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Abstract

Based on a review and our own data, we present an overview of the ecological impacts on the trophic
web of Mediterranean wetlands by an introduced Decapod Crustacean, the red swamp crayfish (Pro-
cambarus clarkii). P. clarkii lacks efficient dispersal mechanisms but is very well adapted to the ecologi-
cal conditions of Mediterrancan wetlands (fluctuating hydroperiods with regular intervals of drought).
As an opportunistic, omnivorous species, which adapts its ecology and life history characteristics, such
as timing and size at reproduction to changing environmental conditions, it became readily established
in most of the Mediterranean wetland environments. High reproductive output, short development time
and a flexible feeding strategy are responsible for its success as an invader. Like most crayfish, it occu-
pies a keystone position in the trophic web of the invaded system and interacts strongly with various
trophic levels. It efficiently grazes on macrophytes and is one of the main factors, besides the impact of
flamingos, cattle and introduced fish, of the change of many water bodies from a macrophyte domi-
nated, clear water equilibrium to a phytoplankton driven turbid water balance. Juveniles feed on protein
rich animal food with the corresponding impact on the macroinvertebrate community in competition
with other crayfish or fish species. At the same time, it serves as a prey for mammals, birds and fish.
Due to its predatory and grazing activity, it efficiently canalises energy pathways reducing food web
complexity and structure. Feeding also on detritus it opens, especially in marshlands, the detritic food
chain to higher trophic levels which results in an increase of crayfish predators. As a vector of diseases,
it has a severe impact on the preservation and reintroduction of native crayfish. P. clarkii accumulates
heavy metals and other pollutants in its organs and body tissues and transmits them to higher trophic
levels. Due to the long history of its presence, the complex interactions it established within the invaded
ecosystems and the socio-economic benefits it provides to humans, prevention and control seem the most
promising management measures to reduce the negative impact of this crayfish species.

Introduction

Biological invasions and their negative impact on
resident communities and ecosystem functioning
are considered one of the major threats to biodi-
versity. Mediterranecan ecosystems in particular
have a long history of biological invasions be

they anthropogenic or non-anthropogenic in ori-
gin (Di Castri 1990). Especially threatened are
Mediterranean wetlands, which have to suffer the
consequences of invasions and of anthropogenic
alterations and transformations leading to habi-
tat destruction and very often to their complete
disappearance. Despite that these wetlands are



50

second only to rainforests as reservoirs of biodi-
versity and productivity and are ranked second
to estuaries in terms of ecosystem services pro-
vided to human welfare (Costanza et al. 1997)
they have become only recently the object of
increased protection.

Wetland ecosystems are characterised by high
biodiversity and complex trophic interactions.
Such systems are thought to be less vulnerable to
invasions (Sakai et al. 2001), but recent studies
have shown that the length of disturbance-free
periods is equally important (Shea and Chesson
2002). Disturbance tends to disrupt existing inter-
action among species and opens new niches for
potential invaders. Levels of both anthropogenic
and non-anthropogenic disturbances in wetlands
are high. A further characteristic of Mediterra-
nean wetlands is the existence of frequent, regu-
lar periods of drought, which protects them
against most of the invaders.

The impact of an invader also depends on its
position in the trophic web of the invaded eco-
system. Species with strong interactions or which
are keystone species in the sense of Power and
Tilman (1996) will have a larger impact than spe-
cies with weak or few interactions. Equally, spe-
cies interacting with several trophic levels affect
ecosystem structure and function more inten-
sively than those which interact with a single tro-
phic level. The removal of a species which has
already established tight trophic links with native
species might produce unpredictable secondary
effects on the invaded community. Therefore, an
understanding of the invader’s role within the
trophic web is crucial not only for predictive pur-
poses but also for estimating the consequences of
management measures.

Crayfish have been introduced in many water
bodies for a long time. Omnivorous and highly
active, they are known to occupy keystone posi-
tions in both their natural and host ecosystems
(Holdich 2002). Therefore, the impact and
changes they cause on natural ecosystems once
introduced are expected to be high. Nevertheless,
they lack efficient systems of dispersal such as
easily transported resting eggs or highly mobile
larval stages, and their natural potential of dis-
persal is low in comparison to plants or inverte-
brate species such as insects or molluscs.
However, man has played a crucial role in help-
ing crayfish to overcome this disadvantage by

continuous translocations across natural bound-
aries. Once translated, crayfish establish stable
populations followed by rapid range expansion
within the invaded watershed.

In what follows, we will try to give an over-
view based on a literature review and our own
studies on the manyfold impacts of an introduced
crayfish species — the red swamp crayfish Pro-
cambarus clarkii — on the natural ecosystems of
Mediterranean wetlands.

The biological basis of invasiveness — the example
of the red swamp crayfish Procambarus clarkii

Successful invaders are characterised by a number
of biological and ecological features determining
both the process of dispersion and the establish-
ment in the new habitat (Table 1). Although most
likely none of the species possesses all of these
traits, it is evident that the more they have these
traits, the higher their invasive potential is. In the
case of P. clarkii, not all of these characteristics
are equally well expressed. Natural dispersal abil-
ity across drainage basins is low, despite the
mobility of adults, but this handicap is largely off-
set by human transport. Although it does not
reproduce asexually nor parthenogenetically — but
see the recent description of a close parthenoge-
netic relative in Germany (Scholtz et al. 2002) —

Table 1. Biological and ecological characteristics of successful
invaders (Baker 1974) shared by P. clarkii (— absent; + low;
++ medium; + ++ high).

