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SUMMARY

1. Invasive species frequently have adverse impacts on native communities and

ecosystems. Management options are often limited. Our goal is to evaluate the effect of

intensive trapping and fish predation on the population dynamics of an invasive crayfish.

2. From 2001 to 2005, we removed invasive rusty crayfish (Orconectes rusticus) by trapping

in Sparkling Lake in northern WI. In addition, the Wisconsin Department of Natural

Resources restricted harvest of fish species known to consume crayfish, thereby increasing

predation on crayfish that are too small to trap.

3. After an initial increase, catch rates of rusty crayfish declined by approximately 95%,

from 11 crayfish per trap per day in 2002 to 0.65 in 2004. The catch rate in 2005 remained low

at 0.5 crayfish per trap. Females comprised nearly 50% of the catch from 2002 to 2004. Unlike

rusty crayfish in Sparkling Lake, catch rates of O. rusticus and Orconectes propinquus in three

nearby lakes increased or remained relatively constant over the 5-year removal period.

4. We also examined the influence of habitat and temperature on crayfish catch rates. Catch

rates were highest at water temperatures between 20 and 25 �C and on cobble, log or

macrophyte habitats that may serve as refuge from fish predation.

5. Five summers of intensive trapping and fisheries management practices reduced

abundances, but did not extirpate rusty crayfish in Sparkling Lake. To determine the

potential of trapping as a management option for invasive crayfishes, these methods must

be tested in other systems.
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Introduction

Invasive species are a leading threat to aquatic

ecosystems and biodiversity (Sala, Chapin & Huber-

Sannwald, 2001), and there is a need to rapidly

develop management strategies to reduce adverse

impacts. Prevention of future invasions should be the

cornerstone of management efforts (Vander Zanden

et al., 2004), but control and eradication are often

required because many invaders already have estab-

lished populations and adversely impacted native

communities. Control can also be effective at curbing

the spread of newly established invader populations

(Myers et al., 2000). Eradication or control of invasive

species has been used successfully as a restoration

strategy on islands (Donlan et al., 2003; Cruz et al.,

2005), in lakes (Knapp & Matthews, 1998), in marine

areas (Culver & Kuris, 2000) and other systems (Mack

et al., 2000; Myers et al., 2000).

The rusty crayfish (Orconectes rusticus, [Girard]),

native to the Ohio River valley, has invaded large

areas of the United States and Canada (Hobbs, Jass &

Huner, 1989; Taylor et al., 1996; Lodge et al., 2000).

Rusty crayfish were introduced beyond their native

range primarily as live bait, but other vectors of

dispersal such as stocking for macrophyte control
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(Magnuson et al., 1975), aquaculture, aquarium, live

food and biological supply trades also have been

responsible for crayfish introductions (Lodge et al.,

2000).

Adverse impacts of rusty crayfish on aquatic com-

munities are well-documented. Rusty crayfish often

reach high densities and alter aquatic systems through

direct consumption of macrophytes, benthic inverte-

brates and fish eggs (Magnuson et al., 1975; Olsen

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

Roth, Hein & Vander Zanden, 2006; Wilson & Hrabik,

2006). They also transform littoral zones by clipping

macrophytes at the base of the stem (Lodge &

Lorman, 1987) and displace native crayfishes through

competition (Capelli & Munjal, 1982; Capelli, 1982),

lower susceptibility to predation (Roth & Kitchell,

2005) and hybridisation with Orconectes propinquus

(Girard) (Perry, Feder & Lodge, 2001).

Though prevention of species invasions is viewed

widely as the most effective management approach, in

many cases invasive species already have established

populations, and there is a need to manage impacts.

