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SUMMARY

1. Species invasions are a leading threat to native species and ecosystems. How

populations of native species respond to the presence of invasive species will ultimately

determine their long-term persistence.

2. In this study, we capitalise on a unique opportunity to compare the behaviour and

growth of naı̈ve and experienced virile crayfish (Orconectes virilis Hagen) populations in

the presence of invasive rusty crayfish (O. rusticus Girard). In behavioural trials,

experienced O. virilis (coexisted with O. rusticus for >30 years) showed more aggressive

behaviour than their naı̈ve counterparts. Naı̈ve O. virilis retreated from aggressive

interactions with O. rusticus 38% more often than experienced O. virilis. Experienced

O. virilis spent 39% more time occupying shelter than naı̈ve O. virilis.

3. There were also differences in O. rusticus behaviour: O. rusticus spent 24% more time

occupying shelter with naı̈ve O. virilis relative to experienced O. virilis.

4. In field mesocosm experiments with O. rusticus, naı̈ve O. virilis declined in body

mass by 1% while experienced O. virilis’ body mass increased by 6%, thus high-

lighting the potential population-level implications of the previously observed

behavioural effects.

5. Our work demonstrates significant behaviour and growth differences between naı̈ve

and experienced O. virilis in the presence of invasive O. rusticus. Whether this difference is

the result of phenotypic plasticity or evolution by natural selection remains to be

determined. Either way, this area of inquiry has implications for managing native

populations and species in an increasingly invaded world.
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Introduction

Invasive species are a major driver of global ecological

change and are a leading cause of native species

imperilment in a wide range of ecosystems (Vitousek

et al., 1996; Sala et al., 2000; Lodge et al., 2006;

Ricciardi, 2007). Although not all introduced species

become invasive, those that do have led to the

extirpation of native species through predation,

competition, hybridisation, and alteration of eco-

systems and habitats (Parker et al., 1999; Mack et al.,

2000; Sakai et al., 2001). Prevention efforts to date

have failed to stem the spread of invasive species

(Ricciardi & Rasmussen, 1998). Likewise, eradication

has proven challenging, and has been successful only

under limited conditions (Myers et al., 2000). In light
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of these challenges, the long-term persistence of many

native populations and species will depend on

whether they are able to co-exist in their current

habitats in the inevitable presence of new invasive

species (Schlaepfer et al., 2005).

Recently, there has been interest in the evolutionary

consequences of species invasions (Mooney & Cleland,

2001; Palumbi, 2001; Suarez & Tsutsui, 2008). A

growing body of evidence indicates that invasive

species can rapidly adapt to novel conditions in their

new environment (Lee, 2002; Novak, 2007), thereby

facilitating their establishment and spread (Stockwell,

Hendry & Kinnison, 2003; Carroll, 2007; Yoshida et al.,

2007). While a number of studies have found that non-

native species can adapt to their introduced environ-

ment, an emerging management question concerns the

extent to which native species may also adapt to the

changing conditions wrought by biological invasions

(Schlaepfer et al., 2005). Indeed, it has been argued that

the potential to respond to rapid environmental

change may be essential for the long-term survival of

many species (Mooney & Cleland, 2001; Rice & Emery,

2003; Carroll, 2008). There is recent evidence for rapid

or ‘contemporary’ evolution in native populations in

response to invasion (Strauss, Lau & Carroll, 2006;

Carroll, 2007, 2008). After the arrival of cane toads,

native species of Australian snakes have shown a

steady reduction in gape size (Phillips & Shine, 2004).

In another example, Fisk et al. (2007) found that native

zooplankton populations have undergone reductions

in body size and in the timing of reproduction in

response to the introduction of non-native salmonids

in alpine lakes of California, U.S.A. Native populations

may also exhibit changes lacking a genetic basis

stemming from phenotypic or behavioural plasticity

(Agrawal, 2003). Plasticity in behaviour or life-history

traits may result from environmental or biotic factors

such as predation and competition (Relyea, 2004;

Gosline & Rodd, 2008). For example, guppies respond

to predation by increasing offspring, delaying

maturity and increasing size (Gosline & Rodd, 2008).

