9 0.09 49
Stonyford L5 690 8.0 0.29 46
Boyne L4 718 7.5 0.57 66

L9 680 7.8 0.48 50
L10 647 8.2 0.70 41
L13 743 7.2 0.06 56

Longwood L11 654 7.2 0.29 66
Blackwater L12 661 7.4 0.83 42
Yellow L14 751 7.5 0.28 45
Knightsbrook L19 773 7.7 0.28 43

Multeen East branch M1 284 8.2 0.50 39
M2 285 8.1 0.50 34
M3 352 7.5 0.22 38

West branch M4 231 7.7 0.25 45
M5 277 7.6 0.44 39
M6 341 7.5 0.33 59

Awbeg A1 437 8.2 0.38 47
A2 513 8.2 0.42 51
A3 533 8.2 0.44 56
A6 576 8.2 0.25 49
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Table 2.2. Continued

Catchment River Site Conductivity pH Flow Depth
Barrow Barrow BO 178 7.8 0.31 48

B1 311 8.1 0.28 36
B2 635 8.2 0.22 40
B3 675 8.2 0.13 45
B4 573 7.8 0.20 47
B5 569 7.9 0.15 74
B6 588 7.8 0.19 43

Slate B7 627 7.6 0.14 69
B8 638 7.5 0.15 31

Inny 11 684 8.1 0.34 38
13 402 8.0 0.24 100+
14 424 8.0 0.23 100+
15 444 8.2 0.10 100+
16 509 8.1 0.37 100+

Brosna Brosna C2 462 8.3 0.29 100+
C3 524 8.2 0.98 84
C5 634 8.2 0.28 53

Clodlagh C6 696 7.9 0.50 100
C7 453 8.2 0.66 50
C8 163 8.1 0.91 27

Tullamore C9 756 8.0 0.36 66
Silver C10 568 8.2 0.71 38

Little

Brosna

LB1 778 8.0 0.94 27
LB2 725 8.2 0.25 71
LB3 703 8.1 0.63 38
LB4 706 8.1 0.39 53
LBS 715 8.1 0.48 41
LB6 646 8.2 0.91 38
LB7 649 8.2 0.49 100

Substrate and vegetation cover was also nneasured at each site. The 

following figures present the data for each catchment.
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The Liffey

The physical substrate in this catchment is mostly rocky (Figure 2.3) and in 

general seemed suitable for crayfish.
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Figure 2.3. Percentage of the river bed surface covered by rocks (>10cnn diameter), gravel 
(<10cm diameter), sand or mud in the Liffey catchment. The percentage was estimated visually.

Vegetation cover is summarised in Figures 2.4 and 2.5. Most sites have a 

large percentage of the substrate covered by vegetation, except for sites situated 

in the headwaters (S2, S12, S1 and S8). Mosses and aquatic plants were the 

most common type of vegetation throughout the catchment.
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Figure 2.4. Percentage of the substrate covered by vegetation, including macro-algae in the Liffey 
catchment. The percentage was estimated visually.
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Figure 2.5. Percentage of the vegetation cover which is made of aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Liffey catchment. Percentage was estimated visually.

Six sites in the upper Liffey were sampled three years in a row (S1, S3, 

S4, S10, S11 and S13). Even though physical and chemical parameters were 

measured every year, they will not be presented again for 2001 and 2002. Very
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little variation occurred In terms of vegetation, substrate type, conductivity and 

pH.

The Boyne

Habitat features varied greatly throughout this catchment. Some sites were 

quite deep and fast flowing, but with no riffles (for example sites L18, L4, L11). 

Others were much shallower with a mixture of riffles and pools (for example sites 

L1, L7, L8, L19). Substrate was mostly made of rocks and pebbles (Figure 2.6). 

In-stream vegetation was fairly abundant in this catchment with most sites 

presenting at least 50% vegetation cover (Figure 2.7). Site L1 had very low 

vegetation because it had been dredged in the recent past.
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Figures 2 .6 . P ercentage of the river bed surface covered by rocks (>10cm  d iam eter), gravel 
(< 10cm  diam eter), sand or mud in the Boyne catchm ent. T h e  percentage w as estim ated visually.
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Figure 2.7. Percentage of the substrate covered by vegetation, including macro-algae in the 
Boyne catchment. The percentage was estimated visually.

Mosses and aquatic plants and algae were predominant at most sites 

(Figure 2.8). A strip of reeds was commonly present on one or both sides of the 

river.
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Figure 2.8. Percentage of the vegetation cover which is made of aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Boyne catchment. Percentage was estimated visually.
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The Multeen

Substrate was generally a mixture of sand and rocks except for site M5 

where the substrate was made entirely made of gravel (Figure 2.9).
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Figure 2.9. Percentage of the riverbed surface covered by rocks (>10cm diameter), gravel (<10cm  
diameter), sand or mud in the Multeen catchment. The percentage was estimated visually.

Vegetation cover was generally low throughout this catchment, and 

consisted mostly of mosses covering the rocky substrate (Figures 2.10 and 2.11).
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Figures 2.10. Percentage of the substrate covered by vegetation, including algae (macro) in the 
Multeen catchment. The percentage was estimated visually.
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Figure 2.11. Percentage of the vegetation cover which is made of aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Multeen catchment. Percentage was estimated visually.
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The Awbeg
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Figure 2.12. Percentage of the river bed surface covered by rocks (>10cm diameter), gravel 
(<10cm diameter), sand or mud in the Awbeg catchment. The percentage was estimated visually.

Figures 2.13. Percentage of the substrate covered by vegetation, including algae (macro) in the 
Awbeg catchment. The percentage was estimated visually.
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Figure 2 .1 4 . Percentage of the vegetation cover which is m ade of aquatic plants (and algae), 
am phibious plants (plants with roots in the w ater but with either flowers or stem and leaves above  
w ater), m osses, and reeds (includes all plants growing by the banks which grow in w et ground or 
that can be flooded regularly) in the A w beg catchm ent. P ercentage w as estim ated visually.

Sand was present at all sites. Three of the four sites visited in the Awbeg 

river presented a substrate made of predominantly sand and gravel (Figure 2.12). 

Vegetation cover at site A1 was low and consisted only of a strip of reeds and 

grasses along the margins of the river (Figures 2.13 and 2.14). Site A6 presented 

a substantial cover of amphibious plants, such as watercress, which grew in area 

where the current was low.

The Barrow

Sand was predominant at sites B2, B3, and B4, while other sites have a 

rocky substrate (Figure 2.15). Mud covered approximately 30% of the substrate 

at site 85 in the Barrow and B7 in the Slate river.
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Figure 2.15. Percentage of the river bed surface covered by rocks (>10cm diameter), gravel 
(<10cm diameter), sand or mud in the Barrow catchment. The percentage was estimated visually.

Vegetation covered a good percentage of the substrate at most sites in 

this catchment (Figure 2.16). Only the headwaters of the Barrow (BO, 81) and 

site B7 in the Slate river had a lower vegetation cover, mostly made of mosses 

(Figure 2.17). Elsewhere, mosses were predominant at sites with a rocky 

substrate while aquatic plants were found in sandy or gravel substrates (Figure 

2.17). Reeds appear in the lower section of the Barrow.
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Figures 2.16. Percentage of the substrate covered by vegetation, including macro-algae in the 
Barrow catchment. The percentage was estimated visually.
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Figure 2.17. Percentage of the vegetation cover which is made of aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Barrow catchment. Percentage was estimated visually.
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The Inny

Figure 2.18 presents the substrate type at each site, but because of the 

depth of the water at most sites, assessment of the substrate, and of vegetation 

cover, was difficult. The following graphs give an estimate based on a small area 

of the substrate which was visible.
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Figure 2.18. Percentage of the river bed surface covered by rocks (>10cm diameter), gravel 
(<10cm diameter), sand or mud in the Inny catchment. The percentage was estimated visually.

The headwaters of the Inny (11) showed an extensive cover of algae 

(probably Cladophora species) on the rocky substrate (Figure 2.19). The 

mainstream Inny presented extensive growth of reeds along the banks (Figure 

2.20). Aquatic plants were numerous, but because of the depth of the river, it was 

difficult to judge the extent of the plant cover.
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Figure 2.19. Percentage of the substrate covered by vegetation, including macro-algae in the Inny 
catchment. The percentage was estimated visually.

reeds 
1-] mosses 
□ am phib ious 
a  aquatic

16 15 14 13 11

site

Figure 2.20. Percentage of the vegetation cover which is made o f aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Inny catchment. Percentage was estimated visually.

The Brosna

The substrate consisted mainly of rocks mixed with sand or gravel (Figure

2 .21 ).
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Figure 2,21. Percentage of the river bed surface covered by rocks (>10cm diameter), gravel 
(<10cm diameter), sand or mud in the Brosna catchment. The percentage was estimated visually.

The Clodiagh and Silver rivers had a low vegetation cover compared to the 

Brosna and Tullamore rivers (Figure 2.22). Mosses were predominant in the 

Clodiagh and Silver rivers while aquatic plants and algae formed the majority of 

the vegetation cover in the Brosna and Tullamore rivers (Figure 2.23).
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Figures 2.22. Percentage of the substrate covered by vegetation, including macro-algae in the 
Brosna catchment. The percentage was estimated visually.
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Figure 2.23. Percentage of the vegetation cover which is made of aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Brosna catchment. Percentage was estimated visually.

The Little Brosna

The Little Brosna is a fast flowing river with a generally rocky substrate 

(Figure 2.24). Sites LBS and LB4 had a mostly sandy substrate nnixed with 

gravel, while substrate at LB7 was entirely made of sand.
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Figure 2.24. Percentage of the river bed surface covered by rocks (>10cm diameter), gravel 
(<10cm diameter), sand or mud in the Little Brosna catchment. The percentage was estimated 
visually.

The extent of the vegetation cover varied between sites (Figure 2.25), but 

all sites had strips of reeds and grasses along the margins of the river (Figure 

2.26).
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Figure 2.24. Percentage of the substrate covered by vegetation, including macro-algae in the 
Little Brosna catchment. The percentage was estimated visually.
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Figure 2.26. Percentage of the vegetation cover which is made of aquatic plants (and algae), 
amphibious plants (plants with roots in the water but with either flowers or stem and leaves above 
water), mosses, and reeds (includes all plants growing by the banks which grow in wet ground or 
that can be flooded regularly) in the Little Brosna catchment. Percentage was estimated visually.
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2.3.2. Biological indices

Two biological Indices for water quality were calculated from invertebrate 

samples: the Q value and the ASPT score. Table 2.3 presents both values along 

with the Simpson’s index for each site. Most sites in the Liffey had a moderate to 

good water quality (Q of 3-4; ASPT between 5.5 and 6.5). Only site S12, in the 

headwaters of the Liffey, had good water quality. Only site S14 had low water 

quality (Q value of 2, ASPT below 4). The majority of sites in the Boyne 

catchment had either moderate water quality (Q of 3, ASPT between 4.5 and 5.5) 

or moderate to good water quality (Q of 3-4, ASPT between 5.5 and 6.0). Only 

site L10 had low water quality (Q value of 2-3, ASPT of 3.9). Site L16, in the 

headwaters of the Moynalty river, had low water quality according to the Q value 

(Q of 2-3), but the ASPT score does not entirely reflect the Q value in this case 

(ASPT of 4.56).

In the Kells Blackwater subcatchment, most sites had good to moderate 

water quality (Q of 3-4, ASPT above 5.5). Most sites in the Boyne catchment had 

a high Simpson’s index, except for sites L11 and L19 and sites L2 and L16 in the 

Kells Blackwater subcatchment.

The sites visited in the Multeen all presented moderate to good water 

quality. The Simpson’s index was fairly high throughout the catchment, indicating 

a diverse macroinvertebrate community. All sites visited in the Awbeg presented 

similar scores for the Q value and the ASPT indicating moderate to good water 

quality. The S impson’s index calculated indicated a high diversity of 

macroinvertebrates in the Awbeg river. Site A1 presented a particularly high 

diversity with an index of 0.92.

All sites in the Barrow catchment had a moderate to good water quality (Q 

value of 3 or 3-4). The ASPT score was highest in the headwater sites (BO and 

B1). Only three sites had a Simpson’s index above 0.80, but no site had an index 

below 0.50.
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Table 2.3. Biological indices for each site in all catchments surveyed. Simpson’s index is 
presented as 1-D.________________________________________________________________
Catchment River Site Q ASPT Simpson’s
Liffey Liffey S12 4 6.55 0.61

S1 3-4 6.47 0.80
S3 3-4 5.70 0.39
S4 3-4 6.27 0.82
S11 3-4 5.86 0.73
S13 3 4.75 0.47
S10 3-4 5.67 0.55
814 2 3.91 0.61
S5 3-4 5.41 0.74
S6 3-4 6.16 0.77
S7 3-4 5.37 0.84

King’s River S2 3-4 5.78 0.87
Rye Water S8 3-4 6.03 0.69

S9 3 5.07 0.56
Boyne Kells Blackwater L7 3-4 5.46 0.83

L15 3-4 4.81 0.87
L8 3-4 6.46 0.85
L2 4 5.82 0.53
L18 3 5.47 0.75

Moynalty L16 2-3 4.56 0.37
L17 3-4 5.06 0.86

Deel L6 3 4.41 0.87
Tremblestown L3 3-4 5.39 0.83

LI 3 4.51 0.76
Stonyford L5 3-4 5.74 0.75
Boyne L4 3-4 4.70 0.79

L9 3-4 4.68 0.83
L10 2-3 3.91 0.89
L13 3-4 5.55 0.94

Longwood L11 3 4.66 0.64
Blackwater L12 3-4 5.02 0.78
Yellow L14 3 5.26 0.87
Knightsbrook L19 3 5.84 0.53

Multeen East branch M1 3-4 6.65 0.86
M2 3-4 5.64 0.87
M3 3 4.03 0.77

West branch M4 3 4.92 0.87
M5 3 4.93 0.82
M6 3 5.52 0.82

Awbeg A1 3-4 4.96 0.92
A2 3-4 5.22 0.76
A3 3-4 5.40 0.81
A6 3-4 5.49 0.70
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Table 2.3. Continued.
Catchment River Site Q ASPT Simpson’s
Barrow Barrow BO 3-4 6.07 0.59

B1 3-4 6.05 0.74
B2 3 4.71 0.64
B3 3 4.41 0.83
B4 3-4 4.54 0.70
B5 3 4.59 0.61
B6 3-4 5.15 0.86

Slate B7 3-4 4.81 0.52
B8 3-4 5.56 0.81

Inny 11 3 5.24 0.82
13 3-4 4.67 0.73
14 3 3.99 0.78
15 3 4.54 0.48
16 3-4 6.27 0.82

Brosna Brosna C2 3-4 5.11 0.84
C3 3-4 5.84 0.73
C5 3-4 5.63 0.74

Clodiagh C6 3-4 5.49 0.69
C7 4 6.44 0.81
C8 4 6.77 0.79

Tullamore C9 3 4.95 0.84
Silver CIO 3-4 6.29 0.82

Little

Brosna

LB1 3-4 5.71 0.86
LB2 3-4 5.38 0.83
LB3 3-4 5.53 0.69
LB4 3-4 5.33 0.57
LBS 3-4 6.10 0.86
LB6 3-4 5.30 0.77
LB7 3 5.20 0.59

All sites in the Inny catchment had moderate to good water quality (Q 

value of 3 or 3-4). Site 16 had a ASPT score of 6.27 which suggests good water 

quality, while all the other sites had ASPT scores indicating moderate water 

quality. All sites had a fairly diverse macroinvertebrate community, except for site 

15 which had low Simpson’s index (0.48). According to the biological indices, the 

Brosna catchment had slightly better water quality than the other catchments. 

Only site C9 had a ASPT score below 5, and two sites had a Q value of 4 

indicating good water quality. All sites had similar Simpson’s index indicating a 

fairly diverse macroinvertebrate community.

Water quality in the Little Brosna was moderate to good according to the 

biological indices calculated for each site. According to the Simpson’s index, the 

macroinvertebrate community in the Little Brosna were fairly diverse.
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Biological indices in six sites in the upper Liffey were measured every 

year, for three years (2000-2002). The Q value shows very little variation 

between years, with all but one site keeping a Q value of 3-4. Only site S13 

presents an improvement with a Q-value of 3 in 2000 and 2001 (moderate water 

quality) and a Q-value of 3-4 in 2002 (moderate to good water quality). The ASPT 

score shows more variation between years (Figure 2.27). The ASPT score at site 

S11 decreased from 6.49 in 2001 (good quality) to 4.86 in 2002 (moderate 

quality). The ASPT score also shows an improvement at site SI 3.

6.5

/ I  cm 4.5

3.5

81 S3 S4 S11 S13 S10

^2000 
■ 2001 
A 2002

Figure 2.27. A SPT score for six sites in the upper Liffey for 2000, 2001 and 2002, These sites are 
situated between Ballyward (S I)  and Carragh (S10).

While most sites show little variation in the Simpson’s index over three 

years (S3 remaining fairly low), both sites S13 and S10 present an improvement 

(Figure 2.28).
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Figure 2.28. Simpson’s index for sites in the upper Liffey for 2000, 2001 and 2002. These sites 
are situated between Ballyward (81) and Carragh (S10).
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2.3.3. Crayfish capture

Crayfish were found in the Liffey, Boyne, Multeen, Awbeg, Barrow and 

Brosna catchnnents (Figure 2.29). Table 2.4 gives a summary of the total number 

of crayfish caught using nets and traps. The number crayfish caught for the Liffey 

catchment is the total over three years, while the number of sites is for 2000 only 

(six sites were visited again in 2001 and 2002).

Liffey

Little Brosna
Rarrnw

Awbeg

Crayfish records for 1985, absent in 
2000-2002

No crayfish records for 1985, absent in 
2000-2002

Crayfish present in 2000-2002

Figure 2.29. Distribution of crayfish according to the surveys performed between 2000 and 2002. 
Records for 1985 are tal<en from Lucey and McGarrigle (1987). All sites where crayfish are 
present in 2000-2002 had previous records. Not all sites are represented in this figure.
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Table 2.4. Total number of crayfish caught using both methods of sampling according to 
catchment (see details in text).

Catchment Total caught Total trap Total nets Number of sites

Liffey 393 260 133 14

Boyne 34 17 17 19

Multeen 51 30 3 6

Awbeg 33 33 18 4

Barrow 282 226 56 9

Inny 0 0 0 5

Brosna 130 99 31 8

Little Brosna 0 0 0 7

The following section gives a more detailed account of the crayfosh 

capture for each catchment.

The Liffey

Figure 2.30 gives the distribution of A. pallipes in the Liffey catchment 

according to the 2000 sampling.

Crayfish were not found in the lower half of the mainstream Liffey, from 

Sallins (S14) to Lucan (S7). They were not found at Athgarvan (S11) in 2000 and 

2001, but were in 2002. No crayfish were found in the headwaters of the 

catchment in the King’s river (S2) and at Ballysmuttan (S12). In the Rye Water, 

they were only found at one of the two sites, in the lower Rye Water (S9).

CPUE was highest at site S1 above the Pollaphuca reservoir, just 

downstream of the Brittas confluent (Figure 2.31). Except at Ballymore Eustace 

(S3), where only one crayfish was found, all positive sites have a CPUE of 1 or 

more crayfish per trap.
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Figure 2.30 Crayfish distribution in the Lrffey catchment, 2000
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Figure 2.31. CPUE for positive sites in the Liffey catchment, 2000.

Figure 2.32 is a histogram of the carapace length of all crayfish caught in 

the Liffey catchment in 2000 using both methods (nets and traps). Individuals in 

the first carapace length category (0-5mm) cannot be sampled because at that 

size, they are still attached to their mother.
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Figure 2.32. Carapace length, in mm, frequencies for all individuals caught in the Liffey 
catchment.

■  male
□ female
□ juvenile
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Figure 2.33 shows the CPUE for each site visited thrice and for each year 

from 2000 to 2002. The main difference between the years is the appearance of 

crayfish at Athgarvan (S11) in 2002 after they were not found twice, in 2000 and 

2001. CPUE at Kilcullen (S4) increased steadily every year from 1 crayfish/trap in 

2000 to 4 crayfish/trap in 2002.
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Figure 2.33. CPUE for sites in the upper Liffey for 2000, 2001 and 2002. These sites are situated 
between Ballyward (81) and Carragh (S10).

The Boyne

No crayfish were found in most of the catchment. A. pallipes was only 

found in the Kells Blackwater subcatchment, which includes the Moynalty river 

and the Kells Blackwater river (Figure 2.34). The following graphs therefore only 

include data from this subcatchment.

Within the Kells Blackwater subcatchment, no crayfish were found at 

Mabe’s bridge (L2) and in the upper Moynalty (L16).

CPUE in the Kells Blackwater subcatchment was quite low, with none of 

the sites yielding at least one crayfish per trap (Figure 2.35). Site L7 has a CPUE 

of 0 but is indicated as a positive site on Figure 2.34 because, although no 

crayfish were found using the traps, A. pallipes was found using the nets.

■ 2000 
□ 2001 
□ 2002
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Figure 2.34. Crayfish distribution in the Boyne catchment, 2000



CPUE

Figure 2.35. CPUE for sites in tiie Kells Blackwater subcatchment. *: no crayfish were found using 
traps at site L7, crayfish were found using a net.

Figure 2.36 presents the carapace length distribution of the crayfish 

caught in the Kells Blackwater subcatchment. Because a total of only 34 

individuals were caught in this subcatchment, the graph does not show a clear 

size distribution of the population.

lO o lo O  lo  O  lo
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carapace length (mm)

■ males
□ females
□ juveniles

Figure 2.36. Carapace length, in mm, frequencies for all individuals caught in the Kells Blackwater 
subcatchment.
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Figure 2.37. Crayfish distribution in the Multeen, 2001



The Multeen

Crayfish were only found in the western branch of the Multeen (Figure

2.37).

Only site M6, the most downstream site of the western branch, had a 

CPUE above 1 (Figure 2.38). When using nets, crayfish were only found at sites 

M5 and M6. No juveniles and very few immatures were found (Figure 2.39).

CPUE

Figure 2.38. CPUE for sites in the Multeen catchment.
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Figure 2.39. Carapace length, in mm, frequencies for all individuals caught in the Multeen 
catchment.
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Figure 2.40. Crayfish distribution in the Awbeg river, 2001



The Awbeg

Crayfish were found at all sites visited (Figure 2.40). CPUE was not very 

high in this catchment, with only site A6 with a CPUE above 1 (Figure 2.41). No 

crayfish were found using nets at site A1.

A6 

A3
tv  

± !
W

A2 

A1

0 0.5 1 1.5

CPUE

Figure 2.41. CPUE for sites in the Awbeg catchment.

The carapace length distribution of crayfish caught in the Awbeg river is 

shown in Figure 2.42. No large individuals (more than 45mm) were found in this 

catchment.
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Figure 2.42. Carapace length, in mm, frequencies for all individuals caught in the Awbeg 
catchment.

The Barrow

Crayfish were found at all sites except the most upstream site in the 

mainstream Barrow (BO, Figure 2.43). The Barrow catchment had the highest 

CPUE of the catchments surveyed for this project. The highest CPUE was found 

in the lower section of the area sampled in this survey (B4 and B6, Figure 2.44). 

Only sites B1 and B2 had a CPUE below 1.

■ male
□ female
□ juvenile
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Figure 2.43. Crayfish distribution in the Barrow catchment, 2001
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Figure 2.44, CPUE for sites in the Barrow catchment.

Figure 2.45 presents the distribution of carapace length of individuals 

caught in this catchment. Because nets are not as efficient at catching crayfish as 

are traps, it appears that there are fewer juveniles and immatures than adult 

crayfish. Nevertheless, compared to other catchments, many juveniles were 

found using nets.
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Figure 2.45. Carapace length, in mm, frequencies for all individuals caught in the Barrow 
catchment.
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The Inny

No crayfish were found in the Inny catchment (Figure 2.46).

L. Sheelin

L. Kinale

Inny L. DerravaraghL I ro n ^ -^  
L. Owel 

Rath river
L. Ree

10km
Tang river

Shannon •  Crayfish present

O Crayfish absent

Figure 2.46. Distribution of crayfish in the Inny catchment, 2002.

The Brosna

No crayfish were found at site C10 in the Silver river and at site C5 in the 

lower Brosna (Figure 2.47). Crayfish were found at all other sites visited in this 

catchment.

The CPUE was very high in the Tullamore river (C9) and at Kilbeggan (C3) 

in the main Brosna. However, CPUE in the Clodiagh river never reached 1 

crayfish per trap (Figure 2.48).
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Figure 2.47. Crayfish distribution in the Brosna catchment, 2002.
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Figure 2.48. CPUE for sites in the Brosna catchment.

Figure 2.49 presents the carapace length distribution of individuals caught 

in the Brosna catchment. It shows a similar trend to what was seen in the Liffey 

and Barrow catchments.
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Figure 2.49. Carapace length, in mm, frequencies for all individuals caught in the Brosna 
catchment.

57



The Little Brosna

No crayfish were found in the Little Brosna river (Figure 2.50).

•  Crayfish present

O Crayfish absent
Shannon

Little BrosnaLB7
LB6 Camcor river

LB5

LB410km
LB1

LBS,LB2
Keeloge branch Kilcommin branch

Figure 2.50. Distribution of crayfish in the Little Brosna, 2002.
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2.3.4. Water quality indices, crayfish and plague

The data collected on crayfish abundance and water quality for all rivers 

were put together to observe any trends (Figure 2.51). All sites with a Q value 

less than 3 and a ASPT score close or below 4.0 are negative for crayfish. Above 

these values, sites can be either positive or negative.
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Figure 2.51. Plot of the biological indices (Q and ASPT) for negative and positive sites.

Because the crayfish plague was suspected to have affected three 

catchments included in this survey (Inny, Little Brosna and Boyne excluding Kells 

Blackwater), the data were plotted again excluding data from these catchment 

(Figure 2.52). Here again, sites with the lowest indices were negative for crayfish. 

Note the difference between the ASPT score and the Q value; one negative site 

has a Q of 2-3 but a score of 4.56 which is slightly higher than the lowest score 

for a positive site (4.41). Sites where water quality was moderate or good were 

either negative or positive for crayfish.
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Figure 2.52. Plot of the biological indices for negative and positive sites in catchments where 
crayfish plague was not suspected to have occurred.
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2.3.5. Habitat characteristics and crayfish presence

In addition to sampling for crayfish, many environmental variables were 

measured at each site, which makes their graphical representation and 

interpretation difficult. A logistic regression was carried out to identify which 

variables could predict the presence or absence of crayfish at a site. Sites were 

considered to be independent because of the great variation of parameters such 

as substrate, vegetation, tree cover, flow and depth, both within and between 

catchments. The variables included in the analysis were; occurrence of plague 

(yes: 1, or no: 0), conductivity (pScm'^), flow (ms'^), depth (cm), tree cover (1 to 

5), ratio of percent cover of substrate by sand and gravel (<10cm diameter) to 

percent rock cover of substrate, ratio percent cover of substrate by emergent 

vegetation to cover by submerged vegetation, poaching (yes: 1, or no: 0), 

numbers of riffles, type of bank (wall, sand, rock or vegetation, or a combination), 

distance from source (km), ASPT score and the Simpson’s index. Bank poaching 

and erosion were grouped as one variable because both had similar impact on 

crayfish, i.e. siltation of the substrate. Poaching was far more common than 

simple erosion of the banks. The ASPT score and the Q value cannot be both put 

together as variables in the regression because they are highly correlated. A 

second regression was therefore carried out using the Q value instead of the 

ASPT score, but the results were similar. The pH and temperature were not 

included in the model because they vary little between catchment and were 

always above pH 7 and 10°C. The results of the regression are given in Tables 

2.5 and 2.6.
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Table 2.5. Variables which significantly influence the odds of finding crayfish at a site according to 
a logistic regression (SPSS 10.0 output). Tree cover is recoded into “dummy” variables for each 
level of cover (1 to 5). The column “sig” relates to the significance of the Wald statistic. The 95%
C I. is the confidence interval of Exp(B), lb: lower bound, up: upper bound.

variables B S.E. Wald Sig Exp(B) 95% C.l 

lb up

Plague (1) 14.42 46.72 0.095 0.758 183624 0.000 1.078E+46

Poached(1) -3.17 2.03 2.441 0.118 0.042 0.001 2.242

Tree 5.903 0.316

Tree (1) -10.73 157.27 0.005 0.946 0.000 0.000 1.616E129

Tree (2) 1.81 1.61 1.273 0.259 6.127 0.263 142.749

Tree (3) 1.09 1.15 0.890 0.345 2.975 0.306 28.629

Tree (4) 3.08 1.60 3.703 0.054 21.771 0.944 501.87

Tree (5) 1.96 0.99 3.868 0.049 7.106 1.007 50.148

Simpson 11.61 4.41 6.943 0.008 110000 19.568 6.18E+08

Constant -20.75 46.85 0.196 0.658 0.000
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Table 2.6. Log-Likelihood ratio for each variables for two steps of the backward logistic regression 
(SPSS 10.0 output). The values in the column “Significance of the change” are p-values for the 
null hypothesis that no change will occur if this variable is removed from the equation. Any 
statistically non significant variable (p>0.05) was removed until all variables were significant. Only 
steps 1 and 8 (first and last) are shown in this Table. Note that “Tree" has a significance of 0.08 
but was not removed from the equation, because at least one of the “dummy” variables was 
significant.

