Immigration rates of signal crayfish (Pacifastacus leniusculus) in response to manual control measures
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SUMMARY

1. Crayfish are amongst the most frequently introduced non-native aquatic organisms, with well-documented negative effects on a large number of freshwater taxa. Many crayfish-control strategies make use of manual removal by trapping, a method known preferentially to remove the largest individuals, leaving the juvenile population almost entirely untrapped. 
2. A predicted outcome of trapping bias in riparian habitats is that removed individuals could be replaced by large crayfish immigrating from surrounding, untrapped, areas. We tested the hypothesis that removal by trapping of American signal crayfish from a UK river would result in increased rates of immigration, and increased distances moved, of crayfish from untrapped areas. 
3. We studied four stretches of the River Windrush each 1 km in length and divided into three sections; a 250 m long upstream section, a 500 m middle section and a 250 m downstream section. At two sites (removal sites) signal crayfish were trapped and removed from the 500 m middle sections, at the other two (non-removal) they were marked and returned. All crayfish captured in the upstream and downstream sections were marked and returned.
4. Probability of capture was higher for larger individuals with both chelae intact, and larger crayfish were more likely to immigrate from the upstream and downstream sections into the middle. The percentage of captured crayfish immigrating into the middle sections was the same (3.7%) in both removal and non-removal sites. However, the mean distance that crayfish moved when immigrating was significantly greater at removal sites (239 m) than at non-removal sites (187 m).
These results imply that removal of large individuals may have reduced the potential for interference competition by increasing the relative competitiveness of the immigrating individuals and permitting them to make larger movements. Consequently, the impact of manual removal strategies, both on the signal crayfish population and other biota affected by them, is likely to be reduced at the point of removal, but to extend at least 200 m beyond the trapped length of river.

Introduction

The introduction and spread of non-native species has become a global ecological and conservation crisis in both terrestrial and aquatic communities (Gurevich & Padilla, 2004). Crayfish are amongst the most frequently introduced non-native aquatic organisms, and invasive crayfish have great potential to disrupt the freshwater ecosystems into which they are translocated (Gherardi, Renai & Corti, 2001). Their detrimental effects include potential negative impacts upon amphibian eggs and larvae (Axelsson, Nystrom, Sidenmark et al., 1997; Gamradt & Kats, 1996), macroinvertebrates 
 ADDIN EN.CITE 

(Hanson, Chambers & Prepas, 1990; McCarthy, Hein, Olden et al., 2006; Guan & Wiles, 1998)
, algae (Guan, 1995, cited in Guan & Wiles, 1998; Hanson et al., 1990), macrophytes (Creed Jr., 1994; Lodge, Kershner, Aloi et al., 1994) and fish, including their eggs and larvae (Guan & Wiles, 1999; Guan & Wiles, 1998).

