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Interactive effects of calcium decline and predation risk on the
potential for a continuing northward range expansion of the rusty
crayfish (Orconectes rusticus)
Brie A. Edwards, Vern R.E. Lewis, F. Helen Rodd, and Donald A. Jackson

Abstract: Over the last three decades, the rusty crayfish (Orconectes rusticus (Girard, 1852)) has been expanding its range north-
ward via human-mediated dispersal. If this species is to continue expanding its range northward, it will move onto the Canadian
Shield, where calcium (Ca) availability is low and is predicted to decline further in the future. Dissolved Ca is a vital functional
component of mollusc and crustacean physiology, important for exoskeletal condition and strength, as well as metabolic
activity. However, some organisms are able to compensate for reduced structural integrity by modifying their behaviour. In this
study, we asked if the invasive O. rusticus can survive low levels of ambient Ca and, if it can, whether it exhibits modified
antipredator behavior in response to the physiological limitations imposed by low [Ca]. We found that, under reduced Ca levels,
O. rusticus reduced the frequency of standard activities (such as grooming and foraging) andwasmore likely to engage in vigilance
and (or) escape behavior.We also found that some individuals, in extremely low [Ca], diedwhilemolting. This study suggests that
Ca limitation on the Shield, especiallywhere predators are present,may limit the northward expansion ofO. rusticus beyond their
current range limit.

Key words: Orconectes rusticus, rusty crayfish, invasive species, environmental change, low calcium waters, antipredator behavior,
abiotic tolerance.

Résumé : Au cours des trois dernières décennies, l’écrevisse américaine (Orconectes rusticus (Girard, 1852)) a élargi sa répartition
géographique vers le nord grâce à la dispersion facilitée par les humains. La poursuite de cette expansion vers le nord se
traduirait par l’introduction de l’espèce dans le Bouclier canadien, où la disponibilité du calcium (Ca) est faible et devrait
continuer de diminuer. Le Ca dissout est un composant fonctionnel essentiel de la physiologie des mollusques et crustacés et est
un facteur important pour l’état et la force de l’exosquelette, ainsi que l’activité métabolique. Certains organismes peuvent
toutefois pallier une réduction de leur intégrité structurale enmodifiant leur comportement. Dans la présente étude, nous nous
sommes demandé si O. rusticus introduites peuvent survivre à de faibles teneurs en Ca ambiant et, le cas échéant, si elles
présentent un comportement antiprédateur modifié en réponse aux limites physiologiques imposées par de faibles [Ca]. Nous
avons constaté que, dans des conditions de concentrations de Ca réduites, O. rusticus réduisait la fréquence de ses activités
normales (telles que la toilette et la quête de nourriture) et était plus susceptible d’adopter des comportements de vigilance ou
de fuite. Nous avons également noté que, dans des conditions de [Ca] extrêmement faibles, certains individusmourraient lors de
la mue. L’étude suggère que la disponibilité limitée du Ca dans le Bouclier canadien, particulièrement là où des prédateurs sont
présents, pourrait limiter l’expansion vers le nord d’O. rusticus au-delà de la limite actuelle de son aire de répartition. [Traduit par
la Rédaction]

Mots-clés : Orconectes rusticus, écrevisse américaine, espèce envahissante, modification de l’environnement, eaux pauvres en
calcium, comportement antiprédateur, tolérance abiotique.

Introduction
Invasive species and environmental change or degradation are

recognized as the greatest threats to aquatic ecosystems (reviewed
in Geist 2011). When invasive species disperse into a new area, it
can be difficult to predict whether the biotic and abiotic condi-
tions in the new environment will facilitate or hinder their estab-
lishment. As other, new invasive species become established, and
with ongoing regional environmental changes (climate, land use,
pollution, etc.), invasive species potentially face a constantly
changing landscape (MacDougall and Turkington 2005). There-
fore, to evaluate the likelihood that a given species will expand its
range, projections must incorporate the potential influences of

current and projected changes to both biotic and abiotic condi-
tions beyond the invasion front.

Here, we are concerned with the potential northward expan-
sion of the rusty crayfish (Orconectes rusticus (Girard, 1852)), which
originates from the Ohio River basin of the eastern United States.
This freshwater crayfish has become a well-known invader with
serious impacts on native species; over recent decades, it has ex-
panded its range into the lakes and streams of the Great Lakes
region of the US and Canada (Olden et al. 2006; Jansen et al. 2009).
The pathway for invasion in this species has been anthropogeni-
cally facilitated dispersal by way of bait discharge and intentional
introductions, followed, in some cases, by dispersal via connected
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water bodies (reviewed in Olden et al. 2006). Orconectes rusticus has
extirpated native species, altered community composition and
food-web dynamics, and threatened biodiversity in invaded sys-
tems (Olsen et al. 1991; Hill and Lodge 1999; Lodge et al. 2000;
McCarthy et al. 2006; Olden et al. 2006; Nilsson et al. 2012).