The dynamics of marine and freshwater fisheries

which have collapsed because of overharvest (Hutch-

ings & Myers, 1994; Pauly et al., 2002; Allan et al.,

2005; Dew & McConnaughey, 2005; National Acad-

emy of Sciences, 2006) may have relevance to our

efforts of intentionally over-exploiting this invasive

population. In the specific case of invasive crayfish,

previous studies conclude that reducing populations

through trapping is not feasible (Bills & Marking,

1988; Rach & Bills, 1989) and long-term harvest of

crayfish for food is sustainable (Momot & Gowing,

1977; Momot, 1991, 1993). Several authors note that

crayfish traps are highly selective for large males

(Momot & Gowing, 1977; Lodge, Beckel & Magnuson,

1985; Rach & Bills, 1989; Momot, 1993), thus making it

difficult to efficiently trap much of the reproductive

population.

We report on the first 5 years of a whole-lake

experiment intended to induce a population crash of

introduced rusty crayfish. Our approach combines

intensive trapping of adult crayfish with fisheries

management efforts aimed at increasing predation on

juvenile and young adult crayfish (Rach & Bills, 1989;

Dorn & Mittelbach, 1999; Hein et al., 2006). The

objectives of the present study are to assess the

response of crayfish catch rates and sex ratios to

intensive removal over 5 years (2001–05), and to

assess the role of water temperature and habitat as

predictors of crayfish catch rates.

Methods

Study site

Sparkling Lake is a mesotrophic seepage lake in Vilas

County, WI, USA (46�00¢N, 89�42¢W) and is part of the

North Temperate Lakes Long-Term Ecological Re-

search Program (NTL-LTER) (Magnuson, Bowser &

Kratz, 1984; Magnuson, Kratz & Benson, 2006).

Sparkling Lake has a perimeter of 4.3 km, an area of

64 ha and a maximum depth of 20 m (http://lter.

limnology.wisc.edu). Most of the lake’s littoral zone

has a sandy substrate with some cobble in the

southwest. Macrophytes are sparse, but are denser

in groundwater discharge areas (earlier papers

address this in Sparkling Lake, Lodge, Krabbenhoft

& Striegl, 1989; Hagerthey & Kerfoot, 1998). Both

rainbow smelt (Osmerus mordax [Mitchill]) (Hrabik,

Magnuson & McLain, 1998) and rusty crayfish

invaded Sparkling Lake sometime during the 1970s

and have become dominant members of the biota.

Lorman’s (1980) research on a rusty crayfish

population in nearby Upper Sugarbrush Lake pro-

vides the best life history information on WI popula-

tions, and Hein et al. (2006) used this information to

develop a rusty crayfish population model. The

mating season extends from late summer into winter.

Females then lay eggs during late April or early May,

and the eggs hatch in late May or early June. After the

young-of-year have undergone three or four molts,

they leave the protection of their mothers. Although

some young-of-year become sexually mature by the

first autumn, most mature after 1 year at approxi-

mately 16-mm carapace length (CL). Rusty crayfish

die after 3–4 years.

Trapping

Two approaches for trapping were used in this study:

‘removal trapping’ and ‘standardised surveys’. In

both cases, catch rates are expressed as the number of

crayfish per trap per 24-h period (crayfish trap)1

day)1). Traps set for removal of rusty crayfish were

concentrated in areas of the lake to maximise catch

rates (Fig. 1). Removals began on 14 August 2001, and

traps were emptied daily during the last 2 weeks of
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August. From 2002 to 2005, we trapped and removed

crayfish from late June to late August. We used wire

mesh minnow traps with openings widened to 3.5-cm

diameter. Traps were baited with 4–5 dead smelt.

Traps were set in arrays of 10 at 10-m intervals along

the 1-m depth contour, and were emptied daily

during 2002 and 2003 and every 1–4 days during

2004 and 2005. To calculate catch rates, we divided the

number of crayfish caught in a trap by the number of

days the trap was in the water. During 2004, we found

that crayfish catch rates (crayfish trap)1) increased

linearly with the number of days between emptying

traps, up to 3 days. Traps were concentrated on the

southern and western shorelines of the lake where

catch rates were highest. The sex of each crayfish in a

trap was recorded, and a randomly selected subsam-

ple of the daily crayfish catch was used to estimate

mean size (CL).