Crayfish population densities can be extremely high, with estimates of signal crayfish (Pacifastacus leniusculus, Dana) densities in US and British habitats ranging from 0.9 – 20 ind m-1 
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(Abrahamsson & Goldman, 1970; Bubb, 2004; Goldman & Rundquist, 1977)
, and where present they typically dominate the invertebrate biomass (Momot, 1995). Controlling numbers of invasive crayfish therefore poses significant problems for habitat managers. Numerous studies have examined the feasibility of controlling populations of invasive crayfish by manual removal, trapping, electrofishing, biological control agents such as fish predators, microbial insecticides and diseases, physical means such as dewatering and habitat destruction, and chemical means (see Hyatt, 2004; Holdich, Gydemo & Rogers, 1999; Peay, 2001). Many control attempts make use of manual removal, which has the advantage of being relatively cheap and, arguably, has fewer impacts on non-target species and their habitats. However these methods, in particular hand searching, sein netting and trapping, have a well reported bias towards removal of the largest individuals (e.g. 
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Abrahamsson, 1966; Guan & Wiles, 1996; Westman, Savolainen & Pursiainen, 1999; Holdich et al., 1999)
, leave the juvenile population almost entirely untrapped (Holdich et al., 1999; Bills & Marking, 1988), may remove only a small percentage of the population (Peay, 2001; Frutiger, Borner, Busser et al., 1999) and are commonly considered to be adequate to limit crayfish populations, but not to eliminate them (Holdich et al., 1999; Hyatt, 2004; Peay, 2001). Two studies, however, indicate that a combination of intensive trapping and predation by predatory fish may result in a substantial decrease in crayfish population densities (Rogers, Holdich & Carter, 1997; Hein et al., 2007). Rogers et al. (1997) reduced the estimated density of P. leniusculus in carp pods from 4000 to 1500 over 900 trap nights, and suggested that if regular trapping had continued, fish predation on smaller individuals might have eliminated the population. Similarly, Hein et al. (2007) achieved an approximate 95% reduction in catch rate of rusty crayfish (Orconectes rusticus, Girard) following intensive trapping in a large (64 ha) seepage lake, and speculated that the observed declines were partly due to the local fishery restricting bag sizes of predatory fish. These studies, however, both took place in unconnected water bodies. Control attempts of populations in connected habitats, as occur in rivers, may be hampered by immigration from surrounding areas. Working on a population of signal crayfish in the River Thame, UK, Ibbotson  et al. (1997) provided circumstantial evidence that intensive trapping of one section of a river may reduce numbers of large individuals in neighbouring sections due to immigration, but were unable to provide direct evidence. Few studies have examined this issue.
Removal of large crayfish may facilitate immigration because of the nature of dominance relationships among individuals. Various species of crayfish form social dominance hierarchies under laboratory conditions 
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(Ranta & Lindstrom,1992; Goessmann, Hemelrijk & Huber, 2000; Momot & Leering, 1986)
 and the outcome of aggressive interactions is principally determined by relative size 
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(Momot & Leering, 1986; Ranta & Lindstrom, 1992; Ranta & Lindstrom, 1993; Figler, Cheverton & Blank, 1999)
, all other factors being equal (e.g. moult stage, habitat familiarity, etc., Goessmann et al., 2000). An encounter between two individuals of similar size typically leads to a series of agonistic interactions that escalates until one opponent withdraws (Goessmann et al., 2000; but see Peeke, Sippel & Figler, 1995, and Figler et al., 1999, for discussion of sex and prior residency effects). The bias associated with manual removal, which selects for large individuals, could be expected to reduce the potential for aggressive interactions, potentially resulting in an increase in the extent of movements of remaining and immigrating individuals and/or increased rates of immigration.
In this study we test, in a UK river, the hypothesis that removal by trapping of American signal crayfish will result in increased rates of immigration and distances moved into the removal area of crayfish from untrapped areas, as a consequence of the reduction in the population of large individuals in the removal area.

Methods
Experimental design and site selection 

We studied four 1 km stretches of river, each divided into a 250 m upstream section, a 500 m middle section and a 250 m downstream section. Of the four 500 m middle sections, two were designated as removal sections, from which all crayfish captured were removed and humanely destroyed by freezing (see RSPCA, 2003; RSPCA, 2009), while the remaining two middle sections were non-removal sites in which all crayfish captured were marked and returned to the water at the point of capture (conducted under Natural England licence NNR/2008/0004). In all of the bordering upstream and downstream sections captured crayfish captured were marked and returned at the point of capture. 

All sites were located on the River Windrush in Oxfordshire, UK. The Windrush was chosen because for approximately 8 km of its length the river splits into two arms (the eastern and western arms) that run parallel, separated by distances of 300 m to 1 km before rejoining. This permitted four study sites to be located in a relatively small geographical area, ensuring that factors such as channel morphology, bordering habitat and bordering land-use were kept as constant as possible between sites and between sections within each site. The substrate of each site was predominantly gravel/pebble, bordered by earth banks supporting stands of riparian macrophyte vegetation. The four sites were arranged such that one removal and one non-removal site were located on each arm, separated by at least 2 km, and with the removal site downstream of the non-removal site. UK national grid references for the sites were: eastern arm - SP 383067, SP 401050; western arm - SP 364073, SP 398036. 