If it is to continue its northward expansion, O. rusticus must
cross onto the Precambrian Canadian Shield (hereafter referred to
as the Shield), a region typified by boreal forest growing in thin,
nutrient-poor soils overlaying granitic bedrock. This geological
transition carries with it a marked change in environmental con-
ditions in streams, rivers, and lakes, including diminished con-
centrations of dissolved ions (Neff and Jackson 2011). Dissolved
calcium (Ca) is characteristically low on the Shield compared with
the off-Shield waters where O. rusticus is currently found, but an-
thropogenic changes, such as acidification and deforestation,
have recently caused Ca levels in Shield soils and water bodies to
drop well below historical norms (Keller et al. 2001; Jeziorski et al.
2008; Molot and Dillon 2008; Edwards et al. 2009). This decline
in [Ca] is projected to continue over the next few decades
(Watmough and Aherne 2008).

This reduction in Ca availability may pose a particular threat to
crustaceans, such as crayfish and zooplankton, that have heavy Ca
demands for the calcification of the exoskeleton during molting
cycles (Cairns and Yan 2009). Calcium is an integral structural
component of crayfish exoskeletons and, without adequate levels,
crayfish carapaces become fragile and easily damaged (France
1983; Berrill et al. 1985). Reduced levels of dissolved Ca result in
increased mortality during both molting (Hammond et al. 2006)
and agonistic encounters with other crayfish (Brewis and Bowler
1983; France 1987; Hammond et al. 2006). Low levels of Ca proba-
bly lead to increased mortality from predators because recently
molted crayfish have a greater probability of being consumed by
fish predators than intermolt individuals with hardened cara-
paces (Scott and Duncan 1967; Stein 1977). Some crustaceans, such
as crayfish, compensate behaviorally for being vulnerable, partic-
ularly when exoskeletons are naturally soft after molting events,
by increasing their use of refugia (Stein andMagnuson 1976; Stein
1977; Nyström et al. 2006) or by bluffing opponents with bold,
showy chelae displays (Stein 1977; Adams and Caldwell 1990).
However, in a study where carapaces had become artificially soft-
ened in acidified waters, crayfish appeared to be less aware of
their soft, susceptible condition, and failed to exert the appropri-
ate precautionary behaviors (France 1987). Dissolved Ca can also
play an important role in offsetting the impact of environmental
stressors such as temperature, heavy-metal toxicity, acidity, and
ultraviolet-B penetration (reviewed in Cairns and Yan 2009). Thus,
for freshwater crayfish, a reduction in [Ca] may not only decrease
defensive ability and survival, but may also lower tolerance to
multiple additional stressors.

Given what is known about the effects of low [Ca] on other
species of crayfish, it is possible that the Ca levels on the Shield
could hinder the establishment of the invasive O. rusticus in the
region. A broad survey of 770 Shield lakes across the province of
Ontario found that currently 35% have [Ca] less than 1.5mg·L−1 and
62% are below 2 mg·L−1 (Jeziorski et al. 2008). This is in stark
contrast to a similar survey of 527 lakes south of the Shield in the
state of Wisconsin, where 88% of lakes have [Ca] greater than
2.5 mg·L−1 (Olden et al. 2006). Orconectes rusticus have been sighted
in aquatic systems located on the Shield (Ontario Federation of
Anglers and Hunters 2012), indicating that the species has some
tolerance, at least in the short term, for Ca levels far below those
of their native range. To our knowledge, no previous work has
experimentally determined the physiological tolerances of O. rus-
ticus to low ambient Ca; however, distributional information has
been used to estimate a limiting requirement of 7.2mg·L−1 (Capelli
and Magnuson 1983). Therefore, it is unknown whether this spe-
cies will be able to persist in the long termunder current or future
low levels of Ca availability on the Shield; if it can, this species

could potentially invade large regions of Canada and threaten
native biodiversity and ecosystem integrity.

The responses ofO. rusticus, living in low [Ca] conditions, to piscine
predators is of special interest because, preceding the northward
movement of the rusty crayfish, predatory game fishes, including
rock bass (Ambloplites rupestris (Rafinesque, 1817)), smallmouth bass
(Micropterus dolomieu Lacepède, 1802), and largemouth bass (Microp-
terus salmoides (Lacepède, 1802)), have invaded the majority of both
off- and on-Shield southern and central Ontario lakes (Vander
Zanden et al. 2004; Sharma and Jackson 2008). These fishes are
known to bemore efficient and specialized in preying upon crayfish
than the predatory fishes that are native to the Shield (Scott and
Crossman 1973; Collins et al. 1983; Somers 1987; Mandrak and
Burridge 2009). Therefore, invasive centrarchid species may pose an
additional impediment to O. rusticus invasion, particularly in combi-
nation with the predicted reduction in defensive ability of O. rusticus
under low [Ca] conditions on the Shield.

The goals of this study are to determine whether reduced am-
bient Ca reduces the survival rates and (or) affects the antipreda-
tor behavior of O. rusticus. Although there is a general consensus
that crayfish are aware of their vulnerability when newly molted
and that theymodify their behavior tominimize risk (reviewed in
Guiasu and Dunham 2001; Olsson and Nystrom 2009), we have
found only one study looking specifically at the behavior of newly
molted crayfish (Stein 1977), and to our knowledge none have
looked specifically at behavior in crayfish experiencing an envi-
ronmentally induced reduction in Ca availability. If crayfish with
limited Ca availability have and are aware of having reduced ri-
gidity, we predict that O. rusticus individuals, in response to pred-
ator cues, will compensate for their increased vulnerability by
increasing the number and duration of antipredator responses;
this in turn will mean a reduction in other activities like foraging.
This prediction is in line with previous research showing that
more vulnerable, small crayfish showmore antipredator behavior
than larger ones (Stein andMagnuson 1976; Stein 1977; Olsson and
Nystrom 2009). When exposed to extreme calcium limitation in
line with the ever increasing proportion of lakes with [Ca] less
than 1.5 mg·L−1, we predict that survival will be reduced and be-
havior modifications will be even more pronounced.