Variables Model

Loglikelihood

Change in 

-2Loglikelihood

Significance of 

the change

Step 1 Plague -38.101 32.537 <0.0005

Cond -21.850 0.036 0.850

Distance -22.212 0.556 0.456

Banks -22.006 4.566 0.601

Poached -23.480 3.295 0.069

Tree -25.117 6.568 0.255

Depth -22.255 0.845 0.358

Flow -21.853 0.040 0.841

Riffles -21.996 0.326 0.568

Simpson -26.284 8.903 0.003

ASPT -21.838 0.011 0.917

Vegetation -22.749 2.019 0.155

Substrate -21.829 0.180 0.671

Step 8 Plague -45.124 44.405 <0.0005

Poached -24.910 3.977 0.046

Tree -27.845 9.847 0.080

Simpson -28.276 10.710 0.001

A logistic regression is a regression carried out on the log of the odds ratio 

of the variables. The values for B represent the log of the coefficients that will 

multiply the odds ratio. Exp(B) is the conversion of B back into a coefficient. If 

Exp(B) is less than 1, the odds of finding crayfish will decrease, while a Exp(B) 

higher than 1 will increase the odds.

Whether the crayfish plague was suspected to have occurred in a 

catchment or not significantly affected the odds of finding crayfish at a site (Table
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2.6). The variable “plague” had a non-significant B (Wald of 0.095, p=0.758) but 

the removal of the variable from the model would significantly affect the 

regression (-2LR of 44.405, p<0.0005). Another variable which influences the 

odds of finding crayfish is the presence of poaching or erosion. The variable 

“poached” has a Exp(B) of 0.042 (Table 2.5), which is less than 1. Therefore, an 

increase of one unit in the “poached” variable (i.e. from 0, no poaching, to 1, 

poaching) would greatly decrease the odds of finding crayfish at a site. The 8 

value for “poached” is not significant according to the Wald statistic (p=0.118), but 

the -2LR  for the variable is significant (p=0.046; Table 2.6), which means that 

removing this variable would change the model. The variable “tree” was divided 

in five “dummy” variables to investigate the influence of each level of this 

variable. Only the variables tree (4) and tree (5) seem to have an influence on the 

odds of finding crayfish. Tree (4) is not significant at alpha=0.05, but because the 

p value is very close to 0.05, it should still be taken into consideration. Tree (5) 

has a significant B (p=0.049). Both variables have a coefficient (B) which 

translate into a Exp(B) larger than one (Table 2.5). These results indicate that, 

overall, a good tree cover (more than 50% tree cover) will increase the odds of 

finding crayfish at a site, but that a low tree cover does not decrease the odds of 

finding crayfish. The Simpson’s index is the last variable to be of importance in 

this model. It has a highly significant B (p=0.008; Table 2.5) and a significant 

-2LR  (p=0.001; Table 2.6). The Exp(B) for the variable “Simpson” is very high, 

which indicates that an increase in the Simpson’s index will increase the odds of 

finding crayfish at a site. It is important to note at this point that the Simpson’ s 

index ranges from 0 to 1. An increase of one unit in this variable is therefore 

impossible. This fact does not contradict the results of the logistic regression, as 

the large Exp(B) suggests that a small increase in the index would positively 

affect the odds of finding crayfish.

Tables 2.7, 2.8 and 2.9 give the model’s overall goodness of fit. The 

Hosmer and Lemeshow test (Table 2.7) is not significant, which is what is 

expected if the model is a good fit. The classification Table (Table 2.8) give the 

percentage of correct predictions made with the model. This model predicted
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correctly 82% of sites and it predicts negative sites as well as positive sites. The 

Cox and Snell r-square and the Nagelkerke r-square are the equivalent to r̂  in a 

linear regression; these value attempt to quantify how much of the variance in the 

data is explained by the model. For this model, close to 70% of the variability can 

be explained by the variables left in step 8 (Table 2.9).

Table 2.7. Hosmer and Lemeshow test for a logistic regression. Step 1 is a model which includes 
all variables in the equation. Step 8 is the final step and includes only four variables: “plague”, 
“poached", “tree”, and “Simpson".

Chi-square df Significance

Step 1 2.101 8 0.978

Step 8 3.582 8 0.893

Table 2.8. Classification Table for steps 1 and 8 (first and last) of a logistic regression. At the final 
step, the model comprises of for variables: “plague”, “poached”, “tree”, and “Simpson”. 
Percentages relate to the number of cases that vi^ere correctly predicted by the model.

Observed Predicted

Crayfish Percentage

correct0 1

Step 1 Crayfish 0 38 5 88.4

1 5 24 82.8

Overall percentage 86.1

Step 8 Crayfish 0 36 7 83.7

1 6 23 79.3

Overall percentage 81.9

Table 2.9. R-square for a logistic regression model at steps 1 and 8 (first and last).

Step -2Log-likelihood Cox&Snell R- Nagell<erke R-

square square

1 43.665 0.524 0.707

8 45.843 0.509 0.688
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In the Little Brosna catchment, the occurrence of plague was not the only 

hypothesis available to explain the absence of crayfish in the traps. This 

catchment is located far from the source of the outbreak and the existence of 

crayfish populations linking the Little Brosna with the Inny is uncertain. Because 

of this, a second logistic regression was carried out with all sites in the Little 

Brosna not suspected to have had plague. This second model is given in Tables 

2.10, 2.11 and 2.12.

Table 2,10. Variables which significantly influence the odds of finding crayfish at a site according 
to a logistic regression (SPSS 10.0 output). The column “sig" relates to the significance of the 
Wald statistic.

Variable B S.E. Wald Sig Exp(B)

Plague 9.312 24.165 0.148 0.700 11069

Constant -9.203 24.164 0.145 0.703 .000

Table 2.11. Log-likelihood ratio for each variable at the first and only step of a forward logistic 
regression (SPSS output). The values in the column “Significance of the change” are p-values for 
the null hypothesis that no change will occur if this variable is removed from the equation.

Variable Model Change in Significance o f the

Loglikelihood -2Loglikelihood change

Plague -48.537 20.988 0.000

Table 2.12. Classification Table for a model of logistic regression. This model includes only the 
variable “plague”. Percentages relate to the number of cases that were correctly predicted by the 
model.

Observed Predicted

Crayfish Percentage

correct0 1

Step 1 Crayfish 0 17 26 39.5

1 0 29 100

Overall percentage 63.9
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This model is not as efficient at predicting crayfish presence or absence 

than the previous model (only 39.5% correct predictions when crayfish are 

absent, Table 2.12). When the sites of the Little Brosna are changed to “plague 

not suspected to have occurred”, i.e. from 1 to 0, then only the variable “plague” 

is retained in the model.
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2.3.6. Habitat characteristics and crayfish abundance

Catchments where crayfish were found were further examined in search 

for a possible link between certain habitat characteristics and crayfish 

abundance. The measure used to define abundance was catch per unit effort; 

although CPUE is not a precise measure of crayfish density in an area, it can be 

used to compare different sites.

The Simpson’s index, tree cover and the presence of poaching or erosion 

were earlier found to influence the odds of finding crayfish in the first logistic 

regression model. Figure 2.53 is a graph of these three variables and of CPUE in 

all positive sites. CPUE does not seem to be related to these variables.

0.80

tree poached
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0  O O 1------------------- 1-------------------1

0.00 3.30 6,60

Figure 2.53. Four-dimensional representation of sites where crayfish plague was not suspected to 
have occurred. Axes: x: Simpson’s, y: tree cover, z: poaching, size of bubbles; CPUE.
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Figure 2.54. Four-dimensional representation of sites where crayfish plague was not suspected to 
have occurred. Axes: x: % rock, y: % gravel, z: % sand, size of bubbles: CPUE. A fourth substrate 
type, mud, is not represented, but is the missing percentage to make up the total.
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Figure 2.55. Four-dimensional representation of sites where crayfish plague was not suspected to 
have occurred. Axes: x: % aquatic vegetation, y: % amphibious vegetation, z: % mosses, size of 
bubbles: CPUE. The percentage made up by reeds is not represented, but is the missing 
percentage to make up the total.
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other habitat characteristics such as substrate type (Figure 2.54) or 

vegetation cover of the substrate (Figure 2.55) were looked at to explain 

variations in CPUE. However, there was no clear relationship between either 

substrate type or vegetation presence in the river and CPUE.

The water quality indices were plotted against catch per unit effort to see if 

a better water quality means higher crayfish densities (Figure 2.56). Good water 

quality does not seem to influence CPUE. In fact, highest CPUEs were found at 

sites where water quality was moderate to good (Q of 3-4, ASPT between 4.5 

and 6.0).
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2.5 

2.0

. I . . . .  I . . . .  I . . .  .
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Figure 2.56. Three-dimensional representation of sites where crayfish plague was not suspected 
to have occurred (including Little Brosna). Axes: x: ASPT score, y: Q values, size of bubbles:
CPUE. A Q value of 2.5 corresponds to a value of 2-3, and a Q value of 3.5 corresponds to a 
value of 3-4.

A regression analysis was carried out using the natural log of CPUE as a 

dependent variable and several habitat characteristics as independent variables. 

Tables 2.13 to 2.15 give the results of this analysis. The same variables were

oo O
cpue Means

o oO> O O  0 O
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used in this regression model as were used in the logistic regression model, with 

the exception of “plague”, as only positive sites were included in the analysis.

Table 2.13. R square value for the regression model with CPUE as a dependent variable.

R R Square Adjusted R Std. Error of the

Square Estimate

0.586 0.343 -0.191 1.444

Table 2.14, ANOVA Table for the regression model with CPUE as a dependent variable.

Sum of 

Squares

df Mean

Square

F Sig.

Regression 17.427 13 1.341 0.643 0.787

Residual 33.364 16 2.085

Total 50.791 29

Table 2.15. Coefficients and their p value (sig.) for the t value for the regression model with CPUE 
as a dependent variable.

Variables Coefficient Std. Error t Sig.

Constant -4.627 5.497 -0.842 0.412

Conductivity 1.66E-03 0.002 0.798 0.437

Tree -0.106 0.289 -0.369 0.717

Poached 0.97 0.9 1.078 0.297

Depth 1.56E-02 0.02 0.777 0.449

Flow 1.199 1.601 0.749 0.465

Riffles 9.54E-03 0.264 0.036 0.972

Simpson 1.515 2.67 0.568 0.578

ASPT 9.90E-02 0.778 0.127 0.9

Banks 0.196 0.292 0.673 0.511

Distance 2.25E-02 0.017 1.332 0.202

Substrate 3.58E-03 0.015 0.245 0.81

Vegetation -5.58E-04 0.017 -0.033 0.974
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Very little of the variability of CPUE (34%) could be explained using the 

variables in the model, which was not significant at a  = 0.05. None of the 

variables significantly increase or deciease CPUE according to this model. A 

backward regression was also carried out, but all variables were removed. The 

residual plots of this model demonstrated goodness of fit.
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2.3.7. Macroinvertebrate fauna

The taxonomic composition of the macroinvertebrate fauna at each site 

was analysed further, firstly because crayfish feed on invertebrates and also 

because of the influence of Simpson’s index on the odds of finding crayfish. A 

cluster analysis was performed using counts for taxonomic families (except for 

oligochaetes, flatworms and water mites, which were not identified further and 

treated as “fam ilies”) at each site. Only catchments where plague was not 

suspected to have occurred were included in this analysis. Sites were then 

grouped together based on the similarity of their macroinvertebrate fauna. Two 

methods for clustering were used; complete linkage and Ward’s (Figure 2.57 and

2.58).

Both methods yield similar results. Many clusters can be explained by 

either the position of the site in a river or by the hydrographic basin. One cluster 

includes sites found at the headwaters of rivers which originate in blanket bogs 

(Liffey, Barrow, Clodiagh, Multeen, Awbeg) grouped together with one site (L15) 

in the Kells Blackwater (Figure 2.59).

Both methods group in the same cluster most sites in the Barrow 

catchment, except for the headwaters. The same occurs for the Awbeg 

catchment. Site S14 in the Liffey, which had the lowest water quality (Q of 2), is 

either segregated from the rest in Ward’s method or grouped with L16 (Kells 

Blackwater), which is the only other site with a Q below 3 (Figures 2.57 and

2.58). Another interesting result obtained from the cluster analysis, is the 

grouping of sites C10 (Brosna catchment. Silver river) and L2 (Kells Blackwater) 

together. These two sites were negative for crayfish, but presented a suiTable 

habitat and fairly good water quality (Q for L2 of 4, Q for C10 of 3-4). Site L2 had 

a low Simpson’s index (0.53) while the index for site C10 was fairly high (0.82). 

These two sites have similar macroinvertebrate fauna despite their different 

geographical position; site L2 is in the mainstream Kells Blackwater which 

originates in county Cavan while the Silver river has its source in the Slieve
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Figure 2.57. Dendrogram generated by the complete linkage method using all sites in catchm ents where plague was 
not suspected to have occurred (excluding Little Brosna).
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Figure 2.58. Dendrogram generated by Ward’s method using all sites in catchments where the plague was not suspected to 
have occurred (excluding Little Brosna).
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2.4. Discussion

The distribution of the white-clawed crayfish in the catchments sampled for 

this survey was patchy and sometimes difficult to explain. Crayfish were known to 

live in these rivers up to the mid 1980s (Lucey and McGarrigle, 1987), but several 

catchments presented an important restriction in the range of this species 

compared to previous records (Demers and Reynolds, 2003). Crayfish were not 

found in the Inny and Little Brosna catchments during this survey. In the Boyne 

catchment, crayfish were only found in the Kells Blackwater subcatchment, while 

in the Multeen catchment, crayfish were only found in the western branch. 

Several possible causes for this disappearance, arterial drainage, pollution, and 

disease, are discussed below.

Arterial drainage (dredging) was practised in several rivers of the Boyne 

catchment, with the aim of lowering the water table and allowing more land to be 

cultivated. The River Boyne drainage scheme started in 1969 and continued 

throughout the catchment until 1985 (O’Grady, 1998). After this date, dredging 

became less important but was still practised for periodic maintenance, as at 

Tremblestown bridge just before we visited the area in 2000. Dredging was also 

carried out in the Brosna and Inny catchments, but only in the 1950s and 1960s 

(Bruton & Convery, 1982). According to McCarthy (1977), A. pallipes disappears 

from a dredged area for several years, as does most of the invertebrate fauna. 

Although arterial drainage has a negative impact on the crayfish population, 

individuals will move back into the area after a few years (Lowery and Hogger, 

1986). The recent work done at Tremblestown Bridge would have reduced our 

chances of catching any crayfish at this particular site, but all other sites, from our 

observations, had remained undredged for several years.

Pollution does not seem to be the cause of the absence of A. pallipes in 

our traps in most of the Boyne catchment. According to our invertebrate sampling 

all rivers in the Boyne catchment are of moderate quality (Q of 3 and 3-4, ASPT 

between 5 and 6), except at Slane (Q value of 2-3 and ASPT score of 4.55). 

Nevertheless, according to the EPA the main river Boyne presents signs of
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organic pollution, such as high BOD and low dissolved oxygen, at many sites 

(McGarrigle et al., 2002). Furthermore, the upper Boyne, below the town of 

Edenderrv' has long been seriously polluted by sewage (McGarrigle et al., 2002). 

Water quality in parts of the Boyne river may have contributed to the restriction of 

the distribution oi A. pallipes or might prevent natural re-colonisation.

Water quality was again moderate in the Inny catchment (Q of 3 or 3-4, 

ASPT between 4.5 and 6.3), and in the Little Brosna river (Q of 3-4, ASPT 

between 5 and 6). The headwaters of the Inny river (site 10) presented clear signs 

of eutrophication with extensive algal growth on the substrate. The biological 

indices also give evidence of eutrophication, but indicate suitable water quality for 

crayfish according to the rest of the data. Nevertheless, the degrading water 

quality might present an obstacle to the recolonization by crayfish of these rivers.

No crayfish were found in the eastern branch of the Multeen river, but 

crayfish were found in the western branch. The biological indices indicate 

moderate to good water quality throughout the whole catchment and no visible 

signs of eutrophication were present. The EPA records between 1980 and 1996 

indicate excellent water quality (Q values of 4-5 or 5) at most sites in this river 

and the latest survey rates 97% of the channel length as unpolluted (Lucey et al., 

1999; McGarrigle et al., 2002). Nevertheless, local residents informed me of pig 

slurry effluents contaminating the river on several occasions a few kilometres 

upstream of site M3. It is possible that such a pollution event could have killed the 

crayfish population in the eastern branch, if it occurred in the headwaters or 

repeatedly along the river. Indeed, one site located approximately 5km upstream 

of M l had a much lower Q value in 1996 (Q of 3-4) compared to what it had been 

in the past years (Q of 5; Lucey et al., 1999) and this could indicate such a 

pollution event. A similar occurrence of farm waste spills could have killed 

crayfish in the Little Brosna, if the population had been confined to the 

headwaters. Foster and Turner (1993) found that un-ionised ammonia, a by

product of agricultural waste which will contaminate waterways in the event of a 

spill, was lethal at 7ppm to half of the crayfish under laboratory test conditions. 

This actually makes A. pallipes one of the most tolerant crayfish to elevated
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ammonia, which means that a major farm waste spili or recurrent episodes would 

probably have been necessary to cause the disappearance of crayfish in the 

eastern branch of the Multeen and in the Little Brosna.

Water quality, does affect crayfish to a certain extent. Troschel (1997) 

found that A. pallipes can exist in slightly polluted watercourses. Broquet et al. 

(2002) found that although A. pallipes was confined to waters of good quality, its 

distribution in a brook in France could not be explained by water quality 

variations. In the present research, the effect was found to be localised, as only 

certain areas within the catchments sampled exhibited low water quality. 

Evidence of the effect of water quality on crayfish distribution is most evident in 

the 2000 data from the Liffey (Demers and Reynolds, 2002). Crayfish were 

formerly recorded a few kilometres downstream of Clane (S5) (Lucey and 

McGarrigle, 1987), but now cannot be found downstream of Millicent bridge (S14) 

(see Figure 2.30). The Q value and ASPT score recorded at S14 (2 and 3.91 

respectively) are very low and may reflect the presence of the Osberstown 

sewage treatment works located near this site. The low water quality possibly 

excludes crayfish from this area, whereas the population upstream is still healthy. 

The water quality improved at sites downstream of Millicent bridge. However, 

EPA surveys recorded lower Q values at these sites in the recent past. Bowman 

et al. (1996) recorded a Q value of 3 for Celbridge (S6) in 1991 and Lucey et al. 

(1999) recorded a Q value of 2-3 for Lucan (S7) in 1995 (these authors only 

recorded Q values, not ASPT). The low water quality at S14 may act as a barrier 

to downstream movement of crayfish into their original range in the river Liffey. 

The pollution problem below the Osberstown sewage treatment works is 

relatively recent according to McGarrigle et al. (2002) and expansion of the works 

is being considered to improve water quality.

Another site where low water quality might explain the absence of crayfish 

is in the headwaters of the Moynalty river ( L I6), in the Kells Blackwater 

subcatchment. The biological indices record low water quality at this site (Q of 2- 

3, ASPT of 4.56). The site offered a seemingly adequate habitat for crayfish and 

A. pallipes was found a few kilometres downstream at site LI 7.
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This survey thus suggests that there is a lower limit of water quality at 

which crayfish can survive, but this species is not confined to waters of good 

quality, being quite numerous in waters of moderate quality.

River Glore

White L.
River Inny

L. Glore

To Shannon catchment

L. Lene

Yellow River
River Deel

5l<m To Bovne catchment

Figure 2 .60 . Lakes of the Boyne and Inny catchments (Co. W estm eath) where the plague
outbreak probably originated.

The fungal plague A. astaci was introduced to Europe via the introduction 

of American crayfish species. The plague was diagnosed on sick individuals 

caught in Lough Lene in 1987 (Reynolds, 1988). This lake lost its entire crayfish 

population soon afterwards. The fungus is also believed to be responsible for the 

disappearance of crayfish populations from several other lakes in the Inny and 

Boyne catchments, such as Lough Glore, Lough Bane and White Lake (Figure 

2.60). Lough Lene and other lakes in the area do not have clearly defined
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drainage basins and can drain both to the Inny and the Boyne catchments. It is 

therefore possible that from these lakes, the disease infected individuals in the 

Deel river, and thus spread throughout the Boyne catchment, as well as the Inny 

river, potentially spreading through the Shannon catchment. It is important to note 

at this point that only the mainstream Inny river was sampled during the present 

survey and that no tributaries were visited. In the late 1990s, crayfish were found 

in the headwaters of a small tributary of the Inny, the river Rath (Gouin et al., 

2003). They may have escaped infection by the plague because of a gap in their 

distribution between the main Inny river and the headwaters. Such a situation is 

fairly common in France and Spain where populations of A. pallipes are often 

restricted to headwaters of streams, sometimes at high altitude (Carral et al., 

1993; Grandjean et al., 2000).

The Boyne and Shannon catchments are popular for trout and salmon 

angling and it is possible that spores were introduced by visiting anglers at 

several places in the catchments (Reynolds, 1988). In a case study Astacus 

astacus by Westman and Nylund (1979) in Finland, the disease travelled roughly 

3km a year upriver, although it was not clear whether the spread was natural or 

helped by fishermen. In the first outbreaks of crayfish plague in Britain, described 

by Alderman et al. (1984), no crayfish survived downstream of the initial infection 

site within a few days and mortalities spread slowly upstream. Alderman (1993) 

reports that a population stretching along 60km of a river disappeared within 

three weeks. This author also reports that such mass mortalities remained 

unnoticed by the public. Crayfish in the Little Brosna could have become infected 

by crayfish in the main Shannon channel, although earlier crayfish records in the 

Little Brosna only exist for the headwaters (Lucey and McGarrigle, 1987). The 

Little Brosna basin is mainly used for agriculture and the ERA records show a 

steady decrease in water quality over the past decade to Q values of 3 (moderate 

water quality) at most sites (Lucey et al., 1999). If the crayfish population in the 

Little Brosna was actually confined to the headwaters, then pollution events 

rather than plague might have caused the population density to decrease below
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detection level. However, a separate infection of the headwaters by anglers is a 

possibility.

The fact that crayfish were found in one branch of the Multeen and indeed 

seem to be most abundant near the confluence of the two branches (site M6, see 

figure 2.45) make a plague outbreak an improbable cause for the loss of the 

Multeen eastern branch populations.

The Brosna catchment population might have escaped an outbreak in the 

Shannon catchment because of a gap in their distribution (site C5) which would in 

fact isolate the Brosna population from the rest of the Shannon. The crayfish 

population in the Kells Blackwater subcatchment (Boyne catchment) might still 

exist today for the same reason. There are no records of crayfish presence 

downstream of Trim, a few kilometres upstream of the Blackwater inflow, before 

the plague outbreak. The Blackwater population may thus have been isolated 

from the rest of the Boyne population and would not have come into contact with 

sick individuals. Downstream populations become infected through water 

transport of spores, but the fungus needs to be transported by a crayfish host in 

order to disperse upstream (Nylund and Westman, 1995; Evans and Edgerton, 

2002).

Throughout the catchments surveyed, crayfish were found in a variety of 

habitats. There was no relation between the type of substrate and the presence 

of crayfish. In this study, crayfish were found at sites with rocky substrate, sandy 

substrate with usually good vegetation cover along the banks, or gravel 

substrate. Although there was no direct relationship between the extent of the 

vegetation cover in the river and crayfish presence, juveniles were easier to find 

when a strip of emergent vegetation was present along the banks. Naura and 

Robinson (1998) found a positive relation between crayfish presence and the 

presence of amphibious plants and reeds. Grasses and plants such as 

watercress offered shelter to crayfish, in particular smaller individuals. Shelter 

availability is an important factor for crayfish populations (Foster, 1995; Matthews 

and Reynolds, 1995; Peay, 2000). Juveniles were particularly numerous in 

growths of Fontinalis in a case study by Bowler and Brown (1977). Neveu (2000)
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notes that crayfish will be more attracted to macrophytes when the substrate is 

homogeneous and shelter is sparser.

According to one of the models based on the analysis of the data gathered 

in this survey, bank damage through poaching or erosion will negatively affect the 

odds of finding crayfish. Poaching is fairly common in midland rivers, where cattle 

often have access to the riverbanks. The poaching itself affects only a small area 

of the banks, but the silt released will deposit over several metres in the river. 

The silt will cover the original substrate; when the substrate is made of rocks, the 

crevices used as shelter by crayfish will be filled. Erosion of the banks, less 

common than poaching, was found to have the same effect on the substrate. 

Naura and Robinson (1998) found that eroding cliffs and poached banks were 

associated with absence of crayfish. Troschel (1997), in a survey in the Rhine 

catchment, found that no crayfish were found in rivers where the substrate was 

covered by soil material.

Another variable linked with the presence of crayfish is the tree cover on 

the banks. A high percentage of tree cover along the banks was positively related 

to crayfish presence. Other studies have found that overhanging branches or 

tree roots are linked with crayfish presence (Foster, 1995; Naura and Robinson, 

1998). The presence of trees along the banks can offer food and shelter to 

crayfish. Crayfish are known to eat soaked leaves (Reynolds, 1979) and leaf litter 

and tree roots can offer shelter to crayfish, in particular to juveniles (Foster, 1995; 

Smith et al., 1996). Crayfish will prefer areas of shade to sunny stretches of the 

river (Smith et al., 1996; Bohl, 1997). Trees also indirectly favour crayfish in that 

they will prevent erosion and poaching of the banks. Several authors mention 

tree roots as a preferred shelter for crayfish, in particular juveniles (Foster, 1995; 

Smith et al., 1996). This is unlikely to be the case in this study, as submerged 

tree roots were a rare occurrence.

The fourth variable related to crayfish presence according to this model is 

the Simpson’s index. This index measures the diversity of the macroinvertebrate 

fauna found at each site and is calculated from a kick sample. For the purpose of 

this research, invertebrates were identified to family level. Therefore, the
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Simpson’s index calculated is an indication of the diversity of macroinvertebrates 

at the family level; an index calculated at the species level might have given 

different results. The macroinvertebrate community can be related to crayfish 

either directly as a food source, or indirectly as an indicator of a suitable habitat. 

Crayfish are omnivores and will feed on a variety of food items including aquatic 

insects, molluscs and vegetation (Reynolds, 1979). Juveniles in particular will 

feed mainly on invertebrates whereas adults will also feed on dead terrestrial 

vegetation (Reynolds, 1979; Nystrom, 2002). Because A. pallipes is a generalist 

omnivore, it is more probable that the Simpson’s index is related to crayfish 

presence as an indicator of a favourable habitat. Furthermore, the cluster 

analysis did not differentiate sites with and without crayfish on the basis of the 

composition of their macroinvertebrate fauna. A diverse invertebrate community 

will also point to a heterogeneous habitat, which can provide shelter for crayfish 

of all sizes. Foster (1993) found that a habitat must offer varied shelter sizes in 

order to support a good population of crayfish. A low Simpson’s index may also 

indicate a low water quality, either in the present or the past. After a disturbance 

(e.g. dredging, slurry inflow), some species with relatively low tolerance to 

pollution can recolonize an area fairly quickly and the biological indices such as 

the Q value may not reflect the recent past. Flaspohler et al. (2002) found that the 

invertebrate community rivers in North America would gradually change in 

composition and diversity after clear-cutting of the surrounding forest. The return 

to a diverse community might be lengthier. This is relevant to A. pallipes which is 

a long-lived species and a slow migrator (McCarthy, 1977; Robinson etal., 2000).

