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A b s t r a c t  Two freshwater crayfish species, Astacus asta- 
cus L. and Pacifastacus leniusculus Dana, co-occur in 
some Swedish lakes. Observational studies indicate that 
the introduced, North American species P. leniusculus 
may gradually replace the native A. astacus, but the 
mechanism behind the replacement is not known. This 
study examined the direct effects of interspecific compe- 
tition between the crayfish, and indirect effects of com- 
petitive interactions and fish (European perch, Perca flu- 
viatilis L.) predation. Three different experiments with 
young-of-the-year (YOY) crayfish were performed. P. le- 
niusculus was strongly dominant over similar-sized A. 
astacus in interference competition for shelter in a labo- 
ratory experiment. However, in a 35-day experiment in 
outdoor pools, A. astacus growth and survival were 
about equally affected by interactions with conspecifics 
and P. leniusculus. In contrast, P. leniusculus was signifi- 
cantly more affected by intraspecific competition than by 
competition with A. astacus, suggesting asymmetric 
competition between the two species. The presence of 
perch in outdoor ponds with mixed-species groups of the 
two crayfish species resulted in considerably higher pre- 
dation rates on A. astacus than on P. leniusculus. Both 
species showed strong antipredator responses to perch by 
increasing refuge use. I suggest that higher perch preda- 
tion rates on A. astacus originate from P. leniusculus be- 
ing the superior species in interspecific competition for 
shelter. Because of displacement from refuges, A. asta- 
cus individuals become more exposed to the predator. 
This indirect effect of interactions among the two cray- 
fish species and the predator may be important in the ob- 
served in situ replacement of A. astacus by P. le- 
niuscuIus. 
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Introduction 

The processes of competition and predation have long 
received much attention. Numerous studies show that 
both these factors can be important structuring forces in 
natural communities (see reviews by Connell 1983, 
Schoener 1983; Sih et al. 1985). Most studies on the ef- 
fects of competition and predation have emphasized di- 
rect effects, but there is a growing awareness that inter- 
actions between competition and predation can result in 
important indirect effects. Indirect effects occur when 
one species affects the interaction between two other 
species (Miller and Kerfoot 1987). Often predation is 
viewed as a factor which reduces the intensity of compe- 
tition, either by lowering prey densities or by removing 
superiour competitors, and thereby promotes coexistence 
of competing prey (e.g. Brooks and Dodson 1965; Paine 
1966; Dayton 1975; Morin 1983). However, predators 
may also have important indirect effects on prey through 
altering prey behaviour. Prey species show a variety of 
behavioural responses to avoid encounters with their pre- 
dators (reviewed in Kerfoot and Sih 1987). Such antipre- 
dator responses, including shifts in habitat use or chang- 
es in activity times, may involve costs in terms of re- 
duced feeding or growth rates that can significantly af- 
fect prey competitive ability (e.g. Stein and Magnuson 
1976; Sih 1982; Werner et al. 1983; Mittelbach 1986; 
Resetarits 1991). Furthermore, a restriction of prey to 
habitats providing shelter may intensify competition with 
other refuging prey (Jeffries and Lawton 1984; Mittel- 
bach 1988; Turner and Mittelbach 1990). 

The distribution of the only native crayfish species in 
Sweden, Astacus astacus L., has been considerably re- 
duced during the last century due to a lethal fungus dis- 
ease, the crayfish plague (Aphanomyces astaci 
Schikora). In the 1960s the plague-resistant North Amer- 
ican crayfish, Pacifastacus leniusculus Dana, was intro- 
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duced into Sweden, and today this species has spread in- 
to many waters from which Astacus astacus has disap- 
peared. However, in some Swedish lakes the two species 
coexist. Observational studies of coexisting populations 
indicate that P. leniusculus is gradually replacing A. asta- 
cus (Sv~irdson et al. 1991; Srderb~ick 1993), but the 
mechanism behind the replacement is unclear. The cray- 
fish plague cannot explain a gradual replacement, since a 
plague outbreak in an A. astacus population causes al- 
most complete mortality within a few weeks (Unestam 
1965; K. Srderh~ill, personal communication). Abra- 
hamsson (1983) assumed that P. leniusculus, because of 
more aggressive behaviour, higher fecundity and a high- 
er growth rate, would be able to competitively exclude A. 
astacus when the two species meet, but his assumption 
was not substantiated by any experiments or studies of 
sympatfic populations. 