Crayfish catch rates are influenced by environmen-

tal factors that may influence crayfish behaviour, such

as habitat, temperature and predation risk (Somers &

Stechey, 1986; Kutka et al., 1992; Somers & Green,

1993; Richards et al., 1996). To assess the environmen-

tal predictors of rusty crayfish catch rates, we con-

ducted ‘standardised surveys’ prior to harvest in 2001

and again in 2003. Standardised surveys were com-

prised of perimeter trapping and depth trapping. For

perimeter trapping, 43 traps were baited with 120 g of

beef liver and set for 24 h at 1-m depths at 100-m

intervals along the shoreline. Traps were set on 4 and

19 June, 9 and 24 July and 13 August. Three days later,

14 depth transects were set around the perimeter of

the lake. Depth transects were spaced 300-m apart and

along the transect, traps were set at 0.5, 3, 5, 8 and

12-m depths. Sex and CL of all crayfish in each trap

were recorded. For each trap location, we character-

ised the habitats as sand, logs on sand, macrophytes

or cobble. Each site was observed from a boat along

the 1-m depth contour or by a diver using SCUBA on

the depth transects. We obtained water temperature

profiles from the deepest point in Sparkling Lake from

NTL-LTER (http://lter.limnology.wisc.edu).

Catch rates

For each date that traps were set for removal trapping,

we estimated male and female catch rate (crayfish

trap)1 day)1). This allowed assessment of the seasonal

changes in crayfish catch for both males and females

across the 5-year removal period (2001–05). We also

used these calculations to conduct an ANOVAANOVA testing

the difference in catch rates between years. We pulled

traps on 23 days in 2001, 42 days in 2002, 57 days in

2003, 49 days in 2004 and 21 days in 2005. Mean

annual catch rates (for males and females) were

calculated as the total number of crayfish captured

during a given year divided by the number of trap

days for that year. To calculate the biomass removed

annually, we used the annual size distribution to

distribute the number removed in a summer among

Fig. 1 Sampling locations of standardised trap surveys and

areas intensively harvested during removal trapping on Spark-

ling Lake. Letters denote the site of a standardised perimeter

trapping site and *denotes the location of standardised depth

transects. The letters also indicate the intensity at which each site

was trapped during the first 3 years of removal (2001–03). Trap

days are the number of traps set for 24-h periods at a given site.

Between 1 and 100 traps were set for 24 h at sites labelled A.

Sites labelled B, C and D had 101–300, 301–600 and 601–1000

trap days, respectively.
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1-mm CL intervals. We used a length–weight regres-

sion (weight ¼ 0.0001 CL3.2829) from Sparkling Lake to

calculate crayfish weight for each 1-mm CL interval

and then multiplied by the number of crayfish

removed in each size class. The sum of these biomas-

ses was the total biomass of crayfish removed.

Sparkling Lake is a core study lake of the NTL-LTER

program (Magnuson et al., 2006). Crayfish catch rates

have been measured annually using widened minnow

traps since 1981. This long-term data set provides a

useful historical context for interpreting changes in

catch rates in response to removal trapping. The LTER

data archive provided annual catch rates for the three

crayfish species in the region: O. rusticus, Orconectes

virilis (Hagen) and O. propinquus (http://lter.limnol

ogy.wisc.edu). Annual catch rates were available from

1982 to 2005 for Allequash Lake and Big Muskellunge

Lake and from 1981 to 2005 for Sparkling Lake and

Trout Lake. Three to five crayfish traps were set at each

of six standard sites on each lake for one night during

the first week of August. Fishing regulations were

altered only on Sparkling Lake, and other crayfish

populations were not trapped intensively.