Both evolutionary and phenotypic responses to

invasive species can promote long-term survival of

native species (Ghalambor et al., 2007). However,

there is a need to develop a better understanding of

the potential for native species to adapt to ecological

changes such as species invasions. The present study

capitalises on a unique situation that allows us to

compare the behaviour and growth of native crayfish

populations with very different histories of coexis-

tence with invasive rusty crayfish, Orconectes rusticus.

Sparkling Lake, Wisconsin, historically supported a

single species of native crayfish, Orconectes virilis, but

in the 1970s was invaded by two non-native crayfish

species from the same genus, Orconectes propinquus

(Girard) and O. rusticus. O. propinquus did not persist,

though O. rusticus became extremely abundant. Cor-

respondingly, the number of O. virilis trapped in

annual sampling declined until 1999, after which they

were no longer observed, and were thought to have

been extirpated by invasive O. rusticus (Hein, Vander

Zanden & Magnuson, 2007). These observed declines

in O. virilis are consistent with previous studies

showing the negative impact of O. rusticus on native

crayfishes (Olsen et al., 1991; Hill & Lodge, 1999).

In 2001, we initiated an intensive whole-lake

removal of invasive O. rusticus in Sparkling Lake,

resulting in dramatic declines in O. rusticus abundance

(Hein et al., 2006, 2007). During the course of removal,

the native crayfish O. virilis were discovered to have

persisted, albeit at very low numbers. With intensive

removal of O. rusticus over the past 6 years, catch rates

of O. virilis have increased, and O. virilis now appears

regularly in crayfish trapping efforts. Individuals from

the relic population of O. virilis can be viewed as

‘experienced’ or conditioned because they have man-

aged to persist despite the fact that population size

was pushed to low levels as a result of O. rusticus

invasion. In contrast, several surrounding lakes sup-

port a native O. virilis population and have never been

invaded by invasive crayfish, and thus represent what

can be considered ‘naı̈ve’ populations. By virtue of

differential invasion of O. rusticus across the landscape

and the intensive removal of this species in Sparkling

Lake we are provided with a unique opportunity to

compare the behaviour and growth of naı̈ve and

experienced O. virilis populations in response to an

invasive congener. We hypothesised that in the pres-

ence of O. rusticus, experienced O. virilis would be

more aggressive, and show higher growth rates in

mesocsoms relative to their naı̈ve counterparts.

Methods

Study organisms

Orconectes rusticus has expanded its distribution over

the last 50 years from its historical range in the Ohio

Behaviour and growth of naı̈ve and experienced virile crayfish 1877

� 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 1876–1887



River drainage to waters throughout the US and

Canada. For example, in Wisconsin O. rusticus was

first reported in 1965, and is now present in hundreds

of lakes and rivers throughout the state, whereas the

frequency of occurrence of native O. virilis has

decreased over the same time period (Olden et al.,

2006). Orconectes rusticus can have negative impacts on

a wide variety of taxa, including benthic algae,

macrophytes, aquatic invertebrates, snails, native

crayfish and fishes (e.g. Lodge & Lorman, 1987; Olsen

et al., 1991; Wilson et al., 2004; McCarthy et al., 2006).

Our study was conducted during the summer of

2006. We collected O. rusticus and experienced

O. virilis from Sparkling Lake, Vilas County, WI

(46�00¢N, 89�42¢W). ‘Naı̈ve’ O. virilis were collected

from Lake Laura, Vilas County, WI (46�04¢N,

89�27¢W), which does not contain O. rusticus. These

two lakes are in close proximity to each other and are

similar in many respects, particularly in terms of the

availability of cobble habitat and fish community

composition. Crayfish were hand collected via snor-

keling or trapped in baited minnow traps and were

temporarily held in 40-L aerated aquaria with lake

water and fed daily Tetramin bottom feeder pellets

and native snails (Lymnaea stagnalis) from nearby

lakes. Each aquarium contained only individuals of

the same species-lake combination.

Behavioural trials

To test for differences in behaviour between ‘naı̈ve’

and ‘experienced’ O. virilis, we compared their inter-

actions during behavioural trials with O. rusticus.