Biological characteristics of invaders Procambarus

clarkii
High dispersal capability through seeds, +
eggs or highly mobile larval stages
Ability to reproduce both sexually -
and asexually
High fecundity ++
Short generation and juvenile ++
development times
Fast adaptation to environmental stress +++
High tolerance to environmental +++
heterogeneity
Desirability to and association with +++
humans (edibility, game species)
Additional features
Omnivory +++
Brood care +++




high reproductive investment of both males
(spermatophore production) and females (high
egg numbers) increases reproductive success
(Gherardi 2002). The species is amongst the most
prolific crayfish with more than 600 eggs/females.
It reproduces more than once per year if condi-
tions are favourable and adapts its size at matu-
rity to environmental conditions (hydroperiod,
food conditions). Newly hatched juveniles are
carried by their mothers during the period where
they are most vulnerable to predation and reach
maturity within several months.

Environmental conditions in the home area of
P. clarkii are similar to those encountered in
Mediterranean wetlands both characterised by
regular periods of drought, and this species is
very well adapted to withstand these periods in
burrows, where they also bear their offspring.

P. clarkii is an opportunistic, omnivorous fee-
der which readily accepts new food items another
advantage when arriving in a new habitat. For
these characteristics, which result in easy cultur-
ing and high yields, it is prized by humans as a
food source, used for baiting and as a laboratory
animal and pet. Therefore, it is not astonishing
that such a productive species is also a successful
invader.

The history of introduction and expansion of
P. clarkii in Europe and Spain

Crayfishing in Europe for human consumption
has been a deep-rooted habit in most parts of the
continent. For this reason, traditional manage-
ment of native crayfish populations through
additions and translocations of native species
was common. Because overexploitation of this
resource extinguished some of the populations,
the introduction of exotic species during the XIX
century was considered as a possible solution to
restore crayfish populations (Lodge et al. 2000a).
At least seven species of non-native crayfish have
been introduced in Europe since then: five of
them were introduced from North America (Pa-
scifastacus leniusculus, Orconectes limosus, O. im-
munis, Procambarus clarkii, P. zonangulus), one
from Australia (Cherax destructor) and, finally,
one from eastern Europe (A4stacus leptodactylus)
(Hobbs 1988; Diéguez-Uribeondo 1998).
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But overexploitation by fishing for recreational
or commercial purposes is not the only cause of
the dramatic decrease of native European cray-
fish populations, which led in some cases to their
extinction. Anthropogenic alteration of river eco-
system quality due to contamination, the alter-
ation of riverine vegetation or riverbed dredging
(Alderman and Polglase 1988; Taugbol et al.
1993) the introduction of exotic species, carriers
of diseases (Smith and Soéderhéll 1986; Taugbol
and Skurdal 1993; Diéguez-Uribeondo et al.
1997; Holdich 1997, 1999a) and competitors of
native crayfish for shelter and food (Hill and
Lodge 1999) contributed substantially to the
decline of native crayfish.

One of the most widespread diseases carried by
introduced crayfish from North America is a fun-
gal plague called aphanomicosis, produced by the
oomycete fungus Aphanomyces astaci, which is
endemic to many North American crayfish but
lethal to European crayfish (Unestam 1972;
Diéguez-Uribeondo et al. 1995; Alderman 1996).
Ironically, the extirpation of native European
crayfish by the plague has increased the number
of subsequent introductions of North American
crayfish (Orconectes limosus, O. immunis, Pacifas-
tacus leniusculus and Procambarus clarkii) into
more than 20 European countries to replace the
native stocks (Lodge et al. 2000a).

The introduction of red swamp crayfish (Pro-
cambarus clarkii), the subject of this review, in
Europe is a very well documented example of the
quick expansion of an alien species. It was first
introduced in 1973 in Spain in two aquaculture
installations located in Sevilla (Lower Guadalqui-
vir River Basin, southwestern Spain) and
Badajoz (southwestern Spain) (Habsburgo-
Lorena 1983). The aim of the introduction was
twofold: On the one hand, there were economic
arguments; it was an attempt to improve the
economy of an impoverished area by developing
crayfish commercialisation plans. On the other
hand, it was erroneously thought that the intro-
duction of a non-native species into an area with-
out native crayfish would cause no ecological
problems, because the red swamp crayfish would
occupy a new empty niche. The fact is, that, in
only three decades, red swamp crayfish became
widespread throughout the Mediterranean region
and Europe. Several factors, all of them linked to
human activity such as the increasing economic
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importance of P. clarkii, its in vivo commerciali-
sation and repeated translocations for economi-
cal or recreational purposes, are responsible for
its rapid spread. From southwestern Spain,
P. clarkii populations expanded to the rest of the
country including the Balearic (Majorca: (Hobbs
et al. 1989)) and Canary Islands (Gutiérrez-Yur-
rita and Martinez 2002) and to Europe: Portugal
(Ramos and Pereira 1981; Correia 1992; Adao
and Marques 1993), Azores Islands (Correia and
Costa 1994), Cyprus (Hobbs et al. 1989), United
Kingdom (Holdich 1999b), France (Arrignon et
al. 1999), Italy (Gherardi et al. 1999), Nether-
lands (Hobbs et al. 1989) and Switzerland (Stucki
1997; Stucki and Staub 1999).

Effects of alien crayfish in food webs — general
aspects

In many ecosystems, crayfish occupy a central
position in the trophic web acting as both preda-
tor and prey. As opportunistic, omnivorous feed-
ers, they include in their diet submerged
macrophytes, algae, invertebrates and detritus
(Lodge and Hill 1994; Momot 1995; Gutiérrez-
Yurrita et al. 1998). In the words of Huner
(1981), ‘They eat any insect, crustacean, molluscs
(especially snails), or annelid worm they can
catch.’

