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ABSTRACT 

 

 The need to improve methods of invasive species prevention and control 

continues to grow.  Although there are many examples of attempts to control invasive 

species, some management practices may harm the ecosystem by using toxicants and 

other exotic species for biocontrol.  We present results from a removal experiment of 

rusty crayfish (Orconectes rusticus) that uses species-specific trapping and biological 

control by native fishes in Sparkling Lake, Wisconsin.  Rusty crayfish, native to the Ohio 

River Valley, have severely altered many aquatic systems throughout the Midwestern 

United States and Ontario.  Sparkling Lake is an ideal study system for a rusty crayfish 

removal experiment because it has no surface inlet or outlet, is relatively small (64 ha), 

and has a long-term record of the invasion and associated ecological changes. 

 We determined the feasibility of trapping to remove crayfish of different sexes 

and sizes.  We examined the effect of three summers of intensive removal on catch rates 

and the composition of the catch by sex and size.  Catch rates of males decreased each 

year of the removal, and females declined after the second year.  After a precipitous 

decline in large males, the proportion of the female catch increased to almost 50:50.  

Catch rates and proportions of large and small males and females also changed with 

water temperature, day of the year, and substrate.  The increased proportion of females in 

traps and subsequent decline in catch rates suggest that trapping may effectively control 

established rusty crayfish populations.    

 We contrasted the potential of trapping that catches large crayfish and fish 

predation that removes small crayfish to control rusty crayfish.  By comparing population 



 

 

iv 

estimates to the numbers of crayfish removed by trapping and fish predation, we 

determined that fish consumed a greater number than traps and traps removed a greater 

biomass than fish.  Fish predation also reduced population growth rates more than traps.  

Because fish consume small crayfish that dominate the population, more crayfish were 

susceptible to fish predation than traps.  Traps still removed nearly all of the catchable 

crayfish and reduced population growth rates.  Our results suggest that the combination 

of fish predation and trapping has potential to control established rusty crayfish 

populations. 
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ABSTRACT 

 The rusty crayfish (Orconectes rusticus) is one of many exotic species negatively 

affecting aquatic communities in North America.  Although preventative measures have 

been taken, attempts to remove or control established populations are often discouraged 

because traps select for large males.  We attempted to remove or greatly reduce O. 

rusticus from Sparkling Lake, WI, by maximizing trap catch rates with knowledge of 

crayfish life history and behavior.  We intensively trapped crayfish during the summers 

of 2001 to 2003.  After removing approximately 72,130 crayfish over a 3-year period, 

42% of which were female, the average yearly catch rates declined from 9 crayfish per 

trap (2002) to 3.5 crayfish per trap (2003).  The relative annual decline in catch rates of 

rusty crayfish from 2002 to 2003 was greater than annual declines of unexploited crayfish 

populations.  Male catch rates were significantly lower after 1 year of removal, and 

female catch rates were significantly lower after 2 years.  Females may not have been 

effectively removed until many males were captured and intensive trapping occurred 

immediately after brooding.  We conducted standard trap surveys prior to (2001) and 

during (2003) removal to account for the additional effects of water temperature, day, 

depth, and substrate on catch rates.  Catch rates of O. rusticus were greatest during 

midsummer at water temperatures near 20ºC on habitats that provide refuge (cobble, 

macrophytes, and logs).  This trapping regime effectively removed females.  A decline in 

reproductive capacity may result from lower abundances of females.  Our results suggest 

that trapping as a strategy to control or eradicate rusty crayfish populations is more 

feasible than previously thought.            
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INTRODUCTION 

 The rusty crayfish (Orconectes rusticus) is recognized as a harmful invader of 

aquatic systems.  They have now been in northern Wisconsin lakes for approximately 40 

years and have invaded surrounding states, parts of Ontario and the eastern United States 

(Hobbs et al. 1989, Taylor et al. 1996, Lodge et al. 2000).  In addition to transforming the 

aquatic community through consumption of macrophytes, benthic invertebrates, and fish 

eggs, they alter the habitat of the littoral zone by clipping macrophytes at the base of the 

stem (Magnuson et al. 1975, Lodge and Lorman 1987, Lodge 1991, Olsen et al. 1991, 

Lodge et al. 1994, Charlebois and Lamberti 1996, Stewart et al. 1998, Wilson 2002).  The 

loss of macrophytes may be one mechanism by which the abundances of associated biota, 

such as bluegill (Lepomis macrochirus) and pumpkinseed (Lepomis gibbosus), are 

reduced after a rusty crayfish invasion (Wilson 2002).  Rusty crayfish often displace 

native crayfish species through competition for food, shelter, and mates (Capelli 1982, 

Capelli and Munjal 1982, Garvey and Stein 1993, Hill et al. 1993).  Fish prefer to 

consume native congeners and may accelerate the invasion of rusty crayfish (DiDonato 

and Lodge 1993, Roth 2001).  The traits of O. rusticus dominate hybrids between O. 

rusticus and O. propinquus (Perry et al. 2001).   

While prevention of future invasions should have primary importance (Vander 

Zanden et al. 2004), there is little hope that control efforts might be effective for 

managing rusty crayfish impacts.  Previous exploitation studies concluded that reducing 

populations through trapping is not feasible and long-term fisheries are sustainable at 

high yields (Momot and Gowing1977, Bills and Marking 1988, Rach and Bills 1989, 

Momot 1991, Momot 1993).  Some have suggested that a crayfish fishery be developed 
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in the northern United States and in southern Canada for local markets and for export to 

Sweden (Arora and Wik 1988, Momot 1991), but the few commercial crayfish fisheries 

in northern Wisconsin rarely exploit crayfish populations sufficiently to alleviate impacts.   

Most critics of crayfish control by trapping note that traps are selective for large 

males and could never capture enough of the reproductive population to eradicate 

crayfish populations (Momot and Gowing 1977, Lodge et al. 1985, Rach and Bills 1989, 

Momot 1993).  Many have long recognized large males as the dominant portion of the 

catch even when the sex ratio of the population is even (Threinin 1958, Capelli 1975, 

Momot and Gowing 1977, Capelli 1982, Somers and Stechey 1986, Momot 1993, 

Somers and Green 1993).  These studies have cited competition to enter traps as the 

mechanism for greater catches of males.  Chelae size is important in determining the 

outcome of competitive interactions between crayfish, and laboratory studies found 

crayfish with the largest chelae to be the winners of competitive interactions for shelter 

(Stein and Magnuson 1976, Capelli and Munjal 1982).  These competitive interactions 

may occur at the entrances of traps baited with food just as well as beside a rock that 

provides shelter or a female with whom to breed.  Chelae length increases allometrically 

with carapace length (Garvey and Stein 1993), and male cambarid crayfishes generally 

have larger chelae than females of the same body size (Bovbjerg 1956).  Thus, large 

males often win competitive interactions and dominate the catch of baited traps.   

Ways to maximize catch rates of females would be of value for control measures.  

Catch rates of female Orconectes virilis were greatest during midsummer after brooding 

and just after molting in lakes of northeastern Minnesota and Ontario (Somers and Green 

1993, Richards et al. 1996).  Female O. virilis comprised 18 to 51.2% of the average 
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catch across lakes (Somers and Green 1993, Richards et al. 1996).  If O. rusticus behaved 

similar to O. virilis, females should be susceptible to harvest during midsummer after 

brooding.   

We tested the effectiveness of trapping to control rusty crayfish in a northern 

Wisconsin lake.  Our objectives were to 1) determine the response of male, female, and 

total catch rates to removal, 2) detect changes in the structure of the catch in terms of 

crayfish sex and size and 3) account for other influential factors on catch rates and 

structure (water temperature, depth, day of the year, and substrate).  We considered 

factors that affect catch rates to better detect removal effects and maximize catch rates. 

We expected that upon exploitation, the catch rates of both male and female rusty 

crayfish would decline beyond standard inter-annual variation in catch rates.  The 

composition of the catch should shift from one dominated by large males to one evenly 

comprised of crayfish by sex and size.  Catch rates should be highest at water 

temperatures near 20ºC, at shallow depths during the middle of summer, and on 

substrates that provide refuge. 

METHODS 

STUDY SITE 

 Sparkling Lake is a mesotrophic seepage lake in Vilas County, WI, USA 

(46º00’N, 89º42’W) and is part of the North Temperate Lakes Long-term Ecological 

Research (NTL-LTER) program (http://lter.limnology.wisc.edu).  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 denser in groundwater 
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discharge areas (Hagerthey and Kerfoot 1998).  Both rainbow smelt (Osmerus mordax) 

(Hrabik et al. 1998) and rusty crayfish have invaded Sparkling Lake since the 1970’s 

(Capelli 1982).  In 1973, O. propinquus dominated the catch (70%) followed by O. virilis 

(20%) and O. rusticus (10%) (Capelli 1982).  Orconectes rusticus composed 70% of the 

catch by 1980, and O. propinquus made up the remainder of the catch (Capelli 1982).  