Behaviour is often sex- and size-dependent in crayfish

(Bruski & Dunham, 1987; Bergman & Moore, 2003)

therefore we conducted observations of same-sex

pairs of O. rusticus and O. virilis in three relative size

categories: same size (O. rusticus with carapace length

±2 mm O. virilis length), O. virilis larger (O. rusticus

with a carapace length 10 ±2 mm shorter than O. virilis

length) and O. virilis smaller (O. rusticus with a

carapace length 10 ± 2 mm longer then O. virilis

length). A total of 85 behavioural trials were con-

ducted; 39 were male pairs and 46 were female pairs.

Individual crayfish were used in trials from one to

three times. There were no significant behavioural

differences between male and female pairs for any of

the behaviours (t-test on transformed data, all

P-values >0.05), thus sex was not used in the analysis.

Pairs were selected by an individual other than the

observer to eliminate potential observer bias, and only

after the trials did the observer learn if the O. virilis

specimen originated from the ‘naı̈ve’ or ‘experienced’

population. Orconectes rusticus were randomly se-

lected from holding tanks and each individual was

used for multiple trials and with both types of

O. virilis. Behavioural observations were made in 40-

L aquaria with gravel and sand substrate, an opaque

divider, a clear glass front, and opaque sides to reduce

disturbance of crayfish during the trial. We took

measurements of wet mass, carapace length and

chelae length prior to each trial. The observer posi-

tioned the opaque divider in the centre of the tank and

placed a crayfish on either side. Crayfish were given

15 min to acclimate to the environment before the

divider was removed (following Gherardi & Cioni,

2004) and a 5-inch segment of 1.5-inch diameter PVC

(mimicking a shelter) was gently lowered to the centre

of the aquarium (following Gherardi & Daniels, 2004).

During the 30-min observational period, we recorded

selected behaviours following the Orconectes etho-

gram by Bruski & Dunham (1987). These behaviours

included the number of minutes each individual

occupied a shelter, either in or under the PVC or

burrowed into the substrate (shelter), the number of

times they approached to within one body length of

the other crayfish (approach), and the number of

times they moved farther than one body length away

from the other crayfish following an approach

(retreat).

Comparison of growth rates in mesocosms

To examine potential differences in growth between

‘naı̈ve’ and ‘experienced’ O. virilis in the presence of

O. rusticus, we performed a six-week study using

large field mesocosms (Hill & Lodge, 1994). Meso-

cosms contained O. rusticus and either ‘experienced’

or ‘naı̈ve’ O. virilis. The amount of food and shelter

available was also varied to examine their effect on

crayfish growth. Low-density shelter mesocosms had

one brick and one 12 cm segment of 3.8 cm diameter

PVC. High density shelter mesocosms had two bricks,

two PVC segments, and one cinderblock. High den-

sity food mesocosms received approximately 40 g of

Lymnaea stagnalis (20 snails) on a biweekly basis while

the low density food treatment received 20 g (10

snails) at the same frequency.
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A total of 16, 1135-liter Rubbermaid stock tanks

were filled with water from Sparkling Lake and 18 kg

each of cleaned commercial ‘play sand’ and coarse

(1.9 cm diameter) gravel. We employed a factorial

experimental design such that there were two meso-

cosms for each combination of the three factors (food,

shelter, virilis type). Eight crayfish were added to each

mesocosm, four O. virilis and four O. rusticus,

producing crayfish densities similar to those found

in natural lakes in the region (M. J. Vander Zanden,

unpubl. data). Crayfish mass (wet weight of blotted

individuals) and carapace length measurements were

taken on the first and last day of the 6-week exper-

iment. Each crayfish carapace was given a unique

marking with nail varnish to track individual mass

and length change over the experiment. Orconectes

virilis and O. rusticus were size- and sex-matched

within each mesocosm to the extent possible consid-

ering the limited number of crayfish available for the

experiment. Average carapace length of O. rusticus

and O. virilis within each mesocosm were approxi-

mately equal. Twenty-two of the 120 crayfish used in

the field experiment died prior to the end of the trial

(five experienced O. virilis, nine naı̈ve O. virilis, six

O. rusticus paired with experienced O. virilis, and two

O. rusticus paired with naı̈ve O. virilis). Though naı̈ve

O. virilis were the most likely to die, and O. rusticus

paired with naı̈ve O. virilis were the least likely to die,

there was a weak association between the occurrence

of mortality and these four groups (Pearson’s

v2 = 3.14, 1 d.f., P = 0.07). Dead crayfish were re-

moved from the mesocosms and were excluded from

further analysis.