The overall suitability of a site for crayfish is a combination of factors and it 

is difficult to assess what these factors are from the data collected. Although 

some of the variables compiled can help predict the presence of crayfish, why 

certain sites harbour dense populations while others will have only a small 

population remains undetermined. Many authors studied the different habitats in 

which crayfish are found in greatest numbers and their results do not always 

concur. Foster (1995) and Smith et al. (1996) found that small roots along the 

banks offer very good shelter for juveniles but Neveu (2000) did not have a
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similar result in a brook in France. In the present survey, crayfish were not found 

to congregate in rootlets, although, as mentioned previously, this type of habitat 

was quite rare. Bowler and Brown (1977), Smith et al. (1996) and Naura and 

Robinson (1998) pointed to the importance overhanging or vertical banks to adult 

crayfish. In this survey, although vertical banks were not common, crayfish were 

not more abundant where sandy banks were found. This result also agrees with 

Neveu (2000). Crayfish abundance is not predictable using the variables 

collected in this study. In the regression analysis carried out, the r  ̂ was small 

(Table 2.13) and thus little of the variability of the CPUE can be explained using 

the variables measured. Furthermore, none of the variables had a statistically 

significant coefficient (Table 2.15).

Catch per unit effort varied greatly between and within catchments. Certain 

sites from different rivers presented similar habitat characteristics, but some had 

very low CPUE and others had fairly high CPUE. For example, all the sites in the 

Kells Blackwater subcatchment had a CPUE below 1 while many sites in the 

Liffey catchment had a CPUE close to 2. Many sites in both catchments had a 

similarly rocky substrate (Figures 2.3 and 2.6) and fairly high vegetation cover of 

the substrate (Figures 2.4 and 2.7) made of mosses and aquatic plants (Figures 

2.5 and 2.8). Certain catchments such as the Barrow and the Liffey seemed to 

possess a more abundant population than others such as the Multeen, 

Blackwater and Awbeg. The availability of shelter is known to affect crayfish 

abundance (Matthews and Reynolds, 1995; Smith et al., 1996). Foster (1995) 

found that CPUE was positively related with river features related to refugia such 

as boulders and roots. Broquet et al. (2002) related the distribution of crayfish 

within a brook to the presence of cobble. In this study, the percentage of the 

substrate made of boulders (percent rocks. Figure 2.54) was not related to 

CPUE. Crayfish were often found in vegetation or leaf litter, indicating that 

substrate type is not the only variable contributing to refuge availability and that 

several factors, some of which might not have been measured in this large scale 

survey, interact to provide a habitat that can sustain high densities.
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Within a catchment, CPUE will vary along the channel of the river. For 

example, in the Liffey, site S11 had a CPUE of 0.8 in 2002 (CPUE of 0 in 2000 

and 2001) while site S4, approximately 6km upstream, had a CPUE of 4 in 2002 

(Figure 2.33). This is difficult to explain because both sites presented a rocky 

substrate, good tree cover and similar vegetation cover, although site S11 was 

possibly subject to flash floods. Certain rivers in a catchment have a more 

abundant crayfish population than others. Sites on the Tullamore and Brosna 

rivers in the Brosna catchment have CPUEs of more than one and even more 

than 3 for two sites, while all three sites on the Clodiagh river had a CPUE of less 

than one. A certain amount of the variation in CPUE encountered in this survey 

can be explained by the position of the traps in the river. All sites did not have the 

same accessibility and although traps were put near areas within the river where 

crayfish were expected to congregate due to the spatial distribution of shelters, 

this was not always easy to do. Nevertheless, the error due to trapping location is 

probably minimal as crayfish can travel several metres per night (Armitage, 2000; 

Robinson et al., 2000). Flow rates will hinder or facilitate crayfish movements. 

Traps were generally laid in areas of lower flow in the river (near banks, in pools) 

but a few sites, such as site L7 in the Kells Blackwater which had a CPUE of 0 

but where crayfish were found using nets, had high flow rates, which could have 

affected trap yield. However, most sites did not have excessively high flow rates 

and, with the possible exception of one or two sites, the rivers sampled were not 

flashy and flooding was observed only once (during which crayfish appeared to 

have taken refuge in the traps). The observed variability in CPUE is probably due 

to the suitability of habitat at a level that was not measured in this survey.

The data collected and the literature indicate that A. pallipes will avoid 

areas where poaching or erosion affect the river and will prefer sites with good 

tree cover along the banks. However, it is interesting to point out that one site in 

the Liffey, Ballyward (S1), which had a CPUE close to 3 crayfish per trap every 

year for three years, exhibited extensive erosion and poaching and no tree cover.

The results of this survey demonstrate that the distribution of >A. pallipes in 

Ireland has been reduced from what it was thought to be and that the crayfish
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plague may have had a larger impact than previously believed. Nevertheless, the 

white-clawed crayfish is still widely distributed across the Irish midlands and is 

generally found at sites with good tree cover, no poaching or erosion and a high 

macroinvertebrate diversity. The abundance of crayfish in a river or at a site is 

difficult to predict and can vary greatly between and within catchments.
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Chapter 3. Preferential habitat of juvenile crayfish

3.1. Introduction

The data presented in chapter 2 underlined the adaptability of this species 

to a variety of habitats and the difficulty in predicting crayfish abundance at a 

particular site. Each site within a river and between rivers presented different 

characteristics and offered crayfish several habitats. Little is known about the 

utilisation of these habitats by crayfish at various moments in their life cycles.

Juvenile crayfish are difficult to find and in consequence rather little is 

known about them in terms of habitat preference. Smaller crayfish can inhabit 

different areas within the stream compared to adult crayfish. Whereas adult 

crayfish occur under stones and boulders in the river, juveniles and small 

individuals may be found along the margins, among rootlets and vegetation 

(Smith et a i, 1996; Reyjol and Roquepio, 2002). Reyjol and Roquepio (2002) 

found that, although certain habitats such as rocks and boulders were inhabited 

by all size classes, other habitats, such as pebbles and vegetation, were 

colonised almost exclusively by the smaller crayfish.

Austropotamobius pallipes has been studied in a variety of habitats in 

many countries. Because of the interest generated by this large invertebrate, 

several methods have been used to catch the white-clawed crayfish, including 

baited traps, stone turning by hand, kick-sampling and diving. All these methods 

have positive and negative characteristics and will generally target crayfish of 

different sizes. Baited traps are known to catch almost exclusively adults 

(O’Keeffe, 1986; Matthews and Reynolds, 1995; Byrne et al., 1999; Grandjean et 

al., 2000). Stone turning, Surber samplers and kick sampling will indicate crayfish 

presence, but will underestimate the more mobile adults. These methods, 

however, can be used to sample smaller individuals, namely juveniles and 

immatures, which are not found using traps (Smith et al., 1996; Byrne et al., 

1999; Garcia-Arberas and Rallo, 2000; Neveu, 2000).
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A study was therefore performed as a complement to crayfish trapping, to 

assess habitat utilisation by crayfish, in particular juveniles, at two sites in the 

Liffey catchment.
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3.2. Materials and methods

Study area

Two sites in the Liffey catchment were chosen for this study: Kilbride 

bridge on the Brittas river (Co. Wicklow, 0027 180) and Carragh bridge (site S10 

in chapter 2) on the Liffey river (Co. Kildare, N854 207). Both sites were chosen 

because of their accessibility and suitable depth.

Kilbride bridge is on the river Brittas, a tributary of the Liffey which joins the 

main channel 3.5 km upstream of the Pollaphuca reservoir. The river at this site 

is 1 to 2 metres wide and 5cm to 50cm in depth. At this site, the river first flows 

straight, bordered by grasses, with a substrate of pebbles and sand (figure 3.1). It 

then goes through a bend and becomes shallower and riffles over pebbles and 

boulders. After a riffle of 5 metres, the river flows under the bridge and into a 

deep pool; this pool was not included in the sampling. Four different habitats 

were identified for crayfish at this site: rocks and boulders (>10cm diameter), 

pebbles (<10cm diameter), emergent vegetation, and submerged vegetation.

The second site, Carragh bridge is on the mainstream Liffey approximately 

75km from the source and was investigated in the survey described in chapter 2. 

The river there is wide (25m) with varying depth, but can generally be waded 

through. The sampling was concentrated in one area, close to the bank, where 

riffles alternate with glides and where in-stream emergent vegetation was present 

(figure 3.2). Five microhabitats were identified at this site: rocks and boulders 

(>10cm diameter), pebbles (<10cm diameter), emergent vegetation, submerged 

vegetation, and leaf litter.
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Figure 3.1. Schematic representation of the different microhabitats present at 
Kilbride bridge, Brittas river.
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Figure 3.2. Schematic representation of the different microhabitats present at 
Carragh bridge, Liffey river



Sampling Methods

Both sites were visited on three occasions, on 6 August, 26 August and 2 

September 2002. Depth was measured with a metre stick and flow was estimated 

visually into three qualitative categories: fast (strong riffle), medium (slow riffle), 

slow (glide). All habitat types were sampled on these dates.

A Surber sam pler was used to sam ple both crayfish and 

macroinvertebrates. The sampler is made of a square metal frame enclosing an 

area of 0.09 m^. Downstream, an attached 1 mm mesh size net flows in the 

current at a right angle to the frame in order to catch anything drifting in the water 

(see Appendix III for a photo). The quadrat was placed on the substrate, the 

substrate was then thoroughly disturbed and washed in the current and all 

invertebrates, including crayfish, were caught in the net.

Ten Surber samples were taken for each type of habitat covering a surface 

area of 0.9 m^ in which crayfish might be caught. Within a habitat, samples were 

chosen randomly, except when the total available surface area did not permit it. 

Three (6 August) and 4 (26 August and 2 September) samples of the leaf litter at 

Carragh were taken because of the limited surface it covered; only seven 

samples of the submerged vegetation were taken at Kilbride bridge were done for 

the same reasons. The quadrats sampled for these two substrates represent the 

total surface covered by these microhabitats at the site. Two invertebrate 

samples (out of the ten taken) were preserved at each habitat type on 6 August 

for further identification. All crayfish were measured using callipers (carapace 

length to nearest 0.5 mm) and sexed when possible. They were then released. 

Crayfish and invertebrate densities were calculated per metre squared.
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3.3. Results

3.3.1. Habitats

Kilbride and Carragh bridges offered different habitats to crayfish. Figures 

3.3 and 3.4 show the percentage of each substrate type found at each site. The 

predominant substrate type at Kilbride bridge was pebbles, with rocks and 

boulders covering only 25% of the stream bed. Vegetation covered approximately 

20% of the substrate at this site. The substrate at Carragh was more diverse, but 

generally dominated by boulders (45% of streambed) and submerged vegetation 

(30% of streambed), mainly Myriophyllum species.

Substrate dominated by rocks less than 10 cm in diameter was classified 

as “pebbles”. However, this substrate type varied between the sites. At Kilbride 

bridge, pebbles were generally smaller (always < 5 cm) than at Carragh bridge 

(up to 10 cm).
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Figure 3.3. Pie chart of the percentage of the riverbed covered by each type of substrate for 
Kilbride bridge.
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Figure 3.4. Pie chart of the percentage of the riverbed covered by each type of substrate for 
Carragh bridge. This graph only includes the area sampled, not the total width of the river.

Water depth and flow was different for every substrate type and between 

the two sites (Table 3.1). Boulders and pebbles at Carragh bridge were generally 

found at greater depths than at Kilbride bridge. Submerged vegetation differed 

between the two sites in that water flowed at a higher velocity over this type of 

habitat at Kilbride bridge. Water was almost stationary over the leaf litter and flow 

was thus classified as “very slow”.
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Table 3.1. Depth and flow rate according to substrate at both sites.

Site Kilbride bridge Carragh bridge
Substrate Depth range Flow rate Depth range Flow rate
Boulders 20 - 25cm Fast 25 -  40cm Fast
Pebbles 5 -  20cm Fast 15 -  20cm Fast
Submerged
vegetation

5 -  15cm Fast 5 -  10cm Medium

Emergent
vegetation

5 -  25cm Slow 5 -  10cm Slow

Leaf litter - - 10cm Very slow
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3.3.2. Invertebrates

Both sites presented similar macroinvertebrate communities in terms of 

species composition and abundance (Table 3.2), but some habitats had a more 

abundant invertebrate fauna according to the Surber samples (Table 3.3). 

Pebbles at Kilbride bridge and boulders at Carragh bridge had fewest 

invertebrates, while macrophytes (emergent and submerged) had the most 

macroinvertebrates per m^.

Table 3.2. Species list of taxa and total count for two samples present at each site. Class 
Oligochaeta and order Hydracarina were also present at both sites in small numbers but were not 
identified further. Dipterans were only identified to family level.

Order Species (family) Kilbride Carragh

Diptera Chironomidae 417 396

Simuliidae 96 241

Culicidae 28 18

Tipulidae 9 29

Coleoptera Paracymus scutellaris 0 3

Elmis aenea 184 15

Oulimnius tuberculatus 10 7

Limnius volckmari 0 5

Esolus parallelepipedus 3 11

Trichoptera Hydroptila sp. 6 14

Rhyacophila dorsalis 1 2

Hydropsyche angustipennis 11 16

Hydropsyche pellucidula 1 13

Glossosoma conformis 1 0

Diplectrona felix 1 2

Agapetus sp. 0 4
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Table 3.2. Continued.

Order Species Kilbride Carragh

Trichoptera Polycentropus irroratus 0 1

Athripsodes sp. 0 1

Plecoptera Leuctra fusca 1 45

Leuctra inermis 0 8

Leuctra hippopus 3 63

Nemoura cinerea 0 2

Ephemeroptera Ecdyonurus dispar 2 0

Ecdyonurus venosus 35 9

Heptagenia fuscogrisea 1 3

Heptagenia sulphurea 1 1

Centropilum luteolum 1 0

Cleon dipterum 0 1

Ephemerella ignita 117 268

Baetis rhodani 46 95

Baetis atrebatinus 42 80

Baetis muticus 4 58

Baetis fuscatus 2 10

Caenis rivulorum 0 9

Heteroptera Gerris odontogaster 0 1

Amphipoda Gammarus pulex 306 36

Gammarus duebeni 95 5

Isopoda Asellus aquaticus 0 9

Gastropoda Theodoxus fluviatilis 0 4

Ancylus fluviatis 19 3

Bythinia leachi 5 35

Bythinia tentaculata 22 9

Bivalvia Sphaerium sp. 1 0
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Many of the species listed in Table 3.2 were only represented by a few 

individuals. The most common species o f m ayflies at both sites were 

Ephemerella ignita, Baetis rhodani and B. atrebatinus, while Elm is aenea 

dom inated the beetle community. Ecdyonorus ve n osu s  (Ephemeroptera), 

common at Kilbride, was present but not very numerous at Carragh. The most 

common species of Trichopterans were Hydropsyche and Hydroptila species and 

of Plecopterans, Leuctra hippopus and L. fusca were most abundant.

Table 3.3. Average number of invertebrates collected with a Surber sampler, over a surface area 
of 0.09 m .̂ Boulders are >10cm diameter; pebbles are <10cm; “emergent” refers to emergent 
macrophytes; “submerged” refers to submerged macrophyte.

Habitat
Site Boulders Pebbles Emergent Submerged Leaf litter
Kilbride 293 132 328 243 -

Carragh 64 152 205 261 163

Dipteran larvae and crustaceans (G am m arus  species) dominated the 

macroinvertebrate community in the Brittas at Kilbride bridge (Figure 3.5). The 

various types of m icrohabitats at this site present a sim ilar macroinvertebrate 

fauna. Gammarids were particularly numerous in the em ergent vegetation. 

Beetles and mayflies are well represented in parts of the river where water flow 

was highest. Snails preferred the pebble substrate. The macroinvertebrate 

community revealed in samples indicates that the Brittas at Kilbride bridge has 

good water quality (Q value of 4).
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Figure 3.5. Macroinvertebrate taxa sampled at Kilbride bridge using the Surber sampler. The 
category “others” includes Heteroptera, Hydracarina and Oligochaeta, which were present in 
small numbers.
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Figure 3.6. Macroinvertebrate taxa sampled at Carragh bridge using the Surber sampler. The 
category “others” includes Heteroptera, Hydracarina and Oligochaeta, which were present in 
small numbers.

Dipterans also dominated the invertebrate community at Carragh bridge 

(Figure 3.6). At this site the macroinvertebrate community is more variable 

between microhabitats. The emergent and submerged vegetation is dominated
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by mayfly and true fly larvae, while the boulders and pebbles, though also 

dominated by Dipterans and Ephemeropterans, had a good numbers of caddis 

larvae, stonefly nymphs and beetles (Figure 3.8). The same species were found 

throughout the habitat types sampled at this site, except for H. hippopus, which 

was mainly found in the leaf litter. The macroinvertebrate community sampled at 

Carragh bridge indicates moderate to good water quality (Q value of 3-4).
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3.3.3. Crayfish density

Crayfish density was generally higher at Carragh than at Kilbride. Average 

density at Kilbride bridge was 3.3 crayfish per nn̂  (standard deviation 0.3) while 

mean density at Carragh bridge was 5.1 crayfish per (standard deviation 1.9). 

These densities are for all substrate types combined. The total surface area 

sampled each day for Kilbride bridge and Carragh bridge was 3.96 m^ and 3.33 

respectively.

Crayfish densities varied according to substrate type. However, the two 

sites presented a different pattern of distribution within the river. At Kilbride 

bridge, in terms of both densities and total number caught, most crayfish were 

found in the boulders, with a few crayfish occuring in the vegetation (Figure 3.7 

and Table 3.4). By contrast, at Carragh bridge, crayfish were more evenly 

distributed throughout the river. Crayfish at Carragh were most dense in the leaf 

litter (Figure 3.7), but were found in similar numbers in the submerged vegetation, 

pebbles and boulders (Table 3.4).

leaf litter

subm erged veg

em ergent veg

pebbles

boulders

140 2 6 8 10 124

density

□  Kilbride 
■  Carragh

Figure 3.7. Density per of crayfish according to substrate type and site.
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Table 3.4. Total number of crayfish caught according to substrate type during the three days of 
sampling. Boulders are >10cm^ diameter; pebbles are <10cm^; “emergent” refers to emergent 
macrophytes; “submerged" refers to submerged macrophyte.

Site Substrate type

Date Boulders Pebbles Emergent Submerged Leaf litter

Kilbride 7/8 14 2 -

26/8 11 -

2/9 9 1 -

Carragh 7/8 1 4 3 4

26/8 2 4 2 9 4

2/9 11 8 1 5 2

The Surber sampler caught mostly juvenile and immature crayfish (Figure 

3.8). Two peaks representing the young of the year (carapace length of 5 to 10) 

and one-year-old crayfish (carapace length of 15 to 20) are clearly shown in 

Figure 3.8 for Carragh bridge. One-year-old crayfish were not as numerous at 

Kilbride bridge. A few larger crayfish (>20 mm CL) were also caught. Crayfish 

between 20 and 25 mm carapace length are 2 or 3 years old and probably either 

mated for the first time in autumn 2002 or would become mature in autumn 2003. 

Crayfish larger than 25 mm CL are difficult to age but are considered sexually 

mature.
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Figure 3.8. Carapace length distribution of all crayfish caught using a Surber sampler at Carragh 
and Kilbride bridges.

Crayfish will moult several times in their first two years and this probably 

affected the distribution of carapace length represented in Figure 3.8. Some of 

the juveniles caught on the third day of sampling, in September, had reach the 

same size category as one-year-old crayfish caught on the first day of sampling, 

in August.

Crayfish of different size were not dispersed equally throughout the varied 

substrate types. At Kilbride bridge, juveniles (young of the year, less than 13 mm 

CL) were found mostly in boulders, but also in emergent and submerged 

vegetation (Figure 3.9). At Carragh bridge, young of the year and one-year-old 

crayfish (between 13 mm and 20 mm CL) were found in all habitats (Figure 3.10), 

while older crayfish (more than 20 mm CL) were not found in the vegetation and 

leaf litter.
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Figure 3.10. Density (crayfish per m^) of crayfish according to age and substrate type at Carragh 
bridge.
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3.4. Discussion

The habitat at Carragh bridge was more structurally complex than at 

Kilbride bridge and this might explain the higher density of crayfish, 5.1 compared 

to 3.3 (also a higher standard deviation, 1.9 compared to 0.3). At Kilbride, 

crayfish were mostly found in boulders, with very low densities found in 

macrophyte habitats, while at Carragh, crayfish were found in all habitats. This 

preference for boulders at Kilbride bridge might be explained by the small size of 

the pebbles (generally less than 5 mm diameter) at this site and by the scarcity of 

submerged vegetation, a feature of high velocity water flows. The pebble 

substrate at Kilbride is probably unstable and the interstices between them offer 

very little shelter, even to juvenile crayfish. The white-clawed crayfish does not 

live in rivers with very high flow rate (Foster, 1995). Macrophytes, which can offer 

shelter and probably abundant food supply, occurred at Kilbride bridge but 

exposed higher flow rates and did not harbour many crayfish. Crayfish were 

found in good numbers in the submerged macrophytes at Carragh bridge, which 

were found in slow moving current. Flow can vary if pools, riffles, bends and 

obstacles are present in the channel. Water velocity can therefore affect the 

potential of different types of substrate for holding crayfish.

Crayfish at Carragh bridge were more dispersed throughout the habitats. 

Submerged macrophytes, pebbles and boulders harboured similar density of 

crayfish. Emergent macrophytes did not yield as many crayfish as the other 

substrates but this finding might be owing to the sampling method. The Surber 

sampler is designed to catch disturbed invertebrates drifting in the current. At 

both sites, the emergent vegetation was found along the banks or in raised 

“ islands” in the river and the water flow was always slow. This possibly 

contributed to the underestimation of crayfish density in the emergent 

macrophytes. On the other hand, the slow flow rate of this habitat entails 

accumulation of silt and perhaps lower dissolved oxygen, which might impact on 

crayfish survival in this habitat. The highest density of crayfish at Carragh bridge 

was in the leaf litter. Leaf litter offers good shelter for crayfish, particularly small
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individuals, and for other invertebrates which are food items of crayfish. The 

decaying plant matter can also provide food. However, dissolved oxygen in the 

leaf litter might be low owing to slow current and decomposition.

This investigation also points towards a preferential use of the different 

habitats by crayfish depending on their size. Although the Surber sampler is best 

suited to catch juvenile and immature crayfish, adult crayfish were also caught 

during sampling. All crayfish two years or older caught at Kilbride bridge were 

found in boulders. At Carragh bridge, the larger crayfish were found in boulders 

and in pebbles. Juvenile and one-year-old crayfish were found in a diversity of 

habitats, including sharing habitats such as boulders with adult crayfish. Reyjol 

and Roquepio (2002) found areas within rivers that could be dominated by 

juveniles, such as vegetation and pebbles, while others harboured crayfish of all 

sizes (boulders and banks).

Several reasons for this partial segregation of habitat use have been 

suggested. Authors point to intraspecific competition in different species of 

crayfish, whereby adults will exclude juveniles from preferred habitats (e.g. Stein, 

1977; Lodge and Hill, 1994). Adult crayfish are thought to reduce growth and 

survival of juvenile crayfish by competing for shelter, direct predation and cutting 

the amount of time spent feeding, and thus inducing smaller crayfish to seek 

shelter away from adults (Momot, 1993; Blake et al., 1994; Lodge and Hill, 1994). 

This could explain in part why juveniles and smaller crayfish are found in a wider 

variety of habitats than adults. Larger crayfish would preferentially choose large 

shelter (Foster, 1993), which in the two sites visited is found in boulders and, to a 

certain extent at Carragh, in pebbles. The boulder habitats were heterogeneous 

at both sites and were composed of rocks of diverse sizes and shapes, which 

offered shelter of varying proportions. This situation would favour the observed 

co-habitation of adults and younger crayfish.

Observations on the impact of predators on crayfish survival and growth 

suggest that juvenile crayfish, which are vulnerable to predatory fish, will inhabit 

shallow water where they are less susceptible to such predation (Englund, 1999; 

Englund and Krupa, 2000). Adults will prefer deeper waters to escape terrestrial
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predators, such as otters and nnink, which represent a greater danger to a large 

crayfish. Adult crayfish can avoid predation by fish, even when exposed (Stein 

and Magnuson, 1976; Stein, 1977; Dorn and Mittelbach, 1999). This could 

possibly explain why adults were not found in the vegetation and leaf litter (which 

were generally shallow) at Carragh bridge, although depth throughout the river at 

this site varies little. Otters, which include crayfish in their diet, are known to live 

at both sites (Hamilton and Rochford, 2000) and crayfish remains were found in 

otter spraints at Carragh bridge (E. Holmes, pers. comm.). Rocks and boulders 

probably offer more secure shelter from otters to a large crayfish.

Blake et al. (1994) found that, when kept with fish and adult crayfish, 

juvenile Pacifastacus leniusculus will have higher growth and survival rates when 

weed is available as shelter. Kershner and Lodge (1995) found that, in the field, 

Orconectes rusticus juveniles had lower mortality in macrophytes and cobbles 

than in sand. At Carragh bridge, juvenile and one-year-old crayfish would find 

shelter in the plentiful macrophyte, but at Kilbride bridge, macrophytes were less 

abundant and found in high velocity current, which would explain why most 

juveniles were found in boulders. The lack of alternative habitats where younger 

crayfish can take refuge, away from adults, may impact on the recruitment of 

juveniles at Kilbride bridge.

Shelter availability is without a doubt a very important factor in determining 

the abundance of a crayfish population. Hides will protect crayfish from predators 

such as fish and otters, but also from other crayfish in times of moult. 

Cannibalism is thought to be a common occurrence amongst crayfish, although it 

has rarely been precisely studied (Blake et al., 1994). Aggressive behaviour is a 

major constraint in communal rearing systems, used for commercial or restocking 

purposes (Matthews, 1992; Saez-Royuela et al., 1995). Moulting in juveniles is 

less synchronised than in adults (Lowery, 1988; Taugbol and Skurdal, 1992; 

Saez-Royuela et al., 2001), which would make small crayfish even more 

susceptible to predation from conspecifics and stresses the need for suitable 

shelter.
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Nevertheless, other factors will interact with refuge availability to determine 

the abundance of crayfish at a particular site (Blake et al., 1994; Lodge and Hill, 

1994). Environmental parameters such as pH, hardness or temperature, which 

are significant factors in terms of crayfish survival and growth, would not be 

limiting at the two sites included in this study. Both sites were in the same 

catchment, with similar soil type and water chemistry. Food availability also plays 

a substantial role in crayfish survival. The white-clawed crayfish is an omnivore, 

which will eat more invertebrates during the first years of its life and become 

more herbivore and detritivore with time (Reynolds, 1979; Momot, 1995). The 

macroinvertebrate fauna varies little between microhabitats within a site in terms 

of species composition. The different habitats sampled presented similar 

invertebrate composition, dominated by dipterans, mayflies and crustaceans in 

the case of Kilbride. Crayfish will have a measurable impact on large, less mobile 

benthic invertebrates (Matthews et al., 1993; Nystrbm, 1999), which in this case 

would be mostly dipteran larvae, found throughout the habitats at both Kilbride 

and Carragh bridge. Therefore, the availability of a particular food item should not 

be a factor when choosing a substrate.

Juvenile crayfish grow rapidly during the first years and thus need to 

devote a large proportion of their activity to feeding and maximise their energy 

intake (Nystrom, 2002). A shelter which would offer a protective environment as 

well as providing a food source should be favoured by smaller crayfish (Blake et 

al., 1994). Macrophytes had the greatest abundance of macroinvertebrates at 

both sites and would thus offer both food and shelter. Boulders at Kilbride bridge 

had an abundant invertebrate fauna but the same habitat at Carragh bridge had a 

much lower density of macroinvertebrates. This may have been caused by the 

mosses present on the rocks; as moss species and the extent of their grov\/th at 

each site was not measured, it remains impossible to infer in the difference in 

invertebrate abundance in the rock habitat. The abundant food source found in 

boulders at Kilbride bridge possibly favours juvenile growth despite their proximity 

to adult crayfish. Submerged macrophytes, pebbles and boulders at Carragh had 

similar crayfish densities, but differing total number of invertebrates. Although
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food availability will impact on crayfish growth and survival, it is thus probably a 

secondary factor in the determination of preferred habitat within a river.

A. pallipes can occupy a variety of habitats but will show a preference 

towards certain substrates depending on the size of the individual and certain 

environmental characteristics. Certain types of habitat, such as leaf litter and 

vegetation, are readily colonised by juvenile and immature crayfish, while other 

substrates, such as boulders and pebbles, will contain crayfish of all sizes. A 

combination of factors (flow, depth, shelter size, and invertebrate fauna) will 

interact to provide an optimum habitat for juvenile crayfish.
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Chapter 4. Assessment of stress induced in the white-clawed crayfish by varying 

water quality

4.1. Introduction

The field surveys described in chapter 2 dem onstrated that 

Austropotamobius pallipes can be found in moderately polluted water. The 

question arose as to whether and to what extent this species might be useful as a 

bioindicator. A field study was therefore performed to try to correlate crayfish 

presence and water quality.