Orconectes virilis is now only present at low levels, and O. propinquus is likely 

extirpated (Figure 1).  The last documented observation of O. propinquus in Sparkling 

Lake was in 1998 (http://lter.limnology.wisc.edu). 

TRAPPING 

Because trapping depends on crayfish actively entering a trap in search of food, 

catch rates are influenced by factors that alter crayfish behavior (Somers and Stechey 

1986, Kutka et al. 1992, Somers and Green 1993, Richards et al. 1996).  To minimize 

variability associated with these factors, we conducted a standardized trapping survey at 

intervals prior to (2001) and during removals in August 2002 and 2003.  This allowed us 

to assess the changes in crayfish catch rates in response to exploitation and account for 

the effects of other factors.  During removal, we set traps in arrays to maximize catch 

rates.  These were not used for analysis.    

On our routine sampling dates from 2001 to 2003, we used wire mesh minnow 

traps with openings widened to 3.5-cm diameter and baited with 120 grams of beef liver.  

For standardized surveys, traps were set around the perimeter of the lake at 1 m depths 

and three days later on depth transects at 0.5 m, 3 m, 5 m, 8 m, and 12 m depths (Figure 

2).  Traps were set around the perimeter of the lake (June 4, June 19, July 9, July 24, 

August 13) and along depth transects (June 7, June 22, July 12, July 27) for 24-hour 
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periods in 2001 and 2003.  We conducted a perimeter survey on August 10, 2002.  

Perimeter surveys constituted 43 minnow traps at 100 m intervals, and depth surveys 

constituted 70 traps at 14 depth transects 300 m apart.  During the surveys the sex and 

size of every crayfish captured was recorded; carapace length was measured using vernier 

calipers.  We released all crayfish where they were captured before removal began on 

August 14, 2001. 

Traps set for removal of crayfish were concentrated in areas to maximize catch 

rates (Figure 2).  Removals began on August 14, 2001, and traps were set and pulled 

everyday thereafter within each trapping season.  In 2001, we only trapped the last two 

weeks of August.  In 2002 and 2003, we trapped from July 2 to August 23 and from June 

24 to August 26, respectively.  We generally set traps in groups of 10 at 10 m intervals 

along the 1 m depth contour.  Traps were concentrated on the southern and western 

shorelines of the lake where catch rates were highest.  We baited traps with 4 to 5 dead 

smelt and counted every male and female crayfish within a given trap.   

LAKE SURVEY METHODS 

 To test the influence of substrate and water temperature on crayfish catch rates, 

we determined the habitat at each trap site and the water temperatures on each sample 

date.  We characterized the substrates 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 NTL-

LTER (http://lter.limnology.wisc.edu).  Before August 14, 2001, a temperature/oxygen 

meter (YSI-58 or YSI-57) was used to collect bimonthly temperature profiles at the 

deepest site of Sparkling Lake.  After August 14, 2001, water temperature data were 
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averaged for each day from a raft on Sparkling Lake that monitored physical and 

chemical variables continuously.   

DATA ANALYSIS 

Catch Rates 

To assess changes in catch rates of males and females each year, we used data 

from a sample date in mid-August.  Catch rate refers to the number of crayfish captured 

in a single trap fished for 24 hours.  Standard surveys were made prior to removal 

(August 14, 2001), after one year of exploitation (August 10, 2002), and after two years 

of exploitation (August 14, 2003).  We used one-way ANOVA on log transformed catch 

rates of males and females with year as the predictor variable.  The Bonferroni multiple 

comparison tests were used to compare differences in male and female catch rates 

between years. 

Long-term catch rates of O. rusticus, O. virilis, and O. propinquus populations 

from three lakes in Vilas County, WI were used to compare the decline in rusty crayfish 

in Sparkling Lake once removal began (http://lter.limnology.wisc.edu).  Three (after 

1997) to five (through 1997) crayfish traps were set at six standard sites on each lake for 

one night the first week of August.  Crayfish captured were identified to species and 

counted. Catch rates of each species were available from 1982 to 2003 on Allequash 

Lake, from 1982 to 2001 on Big Muskellunge Lake, and from 1981 to 2003 on Sparkling 

Lake.  We calculated the relative annual change in catch rate (∆N) of each species as: 

1
1

11 
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where c is the mean catch rate each year and t is the time step.  Positive values of ∆N 

indicated an increase in catch rate after one year, negative values represented a decrease, 

and zero represented no change.  We compared a histogram of O. rusticus changes in 

catch rate on Sparkling Lake to a histogram of O. virilis and O. propinquus changes in 

catch rate on all three lakes. 

Effects of exploitation and environmental variables on catches were analyzed 

using standard trap surveys in 2001 and 2003.  Data from June 5 and June 8 were 

excluded because of the low catch rates early in the season; only 30 crayfish were 

captured in 226 traps.  We square root transformed the data and fit a multiple linear 

regression using year, day, depth, water temperature, and substrate as predictor variables 

of catch rates.  Day, depth, and water temperature were modeled as second-order 

polynomial functions of catch rates, and year and substrate were modeled as categorical 

functions of catch rates.  We assumed that the year effect (2001 vs. 2003) was primarily 

owing to removal, because surveys were either before or after substantial levels of 

exploitation.  We used the stepwise procedure in S-Plus to determine the best model for 

total catch (Chambers and Hastie 1992).  Plots describing effects of water temperature, 

depth, and substrate on total catch rates were generated using plot.gam in S-plus.  This 

function used smoothing functions of generalized additive models to join the fitted values 

of the model (Chambers and Hastie 1992).   

Catch Composition 

In addition to analyzing the effects of exploitation on total catch rate, we analyzed 

the effects of exploitation and environmental factors on the catch composition.  Only 

traps that contained rusty crayfish were included in the analysis.  We used data from traps 
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set above 8 m depths because traps below the thermocline (>8m) captured few crayfish.  

Catch composition was divided into four categories:  large females, small females, large 

males, and small males.  Large crayfish were those unsusceptible to fish predation (> 35 

mm carapace length (CL)) and small crayfish were those susceptible to fish predation (≤ 

35 mm CL) (Stein 1977, Roth 2001).  Traps rarely captured crayfish less than 20 mm CL, 

so small crayfish in our analyses did not include young-of -the-year or yearling crayfish.  

The proportions of each sex*size class were calculated as the number of individuals in a 

trap from a given category over the total number of crayfish in that trap. ANOVA’s were 

run on arcsine square root transformed proportions of the catch with year, day, and 

substrate as predictor variables. 

RESULTS 

CATCH RATES 

 Rusty crayfish catch rates significantly declined over the three-year removal 

period.  In total, we removed approximately 72,130 crayfish from Sparkling Lake using 

traps, of which 42% were female (Table 1).  The trap effort substantially increased in 

successive years from 2001 to 2003, where a trap day is a single trap fished for 24 hours 

(Table 1).  The mean yearly number of crayfish caught per trap day changed from 9 per 

trap day in 2001, to 11.5 in 2002, to 3.5 in 2003.  Both male and female catch rates 

declined upon removal (Figure 3, Figure 4).  The catch rate of male rusty crayfish in 

August significantly decreased after both the first and second years of exploitation 

(ANOVA, p<0.001, R
2
=0.577; Bonferroni multiple comparisons, p < 0.05).  The August 

catch rates of female crayfish were significantly lower in 2003 than in 2001 and 2002 

(ANOVA, p<0.001, R
2
=0.141; Bonferroni multiple comparisons, p < 0.05).   
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 The decline in rusty crayfish catch rates from 2002 to 2003 was greater than the 

yearly changes in crayfish catch rates commonly found in northern Wisconsin lakes.  

According to surveys done by NTL-LTER, catch rates of rusty crayfish in Sparkling Lake 

declined by 19% from 2001 to 2002 and by 89% from 2002 to 2003.  The largest decline 

in catch rates of rusty crayfish on Sparkling Lake prior to exploitation occurred from 

1992 to 1993 at 78%.  Most of the relative changes in catch rates of O. propinquus and O. 

virilis on Allequash, Big Musky, and Sparkling Lake were well above that of O. rusticus 

from 2002 to 2003 (Figure 5).  However, O. virilis catch rates declined by 89% from 

1991 to 1992 in Big Muskellunge Lake.  The decline in rusty crayfish catch rates from 

2001 to 2002 was not far below common yearly changes in catch rates.     