Statistical analysis

Statistical analysis for behavioural trials was con-

ducted on non-transformed frequency data for ‘num-

ber of approaches’, ‘number of retreats’, and ‘number

of minutes spent in shelter’ for O. rusticus and O. virilis

in the 30-min behavioural trials. We used generalised

linear model (GENMOD procedure; SASSAS v. 9.1, Cary,

NC, U.S.A.) to examine the effects of O. virilis type

(naı̈ve versus experienced) on the number of occur-

rences of the three behaviours (Poisson distribution,

log link function). The model also included body size

ratio (positive values indicate O. virilis larger than

O. rusticus) as a covariate, and a body size ratio ·
O. virilis type interaction term.

To compare differences in growth rates between

naı̈ve and experienced O. virilis, we used a mixed

model (MIXED procedure, compound symmetry

covariance structure, SASSAS version 9.1). Growth was

the dependent variable and was expressed as absolute

growth (total mass added during the experiment) and

as relative growth (percent change in mass during the

experiment). Orconectes virilis type (naı̈ve versus

experienced), food (high versus low), and structure

(high versus low) were modelled as fixed effects, and

individual mesocosms were experimental units and

modelled as a random effect. Because males and

females were mixed among the mesocosms, sex was

treated as a within-subject fixed effect.

Results

Behavioural trials

For O. virilis behaviours, there was a significant

(P < 0.05) effect of O. virilis type on retreats

(P < 0.0001) and shelter occupancy (P < 0.0001), but

not approaches (P = 0.827; Table 1; Fig. 1a). Naı̈ve

O. virilis retreated from O. rusticus during encounters

38% more often than experienced O. virilis (Fig. 1a).

Experienced O. virilis spent 39% more time in shelter

than naı̈ve O. virilis (Fig. 1a). Body size ratio also had

a significant effect on number of O. virilis approaches

(P < 0.001), retreats (P < 0.001), and time in shelter

(P = 0.030, Table 1, Fig. 2a–c). There was a significant

body size ratio · O. virilis type interaction for

approaches (P = 0.040) and shelter occupancy

(P = 0.0006), but not for retreats (P = 0.130). The

Table 1 Results of generalised linear models examining the

effects of Orconectes virilis population type (naı̈ve versus

experienced), body size ratio and interactions on the behaviours

of O. virilis. Models tested for differences in the number of

approaches, number of retreats, and time spent occupying

shelter during 30-min behavioural trials.

Effect

Approaches Retreats

Shelter

occupancy

v2 P v2 P v2 P

O. virilis behaviours

O. virilis type 0.05 0.827 20.43 <0.0001 15.22 <0.0001

Body size ratio 12.22 0.0005 10.93 0.0009 4.69 0.030

Body size ratio ·
O. virilis type

4.20 0.040 2.30 0.130 11.69 0.0006

Statistically significant differences (P < 0.05) are shown in bold.
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significant interaction terms precludes the straightfor-

ward comparison of y-intercepts of behaviour–size

ratio relationships for naı̈ve and experienced crayfish

in analysis of covariance (ANCOVAANCOVA). These significant

interaction terms also indicate that the effect of body

size ratio on the behaviours differs between the two

O. virilis types. For comparison, models that used only

O. virilis type as a predictor variable produced the

same general result (approaches, P = 0.702; retreats,

P < 0.0001; shelter occupancy, P < 0.0001).

For O. rusticus behaviours, there was a significant

(P < 0.05) effect of O. virilis type on approaches

(P < 0.0001) and shelter occupancy (P = 0.0007), but

not retreats (P = 0.077, Table 2, Fig. 1b). Orconectes

rusticus approached naı̈ve O. virilis 30% more often

than they approached experienced O. virilis (Fig. 1b).