Several species of animals and plants are used to monitor pollution in 

ecosystems. In both marine and freshwater environments, fish (Lock etal., 1981; 

Pottinger et al., 2002), algae (Barreiro et al., 2002; Favero and Frigo, 2002) and 

invertebrates (Lowe et al., 1995; Prygiel et al., 1999; Nasci et al. 2002), among 

which crustaceans are well represented (Lin et al., 1993; Shigehisa and Shiraishi, 

1998; Leight and Van Dolah, 1999; Schilderman et al., 1999), have been utilised 

to monitor pollutants. The advantage of using a living organism to assess 

pollution is that it offers the possibility to measure long term effects of 

contaminants and, in the case of pesticides or metals, the bioaccumulation of a 

pollutant.

Much of the research on biomonitoring was initiated because of the 

possible threat to human health arising from consumption of organisms from 

polluted areas. Several studies have studied the bioaccumulation of pesticides or 

heavy metals in organisms such as fish (e.g. Wendermeyer and McLay, 1981; 

Gherardi et al., 2001; Canli and Atli, 2003), molluscs (e.g. Kim et al., 2002; 

Zimmerman et al., 2002), and crustaceans (amphipods in Ritterhoff and Zauke, 

1997; decapods in Al-Mohanna and Subrahmanyam, 2001, and Laporte et al., 

2002), including crayfish (Meyer et al., 1981; Anton et al., 2000; Simon and 

Boudou, 2002). The effects of ammonia and reduced oxygen, mostly 

encountered close to sewage outflow, have also been studied in several 

decapods (Jensen, 1990; Spaargaren, 1990; Rebelo et al., 2000).
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Studies carried out in laboratory conditions usually try to isolate the 

impacts of specific contaminants. Studies in the field have also assessed 

bioaccumulation of specific components in the wild (Escartin and Porte, 1996; 

Forte and Escartin, 1998; Anton e ta i,  2000). It is, however, difficult to assess the 

specific effects of only one chemical as contaminants rarely occur in isolation. 

Field research concerning organisms exposed to a variety of contaminants can 

use biomarkers to measure the general health of individuals living in an area 

(Lowe et al., 1995; Fernandes et al., 2002). A biomarker is a symptom of stress 

induced by adverse environmental conditions. Several biomarkers have been 

used to measure the impact of pollution on crustaceans, particularly decapods.

These biomarkers will generally reflect the overall condition or stress level 

of the animal when exposed to a set of environmental parameters. Proteins 

involved in the biotransformation of endogenous compounds, for example 

cytochrome P450, have been used in several species to measure the stress level 

of organism exposed to contaminants (James and Boyle, 1998; Astley et al., 

1999; Schilderman et al. 1999; Porte et al., 2002). Damage at tissue (gill 

membranes) or cellular level (lysosomes), assessed using histological 

techniques, has also been used as a biomarker (e.g. in mussels, Lowe et al., 

1995; in decapods, Vogt, 1987; Anton etal., 2000).

Osmoregulation has been used as a biomarker in fish (Wendemeyer and 

McLay, 1981; Eddy, 1981) and has also been studied in crustaceans 

(Bjerregaard and Vislie, 1985; Fjeld et al., 1988; Boitel and Truchot, 1990; Ahern 

and Morris, 1998). Lignot et al. (2000), in their extensive literature review on 

osmoregulation as a biomarker in crustaceans, came to the conclusion that 

variations in osmotic and ionic regulation can be considered as a warning of 

sublethal stress. Osmoregulatory capacity (OC) is defined for a given species as 

the difference between the osmotic pressure of the hemolymph and of the 

external medium at a given salinity (Charmantier et al., 1989). Since the ions Na"̂  

and Cr make up 90% of the osmotic pressure in crustaceans (Prossner, 1973; 

Castille and Lawrence, 1981), ionic regulation has also been used as a biomarker 

(Caldwell, 1974; Fjeld etal., 1988; Jeberg and Jensen, 1994).
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Although measurements of osmolality and ion concentrations have been 

made in several species, even at the larval stage, most experiments v\/ere done in 

laboratory conditions, where paratneters such as concentration of pollutants, 

oxygenation and nutritional status of the animal can be controlled. An in situ 

experiment presents different challenges and will evaluate the level of stress of 

individuals exposed, in some cases, to several pollutants at varying 

concentrations through time. In a changing environment such as a river, where 

sediments are mixed, sometimes vigorously, and water soluble particles can 

travel far, the study of the impact of one or several pollutants can become 

difficult. Stress indicators, such as ion concentration and osmotic capacity, are 

useful tools to assess the level of environmental stress an organism is under 

owing to poor water quality.

It is generally believed that Austropotamobius pallipes prefers clean and 

well oxygenated water (Laurent, 1988, Reynolds, 1997; Reynolds eta!., 2002b) 

but, as stated in Chapter 2, crayfish occur in moderately polluted waters. The 

data collected during both sampling periods indicate a Q-value of 3 as the lower 

limit of water quality beyond which the white-clawed crayfish cannot persist (see 

chapter 2). The level of pollution was thought to restrict the range of A. pallipes in 

the Liffey river. Crayfish did not occur in our traps at Millicent, downstream of the 

Osberstown sewage treatment plant, or at any other site downstream of that 

(figure 2.39). Millicent had a very low recorded Q value (2) in summer 2000 

(chapter 2); I therefore hypothesised that the water quality at this site was lower 

than that required by A. pallipes for survival. An experiment was thus designed to 

test first if crayfish kept at Millicent or at a more downstream site could survive for 

an extended period of time, and second if they did survive, to test individuals for 

stress due to the low water quality. Following this in situ experiment, laboratory 

experiments were designed to investigate levels of stress in crayfish induced by 

specific environmental conditions.

In Ireland, water quality is generally defined through biological and 

chemical parameters which measure eutrophication level and organic pollution of 

freshwater systems. Toxic pollution caused by heavy metals, hydrocarbons or
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pesticides, is now rare and usually localised (Lucey e ta i ,  1999; McGarrigle etal., 

2002). In a survey carried out in many rivers around the country, including the 

Liffey, the EPA did not record any significant input of dangerous substances in 

Irish rivers (Stephens, 2001). This survey did not find significant concentrations of 

volatile organic connpounds, pesticides or metals in the lower Liffey. 

Eutrophication and organic pollution, as discussed in Chapter 2, has become 

more widespread in the past decade. Organic pollution generally originates from 

point source, such as sewage outflows. Variations in oxygen concentration can 

occur when organic content is high. The EPA records on water quality report 

ammonia levels which rise above the normal standard, and extremely variable 

dissolved oxygen concentrations at several sites along the lower Liffey, 

downstream of the Osberstown sewage treatment works (Lucey et al., 1999). 

These two parameters (ammonia and dissolved oxygen) were chosen for further 

investigations in the laboratory.

Many studies have investigated the effects of ammonia (Shaw, 1960a; 

Harris et al., 2001) and of dissolved oxygen concentrations (Wheatly, 1989; 

Henry and Wheatly, 1992) on the ion balance of crayfish. Hypoxia has been 

shown to affect ion balance in crustaceans (Hagerman and Uglow, 1982; 

Johnson and Uglow, 1987; Hagerman and Szaniawska, 1991). These 

investigations looked at the impact of each parameters separately. It is possible 

that the interaction between a sublethal level of ammonia and low oxygen 

concentration induces greater stress in A. pallipes than either factor on its own. 

An assessment of the stress induced by ammonia and hypoxia in the white- 

clawed crayfish was therefore planned to provide an insight into the causes 

underlying the restricted geographical distribution of crayfish in the river Liffey.
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4.2. Materials and Methods

4.2.1. In situ experinnent in the Liffey catchment 

Field sites

Three sites were chosen along the Liffey river (figure 4.1). Ballyward 

bridge is situated just downstream of the Brittas inflow, in County Wicklow 

(National Grid reference 0024 161). The water at this site has a peaty colour, low 

conductivity (78 pScm'^) and a pH close to 8 (7.7 to 8). The Q value of this site in 

2000 was evaluated at 4 (good water quality). The substrate is mostly rocky, but 

a small area of sand, by the bank, was chosen as the experimental area. This 

site had one of the highest crayfish CPUEs of the Liffey catchment in 2000 (see 

chapter 2) and was considered to possess very favourable environmental 

conditions for A. pallipes. Ballyward was chosen as a control site.

The second site, Millicent bridge, is located near Sallins in County Kildare 

(N881 246), approximately 6 km downstream of the sewage treatment works at 

Osberstown (figure 4.1). The water at this site had a conductivity measured at 

381 pScm'^ (2000) and a pH of 7.8. The Q value measured in 2000 at this site 

was 2 (low water quality; see chapter 2). No crayfish were found at this site in 

2000 (see chapter 2). According to the EPA, the stretch of river below the 

sewage works has been seriously polluted from 1998 (McGarrigle et a/., 2002). 

The EPA records for 1995 to 1997 state elevated levels ammonia and BOD 

(Lucey et al., 1999; EPA, 2001). The environmental conditions at this site were 

therefore expected to be unfavourable to the survival o1 A. pallipes. The substrate 

was mostly made of rocks or pebbles with good macrophyte growth covering 

some 30% of the substrate. A sheltered section with lower flow was chosen as 

the experimental area.

The third site was just above the weir at Islandbridge in County Dublin 

(0122 342; see figure 4.1). The water at this site had a conductivity of 470 

[jScm'^ and a pH around 8. This site was not included in the 2000 crayfish 

sampling (see chapter 2) and thus no Q value was available for 2000. The EPA
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records give this site a Q value of 2-3 in 1988 and 3 in 1991 (Lucey et al., 1999). 

The same authors report elevated ammonia and BOD, but less than at Millicent 

bridge. The substrate was mostly of rocks, but was covered by extensive 

macrophyte growth. The environmental conditions were expected to be 

acceptable to A. pallipes.

Liffey

Islandbridge

Millicent bridge

Ballyward bridge
Brittas

O sberstown  
sew ag e works

Liffey

15 km

Figure 4 .1 . M ap  o f the river Liffey showing the control site, Ballyward and the two experim ental 
sites, Millicent and Islandbridge, for in situ experim ent.

Water chemistry and invertebrate sampling

Water samples were taken at each site on three occasions; when crayfish 

were put in the water at the start of the experiment, after one month and at the 

end of the experiment. Five day biological oxygen demand (BOD) was measured 

using Oxytap^'^ bottles. A small subsample of the water was filtered on the day 

with a Whatman glass fibre Type C filter. Soluble reactive phosphorus was 

measured on the filtered samples with a molybdate reagent using a Shimadzu 

UV1601 spectrophotometer. Nitrate as well as nitrite were also measured on the 

filtered sample using a FIA Decator Model 5020. The nitrate measures are in fact
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total oxidised nitrogen. Total phosphorus and ammonia were measured on the 

unfiltered samples using the Shimadzu UV1601 spectrophotometer and 

molybdate and indophenol reagents respectively. All measurements were done in 

triplicate.

Three invertebrate samples were taken at each site in August 2001 using 

the method described in chapter 2 (section 2.1), to evaluate water quality through 

the Q index.

Crayfish stock

Crayfish were caught using baited traps in the Grand Canal around 

Ardclough (NGR: N955 280, Co. Kildare ) on 28 June, 1 July and 4 July 2001. 

Sixty individuals were needed for this experiment. Only adult crayfish above 

35mm in carapace length were selected. Each crayfish was weighed, measured 

and sexed (10 females, 50 males). Crayfish were transported to each site in a 

plastic bag, containing wet macrophytes or paper in order to conserve humidity. 

Crayfish were then put in the enclosures, which had been closed with 1x3 mm 

netting (figure 4.2). There was one crayfish per enclosure.

Figure 4.2. Netted trap in which crayfish were i<ept for two months in the Liffey experiment.
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Experimental set up

Twenty individuals were kept for 60 days at each site. The mesh allowed 

water to flow through, but was intended to stop other invertebrates from getting 

into the trap. The traps were attached to a weight in the river, or to the bank at 

Islandbridge. Traps remained at the bottom of the river. After two months, all 

remaining crayfish were released at Ballyward bridge.

Crayfish were fed twice a week with eel pellets congealed in gelatine to 

preserve them from drifting in the current. Feeding ceased one week before a 

haemolymph sample was due to be taken.

Haemolymph sampling

Haemolymph samples were taken on three occasions; at the start of the 

experiment, just after crayfish were taken out of the Canal; after one month (31 

July); and after two months, at the end of the experiment (28 August). 

Haemolymph samples of 0.4 to 0.5 ml were collected using a 1ml syringe and a 

0.50 X 16 mm needle from the base of the third walking leg (methodology based 

on Harris and Coley, 1991). All haemolymph samples were stored on ice at the 

site and then frozen at -85°C. Three hundred microlitres of the original sample 

were set apart, before centrifugation, for analysis of the osmotic capacity, but this 

measurement was later abandoned due to technical problems. Therefore, only 

approximately 0.2 ml of haemolymph was available for ion concentration 

analysis. After thawing, before any further analysis could be done, the 

haemolymph samples were centrifuged for 7 minutes at 1300 rpm. Because of 

the length of time between the time the samples were taken and the moment 

when they were frozen, a significant amount (up to 25% of total volume) of the 

sample was coagulated.

Ion concentrations

Sodium concentrations were determined using an atomic absorption 

spectrometer (Perkin Elmer 3100) after sample dilution by a factor of 2000 (25 |xl
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of haemolymph in 50ml of distilled water). The dilution was only performed once. 

Sodium was measured to the closest 20 mgl'V

Chloride concentrations were determined by silver nitrate hand titration 

after dilution by a factor of 100 (100 |al in 10 ml). Chloride was determined to the 

closest 500 mgl'V

4.2.2. Laboratory assessment of sublethal stress

Laboratory experiments to determine the stress induced by sublethal 

levels of ammonia and reduced dissolved oxygen were carried out in April-May 

and November-December 2002.

Crayfish stock

Crayfish were taken from the Grand Canal, near Ardclough, above the 13"  ̂

Lock (NGR: N955 280, Co. Kildare). Crayfish were caught in April, May, October, 

and November 2002. Berried females and immature adults were put back. Adults 

(3 females and 77 males in total) above 30mm in carapace length were brought 

back to the laboratory in buckets with wet macrophytes or paper to conserve 

humidity. The crayfish were in intermoult, i.e. they had not recently moulted or 

should not moult soon.

Experimental set up

Crayfish were kept in a constant temperature room in individual tanks 

containing approximately 3 litres of partly dechlorinated water (tap water left 

standing for 24 hours). Ion concentrations for the dechlorinated water were Ca "̂" 

10 m g l'\ Na'" 8 m g l'\ CT 14 m g l'\ The pH oscillated between 7.2 and 7.6. 

Crayfish were provided with a PVC tube for shelter. Air was continually bubbled 

through the water to maintain a constant oxygen supply (except for the low 

oxygen experiments). The temperature was held constant at 15°C (± 1°C). 

Crayfish were left to acclimate to the tanks for five days before any experiment
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began. Water was changed every day or every two days to prevent the build-up 

of ammonia. Crayfish were not fed during the acclimation period and for one 

week before the second haemolymph sample. The rest of the time, crayfish were 

fed eel pellets (0.2-0.3 g per individual per day). A first haemolymph sample was 

taken after the acclimation period and a second was taken 15 days later. All 

crayfish were released back into the canal after the experiments. Although only 

ten crayfish were used in the final analysis, most experiments were done with 11 

crayfish to allow for deaths or problems with the haemolymph analysis.

Control

Two control experiments were run with 10 crayfish each. The first control 

took place in April and the second in November 2002. Air supply was controlled 

so as to obtain levels of oxygen between 80% and 90% saturation (8.2 mgl'^ to 

9.0 m g l'Y  W ater was changed every day to prevent ammonia build-up. Ammonia 

levels were measured several times during each experiment and were found to 

be below 1.0 m g l'\

Hypoxia

Two experiments were run at low concentrations of dissolved oxygen. To 

obtain the desired oxygen concentration, nitrogen was bubbled through the water 

until the appropriate concentration was achieved. This did not alter the pH. Water 

was changed everyday to prevent ammonia build-up. For the first experiment, 10 

crayfish were kept in tanks with an average of 5.9 mgl'^ dissolved 02(60% , range 

59% to 63% saturation). A small flow of air was bubbled through the hypoxic 

water to maintain the desired oxygen concentrations, which would otherwise 

decrease owing to the respiration of the animals. For the second experiment, 10 

crayfish were kept in tanks containing 3 litres of water with an average of 3mgl‘  ̂

dissolved O2 (30% saturation). Ammonia levels were measured several times and 

were found to be below 1.0 mgl‘\
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Ammonia

Two experiments were done with 10 crayfish kept in tanks to which was 

added 75 ml of a 100 mgl'^ NH4 solution to bring the ammonia concentration up 

to 2.5 mgl'^ in each tank. The first experiment was performed in June while the 

second was in November-December. The ammonia solution was added every 

two days after the water was changed. Ammonia was checked periodically and 

was found to vary little over 48 hours (average total concentration of 2.6 mgl'^ 

after 48 hours). Oxygen supply was held constant around 80% to 90% saturation.

Ammonia  -  oxygen interaction

Ten crayfish were kept in tanks to which was added 75 ml of a 100 mgl'^ 

NH4 solution to bring the ammonia concentration up to 2.5 mgl'^ in each tank. The 

ammonia solution was added daily after the water was changed. Oxygen supply 

was m aintained at around 60% saturation using the process previously 

described. Another 10 crayfish were kept in tanks to which were added 75 ml of a 

lOOmgl'^ NH4 solution to bring the ammonia concentration up to 2.5 mgl'^ in each 

tank. Oxygen supply was maintained at around 30% saturation using the process 

previously described. Ammonia was checked periodically and was found to vary 

little over 24 hours (average total concentration of 2.7 mgl'^ after 24 hours)

IHaemolympti sampling

A 0.3ml haemolymph sample was collected from the base of the third 

walking leg using a 1ml syringe and a 0.50 x 16 mm needle. The samples were 

centrifuged for 15 minutes at 1300 rpm and the supernatant was frozen at -85°C . 

The samples were taken out of the freezer for ion content analysis; [Ca^""], [Na*] 

and [Cr] were measured. To measure [Ca^'"], 25 nl of haemolymph were diluted 

in 2.5 ml of distilled water (100 factor dilution) while sodium concentrations were 

measured after a 2000 factor dilution (25 |xl in 50 ml distilled water). Sodium and 

calcium concentrations were determined in triplicate to the nearest 200 mgl'^ and 

10 mgl'^ respectively, using an atomic absorption spectrometer (Perkin Elmer 

3100). Chloride concentrations were measured in duplicate after a 500 factor
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dilution (20 |o.l haemolymph in 10 ml of distilled water), using a mercury 

thiocyanate reagent (Merck Chloride Test) on a Pye Unicam SP6350 

spectrophotometer. This method has a determination limit of ± 1.2 mgl'^ after 

dilution (Merck instruction guide).

Analysis o f data

An analysis of variance (ANOVA) with two treatments (time, 2 levels: after 

one month, after two months; sites, 3 levels: Ballyward, M illicent and 

Islandbridge) was performed on the haemolymph sodium and chloride 

concentration of the crayfish kept in the Liffey. An analysis of covariance 

(ANCOVA), was performed on the laboratory experiments data using the pre-test 

haemolymph ion concentrations as covariates and experimental treatment as 

factor. SPSS 10.0 was the statistical package used.
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4.3. Results

4.3.1. In situ experiment in the Liffey catchment 

Water chemistry

Table 4.1. Measurements of ammonia (NH4 ), nitrate (NO*), nitrite (NO2 ), total phosphorus (TP), 
soluble reactive phosphorus (SRP), and biological oxygen demand (BOD) taken at three 
occasions at three sites on the river Liffey.

site date ammonia nitrate nitrite TP SRP BOD
(mgl-^) (m g^) (mgr') (mgl-^) (mgl-^) (mg 0 2 l'^)

Ballyward
bridge

1®‘ July 0.030 0.337 0.000 0.023 0.009 1
30 July 0.018 0.517 0.006 0.401 0.010 2
28 August 0.007 0.700 - 0.042 0.026 0.5

Millicent
bridge

1"'July 0.487 1.400 0.040 0.140 0.106 2
30 July 0.012 1.613 0.008 0.326 0.046 0.5
28 August 0.008 1.720 - 0.049 0.028 1

Island
bridge

1®* July 0.021 1.700 0.060 0.148 0.091 2
30 July 0.026 2.687 0.030 0.370 0.140 2
28 August 0.031 1.433 - 0.179 0.131 1

Ammonia was generally low at all sites except once at Millicent bridge, at 

the start of the experiment (1®' July) where a concentration of almost 0.5 mgl'^ 

was measured (Table 4.1). Am m onia concentration was low in the two 

subsequent water analyses. Nitrate was found at higher concentrations at 

Millicent bridge and Islandbridge than at Ballyward. The small amounts of nitrite 

found at the two most downstream sites are probably by-products of the 

ammonia - nitrate cycle. Concentrations of total phosphorus and soluble reactive 

phosphorus were generally highest at Islandbridge. The second water sample, 

taken on 30 July, showed elevated total P at all sites. This result could be 

attributed to contamination during analysis or to a particularly high input of non

reactive phosphorus (SRP Is not especially elevated that day) in the headwaters 

of the Liffey. H ighest concentra tions o f nutrients genera lly  involved in 

eutrophication were found at Islandbridge and this was reflected in the extensive 

macrophyte growth at the site. Biological oxygen demand was not high at any of 

the sites (Table 4.1). On 20 August, a tanker truck carrying petrol had an accident
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on the road along the bank of the Liffey, a few kilometres upstream of 

Islandbrldge, and spilled its contents into the river. Most of the oil slick was 

contained before reaching the site where the crayfish were held, but a film of oil 

was visible on the surface of the water until the end of the experiment, seven 

days later.

Invertebrate samples were taken in August 2001 in order to assess water 

quality at each site (Table 4.2). The water at Ballyward bridge was only of 

moderate quality in 2001. The quality at Millicent bridge (Q 3) was higher than at 

Islandbridge.

Table 4.2. Biotic index (Q) of water quality calculated for the three sites, August 2001.

Site Ballvward Millicent Islandbridqe.
Q value 3-4 3 2-3

Crayfish survival and moulting

The traps were not entirely successful in retaining the crayfish, and several 

individuals escaped. This was apparently facilitated by the force of the current, 

which opened the mesh lining and thus left an opening for the crayfish to escape. 

The curiosity of the public brought about some difficulties as people also 

tampered with the traps. One trap was found opened at Islandbridge and, on the 

last day of the experiment, all but one of the traps were found on the banks at 

Ballyward, with the crayfish still inside. It was difficult to tell how long the crayfish 

had been left outside the water; however, one individual, left in the sun, was 

dead, and four were in a poor state, probably dehydrated, the remaining 7 

crayfish seemed healthy and were sampled for haemolymph. After one month, of 

the twenty original crayfish at each site, 15 remained at Ballyward, 14 at Millicent 

bridge and 13 at Islandbridge. By the end of the experiment, 11 crayfish were still 

in the traps at Islandbridge (one individual was dead), 14 at Millicent bridge and 

12 at Ballyward.

Only two out of the original sixty crayfish were actually found dead in traps. 

One individual at Ballyward was left in the air, in the sun, for an undetermined 

period of time. The other was found dead, recently moulted, in a trap at
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Islandbridge after the oil spill. Although I cannot assess the survival rate of the 

escaped crayfish, survival rate in traps by the end of the experiment was 95%.

The duration of the experiment was planned to take place between the two 

main summer moults (June and September), except for females, which moult 

only after shedding their young in late June. However, many crayfish moulted 

during the two months they were kept in the traps. Females moulted during the 

first weeks of July, while many male crayfish moulted in August. Figure 4.3 

presents the carapace length of crayfish at the start and at the end of the 

experiment. Although fewer crayfish were present at the end of the experiment, 

there is a clear indication that crayfish were on average larger (a higher number 

of individuals >45 mm CL were present) after two months. Several crayfish were 

seen to have moulted in the cages. The average carapace length at the start of 

the experiment was 41.5 mm while it was 43.5 mm after two months.

30

25

[35 -37 .5[ [37.5-40[ [40-42.5[ [42.5-45[ [45 -47 .5[

CL (mm)

Figure 4.3. Carapace length distribution of crayfish at the start of the experiment and after two 
months.

Haemolymph Ion concentrations

To be able to take into account sodium and chloride concentrations before 

crayfish were put into the traps at each site, the pre-test average concentration 

(Table 4.3) was subtracted from each individual concentration assessed after one
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month, and after two months. The analysis of variance was performed on the 

difference: Nadiffj = [Na]y -  Meanj, where i is the individual and j is the site.

Table 4.3. Mean haemolymph sodium and chloride concentration (mgl'^) at each site at the start 
of the experiment (July 1®') and standard deviation of the mean.

Ion Site
Ballyward Millicent Islandbridge

Sodium 4800 (220) mgr' 4100 (585) mgr' 4180 (775) mgr'
Chloride 6690 (690) mgr' 6560 (1340) mgr' 6500 (1200) mgr'

The following Figures display the difference in sodium and chloride 

concentrations at each site after one month and after two months, i.e. at the end 

of the experiment (Figures 4.4 and 4.5).

A B

Figure 4.4. Box plot of the differences in crayfish haemolymph sodium concentration after one 
month (A) and after two months (B) at each site, showing median, interquartile range, range and 
outliers (more than 2 stander deviation from the m ean). Site 1 is Ballyward bridge, site 2 is 
Millicent bridge and site 3 is Islandbridge.

After the first thirty days at each site, crayfish kept at Ballyward had a 

lower sodium concentration than the average pre-test concentration, as indicated
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by the negative values in Figure 4.4. Crayfish kept at the two other sites had an 

increased haemolymph sodium concentration compared to the pre-test values, 

and compared to the control site. A similar trend in the data is visibie after 60 

days (Figure 4.4), but this time post-test and pre-test sodium concentrations at 

Ballyward were similar (median of differences at zero). The situation is not so 

clear for chloride. Average pre-test and post-test values after 30 days and after 

60 days are similar at all sites (Figure 4.5). Chloride concentrations at all sites 

showed great variability between individuals.

A B

sites sites

Figure 4.5 . Box plots of the differences in crayfish haemolynnph chloride concentration after one  
month (A) and after two months (B) at each site. Site 1 is Ballyward bridge, site 2 is M illicent 
bridge and site 3 is Islandbridge.

An analysis of variance was performed on the difference of sodium 

concentrations (mgl‘ )̂ and the average pre-test concentration, using site 

(Ballyward, Millicent, and Islandbridge), time (after one months, after two 

months), and time * site interaction as independent variables. Table 4.4 presents 

the results of the ANOVA, while Tables 4.5 and 4.6 give results of the multiple 

comparison tests and Levene’s test of homogeneity of variance. The latter tests 

the null hypothesis that the error variance of the dependent variable is equal 

across groups.

124



Table 4.4. ANOVA Table for haemolymph sodium concentration differences as dependent 
variable w/ith time and site as independent variables. Alpha is 0.05.

= 0.527
Source Sum of Square df Mean sum F Significance
Intercept 5171152.701 1 5171152.701 24.302 <0.0005
Time 759655.8 1 759655.8 3.570 0.063
Site 1084701.02 2 5423505.084 25.488 <0.0005
Time*site 819814.047 2 409907.024 1.926 0.154
Error 13405428.4 63 212784.579
Total 283536681.2 69

Table 4.5. Tukey’s Honestly Significant Difference multiple comparison test for the variable "Site”. 
Alpha is 0.05. Site 1 is Ballyward, site 2 is Millicent and site 3 is Islandbridge.

site Mean difference Std error Significance
1 2 -953.36 133.63 <0.0005
1 3 -947.53 140.73 <0.0005
2 3 5.82 135.34 0.999

Table 4.6. Levene’s test of equality of error of variances for the ANOVA on haemolymph sodium 
data for experiment in the Liffey.

E d fi dfg Significance
0,172 5 63 0.972

The ANOVA indicates a significant site effect. The multiple comparisons 

test shows that haemolymph sodium concentrations of crayfish kept at Ballyward 

were different from those at Millicent bridge (site 2 in Table 4.5) and Islandbridge 

(site 3 in Table 4.5). According to the mean differences given in Table 4.5, 

crayfish kept at Millicent bridge and Islandbridge will have, in average, 

haemolymph sodium concentration almost 1 gl'^ higher than crayfish kept at 

Ballyward bridge. The ANOVA also gives a significant time effect at alpha = 0.10 

(p value is 0.063). This means that the duration of the stay of crayfish at each site 

would affect the ion balance of the haemolymph. Judging by Figures 4.4 and 4.5, 

the difference between the two stages of the experiment is probably due to the 

increase in sodium concentration observed in crayfish kept at Ballyward at the 

end of the experiment. This increase was probably artificial, related to the 

dehydration of these crayfish, left in the air for some time. There was no

125



significant interaction between site and time, which means that one particular site 

was not significantly higher or lower at a particular time. The r squared value for 

this model was fairly high with close to 53% of the variability in the data being 

explained by the independent variables.