Crayfish are vulnerable to fish predation, and juvenile 
crayfish often constitute an important part of the diet of 
inshore predatory fish (Stein 1977; Gowing and Momot 
1979; Dehli 1981; Quinn and Janssen 1989; Rabeni 
1992). Several recent studies examining the mechanisms 
behind observed species replacements among crayfish 
have emphasized the importance of both direct and indi- 
rect effects of fish predation (Lodge et al. 1986; Olsen et 
al. 1991; DiDonato and Lodge 1993; Hill et al. 1993; 
Mather and Stein 1993). In Swedish lakes the European 
perch (Perca fluviatilis L.) is one of the most important 
crayfish predators (Vallin 1942; Appelberg 1986). Dif- 
ferent fish predation on A. astacus and P. leniusculus in 
sympatric populations might explain the observed re- 
placement. However, in a pond experiment with single- 
species groups, the two species did not differ markedly 
in vulnerability to perch predation (Srderb~ick 1992). 
Moreover, the two species showed strong and similar an- 
tipredator responses to perch. These predator-induced 
behavioural modifications may interact with interspecific 
competition to produce important indirect effects. 

The purpose of the present study was to examine the 
potential impact of interspecific competition and preda- 
tion on the dynamics and relative densities of sympatric 
populations of A. astacus and P. leniusculus. In three 
experiments with young-of-the-year (YOY) crayfish, I 
documented: (1) the dominance relationship between 
the two species when competing for a limited shelter 
supply, (2) the effects of interspecific competition on 
growth and survival of the two species, and (3) the rela- 
tive predation vulnerability of the two species in mixed- 
species groups. 

Materials and methods 

A. as tacus  and P. leniusculus  are ecological homologues with high 
interspecific overlap along important niche dimensions (Abra- 
hamsson 1971, 1973, 1983; Westman and Pursiainen 1979). The 
two species are similar in size, morphology, and life history. They 
are opportunistic omnivores with a nocturnal activity pattern, oc- 
cun-ing in the same type of habitat in lakes and streams, primarily 
in the littoral zone on stony bottoms or other substrates which of- 

fer some form of refuge. Both species reach maturity when their 
body length is about 75 ram, usually at an age of 2-4 years (Cu- 
kerzis 1988; Lowery and Holdich 1988). The two species show an 
almost synchronous breeding period in autumn when the water 
temperature falls to about 10~ (Srderb~ick 1994). Within a cou- 
ple of weeks after mating, the females extrude their eggs and carry 
them under the abdomen until hatching in June-July the following 
year. Hatching occurs 2-3 weeks earlier in P. leniusculus  than in 
A. as tacus  (B. Srderb~ck, unpublished data) and the body mass of 
P. leniusculus  hatchlings (10-17 mg) is lower than that ofA. asta- 
cus  hatchlings (21-27 rag) (A. Agerberg, personal communica- 
tion; Cukerzis 1988). The earlier start of growth in P. leniusculus  
probably results in nearly equal-sized hatchlings of the two spe- 
cies at the time when those of A. as tacus  are released. The density 
of juvenile crayfish in dense populations can locally exceed 40 in- 
dividuals m -2 in the middle of July (B. Si3derb~ick, unpublished 
data). 

Experimental animals 

At the beginning of June 1988 and 1990, egg-bearing females of 
A. as tacus  and P. leniusculus  (10-20 specimens of each species) 
were collected from sympatric populations in Lake Skillrtsjrn, ap- 
proximately 50 km SW of Stockholm, Sweden. The females of the 
two species were caged in separate outdoor wading pools for 
hatching of eggs. Hatching occurred between 12 June and 1 July 
in P. leniusculus  and between 28 June and 10 July in A. astacus.  
When hatchlings were released about one week after hatching, the 
females were removed from the pools. To reduce handling mortali- 
ty and problems with species recognition, the hatchlings were 
reared in the pools for about one month before the pool experi- 
ments started. During this period, the crayfish were additionaly 
fed frozen zooplankton twice a week. 