Materials and methods

Overview
Juvenile O. rusticuswere collected from the field and, subsequently

in the laboratory, their baseline activity levels were assessed so that
inherent differences among individuals could be removed from the
effects of the treatments. They were then randomly assigned to one
of three Ca levels. Sixteen to 21 days after their first post-Ca treat-
mentmolt, they were (i) conditioned for 3 days with cues that would
signal thepresence of a predator and an injured conspecific, (ii) given
one “rest” day, and then (iii) tested for their behavioral responses to
the combined predator and conspecific cues. The crayfishweremon-
itored daily and deaths were recorded.

Collection and housing
Juvenile, 1-year-old O. rusticus were hand caught from the Little

Rouge River, Toronto, Ontario (43.831°N, 79.167°W; 108 m above
sea level) on 5 October 2010 and were randomly assigned to and
isolated in small plastic aquaria (23.2 cm long × 15.2 cm wide ×
16.8 cm deep) containing acid-washed fine-grain sand and a PVC
elbow to act as a refugium. The aquaria were set up with a flow-
through system, whereby water was exchanged at a rate of ap-
proximately 400mL·h−1, and volumewas held constant at 1650mL
with a drainage system. This was necessary for both reducing the
accumulation of metabolites and as a method for maintaining
dissolved Ca levels. The water for each treatment was supplied by
a single 208 L polyethylene tank filled with a mixture of distilled
water and dechlorinated tap water (see Dissolved calcium treat-
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ments below), which was then gravity fed into the replicate
aquaria.

Orconectes rusticus individuals were maintained at 20 ± 1 °C, with
a 16 h light : 8 h dark photoperiod, whichwas selected to represent
the typical fall season ratio of dark or dim light to daylight in the
study region, and is similar to a previous study relating crayfish to
[Ca] (Hammond et al. 2006). Individuals were fed every second day
and debris was siphoned from the aquarium bottomweekly. Food
consisted of ground-up, freeze-dried chironomid larvae (San Fran-
cisco Bay Brand Freeze Dried Bloodworms) wetted into a paste;
individuals were given 6.8 ± 0.5 mg dry mass per feeding.

Dissolved calcium treatments
We exposed each crayfish to one of three ambient calcium lev-

els: a control calibrated to off-Shield Ca concentrations consistent
with the site of origin (“control”: 34.5 mg·L−1, n = 13), a reduced Ca
treatment calibrated to mean on-Shield concentrations (“shield”:
2.5 mg·L−1, n = 14), and an extreme Ca-depleted treatment repre-
senting the 35% (and growing) of lakes at the low end of the [Ca]
spectrum for the region (“extreme”: 1.0 mg·L−1, n = 13). The cray-
fish were subjected continuously to the specified [Ca] until they
recalcified their carapace following a molting event. The time
when the carapace is recalcifying is when reduced [Ca] should
have the greatest effect on eventual intermolt carapace rigidity
(Greenaway 1985; Wheatly and Gannon 1995). We waited approx-
imately 18 days (range 16–21 days) after the first post-Ca treatment
molt had been completed before we initiated the conditioning
protocol and behavioral observations (see below); this was to en-
sure that the crayfish had returned to intermolt condition and
had resumed intermolt activity levels. Conditioning and observa-
tions of the crayfish were staggered, depending on their individ-
ual molting cycles, and were done between early January and
mid-April.

Conditioning treatment
Our goal, for the behavior trials, was to observe the antipreda-

tor responses of the crayfish. Tomake the predator cue as realistic
as possible, but to standardize it across trials, each post-molt
O. rusticus individual was conditioned to associate natural olfac-
tory signals of a predator (bass) with an alert response signal (a
crushed conspecific). The crayfish response to crushed conspecif-
ics is an innate, unlearned response (Hazlett 1994; Willman et al.
1994). All three bass species (M. dolomieu, M. salmoides, and A. rup-
estris) inhabit the source river network where we collected the
crayfish used in this study (Dave Lawrie, Toronto and Region Con-
servation Authority, personal communication, 2011); however, be-
cause the crayfish were juveniles when collected, it is unknown
whether they had prior experience with these predators. Even if the
crayfish did not recognize the predator cue, our conditioning proto-
col followed that of Hazlett (1994, 2000), who showed that pairing a
novel stimulus (e.g., goldfish olfactory signals) with an alert cue re-
sults in the transfer of the alert response to the novel stimulus (Ha-
zlett 1994; Keller and Moore 1999), such that after conditioning, the
crayfish exhibited an alarm response when only one cue was pre-
sented (Hazlett 1994, 2000; Hazlett and Schoolmaster 1998; Hazlett
et al. 2002). By combining a predator olfactory cue with an alert cue,
we created in O. rusticus an association between cues indicating the
presence of a predator and of an injured conspecific, thereby creat-
ing the illusion of an immediate threat.