Rusty crayfish catch rates decreased from 2001 to 2003 despite substantial intra-

annual variability (Figure 3).  Using a multiple linear regression model on data from the 

standard trap surveys done in 2001 and 2003, we found that year was the strongest 

predictor of rusty crayfish catch rates among the variables tested (Table 2).  Water 

temperature, Julian day, and substrate also significantly affected rusty crayfish catch 

rates.  Catch rates significantly increased as a polynomial function of water temperature 

with the highest catch rates between 20 and 25ºC (Figure 5a).  Catch rates were not 

significantly affected by depth, but were highest in mid-July (Figure 5b).  Traps on sand 

substrates caught fewer crayfish than did traps on substrates that provided refuge (Figure 

5c).  The interactions between year and temperature and between year and day were also 

significant (Table 2).  Rusty crayfish catch rates changed in relation to water temperature, 

Julian day, and substrate, but year was the strongest predictor of rusty crayfish catch 

rates.    
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CATCH COMPOSITION 

In addition to a decline in catch rates, exploitation homogenized the catch 

composition in terms of sex and size (Figure 5a).  Prior to removal, traps were dominated 

by large, male crayfish.  The proportion of large males in traps that caught crayfish 

significantly decreased from 52% in 2001 to 30% in 2003 (Table 3, Figure 7a).  The 

proportion of small males in traps did not change significantly between 2001 and 2003 

(Table 3).  The average increase in the large, female proportion of the catch was 13% and 

that of the small, female proportion of the catch was 10% (Table 3, Figure 7a).  Only 

33% percent of the crayfish removed in 2001 were female, whereas 46 to 47% of the 

crayfish removed in 2002 and 2003 were female.    

The proportion of females in traps containing crayfish increased upon intense 

removal of males.  The decline in male dominance of the catch occurred within the first 

few weeks of removal in 2001.  The male catch rate was over three times higher than the 

female catch rate from July 12 to August 14, 2001 (Figure 3).  Upon removal in 2001, the 

average catch rate of males rapidly declined until female and male catch rates were nearly 

equal.  The catch rates of females and males remained even throughout the duration of 

the removal in 2002 and 2003.   

The composition of the catch changed with Julian day of the year.  The proportion 

of both large and small female rusty crayfish in traps was maximized in mid-July (Table 

3, Figure 7b).  Conversely, the proportion of large males in traps was significantly lower 

in mid-July.  The interactions between the effects of year and day on the proportions of 

large and small males were significant (Table 3).   
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Substrate significantly affected the composition of the catch (Table 3, Figure 7c).  

Large crayfish dominated the catch in traps on sand (Figure 7c).  Large, male crayfish 

proportions were highest in traps on substrates with logs or on open sand.  The 

proportions of small males and females in traps were higher on substrates with cobble, 

logs, or macrophytes than on open sand.  The interactions between the effects of day and 

substrate on all portions of the catch were significant (Table 3).  The large, female 

proportion of the catch was significantly affected by the interaction between Julian day 

and substrate.   

DISCUSSION 

Female rusty crayfish were not trapped effectively until substantial trap effort 

occurred immediately after brooding and a large number of males were removed.  In 

2001, trap effort was low compared to later years, and removal did not occur until mid-

August when female catch rates had already declined.  In 2002 and 2003, trap effort was 

much higher and occurred during July when female catch rates could be maximized.  

Although we did not adequately remove female crayfish in 2001 to induce a significant 

decline in female catch rates by 2002, male catch rates did significantly decline after the 

first year of removal.  67.5% of the crayfish removed in 2001 were male, which 

amounted to 7,425 individuals.  Thus, we not only trapped just after brooding in 2002 and 

2003, but we also trapped after many males had been removed.  After 2001, female catch 

rates were near those of males the entire summer, not only after brooding.  Therefore, the 

proportion of female crayfish in traps likely increased once many large males were 

removed.  This concurs with assertions of large males inhibiting other crayfish from 

entering traps (Threinin 1958, Capelli 1975, Momot and Gowing 1977, Capelli 1982, 
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Somers and Stechey 1986, Richards et al. 1992, Momot 1993, Somers and Green 1993).  

Experimental studies are necessary to test whether males impede other crayfish from 

entering traps.   

The selectivity of traps for large crayfish did not change with removal.  Traps 

only effectively removed crayfish greater than 20 mm CL.  The catchability of small 

crayfish also declines in the presence of fish predators (Collins et al. 1983).  Both 

smallmouth bass (Micropterus dolomieu) and rock bass (Ambloplites rupestris), primary 

predators of crayfish (Vander Zanden et al. 1997), are abundant on Sparkling Lake 

(http://lter.limnology.wisc.edu).   

Further analysis is necessary to determine whether population dynamics, 

environmental variables, or exploitation is driving the changes seen in rusty crayfish 

catch rates.  Cyclic environmental variables or density-dependent recruitment may drive 

the cyclic nature of Dungeness crab (Cancer magister) catch rates (Botsford 1984, 

Johnson et al. 1986).  Similar mechanisms may influence the catch rates of rusty crayfish 

in Sparkling Lake over time.  However, our model of rusty crayfish catch rates accounted 

for other environmental variables, such as water temperature, depth, day, and substrate.  

The effect of year explained the greatest amount of variability in rusty crayfish catch 

rates, suggesting that year did represent the effect of exploitation.  In addition, catch rates 

of male and female rusty crayfish significantly declined from 2002 to 2003 to a degree 

greater than annual changes in catch rates of crayfish populations free of trapping.      

  Although year (2001 vs. 2003) had the most explanatory power for total catch 

rates, water temperature, day of the year, and substrate also affected catch rates.  Because 

crayfish prefer and are more active at warm water temperatures (Mundahl and Benton 
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1990), catch rates were highest between 20 and 25ºC.  Catch rates of O. virilis were also 

higher above 20°C (Somers and Stechey 1986, Somers and Green 1993, Richards et al. 

1996), and water temperature has generally been cited as a regulator of decapod catch 

rates (McLeese and Wilder 1958, Morgan 1974).  Although depth did not significantly 

predict crayfish catch rates, low catch rates at deep sites were beneath the thermocline.   

The day of the year affected catch rates and the portion of the catch that was 

female.  Catch rates are heightened just after crayfish molt, which is between late June 

and August for both sexes (Lorman 1980, Somers and Green 1993, Richards et al. 1996).  

Females were gravid in early June and remained near shelter during this time period.  

Upon release of their juveniles during the last week of June, females should be especially 

active and forage heavily (Richards et al. 1996).  The female portion of the catch peaked 

on July 5 accordingly.  The activity of dominant large males during the breeding season 

in August may have inhibited females from entering traps at the end of summer before 

many males had been removed (Capelli 1975). 

Finally, substrate was an important predictor of catch rates and the portion of the 

catch that contained small crayfish.  Catch rates were highest on substrates with cobble, 

logs, or macrophytes because they may provide shelter from predation (Stein and 

Magnuson 1976, Smily and Dibble 2000).  Fish are gape-limited predators, primarily 

consuming small crayfish and also medium-sized crayfish on cobble substrates where 

search time increases (Stein 1977, Werner and Hall 1979).  Numerous studies have found 

lower catch rates, densities, and higher predation rates of small crayfish on sand 

substrates (Kershner and Lodge 1995, Lodge and Hill 1994).  Consistent with this, traps 

on sand substrates contained a smaller proportion of small crayfish in the catch.   



 

 

16 

To effectively trap rusty crayfish for removal, we found that catch rates could be 

maximized when the effects of water temperature, day of the year, and substrate were 

considered.  Catch rates were highest at water temperatures near 20ºC in midsummer 

after females had released juveniles and molted.  Catch rates were also highest in traps 

placed on substrates that contained cobble, logs, or macrophytes.  In addition, studies of 

O. virilis indicate that fish bait is more effective than dog food or pellet baits (Richards et 

al. 1996), and more females may be captured on nights when the moon is not full 

(Somers and Stechey 1986).  Finally, removal of females may be even more effective 

upon removal of many males, who may compete to enter traps.  These factors should be 

accounted for when planning to trap a rusty crayfish population for control or potential 

eradication.   

Contrary to the observations of many studies (Momot and Gowing 1977, Bills and 

Marking 1988, Rach and Bills 1989, Momot 1991, Momot 1993), 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 and Green 1993, Richards et al. 

1996).  Consequently, it may be possible to remove a significant portion of the 

reproductive population, which has important implications for management.  To sustain 

the fishery of O. virilis, Richards et al. (1996) concluded that commercial harvest should 

occur only before and after the midsummer maxima in female catch rates.  We 

recommend intense exploitation of O. rusticus during midsummer to control and perhaps 

eradicate established populations of this problematic invader.  We do not know what the 

consequences of removing a significant portion of the reproductive population will be, 
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but our results warrant the need to further investigate the potential to trap rusty crayfish 

populations in combination with other approaches. 
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 Table 1.  The number and biomass of crayfish removed by traps each year for all 

crayfish, females and males, alongside the number of trap days each year.  A trap day is a 

single trap fished for 24 hours. 

Year 2001 2002 2003 

Number Females 3,570 17,567 10,691 

Number Males 7,425 20,983 11,894 

Total Number 10,995 38,550 22,585 

Total Biomass (kg) 161 395 270 

Trap Days 1,584 3,497 7,432 
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Table 2.  Coefficients from the multiple linear regression fit to log transformed catch 

rates of rusty crayfish in Sparkling Lake, Vilas County, Wisconsin.  All predictor 

variables were significant (χ
2
, p < 0.004).  Data were from standard trap surveys 

conducted prior to removal (2001) and after two years of exploitation (2003).  Substrate 

categories were cobble, logs, macrophytes, and sand.   