We compared the time series of four independent

crayfish populations during the removal period. If the

removal did cause a decline in rusty crayfish catch

rates, rusty crayfish catch rates in Sparkling Lake

should significantly decline through time and not

necessarily decline in the other lakes. If all crayfish

populations exhibit a similar decrease through time,

a regional factor may be causing the decline. We

examined the catch rates of four populations: O. pro-

pinquus in Allequash Lake, O. propinquus in Big

Muskellunge Lake, O. rusticus in Trout Lake and

O. rusticus in Sparkling Lake. Although there were

populations of O. virilis and O. propinquus in Sparkling

Lake, O. virilis in Trout Lake, and a population of

O. virilis in Allequash Lake, none were captured by

the LTER annual sampling from 2000 to 2005. Only

one individual of O. propinquus was caught in Trout

Lake in 2001 and one O. virilis in Big Muskellunge

Lake in 2004. Therefore, these populations were not

included in the analysis.

Model of catch rates

We developed a multiple regression model to exam-

ine the effects of exploitation and environmental

variables on rusty crayfish catch rates. The model

used standardised survey trap data from 2001 and

2003 (data from 5 and 8 June were excluded because

only 30 crayfish were captured in 226 traps). Catch

rates were square root transformed and fit with a

multiple linear regression model using year, water

temperature and habitat as predictors of catch rates.

Catch rates were modelled as categorical functions of

year and habitat. Year was a measure of exploitation

because surveys were conducted either before (2001)

or after (2003) removal trapping. The habitat variable

categorised areas with (e.g. cobble, logs or macro-

phytes) or without (e.g. sand) structure. To better

understand how habitat affects crayfish catch rates,

we conducted a one-way ANOVAANOVA in S-PLUSS-PLUS (Mathsoft

Inc., 1998). We used data from the standardised

surveys for this analysis, which included 136 obser-

vations on cobble, 104 on log, 101 on macrophyte and

418 on sand habitats.

Results

Changes in catch rates during removal

Removal trapping catch rates declined by 95% over

the last 4 years of removal following an initial

increase in catch rates from 2001 to 2002 (Fig. 2,

Table 1). The mean catch rate (crayfish trap)1 day)1)

declined from 11 in 2002, to 3 in 2003, to 0.5 in 2005

(Table 1). These declines in the annual average catch

rates were significant (ANOVAANOVA, n ¼ 192, d.f. ¼ 4,

P < 0.0001, R2 ¼ 0.6943). Bonferroni pair-wise com-

parisons between successive years indicated signifi-

cant differences (P < 0.05) between all years except

2001–02 and 2004–05. As catch rates declined over the

5-year removal period, we increased trapping effort

by a factor of 9 from 1584 trap days in 2001 to >14 000

trap days in 2005 (Table 1). In all years, rusty crayfish

catch rates showed a seasonal peak in mid-summer,

corresponding with the period of highest water

temperature (Fig. 2).

Catch rates for both male and female crayfish

declined during the removal period (Fig. 2). Fewer

females than males were caught each year (Table 1),

but female catch rates exceeded male catch rates on

particular days throughout the summer (Fig. 2). In the

first year of trapping (2001), 68% of crayfish removed

were male. From 25 July to 20 August 2001, females

comprised only 25% of the catch. In subsequent years,

catch rates of males and females converged, and
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males comprised 50–55% of the crayfish removed.

This trend reversed in 2005, and the population

reverted to a male-dominated catch: 65% of crayfish

removed in 2005 were males.

In total, we removed 88 602 crayfish from Sparkling

Lake, for a total biomass of 1193 kg of crayfish

(Table 1). Although a large number of rusty crayfish

were removed, the size distribution of crayfish did not

change substantially (Fig. 3). Most crayfish caught in

traps were larger than 20 mm CL. The native crayfish,

O. virilis, were captured occasionally (and released

back to the lake) throughout the 5-year removal

period, though catch rates have remained comparat-

ively low (Table 1).