Trapping protocol

The entire length of each site was trapped with one capture session per month for six months (between April and October 2009). Crayfish were trapped with commercially available cylindrical, plastic crayfish traps (TrappyTM crayfish trap, Virserum, Sweden), 50 cm long and 20 cm in diameter with 25 x 35mm mesh and a 51 mm diameter aperture, under Environment Agency license C/WA/05032009/S17. Half of the traps were covered with 4 x 4 mm plastic mesh (Guan & Wiles, 1996; Guan & Wiles, 1999) to increase the proportion of small crayfish captured. The remaining traps were left uncovered for the purposes of a separate study to be reported elsewhere. In a given capture session, traps were set on Monday afternoon and removed on Friday, allowing four nights of trapping. Traps were checked early each morning from Tuesday to Friday, the contents processed and either returned at the point of capture or removed, according to the experimental design. Traps were baited with fish (pieces of pollock fillet) and re-baited daily. Traps were set at intervals of one trap per 20 m in all sections, with the exception of the two 500 m removal sections where the density was increased to one trap per 15 m to ensure that sufficient crayfish were removed for comparison. The resting position of each trap was recorded to the nearest six metres using a handheld Garmin eTrex GPS.   


All crayfish, with the exception of those captured in the two removal sections, were given a semi-permanent mark that identified the section (upstream, middle, downstream) and capture session (one to six) in which they were captured, using methods adapted from Guan (1997). Marked crayfish were not individually identifiable, but crayfish captured downstream were marked on the left-hand uropods, in a different position for each session, and marks for middle and upstream captures were made similarly on the middle and right-hand uropods, respectively. Marks were made by holding the crayfish on a piece of polystyrene mounted in a sturdy plastic tray and piercing the uropod with a sterile needle. Crayfish removed were transported off site and chilled in air to -15oC (RSPCA, 2003) on the day of removal.

Crayfish from every second trap were weighed and measured prior to either being marked and released or removed as appropriate. Measurements taken were CL (carapace length), to the nearest 1 mm with Vernier callipers from the rostral apex to the posterior median edge of the cephalothorax, and wet weight, measured to the nearest gram. In addition any missing antennae, chelae, signs of disease and breeding condition were recorded.

Measuring distance moved

Crayfish were denoted as immigrating if they were captured in the middle section of a site having been previously captured in a bordering (upstream or downstream) section. Crayfish were not individually marked and so, whilst it was possible to establish the position of a re-captured crayfish to the nearest five metres, it was not possible to record their precise point of initial capture. For all crayfish that immigrated into the middle section, therefore, their point of origin was recorded as the nearest point to their capture location in the bordering section. For example, if an individual was originally captured in the upstream section and subsequently recaptured in the middle, then the point of origin would be designated as the boundary between the upstream and middle sections. For each crayfish that immigrated, therefore, the measure of movement distance represents minimal distance moved. 

Statistical analysis

We wished to test the hypothesis that movements of crayfish from the upstream and downstream stretches into the middle stretch would be more frequent, and of greater distance, at sites from which crayfish were removed than sites at which they were marked and returned. One prediction from this hypothesis is that traps should preferentially capture large, competitively dominant individuals. We used the probability of recapture of individuals as an index of trapping bias and analysed the probability of individuals being recaptured (yes or no) using binary logistic regression, with carapace length (CL, entered as a covariate), damage score (0 = undamaged, 1 = one missing chela, 2 = two missing chelae; entered as a covariate), sex, session (entered as a covariate) and river arm as explanatory variables.

For individuals captured in the middle section of each site we analysed the probability of an individual being recaptured having immigrated from a bordering (upstream or downstream) section into the middle, via binary logistic regression. Explanatory variables for immigrated (yes or no) were sex, treatment (removal or non-removal), arm (eastern arm or western arm), capture session (covariate), damage score (covariate) and CL (covariate).


To ascertain whether crayfish that immigrated into the middle section were larger than those captured from the middle that were not recorded as moving, we constructed models with length and weight of undamaged crayfish as the response variables in separate GLM analyses and with moved (yes or no), arm, session, sex and treatment as explanatory variables.


We examined the effect of removing crayfish from the middle sections on the distance moved of immigrating crayfish using data only from individuals that moved from the bordering sections into the middle section. Distance moved was the response variable in a GLM with treatment, sex, capture session, river arm and damage score as the explanatory variables.  