Coefficient Estimate 

Intercept 2.051525 

Year -0.7935579 

Temperature 1 19.02151 

Temperature 2 -5.218087 

Julian day 1 -3.425088 

Julian day 2 -7.485068 

Substrate 1 -0.01187698 

Substrate 2 -0.1117432 

Substrate 3 -0.1360366 

Year:Temperature 1 -5.002501 

Year:Temperature 2 8.755256 

Year:Day 1 -6.483287 

Year:Day 2 0.7592828 
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Table 3.  Summary results of ANOVA tests on the effects of year, day, substrate, and all 

interactions on the proportion of rusty crayfish in traps by sex and size.  The number 

indicates the P value, and ns indicates that the factor is not significant.  Data were from 

traps set less than 8 m deep on standard trap surveys prior to removal (2001) and after 

two years of exploitation (2003).  Substrate categories were cobble, logs, macrophytes, 

and sand. 

Effect 

Large 

female 

Small 

female 

Large 

male 

Small 

male 

Year 0.006 <0.001 <0.001 ns 

Day <0.001 0.037 0.045 0.070 

Substrate 0.006 0.001 0.024 <0.001 

Year x Day ns ns 0.061 0.002 

Year x Substrate <0.001 ns ns ns 

Day x Substrate 0.054 0.011 0.057 0.077 

Year x Day x Substrate 0.054 0.025 ns 0.041 
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FIGURE CAPTIONS 

 

Figure 1.  Long-term changes in catch rates of Orconectes rusticus, O. virilis, and O. 

propinquus in Sparkling Lake from 1973 to 2003.  Data from 1973 were collected by 

Capelli using 18 traps (Capelli 1982).  Data from 1981 to 2003 were collected using 18 to 

30 traps at 6 sites by NTL-LTER. 

 

Figure 2.  Sampling locations of standard trap surveys and areas intensively harvested 

during the removal period on Sparkling Lake.  Each number denotes the site of a trap set 

around the perimeter of the lake on standard sample dates, and a * denotes locations of 

depth transects on the standard sample dates.  Bars around the perimeter of the lake 

indicate the intensity at which an area was trapped during the removal.  Trap days are the 

number of traps set for 24-hour periods within a given area. 

 

Figure 3.  Mean daily catch rates of male and female rusty crayfish from 2001 to 2003.  

The vertical line in the 2001 panel indicates the initiation of removal.  Catch rates include 

those from traps set both on the standard arrays and those set for removal.  Only traps 

from the standard arrays that were within removal areas at 1 m depths were included in 

the mean catch rates of this figure to standardize for substrate and temperature effects. 

 

Figure 4.  Mean catch rates ± 2 SE of female (shaded) and male (open) rusty crayfish 

from standard surveys done on August 14, 2001, August 10, 2002, and August 14, 2003.   
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Figure 5.  Frequency distributions of the relative annual changes in catch rates of 

Orconectes rusticus on Sparkling Lake (shaded) and of other crayfish populations (open) 

based on data from 1981 to 2003 (http://lter.limnology.wisc.edu).  Other crayfish 

populations include O. virilis and O. propinquus on Sparkling Lake, Allequash Lake, and 

Big Muskellunge Lake in Vilas County, Wisconsin.  Arrows denote annual changes in 

rusty crayfish catch rates after 1 year of exploitation (2001 to 2002) and 2 years of 

exploitation (2002 to 2003). 

 

Figure 6.  The fitted effects of (a) water temperature, (b) Julian day, and (c) substrate on 

rusty crayfish catch rates based on standard surveys conducted in 2001 and 2003.  Each 

plot is conditioned on the other effects of the model.  The solid line indicates a smooth 

function of the fitted values of rusty crayfish catch rates from the multiple linear 

regression model, and the broken lines are twice the standard error bars.  The open circles 

represent partial residuals (fitted values + deviance residuals).  The y-axis is scaled so the 

average catch rate is equal to 0. 

 

Figure 7.  The average proportions of rusty crayfish by sex and size caught in traps by (a) 

year, (b) Julian day, and (c) substrate.  The proportions were calculated from crayfish 

caught in traps set at less than 8 m depths on the standard trap surveys conducted prior to 

removal (2001) and after 2 years of exploitation (2003)   
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ABSTRACT 

The need to improve methods for invasive species prevention and control 

continues to grow.  We investigated the potential to control rusty crayfish (Orconectes 

rusticus) populations in an isolated lake of northern Wisconsin by trapping adult crayfish 

and conserving fish predators of juvenile and small crayfish.  Over a three-year period, 

both traps and predacious fishes (Micropterus dolomieu and Ambloplites rupestris) 

removed substantial portions of the rusty crayfish population.  Fish removed a greater 

portion of the total population, dominated by the young age classes susceptible to 

predation.  Traps removed nearly all of the adult population susceptible to exploitation.  

According to an age-structured demographic model for rusty crayfish, trapping reduced 

the instantaneous population growth rate more than fish predation at given mortalities.  

Contrary to many studies, traps effectively removed the most fecund crayfish: adult 

females.  Because fish could consume a greater portion of the population, they ultimately 

reduced growth rates more than traps.  Consideration of density-dependent responses to 

removal is necessary to predict long-term effects on rusty crayfish population dynamics.  

Our results suggest the combination of trapping and fish predation to control established 

rusty crayfish is feasible and deserves further consideration for management. 
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INTRODUCTION 

 Invasive species are regarded the most significant threat to biodiversity in aquatic 

ecosystems (Sala et al. 2001).  In the Great Lakes region, aquatic invaders such as zebra 

mussels (Dreissena polymorpha), rainbow smelt (Osmerus mordax), and sea lamprey 

(Petromyzon marinus) have altered food webs and extirpated native species with 

significant economic costs (Smith and Tibbles 1980, Nalepa and Schloesser 1993, Hrabik 

et al. 1998, Pimental et al. 2000).   

Negative impacts of invasive species on aquatic ecosystems and society are 

minimized best through prevention of future invasions.  Lake managers face rising 

challenges as aquatic invaders spread, a process accelerated by humans traveling among 

lakes (Buchan and Padilla 1999).  By targeting areas particularly vulnerable to invasion 

and focusing resources on education and regulation, the spread of exotic species may be 

prevented (Vander Zanden et al. 2004a, Vander Zanden et al. 2004b).  While prevention 

of future invasions is the best management strategy, many species have already 

established outside their native range.   

Opportunities for remediation of established exotic populations do exist.  The 

literature is rich with examples of successful and unsuccessful attempts to control exotics 

(Smith and Tibbles 1980, Dahlsten and Garcia 1989, Knapp and Matthews 1998, Myers 

et al. 2000), but many of these ventures have involved environmentally questionable 

practices.  Such practices include toxicants and the introduction of other exotic species to 

control target ones (Ray and Stevens 1970, Bills and Marking 1988, Simberloff and 

Stiling 1996).  These forms of management often create new problems without 

necessarily alleviating the original ones.  We present the results and implications of a 
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three-year removal experiment of rusty crayfish (Orconectes rusticus) from a small lake 

in northern Wisconsin that used species-specific trapping and biological control by 

predators native to the lake.   

 Rusty crayfish greatly expanded their range beyond the Ohio River Valley in the 

1970’s and have been well-studied as invaders (Hobbs et al. 1989, Taylor et al. 1996, 

Lodge et al. 2000).  In the lakes of northern Wisconsin, rusty crayfish probably were 

introduced by fishermen as live bait and then dispersed naturally through connected 

systems (Capelli and Magnuson 1983, Hobbs et al. 1989).  Wisconsin banned the use of 

live crayfish as bait in 1983 (Lodge et al. 1985), but new invasions continue.  Rusty 

crayfish populations are established in many bodies of water, and invaded lakes have 

undergone rapid ecological change.  Rusty crayfish displace native species of crayfish 

(Capelli 1982, Capelli and Munjal 1982), destroy macrophyte beds (Olsen et al. 1991, 

Wilson 2002), compete with prey fishes for invertebrates, and decrease recruitment rates 

of sport fishes by eating eggs (Magnuson et al. 1975, Capelli and Magnuson 1983, Lodge 

and Lorman 1987).                

Sparkling Lake is an ideal system for a rusty crayfish eradication experiment 

because the lake has no surface inlet or outlet, is relatively small (64 ha), and has a long-

term record of the invasion and associated ecological changes as part of the North 

Temperate Lakes Long-Term Ecological Research Program 

(http://lter.limnology.wisc.edu).  The probability of reinvasion is low owing to a ban on 

the use of crayfish as live bait (Capelli and Magnuson 1983, Lodge et al. 1985), and two 

predators on crayfish, smallmouth bass (Micopterus dolomeiu) and rock bass 

(Ambloplites rupestris), are abundant.  Theoretical and observational studies suggest that 

http://lter.limnology.wisc.edu/
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elimination of rusty crayfish is possible if rusty crayfish exhibit a depensatory response to 

exploitation that involves lower than expected recruitment at a given population size.  