The perch used in the predation experiment were collected 
from Lake Erken about one week before the experiment started. 
They were kept in an outdoor wading pool and fed live earth- 
worms daily. The only crayfish species occurring in Lake Erken is 
P. leniusculus.  Thus, the perch had previous experiences with P. 
leniusculus  but not with A. as tacus .  

General methods for pool experiments 

The pool experiments were performed outdoors, in an array of 15 
rectangular plastic wading pools (1.5xl.2 m• m) at the Lake 
Erken Laboratory during the summers of 1988 and 1990. Pool 
substrate consisted of a 1 cm layer of sand. The pools were filled 
with water taken from the nearby mesotrophic Lake Erken in the 
middle of May of each year. A net bag with 0.3 kg (wet weight) of 
tightly packed leaf litter raked from the bottom of a nearby pond 
was added to each pool to provide detritus food and an inoculum 
of bentic micro-organisms. Each pool also received zooplankton, 
algae and other microorganisms from an inoculum collected with a 
400 gm mesh net from the same pond. Pebbles (diameter 2-5 cm) 
and a brick with 32 holes (each of diameter 2 cm) were placed in 
each pool to provide refuges for the crayfish. The pebbles were 
enclosed in four PVC tubes (diameter 16 cm, height 2.5 cm) with 
Plexiglas bottoms covered with a layer of sand. Thus, each tube of 
pebbles was movable and easy to search for crayfish. Each tube of 
pebbles could theoretically hold more than 20 juvenile crayfish. 
However, the number of crayfish observed in a tube during the ex- 
periments seldom exceeded 10. In the predation experiment, a 
PVC cylinder (diameter 16 cm, length 35 cm) provided a refuge 
for the perch. Screen lids (mesh size 1 mm) were placed on the 
pools to exclude external predators and to prevent organic matter 
from falling down into the pools. Water temperature in four of the 
pools was automatically registered every 6th hour during the ex- 
periments. 



Experiment 1: competition for shelter 

This laboratory experiment was performed in order to examine the 
dominance relationship between the two species in interference 
competition for shelter. In October 1988, YOY A. as tacus  and P. 
leniusculus,  reared in wading pools during the summer, were 
placed in two large indoor plastic tanks with circulating water 
from Lake Erken (6~ The two species were separated and the 
crayfish were fed potatoes and oats weekly. The experiment was 
performed in February 1989. The mean (+SD) wet weight of cray- 
fish used in the experiment was 360 -+33 mg for A. as taeus  and 
390 +25 mg for P. leniusculus.  

One mixed-species pair of equal-sized A. as tacus  and P. le- 
n iusculus  (weight difference less than 25 mg) was placed in each 
of fifteen 2-1 glass beakers (bottom diameter 12 cm), containing 1 
1 water from the holding tanks and one PVC shelter (diameter 8 
mm, length 25 ram), the latter large enough to hold only one cray- 
fish. The crayfish were placed in the beakers at 1700 hours and ac- 
climatized to experimental conditions until 0900 hours the follow- 
ing day, when shelter use for each crayfish was recorded on six oc- 
casions occurring at 2 h intervals. Water temperature during the 
experiment was 14~ To compare the two species' independent 
shelter use, ten crayfish of each species were placed singly in sim- 
ilar beakers and shelter use was recorded as above. All observa- 
tions were made during daylight. Like most other crayfish species, 
these two species are night-active regardless of predator presence 
(SSderb~ick 1992). This is often assumed to be a fixed antipredator 
behaviour (Stein 1979) and, accordingly, shelter should constitute 
an important resource during daylight for avoidance of visual pre- 
dators. 