In all of the analyses in which an index of body size is required as an explanatory variable, we used CL rather than wet weight because weight varies directly with the number of missing chelae whereas CL will vary only if the loss of a chela and the necessity of regrowing the limb decreases the growth rate between moults. For the GLM analyses, weight, length and distance were not transformed and did not depart from the assumptions of the statistical test in this form. In all analyses, to prevent pseudoreplication within capture sessions, we excluded data from individuals that were recaptured within a given session.

Results
Number of captures

We made a total of 16,737 captures of 14,510 individual crayfish over the six capture sessions of the project. Of these captures, 7407 were from the upstream / downstream borders, and 9330 were from middle sections. Of those captured from the middle sections, 3760 were captured in non-removal sections, marked and released, and 5570 individuals were captured, removed and destroyed from the two removal sections. A total of 2227 crayfish were recaptured, of which 468 were captured after having moved between sections.
Probability of recapture

The probability of a previously marked individual being recaptured (excluding data from the two removal sections, where individuals were not marked and released) increased with increasing CL (n = 4706, binary logistic regression, effect of CL, P < 0.001, coefficient = 0.091; Table 1a). Damage score was inversely correlated with recapture probability (effect of damage score, P = 0.006, coefficient =  -0.412; Table 1a). The probability of being recaptured increased as the study progressed and recaptures were more likely from the western arm of the river (Table 1a). There was no significant effect of sex on recapture probability (Table 1a).
Factors affecting probability of immigrating into the middle section

Using data only for individuals captured in middle sections, the probability of an individual being captured in the middle section, having been previously captured in an earlier session in either of the bordering (upstream or downstream) sections, was greater at removal sites than at non-removal sites (n = 3862, binary logistic regression, effect of treatment, P = 0.012; Table 1b), and increased with capture session number and CL (P < 0.001; P < 0.001, respectively; Table 1b). There were no significant effects of sex, arm or damage score (Table 1b). However, the overall percentage of captures (for which weights and lengths were recorded) from the middle that had moved from the border was the same at both removal and non-removal sites (3.7%), implying that, contrary to the above analysis, treatment had little effect on the relative numbers immigrating.
Length and weight of immigrating crayfish 

Immigrating crayfish had longer CLs (GLM effect of moving, P < 0.001; Table 1c; marginal means 61 mm and 56 mm for moved and not moved, respectively) and were heavier (GLM effect of moving, P < 0.001; Table 1c; marginal means 72 g and 55 g for moved and not moved respectively) than crayfish that had remained in the middle between capture sessions (data analysed from all sites using separate models for length and weight in which arm, session, sex and treatment were also entered; Table 1c). However, all crayfish recorded as moving were necessarily recaptures marked in previous capture sessions. There was no evidence that crayfish that had moved had larger CLs or weights compared to individuals that had been recaptured but had not moved (GLM effect of moving, P = 0.213; P > 0.57 for CL and weights, respectively) in models using data only from non-removal sites, in which sex, capture session and river arm were also included.

Of the 130 individuals that immigrated into the middle section from either upstream or downstream locations between capture sessions, and for which CLs were recorded, 129 had a CL greater than 50 mm and one (< 0.1 % of the captured population) had a CL between 45 and 49 mm. Crayfish with a CL less than 50 mm represented 18.4% of the total captures from the middle sections but only 0.8% of the crayfish recorded as having immigrated. A total of 686 crayfish with a CL less than 50 mm were captured from upstream, downstream and non-removal middle sections (i.e. sections from which recaptures were possible). Of these, 41 (6 %) were recaptured at some stage. By comparison, a total of 680 individuals with a CL less than 50 mm were captured from the middle sections, only one (0.1% of total captures) of which was recorded as having immigrated, suggesting that immigrating crayfish constituted a disproportionately small percentage of the individuals with small CLs that were recaptured. 


Distance moved
We captured 313 individuals from the middle sections which were recorded as moving. Of these 174 had moved downstream and 139 had moved upstream, a marginally significant difference (χ2 = 3.91, d.f. = 1, P = 0.05). The distances that crayfish moved into the middle section were larger at removal sites than at non-removal sites (effect of treatment, P = 0.006; Table 1d; Fig. 1). There was no evidence for significant effects of sex, session, arm, damage score or direction moved on distance moved from the same analysis (Table 1d). There was no evidence for an effect of CL in a separate GLM analysis, using a reduced data set comprising only individuals for which CL was recorded, in which this covariate was additionally included (F1,124 = 0.30, P > 0.58). Marginal mean distances moved were 187 m for non-removal sites and 239 m (a mean of 52 m further) for removal sites (Fig. 1).