Tomake the alert cue, a conspecific was macerated in 100mL of
distilled water and the resulting solution was filtered to remove
particulate matter. For the first five alert cue preparations, five
juvenileO. rusticus that were not part of the experimentwere used;
the rest of the preparations were made with treatment individu-
als that had completed their treatment and testing. The alert cue
was made fresh each day with an individual randomly selected
from those available; any extra cue remaining at the end of the
day was discarded. Each treatment individual was conditioned

with three separate crayfish and a fourth crayfish was used to
make the alert cue for the behavior observation.

The predator cue was a sample of water from an aquarium
housing several juvenile A. rupestris and aM. salmoides (which were
fed pieces of crushed crayfish, a few live crayfish, and commer-
cially prepared fish food); to collect the water, the substrate at the
bottom of the tank was stirred, a sample was collected, and then
filtered to remove the particulate material. One hundred milli-
litres of alert cue wasmixed with 100mL of predator cue and then
separated into 50mL amounts. To apply the cue solution, a plastic
tube was inserted into the aquarium and the cue was introduced
using a syringe (modified from Hazlett 1989, 1999). The experi-
mental crayfish each received conditioning applications daily
over 3 days (Hazlett 1989, 1994; Keller and Moore 1999).

Behavioral observations
Before the crayfish were exposed to the Ca treatments,

1–2 months after they had been brought into the laboratory,
pre-Ca treatment baseline recordings of general activity were con-
ducted for the majority of individuals. These recordings were
made so that we could account for pre-existing variation among
individuals in behavior. For each baseline observation, individu-
als were recorded using an overhead camera for 9 min. They were
recorded in an 18.5 L observation tank (40.0 cm long × 20.0 cm
wide × 22.5 cm deep), filled with control water and, as for their
home tank, with sand lining the bottom. Between trials, the tank
and sand were rinsed well with distilled water and allowed to dry.
By superimposing a 4 × 10 grid on the image of the tank on the
video, total distance travelled was estimated by counting the
number of squares through which the crayfish moved.

Two days after the end of the conditioning, the responses of the
crayfish before and after being exposed to the predator-alert cue
were recorded for a random subset of individuals (control: n = 10;
shield: n = 11; extreme: n = 6). To do this assessment, the crayfish
wasmoved to the same type of tank set-up as the pre-conditioning
baseline trials. In this case, the water was from the same reservoir
as their home-tank water, but had not contained crayfish. A ref-
uge was not supplied so that behavior was always visible and to
enhance the perceived susceptibility of the crayfish to predation
risk. Behavioral recordings were conducted on nonfeeding days to
prevent confounds due to the expectation of resource appearance.

Each individual was recorded (using both overhead and lateral
cameras) for a 21 min trial consisting of three consecutive inter-
vals: acclimation to the novel environment (a 9 min pre-stimulus
baseline observation), sham exposure observation (3min after the
addition of a distilled water control through the cue application
tube), and post-stimulus exposure observation (9 min after the
addition of the predator-alert cue). The acclimation period was
observed to investigate whether the Ca treatments caused a
change in general activity and as a starting condition against
which to identify changes related to the threat of predation. The
application of distilled water was intended to control for re-
sponses to the physical addition of the cue solution.

From the lateral-view recordings, we used JWatcher to score
the frequency and duration, binned into 3 min intervals, of the
following behaviors: locomotion, escape attempts, grooming, vig-
ilance, and stationary. Using the same method as for the pre-
treatment baseline distances, total distance travelled was scored,
for a subset of individuals, as total area traversed during the
21 min trials (control: n = 7; shield: n = 8; extreme: n = 5).
Locomotion was defined as any behavior that resulted in a two-
dimensional change in spatial orientation or position (e.g., walk-
ing or turning). Escape behavior was defined as vertical
movement, by climbing on the aquarium walls. Grooming behav-
ior was defined asmovement of the appendages in a characteristic
manner (e.g., scraping of legs against carapace and maxillipeds
against chelipeds or antennae (Hazlett 1985, 1989). Vigilance was
defined as total cessation of movement of all appendages except
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the antennules and antennae. Stationary was defined as any non-
locomotory behaviorwhere the appendages could bemoving (e.g.,
foraging, digging), with the exception of grooming and vigilance,
which were scored as above. Following a behavior trial, the crayfish
was returned to its home tank, the observation aquarium was
washed, and then rinsed with ethanol and distilled water to remove
residual chemosensory cues (Hazlett 2000). New sand was used for
each recording.

Statistical analyses
The data for behaviors observed during the post-Ca treatment

trials were analyzed with repeated-measures (RM) ANOVA, with
time as the repeated measure. For the univariate analyses, we
analyzed the frequencies at which the behaviors were performed,
but not the total durations, because the frequencies and durations
of the behaviors were correlated (results not shown) and we felt
the frequencies would be more informative.