Experiment 2: effects of interspecific competition 
on survival and growth rate 

A pool experiment with mixed- and single-species grouPs of A. 
astacus and P. leniusculus  was performed to examine whether in- 
terspecific competition affected the two species differently. In Au- 
gust 1988, YOY of the two species were introduced into the exper- 
imental pools in three different treatments; the two species sepa- 
rately at initial densities of 90 YOY per pool, or both species to- 
gether at densities of 45 YOY per species and pool (50 individuals 
m 2 in all three treatments). The mean (_+SD) wet weight of indi- 
vidual crayfish at the start of the experiment was 55+7 mg for A. 
as tacus  and 46_+15 mg for P, leniusculus.  Mean (_+SD) water tem- 
perature during the experiment was 17.4+1.4~ 

The three treatments were each replicated 5 times, except the 
A. as tacus  single-species treatment which was only replicated 4 
times because of a shortage of animals. The experiment lasted for 
35 days, and I sampled the pools on day 8, 16, 23, and 35. During 
a sampling event all crayfish were collected with a small dip-net 
and counted, and 30 randomly selected crayfish per species and 
pool were weighed before they were released again. 

Crayfish growth rate and survival were used as response vari- 
ables. The null hypothesis tested in this experiment was that the 
effects of intra and interspecific competition were equally strong. 
Growth curves for each species were constructed by plotting mean 
weight (mg wet weight) against time (day). The data were fitted to 
the power equation IvV~ =Woeat , where W0=mean weight at time ze- 
ro, Wt=mean weight at time t, and a=the instantaneous coefficient 
of growth. I estimated a by least-squares regression of logarithmic 
transformed means. Survival (percent of the number introduced 
that were alive on day 35) was arcsin-square root transformed to 
normalize the data. I performed t-tests to examine whether a and 
survival differed between treatments. 

Experiment 3: vulnerability to perch predation 
in mixed-species groups 

The effect of perch on A. as tacus  and P. leniusculus  survival in 
mixed-species groups was studied in a pond experiment in August 
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1990. Twenty five YOY of each species were placed in each of ten 
pools (27.8 individuals/m2). The mean (+SD) wet weight of A. as- 
tacus was 42_+9 mg and of P. leniusculus  47+15 mg. After 2 days 
one perch (170-210 mm standard length) was added to each of 
five randomly chosen pools. On day 3 and 9 following the intro- 
duction of the fish, the perch were removed and kept in a storage 
pool, while all crayfish in each pool were collected with a small 
dip-net, counted, and then released again. After 2 hours of reaccli- 
matization by the crayfish a randomly chosen perch was added to 
each of the fish treatment pools. The A. as tacus  survival on day 9 
was zero in four of the perch treatment pools, and therefore the ex- 
periment was terminated. Mean (+SD) water temperature during 
the experiment was 16.9+2.3~ The data were analysed with non- 
parametric methods because of unequal sample variances. 

Results 

Experiment 1" competition for shelter 

When a mixed-species pair competed for a single shelter, 
P. leniusculus was strongly dominant over similar-sized 
A. astacus (Fig. 1). In 14 out of 15 mixed-species pairs, 
P. leniusculus occupied the shelter more often than A. as- 
tacus (Wilcoxon matched-pairs signed-ranks test, 
P<0.01). In beakers with a single crayfish, the frequency 
of shelter use was higher for A. astacus than for P. le- 
niusculus  (Mann-Whitney U-test, P<0.02) (Fig. 1). 

Experiment 2: Effects of interspecific competition 
on survival and growth rate 

The replacement of half of the number of each species in 
the single-species treatments with an equal number of 
the potentially competing species in the mixed-species 
treatment, did not have any significant negative effects 
on growth or survival of either species (Fig. 2). There 
was a tendency for A. astacus to grow more slowly in 
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Fig. 1 Shelter use (number of observations when crayfish occu- 
pied shelter) of YOY Astacus  as tacus  (A.a.) and Paci fas tacus  
leniusculus (El . )  in beakers with one shelter and a single crayfish 
or a mixed-species pair. Each beaker was observed on six occa- 
sions at 2 h intervals (median and interquartile range, n=number of 
replicates) 
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Fig. 2 a Growth curves for and b survival of YOY Astacus asta- 
cus and Pacifastacus leniusculus in single- and mixed-species 
groups. Each point represents the mean value of four (A. astacus 
single) or five replicates. Bars denote 1 SD at the last sampling 
date 