Invasive crayfish species clear macrophyte beds
thereby altering the ecosystem characteristics
such as habitat heterogeneity (Lodge and Lor-
man 1987; Lodge et al. 2000b) or the composi-
tion of  invertebrates associated  with
macrophytes. In addition, they feed directly on
many invertebrate species, reducing their abun-
dances (Nystrom et al. 1996, Perry et al. 1997).

Crayfish diet is reported to change with body
size. Small crayfish are mainly carnivorous, and
larger individuals are primarily herbivorous
(Abrahamsson 1966; Lorman and Magnuson
1978). This ontogenetic shift has also been
observed in red swamp crayfish. Animal food is
much more important for young, rapidly grow-
ing juveniles than for adults (Margal-Correia
2003). Since crayfish cannot swim, foraging they
concentrate on the bottom or benthic zone.
However, some individuals, especially young
ones, can catch planktonic organisms with their
mouth parts acting as a filter. Living green plant

material, an important source of dietary carote-
noids (Huner 1981), also forms part of the red
crayfish’s diet. Other studies postulate that the
principal food of the red crayfish is plant detri-
tus (Lorman and Magnuson 1978). Once dead,
submerged plants quickly become covered with a
layer of living bacteria and fungi which use the
dead plant material as an energy source. The
dead plant material itself is of little energetic
value to the red crayfish, but not so the rich
protein layer of bacteria and fungi (Cronin
1998).

Besides these effects on lower trophic levels
(top-down effect), they also serve as a prey to
higher trophic levels (bottom up effect), and they
are also known to compete with fish and other
crayfish species for food (Momot 1995).

In the following chapters, we would like to
examine in detail the impact of the introduced
red swamp crayfish on the different trophic levels
of the invaded ecosystems

Impacts of P. clarkii on macrophytes
Crayfish feeding and macrophytes

Several studies have demonstrated that crayfish
consume freshwater macrophytes, with plants
often accounting for over 75% of the diet (King
1883; Chidester 1908; Tack 1941; Momot 1967;
Prins 1968). They are common and important
omnivores which consume a lot of living plant
tissue and detritus when favoured animal prey is
not available (Momot 1995). Crayfish can reduce
(Abrahamsson 1966; Rickett 1974; Saiki and
Tash 1979; Carpenter and Lodge 1986; Feminella
and Resh 1986), or eliminate submerged vegeta-
tion from the littoral zone of many lakes and
ponds whether they are native (Dean 1969) or
have been introduced (Lorman and Magnuson
1978, Chambers et al. 1990). Some species of
crayfish are also considered to be large-bodied
grazers with both low numerical and biomass
density and large effects on filamentous alga
(Cladophora). Grazer exclusion experiments with
large Orconectes propinquus resulted in an algae
biomass increase of an order of magnitude
(Creed 1994). Little quantitative information
exists about the relationship between introduced
crayfish species density and macrophyte biomass



or species composition (Appendix 1). However,
some conclusions can be derived from biomanip-
ulation experiments conducted in mesocosms —
for example, that crayfish consumption of sub-
merged macrophytes is species-selective and also
density-dependent (Lodge and Lorman 1987,
Chambers and Hanson 1990). Several authors
report that the impact on macrophytes depend
on crayfish density (Flint and Goldman 1975;
Lodge and Lorman 1987). Chambers et al. (1990)
manipulated sex ratios and densities of Orconec-
tes virilis to show that macrophyte species are
differentially affected by crayfish attack. Further-
more, their observations indicated that macro-
phyte attack is indiscriminate but that crayfish
feeding is selective (Chambers et al. 1990).

In general, the impact of crayfish feeding on
macrophytes depends on a combination of three
factors: the type of macrophyte (e.g. differences
between species, initial biomass, growth form,
palatability), the crayfish (e.g. differences between
species, sexes, individual crayfish size and activ-
ity), and the abundance of alternative prey.

The role of P. clarkii

The dominant herbivorous feeding character of
Procambarus clarkii has been documented in life
history studies from their natural habitats in
Louisiana (USA) (Penn 1943; Avault et al. 1983).
But so far, little is known about the quantitative
effects of this species on macrophytes once intro-
duced elsewhere. Exceptions are the results of
crayfish exclusion experiments and submerged
macrophytes, performed in situ, in the freshwater
marshes of Coyote Hills (California, USA), by
Feminella and Resh (1986). They found that the
exclusion of crayfish resulted in a sixfold increase
in macrophytes and that crayfish abundance is
strongly related to Potamogeton pectinatus clear-
ance (Feminella and Resh 1989).

In multispecies laboratory experiments, Cronin
(1998) found that red swamp crayfish avoided
macrophyte species with structural or chemical
deterrents and preferred undefended plants high
in nitrogen. Plant structure (morphology, tough-
ness, and/or surface features) and plant chemistry
were important determinants of crayfish feeding
choices (Cronin 1998; Cronin et al. 2002).

In Mediterranean environments, P. clarkii has
been cited to be responsible for the disappearance
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of some macrophyte species in wetlands and
fresh and brackish water marshes of southern
Europe (Montes et al. 1993). In Spain, there are
other examples where the composition of sub-
merged macrophytes changed following the arri-
val of P. clarkii (e.g. Laguna de El Portil in
Huelva, SW Spain (Enriquez et al. 1987); Lake
Carucedo (Dpt. Ecologia, UAM, unpubl.), Lake
Chozas, Ledn, northwestern Spain (Palacios and
Rodriguez 2002)). However, at least in freshwater
marshes, other factors such as the anthropogenic
alteration of water quality and flooding regime
or livestock trampling and flamingo treading
(Duarte et al. 1990; Montes and Bernués 1991;
Grillas et al. 1993) seem to have contributed to
the decrease of macrophyte populations in this
area. Livestock and flamingos directly damage
the macrophyte seed bank (Montes and Bernués
1991), whereas crayfish has a lower impact
on this important reservoir of macrophyte diver-
sity.