Plotting of the residuals and Levene’s test (Table 4.6) demonstrate that the 

assumptions of normality and homogeneity of variance are fulfilled. The 

assumption of the independence of data between groups, required by ANOVA, 

was not entirely fulfilled because the same individuals were sampled after 30 

days and after 60 days. The data were treated as independent because a 

separate analysis done between sites at each sampling time yielded the same 

results as a combined ANOVA.

An ANOVA was also performed on the chloride data. Table 4.7 presents 

the results of the analysis, while Table 4.8 shows the results of Levene’s test for 

the homogeneity of variance.

Table 4.7. ANOVA Table for chloride concentration differences as dependent variable with time 
and site as independent variables. Alpha is 0.05.

= 0.093
Source Sum of Square df Mean sum F Significance
Intercept 326281.552 1 326281.552 0.262 0.611
Time 719429.192 1 719429.192 0.578 0.450
Site 1956107.052 2 978053.521 0.786 0.461
Time*site 2662334.18 2 1331167.09 1.069 0.350
Error 68461373.7 55 1244752.25
Total 76176400 61

Table 4.8. Levene’s test of equality of error of variances for the ANOVA on the chloride data for 
the experiment in the Liffey.

F ^  ^  Significance
1.262 5 55 0.293

There was no significant time or site effect, or any significant interaction by 

the independent variable. This result corresponds to the graphical representation 

of the data in Figures 4.6 and 4.7. Plotting of the residuals and Levene’s test
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(Table 4.8) demonstrate that the assumptions of normality and homogeneity of 

variance are respected. Once again the assumption of independence was not 

entirely fulfilled, but tests performed on each sampling time separately yielded 

similar results and data were thus considered as independent.
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4.3.2. Laboratory assessment of sublethal stress

Crayfish survival and moulting

Only two individuals died during the course of the laboratory experiments. 

These deaths are believed to be due to injury caused by the blood sampling, not 

to the environmental conditions in which crayfish were kept.

Three individuals (of 11) moulted during the three weeks they were kept in 

the tanks. All moults occurred in June, during the experiment in which crayfish 

were submitted to low oxygen saturation (30%). Moulting in two crayfish occurred 

7 and 9 days respectively after the first blood sample was taken.

Ion concentrations: response to hypoxia

The first set of experiments was assessing the effects of low oxygen 

concentration on the ion balance of crayfish. Figure 4.6 displays the difference in 

ion concentrations in haemolymph samples taken before and after the crayfish 

were exposed to the experimental conditions. Sodium concentrations seem little 

affected by hypoxia, but the control group has on average higher concentrations. 

Calcium concentrations seemed to decrease when crayfish are exposed to very 

low oxygen saturation. Chloride concentration differences tend to fluctuate 

around zero for all treatments. The graphs below demonstrate the variability in 

ion concentration between crayfish, particularly for the crayfish in treatments 2 

and 3.
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Figure 4 .6 . Box plots of the difference betw een haem olym ph sodium  (A), calcium (B) and chloride  
(C ) concentrations before and after the 15 days exposure to different oxygen saturation. 
T reatm ent 1 corresponds to the control (8 0 -9 0 %  O 2), treatm ent 2 is 6 0 %  O 2 saturation while  
treatm ent 3 is 30%  O 2 saturation.
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An analysis of covariance was performed on the ion concentrations in the 

haemolymph samples taken after the 15 days exposure to the different 

treatments. The following Tables give the results of this analysis and give the 

results for pairwise comparisons between treatment groups (with a LSD and a 

Sidak multiple comparison adjustment) and the Levene’s test for homogeneity of 

variance (Tables 4.9 to 4.17).

Table 4.9. ANCOVA Table for crayfish haemolymph sodium concentration after experiment as 
dependent variable with treatment as independent variable and sodium concentrations before 
experiment as covariate. Alpha is 0,05.

= 0.675
Source Sum of Square df Mean sum F Significance
Model 3084864.129 3 1028288.043 17.994 <0.0005
Intercept 2699048.447 1 2699048.447 47.231 <0.0005
Nabefore 189901.899 1 189901.899 3.323 0.080
Treatment 1605047.184 2 802523.552 14.043 <0.0005
Error 1485793.757 26 57145.914
Total 581853067 30

Table 4.10, Pairwise comparisons on the marginal means o f sodium concentrations of groups 
according to treatment. Alpha is 0,05, significance is given with two adjustment for multiple 
comparisons. Treatment 1 corresponds to the control (80-90% O2), treatment 2  is 60% 6 2  
saturation while treatment 3 is 30% O 2 saturation.

Site Mean
difference

Std error Sig. (LSD) Sig. (Sidak)

1 2 462.330 113.788 <0.0005 0.001
1 3 627.65 122.497 <0.0005 <0.0005
2 3 165.32 108.919 0.141 0.366

Table 4,11, Levene’s test of equality of error of variances for the ANCOVA on the sodium data in 
varying oxygen saturation.

F ^  ^  Significance
0.827 2 27 0.448
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According to the ANCOVA, there is a highly significant treatnnent effect for 

the sodium concentration. The r squared for this model is fairly high, with close to 

70% of the variation being explained by the independent variable and covariate. 

The pairwise comparisons of marginal means estimate that, in average, crayfish 

kept in slightly hypoxic water (60% saturation) had a haemolymph sodium 

concentration higher than that of crayfish kept in normoxic water by 0.5 gl'^ (Table 

4.10). Crayfish kept in hypoxic water (30% saturation) also have in average 

haemolymph sodium concentration higher than the control crayfish by 0.6 gl

Plotting of the residuals and Levene’s test confirm that the assumptions of 

normality and homogeneity of variance are respected. Data are considered 

independent because all crayfish were in kept in separate tanks.

T ab le  4 .12 . A N C O V A  T ab le  for crayfish haem olym ph calcium concentration after experim ent as  
dependent variab le with treatm ent as independent variable and calcium concentrations before  
experim ent as covariate. A lpha is 0.05,

R  ̂= 0.418
Source Sum of Square df Mean sum F Significance
Model 39645.432 3 13215.144 6.222 0.002
Intercept 9529.903 1 9529.903 4.487 0.044
Cabefore 23154.877 1 23154.877 10.902 0.003
Treatment 603.488 2 301.744 0.142 0.868
Error 55221.234 26 2123.894
Total 4238950 30

T ab le  4 .1 3 . Pairw ise com parisons on the m arginal m eans o f calcium concentrations of groups 
according to treatm ent. A lpha is 0 .05, significance is given with two adjustm ents for multiple 
com parisons. T rea tm ent 1 corresponds to the control (8 0 -9 0 %  O 2 ), treatm ent 2 is 6 0 %  O 2 

saturation while treatm ent 3 is 30%  O 2 saturation.

site Mean
difference

Std error Sig. (LSD) Sig. (Sidak)

1 2 -5.666 22.248 0.801 0.992
1 3 6.328 28.188 0.824 0.995
2 3 11.994 23.292 0.611 0.941

T ab le  4 .1 4 . Leven e’s test o f equality of error of variances for the A N C O V A  on the calcium data in 
varying oxygen saturation.

F ^  ^  Significance
10.251 2 27 <0.0005
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The analysis of covariance performed on the calcium data does not yield a 

significant treatment effect (Table 4.12). Levene’s test for the homogeneity has a 

very low p value, which infers a heterogeneous variance between groups. 

Indeed, upon examination of the residuals (Figure 4.7), it is clear that crayfish in 

treatment 2 (60% O2 saturation) have a small variance while those in treatment 3 

show great variance. Although ANCOVA is relatively robust against deviation 

from homogeneity of variance, this model is not the best fit for this data. The 

pairwise comparisons, which give a better estimate of the difference between 

groups, corroborate the absence o f treatm ent effect regarding the calcium 

concentrations.

1 . 0 0 -

0 . 0 0 -

- 1 . 0 0 -

- 2 . 0 0 -

2
treatment

Figure 4.7. Scatter plot of the standardised residuals from the A N C O VA  model versus the 
treatment for the calcium data. Treatm ent 1 corresponds to the control (80-90%  O 2 ), treatment 2 
is 60%  O 2 saturation while treatment 3 is 30% O 2 saturation.
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Table 4.15. ANCOVA Table for crayfish haemolymph chloride concentration after experiment as 
dependent variable with treatment as independent variable and chloride concentrations before 
experiment as covariate. Alpha is 0.05.

R" = 0.188
Source Sum of Square df Mean sum F Significance
Model 1550358.491 3 516786.164 2.004 0.138
Intercept 8237361.738 1 9529.903 31.941 <0.0005
Cl before 55032.017 1 23154.877 0.213 0.648
Treatment 1519780.778 2 759890.389 2.947 0.070
Error 6705131.089 26 257889.657
Total 1990436454 30

Table 4.16. Pairwise comparisons on the marginal means of chloride concentrations of groups 
according to treatment. Alpha is 0.05, significance is given with two adjustments for multiple 
comparisons. Treatment 1 corresponds to the control (80-90% O2), treatment 2 is 60% O2 

saturation while treatment 3 is 30% O2 saturation.

site Mean
difference

Std error Sig. (LSD) Sig. (Sidak)

1 2 -511.503 227.133 0.033 0.096
1 3 -75.912 229.980 0.744 0.983
2 3 435.591 229.467 0.069 0.193

Table 4.17. Levene’s test of equality of error of variances for the ANCOVA on the chloride data in 
varying oxygen saturation.

F ^  ^  Significance
2.873 2 27 0.074

According to this analysis of covariance, there was an almost significant 

treatment effect on the haemolymph chloride concentrations (Table 4.15). The r 

squared for this model is fairly low, with only approximately 20% of the variability 

of the data being explained by the independent variable and covariate. The 

pairwise comparisons with the LSD adjustment give a significant difference (a = 

0.05) between 1 and 2, while the test with the Sidak adjustment (which is a much 

tighter test) gives an almost significant difference for the same groups. The 

pairwise comparison calculates that, in average, crayfish kept at 60% O2 

saturation have a haemolymph chloride concentration 0.5 gl'^ higher then those
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kept in nornnoxic conditions. Although Levene’s test for the homogeneity of 

variance is not significant, the p value (0.074, Table 4.17) is quite small and 

observation of the residuals demonstrates a certain deviation from the assumed 

equality of variance (Figure 4.8). Once again, the pairwise comparisons might be 

a better fit to this data set.
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Figure 4 .8 . Scatter plot of the standardised residuals versus treatm ent for the chloride data. 
T reatm ent 1 corresponds to the control (8 0 -9 0 %  O 2 ), treatm ent 2  is 6 0 %  O 2 saturation while  
treatm ent 3 is 30 %  O 2 saturation.

Ion concentrations: response to ammonia

Two controls and two experimental treatments exposing crayfish to low 

levels of ammonia in normoxic water were performed involving in total 20 crayfish 

in each type of treatment. Figure 4.9 presents the difference between post-test 

ion concentrations in the haemolymph and pre-test concentrations. These graphs 

illustrate the difference in variability between the two treatments. There is no

1 2 3
treatment
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marked increase or decrease in ion concentration due to treatment as the 

differences plotted in the Figures below fluctuate around 0.

B

treatment treatment

treatm ent

Figure 4.9. Box plots of the difference in sodium (A), calcium (B) and chloride (C) concentrations 
between pre-test and post-test haemolymph samples. Treatment 1 is the control (no ammonia), 
treatment 2 is 2.5 mgl’ ’ NH4 .
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An analysis of covariance was performed on the ion concentrations in tiie 

haemolymph samples taken after the 15 days of treatment as dependent 

variables, treatment as independent variable and pre-test concentrations as 

covariates.

T ab le  4 .18 . A N C O V A  T ab le  for crayfish haem olym ph sodium concentration after experim ent as  
dependent variable with treatm ent as independent variable and sodium concentrations before  
experim ent as covariate. A lpha is 0.05.

= 0.042
Source Sum of Square df Mean sum F Significance
Model 3508569.148 2 1754284.574 9.764 <0.0005
Intercept 2694512.921 1 2694512.921 14.997 <0.0005
Nabefore 2224541.371 1 2224541.371 12.381 0.001
Treatment 392251.759 1 392251.759 2.183 0.148
Error 6647759.518 37 179669.176
Total 841596356 40

T ab le  4 .19. L even e ’s test of equality of error of variances for the A N C O V A  on the sodium data in 
varying N H 4 concentration.

F ^  ^  Significance
0.042 1 38 0.840

The ANCOVA results show that there is no effect on the sodium 

concentration caused by the level of ammonia to which the crayfish were 

exposed (Table 4.18). Levene’s test (Table 4.19) and examination of the residual 

plots confirmed that the assumptions of normality and homogeneity of variance 

were respected. This model is thus appropriate for these data.
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T ab le  4 .20 . A N C O V A  T ab le  for calcium concentration after experim ent as dependent variable  
with treatm ent as independent variab le and calcium  concentrations before experim ent as  
covariate. A lpha is 0.05.

= 0.048
Source Sum of Square df Mean sum F Significance
Model 6818.315 2 3409.158 0.941 0.399
Intercept 96370.671 1 96370.671 26.613 <0.0005
Cabefore 6.215 1 6.215 0.002 0.967
Treatment 6591.698 1 6591.698 1.820 0.185
Error 133982.029 37 3621.136
Total 5559232.444 40

T ab le  4 .21 . Leven e’s test of equality of error of variances for the calcium data in varying N H 4 

concentration.

F ^  ^  Significance
1.846 1 38 0.182

According to the ANCOVA results, low levels of ammonia did not affect 

significantly the concentration of calcium in the haemolymph (Table 4.20). 

Levene’s test (Table 4.21) and plotting of the residuals confirm the respect of the 

assumptions and the fit of the model.

T ab le  4 .2 2 . A N C O V A  T ab le  for crayfish haem olym ph chloride concentration after experim ent as 
dependent variab le with treatm ent as independent variab le and chloride concentrations before  
experim ent as covariate. A lpha is 0 .05.

R  ̂= 0.190
Source Sum of Square df Mean sum F Significance
Model 3221314.406 2 1610657.203 4.348 0.020
Intercept 7614342.323 1 7614342.323 20.554 <0.0005
CIbefore 3217489.668 1 3217489.668 8.685 0.006
Treatment 7457.489 1 7457.489 0.020 0.888
Error 13706866.9 37 370455.861
Total 2372732123 40

Tab le  4 .2 3 . Levene's test of equality of error of variances for the A N C O V A  on the chloride data  in 
varying am m onia concentration.

E ^  Significance
1.990 1 38 0.167
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The ammonia level to which crayfish were exposed did not have any effect 

on the chloride concentration (Table 4.22). Levene’s test (Table 4.23) and 

examination of the residuals confirmed that ANCOVA was an appropriate model 

for this data.

Ion concentration: ammonia and oxygen interaction

Two more experiments were designed to assess the interaction of 

ammonia and reduced oxygen on the ion balance of crayfish. Data from one of 

the control and one of the ammonia experiments (the two which took place in 

November) were analysed with these new data. The following Figures present 

the difference between the post-test haemolymph ion concentrations and the pre

test measurements.
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Figure 4.10. Box plots of the difference in sodium (A), calcium (B) and chloride (C) concentrations 
between pre-test and post-test haemolymph samples. Treatment 1 is the control (80-90%  O 2 , no 
ammonia), treatment 2 is 2.5 mgl'V NH4 and 80-90%  O 2 , treatment 3 is 2.5 mgl'^ NH4 and 60%
O 2 , and treatment 4 was 2.5 mgl'^ NH 4 and 30%  O 2 .

Crayfish kept in the control conditions tend to show an increase in their 

haemolymph sodium concentration, while crayfish kept under the other 

environmental conditions (treatments 2, 3 and 4) had stable or lowered sodium 

content (Figure 4.10). Figure 4.10B clearly shows the variability in calcium



concentrations in crayfish kept in normoxic water and 2.5 mgl'^ NH4. Except for 

treatment 3, which has negative values, crayfish in this experiment had fairly 

stable haemolymph calcium concentration. Figure 4.10C shows that chloride 

concentrations tend to decrease at the end of the experiment, except in crayfish 

kept in 30% O2 saturation and 2.5 mgl'^ NH4, where the difference between post

test and pre-test values are variable, but generally positive.

An analysis of covariance was performed on the ion concentrations of the 

haemolymph samples taken after 15 days of exposure to the treatments.

Table 2.24. ANCOVA Table for crayfish haemolymph sodium concentration after experiment as 
dependent variable with treatment as independent variable and sodium concentrations before 
experiment as covariate. Alpha is 0.05.

= 0.434
Source Sum of Square df Mean sum F Significance
Model 2648044.214 4 662011.054 6.713 <0.0005
Intercept 3545234.635 1 3545234.635 35.948 <0.0005
Nabefore 77516.436 1 77516.436 0.786 0.381
Treatment 1550913.759 3 516971.253 5.242 0.004
Error 3451705.786 35 98620.165
Total 959001111 40

Table 4.25. Pairwise comparisons on the marginal means of sodium concentrations of groups 
according to treatment. Alpha is 0.05, significance is given with two adjustments for multiple 
comparisons. Treatment 1 is the control (80-90% O2 , no ammonia), treatment 2 is 2.5 mgl'V NH4 
and 80-90% O2 , treatment 3 is 2.5 mgl'^ NH4 and 60% O2 , and treatment 4 was 2.5 mgl' NH4 and 
30% O2 .

site Mean
difference

Std error Sig. (LSD) Sig. (Sidak)

1 2 -173.522 162.883 0.294 0.876
1 3 326.394 141.654 0.027 0.153
1 4 -262.172 169.726 0.131 0.571
2 3 499.917 154.342 0.003 0.016
2 4 -88.650 141.025 0.534 0.990
3 4 -588.567 160.076 0.001 0.005

Table 4.26. Levene's test of equality of error of variances for the ANCOVA on the sodium data in 
varying oxygen saturation and ammonia level.

F d fi ^  Significance
2.009 3 36 0.130
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The ANCOVA results point to a significant treatment effect on the sodium 

concentration (Table 4.24). The r squared for this model is fairly high, with almost 

45% of the variability in the data being explained by the independent variable and 

covariate. The multiple comparisons give a significant difference between sodium 

concentrations in the haemolymph of crayfish kept under treatment 3 and the 

other treatments (Table 4.25). Crayfish kept at 60% oxygen saturation and 2.5 

mgl'^ NH4 tend to have lower haemolymph sodium concentration than the other 

crayfish. Levene’s test and residuals plots verified that the assumptions of 

normality and equal variance are respected.

Table 2.27. A NC O VA  Table for crayfish haemolymph calcium concentration after experiment as 
dependent variable with treatment as independent variable and calcium concentrations before 
experiment as covariate. Alpha is 0.05.

= 0.182
Source Sum of Square df Mean sum F Significance
Model 2047447.815 4 511861.954 1.934 0.126
Intercept 81052.682 1 81052.682 43.129 <0.0005
Cabefore 107.144 1 107.144 0.057 0.813
Treatment 14532.756 3 4844.252 2.578 0.069
Error 65775.234 35 1879.292
Total 5014034 40

Table 4.28. Pairwise comparisons on the marginal means of calcium concentrations of groups 
according to treatment. Alpha is 0.05, significance is given with two adjustments for multiple 
comparisons. Treatm ent 1 is the control (80-90%  O 2 , no ammonia), treatment 2 is 2.5 mgI-1. NH 4  

and 80-90%  O 2 , treatment 3 is 2.5 mgl-1 NH 4 and 60%  O 2 , and treatment 4 was 2.5 mgl-1 NH4 

and 30% O 2 .

site Mean
difference

Std error Sig. (LSD) Sig. (Sidak)

1 2 -40.691 20.018 0.050 0.264
1 3 10.247 20.539 0.621 0.997
1 4 -11.872 19.611 0.549 0.992
2 3 50.938 19.470 0.013 0.076
2 4 28.819 19.493 0.148 0.618
3 4 -22.119 19.761 0.271 0.849
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Table 4.29. Levene’s test of equality of error of variances for the A N C O VA  on the calcium data in 
varying oxygen saturation and ammonia level.

E ^  Significance
3.757 3 36 0.019

The ANCOVA gives an almost significant treatment effect, but the Levene 

test for homogeneity of variance is significant (Table 4.26). This means that the 

variance is heterogeneous and that this model is not the best fit for the data. 

Upon closer examination of the residuals, the presence of an outlier in treatment 

2 (standardized residual of 2.98; Figure 4.11), which probably influences the 

analysis greatly, becomes apparent. A second analysis was performed after 

removal of this data point. No treatment effect was detected and the multiple 

comparisons, which showed a significant difference between treatment 2 and 3 in 

the first analysis (Table 4.25), resulted in no significant differences between all 

the treatments. The high variability in haemolymph calcium concentration 

encountered in crayfish in treatment 2 (normoxic water, 2.5 mgl'^ NH4) makes this 

analysis less accurate.
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Figure 4.11. Scatter plot of the standardised residuals versus treatment for the A NC O VA  on 
calcium concentrations. Treatment 1 is the control (80-90%  O 2 , no ammonia), treatment 2 is 2.5 
mgl'V NH 4  and 80-90%  O 2 , treatment 3 is 2.5 mgl'^ NH 4  and 60%  O 2 , and treatment 4 was 2.5  
m gr' NH 4  and 30% O 2 .

A first ANCOVA was performed on the chloride data using ten individuals 

per group, but one outlier (standardized residual o f -2.90; Figure 4.12) was found 

to bias the analysis greatly. The ANCOVA was run again after removal of this 

point and the results are presented in the following tables. The outlier was in 

treament 4 (hypoxia and ammonia) and presented chloride concentrations (pre 

and post-test) which were much lower than the other 9 crayfish in this group.
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Figure 4.12. Scatter plot of the standardised residuals versus predicted values for the ANCOVA 
on chloride concentrations, including all values.

Table 4.30. ANCOVA Table for crayfish haennolymph chloride concentration after experiment as 
dependent variable with treatment as independent variable and chloride concentrations before 
experiment as covariate. Alpha is 0.05.

R*" = 0.287
Source Sum of Square df Mean sum F Significance
Model 2650618.459 4 662654.615 3.414 0.019
Intercept 12435658 1 12435658 64.065 <0.0005
CIbefore 55226.963 1 55226.963 0.285 0.597
Treatment 2396476.161 3 798825.387 4.115 0.014
Error 6599690.016 34 194108.530
Total 2454557322 39
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Table 4.31. Pairwise comparisons on the marginal means of chloride concentrations of groups 
according to treatment. Alpha is 0.05, significance is given with two adjustments for multiple 
comparisons. Treatment 1 is the control (80-90% O2 , no ammonia), treatment 2 is 2.5 mgl'V NH4 

and 80-90% O2 , treatment 3 is 2.5 mgl'^ NH4 and 60% O2 , and treatment 4 was 2.5 mgl' NH4 and 
30% O2 .

site Mean
difference

Std error Sig. (LSD) Sig. (Sidak)

1 2 119.109 197.079 0.550 0.992
1 3 274.808 200.393 0.179 0.694
1 4 -486.700 236.926 0.048 0.254
2 3 155.700 201.216 0.444 0.971
2 4 -605.808 239.174 0.016 0.093
3 4 -761.508 220.163 0.001 0.009

Table 4.32. Levene’s test of equality of error of variances for the ANCOVA on the chloride data in 
varying oxygen saturation and ammonia level.

E dfi ^  Significance
1.554 3 35 0.218

The ANCOVA results in a significant difference between treatment groups 

for the chloride concentrations (Table 4.30). The r squared value is not very high 

with only close to 30% of the variability of the data being explained by the 

treatments and pre-test values. The pairwise comparisons show the difference to 

be between crayfish kept in hypoxic water (30% O2) with ammonia (treatment 4) 

and all the other groups. The comparisons with the Sidak adjustment only give a 

significant d ifference between treatm ent 4 and 3, but the marginal means 

differences between groups remain the highest between treatm ent 4 and the 

other treatments (Table 4.31). Crayfish kept in 30% O2 saturation and 2.5 mgl'^ of 

NH4 had haemolymph chloride concentrations in average between 0.5 and 0.75 

gl’  ̂ higher than those kept in slightly hypoxic or normoxic water, containing or not 

ammonia. With the removal of the outlier, the assumption of equal variance is 

respected (Table 4.32).
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Summary o f ion balance analyses

These experiments, in the lab and in the field, investigated stress in 

crayfish due to environmental conditions such as hypoxia and a subiethal 

concentration of ammonia. Crayfish kept for a period of time at Millicent bridge, 

downstream of sewage works, and at Islandbridge, in urban Dublin, showed 

increased haemolymph sodium compared to crayfish kept at Ballyward bridge, in 

the headwaters of the Liffey, where crayfish are abundant. Crayfish kept in 

slightly hypoxic (60% O2 ) or hypoxic water were found to have haemolymph 

sodium concentrations higher than those kept in normoxic water. Crayfish kept in 

slightly hypoxic water were also found to have lower chloride concentrations in 

their haemolymph. A concentration of 2.5 mgl'^ of NH4 was found to have no 

effect on the ion balance of crayfish in normoxic water. However, if crayfish were 

kept in hypoxic water, their chloride concentration increased slightly, while 

crayfish kept at 60% O2 saturation d isplayed d im inished sodium in the ir 

haemolymph.

Ion concentration: correlations between ions

The different ion concentrations for individual crayfish were analysed to 

assess if they were correlated. The results are given in Table 4.33.

No significant correlation was found between the various ions measured in 

the haemolymph samples. The r squared values were very low and were not 

significant at a  = 0.05.

Table 4,33. Pearson correlation coefficients between ion concentrations. The analysis was 
performed with values from all haemolymph samples taken. Alpha is 0.05.

Ion Sodium Calcium Chloride
Sodium 1.000 -0.142 0.141

Significance - 0.073 0.076
Calcium -0.142 1.000 0.097

Significance 0.073 - 0.223
Chloride R ^ 0.141 0.097 1.000

Significance 0.076 0.223 -
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4.4. Discussion

Observations in the field, presented in chapter 2, indicate that the white- 

clawed crayfish can thrive in water of moderate quality. This crayfish species 

appears to be tolerant to a degree of eutrophication and organic pollution. 

Nevertheless, the geographical restriction of crayfish to the upper Liffey river in 

2000 suggests a pollution-related distribution. The experiment carried out in the 

Liffey was set up to investigate, first if crayfish could survive in the Liffey below 

the Osberstown sewage treatment works and, second, if such crayfish presented 

physiological stress owing to the environmental conditions.

Most research involving crustaceans kept in situ targeted one or several 

specific pollutants, such as the impacts of heavy metals or pesticides (Johnson 

and Jones, 1990; Schilderman et a!., 1999; Anton et al., 2000). Various 

contaminants can be encountered downstream of the sewage treatment works. 

Furthermore, the water quality encountered at Islandbridge will be a result of the 

accumulation of diffuse sources, in this case both agricultural and urban, along 

the whole catchment. At both of these sites, not only the type of pollution varies 

but also its intensity. Contaminant inputs in the Liffey were thought to be 

generally continuous, but diluted, such as agricultural and urban runoffs; 

however, pulse inputs that are highly concentrated but of short duration are also 

possible. The evaluation of ion regulation in crayfish kept at the three sites along 

the Liffey was an attempt to assess stress induced by the overall water quality at 

these sites. Crayfish kept in the Liffey were exposed to varying conditions 

normally present in a continually mixing river. The few measurements performed 

on the water samples did not identify any particular contaminant, except possibly 

ammonia at Millicent.

The water samples taken and analysed in summer 2001 provide evidence 

of the eutrophication of this part of the river. Nutrients such as nitrate and 

phosphorus were detected at concentrations that were, if not particularly 

elevated, indicative of a degree of pollution (Lucey et al., 1999). Nutrient 

enrichment was particularly visible at Islandbridge, where the macrophyte cover
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was extensive. The EPA classifies close to 50% of the Liffey river main channel 

as slightly or moderately polluted or eutrophic (McGarrigle et al., 2002). The 

predominant land use in the Liffey drainage basin is agriculture and a diffuse 

input of nutrients is likely. Biological oxygen demand, which is a measure of 

organic pollution, was never particularly high at all three sites. Oxygen saturation 

is expected normally to be high because of the water flow. This does not rule out 

that a point source like the sewage works could affect the oxygen concentration 

in the river below for several days at a time, particularly in areas of slower flow as 

can be encountered along the river channel. The three water samples during this 

investigation provide only a snapshot view of what is happening in the river.