O. rusticus spent 24% more time in shelter in the

presence of naı̈ve O. virilis compared to in the

presence of experienced O. virilis (Fig. 1b). Body size

ratio was significant for O. rusticus approaches

(P = 0.003), retreats (P = 0.015), and shelter occupancy

(P = 0.0008, Fig. 2d–f). For O. rusticus, body size

ratio · O. virilis type interactions were not significant

for any of the behaviours (Table 1, Fig. 2d–f), allowing

group (naı̈ve versus experienced) intercepts to be

compared with ANCOVAANCOVA. Results were virtually

identical as those from the generalised linear models

shown in Table 2 (approaches, P < 0.0001; retreats,

P = 0.070; shelter occupancy, P = 0.001).

Comparison of growth rates in mesocosms

Over the duration of the mesocosm study, experienced

O. virilis increased in mass, while naı̈ve O. virilis

declined in mass, the result being a significant differ-

ence in growth rates (F1,11 = 5.09, P = 0.045, Table 3).

Expressed in relative terms, experienced O. virilis

increase in body mass by 6%, while naı̈ve body mass

declined by 1% (F1,11 = 6.53, P = 0.027, Table 3,

Fig. 3a). Growth rates for males were slightly higher

than females, though the effect was not significant for

percent growth (F1,11 = 4.25, P = 0.073), or for change

in mass (F1,8 = 3.22, P = 0.11). There were no signifi-

cant effects of food and structure treatments on either

measure of O. virilis growth rates (Fig. 3a,b).

Discussion

Our study provides experimental evidence for differ-

ences between naı̈ve and experienced populations of a

native crayfish, O. virilis, as evidenced by both

behavioural and performance (growth rate) differ-

ences in the presence of invasive O. rusticus. Such

differences derive from c. 30 years of coexistence

between the native and invasive crayfish in Sparkling

Lake, Wisconsin, during which the native population

was pushed to such low levels that they were not

(a) 

(b) 

Fig. 1 Comparison of the number of approaches, retreats, and

time spent in shelter for naı̈ve and experienced Orconectes virilis

during 30-min behavioural trials: (a) Behaviours by O. virilis,

(b) Behaviours by O. rusticus. Error bars are ±1SE. Asterisks

indicate significant at P < 0.05.
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detected in routine long-term sampling. In fact, native

O. virilis in Sparkling Lake were considered to be

locally extirpated until they were detected during

intensive sampling that began in 2001 aimed at

controlling the invasive O. rusticus population (Hein

et al., 2006, 2007).

(a) (d) 

(b) (e) 

(c) (f) 

Fig. 2 Comparison of crayfish behaviours

for naı̈ve (filled circles) and experienced

(open circles) Orconectes virilis as a

function of relative body size differences

(size ratio): (a) Approaches by O. virilis,

(b) Retreats by O. virilis, (c) Time spent in

shelter by O. virilis. Behaviours exhibited

by O. rusticus: (d) Approaches by

O. rusticus, (e) Retreats by O. rusticus and

(f) Time spent in shelter by O. rusticus.

Table 2 Results of generalised linear models examining the

effects of Orconectes virilis population type (naı̈ve versus

experienced), body size ratio, and interactions on the behaviours

of O. rusticus. Models tested for differences in the number of

approaches, number of retreats, and time spent occupying

shelter during 30-min behavioural trials

Approaches Retreats

Shelter

occupancy

v2 P v2 P v2 P

O. rusticus behaviours

O. virilis type 15.74 <0.0001 3.13 0.077 11.54 0.0007

Body size ratio 8.64 0.003 5.85 0.015 11.27 0.0008

Body size ratio ·
O. virilis type

0.02 0.882 1.33 0.248 2.81 0.093

Statistically significant differences (P < 0.05) are shown in bold.