Shredding of plants and bioturbation by
P. clarkii are thought to be responsible for the
change from a natural, macrophyte dominated,
transparent water state equilibrium to a turbid,
eutrophic balance, dominated by phytoplankton
(Duarte et al. 1990; Nystréom and Strand 1996).
Angeler et al. (2001) showed in the Tablas de
Daimiel wetland of La Mancha, Central Spain,
that the benthic feeding of crayfish disturbs and
resuspends the sediment, which leads to
increased nutrient release. This results in a dete-
rioration of water quality, increased turbidity
and nutrient content and reduced light availabil-
ity for submerged macrophytes. However,
importance for nutrient recycling at the ecosys-
tem level was found to be low (Angeler et al.
2001).

Rodriguez et al. (2002) described the disap-
pearance of seven species of submerged macro-
phytes of a small lake in northwestern Spain
(Lake Cabafias, Leon) after the introduction of
P. clarkii in 1997. The recovery level of macro-
phytes in an exclusion experiment was 70%.

Additional  quantitative  studies  directed
towards the question on how crayfish density
and population structure affect macrophytes and
towards the role of other factors (nutrient enrich-
ment, hydroregime changes) should clarify the
role of this crayfish species in the disappearance
and alteration of macrophyte communities.
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The impact of alien crayfish on the native
invertebrate communities

P. clarkii as an invertebrate predator

For a long time, crayfish were described to be
mainly herbivores and detritivores as gut content
analyses always contained large amounts of plant
material and detritus (Webster and Patten 1979;
Huryn and Wallace 1987). However, when cor-
recting gut contents for assimilation efficiencies,
the importance of animals as an energy source
increases (Whiteledge and Rabeni 1997). Animals
form, at least in the juvenile stage, when growth
rates are the highest, an important part of a
crayfish’s diet (Hobbs 1993; Gutiérrez-Yurrita
et al. 1998). A direct impact on its prey organ-
isms is therefore to be expected. Crayfish feed
mainly on aquatic invertebrates, with a clear
preference for arthropods and gastropods (see
for a review Momot 1995). The reduction of
invertebrate populations by crayfish feeding has
often cascading effects on lower trophic levels. In
preference experiments, P. clarkii prefers animal
food over macrophytes (Ilhéu and Bernardo
1993), whereas in the field, it mainly feeds on
plant material and detritus (Feminella and Resh
1986, 1989; Gutiérrez-Yurrita et al. 1998).

Gutierrez-Yurrita et al. (1998) showed that
despite high occurrences of plant material and
detritus, small arthropods (copepods, ostracods),
insect larve and fish (Gambusia holbrooki) are
consistently found in the guts. Fish is eaten only
by large, adult individuals, whereas copepods are
an important food source for small crayfish. Fur-
thermore, these authors observed cannibalism in
20% of the larger sized (>30 mm carapax length)
individuals. No differences were found in the
feeding preferences of males and females.

Comparing rice fields and natural marshland
ecosystems, we were able to demonstrate that
crayfish feeding is highly flexible and is a func-
tion of prey availability in the field. Crayfish
from natural marshlands fed on 17 different prey
items, whereas the guts of individuals from rice
fields only contained 12 taxa (Figure 1). In both
systems, they mainly feed on macrophytes (>97%
of occurrence), but the percentage of stomachs
with animal food can be as high as 50% in natu-
ral marshlands, especially in spring, when prey
diversity is the highest. Rice fields are character-
ised by an impoverished invertebrate fauna, and
crayfish fulfill their need for animal protein by
cannibalism and predation on fish (Table 2)
(Alcorlo et al. in press). Predation on mosquito
fish (Gambusia holbrooki), which occurs in high
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Figure 1. Frequency of occurrence of food items found in guts of P. clarkii from rice fields and marshlands of the Lower Guadal-

quivir basin (Spain).



Table 2. Frequency of occurrence of food items in gut con-
tents of P. clarkii.

Food items Frequency of appearance
Rice field Freshwater marsh

Plant debris 100 97.5
Filamentous algae 71.5 22.5
Seeds 57.5 65

Sand grains 15 65

Clay particles 82.5 45
Crayfish 47.5 12.5
Nonidentified Insects 2.5 42.5
Ephemeroptera 0 5
Heteroptera 0 37.5
Chironomidae 5 62.5
Ostracoda 7.5 35
Cladocera 0 32.5
Ephippia 0 12.5
Copepoda 2.5 12.5
Gambusia holbrooki 42.5 15
Oligochaeta 2.5 2.5
Gastropoda 0 5

densities in the rice fields, is noteworthy as fish is
not commonly found among crayfish prey.