For vigilance and escape behaviors in the original data set, to
deal with high frequencies of zeroes during parts of the trials,
which caused the data to be non-normal, we summed counts of
behavior events during the first 9 min of the test (pre-cue) and did
the same with the last 9 min of the test (post-cue). To standardize
for the number of minutes during each time interval, the scores
for the 3 min observation period following the sham cue were
multiplied by 3. These data then met the assumptions of the RM
ANOVA. For consistency, the frequency of locomotion, stationary,
and grooming data, as well as the distances travelled during the
trials, were handled like the vigilance and escape data. Wilks’ � is
reported for the RM ANOVA time × treatment interactions. The
distances traveled during the pre-Ca treatment baseline and
post-Ca treatment behavioral trials met the assumptions of the
analysis. To correct for intrinsic, pre-existing differences among
individuals in behavior, distance moved during the pre-Ca treat-
ment baseline activity trial was tested as a covariate. Where it was
not significant, either alone or in an interaction, it was not in-
cluded in the final analysis.

Even after collapsing the grooming behavior as described, there
remained numerous zeros for some individuals and the data still
did not meet the assumptions of the ANOVA; therefore, we opted
to use contingency analyses using Fisher’s exact test. We tabu-
lated counts of the numbers of individuals in each treatment
group that groomed frequently (>5 events) or rarely (≤5 events) to
create three 2 × 3 contingency tables (one for the pre-stimulus,
sham, and post-stimulus periods).

We did separate multivariate analyses on the frequencies and
on the durations of the main behavior variables (escape, locomo-
tion, grooming, vigilance, and stationary) to test for an effect of
the Ca treatment and to see how behavior changed over the
course of the post-Ca treatment trials. Correspondence analysis
(CA) was selected because it is appropriate for compositional data
(Jackson 1997); because the total observation time was fixed, an
increase in the duration of one behavior necessitated a decrease in
one or more of the others (i.e., more time spent behaving in one
way means less time to spend engaging in one or more of the
other possible behaviors, and visa-versa). The rows in the matrix
represented each individual at each 3 min time interval (a total of
seven intervals for the 21 min of observation), and the columns
represented each of the five possible behaviors. The resultant axis
scores were averaged among the crayfish within each treatment
group at each time. This allowed us to draw a trajectory through
each of the time points of the post-Ca treatment trial to show the
importance of the various behaviors inmultivariate space. Retain-
ing only the axes with eigenvalues greater than the mean of all
axis eigenvalues resulted in two important axes in each analysis.
Axis scores for each individual at each time were tested for a
possible correlation with baseline, pre-Ca treatment activity (total
distance travelled).

We then conducted a canonical correspondence analysis (CCA)
using two dummy variables to distinguish among the three treat-
ment groups as constraining variables. We tested for significant
differences among these groups using a permutation test iterated
999 times for the full, constrained ordination, as well as with each
constraining group variable individually.

Survivorship was compared among treatments using a log-rank
test, where individuals that had completed their post-Ca treat-
ment predation trial and had been removed from the experiment
to provide alert cue (see above) were entered as censored data.

The RM ANOVAs and the log-rank test were performed using
JMP version 9.0.0 (SAS Institute Inc., Cary, North Carolina, USA).
The Fisher’s exact tests and the multivariate analyses were per-
formed using R version 2.15.1 (R Development Core Team 2012).

Results

Vigilance
The frequency at which the crayfish were vigilant (Fig. 1a) was

similar among treatments during the acclimation and sham cue
periods. After exposure to the cue, the treatment groups showed a

Fig. 1. Comparison across trial periods for vigilance (a), escape (b),
grooming (c), locomotion (d), and stationary (e). The frequencies of
the behaviours of the rusty crayfish (Orconectes rusticus) were
summed across the first (pre-cue acclimation) and last (post-cue
exposure) 9 min periods, and the number of events in the 3 min of
sham exposure were multiplied by three to represent an equivalent
amount of time for comparison. Points represent the mean (±SE) of
these sums and products across replicates.
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significant increase in vigilance (RM ANOVA, Table 1; time × treat-
ment). The following descriptive details are provided for the most
informative behaviors because they help interpret the changes in
the multivariate trajectories over time (see below). Looking over
the entire trial, the crayfish exhibited some vigilance behavior
when they were first placed in the observation tank, which then
declined to lower levels for the remainder of the acclimation and
shamperiods (Fig. S1).1 The immediate response to exposure to the
predator-alert cue (minutes 13–15) was increased frequency of vig-
ilance in all treatments. Control individuals showed a rapid de-
cline in vigilance to their pre-exposure levels, while treatment
individuals remained significantly more vigilant than the con-
trols (ANOVAs for minutes 16–18 and 19–21, each with P = 0.02;
Fig. S11).

Escape behavior
The frequency of escape attempts (Fig. 1b) neither differed sig-

nificantly across the three periods (RM ANOVA, Table 1; time) nor
among treatments (RM ANOVA, Table 1; treatment). However,
looking qualitatively at the individual 3min intervals (Fig. S2),1 we
note a consistent tendency for control animals to attempt to es-
cape less frequently throughout the trial than those in the other
treatments.

Grooming
Grooming behavior (Fig. 1c) was more commonly observed for

control individuals during the pre-exposure acclimation period
than it was for individuals in the shield and extreme treatments
(Fisher’s exact test, P = 0.048); indeed individuals in the extreme
treatment rarely groomed over the duration of the 21 min trials
(only two individuals groomed more than three times in total).