Long-term catch rates

Based on LTER annual crayfish sampling data, the

crayfish community of Sparkling Lake has changed

dramatically over the past several decades. In 1973,
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O. propinquus dominated the catch (70%) followed by

O. virilis (20%) and O. rusticus (10%) (Fig. 4, Capelli,

1982). In the early 1980s, O. rusticus comprised 70%

of the catch, and O. propinquus made up the remain-

der (Capelli, 1982). Through the 1980s and 1990s

catch rates for O. virilis and O. propinquus were

generally low and fluctuated among years. The last

observation of O. virilis from LTER annual sampling

was in 1999 (Fig. 4), though we still detected low

levels of O. virilis with our removal trapping

(Table 1). The last documented observation of O. pro-

pinquus in Sparkling Lake was in 1998 (http://

lter.limnology.wisc.edu), and none were found dur-

ing our removal trapping. Since 1981, rusty crayfish

catch rates have varied widely among years, and

catch rates have been consistently high relative to

O. virilis and O. propinquus. The removal portion of

the entire time series in Sparkling Lake exhibits the

only large, sustained decline in catch rates. Prior to

removal, large declines in catch rates were followed

by large increases within 1–2 years (Fig. 4). The rusty

crayfish population in Sparkling Lake was the only

population to decline from 2000 to 2005 (Fig. 5).

Therefore, the decline in rusty crayfish catch rates in

Sparkling Lake is not part of a broader regional

trend, but rather represents the effect of our whole-

lake manipulation.

Regression model

Year, water temperature and habitat explained 43% of

the variation in rusty crayfish catches rates (Table 2).

Table 1 Crayfish catch rates for each year,

separated by species and by sex for Orco-

nectes rusticus. Only data from ‘removal

trapping’ is reported for 2001

Year 2001 2002 2003 2004 2005

Trap days 1584 3497 7432 13 984 14 011

Number female O.r. 3570 17 567 10 691 4120 2472

Number male O.r. 7425 20 983 11 894 4978 4562

Total number O.r. 10 995 38 550 22 585 9098 7034

Biomass O.r. (kg) 154.5 467.7 310.4 153.1 107.6

CPUE O.r. 6.94 11.02 3.04 0.65 0.50

Per cent male 67.5 54.4 52.7 54.7 64.8

Total number O.v. 24 16 23 23 132

CPUE O.v. 0.0152 0.0046 0.0031 0.0016 0.0094

O.r., O. rusticus; O.v., O. virilis.

CPUE is expressed as crayfish trap)1 day)1; a ‘trap day’ is a single trap fished for 24 h.
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Catch rates were higher prior to exploitation than

after. The median number of crayfish per trap per day

from standardised surveys was 9 in 2001 and 1 in

2003. The highest catch rates (15–20 crayfish per trap)

were between 20 and 25 �C, and catch rates reached

11 crayfish per trap above 13 �C. Catch rates were

near 0 at temperatures below 13 �C. Catch rates were

higher in habitats that provide refuge than on sand

substrates (ANOVAANOVA, n ¼ 759, d.f. ¼ 3, F ¼ 29.05,

P < 0.0001). According to Tukey multiple compar-

isons from a one-way ANOVAANOVA (P ¼ 0.05), catch rates

of traps on sand substrates were significantly lower

than traps in cobble, log and macrophyte habitats. The

median number of rusty crayfish per trap per day in

cobble, logs, macrophytes and sand was 6, 6, 5 and 1,

respectively.
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Discussion

Removal trends

Both male and female rusty crayfish catch rates

declined over the 5-year removal period. In 2001, trap

effort was low and removal of rusty crayfish did not

begin until mid-August when female catch rates were

already seasonally low. Catch rates did not decline

significantly until crayfish were removed intensively

throughout the summer of 2002. By 2004, catch rates

had declined to a fraction of those observed in 2001–

02, and these low catch rates persisted into 2005. This

initial increase followed by a large decline in catch

rates with increasing effort is a standard sign of

overexploitation (Allan et al., 2005).