There are numerous examples of fishery stock collapse owing to depensation (Hilborn 

and Walters 1992, Liermann and Hilborn 1997).  The above mix of considerations 

regarding reinvasion potential, logistic feasibility, and susceptibility of rusty crayfish to 

control are important when embarking on an eradication project (Myers et al. 2000). 

We present a whole-lake experiment to reduce or eliminate a rusty crayfish 

population by trapping and increasing the population of fish predators in the lake.  Traps 

are selective for large, adult crayfish (Capelli 1975), whereas fish predators select small 

crayfish (Stein 1977, Roth 2001).  First, we contrast the potential of size-selective 

trapping and fish predation to remove rusty crayfish and reduce population growth rates.  

To test the effectiveness of each removal method, we compare the number and biomass 

of crayfish removed to the estimates of crayfish population size.  Fish would be expected 

to remove a greater portion of the entire population than traps because they select for 

small individuals that dominate the population.  Second, we contrast the potential of traps 

and predacious fishes to reduce crayfish population growth rates using a Leslie matrix 

model with additional terms for size-selective mortality.   

METHODS 

STUDY SITE 

Sparkling Lake is a mesotrophic seepage lake in Vilas County, WI, USA 

(46º00’N, 89º42’W) and is part of the North Temperate Lakes Long-Term Ecological 

Research Program (http://lter.limnology.wisc.edu).  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).  
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Most of the lake’s littoral zone has a sandy substrate with some cobble in the southwest.  

Macrophytes are sparse, but denser in groundwater discharge areas (Hagerthey and 

Kerfoot 1998).  Both rainbow smelt (Osmerus mordax) (Hrabik et al. 1998) and rusty 

crayfish invaded Sparkling Lake in the 1970’s (Capelli 1982).  In 1973, O. propinquus 

dominated the catch (70%) followed by O. virilis (20%) and O. rusticus (10%) (Capelli 

1982).  Orconectes virilis is now only present at low levels, and O. propinquus is likely 

extirpated.  The last documented observation of O. propinquus in Sparkling Lake was in 

1998 (http://lter.limnology.wisc.edu). 

HABITAT SURVEYS 

We characterized the habitats of the lake as sand, macrophytes, or cobble and 

estimated the area of each type at five depth zones.  We swam 23 depth transects using 

SCUBA and demarcated transitions between habitat types at specific depths.  In addition, 

we observed the substrate around the perimeter of the lake at the 1 m depth contour from 

a boat using Global Positioning System (GPS).  We divided the lake into polygons of the 

same habitat for each depth range (0 to 0.5 m, 0.5 to 3 m, 3 to 5 m, 5 to 6.5 m, and 6.5 to 

8 m) (Figure 1).  We assumed that areas between two transects with the same habitat 

were characterized by that habitat.  If the habitats at adjacent transects were different, we 

assumed the transition was midway between the transects.  We interpolated the contour 

of the lake bottom using a digitized bathymetric map.  We then used Geographic 

Information System (GIS) to calculate the area of each habitat within each of the five 

depth zones.   

 

 

http://lter.limnology.wisc.edu/
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CRAYFISH DENSITY SURVEYS 

To estimate densities of crayfish by habitat type, we counted crayfish along 

transects perpendicular to shore.  On August 22 and 23, 2003, we swam nine transects 

using SCUBA.  Transect sites were selected randomly among trapping locations routinely 

sampled in 2001 and 2003.  We distributed the 9 transects equally across sites composed 

of sand, macrophytes, and logs on sand.   A pair of divers swam from 0.5 m to the 8 m 

depth contour.  One diver held a 3 m long PVC pipe to delineate the sample area and 

used a compass to maintain a heading perpendicular from shore.  The other diver counted 

the number of crayfish within each depth zone used to estimate habitat area.  The diver 

turned over logs and rocks to count hidden individuals and avoided recounting the same 

individuals.   

To more accurately sample dense aggregations of small crayfish on cobble 

substrates, we used 1 m
2
 quadrats with netting around the edge.  Floats attached to a 

square of PVC pipes suspended the quadrats 0.5 to 1 m above the bottom.  Weighted with 

a chain, the netting extended from the floats to the lake bottom, barricading crayfish 

within the quadrat.  SCUBA divers then collected all crayfish within the quadrat by hand.  

Thus, we were able to both obtain more accurate density estimates of small individuals 

and capture crayfish for measurement of carapace length (CL).  We sampled 10 quadrats 

at three sites in July and August of 2002 and 2003 (Figure 1).  Since juvenile crayfish are 

difficult to collect, we vacuumed the lake bottom within a 0.09 m
2
 quadrat.  An air tank 

created a vacuum that sucked sediments through a PVC pipe and into a mesh bag.  Four 

replicates at each site were vacuumed.   
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TRAPPING 

Crayfish were captured in traps, marked, and released during June and July in 

2001 for a mark-recapture population estimate.  We set 43 minnow traps at 1 m depth 

equidistant around the perimeter of the lake every two weeks (Chapter 1, Figure 2).  

Three days after each perimeter set, we placed 70 traps on 14 depth transects (0.5 m, 3 m, 

5 m, 8 m, and 12 m depths) 300 m apart.  Wire minnow traps with a 3.5 cm diameter 

opening contained 120 g of beef liver and soaked for 24 hours.  Every crayfish captured 

on these standard sampling dates was identified to sex, marked, and released at the same 

site.  We marked 3,595 crayfish by punching a hole in the uropod with a small pin (Guan 

1997).     

We intensively harvested crayfish using traps baited with four to five smelt from 

August 14, 2001 to August 26, 2003.  Concentrating our efforts along the southern and 

western shorelines where catch rates were greatest, we set traps at 10 m intervals along 

the 1-m depth contour (Chapter 1, Figure 2).  Traps were set and pulled daily within each 

removal season.  From August 14 to August 30 of 2001, we removed crayfish and 

continued to count recaptured females and males.  Of the 1,248 recaptured crayfish, 887 

crayfish were recaptured in traps set for removal.  In 2002 and 2003, we trapped from the 

end of June to the end of August.  The number of traps set each day increased in 

successive years.  We counted every male and female crayfish in a trap and determined 

length-weight relationships by weighing and measuring carapace lengths in sub-samples.  

Estimates of the biomass removed by traps and fish used this length-weight regression.   
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FISH PREDATION 

We protected the populations of predacious fishes, estimated their population 

sizes, and examined stomach contents.  The Wisconsin Department of Natural Resources 

instated lake-specific regulations to enhance the smallmouth bass population.  The 

minimum length was increased from 356 to 457 mm total length, and the bag limit was 

decreased to one fish per day.  Using electrofishing, we sampled fish biweekly from early 

June through August of 2001, 2002, and 2003.  We tagged all fish with Floy tags, fin 

clips, or both to estimate population sizes of smallmouth bass and rock bass each year 

using the modified Schnabel mark and recapture method (Ricker 1975).  Diets of both 

fish predators were sampled using gastric lavage.  Carapace and chelae lengths of 

crayfish in diets were measured with vernier calipers.   

We determined the total number and biomass of crayfish consumed by fish each 

year using a bioenergetics model (Hanson et al. 1997).  Analysis of fish scales provided 

age-specific growth estimates.  Size frequency data and fish population estimates were 

combined to approximate the number of fish at each age consuming crayfish.  

Simulations used average daily water temperatures of Sparkling Lake from May 29 

through October 31 each year (http://lter.limnology.wisc.edu).   

POPULATION ESTIMATES 

 We estimated rusty crayfish population sizes using Schnabel mark-recapture, 

Leslie depletion, and crayfish density by habitat methods.  Schnabel and Leslie estimates 

were based on crayfish caught in traps, and thus are estimates only of the catchable 

portion of the population.  We surveyed and collected crayfish using SCUBA to estimate 

densities of crayfish in unique habitats.  Since SCUBA sampling collected the large and 
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small crayfish by habitat, density by habitat estimates were calculated for the total 

population as well as the catchable portion of the population.   

Modified Schnabel Population Estimate 

We calculated modified Schnabel estimates (Ricker 1975) from the standard 

sampling and removal periods in 2001, correcting for marked and unmarked crayfish 

removed when trapping.  Because traps were selective for males in 2001 (Chapter 1), we 

based our population estimates on the male catches (Somers and Green 1992).   

Leslie Depletion Population Estimate 

 We calculated Leslie depletion estimates of males in 2001 and of all catchable 

crayfish in 2002 and 2003.  Calculations required the catch per unit effort during interval 

t (Ct/ft) and the cumulative catch (Kt) (Ricker 1975).  The catch (C) is of crayfish, the unit 

of effort (f) is a trap, and the time interval (t) is a day.  We solved for the catchability (q) 

and the initial population size (N0) using the equation: 

t

t

t
qKqN

f

C
 0  

where the catch per unit effort is plotted against the cumulative catch, q is the slope of the 

fitted line and N0 is the intercept of the X-axis (Ricker 1975).  Each year, catch rates 

peaked midsummer (Chapter 1).  Because Leslie depletion estimates assume constant 

catchability, we only used catch data during the period of maximum catch rates through 

the end of the season.  This included all removal days in 2001, July 12 to August 23 in 

2002, and July 6 to August 26, 2003.  We only included traps at 1 m depths in the 

analyses to minimize the variability in catch rates owing to lower water temperatures 

below the thermocline (Chapter 1).   
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Density by Habitat Population Estimates 

 We estimated crayfish population size using our density estimates by habitat and 

depth.  Only crayfish densities from sampling in August 2003 were used.  We multiplied 

the average density of crayfish in a given habitat and depth zone by the area of that 

habitat and depth zone.  We pooled the densities of crayfish on sand and logs on sand 

because our habitat surveys did not differentiate between the two.  Densities of crayfish 

from 0 to 0.5 m depths were assumed to be the same as those from 0.5 to 3 m depths on 

each habitat type.   