A parameter where this variability is apparent is ammonia. One sample, at 

Millicent bridge, had a concentration of ammonia (0.5 mgl'^) noticeably higher 

than the other samples. This suggests pulse inputs of ammonia or periods of 

outflow at the sewage treatment works. The EPA considers that a concentration 

above 0.3 mgl'^ can indicate a pollution problem (Lucey et al., 1999; EPA, 2001). 

The toxic substance nitrite was never found to be present in high amounts and 

this was expected because it is only an intermediary step in the nitrification of 

ammonia. Nevertheless, it is possible that if ammonia level were to increase 

significantly, higher nitrite concentrations could be encountered. McGarrigle et al. 

(2002) noted in the 1998-2000 survey that the Osberstown sewage treatment 

works severely affected a stretch of the Liffey, but that this pollution problem was 

recent. The same authors indicate that a major effort was under way to address 

the pollution issue. This could explain the improvement of the Q values between 

2000 (2-3) and 2001 (3). This could also mean that in time, crayfish might be able 

to migrate downstream and re-colonise the lower Liffey naturally.

The great majority of crayfish survived the two summer months they spent 

in cages at each site. The low or moderate water quality at Millicent and 

Islandbridge did not affect survival of crayfish. The survival, and indeed moulting, 

of crayfish kept at Islandbridge were unexpected because, in the field survey, no 

crayfish were found at sites with a Q value less than 3 (chapter 2). Their survival 

for seven days in water contaminated by surface oil at Islandbridge confirms the

148



tolerance of A. pallipes. Oil pollution can affect crayfish by direct toxic effects or 

by reducing the amount of dissolved oxygen by the formation of a film on the 

water surface. One individual died during the oil slick; this crayfish had recently 

moulted and its exoskeleton was still very soft when it was taken out of the trap, 

at the end of the two months. It is quite probable that moulting made this crayfish 

more susceptible to the contaminants.

All other captive crayfish stayed alive for the sixty days they were at 

Islandbridge. Although short term survival of crayfish was not affected by the 

water quality itself, it is possible that long term survival, juvenile growth and 

recruitment could be negatively affected by water quality. Furthermore, crayfish in 

the experiment were provided with good shelter and a constant supply of nutrient- 

rich food. Eutrophication implies a modification of the habitat through the 

predominance of certain algae or macrophytes, with a shift to a pollution-tolerant, 

usually less diverse macroinvertebrate fauna and even siltation. It is possible that 

if crayfish had to subsist without the shelter of the trap and the constant food 

supply, the habitat found at Islandbridge would not be favourable.

The water quality at Millicent bridge improved between 2000 and 2001 and 

this might be due to the expansion of the sewage treatment works (McGarrigle et 

al., 2002). Crayfish at this site survived and some moulted during the two months 

they were kept there. Nevertheless, water quality was deemed only moderate 

and elevated ammonia could be a problem.

The analyses performed on the haemolymph samples taken at three 

occasions provide an insight into the stress caused to crayfish by poor water 

quality. Although the Q value for Ballyward indicated moderate quality for this 

site, it was taken as the control site for these experiments. Environmental 

conditions there are favourable for crayfish and this is reflected in the high 

CPUEs met with during the field surveys (chapter 2). Ion concentrations in the 

haemolymph of crayfish kept at Millicent bridge and Islandbridge were thus 

compared with those of crayfish kept at Ballyward as the latter should not show 

stress. This of course is not entirely true for the last sample taken at Ballyward 

because crayfish were left outside of the water for an undetermined period of
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time. Because of their dehydration, ion concentrations are expected to be raised. 

Indeed, compared to what they were a month before, both sodium and chloride 

were found at slightly higher concentrations. McMahon and Stuart (1S99) found 

that Procambarus clarkii can survive for up to 28 days and exhibit little variation in 

haemolymph osmolarity when exposed to humid air. P. clarkii is a burrowing 

species and can survive prolonged periods in dry riverbeds; nevertheless, 

crayfish exposed to dry air however showed a significant increase in 

haemolymph osmolarity. As only individuals who appeared healthy (active) were 

sampled for haemolymph at Ballyward, only a small measured increase in 

haemolymph ion concentration was expected in the data analysed.

The impact of several contaminants on osmotic capacity and ionic 

regulation of crustaceans has been well studied. Crayfish kept at both Millicent 

and Islandbridge presented elevated sodium concentrations in their haemolymph, 

while the chloride concentrations remained unaffected. A lot of information is 

available on the consequences of pesticides or heavy metals on ionic regulation 

in crustaceans. In most cases, ion concentrations decreased after exposure to 

such pollutants (Chaisemartin, 1973; Rajeswari eta l., 1988; Johnson and Jones, 

1990; Ahern and Morris, 1998). Stephens (2001) did not find evidence of either 

pesticides or heavy metals in the Liffey, it is therefore unlikely that this type of 

pollution occurred at a significant level during the time of the experiment.

The effects of oil, crude or refined, has also been studied in several 

organisms, most of them marine. Several authors have found that oil 

contamination had no effect on ionic regulation of their decapod study organism 

(e.g. peneids in Anderson et a i, 1974; lobsters in Payne et a i, 1983). Although 

the crayfish kept at Islandbridge were exposed to fuel oil for a week, it is difficult 

to attribute the increase of sodium in their haemolymph to this specific 

contaminant. The concentration of oil in the water throughout the week of 

exposure, at the depth at which the crayfish were kept, is unknown. It is difficult to 

separate the effects of oil and the effects of the general exposure to water quality 

such as was found at this site for the 60 days of the experiment. Since sodium 

regulation seemed similarly affected after the first month of the experiment, it is
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reasonable to speculate that the increased sodium concentrations measured at 

Islandbridge were not caused by the oil slick. This is not to say that oil has no 

long-term toxic effect on crayfish, but that it does not disrupt the ion regulation 

processes.

The results obtained for this experiment were somewhat unexpected 

because most research done on ion regulation report a decrease in sodium or 

chloride concentrations in the haemolymph of crayfish kept in stressful conditions 

(reviewed in Lignot et al., 2000). A few authors have found occurrences where 

exposure to pollutants increased sodium regulation in estuarine isopods (Jones, 

1975; Oksama and Kristoffersson, 1980). Lignot et al. (2000) suggest that an 

initial activation of ionic uptake could occur following exposure to pollutants. It is 

possible that exposure to small amounts of contaminants results in an increase in 

ion regulation in crayfish, while higher concentrations of pollutants can produce a 

decrease in ion uptake, as was observed by Oksama and Kristoffersson (1980).

The absence of significant trends in chloride uptake by crayfish kept at 

three sites in the Liffey might be due to the rather low determination power of the 

analytical methods used. The silver nitrate titration only allows variations of more 

than 15% of the total amount to be detected. Haemolymph chloride is particularly 

affected by environmental nitrite (Jensen, 1990; Harris and Coley, 1991). The 

stable chloride concentrations in haemolymph samples encountered during the 

course of the experiment infer that nitrite is not a problem in the Liffey river.

The most important symptom of eutrophication in terms of water chemistry 

is fluctuation in oxygen saturation. A high biological oxygen demand owing to 

organic pollution or increased vegetation growth will result in hypoxia, particularly 

at night when no photosynthetic production of oxygen occurs. Ammonia was 

identified as being present in notable amounts at Millicent once during the 

summer and can often be a problem downstream of sewage inflows. These two 

parameters were thus chosen for further analysis in the laboratory to explain the 

results obtained in the field.

Hypoxia has been well studied in crustaceans and a good amount of 

information is available on the processes involved in ion regulation in relation to
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oxygen saturation. The gills are the most im portant site for exchange of 

m onovalent ions. The effects of decreased oxygen concentrations on ion 

regulation can be attributed to the HCOa" - Cr and Na""- H'' ion exchange 

pathways. The two ions Na"  ̂ and Cl' are regulated through transport mechanisms 

that are linked to the transport o f H'' and HCOa' ions (Shaw, 1960a, 1960b; 

Mantel and Farmer, 1983; Truchot, 1983; McMahon, 2002). Evidence, largely 

gathered from research on freshwater acclimated species (hyper regulators), 

supports the presence of two independent exchange processes: sodium-proton 

and chloride-bicarbonate. This link between the regulation of the two major 

haemolymph ions and acid-base concentrations has been established by the fact 

that crustaceans will show disruption of the ion transport process in response to 

acid-base disturbance (Cameron, 1978; Wheatly, 1989; Jensen and Malte, 1990). 

Furthermore, in euryhaline species, changes in ambient salinity, which alter ion 

exchanges, will result in changes in the acid-base status o f the haemolymph 

(Weiland and Magnum, 1975; Truchot, 1981; Whiteley et al., 2001).

In hypoxia, and indeed hyperoxia, the ventilation rate will change and an 

alteration in the acid-base balance will ensue due to variations in the excretion of 

CO2 (Burnett and Johansen, 1981; Hagerman and Uglow, 1982; Wheatly, 1989). 

Studies investigating the effects of hypoxia in marine or euryhaline species have 

noticed a decrease in chloride haemolymph concentrations, particularly when the 

animals were kept in a dilute medium (Hagerman and Uglow, 1982; Johnson and 

Uglow, 1987; Hagerman and Szaniawska, 1991). Sodium levels in a brackish 

water isopod were found not to be affected by hypoxia and Na"" concentrations 

decreased only in anoxia (Hagerman and Szaniawska, 1991). This contrasts with 

the results obtained in the present laboratory experiments in which crayfish were 

exposed to different levels o f oxygen saturation. Only chloride concentration 

decreased marginally, in crayfish kept at 60% oxygen saturation for 15 days, but 

not in those kept at 30% saturation; sodium concentrations were found to actually 

increase when crayfish were exposed to hypoxia.

Several causes can be envisaged to explain these results. Relatively little 

research has been carried out on freshwater species regarding hypoxia and its
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effect on ion regulation. Freshwater crayfish are strong osmoregulators and can 

maintain sodium balance in water containing as little as 40 pmoll'^ (Shaw, 1959). 

It is possible that when exposed to slight hypoxia, an overcompensation occurs in 

the sodium ion exchange to maintain the haemolymph pH. This hypothesis was 

put forward by Lignot et al. (2000) to account for the lack of effects in some 

research or osmotic capacity increases in others (Oksama and Kristoffersson, 

1980; Boitel and Truchot, 1989; Ahern and Morris, 1998).

Crayfish did not seem to be drastically affected by an oxygen saturation of 

only 30% as a few individuals moulted and none showed signs of stress such as 

lack of reaction when touched, decreased activity or sluggishness. The white- 

clawed crayfish seems fairly well adapted to cope with decreased oxygen content 

as individuals were kept for 15 days in the experimental conditions. A. pallipes 

has been found in ponds (e.g. Rallo and Garcia-Arberas, 2000), lakes (e.g. 

O’Keeffe, 1986) or even in burrows (J. Stanton, pers. comm.), which are all 

habitats that can experience low oxygen concentrations. Grandjean et al. (1996) 

found a well established population of A. pallipes in ponds where dissolved 

oxygen was measured between 0.8 to 5 mgl‘\  Crayfish may thus often encounter 

moderate hypoxia and should be adapted to deal with low oxygen. This species 

could show signs of stress, such as Cr depletion, only at very low oxygen 

concentrations (i.e. less than Imgl'^).

Crayfish in the tanks had the possibility to partially climb out of the water 

and to expose their gill chambers to air for a period of time. It is possible that the 

animals exhibited this behaviour at night, thus remaining unobserved. Taylor and 

Wheatly (1980) established that A. pallipes will migrate into air when the ambient 

oxygen tension is lowered to a level of 42 mm Hg (normoxic water is 145 mm 

Hg). Crayfish were sometimes seen climbing up the aeration tubes, but this 

behaviour was mostly observed during the acclimation period.

The impact of ammonia on ion regulation and osmotic capacity has been 

studied in several species of decapods (Lin et al., 1993; Rebelo et al., 1999; 

Harris et al., 2001). Ammonia occurs in water in two forms: un-ionised ammonia 

(NH3) and ionised ammonium (N H /), the relative proportions of each depending
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on pH, temperature and ionic strength. In neutral pH, ammonium exists almost 

exclusively in ionised form, only at pH 8 and above will the proportion of NH3 

increase (Trussel, 1972). Un-ionised ammonia is highly toxic, but should only 

have been present in the tanks in minimal amounts so any effect observed 

should have been only due to N H /. Some studies have concluded that N H / can 

also be toxic, generally if present in high concentrations. Shaw (1960a) showed 

that external ammonia inhibited the uptake of sodium. This research was early 

evidence of the role of Na""- NH4 "̂ ion exchange. Lin et al. (1993) demonstrated 

that exposure to ammonia above 16 mgl'^ negatively affected the regulation of 

both sodium and chloride ions, but especially sodium, in juvenile Penaeus  

japonicus. Spaargaren (1990) found that even moderately elevated ammonia 

concentrations (1 mmoN'^) altered the ability of Carcinus maenas to adapt to 

lower salinity. Young-Lai et al. (1991) also found a reduction in haemolymph 

sodium in Homarus americanus exposed to ammonia. Fewer studies have 

investigated the effects of external ammonia in freshwater crustaceans. Harris et 

al. (2001) have found that in Pacifastacus leniusculus, elevated environmental 

ammonia (in both forms) was correlated with a depletion of haemolymph Na"̂ , 

while chloride ion regulation remained unaffected.

Shaw (1960a) reported that even at external ammonia concentrations as 

low as 0.05 mmoir^ (1 mgl'^), sodium uptake can be inhibited, but that this 

inhibition can be countered by increasing the ambient concentration of sodium. In 

the present experiments, no treatment effect was found when crayfish were kept 

in 2.5 mgl"^ NH4 in normoxic water. This was expected as this concentration is 

very low and the ambient sodium concentration was moderately high (8 mgl'^). 

Studies of the effect of ammonia on crustaceans generally investigate the impact 

of a moderate or high NH4 concentration on ion regulation over a short period of 

exposure, a few hours or a few days at most. The literature focused mostly on the 

consequences of a sewage or agriculture waste discharge. The conditions 

observed in the Liffey at Millicent and Islandbridge were less characteristic of 

waste discharge, than of low, continuous, input of pollutants. Although, a 

discharge of ammonia by the Osberstown sewage treatment works cannot be
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ruled out, the experiments in the lab attempted to investigate long term exposure 

to sublethal stressors such as low ammonia and moderate hypoxia.

Treated individually, oxygen depletion was found to increase haemolymph 

sodium concentrations, while a low level of NH4 had no effect on ion regulation. 

In a natural environment, crayfish will be faced with a variety of contaminants and 

chemical conditions. This highlights the necessity to understand the combined 

effect of two or more stress factors. Several authors have studied the ability of 

estuarine organisms to cope with decreasing salinity and factors such as hypoxia 

or ammonia (Spaargaren, 1990; Lin et al., 1993; Rebelo et al., 1999). Little is 

known about the interaction between hypoxia and ammonia on the ion regulation 

capacity of crustaceans.

In this study, haemolymph sodium decreased slightly in the presence of 

ammonia and hypoxia. This result was most significant in crayfish kept at 60% 

oxygen saturation. When hypoxia was assessed alone, the opposite effect 

occurred, whereas 2.5 mgl"  ̂ ammonia on its own did not affect sodium balance. It 

is possible that hypoxia impairs the ability of the crayfish to counteract the 

disruption caused by NH4 to its Na"" regulation at lower concentrations than it 

would in normoxic water.

Surprisingly, chloride concentration increased in crayfish kept at 2.5 mgl'^ 

NH4 and 30% O2 saturation compared to all other treatments. Crayfish exposed 

to hypoxia alone did not show any significant changes in haemolymph chloride 

concentration. It is possible that an over-activation of the chloride exchange 

process occurred under these environmental conditions.

The environmental conditions to which crayfish were exposed did not 

significantly affect haemolymph calcium concentrations. Changes in haemolymph 

calcium concentration has been observed in crustaceans exposed to hypoxia 

(Hagerman and Uglow, 1982; Hagerman and Szaniawska, 1991). A potential 

mechanism to buffer the acid-base variations which occur in hypoxia is the 

dissolution of the calcium carbonate in the exoskeleton (Truchot, 1979; Henry 

and Wheatly, 1992). This adaptation would be valuable as an increase in blood 

pH and Ca "̂" will increase the oxygen affinity of haemocyanin (Mangum, 1980).
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The calcium concentrations measured in the haemolymph samples demonstrated 

great variability betv\/een treatments making the analysis of the results difficult. 

The variability occurring in crayfish kept at 30% O2 saturation (treatment 3 in 

figure 4.6) was probably due to the approach o f ecdysis. W heatly and 

Ignaszewski (1990) measured a Ca "̂  ̂ efflux 4 days prem oult in crayfish 

{Procambarus clarkii) and an influx for up to 6 days follov\/ing ecdysis.

Moulting occurred in the lab and during the experiment in the Liffey river. 

This is believed not to have influenced the results on the sodium and chloride 

concentrations because individuals with soft exoskeleton were never sampled for 

haemolymph. Wheatly and Ignaszewski (1990) reported that Na"  ̂ and Cl' influxes 

were stable th roughout the in term oult and prem oult phases. However, 

immediately after ecdysis, these authors demonstrate that there is a net influx of 

these ions that persists for only two days, Na'^ and Cl‘ balance being re

established 3 days postmoult.

Ion concentrations proved to be very variable between individual crayfish. 

Hagerman and Uglow (1982) noted that some individuals of Crangon crangon did 

not react to hypoxia in the same way as others in terms of haemolymph calcium. 

Although all crayfish involved in the laboratory and field experiments were from 

the same stock (Grand Canal, 13*  ̂ lock), ion regulation seems to be quite 

variable between animals. Time and space constraints prevented use o f larger 

sample sizes, particularly in the laboratory. The small sample size makes the 

analysis less powerful and inferences on A. pallipes as a species less accurate.

Nevertheless, these assays give an insight into the tolerance of the white- 

clawed crayfish to pollution. This species seems quite to lerant to low water 

quality as crayfish survived for two months and moulted at Islandbridge, where 

water quality was considered low. Crayfish can also survive downstream of the 

Osberstown sewage treatm ent works at Millicent, although no crayfish were 

found when traps were laid at this site in 2000. It is possible that adult crayfish 

are quite tolerant of low water quality and that no wild population was present in 

the lower Liffey because A. pallipes  is more susceptible to low water quality at 

other stages in its life cycle such as eggs or juveniles. Young-Lai et al. (1991)

156



found that tolerance of adult American lobsters to ammonia was higher than that 

of larvae and postlarvae. Eriksson and Baden (1997) found similar results for the 

Non^vay lobster. The low water quality may also impair growth or maturity. 

McClain (1999) found that hypoxia reduced growth (total weight) and delayed 

sexual maturity in P. clarkii. It was mentioned earlier that major efforts were under 

way in 2001 to alleviate the pollution problems at Obsberstown sewage works. 

Perhaps water quality at Millicent was then good enough for crayfish to remain 

alive during the two months they were kept there. However, ion regulation was 

altered in crayfish kept at Millicent and Islandbridge compared to those kept at 

Ballyward. Whether this stress would impair the ability of crayfish to survive over 

a longer period of time, or reproduce, is unknown.

Although results from the laboratory experiments are somewhat variable, 

they suggest that A. pallipes demonstrates physiological stress in mild hypoxia 

but can nevertheless survive for extended periods of time in oxygen saturation as 

low as 30%. The disruption of ion regulation owing to hypoxia was significant, 

particularly for sodium, but different from what is generally found in the literature. 

Exposure to a low level of ammonia did not affect ion balance. The presence of 

ammonia and hypoxia produced a disruption of chloride regulation implying an 

interaction between those two factors which make crayfish more susceptible to 

one or the other. Further investigations would be needed to assess the combined 

effects of two or more contaminants. This research would be relevant as wild 

animals are rarely exposed to only one pollutant. In Ireland, this could involve the 

effects of nutrients (phosphate and nitrate).
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Chapter 5. General Discussion

5.1. Aims

The original question behind this project was to ascertain whether 

Austropotamobius pallipes  could be used as a biological indicator of water 

quality. A field survey was carried out to determine if presence, or indeed 

abundance, of crayfish could be correlated to other biological indices of water 

quality (Q index and ASPT). To establish this species as a bioindicator, the water 

quality requirements of the white-clawed crayfish have to be determined in the 

context of a suitable habitat. The Irish stock offered a good model for this species 

because of the relatively wide distribution of A. pallipes in Ireland, the limited 

impact of Aphanomyces astaci in the country and the absence of other decapod 

competitors in Irish rivers. All these factors have allowed the white-clawed 

crayfish to occupy a wider range of habitat than it now does in the rest of Europe. 

In Britain, where stocks of A. pallipes are still abundant, the signal crayfish has 

invaded many catchments since its introduction in the 1970s and reduced the 

range of the native crayfish by propagation of the crayfish plague and 

interspecific competition (Holdich and Reeve, 1991; Holdich and Rogers, 1999; 

Holdich, 2002b). The range of A. pallipes in France and Spain is now very 

restricted, the native crayfish being confined to isolated segments of catchments, 

often in the headwaters, while Orconectes limosus, Procambarus clarkii and 

Pacifastacus leniusculus are now widespread (Arrignon et al., 1999a; Gutierrez- 

Yurrita et al., 1999; Alonso et al., 2000; Holdich, 2002b). In Italy, the native 

crayfish has to compete with introduced alien crayfish as well as with the river 

crab, Potamon fluviatile (Gherardi et al., 1999). Although crayfish are often found 

in high quality waters, this may not be a physiological requirement but rather a 

consequence of their restricted distribution (e.g. Broquet et al., 2002). Indeed, 

several studies have shown that A. pallipes can withstand a certain amount of 

pollution (Foster and Turner, 1993; Troschel, 1997).
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Published surveys of crayfish distribution across Ireland are now fairly 

dated (Reynolds, 1982; Lucey and McGarrigle, 1987) and the actual distribution 

of A. pallipes in the selected catchments was not known before the undertaking 

of this project. It soon became obvious that the range o f/\. pallipes in Ireland was 

reduced compared to what it was once known to be. Mortality caused by the 

fungus A. astaci was hypothesised to be the main reason for the restricted 

distribution of A. pallipes in Irish midland rivers. The incidence of this disease 

introduces a limit to the inference power of the regression analysis performed on 

the data collected in the field. Ireland was thought to be a good model to study 

the water quality requirements because of the limited impact of plague and alien 

crayfish species. Several rivers, which offered suitable conditions for the 

establishment of crayfish populations, did not have crayfish, or had crayfish 

densities below the detection level of the methods used in this study. Although 

the occurrence of/A. astaci in three of the eight catchments included in this study 

can only be hypothesised (particularly in the Little Brosna), the disease 

nevertheless was confirmed to have infected crayfish in Lough Lene (Reynolds, 

1988; Matthews and Reynolds, 1990). This lake is situated between the Boyne 

and Inny catchments and has outlets into both the Inny and Boyne catchments, 

leading to the inference that crayfish in these catchments were affected by 

plague.

Despite the occurrence of crayfish plague, the Irish stock of A. pallipes 

remains untouched in many catchments. There are no other crayfish species 

present in Ireland, either native or non-native, that compete with A. pallipes for 

niches (reviewed in Laurent, 1988). This means that, in theory, A. pallipes can 

occupy its fundamental niche in all suitable lentic and lotic habitats when water 

chemistry is appropriate for this species, i.e. in most of the hydrographic basins of 

the calcareous midlands. This situation permits study of the range of water quality 

in which the white-clawed crayfish can survive and thrive.
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5.2. Austropotamobius pallipes: bioindicator?

Hilty and Mereniender (2000) have reviewed the attributes that a biological 

indicator should have in order to monitor changes in an ecosystem. These 

authors note the discrepancy found in the literature regarding the characteristics 

a taxon should possess to be considered a good bioindicator. For example, many 

authors have debated the use of a biological indicator which also serves political 

or economical agendas (Hellawell, 1986; Landres et a i, 1988; Pearson and 

Cassola, 1992). Although the use of taxon that also fulfils a political or 

economical agenda might bring support to the project, it might also prevent the 

selection of more appropriate indicators. Life history characteristics such as 

endemism or specialisation are also debatable criteria. Some argue that a 

generalist taxon will adapt more easily to changes in their environment, while 

others are concerned that a specialist will not adequately reflect the complexity of 

an ecosystem (Landres et al., 1988; Pearson and Cassola, 1992; Johnson et al., 

1993). Nevertheless, many attributes overlap in many papers. These include 

such characteristics as clear taxonomy, ample information on basic biology and 

tolerance levels of the organism. Other factors such as broad distribution, limited 

mobility, low variability and easy identification and capture have also been 

mentioned as criteria in the selection of a bioindicator taxon.

Austropotam obius pa llipes  has some of the basic characteristics 

necessary to be a biological indicator such as a clear taxonomical status and 

abundant literature on its biology. Although there is some contention as to the 

number of species or subspecies which can be included in the genus 

Austropotamobius, the species complex o f/\. pallipes is broadly recognised (e.g. 

Lortscher et al., 1997; Machino, 1997; Grandjean et al., 2000; Grandjean et al., 

2002). Grandjean et al. (2002) suggested on the basis of genetic variability that 

the species A. pallipes be further divided into two species, A. italicus (further 

divided into three subspecies) in Spain, Italy, Austria and the Balkans, and A. 

pallipes in France, Switzerland, Great Britain and Ireland. The identity of this 

taxon is therefore clear across its northern and western range.
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Several aspects of the growth, reproduction and behaviour of A. pallipes 

have been studied (Brewis and Bowler, 1985; Woodlock and Reynolds, 1988; 

Reynolds e ta i ,  1992; Carral et al., 1994). The physiological requirements of this 

species in terms of water hardness, temperature, calcium content and pH have 

also been established (e.g. Chaisemartin 1967 in France; Jay and Holdich, 1981 

in England).

The white-clawed crayfish is a protected species, listed in Annex II of the 

Habitats Directive and was of commercial interest before the introduction of 

American crayfish species and the crayfish plague. The crayfish trade and culture 

in Europe is a well developed sector of the economy and promoting A. pallipes as 

a biological indicator of water quality will also serve a political (conservation of 

aquatic ecosystems, restriction on transportation of live crayfish) and economical 

(trade, culture, stocking) agenda. This might be an advantage as it provides 

funding for projects such as CRAYNET which is a European project that 

promotes scientific exchanges and management guidelines through a website, 

scientific meetings and the publication of proceedings and an Atlas on crayfish 

distribution. On the other hand, A. pallipes may not be the best biological 

indicator for river ecosystems.

The general ecology of this species has been well studied (reviewed in 

Laurent, 1988), but the tolerance of white-clawed crayfish to pollution or to habitat 

degradation has not been specifically well studied. Although several studies on 

the preferred habitat of crayfish have included parameters pertaining to water 

quality (e.g. Troschel, 1997; Grandjean et al., 2000), few have attempted to 

correlate crayfish presence or numbers to parameters of water quality (e.g. 

Garcia-Arberas and Rallo, 2000; Broquet et al., 2002).

The field survey carried out in eight catchments of the Irish midlands 

demonstrates that A. pallipes is found in slightly eutrophic water as well as good 

quality water. In the regression analyses carried out in chapter 2, biological 

indices of water quality were not significantly related to crayfish presence at a 

site, or to crayfish abundance calculated as catch per unit effort. Nevertheless, 

Simpson’s diversity index was positively related to the odds of finding crayfish at
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a particular site. Furthermore, the surveys performed in the Liffey and Moynalty 

rivers suggest that the white-clawed crayfish is not found in waters of low water 

quality, those where biotic indices indicate a serious organic pollution or 

eutrophication problem. Thus, field observations suggest a lower limit to water 

quality in which crayfish can be found. Above this threshold, presence and 

abundance of crayfish is probably related to habitat features that generally refer 

to shelter. The present study detected the negative influence of bank poaching, 

which adversely affects shelter availability through increased siltation. Tree cover 

on the banks, which provides shade, was found to be positively related to crayfish 

presence in this research and by other authors (Smith et al., 1996; Naura and 

Robinson, 1998). The Simpson’s index could also be related to habitat diversity, 

as the relationship between diversity indices and water quality level is not reliable 

(Norris and Georges, 1993). Although in the present case, substrate type or 

submerged vegetation were not related to crayfish presence or abundance, many 

authors have found a correlation between crayfish and substrate or other features 

related to shelter (e.g. Foster, 1995; Smith et al., 1996; Broquet et al., 2002). 

Relative abundance or crayfish was particularly difficult to correlate to any of the 

habitat features measured during the survey. A good biological indicator taxon 

would exhibit a measurable reaction, in terms of population or physiology, in 

response to anthropogenic changes. Crayfish presence could be predicted in part 

by factors related to water quality but their absence or abundance could not be 

connected to water quality. The survey described in chapter 2 does not give 

evidence to support the status of A. pallipes as a biological indicator of water 

quality.