P. clarkii and the extinction of macroinvertebrates
including native crayfish

As stated above, P. clarkii is thought to be
responsible for the disappearance of some species
of macroinvertebrates in aquatic ecosystems
where it was introduced. An example is the coin-
cidence between the extinction of two species of
gastropods — Lymnaea peregra and L. stagnalis —
in freshwater marshes of the Dofiana National
Park (southwestern Spain) and the introduction
of the red swamp crayfish (Montes et al. 1993).
Gastropods are known to be one of the favourite
food items in the diet of crayfish (Covich 1977,
Goddard 1988; Hanson et al. 1990; Olsen et al.
1991; Ilhéu and Bernardo 1993). P. clarkii has
been introduced in Kenya to reduce snail popula-
tions and thereby snail-born diseases (Rosenthal
et al. 2001). It has also been proposed as a con-
trol agent of the giant rams-horn snail, Marisa
cornuarietis (Gastropoda: Pilidae) in the USA
(T.L. Arsuffi, pers. comm.). Therefore, it is highly
probable that the direct and indirect feeding
effects of P. clarkii contributed to the disappear-
ance of these two species, but the deterioration
of the water quality and the damages to macro-
phyte stands by large herbivore grazing and
trampling might have been equally important.
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We face a similar problem when analysing the
role of P. clarkii in the decline of autochtonous
crayfish populations. As mentioned above,
P. clarkii also successfully spreads to areas for-
merly populated by the native crayfish Austropot-
amobius pallipes. However, it remains unclear
whether P. clarkii displaced the native species by
direct competition or whether it invaded these
systems after the populations of 4. potamobius
were already decimated by other mechanisms. In
Portugal, P. clarkii is mainly restricted to the
south-central part, where the native species has
never been observed and overlap only occurs in
the central part of the country (Anastacio and
Marques 1995). Furthermore, the requirements
with regard to temperature, water quality and
substrate of the two species are quite different.
P clarkii prefers high temperatures, clayey—silty
substrates to construct its burrows and is more
tolerant to low water quality, whereas A. potamo-
bius lives in temperate to cold waters with coarse
substrates and is sensitive to low oxygen and
high nutrient concentrations (Gil-Sanchez and
Alba-Tercedor 2002). At the moment, data on
the autecology of P. clarkii from habitats for-
merly inhabited by the native species are lacking.
In zones of abiotic niche overlap, biotic interac-
tions should be intensive and competitive exclu-
sion of the native species might occur. Whether
there be direct interaction or not: with the red
swamp crayfish present, any recovery of 4. palli-
pes populations is unlikely, because P. clarkii is
also a vector of the aphanomicosis, which is det-
rimental to the native species.

P. clarkii — a new food item for higher trophic
levels

Since its introduction in 1974, P. clarkii has been
readily accepted as a prey item by fish, birds and
mammals thus offering a new resource for higher
trophic levels. In some areas such as the Lower
Guadalquivir Basin, P. clarkii has opened new
trophic pathways by transferring energy from the
formerly underexploited detritus pool to primary
and secondary predators.

Three fish species, six bird species and four
mammal species commonly include P. clarkii in
their diet (Table 3). However, the consumption
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of crayfish differs considerably according to spe-
cies, season and study.

For the otter, where information from four
quantitative studies over more than one season is
available (Adrian and Delibes 1987; Beja 1996;
Correia 2001; Ruiz-Olmo et al. 2002), the per-
centage of crayfish in the total amount of food
varies between 1.6 and 76.3% with lowest values
in winter and highest in summer (Table 3). All
three studies coincide in that otter prey upon
crayfish according to crayfish density and prefer
small and medium sized individuals. Highest den-
sities of P. clarkii in the water bodies coincide
with the presence of young otters and feeding on
them enhances juvenile survival (Ruiz-Olmo
et al. 2002). However, the important bottleneck
is in winter, when crayfish are not available, and
otters have to rely on scarce native prey species
(Beja 1996).

The same is true although to a lesser degree
for other mammals such as the red fox (Vulpes
vulpes L.), the common genet (Genetta genetta
L.) or the Egyptian mongoose (Herpestes ichneu-
mon L.) which also prey upon P. clarkii (Correia
2001) (Table 3). As in otters, the highest con-
sumption of crayfish is in summer.

All mammal predators feed in an opportunistic
manner on crayfish, and none of them selects this
prey item. Diversity of prey in mammals
decreases when they start feeding on P. clarkii,
and crayfish are taken as a function of crayfish
density (Correia 2001).

P. clarkii is also an important part of the diet
of at least six bird species, in particular for most
ciconiiform species. In the case of the white
stork, night heron or little egret, crayfish can
make up to 80% of the diet during summer,
when densities of crayfish are high (Table 3). In
addition, other bird species such as the black
stork (Parkes et al. 2001) or the lesser black-
backed gull (Amat and Aguilera 1988) are
reported to feed on P. clarkii.

Birds, similar to mammals, consume crayfish
above the minimum size for maturity but below
the mean size for mature adults (Correia 2001).
Predation in this size fragment reduces intraspe-
cific competition among crayfish and produces
large-sized adults which in turn produce a higher
number of offspring (Correia 2001).

Thus, predation by birds and mammals should
help in stock renewal and not negatively affect
crayfish populations. Therefore, it remains unclear

Table 3. Frequency of occurrence and percentage of diet of P. clarkii in the stomachs of vertebrate predators.

Species % of occurrence % of diet Source
Mean Maximum  Biomass
Fish
Esox lucius 72.5 82.9 72.4 Elvira et al. (1996)
Micropterus salmoides 5.8 0.9 9.9 Garcia-Berthou (2002)
M. salmoides (> 250 mm; summer) 50-100 Garcia-Berthou (2002)
M. salmoides 72.2 Montes et al. (1993)
Anguilla anguilla 66.7 Montes et al. (1993)
Birds
Gelochelidon nilotica 40.1 70.1 Costa (1984)
Nycticorax nycticorax 70 71 Correia (2001)
Egretta garzetta 52 86 Correia (2001)
Ardea cinerea 21 40 Correia (2001)
Ardea purpurea 30 31.5 Correia (2001)
Ciconia ciconia 67 86 Correia (2001)
Mammals
Lutra lutra 67 85 Correia (2001)
80.3 Adrian and Delibes (1987)
22.7 42.2 Ruiz-Olmo et al. (2002)
Herpestes ichneumon 26 49 Correia, (2001)
5.6 1.7 Palomares and Delibes (1991a)
Vulpes vulpes 14 27.5 Correia (2001)
5 10 Correia (2001)
Genetta genetta 0.8 0.1




whether the reduction in crayfish numbers
observed in the past years is due to increased bird
predation or to other factors such as reduced hyd-
roperiods induced by droughts.