We estimated the size of the total and the catchable portion of the crayfish 

population.  Our transect surveys effectively sampled the adult population.  Small 

individuals are rare in open substrates and large individuals are most abundant in areas 

with logs (Lorman 1980, Hill and Lodge 1994, Kershner and Lodge 1995).  Small 

crayfish were difficult to detect among macrophytes.  However, the quadrat surveys 

sampled the primary habitat for small crayfish (Stein and Magnuson 1976, Lorman 1980, 

Hill and Lodge 1994).  The use of netted quadrats and an underwater vacuum made 

detection of small individuals possible.  Therefore, the entire population was best 

estimated by multiplying the densities from transect and quadrat surveys by area.  The 

catchable portion of the population was estimated using densities from the transect 

surveys and densities only of individuals greater than 28 mm CL from the quadrat 

surveys (based on size frequency data from traps).  To bound the error inherent in these 

assumptions, we calculated the population estimates after a 50% increase in density at 

each habitat by depth combination.  
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MODELING 

 We built an age-structured Leslie matrix model for rusty crayfish to assess how 

size selective mortality by traps and fish might affect population growth rates.  We 

included separate terms for trap and fish predation mortality because each selects 

differentially among age/size groups.  Below, we describe the parameterization of the 

demographic portion of the model, calculations of trap and fish selectivity for crayfish 

size at age, the structure of the model, and a sensitivity analysis of the demographic 

parameters.   

Leslie Matrix Parameterization 

We parameterized the age-structured model using survivorship and fertility data 

from a rusty crayfish population in northern Wisconsin.  Age-specific survivorships were 

derived from May and September population estimates of each age class in Upper 

Sugarbush Lake (Lorman 1980).  Lorman estimated the abundance of each age class 

using a length frequency algorithm to define age classes by month.  We used Lorman’s 

regression between female carapace length and number of attached juveniles to 

approximate the number of juveniles per female at age I, II, and III.  Lorman observed a 

50:50 sex ratio, so we halved the number of juveniles per female to get the fertility (fi) of 

each individual in the population (Caswell 2001).  We assumed that the May census 

occurred prior to reproduction.  The age-specific fecundity (Fi) is the product between the 

fertility and juvenile survivorship (fi*s0) (Caswell 2001). 

We used two different methods to derive age-specific survivorships (si).  For the 

first method, we divided September age-specific population estimates by those in May 

(Table 1) to obtain survivorships for age classes I to III (s1 – s3).  Juvenile survivorship 
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(s0) was estimated from population estimates from June to September.  Although these 

survivorships do not include winter, most mortality occurs during summer owing to 

molting and increased predation by fishes (Lorman 1980, Momot 1991).  This method 

computes survivorships directly but only for a single year.  For the second method, we 

computed s0 – s3 from the stable-age distribution observed in May under the assumption 

that the population was at stationarity with an average population growth rate of zero.  

Since the rusty crayfish population was well-established in Sugarbush Lake at the time of 

Lorman’s study, assuming stationarity is reasonable.  We used two methods to compute 

survivorships, because they both give plausible yet different Leslie matrices and thus give 

two different starting points for comparing the effects of trapping vs. fish predation on 

crayfish populations. 

Age Selectivity 

Age selectivity is dependent on the selectivity of traps and fish for an age class 

and the availability of that age class in the environment.  We defined age classes 

according to sizes at age determined by Lorman in July and August (1980) (Table 2).  

July and August size classes were appropriate because trapping and SCUBA occurred 

during the same months, and the midpoint of the bioenergetics simulations for fish 

consumption is August.   

We estimated the proportion of each age class in traps, fish diets, and the 

environment as the number in each age class over the total number sampled.  Data 

collected from the SCUBA quadrat surveys provided the sizes of crayfish in the 

environment.  We standardized the number of juveniles vacuumed in 0.09 m
2
 quadrats to 

the area sampled by hand in netted quadrats by taking the product of juvenile densities 
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and area sampled by hand collection (10 m
2
).  We had measured 9,671 crayfish in traps, 

250 crayfish in fish diets, and 606 crayfish from hand collections.  The total numbers of 

crayfish collected by each method were partitioned into the four age classes defined by 

Lorman (1980).  To obtain age-class selectivity (Pi), we divided the proportion of 

crayfish in each age class in traps or fish diets by the proportion in each age class in 

ambient conditions, and standardized these numbers to add to one (Table 2).   

Age-structured Demographic Model 

Following the methods of Lin and Ives (2003), we assessed the effects of size-

selective harvest and fish predation on rusty crayfish population growth rates using the 

Leslie matrix model (Table 3).  The decrease in survivorship of each age class owing to 

age-selective removal by traps and fish was accounted for by multiplying the age-specific 

survivorship (si) by the age-specific survivorship due to removal.  Because baseline levels 

of mortality owing to fish predation are incorporated in the survivorships from the matrix 

model, additional mortality owing to an enhanced predator population is responsible for 

the further decline in survivorship.  The age-specific survivals from trapping and fish 

predation (ki) were calculated as 

ki = exp(–m Pi), 

where Pi is the selectivity of traps and fish for crayfish of age i, and m scales the total 

population mortality due to trapping or fish predation; the larger the value of m, the 

greater the mortality due to trapping or fish predation.   

 The goal of the analysis was to compare the effect on the crayfish population 

growth rate, r, of different selectivities Pi, rather than to obtain precise estimates of the 

population growth rate.  Specifically, we can ask, for a given level of overall mortality in 



 

 

51 

the rusty crayfish population, how does the selectivity of traps or fish affect the 

population growth rate.  To aid in this comparison, we also consider the case of no 

selectivity, in which case all values of Pi are equal. 

 To calculate the effect of selectivity on population growth rates, we initially 

assumed that populations were at the stable age distribution given by the Leslie matrix in 

the absence of additional mortality from trapping or fish predation (i.e., m = 0).  We then 

added selective removal of crayfish by calculating that value of m that led to a given 

proportion of the total crayfish to be removed from the population; let p denote this target 

proportion of the population to be removed.  The age-specific removal of crayfish 

changes the stable-age distribution and hence the proportion of the total population that is 

removed from the population.  Therefore, for the new stable-age distribution, we 

recomputed that value of m that leads to the target value p of the proportion of the 

population to be removed by trapping or fish predation.  This again changed the stable-

age distribution, requiring a further adjustment in the value of m.  We iterated this 

procedure until it converged to an appropriate value of m such that, at the stable-age 

distribution, a proportion p of the crayfish population was removed by trapping or fish 

predation.  The population growth rate computed from the resulting parameterization of 

the Leslie model corresponds to the population growth rate anticipated if the same 

trapping or fishing pressure were exerted on the population for many successive years. 

Sensitivity Analysis 

 We performed a sensitivity analysis to determine how robust were our 

conclusions about the relative impacts of trap and fish selectivity on rusty crayfish 

population growth rates.  The first type of sensitivity analysis is a simple comparison 
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between the parameterizations obtained for the survival terms (s0 – s3) using method 1 

based on the observed survival from May to September in Sugarbush Lake and using 

method 2 based on the age distribution observed in May.  The second type of sensitivity 

analysis started with the Leslie matrix parameterized using method 1.  We then randomly 

varied the parameters by selecting values from independent uniform distributions ranging 

from 50% below to 50% above the estimated values.  For each of 2,000 Leslie matrices 

obtained by randomly selecting parameter values, we calculated the crayfish population 

growth rates under the assumptions of trap selectivity, fish selectivity, or no selectivity. 

RESULTS 

REMOVAL AND POPULATION ESTIMATES 

Fish predation removed a greater portion of the entire rusty crayfish population 

than trapping in terms of numbers and biomass of crayfish (Table 4).  According to the 

density by habitat estimate of total abundance, between 365,963 and 456,738 crayfish 

were present in August of 2003 (Table 5).  Fish consumed an estimated 141,500 crayfish 

in 2003, which amounted to between 31 and 39% of the entire crayfish population.  Traps 

removed 22,585 crayfish in 2003, or 5 to 6% of the total population.  Over the three years 

of removal, fish consumed approximately 114 kg more crayfish than traps captured.  

However, traps removed 80 kg more crayfish than fish during the summer of 2003.   