Table 3 Results of mixed model A N O V AA N O V A testing the effects of

Orconectes virilis population type (naı̈ve versus experienced), sex

(male versus female), food level (low versus high) and structure

(low versus high) on O. virilis growth rates, expressed as

absolute change in mass, and percent change in mass during

a 6-week mesocosm experiment

Growth (absolute) Growth (percent)

d.f. F P d.f. F P

Population type 1,11 5.09 0.045 1,11 6.53 0.027

Sex 1,8 3.22 0.110 1,8 4.25 0.073

Food 1,11 2.32 0.160 1,11 1.20 0.300

Structure 1,11 0.03 0.860 1,11 0.13 0.720

Statistically significant differences (P < 0.05) are shown in bold.

d.f., degrees of freedom.
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Orconectes rusticus are known to displace native

crayfishes via several different mechanisms. Through

competitive displacement, O. rusticus are able to gain

access to higher quality shelter and food resources

(Bovbjerg, 1970; Hill & Lodge, 1999), and their larger

carapace and chelae size also make them less vulner-

able to fish predation than native crayfishes (Roth &

Kitchell, 2005). In addition, there can be hybridisation

and introgression with native populations, thereby

swamping native genotypes (Rhymer & Simberloff,

1996). Notably, hybridisation between O. virilis and

O. rusticus was found not to occur in a previous study

(Perry, Feder & Lodge, 2001), though hybridisation

with O. rusticus has led to the decline of other

Orconectes species (Capelli & Capelli, 1980; Perry

et al., 2001). Considering the widely-documented

negative impacts of invasive O. rusticus on native

O. virilis, the conditions are suitable for adaptive

change in native O. virilis populations in response to

this aggressive competitor (Hill & Lodge, 1994, 1999).

In our behavioural trials, the naı̈ve O. virilis

retreated more frequently from aggressive interac-

tions with O. rusticus relative to experienced O. virilis,

and previous studies have shown that competitive

exclusion is an important mechanism whereby native

crayfish are displaced by O. rusticus (Bovbjerg, 1970).

The competitively dominant O. rusticus are more

successful at obtaining food and grow more rapidly as

a result. In turn, they are less susceptible to fish

predation and have higher fecundity (Hill & Lodge,

1999). The more aggressive behaviours observed in

the experienced O. virilis population (relative to naı̈ve

O. virilis) would be expected to increase their ability to

compete and coexist with O. rusticus, potentially

counteracting the tendency of O. rusticus to outcom-

pete and replace O. virilis.

The competitive differences between O. rusticus and

O. virilis are also apparent in the acquisition and

occupancy of limited shelter in behavioural trials.

Shelter provides crayfish with a respite from preda-

tion, and several studies indicate that use and avail-

ability of shelter may limit crayfish populations

(Bovbjerg, 1970; Hill & Lodge, 1994; Gherardi &

Daniels, 2004). This highlights the potential impor-

tance of obtaining shelter for crayfish survival. We

found that experienced O. virilis gained greater access

to shelter (i.e. spent more time occupying shelter) than

naı̈ve O. virilis, and that O. rusticus spent more time in

shelter during trials with naı̈ve O. virilis than with

experienced O. virilis. It is generally the aggressively

dominant crayfish that inhabit shelter (Vorburger &

Ribi, 1999), and these individuals benefit from

reduced predation risk from fish (Garvey, Stein &

Thomas, 1994; Söderbäck, 1994). Shelter occupancy

thus appears to be reflective of individual dominance,

and our finding that experienced O. virilis spend more

time occupying shelter relative to naı̈ve O. virilis

provides further support for behaviour differences

between populations. Orconectes virilis type also

affected O. rusticus shelter occupancy. By reducing

O. rusticus shelter occupancy, experienced O. virilis

are presumably in a better competitive position and

have an improved ability to coexist with O. rusticus.

Body size and chelae length are important in

determining the outcome of agonistic interactions

(a) 

(b) 

Fig. 3. Effect of Orconectes virilis type (naı̈ve versus experi-

enced), structure, and food on O. virilis growth rates in the

presence of O. rusticus in field mesocosms. (a) total growth (g),

(b) relative growth (percent change in mass). Bars represent

overall means estimated across all mesocosms. Error bars are

±1SE. Asterisks indicate significance of effect in mixed model

A N O V AA N O V A (Table 3) at P < 0.05.
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between crayfish (Bergman & Moore, 2003; Vorburger

& Ribi, 1999; but see Wilson et al., 2007). This was

confirmed in behavioural trials with naı̈ve and expe-

rienced O. virilis; relative body size was an important

factor in determining the number of approaches,

number of retreats and shelter occupancy. Both

species initiated more approaches and retreated less

often as relative body size increased, indicating the

overall advantage of large body size, regardless of

species, during agonistic interactions.