Table 1 Juvenile growth rate at the end of experiment 2, in which 
YOY Astacus astacus and Pacifastacus leniusculus were kept in 
single- and mixed-species groups for 35 days. Mean values are 
shown, with 1 SD in parentheses. Tests of significance are given in 
the Results section 

Species n Growth rate 
(a • 103) 

Astacus astacus, single 4 8.88 (1.22) 
A. astacus, mixed 5 5.94 (3.02) 
Pacifastacus leniusculus, single 5 21.25 (3.18) 
P. leniusculus, mixed 5 24.95 (2.38) 

mixed-species groups than when alone (Table 1; Fig. 2a), 
suggesting an effect of interspecific competition, but the 
difference was not significant (t-test, P=0.12). In contrast 
to A. astacus,  P. leniusculus  grew significantly faster in 
mixed-species groups than when alone (t-test, P<0.05) 
(Table 1; Fig. 2a). Survival did not differ between mixed- 
and single-species groups for either species (t-test, P>0.5 
for A. astacus,  P>0.3 for R leniusculus)  (Fig. 2b). 

In the single-species groups, the growth rate of P. le- 
n iusculus  was significantly higher than that of A. astacus 
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Fig. 3 Survival of YOY Astacus astacus (A.a.) and Pacifastacus 
leniusculus (P.l.), reared in mixed-species groups in the presence 
or absence of perch for 9 days (median and range, n=5) 

(t-test, P<0.05) (Table 1; Fig. 2a), while there was no 
difference in survival between the two species (t-test, 
P=0.25) (Fig. 2b). 

Experiment 3: Vulnerability to perch predation 
in mixed-species groups 

The presence of perch in mixed-species groups of A. as- 
tacus and P. leniusculus  reduced total crayfish survival, 
but the two species differed considerably in vulnerability 
to perch predation. Survival of A. astacus on day 9 was 
significantly lower in perch treatment pools than in fish- 
free controls (Mann-Whitney U-test, P<0.01) (Fig. 3). In 
fact, no A. astacus individuals survived until day 9 in 
four of the five perch pools. Survival of P. leniusculus  in 
the perch pools on day nine was highly variable, proba- 
bly a result of behavioural differences between perch in- 
dividuals. P. leniusculus  survival appeared lower with 
perch compared to the fish-free controls, but the differ- 
ence was not significant (Mann-Whitney U-test, P=0.14) 
(Fig. 3). Overall, in 9 days, perch predation converted 
the mixed crayfish population to one comprised of virtu- 
ally 100% P. leniusculus.  

Discussion 

The strong effect of a common predatory fish on the rel- 
ative densities of A. astacus and P. leniusculus,  as docu- 
mented in this study, suggests that predation can be an 
important mechanism in the observed in situ replacement 
of A. astacus by P. leniusculus.  This result is particularly 
interesting since S6derb~ick (1992), in similar experi- 
ments with single-species groups, did not find the two 
species to differ in vulnerability to perch predation. The 
different results of these two experiments indicate a 
strong behavioural indirect effect (sensu Miller and 
Kerfoot 1987) of interactions among the two crayfish 



species and the fish predator resulting in increased pre- 
dation on A. astacus. 

In a previous study I documented strong antipredator 
responses of YOY of the two species (S6derb~ick 1992). 
Both species reduced activity and changed microhabitat 
use to substrates providing the best shelter in the pres- 
ence of perch. Such predator-induced concentrations of 
vulnerable prey within refuges may intensify both intra- 
and interspecific interactions (Werner et al. 1983; Mittel- 
bach 1986; Werner 1986, 1992; Persson 1993). In Exper- 
iment 1, YOY P. leniusculus were strongly dominant 
over similar-sized A. astacus in competition for shelter. 
Although the mechanism by which P. leniusculus mo- 
nopolized the shelter was not identified, competition for 
shelter should presumably involve aggressive interac- 
tions (cf. Schoener 1983). The plausible mechanism be- 
hind the increased predation vulnerability of A. astacus 
in mixed-species groups is that P. leniusculus, because of 
their dominance in interference competition for shelter, 
displace A. astacus from the refuges and thereby in- 
crease their exposure to the predator. 