Combined, traps and fish removed a substantial portion of the population.  We 

estimated that traps and fish removed a total of 829,000 crayfish and 1,770 kg of crayfish 

over three years of removal.  Based on the ranges of total population estimates (Table 5), 

both removed approximately 36 to 45% of the population in 2003. 
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More crayfish were susceptible to fish predation than trapping (Table 2, Figure 2).  

The size structure of crayfish collected in quadrats contained over 84% juvenile crayfish 

and less than 0.05 % age III crayfish.  The size ranges of crayfish in traps and fish diets 

overlapped between 20 and 35 mm CL, but split near 25 mm CL (Figure 2).   

Although trapping removed fewer crayfish than fish predation, traps removed 

nearly all of the catchable crayfish.  The 2001 estimates indicate we removed between 35 

and 70% of the catchable population.  In 2002 and 2003, the number of crayfish removed 

each year exceeded the Leslie depletion and density by habitat estimates of the catchable 

population.  Although the trapping effort increased two-fold from 2002 to 2003, the total 

number removed decreased by 41% (Table 4).  At the end of the season, catch rates were 

73% lower after 1 year of removal and 92% lower after two years of removal (Figure 3).     

Independent population estimates for a given year were similar.  The difference 

between Schnabel and Leslie estimates for 2001 was about 1,500 crayfish (Table 6).  The 

95% confidence intervals of these estimates overlapped.  The density by habitat estimate 

of age II and III crayfish in 2003 was near the Leslie estimate and remained between 

21,000 and 25,000 crayfish when we bounded for error within each habitat*depth zone 

(Table 5).  Finally, the total crayfish population estimate in August of 2003 based on 

densities and habitat area ranged from 366,000 to 457,000 when we blocked for error 

Table 5).  

MODELING 

Using either the parameter estimates from method 1 (observed survivorships in 

Sugarbush Lake, Figure 4A) or method 2 (survivorships given the observed age 

distribution, Figure 4B), trap selectivity leads to lower crayfish population growth rates 
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than fish selectivity for a given proportion of the total crayfish population removed by 

either trapping or fish predation, p. This is because traps remove larger individuals which 

have greater reproductive potential.  Similarly, fish select larger crayfish than average, 

and therefore fish selectivity leads to lower population growth rates than non-selective 

removal of crayfish from the population.  The impact of trap selectivity on larger age 

classes can be seen in the step-like changes in the population growth rate when the 

proportion of the total population removed by trapping reaches 0.04 (Figure 4A) and 0.08 

(Figure 4B).  At these levels in the different parameterizations of the Leslie matrix, the 

proportion of the population in the largest age class III goes to zero, causing a rapid drop 

in the population growth rate as the most fecund component of the population is 

eliminated.  The lines of trap selectivity end at the point when age class II goes to zero 

and the population growth rate drops precipitously to minus infinity. 

Even though trap selectivity leads to lower population growth rates than either fish 

selectivity or no selectivity, this is only under the assumption that the same proportion p 

of the population is removed by the different selective agents.  From the data on trapping 

removal and gut content analysis in Sparkling Lake, trapping removed roughly 5-6% of 

the total population, whereas fish predation removed 31-39% of the total population 

(shaded bands in Figure 4).  Accounting for these differences in the proportion of the 

total population removed by trapping vs. fish predation, fish predation has a larger 

potential impact on the population growth rate of rusty crayfish under the conditions of 

the whole-lake removal experiment. 

The sensitivity analysis showed that the general conclusions about the effect of age 

selectivity on crayfish population growth rates were robust to parameter uncertainty in 
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the Leslie matrix.  Table 7 gives values for the crayfish population growth rate under the 

three assumptions about selectivity: selectivity of traps, rtrap(p), selectivity of fish, rfish(p), 

and no selectivity, reven(p), when the proportion of crayfish removed, p, equals either that 

achieved by traps, p = 0.055, or that achieved by fish, p = 0.35.  Comparing the cases 

when p = 0.055, trap selectivity always led to the lowest crayfish population growth rates 

(rtrap(0.055) – rfish(0.055) < 0), and no selectivity always lead to the highest crayfish 

population growth rate (rfish(0.055) – reven(0.055) < 0).  Comparing population growth 

rates with trap removal to those with fish predation using those levels of removal 

observed during the experiment shows that removal by fish always led to the lowest 

population growth rate (rtrap(0.055) – rfish(0.35) > 0).  This is because fish removed a 

much greater proportion of the crayfish population than traps.  The robustness of these 

comparisons between effects of crayfish population growth rates is emphasized by the 

wide range of values of crayfish population growth rates (rtrap(0.055), rfish(0.055), and 

rfish(0.35)) that were calculated from the 2,000 randomly constructed Leslie matrices used 

for the sensitivity analysis. 

DISCUSSION 

REMOVAL AND POPULATION ESTIMATES 

 A substantial portion of the crayfish population was removed by trapping and fish 

predation.  Because traps select for large crayfish, trapping removed a greater biomass of 

crayfish than did fish predation in 2003.  Fish predation removed a greater portion of the 

population than traps.  Fish likely removed more crayfish because they consume small 

crayfish (Table 2, Figure 3), which composed the largest portion of the population (Table 

7).  Centrarchids commonly consume crayfish (Vander Zanden et al. 1997), and depend 
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on crayfish energetically (Rabeni 1992).  In many water bodies, fish consume as much as 

40% of the annual crayfish production (Dorn and Mittelbach 1999).   

 Population estimates adequately met assumptions and corroborated one another. 

The density by habitat population estimates did not change drastically with 50% increases 

in densities on each habitat-depth zone (Table 5).  By basing the Schnabel estimates on 

only the male crayfish population in 2001, we met the assumptions of random sampling 

and equal susceptibility (Ricker 1975, Somers and Green 1992).  We also minimized the 

effects of changing catchability on the Leslie depletion estimates by truncating the data 

from June (Ricker 1975) when trapping was not yet effective (Chapter 1).  Owing to 

seasonality, catchability may have still declined within the sample period (Richards et 

al.1996, Chapter 1).  Declines in catchability cause underestimates, which might explain 

the higher number of crayfish removed than estimated in 2002 and 2003.  However, the 

2003 density estimate, which does not depend on catchability, was near the Leslie 

estimate.  Underestimates are likely minimal. 

MODELING 

 Other studies support the conclusion that smallmouth bass and rock bass could 

feasibly control rusty crayfish populations.  Rach and Bills (1989) concluded that M. 

salmoides removed 98% of O. immunis from a small pond and may effectively control 

crayfish populations.  Eels (Anguilla anguilla) have long controlled and even extirpated 

crayfish populations (Astacus astacus and Pacifastacus leniusculus) in Sweden (Svardson 

1972).  However, knowledge of baseline levels of crayfish mortality in Sparkling Lake 

owing to fish predation is necessary to determine how much additional mortality occurred 
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after the change in fishing regulations.  Fish may have consumed 31 to 39% of the 

crayfish population prior to the manipulation as well as in 2003.    

Traps substantially reduced growth rates and may effectively control rusty 

crayfish.  Most studies conclude that traps are ineffective for crayfish control because 

they are selective for large males (Momot and Gowing 1977b, Lodge et al. 1985, Rach 

and Bills 1989, Momot 1993).  Our results in Chapter 1 showed that females were 

significantly reduced during the removal in addition to males.  In 2003, 47% of crayfish 

removed were female (Table 4).  These females are the most fecund members of the 

population, and the number of crayfish we removed in 2003 decreased population growth 

rates in the model. 

The parameters estimated for the model were derived from the best data available.  

Upper Sugarbush Lake is similar to Sparkling Lake in terms of size, habitat, and location.  

A dense population of rusty crayfish had already been established for 10 to 15 years 

(Lorman 1980).  May and September population estimates, from which we derived 

parameters, best adhered to assumptions of Lorman’s estimates (1980).  Others also 

observed extremely low age 0 survivorship, higher survivorship of age I, and lower 

survivorships of age II and III crayfish (Van Deventer 1937, Momot 1967, Momot and 

Gowing 1977b).  

Our sensitivity analyses showed that the relative effects of size-selective removal 

were consistent.  To accurately predict the change in population growth rates owing to 

removal, parameterization of the Leslie matrix model must be more precise.  Because the 

model does not include over-winter survivorships, they are likely too high.  

Overestimates in survivorships make the observed declines in population growth rates 
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conservative.  Still, our primary goal, to contrast the relative effects of trapping and fish 

predation on population growth rates, was satisfied.  

IMPLICATIONS AND FUTURE STUDY 

Our results suggest that the combination of trapping and altered fishing 

regulations that conserve fish predators may effectively control a rusty crayfish 

population.  Studies that claimed crayfish control or eradication to be infeasible were on 

small lakes with low populations of fish predators (Momot and Gowing 1977a,b, Bills 

and Marking 1988, Momot 1991, Momot 1993).  These studies also captured primarily 

males in traps.  Fish predation on many crayfish and trapping of the most fecund females 

are critical to reducing population growth rates. 