The behavioural differences described above corre-

sponded with differences in crayfish performance:

individuals from the experienced O. virilis population

had higher growth rates in the presence of O. rusticus,

independent of differences in habitat structure and

food availability. The higher growth rates for experi-

enced O. virilis (relative to naı̈ve O. virilis) indicates

better performance, and a greater ability to acquire

food resources in the presence of the invader. The

growth results are consistent with the hypothesis that

experienced O. virilis are at a competitive advantage

compared to naı̈ve O. virilis.

A total of 22 crayfish died during the mesocosm

trials. Though the v2 test (P = 0.07, comparing differ-

ences in mortality among the four ‘populations’ in the

trials) is not significant at P < 0.05, the mortality

results deserve further consideration. Mortality was

highest for the naı̈ve O. virilis (n = 9) and lowest for

the O. rusticus paired with naı̈ve O. virilis (n = 2). In

the experienced O. virilis mesocosms, mortality for O.

virilis and O. rusticus was similar (n = 5 and 6

respectively). Total crayfish mortality (both species)

for experienced and naı̈ve O. virilis mesocosms did

not differ (11 each). For naı̈ve, O. virilis comprised

82% of total crayfish mortality (nine of 11). For

experienced, O. virilis comprised only 45% of total

crayfish mortality (five of 11). Though comparing

mortality was not a goal of this study, these results

also suggest the superiority of experienced O. virilis

relative to naı̈ve O. virilis. The fact that total crayfish

mortality was the same in both native and experi-

enced treatments also indicates that the observed

differences in growth are not due to total crayfish

density differences resulting from mortality.

Differences between experienced and naı̈ve

O. virilis were also manifested in the behaviours of

O. rusticus in our behavioural experiments. In trials

with experienced O. virilis, O. rusticus display reduced

aggression, with fewer approaches and more retreats.

Thus, the elevated aggression and potential compet-

itive ability of experienced O. virilis appears to also

modify O. rusticus behaviour when they co-occur. It is

intriguing that the effect of experienced versus naı̈ve

native crayfish is not only seen in the behaviour of

O. virilis, but also for O. rusticus, and highlights

the importance of the behaviour of both the native

and invasive species in determining the outcome of

species interactions during biological invasions.

Though our study design for testing behavioural

and growth differences was statistically robust,

perhaps the most important limitation of this study

was that our comparison involved one naı̈ve and one

experienced O. virilis population. Though our results

are consistent with change having occurred in the

experienced population (i.e. the experienced crayfish

population is more aggressive and exhibits faster

growth in the presence of the invasive), we cannot

rule out the possibility that O. virilis in Sparkling Lake

were more aggressive than O. virilis from nearby Lake

Laura prior to introduction of O. rusticus. Laura and

Sparkling have similar fish communities and substrate

composition is not notably different, thus we have no

specific reason to believe that O. virilis behaviour and

growth would otherwise vary among these lakes. Still,

we cannot rule out the possibility that these differ-

ences are independent of O. rusticus effects. Compar-

ing behaviour and growth of multiple O. virilis

populations from each type (i.e. experienced and

naı̈ve) would undoubtedly strengthen our findings,

though we are not aware of other experienced O.

virilis populations. In addition, the intensive removal

of O. rusticus from Sparkling Lake from 2001 onwards

allowed O. virilis to rebound to the point of being

abundant enough to even perform these experiments.

Implications for the long-term management

of biological invasions

The long-term persistence of many native species

hinges upon their ability to adapt to environments

that are increasingly altered by invasive species. A

growing literature documents examples of native

species adaptation to species invasions (Singer,

Thomas & Parmesan, 1993; Carroll & Dingle, 1996;

Carroll, 2007, 2008). The observation that a native

population ‘adapts’ to a species invasions can be the

result of evolution by natural selection, or alterna-

tively, behavioural or phenotypic plasticity, whereby
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multiple phenotypes can derive from a single geno-

type, depending upon environmental conditions

(Miner et al., 2005). Determining whether there is a

genetic basis for the differences in performance and

behaviour between naı̈ve and experienced crayfish

populations is beyond the scope of this particular

study, but is a critical research question to be

addressed in the future. Developing an understanding

of the mechanisms underlying these differences will

involve further studies, including morphological and

genetic comparisons, as well as studies assessing

heritability of the traits.