The detailed study presented in chapter 3 suggests that factors measured 

at a lesser scale, pertaining to habitat heterogeneity, may have greater influence 

on density. Crayfish distribution within a river is usually clumped, generally 

resulting from the heterogeneous habitat, and consequent heterogeneous 

distribution of shelter, found on the streambed (Broquet et al., 2002; Reyjol and 

Roquepio, 2002). Kilbride bridge in the Brittas river presented a very clumped 

distribution of crayfish, which were mostly found in the rocky substrate (chapter
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3). The spatial distribution of shelters at a site was not measured during the field 

surveys carried out in the eight catchments described in chapter 2, with physical 

parameters being only estimated to percentage cover of the surface. This might 

explain why none of the parameters measured could be correlated to catch per 

unit effort. Furthermore, trap CPUE only provides a measure of the relative 

abundance between sites. This method of capture involves the movement of 

crayfish towards the trap, but because crayfish exhibit variability in their activity 

(Armitage, 2000; Robinson et al., 2000), it is difficult to define the area sampled 

by a trap. This might in part explain the lack of any significant relationships 

between abundance, as CPUE, and the variables measured at each site, 

including biotic indices of water quality.

Experimental observations demonstrate that A. pallipes is rather tolerant of 

pollution. Crayfish kept in the Liffey river were exposed to low water quality 

(eutrophication and organic pollution) but also a potential range of pollutants 

(agricultural and urban run-offs), and in the case of Islandbridge, oil 

contamination. Although crayfish exhibited a disruption of the haemolymph 

sodium regulation process in those conditions, interpreted as sublethal stress, 

survival was nevertheless almost 100%. White-clawed crayfish are thus able to 

withstand low water quality for fairly long periods of time. This species is believed 

to require well oxygenated water (Laurent, 1988), but can also be found in ponds 

with low dissolved oxygen (Grandjean et al., 1996). Laboratory experiments 

indicated that A. pallipes also has good tolerance to hypoxia (chapter 4). A 

reduction in dissolved oxygen is the most obvious consequence of organic 

pollution and the tolerance of >A. pallipes to hypoxia means that this species is not 

a good indicator of this type of pollution.

Water temperatures in the rivers sampled oscillated around 16°C (10 to 

19°C) while the temperature during the laboratory experiments was kept constant 

at 15°C. Rivers in Ireland rarely rise above a temperature of 20°C (Moriarty, 

1998), but A. pallipes can encounter higher temperatures in the rest of its range 

(Laurent, 1988). Temperature affects the concentration of dissolved oxygen in 

water, as colder water has a higher saturation potential than warm water. The
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temperate conditions in Ireland might favour the ability of this species to 

withstand low water quality. Perhaps the white-clawed crayfish is not as tolerant 

of eutrophication and organic pollution In Spain, Italy or France where oxygen will 

not be dissolved as easily in water.

Laboratory and field experiments have thus demonstrated the medium 

term tolerance of A. pallipes to eutrophication and pollutants. The results of the 

surveys and experiments described in chapters 2 to 4 also denote a limitation to 

the capacity of A. pallipes to act as a biological indicator. This species is not 

clearly indicative of high quality water as it was found in good numbers in waters 

rated of moderate quality. The relative abundance, defined by CPUE in this case, 

is not correlated to biotic indices, thus changes in crayfish populations may not 

be noticeable over a wide range of pollution levels. A good bioindicator taxon 

would demonstrate variations in population or abundance in response to a range 

of levels of water quality in order to provide a useful monitoring tool. Furthermore, 

several sites were negative for crayfish despite suitable water quality and habitat 

features, and on several occasions, previous records of crayfish in the literature. 

The fungal plague can possibly explain these negative results, however this is not 

easy to postulate for all sites.

Crayfish were not found in the wild where water was rated of low quality, 

according to biotic indices. In an area known to harbour crayfish, a decline in the 

population or the disappearance of/A. pallipes could be considered as a sign of a 

decline in ecosystem health. However, the disappearance of a population of 

crayfish would have to be investigated further to ascertain that it was caused by a 

change in the environment and not by disease, such as crayfish plague, thus 

limiting the monitoring power of this species. Nevertheless, crayfish could be 

used to assess a disturbance (as opposed to stress) from which a biotic index 

based on a macroinvertebrate assemblage could recover quickly. Crayfish, 

because they are long lived, will take longer to recover from an acute pollution 

event or habitat disturbance.

The results from this study do not support the suitability of A. pallipes as a 

biological indicator of organic pollution and eutrophication of rivers. This does not
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rule out this species as a bioindicator of other types of pollution. Several 

invertebrates are susceptible to one type of pollution but tolerant to another. For 

example snails are generally tolerant of organic pollution but are good indicators 

of contamination by heavy metals, which they readily accumulate in their tissues 

(e.g. Pyatt et al., 2003). Crayfish are known to accumulate heavy metals and 

have been used to monitor bioaccumulation of several heavy metals in 

ecosystems (e.g. Meyer et al., 1991; Simon and Boudou, 2002). Crayfish could 

also be used to monitor the impacts of other pollutants such as nitrogenous 

waste (Foster and Turner, 1993; Jensen, 1996).

This research only looked at the water quality requirements of crayfish in 

rivers. Because of the greater mixing found in most rivers compared to lakes, the 

impact of eutrophication on crayfish in lentic systems might be different. Fast- 

flowing rivers will recover more quickly from an important organic input compared 

to a slow-flowing river (Gray, 1999). Similarly, lakes and ponds may become 

stratified, with little mixing throughout, resulting in very low dissolved oxygen at 

the bottom. Furthermore, water flow is limited in lakes and this might result in 

more localised pollution problems when compared to rivers. Most 

macroinvertebrate biotic indices apply only to flowing water and A. pallipes could 

be an indicator taxon in lake habitats. It is possible that crayfish inhabiting lakes 

are more susceptible to organic pollution or eutrophication owing to the dynamics 

of the lentic environment, which differ from those of a river. However, there are 

now rather few lentic populations of white-clawed crayfish, including in Ireland, 

where several small lake stocks were decimated by the crayfish plague 

(Reynolds, 1988).

5.3. Conclusions

This research provided evidence of the plasticity of Austropotamobius 

pallipes regarding its ability to colonise several types of river habitats and of its 

tolerance to moderate levels of pollution. This crayfish species seems to be 

rather tolerant of eutrophication or organic pollution, as indicated by
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macroinvertebrate indices of water quality. This reduces the possible role of this 

taxon as a biological indicator of water quality, but means that A. pallipes has 

remained relatively abundant and widespread in Irish waters despite the overall 

decline in water quality throughout its range (McGarrigle et al., 2002). This 

species is part of the cultural heritage in several countries in mainland Europe. 

Because of this, and because of its keystone ecological role, A. pallipes would be 

better seen as a “heritage” rather than “bioindicator” species.

The diminished geographical distribution of the white-clawed crayfish 

encountered in Ireland during field sampling underlines the vulnerability of this 

species and the need for strict conservation measures. A widespread distribution 

will reduce the impact of any future outbreak of plague in the island and an 

abundant population of A. pallipes in Ireland would act as a safeguard for this 

endangered species. Ireland offers the best potential in Europe for re-stocking of 

rivers with native crayfish after a plague outbreak. Special Areas of Conservation 

(SAC) for A. pallipes have been designated in this country, and management 

plans include a reintroduction protocol where natural colonisation is unlikely to 

occur (Reynolds et al., 2002a). Most sites in the Inny, Little Brosna, Boyne and 

Multeen had Q values and ASPT scores that were within the range tolerated by 

A. pallipes. Because of the key role of the Irish stock of white-clawed crayfish for 

the conservation of this species in Europe, reintroductions in these catchments 

could be envisaged to maintain a healthy population of A ustropotam obius  

pallipes in Ireland.
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leptodactylus et Orconectes limosus: depression des fonctions 
ionoregulatrices et de I’activite de I’ATPase Na-K dependante du systeme 
branchial. Comptes Rendus de la Societe Biologique. 167: 324-328.

Charlebois, P.M., Lamberti, G.A. 1996. Invading crayfish in a Michigan stream: 
direct and indirect effects on periphyton and macroinvertebrates. Journal 
o f the North American Benthological Society. 15: 551-563.

171



Charmantier, G., Bouaricha, N.,Charmantier-Daures, M., Thuet, P.,Trilles, J.-P. 
1989. Salinity tolerance and osmoregulatory capacity as indicators of the 
physiological state of peneid shrimps. European Aquatic Society Special 
Publication. 10; 65-66.

Cherkashina, N. Ya., 1999. Caspiastacus pachypus (Rathke, 1837), its biology 
and distribution. Freshwater Crayfish. 12: 846-853.

Chesters, K.R. 1980. Biological monitoring working party. The 1978 national
testing exercise. Water data unit. Technical memorandum. No 19. pp 37.

Cukerzis, J.M. 1988. Astacus astacus in Europe. In: D.M. Holdich and R.S.
Lowery (Eds). Freshwater crayfish: biology, management and exploitation. 
Croom Helm. London, pp.309-340.

Dahl, J. 1998. Effects of a benthivorous and a drift-feeding fish on a benthic 
stream assemblage. Oecologia. 116: 426-432.

Delibes, M., Adrian, I. 1987. Effects of crayfish introduction on otter Lutra lutra 
food in the Donana National Park, SW Spain. Biological Conservation. 42 : 
153-159.

Demers, A., Reynolds, J.D. 2002. A survey of the white-clawed crayfish, 
Austropotamobius pallipes (Lereboullet), and of water quality in two 
catchments of eastern Ireland. Bulletin Frangais de la Peche et de la 
Pisciculture, 367: 729-740.

Demers, A., Reynolds, J.D. 2003. The distribution of the white-clawed crayfish, 
Austropotamobius pallipes, in eight catchments in Ireland in relation to 
water quality. Proceedings of the Nottingham Conference, in press.

DiDonato, G.T., Lodge, D.M. 1993. Species replacements among Orconectes 
crayfishes in Wisconsin lakes: the role of predation by fish. Canadian 
Journal o f Fisheries and Aquatic Sciences. 50: 1484-1488.

Dieguez-Uribeondo, J. Soderhall, K. 1993. Procambarus clarkii Girard as a vector 
for the crayfish plague fungus, Aphanomyces astaci Schikora. Aquaculture 
and Fisheries Management. 24: 761-765.

Dorn, N.J., Mittelbach, G.G. 1999. More than predator and prey: a review of 
interactions between fish and crayfish. Vie et Milieu. 49(4): 229-237.

Eddy, F.B. 1981. Effects o f stress on osmotic and ionic regulation in fish. In: A.D. 
Pickering, (Ed.). Stress and Fish. Academic Press. London, pp. 77-102.

172



Englund, G. 1999. Effects offish on the local abundance of crayfish in stream 
pools. Oikos. 87: 48-56.

Englund, G., Krupa, J.J. 2000. Habitat use by crayfish in stream pools: influence 
of predators, depth and body size. Freshwater Biology. 43: 75-83.

Environmental Protection Agency. 2001. Parameters o f water quality: 
interpretation and standards. EPA. Ireland. 143pp.

Eriksson, S.P., Baden, S.P. 1997. Behaviour and tolerance to hypoxia in juvenile 
Norway lobster {Nephrops non/egicus) of different ages. Marine Biology. 
128: 49-54.

Escartin, E., Porte, C. 1996. Bioaccumulation, metabolism, and biochemical 
effects of the organophosphorus pesticide fenitrothion in Procambarus 
clarkii. Environmental toxicology and Chemistry. 15(6): 915-920.

Evans, L.H., Edgerton, B.F. 2002. Pathogens, parasites and commensals. In:
D.M. Holdich (Ed.). Biology of freshwater crayfish. Blackwell Science. 
London, pp.377-438.

Everitt, B. 2001. Applied multivariate data analysis. Arnold. London. 342pp.

Favero, N., Frigo, M.G. 2002. Biomonitoring of metal availability in the southern 
basin of the Lagoon of Venice (Italy) by means of macroalgae. Water Air 
and Soil Pollution. 140(1-4): 231-246.

Fernandes, D., Potrykus, J., Morsiani, C., Raldua, D., Lavado, R., Porte, C. 2002. 
The combined use of chemical and biochemical markers to assess water 
quality in two low-stream rivers (NE Spain). Environmental Research. 
90(2): 169-178.

Fitzpatrick, J.F. 1975. The taxonomy and biology of the prairie crawfishes,
Procambarus hagenianus (Faxon) and its allies. Freshwater Crayfish. 2: 
381-392.

Fjeld, E., Hessen, D.O., Roos, N., Taugbol, T. 1988. Changes in gill ultrastructure 
and haemolymph chloride concentrations in the crayfish, Astacus astacus, 
exposed to de-acidified aluminium-rich water. Aquaculture. 72: 139-150.

Flanagan, P.J., Toner, P.F. 1972. The national survey of Irish rivers: a report on 
water quality. Water Resources Division, An Foras Forbartha. Dublin.

Flaspohler, D.J., Fisher Huckins, C.J., Bub, B.R., Van Dusen, P.J. 2002.
Temporal patterns in aquatic and avian communities following selective 
logging in the upper Great Lakes region. Forest Science. 48(2):339-349.

173



Forte, C., Escartin, E. 1998. Cytochrome P450 system in the hepatopancreas of 
the red swamp crayfish Procambarus clarkir. a field study. Comparative 
Biochemistry and Physiology. 121C(1-3): 333-338.

Foster, J. 1993. The relationship between refuge size and body size in the 
crayfish Austropotamobius pallipes (Lereboullet). Freshwater Crayfish. 
9:345-349.

Foster, J. 1995. Factors influencing the distribution and abundance of the crayfish 
Austropotamobius pallipes (Lereboullet) in Wales and the Marches, UK. 
Freshwater Crayfish. 8:78-93.

Foster, J., Turner, C. 1993. Toxicity of field simulated farm waste episodes to the 
crayfish Austropotamobius pallipes (Lereboullet): elevated ammonia and 
reduced dissolved oxygen concentrations. Freshwater Crayfish. 9: 249- 
258.

France, R.L. 1983. Response of the crayfish Orconectes virilis to experimental 
acidification of a lake with special reference to the importance of calcium. 
Freshwater Crayfish. 5: 98-111.

France, R.L., Graham, L. 1985. Increased microsporidian paratism of the crayfish 
Orconectes virilis in an experimentally acidified lake. Water, Air, and Soil 
Pollution. 26: 129-136.

Fureder, L., Oberkofler, B., Hanel, R., Machino, Y. 2002. Freshwater crayfish in 
South Tyrol (Italy): distribution and protection measures of endangered 
Austropotamobius pallipes. Bulletin Frangais de la Peche et de la 
Pisciculture. 367(4): 651-662.

Garcia-Arberas, L., Rallo, A. 2000. Survival of natural populations of
Austropotamobius pallipes in rivers in Bizkaia, Basque Country (North 
Iberian Peninsula). Bulletin Frangais de la Peche et de la Pisciculture. 
356(1):17-30.

Gherardi, F., Baldaccini, G.N., Ercolini, P., Barbaresi, S., De Luise, G., Mazzoni, 
D., Mori, M. 1999. The situation in Italy. In: F. Gherardi and D.M. Holdich, 
(Eds). Crayfish in Europe as alien species. How to make the best of a bad 
situation? A.A. Balkema. Rotterdam, pp.107-128.

Gherardi, F., Barbaresi, S., Vaselli, O., Bencini, A. 2001. A comparison of trace 
metal accumulation in indigenous and alien freshwater macro-decapods. 
Marine Freshwater Behaviour and Physiology. 35(3): 179-188.

174



Gherardi, F., Holdich, D.M. (Eds). 1999. Crayfish in Europe as alien species. How 
to make the best of a bad situation? A.A. Balkema. Rotterdam. 299pp.

Gherardi, F., Raddi, A., Barbaresi, S., Saivi, G. 2000. Life history patterns of the 
red swamp crayfish {Procambarus ciarkii) in an irrigation ditch in Tuscany, 
Italy. Crustacean Issues. 12: 99-108.

Gouin, N., Grandjean, F., Bouchon, D., Reynolds, J.D., Souty-Grosset, C. 2001. 
Population genetic structure of the endangered freshwater crayfish 
Austropotamobius pallipes, assessed using RAPD markers. IHeredity. 87: 
80-87.

Gouin, N. Grandjean, F., Pain, S., Souty-Grosset, C. Reynolds, J.D. 2003. Origin 
and colonization history of the white-clawed crayfish, Austropotamobius 
pallipes in Ireland. Heredity. 91: 70-77.

Grandjean, F., Bramard, M., Souty-Grosset, C. 1996. Distribution and proposals 
for the conservation o1 Austropotamobius pallipes pallipes in a French 
department. Freshwater Crayfish. 11: 655-664.

Grandjean, F, Cornuault, B., Archambault, S., Bramard, M., Otrebsky, G. 2000. 
Life history and population biology of the white-clawed crayfish, 
Austropotamobius pallipes, in a brook from the Poitou-Charentes region 
(France). Bulletin Frangais de la Peche et de la Pisciculture. 356(1): 55-70.

Grandjean, F, Frelon-Raimond, M., Souty-Grosset, C. 2002. Compilation of 
molecular data for the phylogeny of the genus Austropotamobius: one 
species or several? Bulletin Frangais de la Peche et de la Pisciculture. 
367(4): 671-680.

Grandjean, F, Souty-Grosset, C. 2000. Mitochondrial DNA variation and 
population genetic structure of the white-clawed crayfish 
Austropotamobius pallipes pallipes. Consen/ation Genetics. 1: 309-319.

Gray, N.F. 1999. Water technology: an introduction for environmental scientists 
and engineers. Arnold. London. 548pp.

Guan, R.-Z. 1994. Burrowing behaviour of signal crayfish, Pacifastacus
leniusculus (Dana), in the river Great Ouse, England. Freshwater Forum.
4 : 155-168.

Gutierrez-Yurrita, P.J., Martinez, J.M., Bravo-Utrera, M.A., Montes, C., Ilheu, M., 
Bernardo, J.M. 1999. The status of crayfish populations in Spain and 
Portugal. In: F. Gherardi and D.M. Holdich (Eds.). Crayfish in Europe as 
alien species: how to make the best of a bad situation? A.A. Balkema. 
Rotterdam, pp.161-192.

175



Gydemo, R., Westin, L., Nisling, A. 1990. Predation on larvae of the noble 
crayfish Astacus astacus (L.). Aquaculture. 86: 155-161.

Hagerman, L., Szaniawska, A. 1991. Ion regulation under anoxia in the brackish 
water isopod Saduria (Mesidotea) entomon. Ophelia. 33(2): 97-104.

Hagerman, L., Uglow, R.F. 1982. Effects of hypoxia on osmotic and ionic
regulation in the brown shrimp Crangon crangon (L.) from brackish water. 
Journal o f Experimental Marine Biology and Ecology. 63: 93-104.

Hall, L., Unestam, T. 1980. The effects of fungicides on survival of the crayfish 
plague fungus Aphanomyces as/ac/oomycetes growing on fish scale. 
Mycopathology. 72: 131-134.

Hamilton, G., Rochford, J. 2000. The distribution of the otter Lutra lutra in relation 
to water quality and other factors in three hydrometric areas in the east of 
Ireland. Unpublished report to the Heritage Council. Contract number 
WLD/2000/22. Dublin. 31pp.

Hamr, P. 2002. Orconectes. In: D.M. Holdich (Ed.). Biology of freshwater 
crayfish. Blackwell Science. London, pp. 585-608.

Harris, R.R., Coley, S. 1991. The effects of nitrite on chloride regulation in the
crayfish Pacifastacus leniusculus Dana (Crustacea: Decapoda). Journal of 
Comparative Physiology. B161: 199-206

Harris, R.R., Coley, S., Collins, S., McCabe, R. 2001. Ammonia uptake and its
effects on ionregulation in the freshwater crayfish Pacifastacus leniusculus 
(Dana). Journal of Comparative Physiology. B171: 681-693.

Hellawell, J.M. 1986. Biological indicators o f freshwater pollution and
environmental management. Elsevier Applied Science Publishers. London. 
546 pp.

Henry, R.P. Wheatly, M.G. 1992. Interaction of respiration, ion regulation, and 
acid-base balance in the everyday life of aquatic crustaceans. American 
Zoologist. 32: 407-416.

Hilty, J., Merenlender, A. 2000. Faunal indicator taxa selection for monitoring 
ecosystem health. Biological Conservation. 92: 185-197.

Hobbs, H.H. 1988. Crayfish distribution, adaptive radiation and evolution. In: D.M. 
Holdich and R.S. Lowery. Freshwater crayfish: biology, management and 
exploitation. Croom Helm. London, pp.52-82.

176



Hogger, J.B. 1988. Ecology, population biology and behaviour. In: D.M. Holdich 
and R.S. Lowery. Freshwater crayfish: biology, managennent and 
exploitation . Croom Helm. London, pp. 114-144.

Holdich, D.M. 2002a. Background and functional morphology. In: D.M. Holdich. 
Biology of freshwater crayfish. Blackwell Science. London, pp. 3-29.

Holdich, D.M. 2002b. Distribution of crayfish in Europe and some adjoining
countries. Bulletin Frangais de la Peche et de la Pisciculture. 367(4): 611- 
650.

Holdich, D.M., Ackefors, H., Gherardi, F., Rogers, W.D., Skurdal, J. 1999. Native 
and alien crayfish in Europe: some conclusions. In: F. Gherardi and D.M. 
Holdich (Eds). Crayfish in Europe as alien species. How to make the best 
of a bad situation? A.A. Balkema. Rotterdam, pp.281-292.

Holdich, D.M., Jay, D. 1977. The pH tolerance of the crayfish Austropotamobius 
pallipes (Lereboullet). Freshwater Crayfish. 3: 363-370.

Holdich, D.M., Reeve, I.D. 1991. The distribution of freshwater crayfish in the
British Isles with particular reference to crayfish plague, alien introductions 
and water quality. Aquatic Conservation. 1(2): 139-158.

Holdich, D.M., Rogers, W.D. 1997. The white-clawed crayfish, Austropotamobius 
pallipes, in Great Britain and Ireland with particular reference to its 
conservation in Great Britain. Bulletin Frangais de la Peche et de la 
Pisciculture. 347(4): 597-616.

HoHA/ltz, p. 1995. The conservation status of Australia freshwater crayfish: review 
and update. Freshwater Crayfish. 10: 70-80.

Huner, J.V. 2002. Procambarus. In: D.M. Holdich (Ed.). Biology of freshwater 
crayfish. Blackwell Science. London, pp. 541-584.

Huner, J.V. 1988. Procambarus in North America and elsewhere. In: D.M.
Holdich and R.S. Lowery. Freshwater crayfish: biology, management and 
exploitation . Croom Helm. London, pp.239-261.

James, M.O., Boyle, S.M. 1998. Cytochromes P450 in crustacea. Comparative 
Biochemistry and Physiology. 121C(1-3): 151-172.

Jay, D., Holdich, D.M. 1981. The distribution of the crayfish, Austropotamobius 
pallipes, in British waters. Freshwater Biology. 11: 121-129.

177



Jeberg, M.V., Jensen, F.B. 1994. Extracellular and intracellular ionic changes in 
crayfish, Astacus astacus exposed to nitrite at two acclimation 
temperatures. Aquatic Toxicology. 29: 65-72.

Jensen, F.B. 1990. Sublethal physiological changes in freshwater crayfish, 
Astacus astacus, exposed to nitrite: haemolymph and muscle tissue 
electrolyte status, and haemolymph acid-base balance and gas. Aquatic 
Toxicology. 18: 51-60.

Jensen, F.B. 1996. Uptake, elimination and effects of nitrite and nitrate in
freshwater crayfish {Astacus astacus). Aquatic Toxicology. 34: 95-105.

Jensen, F. B., Malte, H. 1990. Acid-base and electrolyte regulation, and
haemolymph gas transport in crayfish, Astacus astacus, exposed to soft, 
acid water with and without aluminium. Journal o f Comparative 
Physiology. B160: 483-490.

Johnson, I.T., Jones, M.B. 1990. Effect of zinc on osmoregulation of Gammarus 
duebeni (Crustacea, Amphipoda) from the estuary and the sewage 
treatment works at Love, Cornwall. Ophelia. 31: 187-196.

Johnson, I., Uglow, R.F. 1987. The effects of hypoxia on ion regulation and acid- 
base balance in Carcinus maenas (L.). Comparative Biochemichal 
Physiological. A86(2): 261-267.

Johnson, R.K., Widerholm, T., Rosenberg, D.M. 1993. Freshwater biomonitoring 
using individual organisms, populations, and species assemblages of 
benthic macroinvertebrates. In: D.M. Rosenberg and V.H. Resh (Eds.). 
Freshwater biomonitoring and benthic macroinvertebrates. Chapman and 
Hall. London, pp. 40-158.

Jones, M.B. 1975. Synergistics effects of salinity, temperature and heavy metals 
on mortality and osmoregulation in marine and estuarine isopods 
(Crustacea). Marine Biology. 30: 13-20.

Jonsson, A. 1992. Shelter selection in YOY crayfish Astacus astacus under 
predation pressure by dragonfly larvae. Nordic Journal o f Freshwater 
Resources. 67: 82-87.

Kershner, M.W., Lodge, D.M. 1995. Effects of littoral habitat and fish predation on 
the distribution of an exotic crayfish, Orconectes rusticus. Journal o f the 
North American Benthological Society. 14(3): 414-422.

178



Kim, S.K., Oh, J.R., Shim, W.J., Lee, D.H., Yim, U.H., Hong, S.H., Shin, Y.B.,
Lee, D.S. 2002. Geographical distribution and accumulation features of 
organochlorine residues in bivalves from coastal areas of South Korea. 
Marine Pollution Bulletin. Special Issue. 45(1-12): 268-279.

Koksal, G. 1988. Astacus leptodactylus in Europe. In: D.M. Holdich, R.S. Lowery, 
(Eds). Freshwater crayfish biology, management and exploitation. Groom 
Helm. London, pp.365-400.

Kristensen, P. 1982. Time-dependent variation of mercury in a stream sediment 
and the effect upon mercury content in Gammarus pulex (L.). Water 
Resources. 16: 759-764.

Landres, P.B., Verner, J., Thomas, J.W. 1988. Critique of vertebrate indicator 
species. Consen/ation Biology. 2 : 316-328.

Laporte, J.M., Truchot, J.P., Mesmer-Dudons, N., Boudou, A. 2002.
Bioaccumulation of inorganic and methylated mercury by the gills of the 
shore crab Carcinus maenas: transepithelial fluxes and histochemical 
localization. Marine Ecology -  Progress Series. 231: 215-228.

Laurent, P.J. 1988. Austropotamobius pallipes and Austropotamobius torrentium 
with observations in their interactions with other species in Europe. In:
D.M. Holdich, R.S. Lowery, (Eds). Freshwater crayfish biology, 
management and exploitation. Groom Helm. London, pp. 341-364.

Leight, A.K., Van Dolah, R.F. 1999. Acute toxicity of the insecticides endosulfan, 
chlorpyrifos, and malathion to the epibenthic estuarine amphipod 
Gammarus palustris (Bousfield). Environmental Toxicology and Chemistry. 
18(5): 958-964.

Lignot, J.-H., Spanings-Pierrot, G., Gharmantier, G. 2000. Osmoregulatory
capacity as a tool in monitoring the physiological condition and the effect 
of stress in crustaceans. Aquaculture. 191: 209-245.

Lin, H.-P., Thuet, P., Trilles, J.-P., Mounet-Guillaume, R., Gharmantier, G. 1993. 
Effects of ammonia on survival and osmoregulation of various 
development stages of the shrimp Penaeus japonicus. Marine Biology.
117: 591-598.

Lock, R.A.G., Gruijsen, P.M.J.M., Van Overbeeke, A.P. 1981. Effects of mercuric 
chloride and methylmercuric chloride on the osmoregulatory function of the 
gills in the rainbow trout, Salmo gairdneri Richardson. Comparative 
Biochemistry and Physiology. 68(G): 151-159.

179



Lodge, D.M. 1991. Herbivory on freshwater macrophytes. Aquatic Botany. 41; 
195-224.

Ledge, D.M., Hill, A. 1994. Factors governing species composition, population 
size, and productivity of cool-water crayfishes. Nordic Journal of 
Freshwater Resources. 69: 111-136.

Lodge, D.M., Kershner, M.W., Aloi, J.E., Covich, A. 1994. Effects of an
omnivorous crayfish {Orconectes rusticus) on a freshwater littoral food 
web. Ecology. 75: 1265-1281.