Amongst fish, eels (Anguilla anguilla) are
known to be the most important predators of
crayfish (Svardson 1972). In the natural marsh-
lands of the Lower Guadalquivir (Spain), the eels
considerably reduced their food spectrum after
the red swamp crayfish was introduced,
(Table 3). Before introduction, it mainly fed on
other fish species such as mosquito fish (Gambu-
sia affinis) or carp (Cyprinus carpio) which
occurred in more than 50% of the stomach con-
tents. After introduction, in 1992, only 16.7% of
eel stomachs contained other fish species, and the
dominant prey item was P. clarkii with a 66.7%
occurrence (Montes et al. 1993).

As they readily feed on P. clarkii, eels were
proposed as effective biological control organisms
in a Swiss lake (Mueller and Frutiger 2001).
However, eels are also efficient predators of fish
eggs and fry as well as of amphibians and rep-
tiles, and therefore, their use to control crayfish
populations should be considered with caution.

The other two fish species which include
P. clarkii in their diet — the northern pike and the
largemouth bass (Micropterus salmoides) — are
both introduced exotics. Crayfish became the dom-
inant prey item of all size classes of pike through-
out the year in the Spanish lake system of Ruidera.
Crayfish substituted the natural prey species which
were reduced near to extinction after the introduc-
tion of the pike (Elvira et al. 1996). Without P.
clarkii, the pike population would have become
extinct, as the rest of the fish fauna, mainly com-
posed of other introduced species, could not sup-
port self-maintaining pike populations in these
lakes. Pike prey on crayfish of a similar size than
do birds and mammals (7-9 cm total length).

The largemouth bass (Hickley et al. 1994)
readily accepted crayfish as a prey item. In the
Guadalquivir marshlands of south-western Spain,
it was found to feed exclusively on P. clarkii
(Montes et al. 1993). In the Spanish lake of Ba-
nyoles, dominated by an assemblage of exotic
fish, larger size classes of this species (>250 mm)
feed predominantly on crayfish except in winter
(Garcia-Berthou 2002) (Table 3), a situation typi-
cal for water bodies with a low fish diversity
(Garcia-Berthou 2002). A similar scenario was
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described by Hickley et al. (1994) in Lake Naiva-
sha (Kenya), which is also a lake characterised
by its low richness in native fish species.

Other species such as perch are known to prey
on P. clarkii. Perch are able to efficiently reduce
densities of P. clarkii in mesocosm experiments
(Neveu 2001). However, the quantitative impact
of the predation of this species on P. clarkii pop-
ulations is not known.

Impact of P. clarkii on ecosystem energetics

Besides the impact on structural components of
the invaded communities described above, the
presence of crayfish might alter to a large degree
the pattern of energy flow, especially in systems
where detritivores are rare and which are domi-
nated by autotrophs as in temporary freshwater
marshes. In such systems, crayfish put the detri-
tus energy pool directly at the disposal of higher
trophic levels. This greatly shortens the energy
pathways and simplifies their structure (Fig-
ure 2). Without crayfish, macrophytes and the
associated periphyton are the dominant primary
producers in freshwater marshlands from which
only a small part of the energy is transmitted to
herbivores. Most of the energy is lost to the
detritus pool which accumulates high amounts of
organic matter. Detritivores, mainly macroinver-
tebrates (oligochaetes, chironomids) and meio-
fauna (nematodes, ostracods) are supposed to use
only a small fraction of the deposited material.
The detritus food chain gains in importance only
during drought and refilling of the system in early
summer and late autumn, when macrophytes are
absent. These systems are characterised by a high
diversitiy of herbivores and consist of a minimum
of four levels of consumers. Due to the large
number of trophic levels and losses of energy to
the detritus pool, the energy transferred to top
predators such as birds and mammals is compar-
atively low (Figure 2).

After crayfish introduction, much of the detri-
tus is consumed by this species (Gutiérrez-Yurrita
1997), and the energy gained is directly trans-
ferred to the top predator level (fish, birds and
mammals). The consequence is a reduction in the
number of trophic levels, a decreased importance
of macrophytes, herbivores and primary
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Figure 2. Simplified representation of the energy flow in waterbodies of a freshwater marshland: (a) before the introduction of

crayfish and (b) after the introduction of crayfish.

carnivores, but more energy is available for verte-
brate predators.

In summary, alien crayfish change both the
structure and the functional links of the trophic
web in wetlands by opening new resource path-
ways (detritus food chain), reducing the number
of trophic levels, and thus providing more energy
to the highest trophic levels.

P. clarkii as a vector of diseases
Introduced crayfish are vectors of several diseases

for native crayfishes thus contributing to their
decline. One of the most widespread diseases is

the ‘Crayfish plague’, produced by Aphanomyces
astaci (Schikora), a parasitic saprolegniaceous
fungus especially adapted to live in the cuticule of
freshwater crayfish (Unestam 1972). This disease
has devasted many native European crayfish popu-
lations since the 1890s, and the problem became
more acute through the massive introductions of
American crayfish during the 1960s and 1970s
(Persson and Soderhdll 1983; Diéguez-Uribeondo
et al. 1995). In Europe, three North American
species of crayfish have been shown to carry the
infectious fungus in their cuticule: Pacifastacus le-
niusculus (Unestam 1972; Persson and Soderhall
1983), Orconectes limosus (Vey et al. 1983) and



Procambarus  clarkii  (Diéguez-Uribeondo and
Soderhdll 1993). Recent studies using RAPD-
PCR have demonstrated the existence of species-
specific strains of this fungus. The strain isolated
from P. clarkii was shown to be the most temper-
ature tolerant (Huang et al. 1994; Diéguez-Uribe-
ondo et al. 1995). The introductions of alien
species such as P. clarkii also introduced a new A.
astaci strain with a different genotype and
unknown levels of virulence adapted to warm
waters (Diéguez-Uribeondo et al. 1995). Recent
genetic studies have linked P. leniusculus to many
recent plague outbreaks in Great Britain (Lilley et
al. 1997), Sweden, Finland, Germany and Spain
(Diéguez-Uribeondo et al. 1997; Diéguez-Uribe-
ondo 1998).