I could not ascertain whether A. astacus YOY were 
more exposed than P. leniusculus in experiment 3 be- 
cause it was not possible to separate the two species by 
visual observations in the ponds. However, during visual 
observations before the first sampling event, no crayfish 
were observed outside the shelters in the perch treat- 
ment, neither in daylight nor in darkness. In the absence 
of perch, the number of exposed crayfish was high dur- 
ing darkness, and some exposed crayfish were also ob- 
served in daylight. Thus, the antipredator responses of 
both species were similar to those observed in single- 
species groups (S6derb~ick 1992). Despite the strong mi- 
crohabitat shift to refuges, A. astacus suffered high pre- 
dation by perch. Sih et al. (1988) suggested that high 
predation rates can occur even when few prey are ob- 
served outside of refuges, if high rates of prey emer- 
gence from refuges are accompanied by high attack 
rates. It seems probable that interference interactions 
within refuges increased the emergence rate of A. asta- 
cus, and this could explain the high predation rate on this 
species. 

To prey species sharing a common refuge to avoid 
predators and interfering within the refuge, indirect ef- 
fects of competition and predation may have important 
implications for prey population dynamics and even per- 
sistence in the system. At least two other studies have 
documented similar indirect effects. Huang and Sih 
(1990) studied indirect interactions between two prey or- 
ganisms, salamander larvae (Ambystoma barbouri) and 
isopods (Lirceus fontinalis), that used a shared refuge to 
avoid a predatory fish. They found that salamander lar- 
vae tended to drive isopods out of refuges and, as a re- 
sult, isopods suffered higher predation rates with than 
without salamanders. Similarly, Rahel and Stein (1988) 
documented predator-prey interactions among a small 
prey fish (Etheostoma nigrum) and two predators (the 
crayfish Orconectes rusticus and the predatory fish Mi- 
cropterus dolomieui). The prey fish reduced activity and 
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increased refuge use in the presence of the predatory 
fish. When both predators were present, the prey fish 
were often forced to move by approaching crayfish, and 
they were often evicted from shelters by intruding cray- 
fish. Thus, crayfish increased the vulnerability of the 
small fish to the predatory fish by evicting them from 
refuges and causing increased activity. 

Quinn and Janssen (1989) suggested that the same 
type of interaction between competition and predation 
determined the relative abundance of two crayfish spe- 
cies, Orconectes virilis and O. propinquus, in Lake 
Michigan. O. viriIis comprised about 40% of the eggs 
and juveniles, but accounted for only 20% of the adult 
population. The authors proposed that O. propinquus, 
because of its dominance in competition for shelter, dis- 
placed juvenile O. virilis from shelters, leaving them 
more vulnerable to fish predation. The relatively greater 
juvenile mortality of O. virilis did not result in displace- 
ment of that species, since it was offset by a greater indi- 
vidual fecundity, and also because O. virilis had a refuge 
from interspecific competition and size-selective preda- 
tion by means of having a larger adult size than O. prop- 
inquus. 

Observed species replacements among crayfish have 
often been explained by competitive exclusion, mediated 
through direct aggressive interactions (e.g. Penn and 
Fitzpatrick 1963; Bovbjerg 1970; Capelli and Munjal 
1982; Capelli and Magnuson 1983). In a study of the 
dominance relationship between A. astacus and P. le- 
niusculus, performed in aquaria with no resource for 
which crayfish could compete, P. leniusculus strongly 
dominated aggressive interactions with similar-sized A. 
astacus when the crayfish were older than YOY 
(S6derNick 1991). In YOY pairs neither species domi- 
nated, and YOY crayfish were considerably less aggres- 
sive than crayfish from the larger size-groups. The domi- 
nance by YOY P. leniusculus in competition for shelter 
shown in the present study, suggests that also YOY P. le- 
niusculus are aggressively dominant over similar-sized 
A. astacus. In situations where the abundance of some 
critical resource is limited, the benefit of dominance is 
obvious. Interference interactions can influence species 
resource use in such a way that subordinate species be- 
come restricted to suboptimal habitats or diets (Bovbjerg 
1970; Hixon 1980; Berglund 1982; Peck 1985). This 
may reduce feeding and growth rates, and in the long run 
also survival of the subordinate species. 