Discussion
Our results are consistent with the hypothesis that manual methods of crayfish removal lead to the preferential removal of large individuals, which in turn facilitates the ingress of individuals into the removal area. In this study, the probability of an individual being recaptured increased with its carapace length (CL) and decreased with the number of missing chelae. Large chelae are known to confer a competitive advantage in encounters between crayfish 
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(Snedden, 1990; Garvey & Stein, 1993; Rutherford, Dunham & Allison, 1995)
 and crayfish with both chelae intact would be expected to have an increased probability of recapture. To determine whether traps preferentially captured relatively large individuals it would have been desirable to compare the proportion of each size class in the trapped population with the background proportions in the wild population. However, because the latter could not be measured, we used the probability of recapture as an index of trapping bias. Assuming that recaptured individuals are those with a higher general probability of being captured, we can conclude that the traps preferentially captured larger individuals from the population. These findings support those of other studies, that the individuals most likely to be trapped are relatively large, competitively dominant individuals (Abrahamsson, 1966; Guan & Wiles, 1996; Westman, 1999; Holdich, 1999). 


The likelihood of a crayfish captured in the middle section having moved from a bordering section was higher at the two sites from which crayfish were removed (Table 1b). However, this statistically significant increase in likelihood did not necessarily indicate that larger numbers of crayfish were moving from the borders into the middle in removal sites. The observed increase in likelihood could also occur if the removals resulted in lower population densities of the larger size classes at removal sites, sufficient that the same number of immigrating individuals would constitute a larger proportion of the trapped population. Direct comparison between treatments of numbers of each size class immigrating was not possible due to the different densities of traps used in the removal and non-removal sites. However, crayfish with a CL greater than 50 mm (the minimum size of the majority of individuals which immigrated into the middle section) comprised 83.8% of the captured population in the non-removal sites (discounting immigrated individuals) but 72.1% at removal sites, indicating that crayfish of the size most likely to have immigrated comprised a smaller proportion of the resident trapped population at the removal sites. Similarly, immigrant crayfish (all of which had CLs greater than 50 mm) represented 3.7% of the trapped population in both removal and non-removal sites. Therefore, although immigrant crayfish comprised the same overall proportion of the population at both removal and non-removal sites, they represented a larger percentage of the large crayfish at removal sites. There is, therefore, no evidence from this study that the removal of individuals stimulated increased rates of immigration per se, rather than the immigrating individuals represented a larger proportion of the population of individuals with CLs greater than 50 mm.


The mean size and weight of the crayfish that moved were larger than the population mean from the middle sections (61 mm as opposed to 56 mm, and 75 g as opposed to 55 g, respectively). These figures are consistent with the finding that larger crayfish were more likely to be recaptured, and that increasing body size increased the likelihood of having moved into the middle stretch. The mean CL and wet weights of crayfish that moved were not, however, statistically different from those of crayfish that had been recaptured but had not moved. This last finding raises the possibility that rather than larger crayfish having an increased likelihood of moving between sections per se, all sizes of crayfish may have the same probability of immigrating, but larger crayfish were more likely to be recaptured, and therefore their movement detected. This possibility is refuted, however, by the observation that the recapture rate of crayfish with a CL less than 50 mm was 6% (41 of 686 marked individual were recaptured) but that only 0.1% (1 of 680 individuals) of individuals of that size were recorded as immigrating to the middle. We conclude, therefore, that although there will be a degree of recapture bias, and therefore an increased likelihood of detecting movement, towards larger individuals, nearly all individuals recorded as moving from a border into a middle section had a CL greater than 50 mm, and this is likely to be an accurate reflection of the minimum size of crayfish making such movements.