Contrary to the observations of many studies

(Momot & Gowing, 1977; Bills & Marking, 1988; Rach

& Bills, 1989; Momot, 1991, 1993), we found that it is

possible to effectively trap the female portion of the

rusty crayfish population if factors such as water

temperature and life history are considered (Somers &

Green, 1993; Richards et al., 1996). To sustain the

fishery of O. virilis, Richards et al. (1996) concluded

that commercial harvest should occur only before and

after the mid-summer maxima in female catch rates.

Richards et al. (1996) concluded that female catch rates

peak after releasing their young and just before or

during molting. We trapped O. rusticus during this

mid-summer period to maximise female catch rates in

an effort to intentionally cause a population crash.

Female catch rates are likely influenced by inactiv-

ity during brooding, competition with males at trap

entrances and avoidance of fish predation. Crayfish

with larger chelae win competitive interactions for

shelter (Capelli & Munjal, 1982) and are less suscep-

tible to fish predation (Stein & Magnuson, 1976). Male

cambarid crayfishes have larger chelae than females

of the same body size (Bovbjerg, 1956). The proportion

of females in the catch likely increased once the

abundance of large males had been reduced. After

2001, when 7425 males were removed, female catch

rates were similar to male catch rates for the entire

summer. This agrees with assertions that large males

inhibit other crayfish from entering traps (Threinen,

1958; Capelli, 1975; Momot & Gowing, 1977; Capelli,

1982; Somers & Stechey, 1986; Momot, 1993; Somers &

Green, 1993; Richards et al., 1996). In addition, Collins

et al. (1983) found that female catch rates were lower

than male catch rates in lakes with predatory fishes. In

later years when catch rates were low and competitive

interactions would be rare, avoidance of fish preda-

tion may be more important. Perhaps this is why

females comprised only 35% of the catch in 2005.

The dramatic declines of rusty crayfish in Sparkling

Lake likely result from the combined effect of

trapping and tightening of harvest regulations for

smallmouth bass. Cyclic environmental variables or

density-dependent recruitment may cause large chan-

ges in population abundances of some species like the

Dungeness crab (Cancer magister [Dana]) (Botsford,

1984; Johnson et al., 1986). Our model of rusty crayfish

catch rates accounted for water temperature and

habitat. The variable ‘year’ reflected the important

effect of exploitation on catch rates. Of four crayfish

populations in four northern WI lakes, only rusty

crayfish catch rates in Sparkling Lake declined from

2000 to 2005 (Fig. 5).

Maximising catch rates

To effectively trap rusty crayfish for removal, we

found that catch rates could be maximised when

water temperature and habitat are considered. Be-

cause crayfish prefer and are more active at warm

water temperatures (Mundahl & Benton, 1990), catch

rates were highest between 20 and 25 �C. Catch rates

of O. virilis were also higher above 20 �C (Somers &

Stechey, 1986; Somers & Green, 1993; Richards et al.,

1996), and water temperature has generally been cited

as an important factor affecting decapod catch rates

(McLeese & Wilder, 1958; Morgan, 1974).

Catch rates for both sexes were highest between late

June and August, after females had released juveniles

and crayfish had molted (Lorman, 1980; Somers &

Green, 1993; Richards et al., 1996). Females were

Table 2 Coefficients from the multiple linear regression fit to

square root transformed catch rates of rusty crayfish in Spark-

ling Lake, WI. Data were from standardised surveys conducted

prior to removal (2001) and after 2 years of exploitation (2003).

Habitat categories were with (cobble, logs or macrophytes) or

without (sand) structure

Coefficient Value SD t P-value

Intercept )0.10 0.19 )0.54 0.59

Year )0.79 0.05 )17.10 0.0000

Temperature 0.10 0.01 10.85 0.0000

Habitat 0.24 0.05 4.69 0.0000
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gravid in early June and remained near shelter during

this time period. Upon release of their juveniles near

the end of June, females should be especially active

and forage heavily (Richards et al., 1996). Consistent

with this idea, the contribution of females to the

crayfish catch peaked between 23 June and 11 July

over the 5 years of our study.