Our exponential growth model does not consider potential density-dependant 

responses of the crayfish population to removal (Caswell 2001).  If population growth is 

higher at low densities, rusty crayfish removal would be infeasible.  Decreased growth, 

fecundity, or juvenile survivorship in response to removal may indicate depensation 

(Hilborn and Walters 1992).  Momot and Gowing (1977b) found decreased fecundity 

with harvest in an O. virilis population.  However, crayfish production and juvenile 

survivorship respond variably to trapping in different lakes (Momot and Gowing 1977a,b, 

Momot 1991, Momot 1993).  Further study of density dependent responses is necessary 

to predict the long-term effects of removal by traps and fish.  

Although we do not know the long-term sustainability of reduced populations, 

continued removal may minimize negative effects of rusty crayfish on the aquatic 

community.  Abundance and diversity of macrophytes and benthic invertebrates decline 

with rusty crayfish invasions (Wilson 2002).  We expect an increase in the biomass of 



 

 

59 

macrophytes and benthic invertebrates owing to the large biomass of rusty crayfish 

removed since 2001.  Anecdotal evidence suggests that macrophytes are already 

increasing in abundance.  According to preliminary analyses, the percent cover of 

Eleocharis spp. and Najas spp. increased.  Even if rusty crayfish are not eradicated, we 

may be able to manage established populations for reduced impacts.   

Our whole-lake experiment showed that trapping and fish predation effectively 

removed crayfish and reduced population growth rates over a 3-year period.  Because the 

crayfish population contained primarily small crayfish susceptible to predation, fish 

consumed more crayfish than traps caught.  Traps removed the majority of catchable 

crayfish each year of the removal, of which nearly half were female the last two years.  

Removal of reproductive crayfish by trapping reduced population growth rates more than 

fish predation at low mortality levels.  Because fish could consume a greater portion of 

the population, they ultimately reduced growth rates more than traps.  Our results suggest 

that the combination of trapping and fish predation to control established rusty crayfish 

populations is feasible and deserves further consideration for management.  Methods for 

exotic species control that avoid use of biocides or introduction of non-native predators 

should continue to be developed. 
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Table 1.  Survivorship (s0 – s3) and fecundity (f1 – f3) for the Leslie matrix model based 

on an O. rusticus population in northern Wisconsin (Lorman 1980).  In method 1, 

survivorships were calculated from censuses in May and September, and in method 2 

survivorships were computed to give a stable age distribution corresponding to the 

observed age distribution in May.   

Parameter s0 s1 s2 s3 f1 f2 f3 

method 1 0.0316 0.652 0.3633 0.1283 44.5 62.5 81.5 

method 2 0.0157 0.708 0.607 0.091 44.5 62.5 81.5 
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Table 2.  The proportion of crayfish in each age class found in traps, fish diets, and 

ambient conditions (SCUBA samples).  The selectivity of traps and fish for each crayfish 

age class is scaled to ambient levels to have a sum of 1. 

 

Age Size  

(CL mm) 

Trap 

Proportion 

Fish 

Proportion 

Ambient 

Proportion 

Trap 

Selectivity 

Fish 

Selectivity 

0 0 –11 1.03 e -4 4.08 e -1 8.42 e -1 0 6.93 e -2 

1 12 - 25 2.78 e -2 5.24 e -1 1.29 e -1 1.79 e -4 5.80 e -1 

2 26 - 36 4.78 e -1 6.80 e -2 2.79 e -2 1.43 e -2 3.50 e -1 

3 37+ 4.95 e -1 0 4.18 e -4 9.86 e -1 0 
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Table 3.  Population projection matrix of the age-structured Leslie matrix model for an O. 

rusticus population including age selective survivorships (si), fertilities (fi), and 

survivorships due to additional mortality of trapping or fish predation (ki). 

 

 Age 0 Age 1 Age 2 Age 3 

Fecundities (f0*s0)*k0 (f1*s0)*k0 (f2*s0)*k0 (f3*s0)*k0 

Age 1  s1*k1 0 0 0 

Age 2  0 s2*k2 0 0 

Age 3  0 0 s3*k3 0 
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Table 4. The number and biomass (kg) of crayfish removed each year by traps and 

predators.  We report the number of female and male crayfish removed with traps in 

addition to the total number removed.  Trap days are the number of traps fished for a 24-

hour period. 

 

  Number    Biomass  

Year 2001 2002 2003  2001 2002 2003 

Trap days 1,584 3,497 7,432     

Removed by traps        

Females  3,570 17,567 10,691     

Males 7,425 20,983 11,894     

Total  10,995 38,550 22,585  161 395 270 

Eaten by predators        

Smallmouth bass 219,419 275,833 133,895  163 378 162 

Rock bass 46,249 73,639 7,595  89 120 28 

Total 265,668 349,472 141,490  252 498 190 

Grand Total 276,663 388,022 164,075  413 893 460 
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Table 5.  Range of density by habitat population estimates for age II and III crayfish and 

for all crayfish.  The first row contains the population estimates, and the following rows 

contain the estimates after a 50% increase in the average density of rusty crayfish within 

each habitat*depth combination.  Population estimates of age II and III crayfish included 

only crayfish > 28 mm CL collected by hand.   

Substrate Depth 

Contour (m) 

Age II & III 

Population Estimate 

Total  

Population Estimate 

Baseline  21,900 365,963 

50% density increase on:    

Cobble    

 0 – 0.5 22,277 448,012 

 0.5 -3 22,316 456,738 

 3 - 5 22,696 366,758 

 5 – 6.5 22,595 366,658 

 6.5 – 8 22,159 366,221 

Macrophytes    

 0.5 -3 22,722 366,784 

 3 - 5 21,986 366,048 

Sand    

 0 – 0.5 22,622 366,685 

 0.5 -3 24,604 368,667 

 3 - 5 21,901 365,964 

 5 – 6.5 22,826 366,889 

 6.5 – 8 25,058 369,121 
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Table 6.  Population estimates of the catchable portion of the population and the number 

of crayfish removed by traps each year.  Modified Schnabel and Leslie depletion 

population estimates are based on individuals caught in traps.  The population estimate 

based on crayfish densities within different habitats uses data on age II and III crayfish 

surveyed with SCUBA.     

Year Population Estimate Total 95% CI Number Removed 

2001     

 Modified Schnabel* 10,893 10,509 -11,307 7,425 

 Leslie depletion* 9,370 7,804 – 12,544 7,425 

2002     

 Leslie depletion 27,093 25,837 – 28,604 38,550 

2003     

 Leslie depletion 18,959 18,095 – 19,987 22,585 

 Density by habitat 21,900  22,585 

*Population estimates and number removed based on male crayfish only.  
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Table 7: Sensitivity analysis for parameter values in the Leslie matrix model 

parameterized using method 1.  Two-thousand Leslie matrices were constructed by 

randomly selecting survivorship (s0 – s3) and fecundity (f1 – f3) values from uniform 

distributions ranging from 50% below to 50% above the estimated parameter values. 

measure minimum 5% quantile mean 95% quantile maximum 

rtrap(0.055) – rfish(0.055) -0.53 -0.38 -0.21 -0.088 -0.044 

rtrap(0.055) – reven(0.055) -0.56 -0.41 -0.23 -0.10 -0.052 

rfish(0.055) – reven(0.055) -0.038 -0.031 -0.018 -0.0085 -0.0033 

rtrap(0.055) – rfish(0.35) 0.35 0.54 0.87 1.18 1.32 

rfish(0.35) – reven(0.35) -1.12 -1.03 -0.73 -0.42 -0.29 

rtrap(0.055) -0.78 -0.52 -0.16 0.17 0.28 

rfish(0.055) -0.48 -0.23 0.052 0.31 0.44 

rfish(0.35) -1.71 -1.54 -1.03 -0.62 -0.54 
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FIGURE CAPTIONS 

 

Figure 1.  Habitat characterization of sand, macrophytes, and cobble in five depth zones 

of Sparkling Lake.  Lines represent transects surveyed for crayfish densities and asterisks 

represent locations where netted quadrats were sampled using SCUBA. 

 

Figure 2.  Sizes of crayfish in fish diets and traps.  Lines show the percentage of crayfish 

in diets or traps at each 1 mm CL interval.  Crayfish measured over all three years are 

included in the figure.   

 

Figure 3.  Mean daily catch rates of rusty crayfish from 2001 to 2003.  The removal 

began on August 14, 2001 (Julian day 226).  Catch rates include those from traps set both 

on the standard arrays and those set for removal.  Only traps from the standard arrays that 

were within removal areas at 1 m depths were included in the mean catch rates of this 

figure to standardize for substrate and temperature effects. 

 

Figure 4.  Crayfish population growth rates as functions of the proportion p of the total 

population removed according to trap selectivity, rtrap, fish selectivity, rfish, or no 

selectivity, reven.  (A) gives the case of the Leslie matrix model with survivorship 

parameterized by method 1, and (B) gives the case for parameterization by method 2.  

Gray shading gives the estimated range of p achieved by trapping (5-6%) and fish 

predation (31-39%). 
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