The mean distance that crayfish moved into the middle section was larger at removal sites than non-removal sites (239 m as opposed to 187 m). We speculate that this finding may indicate that the relative absence of large individuals from the removal sites reduced the potential for interference competition via increasing the relative competitiveness of the immigrating individuals, assuming that size at least partially dictates the outcome of aggressive interactions (e.g. Momot & Leering, 1986; Ranta & Lindstrom, 1992, 1993; Figla 1999) , and therefore permitting larger movements. However, little evidence exists in the literature connecting adult competitiveness and movement distance in crayfish. Alternatively the immigrating crayfish at the removal sites may have perceived that they were moving down a density gradient - for example Bovbjerg (1959) demonstrated that crayfish are able to perceive, and move away from, areas containing a high density of conspecifics - and so optimised their fitness by settling at the point where the densities were lowest, which we assume to be in the centre of the middle section. Irrespective of the underlying mechanism, however, our results support Ibbotson’s (1997) speculation that the removal of crayfish may facilitate the immigration of relatively large individuals from elsewhere.


In conclusion, this study partially supports Ibbotson’s (1997) speculation that removal of crayfish by trapping may facilitate immigration of relatively large individuals from non-trapped areas. While we found no evidence of an increase in the numbers of individuals immigrating into the removal areas, our study demonstrates that manual removal leads to increased movement distances of large crayfish immigrating from non-removal areas. The actual number of immigrating crayfish is likely to be substantially larger than those recorded in this study because individuals recorded as immigrating had to be captured twice, and so represent a small proportion of actual immigrants. The implications for crayfish control via manual removal in non-enclosed habitats are that the extent of the population from which relatively large individuals are preferentially removed will extend at least 200 m upstream and downstream of the limits of the trapped area. Any potential negative impacts from the removal of large individuals, such as release of smaller individuals and juveniles from competition with a resulting increase in juvenile survival and growth (e.g. Momot (1993), are therefore also likely to extend to areas beyond the immediately trapped area. Consequently, the impact of manual removal strategies, both on the signal crayfish population and other biota affected by them, is likely to be reduced at the point of removal, but to extend beyond the trapped length of river. The distances and rates of immigration observed make it unlikely that removal strategies in river habitats could be as effective as those in unconnected water bodies. This may imply that measures to control numbers of signal crayfish in running waters may be practically ineffective unless maintained over substantial lengths for prolonged time periods.
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Tables

Table 1. Results of (a) binary logistic regression analysis of factors affecting the probability of recapture of signal crayfish, (b) binary logistic regression analysis of factors affecting the probability of signal crayfish immigrating into the middle section, (c) separate GLM analyses of the CL and weight of immigrating versus non-immigrated crayfish and (d) GLM analysis of factors affecting the distance moved by signal crayfish immigrating into the middle section. 

a.

	Source
	Z
	P

	CL
	12.05
	< 0.001

	Damage score
	-2.73
	0.006

	Sex
	0.36
	0.766

	Capture session
	15.89
	< 0.001

	River arm
	3.00
	0.003


b.

	Source
	Z
	P

	Treatment
	2.50
	0.012

	Sex
	-1.59
	0.113

	Capture session
	7.29
	< 0.001

	River arm
	-1.14
	0.255

	Damage score
	-1.22
	0.222

	CL
	7.22
	< 0.001


c.

	Source
	Numerator and denominator d.f.
	CL
	Weight

	
	
	F
	P
	F
	P

	Moved
	1, 3861
	45.03
	< 0.0001
	50.70
	< 0.0001

	Treatment
	1, 3861
	178.57
	< 0.0001
	221.73
	< 0.0001

	Sex
	1, 3861
	215.49
	< 0.0001
	521.74
	< 0.0001

	Session
	1, 3861
	23.60
	< 0.0001
	27.38
	< 0.0001

	River arm
	1, 3861
	305.06
	< 0.0001
	271.41
	< 0.0001


d.

	Source
	Numerator and denominator d.f.
	F
	P

	Treatment
	1, 312
	7.63
	0.006

	Sex
	1, 312
	2.18
	0.141

	Capture session
	1, 312
	0.69
	0.407

	River arm
	1, 312
	0.21
	0.650

	Damage score
	1, 312
	0.02
	0.893

	Direction moved
	1,312
	0.07
	0.790


Figure Legends

Figure 1. Boxplot showing the distance moved by crayfish (n = 313) that immigrated from the bordering sections into the middle section at the non-removal (white boxes) and removal (hashed boxes) sites. Boxes represent the median and first-third quartiles and whiskers represent the highest and lowest data values within their respective limits.
Figure 1
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