Despite this, there was no significant difference among the treat-
ments during either the sham (Fisher’s exact test, P = 0.18) or the
post-exposure (Fisher’s exact test, P = 0.59) periods. Notably, how-
ever, most of the crayfish reduced their grooming during two,
probably stressful, periods: when they were first added to the
observation tanks (for the extreme and control groups), and in the
period immediately following the cue exposure (all treatment
groups) (Fig. S3).1 This was particularly the case for the extreme
treatment individuals, none of whom groomed in the first 3 min
of acclimation, and only two of whom were observed to groom in
the 3min period directly following the predator-alert cue. Groom-
ing tendencies returned to pre-exposure levels in the last 3 min of
the trial for all treatments (Fig. S3).1

Locomotion
Frequencies of locomotion (Fig. 1d) were found to differ in

interesting and significant ways between the extreme and the
control crayfish across the different parts of the behavior trials
(RM ANOVA, Table 1; time × treatment). Extreme individuals
decreased their frequency of locomotion during the sham pe-
riod, whereas the control individuals varied widely with re-
spect to locomotion frequency during the sham exposure. After
being exposed to the alarm cue, control individuals decreased
their frequency of locomotion below acclimation levels,
whereas individuals in the extreme group increased the fre-
quency of locomotion to pre-exposure levels. In contrast, the
shield group showed comparatively little change in locomotion
over time (Figs. 1d, S4).1 An additional RM ANOVA comparing
only the shield and control crayfish was marginally nonsignif-
icant (P = 0.06), whereas a RM ANOVA comparing only the
extreme and control groups was significant (P = 0.024), which
suggests that the significant interaction is being driven by a
difference between control and extreme groups.

Plain stationary events
For the pre-stimulus acclimation period (minutes 1–9), the co-

variate (total baseline (pre-Ca treatment) distance moved) was sig-
nificant (P = 0.01), but for the post-stimulus exposure period
(minutes 13–21), the covariate was no longer significant (P = 0.09).
This suggests that individual differences among crayfish were re-
duced after the threat cue was introduced. There was no signifi-
cant effect of treatment, time, or their interaction on the
frequency of being stationary (RM ANOVA, Table 1, Fig. 1e).

Distances traveled
There was no significant difference among treatments for dis-

tances traveled during the baseline (pre-Ca treatment) activity
tests (ANOVA, F[2,22] = 0.74, P = 0.49). During the post-Ca treatment
behavior trials (Fig. 2a), there was neither a significant effect of Ca
treatment nor an interactive effect of treatment and time (RM
ANOVA, Table 1; time, time × treatment) on distance travelled.
However, the distances moved were significantly higher in the
acclimation period (due to the emphasis on locomotion) than
during the sham and post-cue periods (RM ANOVA, Table 1; time).
In a separate RM ANOVA, there was no significant difference
between the distances moved during the 9 min baseline tests and
the distances moved during the first 9 min (pre-stimulus acclima-
tion period) of the trial (F[2,16] = 2.28, P = 0.15); there was also no
significant effect of treatment (F[2,16] = 0.07, P = 0.93) or an inter-
action between them (F[2,16] = 0.46, P = 0.64).

Mean durations of bouts of locomotion
Having noted that the crayfish in the extreme treatment tended

to have higher frequencies of stationary and locomotion behavior
than the crayfish in the other two treatments, we analyzed the

1Supplementary materials are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjz-2012-0302.

Table 1. Results of the repeated-measures ANOVAs of the various
measured responses of the rusty crayfish (Orconectes rusticus), including
behaviour frequencies (for escape, locomotion, stationary, and vigi-
lance), the mean duration of bouts of locomotion, and total distance
traveled, across the three time periods (acclimation, sham, post-cue
exposure) during the behaviour trials.

df F P

Vigilance
Treatment 2, 24 0.6 0.54
Time 2, 23 17.0 <0.0001
Time × treatment 4, 46 2.7 0.04

Escape
Treatment 2, 24 1.0 0.40
Time 2, 23 2.4 0.11
Time × treatment 4, 46 0.6 0.70

Locomotion
Treatment 2, 24 0.3 0.97
Time 2, 23 7.8 0.002
Time × treatment 4, 46 3.0 0.03

Stationary
Treatment 2, 24 0.9 0.42
Time 2, 23 0.6 0.58
Time × treatment 4, 46 1.2 0.32
Covariate (baseline) 1, 21 8.0 0.01

Distance
Treatment 2, 17 0.3 0.74
Time 2, 16 2.8 <0.0001
Time × treatment 4, 32 0.8 0.51

Locomotion duration
Treatment 2, 23 1.0 0.37
Time 2, 22 1.6 0.23
Time × treatment 4, 44 2.8 0.03

Note: P values in boldface italic type are statistically significant (P < 0.05).
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mean duration spent in bouts of locomotion (i.e., “total locomo-
tion duration”/“number of locomotion events”). The values were
transformed for normality before analysis. Total distance moved
during the baseline test was not a significant covariate and was
removed from subsequent analyses. There was a significant differ-
ence in this variable over time among treatments (RM ANOVA,
Table 1; time × treatment). Themean duration of bouts of walking
decreased after exposure to the cue in the extreme group but not
the shield or control (Fig. 2b). A univariate test of just the post-
exposure period was not significant (P = 0.37).