Catch rates were highest on cobble, log or macro-

phyte habitats. These habitats may provide shelter

from fish predation (Stein & Magnuson, 1976; Smily &

Dibble, 2000). Numerous studies have found lower

catch rates, densities and higher rates of predation-

mortality on sand substrates (Lodge & Hill, 1994;

Kershner & Lodge, 1995). At our deepest sites (8 and

12 m), water temperatures were low and habitat was

primarily sand or muck. Catch rates were much lower

at these depths.

According to this study, trapping effort should be

concentrated in mid-summer when water tempera-

tures are high and females have released their young.

In addition, removal of females may be more effective

following removal of males, who may compete to

enter traps. Thirdly, traps should be set in habitats

that provide shelter, such as cobble, macrophytes or

logs. Other studies indicate that fish bait is more

effective than dog food or pellet baits (Richards et al.,

1996), and more females are captured on nights when

the moon is not full (Somers & Stechey, 1986). These

factors should be accounted for when planning to trap

a rusty crayfish population for control or potential

eradication.

Management implications

The primary goal of this whole-lake experiment was

to decrease the rusty crayfish population growth rate

to a point that would either induce a population crash

or maintain low abundances of rusty crayfish. In

addition to our trapping efforts, the Wisconsin

Department of Natural Resources restricted the bag

and size limits for the Sparkling Lake fishery to limit

the harvest of fish species known to consume crayfish,

thereby increasing predation on crayfish that are too

small to trap (Hein et al., 2006). Smallmouth bass

(Micropterus dolomieu, [Lacepède]) and rock bass

(Ambloplites rupestris, [Rafinesque]) are both important

predators of crayfish (Vander Zanden, Cabana &

Rasmussen, 1997) and are abundant in Sparkling Lake

(Roth, 2005). Because we successfully trapped and

removed many reproductively mature crayfish, the

population growth rate of rusty crayfish should be

severely reduced. Although we do not know what the

current population growth rate is, a Leslie matrix

population model indicated the potential for trapping

to cause a substantial decline in the population

growth rate of rusty crayfish in Sparkling Lake (Hein

et al., 2006). Because traps select large, reproductive

crayfish, trapping causes a greater decline in the

population growth rate than fish predation for a given

portion of the population removed (Hein et al., 2006).

However, we estimated that fish consume a greater

portion of the population and cause a greater decline

in the population growth rate overall (Hein et al.,

2006).

As the population density declines, the population

growth rate may increase, thereby impairing the

success of our control efforts. These compensatory

responses are often associated with reduced compe-

tition and cannibalism and indicate that the popula-

tion will rebound once fishing subsides (Rose et al.,

2001). Many fish populations exhibit compensatory

population dynamics (Myers et al., 1995). Though

documented less frequently, some populations exhibit

depensation, or a decline in population growth rate

with decreasing population density (Myers et al.,

1995; Liermann & Hilborn, 2001). Depensation is

generally associated with predator saturation, diffi-

culty finding a mate and impaired group dynamics

(Liermann & Hilborn, 2001). If rusty crayfish exhibit

depensatory dynamics, the population should col-

lapse once it falls below a critical level. Evidence for

both compensatory and depensatory life history

components in other crayfish populations exists

(Momot & Gowing, 1977; Momot, 1991, 1993). The

fecundity of rusty crayfish in Sparkling Lake did not

change from 2002 to 2003 (Hein et al., 2006), but we do

not know if the population dynamics are density

independent.

The modelled effects of trapping and fish predation

on the population growth rate do not account for

interactions between control methods. Collins et al.