Though we provided experimental evidence for

differences between experienced and naı̈ve popula-

tions of native crayfish species in the presence of an

aggressive invasive crayfish, understanding the mech-

anism for the observed differences has several impor-

tant implications for management. Phenotypic

plasticity would result in relatively rapid shifts, as

environmental cues would be responsible for invok-

ing adaptive responses. Such rapid shifts, the result of

within-individual developmental and behavioural

changes, would enable individuals to cope with a

highly variable, or otherwise altered environment

(Carroll, 2008). If the behavioural and performance

differences observed in our study are the result of

phenotypic plasticity, O. virilis, regardless of experi-

ence level, could rapidly develop an improved ability

to compete with O. rusticus. A high degree of

phenotypic plasticity will also serve to reduce the

magnitude of natural selection (Rice & Emery, 2003).

If many individuals within a population are capable

of traits that favour coexistence, the population would

be expected to be more likely to persist in the presence

of O. rusticus. The plasticity could act as a buffer to

help maintain population levels until the environment

shifts, or until longer-term genetic adaptation occurs.

It is also possible that these differences are the

result of genetic changes within the population of

O. virilis, though at present we have no evidence for

genetic change. Orconectes virilis and O. rusticus

cohabited in Sparkling Lake for c. 30 years, which is

on the order of 15 crayfish generations. There are a

growing number of studies documenting rapid adap-

tation of species to environmental change (Kinnison &

Hendry, 2001; Meyers & Bull, 2002; Ashley et al., 2003;

Stockwell et al., 2003). Most of these examples occur

within 100 years, but in many cases morphological,

physiological, and behavioural changes are apparent

in <30 years (Able & Belthoff, 1998; Lee, 1999; Quinn,

Kinnison & Unwin, 2001).

Sparkling Lake is a seepage lake, and thus lacks

surface water connections to other lakes. This reduces

the possibility that movement of individuals could

swamp local adaptation of the existing O. virilis

population. On the other hand, this isolation prevents

gene flow that would spread presumably adaptive

‘experienced’ traits to other locations. If genetic

change has allowed the coexistence of O. virilis and

O. rusticus in Sparkling Lake, one possible approach

would be to facilitate gene flow to other O. virilis

populations facing adverse impacts of O. rusticus. In

the beginning phases of O. rusticus removal in

Sparkling Lake, O. virilis populations were at very

low levels. Since then, O. virilis numbers have

increased markedly. These surviving individuals pre-

sumably possess traits necessary to co-exist with the

aggressive O. rusticus, though the current population

of O. virilis is likely descended from a small number of

survivors. Thus, there is a possibility that they have

reduced genetic variability resulting from the severe

population reduction. Though this population may be

well-adapted to coexist with O. rusticus, the reduced

genetic variability could also have the disadvantage of

limiting their ability to adapt to other types of

environmental change in this region such as climate

change or habitat alteration from shoreline develop-

ment (Carpenter et al., 2007).

Ongoing efforts to manage invasive species should

consider creating opportunities for native species to

adapt to their changing environment (Ashley et al.,

2003; Watters, Lema & Nevitt, 2003). Management

actions may focus on preserving intraspecific diversity

by controlling invasives and maintaining native pop-

ulations until phenotypic plasticity and natural selec-

tion allow natives to develop the ability to cope and

coexist with invasive species, without the need for

long-term human intervention. Preserving the diver-

sity of native populations is necessary to ensure enough

genetic variation to allow an adaptive shift. If manage-

ment to conserve native populations over the long-term

is to succeed, we must more thoroughly consider how

we can facilitate the process of native species adapting

to a changing environment. In the case of native O.

virilis, a critical next step will be to estimate the relative

importance of evolution versus phenotypic ⁄behavio-

ural plasticity as mechanisms for the apparent adaptive

change in response to invasive O. rusticus.
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