Multivariate time trends
For event frequencies, a CA summarized 79.8% of the variability

in behavior among individuals over time on two axes (Fig. 3a). The
most important variables in the ordination for distinguishing
among individuals over time were grooming (negatively associ-
atedwith CA 1), vigilance, and to a lesser extent, escape (negatively
associated with CA 2). Stationary behavior and locomotion were
weakly, positively associated with CA 1 and CA 2. Only a single
significant positive correlation (P < 0.05) was identified between
individual baseline (pre-Ca exposure) activity levels and axis
scores at various time points for the control (CA 1 at time 4),
whereas there were no significant correlations for the other two
treatments. This positive associationwith CA 1 indicates that base-
line activity was negatively associated with the frequency of
grooming at that time point (i.e., the most active individuals
pre-Ca treatment were the least likely to engage in grooming at
the time indicated in the post-treatment trials).

Canonical correspondence analysis revealed that there was a
significant difference through time among groups in their com-
posite frequencies of behavior (full constraint model, P = 0.001),
where the control group was different than the shield and ex-
treme groups (individual constraint variable, P = 0.001), and the
two treatment groups differed significantly from one another
(P = 0.008). In the pre-stimulus period, all individuals tended to be
in the locomotion, stationary, or grooming region of the ordina-
tion. In the post-stimulus period, all individuals switched to vigi-

lance and escape-dominated behaviors, although this was true to
a greater extent for the treatment groups than the control.

For behavior durations, CA summarized 69.8% of the variability
among individuals over time on two axes (Fig. 3b). As before, the
most important variables in the ordination distinguishing behav-
ior among individuals over time were grooming (negatively asso-
ciated with CA 1), vigilance, and to a lesser extent, escape
(positively associated with CA 2). Stationary and locomotion were
negatively associated with CA 2. Two significant positive correla-
tions (P < 0.05) were identified between individual baseline activ-
ity levels and CA scores at various time points for the control
(CA 1 at times 3 and 4), and again none were identified for the
other treatments. Positive associations on CA 1 indicate a negative
relationship between baseline activity and grooming duration.

Canonical correspondence analysis of durations revealed that
there was a significant difference in time trends among groups
(full constraint model, P = 0.006), where the control group was
different than the shield and extreme groups (individual con-
straint variable, P = 0.001), but the two treatment groups did not
differ from one another (P = 0.26). In the pre-stimulus period, the
crayfish tended to be engaged in locomotion, stationary, or
grooming behaviors. As was the case for behavior frequencies
during post-stimulus exposure, all individuals switched to spend-
ingmore time in vigilance and escape behaviors, a switch that was
much more pronounced in the treatment groups than in the
control.

Fig. 2. Comparison across trial periods of the mean distance
travelled (a) and durations of locomotion (b) of the rusty crayfish
(Orconectes rusticus). The mean duration was averaged across the first
(pre-cue acclimation) and last (post-cue exposure) 9 min periods.
Distances were summed across the first (pre-cue acclimation) and
last (post-exposure) 9 min periods, and the distances in the 3 min of
sham exposure were multiplied by three to represent an equivalent
amount of time for comparison. Points represent the mean (±SE) of
these sums and products across replicates.

Fig. 3. Correspondence analysis ordination using behaviour
frequencies (a) and durations of behaviour (b) of the rusty crayfish
(Orconectes rusticus). Points represent mean axis scores across
replicates at each 3 min time interval across the entire trial (total of
seven intervals). Open symbols represent the final three time
intervals that make up the post-exposure period.
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Survival
Survivorship was significantly reduced in the extreme treat-

ment compared with the shield and control (log-rank test,
P < 0.001), which did not differ from one another (Fig. 4).

Discussion
Previous work led us to predict that an inability to tolerate low

[Ca], combined with increased vulnerability to predation from
invasive bass species, could limit the northward range expansion
of O. rusticus onto the Canadian Shield. Our study showed that at
the Ca levels at the low end of the [Ca] spectrum for the region,
where an increasing proportion of Shield lakes are projected to
fall in the future, not only were there substantial changes in be-
havior, the direct effect of severe Ca limitation was significantly
reduced survival. At the current mean Shield levels of Ca, crayfish
did not die, but they showed significant changes in behavior.
Crayfish exposed to reduced [Ca] groomed less than the controls
throughout the entirety of the behavioral trials. In response to
perceived predation risk, individuals in reduced [Ca] conditions
were significantly more vigilant and remained vigilant for longer
than those from high [Ca] waters.