(1983) found that the trapability of crayfish declines in

the presence of predatory fishes. By increasing pre-

dation pressure in Sparkling Lake, might we simul-

taneously decrease the efficacy of trapping and

therefore, the entire control effort? We believe that

stimulating fish predation on rusty crayfish in Spark-

ling Lake did not inhibit our trapping success. The
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catch rates of rusty crayfish in Sparkling Lake prior to

removal were similar to crayfish catch rates in lakes

without predatory fishes and far above catch rates in

lakes with predatory fishes. Collins et al. (1983)

studied O. propinquus, O. virilis and Cambarus robustus

(Girard). Because they have smaller chelae, these

native crayfishes are more susceptible to fish preda-

tion than rusty crayfish (Roth & Kitchell, 2005).

Furthermore, rusty crayfish larger than 35 mm CL

are at a size refuge from predation (Hein et al., 2006)

and comprised 59% of the crayfish removed over the

5-year period. In the presence of predatory fishes,

large adult crayfish alter their behaviour much less

than do juvenile crayfish (Stein & Magnuson, 1976).

Therefore, our two-tiered approach is operating as

envisioned: trapping of adult rusty crayfish reduces

the number of crayfish with high reproductive value

and fish predation reduces the number of juveniles

and young adults.

In the coming years, we will examine whether

sustained trapping efforts are required to reduce

impacts of rusty crayfish. The augmented populations

of predatory fishes in Sparkling Lake may be able to

maintain the currently low abundance of rusty

crayfish. Ecosystem recovery in response to rusty

crayfish removal may further aid in maintaining low

abundances of rusty crayfish. McCarthy et al. (2006)

report negative relationships between rusty crayfish

and zoobenthos abundance in a long-term analysis of

Sparkling Lake, but these results also indicate a

strong potential for food web recovery in response

to even short-term crayfish population decreases.

Incidentally, we have witnessed major changes in

the Sparkling lake food web over the period 2001–05,

including increases in zoobenthos, macrophytes and

fishes (Lepomis spp.). Lepomis have been shown to

decline following rusty crayfish invasion (Wilson

et al., 2004; Willis & Magnuson, 2006; Wilson &

Hrabik, 2006), but are also important predators of

juvenile rusty crayfish (Roth, 2005). Recovery of

macrophytes in Sparkling Lake appears to be facil-

itating a population rebound of Lepomis, which would

increase predation on small crayfish and further

suppress the rusty crayfish population. This macro-

phyte-Lepomis-crayfish dynamic suggests the poten-

tial for regime shifts in north-temperate lakes (Roth,

2005), and that our intensive trapping may act as a

‘trigger’ to induce a broader food web shift (Scheffer

& Carpenter, 2003).

Catch rates of the native crayfish, O. virilis, varied

widely among years in Sparkling Lake. Despite the

massive reduction in the abundance of rusty crayfish,

which are presumably the cause of the reduced

population of O. virilis, there was no conclusive trend

of population recovery over this period. Given more

time and continued suppression of rusty crayfish, the

O. virilis population may rebound. The O. virilis we

caught were in the remaining macrophyte beds.

Perhaps, like Lepomis, their populations will increase

as macrophytes recover. Alternatively, heightened

levels of fish predation associated with the more

restrictive fishery regulations may suppress native

crayfish populations.

In conclusion, given today’s global economy and

ease of travel, species invasions are inevitable. Even if

we can curb future invasions through education and

regulation, many invasive species already have estab-

lished and continue to spread into new habitats. Our

5-year, whole-lake experiment provides one example

of successful invasive species control. Unpredictable,

emergent properties at the scale of the entire ecosys-

tem will ultimately make or break a control pro-

gramme like our whole-lake experiment to control

rusty crayfish (Zavaleta, Hobbs & Mooney, 2001). Our

understanding of the Sparkling Lake ecosystem

makes us hopeful that the long-term effects of rusty

crayfish control will in fact benefit aspects of the

community that had been altered by rusty crayfish

invasion.
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