Other diseases for native species carried by
introduced crayfish such as P. leniusculus, are the
Psorospermiasis, produced by Psorospermium
haeckeli (Hilgendorf) (Cerenius and Soderhill
1992; Gydemo 1992; Henttonen et al. 1997), pro-
tists which have their phylogenetic roots near the
animal-fungal divergence (Ragan et al. 1996).

A question still open for debate is the role of
P. clarkii in transmitting diseases to humans. An
outbreak of tularemia, normally transmitted by
small rodents and caused by the bacterium Fran-
cisella tularensis, in a contaminated stream in
central Spain was recently related to P. clarkii as
a mechanical transmitter (Anda et al. 2001).

P. clarkii — a transmitter of heavy metal
contamination

Crayfish have frequently been considered as bio-
logical indicators of heavy metal pollution in
aquatic environments (Rincon-Leon et al. 1988).
There have been numerous studies on the accu-
mulation of heavy metals in crayfish living in
polluted environments (Evans and Edgerton
2002). Most field studies involved chemical analy-
sis of the metal content of crayfish tissues and
provided little information on the pathology of
heavy metal exposure (Dickson et al. 1979;
Finerty et al. 1990; King et al. 1999; MacFarlane
et al. 2000; Rowe et al. 2001). There are also
many laboratory studies that provide data on the
toxicity of metals to freshwater crayfish, the con-
centrations of metals causing mortality and the
pathological effects arising from heavy metal
exposure (Bagatto and Alikhan 1987; Naqvi and
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Flagge 1990; Naqvi et al. 1990; Naqvi and
Howell 1993; Reddy et al. 1994; Maranhao et al.
1995; Anderson et al. 1997a, b; Bollinger et al.
1997; Naqvi et al. 1998; Anton et al. 2000). Little
attention has been paid to the sublethal pathol-
ogy of such exposures and how pathological
changes could influence the survival of crayfish
living in polluted water systems or contaminated
culture systems. These kinds of studies is needed
for the implementation of adequate restoration
and management plans for contaminated areas
such as the Guadiamar river basin, which was
affected by a toxic spill of approximately 5 Hm?
of untreated acid fresh water with a high content
of metals (especially zinc, copper, cadmium, lead,
iron and arsenic) in April 1998 during an acci-
dent in Aznalcollar mine (southwestern Spain).
Crayfish captured in this area, have higher heavy
metal contents in their tissues compared to those
captured outside the contaminated area (Fig-
ure 3). They can transfer contaminants to their
consumers through bioaccumulation processes
(e.g. heavy metals or pesticides enrichment in
organs and tissues) (Otero et al. 2003). Other well
documented examples of bioaccumulation of
heavy metals by red swamp crayfish in Mediter-
ranean wetlands are the studies performed in the
rice fields of Albufera Lake in Valencia (eastern
Spain) by Diaz-Mayans et al. (1986) and Pastor
et al. (1988). These rice fields are surrounded by
waters, which received for the last four decades
high loads of sewage and toxic industrial residues
including heavy metals and pesticides.

Indeed, crayfish are able to effectively regulate
the concentration of heavy metals in their tissues
(Rainbow and White 1989) and to remove some
contaminants from their internal organs and
muscles depending on their physiological needs.
This is achieved through excretion (faeces) and/
or storage in the hepatopancreas — considered
the organ of metal storage and detoxification
(Alikhan et al. 1990; Anderson et al. 1997a, b;
Naqvi et al. 1998) — gills and exoesqueleton
(Anderson and Brower 1978; Naqvi et al. 1990;
Wright et al. 1991). Consequently, their preda-
tors absorb the contaminants immobilised in
these crayfish tissues when they ingest them.
Measurements of accumulation of heavy metals
in waterfowl and other wetland birds living and
feeding in the toxic spill area showed that Zn,
Cu and As from the spill have entered the food
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Figure 3. P. clarkii as a vector of contamination for higher trophic levels. Temporal evolution of heavy metal concentrations in
crayfish from different sites in the Guadiamar Guadalquivir Basin, southwestern Spain). Bars: mean values; whiskers: standard
deviations. Units are in ppm of fresh weight (from Otero et al. 2003).

chain and can be detected in some bird species,
such as white stork (Ciconia ciconia), spoonbill
(Platalea leucorodia), or grey heron (Ardea cine-
rea). All these species are fish and crayfish preda-
tors (Benito et al. 1999; Hernandez et al. 1999).
Further studies quantifying the extent of verte-
brate contamination through crayfish ingestion
are urgently needed.

Impacts derived from the commercial exploitation
of P. clarkii

In contrast to the significant increase in the
attention devoted to the impact that crayfish
have on invaded habitats (see above), much less
attention is paid to the environmental impact
derived from the economic activity which is pro-



moted by the presence of dense crayfish popula-
tions or to the socio-economic benefits related to
crayfish exploitation. Both kinds of interactions
have to be properly considered in any integrative
approach to crayfish management.

One important issue to bear in mind is the nat-
ure of crayfish exploitation. Extensive crayfish
production is not common and is restricted to
some areas in the USA and, on a limited basis,
in Spain, France, Italy and Zambia (Huner
2002). The most widespread method is the direct
use of wild stocks of P. clarkii grown in rice-
fields, irrigation systems, natural marshlands, res-
ervoirs and river deltas. The main crayfish
(P. clarkii) producer is China, a country that
exceeds the production of the USA with
70,000 Tm/year. Spain has developed a much
smaller industry (2000-3000 Tm/p year) but of
great regional importance (Figure 4a).