However, the present study provided no evidence for 
any strong direct effects of competition between YOY A. 
astacus and P. Ieniusculus, influencing the two species 
differently. Generally, it is assumed that asymmetrical 
competition should result if one species has a larger 
body size, faster growth rate, or greater impact on re- 
source levels (Persson 1985; Morin and Johnson 1988; 
Peckarsky 1991). In experiment 2, the growth rate of A. 
astacus in single-species groups was lower than that of 
P. leniusculus. Furthermore, P. leniusculus growth rate 
was less affected by interspecific competition with A. as- 
tacus than by intraspecific competition, while growth 
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rate of  A. astacus was at least equally affected by inter- 
specific as by intraspecific competition. The higher 
growth rate of  P. leniusculus in mixed-species groups 
than when alone could possibly be due to P. leniusculus 
predation on A. astacus individuals. However, this expla- 
nation seems unlikely since the corpses of  most crayfish 
that died during the experiment were found intact and re- 
moved at the sampling occasions. I therefore suggest that 
the higher growth rate of P. leniusculus in mixed-species 
groups was an effect of  reduced intraspecific competi- 
tion, i.e. the effect of intraspecific competition in single- 
species groups was stronger than the effect of interspe- 
cific competition in mixed-species groups. 

This indicates that competition between the two spe- 
cies is asymmetrical, favouring P. leniusculus. The pre- 
dator-induced confinement of  juvenile crayfish to refug- 
es, documented in several studies (Stein and Magnuson 
1976; Appelberg and Odelstr tm 1988; Resetarits 1991; 
S6derb~ick 1992) and also observed in experiment 3, may 
intensify competition and also reduce individual growth 
rate. The high predation rate on A. astacus in experiment 
3 precluded any analysis of non-lethal effects of preda- 
tion, but intensified competition within refuges may af- 
fect A. astacus more than P. leniusculus due to asymmet- 
ric effects. 

Size-selective fish predation, more strongly affecting 
a smaller species or a species with a lower growth rate, 
has been suggested to contribute to species replacements 
among crayfish (Butler and Stein 1985; Lodge et al. 
1986; Olsen et al. 1991; DiDonato and Lodge 1993; Hill 
et al. 1993; Mather and Stein 1993). The lower growth 
rate of YOY A. astacus, possibly further reduced by in- 
terspecific competition, implies that A. astacus spend a 
longer time in predation-vulnerable size than P. le- 
niusculus. Hence, the probability of mortality during the 
juvenile stage should be higher in A. astacus than in P. 
leniusculus. Wemer et al. (1983) have shown that a given 
reduction in growth rate during life stages when survival 
is already low (e.g. the juvenile stage) can have pro- 
nounced consequences for survival to reproduction. 

Crayfish are most vulnerable and show the strongest 
responses to predatory fish during the juvenile stage 
(Stein and Magnuson 1976). Accordingly, the direct ef- 
fect of predation and any indirect effect of competition 
and predation should be strongest among juvenile cray- 
fish. The dominance by YOY P. leniusculus in competi- 
tion for shelter, resulting in increased predation vulnera- 
bility of YOY A. astacus, may play an important role in 
the observed replacement ofA. astacus by P. leniusculus. 
The importance of  this mechanism should be strongly 
density-dependent. However, since crayfish populations 
are size-structured, interactions among YOY crayfish on- 
ly constitute a subset of interactions that are potentially 
important for the dynamics of co-occurring populations 
of the two species. There are probably interactions 
among other size-classes, as well as between size-class- 
es, that contribute to the observed pattern. 
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