Lortscher, M., Stucki, T.P., Claluna, M., Scholl, A. 1997. Phylogeographic
structure of Austropotamobius pallipes populations in Switzerland. Bulletin 
Frangais de la Peche et de la Pisciculture. 347(4): 649-662.

Lowe, D.M., Fossato, V.U., Depledge, M.H. 1995. Contaminant-induced 
lysosomal membrane damage in blood cells of mussels Mytilus 
galloprovincialis from the Venice Lagoon: an in vitro study. Marine Ecology 
Progress Series. 129: 189-196.

Lowery, R.S. 1988. Growth, moulting and reproduction. In: D.M. Holdich and R.S. 
Lowery (eds). Freshwater crayfish biology, management and exploitation. 
Croom Helm. London, pp.83-113.

Lowery, R.S., Hogger, J.B. 1986. The effects of river engineering works and 
disease on a population oi Austropotamobius pallipes in the River Lea,
UK. Freshwater Crayfish. 6: 94-99.

Lucey, J. 1999. A chronological account of the crayfish in Ireland. Bulletin of the 
Irish Biogeographical Society. 23: 143-161.

Lucey, J., Bowman, J.J., Clabby, K.J., Cunningham, P., Lehane, M.,
MacCarthaigh, M., McGarrigle, M.L., Toner, P.F. 1999. Water quality in 
Ireland 1995-1997. EPA. Ireland. 796pp.

Lucey, J., McGarrigle, M.L. 1987. The distribution of the crayfish
Austropotamobius pallipes (Lereboullet) in Ireland. Irish Fisheries 
Investigations. A29: 1-13.

Machino, Y. 1997. New white-clawed crayfish Austropotamobius pallipes
(Lereboullet 1858) occurences in Carinthia, Austria. Bulletin Frangais de la 
Peche etde la Pisciculture. 347(4): 713-720.

Mangum, C.P. 1980. Respiratory function of the hemocyanins. American 
Zoologist. 20: 19-38.

180



Mantel, L.H., Farmer, L.L. 1983. Osmotic and ionic regulation. In: D.E. Bliss (Ed.). 
The biology of Crustacea. Vol. 5. Academic Press. New York. pp. 53-161.

Mason, J.C. 1975. Crayfish production in a small woodland stream. Freshwater 
Crayfish. 2: 449-479.

Mason, J.C. 1977. Reproductive efficiency of Pacifastacus leniusculus (Dana) in 
culture. Freshwater Crayfish. 3: 101-118.

Matthews, M.A. 1992. Reproduction, growth and aquaculture potential o f the 
freshwater crayfish AustropoXamob'ms pallipes (Lereboullet). PhD thesis. 
Zoology Department. University of Dublin. 142pp.

Matthews, M.A., Reynolds, J.D. 1990. Laboratory investigations of the 
pathogenicity of Aphanomyces asfac/for Irish freshwater crayfish. 
Hydrobiologia. 203: 121-126.

Matthews, M.A., Reynolds, J.D. 1995. A population study of the white-clawed 
crayfish Austropotamobius pallipes (Lereboullet) in an Irish reservoir. 
Biology and Environment: Proceedings of the Royal Irish Academy.
95B(2): 99-109.

Matthews, M.A., Reynolds, J.D., Keatinge, M.J. 1993. Macrophyte reduction and 
benthic community alteration by the crayfish, Austropotamobius pallipes 
(Lereboullet). Freshwater Crayifish. 9: 289-299.

McCarthy, D.T. 1977. The effects of drainage on the Tremblestown river, I.
Benthic invertebrates and flora. Irish Fisheries Investigations. A16: 1-18.

McClain, W.R. 1999. Effects of hypoxia on growth and survival of the crayfish 
Procambarus clarkii. Freshwater Crayfish .12: 121-133.

McGarrigle, M.C., Bowman, J.J., Clabby, K.J., Lucey, J., Cunningham, M.,
MacCarthaigh, M., Keegan, M., Cantrell, B., Lehane, M., Clenaghan, C., 
Toner, P.P. 2002. Water quality in Ireland 1998-2000. EPA. Ireland.
128pp.

McMahon, B.R. 2002. Physiological adaptations to environment. In: D.M. Holdich 
(Ed.). Biology of freshwater crayfish. Blackwell Science. London, pp. 327- 
376.

McMahon, B.R., Stuart, S.A. 1999. Haemolymph gas exchange and ionic and
acid-base regulation during long-term air exposure and aquatic recovery in 
Procambarus clarkii. Freshwater Crayfish. 12: 134-153.

Menard, S. W. 2002. Applied logistic regression analysis. Sage. London. 111pp.

181



Meng, L., Orphanides, C.D., Powell, J.C. 2002. Use of a fish index to assess 
habitat quality in Narragansett Bay, Rhode Island. Transactions o f the 
American Fisheries Society. 131(4); 731-742.

Meyer, W., Kretschmer, M., Hoffman, A., Harisch, G. 1981. Biochemical and
histochemical observations on effects of low-level heavy metal load (lead, 
cadmium) in different organ systems of the freshwater crayfish Astacus 
astacus L. (crustacea: decapoda). Ecotoxicology and Environmental 
Safety. 21: 137-156.

Momot, W.T. 1988. Orconectes in North America and elsewhere. In: D.M. Holdich 
and R.S. Lowery (Eds.). Freshwater Crayfish. Biology, management and 
exploitation. Croom Helm. London, pp. 262-282.

Momot, W.T. 1993. The role of exploitation in altering the processes regulating 
crayfish populations. Freshwater Crayfish. 9: 101-117.

Momot, W.T. 1995. Redefining the role of crayfish in aquatic ecosystems.
Reviews in Fisheries Science. 3: 33-63.

Moriarty, C. 1973. A study of Austropotamobius pallipes in Ireland. Freshwater 
Crayfish. 1: 57-67.

Moriarty, C. (Ed). 1998. Studies o f Irish rivers and lakes. Marine Institute. Dublin. 
279 pp.

Nasci, C., Nesto, N., Monteduro, R.A., Da Ros, L. 2002. Field application of 
biochemical markers and a physiological index in the mussel, Mytilus 
galloprovincialis: transplantation and biomonitoring studies in the lagoon of 
Venice (NE Italy). Marine Environmental Research. Special Issue. 54(3-5): 
811-816.

Naura, M., Robinson, M. 1998. Principles of using River Habitat Survey to predict 
the distribution of aquatic species: an example applied to the native white- 
clawed crayfish Austropotamobius pallipes. Aquatic Conservation: Marine 
and Freshwater Ecosystems. 8: 515-527.

Neveu, A. 2000. Etude des populations d’Austropotamobius pallipes (Crustacea, 
Astacidae) dans un ruisseau forestier de Normandie. II. Repartition en 
fonction des habitats: stabilite et variabilite au cours de cinq annees. 
Bulletin Frangais de la Peche et de la Pisciculture. 356(1): 99-122.

182



Norris, R.H., Georges, A. 1993. Analysis and interpretation ofbenthic
macroinvertebrate surveys. In: D.M. Rosenberg and V.H. Resh (Eds.). 
Freshwater biomonitoring and benthic macroinvertebrates. Chapman and 
Hall. London, pp.234-286.

Nyhlen, L., Unestam, T. 1980. Wound reactions and Aphanomyces astaci growth 
in the crayfish cuticle. Journal o f Invertebrate Pathology. 36: 187-197.

Nylund, V., Westman, K. 1995. Frequency of the visible symptoms of crayfish 
plague fungus Aphanomyces astaci on the signal crayfish Pacifastacus 
leniusculus in natural populations in Finland. Freshwater Crayfish. 8: 577- 
588.

Nystrom, P. 1999. Ecological impact o f introduced and native crayfish on
freshwater communities: European perspectives. In: F. Gherardi and D.M. 
Holdich (Eds). Crayfish in Europeas alien species: How to make the best 
of a bad situation? A.A. Balkema. Rotterdam, pp. 63-85.

Nystrom, P. 2002. Ecology. In: D.M. Holdich (Ed.). Biology of freshwater crayfish. 
Blackwell Science. London, pp. 192-235.

Nystrom, P., Bronmark, C., Graneli, W. 1996. Patterns in benthic food webs: a 
role for omnivorous crayfish? Freshwater Biology. 36: 631-646.

Nystrom, P., Strand, J.A. 1996. Grazing by a native and an exotic crayfish on 
aquatic macrophytes. Freshwater Biology. 36: 673-682.

O’Grady, M. (1998). The Boyne. In: Studies of Irish rivers and lakes. C. Moriarty 
(Ed.). Marine Institute. Dublin, pp. 27-36.

O’Keeffe, C. 1986. The ecology o f two populations o f freshwater crayfish 
Austropotamobius pallipes (Lereboullet) in Ireland. Ph.D. Thesis, 
Department of Zoology, University of Dublin. 254pp.

O’Keeffe, C., Reynolds, J.D. 1983. The occurrence of crayfish diseases and their 
significance in Ireland. Freshwater Crayfish. 5: 299-307.

Oksama, M., Kristoffersson, R. 1980. Effects of phenol and 4-chlorophenol on 
ionic regulation in Mesidotea entomon (Crustacea) in brackish water. 
Annales Zoologici Fennici. 17: 243-247.

Pantle, R., Buck, H. 1955. Die biologische UbenA/achung der Gewasser und die 
Darstellung der Ergebnisse. Gas- und Wasserfach. 96: 604.

183



Payne, J.F., Kiceniuk, J., Misra, R., Fletcher, G., Thompson, R. 1983. Sublethal 
effects of petroluem hydrocarbons on adult American lobsters {Homarus 
americanus). Canadian Journal o f Fisheries and Aquatic Science. 40: 705- 
717.

Pearson, D.L., Cassola, F. 1992. World-wide species richness patterns of tiger 
beetles (Coleoptera Cicindelidae) indicator taxon for biodiversity and 
conservation studies. Consen/ation Biology. 6: 376-391.

Peay, S. 2000. Mitigation for the white-clawed crayfish during engineering works. 
Proceedings of the Crayfish Conference held in Leeds, pp. 51-61.

Porte, C., Escartin, E., de la Parra, L.M.G., Biosca, X., Albaiges, J. 2002.
Assessment of coastal pollution by combined determination of chemical 
and biochemical markers in Mullus barbatus. Marine Ecology Progress 
Series. 235: 205-216.

Pottinger, T.G., Carrick, T.R., Yeomans, W.E. 2002. The three-spined stickleback 
as an environmental sentinel: effects of stressors on whole-body 
physiological indices. Journal of Fish Biology. 61(1): 207-229.

Prossner, C.L. 1973. Comparative Animal Physiology. Saunders. Philadelphia.

Prygiel, J., Rosso-Darmet, A., Lafont, M., Lesniak, C., Durbec, A., Ouddane, B. 
1999. Use of oligochaete communities for assessment of ecotoxicological 
risk in fine sediment of rivers and canals of the Artois-Picardie water basin 
(France). Hydrobiologia. 410: 25-37.

Pyatt, F.B., Metcalfe, M.R., Pyatt, A.J. 2003. Copper bioaccumulation by the 
freshwater snail Lymnaea peregra: A toxicological marker of 
environmental and human health? Environmental Toxicology and 
Chemistry. 22(3): 561-564.

Rajeswari, K., Kalarani, V., Reddy, D.C., Ramamurthi, R. 1988. Acute toxicity of 
endosulfan to crabs: effect on hydromineral balance. Bulletin of 
Environmental Contamination and Toxicology. 40; 212-218.

Rallo, A.,Garcia-Arberas, L. 2000. Population structure and dynamics and habitat 
conditions of the native crayfish Austropotamobius pallipes in a pond: a 
case study in Basque Country (Northern Iberian Peninsula). Bulletin 
Frangais de la Peche et de la Pisciculture. 356(1): 5-16.

184



Rebelo, M.D., Rodriguez, E.M., Santos, E.A., Ansaldo, M. 2000.
Histopathological changes in the gills of the estuarine crab 
Chasmagnathus granulate (Crustacea -  Decapoda) following acute 
exposure to ammonia. Comparative Biochemistry and Physiology.
C125(2): 157-164.

Rebelo, M.F., Santos, E.A., Monserrat, J.M. 1999. Ammonia exposure of 
Chasmagnathus granulata (Crustacea, Decapoda) Dana, 1851: 
accumulation in haemolymph and effects on osmoregulation. Comparative 
Biochemistry and Physiology. A122: 429-435.

Reyjol, Y., Roquepio, C. 2002. Preferential habitat analysis of white-clawed
crayfish, notably juveniles, in three brooks of Correze -  France. Bulletin 
Frangais de la Peche et de la Pisciculture. 367(4): 741-762.

Reynolds, J.D. 1979. Crayfish ecology in Ireland. Freshwater Crayfish. 4: 215- 
220 .

Reynolds, J.D. 1982. Notes on the Irish distribution of the freshwater crayfish. 
Bulletin of the Irish Biogeography Society. 6: 18-24.

Reynolds J.D. 1988. Crayfish extinctions and crayfish plague in central Ireland. 
Biological Conservation. 45: 279-285.

Reynolds, J.D. 1997. The present status of freshwater crayfish in Ireland. Bulletin 
Frangais de la Peche et de la Pisciculture. 347: 693-700.

Reynolds, J.D., Celada, J.D., Carral, J.M., Matthews, M.A. 1992. Reproduction of 
astacid crayfish in captivity -  current developments and implications for 
culture, with special reference to Ireland and Spain. Invertebrate 
Reproduction and Development. 22(1-3): 253-266.

Reynolds, J.D., Demers, A., Marnell, F. 2002a. Managing an abundant crayfish 
resources for conservation -  A. pallipes in Ireland. Bulletin Frangais de la 
Peche et de la Pisciculture. 367(4): 823-832.

Reynolds, J.D., Gouin, N., Pain, S., Grandjean, F., Demers, A., Souty-Grosset, C. 
2002b. Irish crayfish populations: ecological survey and preliminary 
genetic findings. Freshwater Crayfish. 13: 551-561.

Rhodes, C.P., Holdich, D.M. 1982. Observations on the fecundity of the 
freshwater crayfish Austropotamobius pallipes in the British Isles. 
Hydrobiologia. 89: 231-236.

185



Ritterhoff, J., Zauke, G.P. 1997. Bioaccumulation of trace metals in Greenland 
Sea copepod and amphipod collectives on board ship: verification of 
toxicokinetic model parameters. Aquatic Toxicology. 40(1): 63-78.

Rizzoni, M., Gustavino, B., Ferrari, C., Gatti, L.G., Fano, E.A. 1995. Science of 
the Total Environment. 162(2-3): 127-137.

Robinson, C.A., Thom, T.J., Lucas, M.C. 2000. Ranging behaviour of a large 
freshwater invertebrate, the white-clawed crayfish Austropotamobius 
pallipes. Freshwater Biology. 44: 509-521.

Rosenberg, D.M., Eiresh, V.H. (Eds). 1993. Freshwater biomonitoring and 
benthic macroinvertebrates. Chapman and Hall. London.

Saez-Royuela, M., Carral, J.M., Celada, J.D., Munoz, C., Perez, J.R. 1995.
Effects of management on survival and growth of stage 2 juvenile 
freshwater crayfish (Pacifastacus leniusculus Dana) under laboratory 
conditions. Aquaculture. 133: 123-133.

Saez-Royuela, M., Carral, J.M., Celada, J.D., Perez, J.R. 2001. Effects of shelter 
type and food supply frequency on survival and growth of stage-2 juvenile 
white-clawed crayfish {Austropotamobius pallipes Lereboullet) under 
laboratory conditions. Aquaculture International. 9: 489-497.

Salusson, M.M., Morana, L.B. 2002. Comparison of biotic indices used in the 
monitoring of two lotic systems of the Northwest of Argentina. Revista de 
Biologia Tropical. 50(1): 327-336.

Schilderman, P.A.E.L., Moonen, E.J.C., Maas, L.M., Welle, I., Kleinjans, J.C.S.
1999. Use of crayfish in biomonitoring studies of environmental pollution of 
the river Meuse. Ecotoxicology and Environmental Safety. 44: 241-252.

Shaw, J. 1959. The absorption of sodium ions by the crayfish Astacus pallipes 
Lereboullet. I. The effect of external and internal sodium concentrations. 
Journal o f Experimental Biology. 36: 126-144.

Shaw, J. 1960a. The absorption of sodium ions by the crayfish, Astacus pallipes 
Lereboullet. Journal o f Experimental Biology. 37: 534-556.

Shaw, J. 1960b. The absorption of chloride ions by the crayfish, Astacus pallipes 
Lereboullet. Journal o f Experimental Biology. 37: 556-574.

Shigehisa, H., Shiraishi, H. 1998. Biomonitoring with shrimp to detect seasonal 
change in river water toxicity. Environmental Toxicology and Chemistry. 
17(4): 687-694.

186



Simon, O., Boudou, A. 2002. Use of the biological model, the crayfish as a
biomarker of pollution. Consequences in term of cadmium trophic transfer 
rates. Bulletin Frangais de la Peche et de la Pisciculture. 367(4): 795-804.

Skurdal, J., Taugbol, T. 2002. Astacus. In: D.M. Holdich (Ed.). Biology of 
freshwater crayfish. Blackwell Science. London, pp. 467-510.

Smal, C.M. 1991. Population studies on feral American mink Mustela vision in 
Ireland. Journal o f Zoology. 244: 233-249.

Smith, G.R.T., Learner, M.A., Slater, P.M., Foster, J. 1996. Habitat features 
important for the conservation of the native crayfish Austropotamobius 
pallipes in Britain. Biological Consen/ation. 75: 239-246.

Soderhall, K., Cerenius, L 1999. The crayfish plague fungus: history and recent 
advances. Freshwater Crayfish. 12: 11-35.

Sommer, T.R., Goldman, C.R. 1983. The crayfish Procambarus clarkii from 
California rice fields: ecology, problems, and potential for harvest. 
Freshwater Crayfish. 5: 418-428.

Spaargaren, D.H. 1990. The effects of environmental ammonia concentrations on 
the ion-exchange of shore crabs, Carcinus maenas (L.). Comparative 
Biochemistry and Physiology. C97(1): 87-91.

Stein, R.A. 1977. Selective predation, optimal foraging, and the predator-prey 
interaction between fish and crayfish. Ecology. 58 : 1237-1253.

Stein, R.A., Magnuson, J.J. 1976. Behavioral response of crayfish to a fish 
predator. Ecology. 57: 751-761.

Stephens, A. 2001. A survey o f dangerous substances in surface freshwaters 
1999-2000. EPA. 114 pp.

Svardson, G. 1972. The predatory impact of eel {Anguilla anguilla L.) on 
populations of crayfish {Astacus astacus L.). Institute o f Freshwater 
Research, Drottningholm. 52: 149-191.

Taugb0 l, T., Skurdal, J. 1992. Growth, mortality and moulting rate of noble 
crayfish Astacus astacus L. juveniles in aquaculture experiments. 
Aquaculture and Fisheries Management. 23 : 411-420.

Taylor, C.A. 2002. Taxonomy and conservation o f native crayfish stocks. In: D.M. 
Holdich (Ed.). Biology of freshwater crayfish. Blackwell Science. London, 
pp. 236-257.

187



Taylor, C.A., Redmer, M. 1996. The dispersal of the crayfish Orconectes rusticus 
in Illinois, with notes on species displacement and habitat preference. 
Journal o f Crustacean Biology. 20: 132-152.

Taylor, C.A. Warren, M.L., Fitzpatrick, J.F, Hobbs, H.H., Jezerinac, R.F., Pfiieger, 
W.L., Robinson, H.W.. 1996. Conservation status of crayfishes of the 
United States and Canada. Fisheries. 21: 25-38.

Taylor, E.W., Wheatly, M.G. 1980. Ventilation, heart rate and respiratory gas 
exchange in the crayfish Austropotamobius pallipes (Lereboullet) 
submerged in normoxic water and following 3 h exposure in air at 15°C. 
Journal o f Comparative Physiology. 138: 67-78.

Thomas, W. J. 1978. Aspect of crayfish biology. Freshwater Crayfish. 4: 116-119.

Troschel, H.J. 1997. Distribution and ecology of Austropotamobius pallipes in
Germany. Bulletin Frangais de la Peche et de la Pisciculture. 347(4): 639- 
647.

Truchot, J.-P. 1979. Mechanisms of the compensation of blood respiratory acid- 
base disturbances in the shore crab, Carcinus maenas (L.). Journal of 
Experimental Zoology. 210: 583-592.

Truchot, J.-P. 1981. The effect of water salinity and acid-base state on the blood 
acid-base balance in the euryhaline crab, Carcinus maenas (L.). 
Comparative Biochemistry and Physiology. A68: 555-561.

Truchot, J.-P. 1983. Regulation of acid-base balance. In: D.E. Bliss (Ed.). The 
biology of crustacea. Vol. 5. Academic Press. New York. pp. 431-457.

Trussel, R.P. 1972. The percent un-ionized ammonia in aqueous ammonia 
solutions at different pH levels and temperatures. Journal o f Fisheries 
Resources and Biodiversity of Canada. 29: 1505-1507.

Usio, N., Townsend, C.R. 2002. Functional significance of crayfish in stream food 
webs: roles of omnivory, substrate heterogeneity and sex. Oikos. 98(3): 
512-522.

Vey, A., Soderhall, K., Ajaxon, R. 1983. Susceptibility of Orconectes limosus
Raff, to the crayfish plague, Aphanomyces astaci. Freshwater Crayfish. 5: 
284-291.

Vogt, G. 1987. Monitoring of environmental pollutants such as pesticides in 
prawn aquaculture by histological diagnosis. Aquaculture: 67:157-164.

188



Vogt, G. 1999. Diseases of European crayfish, with particular emphasis on 
interspecific transmission of pathogens. In: F. Gherardi, D.M. Holdich 
(Eds). Crayfish in Europe as alien species: How to make the best of a bad 
situation? A.A. Balkerna. Roiterdan^i. pp.87-103.

Welland, A.L., Mangum, C.P. 1975. The influence of environmental salinity on 
hemocyanin function in the blue crab, Callinectes sapidus. Journal of 
Experimental Zoology. 193: 265-274.

Wendemeyer, G.A., McLay, D.J. 1981. Methods for determining the tolerance of 
fishes to environmental stressors. In: A.D. Pickering (Ed.). Stress and fish. 
Academic Press. London, pp.247-275.

Westman, K. 1991. The crayfish fishery in Finland -  its past, present and future. 
Finnish Fisheries Research. 12: 187-216.

Westman, K., Nylund, V. 1979. Crayfish plague, Aphanomyces astaci, observed 
in the European crayfish, Astacus astacus, in Pihlajavesi waterway in 
Finland, a case study of the spread of the plague fungus. Freshwater 
Crayfish. 4 : 419-426.

Wheatly, M.G. 1989. Physiological responses of the crayfish Pacifastacus 
leniusculus to environmental hyperoxia. I. Extracellular acid-base and 
electrolyte status and transbranchial exchange. Journal o f Experimental 
Biology. 143: 33-51.

Wheatly, M.G., Ignaszewski, L.A. 1990. Electrolyte and gas exchange during the 
moulting cycle of a freshwater crayfish. Journal o f Experimental Biology. 
151: 469-483.

Whiteley, N.M., Scott, J.L., Breeze, S.J., McCann, L. 2001. Effects of water 
salinity on acid-base balance in decapod crustaceans. Journal of 
Experimental Biology. 204: 1003-1 Oi l .

Witzig, J.F., Huner, J.V., Avault, J.W. 1986. Predation by dragonfly naiads Anax 
junius on young crawfish Procambarus clarkii. Journal o f World o f the 
Aquaculture Society. 17: 58-63.

Woodlock, B., Reynolds, J.D. 1988. Laboratory breeding studies of freshwater 
crayfish, Austropotamobius pallipes (Lereboullet). Freshwater Biology. 19: 
71-78.

Young-Lai, W.W., Charmantier-Daures, M., Charmantier, G. 1991. Effect of 
ammonia on survival and osmoregulation in different life stages of the 
lobster Homarus americanus. Marine Biology. 110: 293-300.

189



Zimmermann, S., Alt, F., Messerschmidt, J., von Bohlen, A., Taraschewski, H., 
Sures, B. 2002. Biological availability of traffic-related platinum-group 
elements (palladium, platinum, and rhodium) and other metals to the zebra 
mussel {Dreissena polymorpha) in water containing road dust. 
Environmental Toxicology and Chemistry. 21(12): 2713-2718.

190



Appendix I. Field data recording sheet

Field data
Code:

Location:
Date:
Time:

Replicates conductivity pH temperature BOD
1

2

3

Substrate:

% rock:

% gravel/pebbles:

% sand:

% mud:

Banks:

Rock sand wall

Eroding: Yes No

Poached: Yes No

Tree cover

1 no trees

2 0-25% tree cover

3 25-50% tree cover

4 50-75% tree cover

5 75-100% tree cover 

overhanging: Yes No

vegetation

Disturbance:

Litter weir walls/quays drain

Others
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Appendix I.

Field data (continued)

Vegetation:

Overall vegetation cover of substrate; %

% cover of substrate by aquatic %

amphibious %

mosses %

reeds %

decaying leaves; Yes No

Code;

Channel; 

Number of riffles; 

Width;

Depth;

Flow; 1.

2 .

3 .

Sketch of site; Comments

192



Appendix II. Pictures of three sites visited during the field surveys.

Gorteen bridge, Clodiagh river, Co. Offaly, 2002

Riverstown Bridge, Little Brosna river, Co. Offaly/Co. Tipperary, 2002
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Downstream of Castle Lough, Kells Blackwater river, Co. Cavan
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Appendix III. Surber sampler.

Sampling performed by Astra Cioni using a Surber sampler at Kilbride bridge, Brittas river.
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Appendix IV. List of the key taxa included in the BMWP (ASPT) and Q biotic 
indices.

Table IV.I, List of key taxa and respective score for the Biological Monitoring Working Party biotic 
score and Average Score Per Taxon.

Families Score
Siphlonuridae, Heptageniidae, Leptophlebiidae, Ephemerellidae,
potamanthidae, Ephemeridae; Taeniopterygidae, Leuctridae,
Capniidae, Perlodidae, Perlidae, Chloroperlidae; Aphelocheridae; 10
Phryganeidae, Molannidae, Beraeidae, Odontoceridae,
Leptoceridae, Goeridae, Lepidostomatidae, Brachycentridae,
Sericostomatidae

Astacidae; Lestidae, Agriidae, Gomphidae, Cordulegasteridae,
Aeshnidae, Corduliidae, Libellulidae; Psychomyidae, 8
Philopotamiidae

Caenidae; Nemouridae; Rhyacophilidae, Polycentropidae, 7
Limnephilidae

Neritidae, Viviparidae, Ancylidae; Hydroptilidae; Unionidae; 6
Corophiidae, Gamnnaridae; Platycnemididae, Coenagriidae

Mesoveliidae, Hydrometridae, Gerridae, Nepidae, Naucoridae,
Notonectidae, Pleidae, Corixidae; Haliplidae, Hygrobiidae,
Dysticidae, Gyrinidae, Hydrophilidae, Clambidae, Helodidae, 5
Dryopidae, Elminthidae, Chrysomelidae, Curculionidae;
Hydropshychidae; Tipulidae, Simuliidae; Planariidae,
Dendrocoelidae

Baetidae; Sialidae; Piscicolidae 4

Valvatidae, Hydrobiidae, Lymnaeidae, Physidae, Planorbidae; 3
Sphaeriidae; Glossiphoniidae, Hirudidae, Erpobdellidae; Asellidae

Chironomidae 2

Oligochaeta 1
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Table IV.II. Indicator key taxa for the Q value according to tolerance groups

Group A Group B Group C Group D Group E
Sensitive Less sensitive Relatively tolerant Tolerant Most tolerant
Plecoptera Leuctra Tricladida Hirudinae Tubificidae
(excluding Nemouridae Ancylidae Mollusca Chironomus
Leuctra, Baetidae Neritidae (Ancylidae,
Nemouridae) (excluding S. Astacidae Neritidae)
Heptageniidae rhodanf) Gammarus Asellus
Siphlonuridae Leptophlebiidae Baetis rhodani Chironomidae

Ephemerellidae Caenidae (excluding
Ephemeridae Limnephilidae Chironomus,
Cased Trichoptera Hydroptilidae Rheotanytarsus)
(excluding Glossosomatidae
Limnephilidae, Uncased
Hydroptilidae, Trichoptera
Glossosomatidae) Goleoptera
Odonata Goenagriidae
(excluding Sialidae
Coenagriidae) Tipulidae
Aphelocheirus Simuliidae
Rheotanytarsus Hemiptera

(excluding
Aphelocheirus)
Hydracarina
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