Commercial crayfish exploitation in Spain is
mainly concentrated in the southwest, in the
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Lower Guadalquivir Basin. There, P. clarkii
stocks were intentionally introduced in the early
1970s and immediately developed dense popula-
tions within the ricefields. Nowadays, the red
swamp crayfish is distributed over almost the
whole country with a significant effect on most
ecosystems it inhabits. However, exploitation in
most places is but recreational with almost no inci-
dence in local economy. Although in these areas
the impact of crayfishing should be low, the role
of man as a vector of transportation is of major
concern. Some areas important for amphibians or
fish reproduction can be severely endangered with
a single inoculation of just a few animals.

In the area where crayfish exploitation has
developed into a growing industry, environmen-
tal impact derived from this activity is mainly
caused by fishermen during their fishing activity.
This impact refers to
(1) physical alteration of the habitat produced by

the continuous roaming of the fishermen —
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1999.



62

from 100 to 300 traps/fishermen can be
installed simultaneously over large areas; and

(2) the capture of non-target organisms within
the crayfish traps.

Fishing activities in natural habitats might
severely affect not only habitat structure but also
many organisms’ reproductive activities. Crayfish
exploitation is highly seasonal (Figure 4b) with
maxima in late spring and late summer. That first
period clearly overlaps with the nesting period of
many birds in the area. Intense wandering of
people is likely to interfere with reproduction,
although no quantitative data are available up to
now.

The second kind of impact has been evaluated
several times, and results have shown to be rele-
vant for management policies. The traps tradi-
tionally used for crayfish were modified eel traps.
This kind of trap is not selective for crayfish and,
when baited, attracts many different kinds of
organisms. Early studies performed in the area
(Coronado 1982; Molina and Cadenas 1983;
Molina 1984; Dominguez 1987; Asensio 1989)
demonstrated the large impact of these traps on
birds, amphibians and reptiles. This led to regu-
lation of fishing activities in the area, now strictly
forbidden during nesting periods. The impact
level on native communities lowered significantly
wherever fishing activity was forbidden during
the breeding season (Figure 5). Still, a sensible
number of non-target organisms die every year in

crayfish traps. Some turtle species are of special
concern. Most of the victims of this ‘collateral
damage’, however, belong to non-endangered,
highly abundant species (Figure 5). Far from
being ideal, management of fishing activities —
including timing, trap design, and selected loca-
tions — can severely reduce the negative impact of
crayfishing.

It has to be reminded that crayfish exploi-
tation supports, at least partially, the econ-
omy of many families in a poorly developed
area and that socio-economic aspects have to
be integrated if any management policy is to
be developed in order to minimise the nega-
tive environmental impact of this alien spe-
cies.

Conclusions

In the 30 years of invasion history, P. clarkii
changed the structure and functioning of the
invaded ecosystems where it readily occupied a
central position in the food webs.

Its success as an invader is mainly due to its
adaptation to the main characteristics of Medi-
terranean wetlands: the frequent periods of
drought.

The impact caused by P. clarkii affects both
lower and higher trophic levels, including grazing

Coot & Girds B 1999
Moorhen & Reptiles} O
Mallard ' Amphibiansi? 2000
Clemmys caspica’ Fish
Natrix natrix 1 Macroinvertebrates [

Rana perezi =—
A. anguilla =

0 02 04 06 08 1.0 1.2

CPUE

Barbus sp. &

Lizasp. =

carp b b}t rnlnn e nnvkttk,trrtbir ktinrkikkirrs—
Gambusia holbrooki ™= .
Shrimp °© n=523 traps examined

Odonata ! CPUE

Dytiscidae (ind./trap/week)
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5. Organisms captured by crayfish traps.



63

Waterfowl

Vertebrate
Predators

Heavy metals

Bottom up

Crayfish

Red Swamp

—’-’-“
|/ ™~ ~200 fishermen
Fishing 10003000 Tm-a""
\\ 1-2 million €

Rice fields

Amphibians
Reptiles

Fish
Invertebrates

Macrophytes

Amphibians
Invertebrates

Sediment Water
Interactions

Figure 6. Scheme representing the manyfold impacts of introduced crayfish in Mediterranean wetlands.

on macrophytes, predation on macroinvertebrates
and its role as an important food source for
numerous vertebrate species (Figure 6).

From a socio-economic point of view, crayfish
represent, at least in some areas, an additional,
although temporary source of income but cause,
on the other hand, serious damage on rice field
infrastructure and crayfishing negatively affects
vertebrate and invertebrate species.

The numerous and tight links between the
invader and the native communities render a
successful eradication unlikely. Therefore, con-
trol measures to minimise the negative impact
should be established. They should include,
where possible, a return to natural hydroperiods
(salinity limits the distribution of P. clarkii) and
the implantation of fishing plans with the aim
to change the age and size structure of the pop-
ulation. Favouring low density populations
dominated by large-sized adults with lower met-
abolic demands will minimise the impacts
caused by this crayfish species. This measure-
ments should be accompanied by a strict control
of large herbivore grazing such as cattle and fla-

mingos, water quality and anthropogenic distur-
bances. All these measures should also favour
the recovery of autochthonous crayfish popula-
tions.

Prevention is as necessary as control to avoid
a further widespread of the species to presently
unaffected areas, although most of the suitable
habitats seem to be already occupied. We
urgently need to protect the remaining areas
from being invaded by P. clarkii in order to pre-
serve them as ecological reference sites.
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