Multivariate ordination produced clear trajectories of the com-
posite behavioral responses to our manipulations across the dif-
ferent phases of the observation period, and allowed for easy
comparison of differences among treatments. Univariate analyses
supported these patterns. The initial response of all crayfish to the
novel (observation) tank, during the acclimation period, was to
walk around while taking frequent stationary breaks. Individuals
in the control treatment also incorporated a high frequency of
grooming. Our interpretation of the crayfishes’ behavior during
the acclimation period is that they were all displaying typical
exploratory and low-grade stress behavior, consisting of a combi-
nation of locomotion and grooming (Hazlett 1990; Hazlett and
Lawler 2010), as they gained knowledge of their new surround-
ings. Stationary breaks from exploratory movements around the
tank might have involved chemo-sensing (Hazlett 1990; Dunham
et al. 1997). The addition of the sham did not illicit any stress-
related behavioral responses, and the crayfish reduced their ex-
ploratory movements. Over time, as the crayfish presumably
became more accustomed to the tanks, individuals from the
higher [Ca] control treatments increasingly groomed themselves,
whereas extreme treatment crayfish did not. Escape and vigilance
behaviorwere noticeably absent during the acclimation and sham
periods.

The addition of the alert cue (simulated predation threat) was
marked by a distinct shift in the behavior of the crayfish in the
shield and extreme treatments to the vigilance or escape region of
the multivariate ordination space. This was much less pro-
nounced for the control individuals and was brief. It appears that
control individuals responded to the alert cue with a few periods
of being vigilant and then quickly returned to their previous ac-
tivities. It is likely that they assessed the threat and, finding it to
be low, took no additional action. Conversely, individuals that
were calcium limited, particularly those in the extreme group,
became vigilant immediately and sustained the response for the
remainder of the trial, while significantly reducing their move-
ment around the tanks. It is possible that they had trouble assess-
ing the threat or were aware of their heightened vulnerability,
andwere attempting tominimize risk by staying still and vigilant.
Prey movements produce multiple stimuli (visual, mechanical,
auditory, olfactory) that elicit detection and feeding behavior
in visual predators (Wright and O’Brien 1982; Kramer and
McLaughlin 2001; Martel and Dill 2010) such as bass and other
piscivores. Reducing or ceasing activity is a widespread response
in prey (Lima and Dill 1990; Kramer andMcLaughlin 2001), includ-
ing vulnerable crayfish (Stein and Magnuson 1976; Shave et al.
1994; Blake and Hart 1995; Pecor and Hazlett 2003).

We did not observe any chelae displays or swimming responses
(e.g., tail flip) to the cue, probably because crayfish give those
responses only when predators are actually present (Shave et al.
1994; Stein and Magnuson 1976; Stein 1977). The frequency of
vigilance might also be indicative that individuals were prepared
to defend themselves or flee if the predator interactions were to
intensify (i.e., if a predator was actually present).

Crayfish prefer habitats that offer refugia (Stein 1977; Nyström
et al. 2006; Martin and Moore 2007). The crayfish that engaged in
escape behaviour, most of which occurred in the treatment indi-
viduals after exposure to the alarm cue (Figs. 3a, 3b), were proba-
bly seeking shelter (which was not provided in the tank).
Individuals would go directly toward a glass side, hit the wall
without slowing (indicating they were not aware of the barrier)
and start climbing, in search of a way out. Apparently, with an
awareness of their softened and vulnerable state, the calcium-
deprived individuals prioritized finding cover over other activi-
ties. Previous studies have shown that vulnerable individuals
show the strongest preference for shelter use (Stein 1977; Capelli
and Munjal 1982; Capelli and Hamilton 1984; Martin and Moore
2007, 2008), especially when predators have been detected (Shave
et al. 1994; Pecor and Hazlett 2003). In our study, the frequency of
escape did not increase after the predator cue was introduced,
perhaps because, when no shelter is present, becoming still is a
more effective predator avoidance behavior.

Prior to this study, very little was known about the limiting
lower threshold for [Ca] in O. rusticus and, to our knowledge, no
previous research has determined survival thresholds for O. rusti-
cus. We have identified a [Ca] threshold that lies between 1 and
2.5 mg·L−1. We based this on the significant reduction in survival
between the shield (2.5 mg·L−1) and extreme (1 mg·L−1) treatments.
However, we feel that this estimate is conservative because we
used 1-year-old individuals who have the lowest Ca demandswhen
compared with younger and more frequently molting, or older
and reproductively mature, individuals. Furthermore, our study
only investigated survival over the course of a single molt. We
assume that the accumulative impacts of low Ca over the lifetime
of individuals will result in higher mortality rates (see Cairns and
Yan, 2009). Furthermore, the range that we have identified is
much lower than the previously described minimum require-
ment of 7.2 mg·L−1, which was based on the distribution of
O. rusticus in Wisconsin (Capelli and Magnuson 1983). A similar
disparity between the low Ca requirement identified in the
laboratory and that identified in a natural setting has been dem-
onstrated for Daphnia O.F. Müller, 1785 (Cairns 2010). The thresh-
old range identified in our study for O. rusticus falls in the middle
of thresholds reported for crayfish emanating from high [Ca] wa-

Fig. 4. Survivorship of individual rusty crayfish (Orconectes rusticus)
under treatment conditions over a 16-week period. Survival was
significantly reduced in the extreme treatment compared with
shield and control.
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ters in New Zealand (southern koura, Paranephrops zealandicus
(White, 1847): 5–10 mg·L−1; Hammond et al. 2006) and in Europe
(European or noble crayfish, Astacus astacus (L., 1758): 0–1 mg·L−1;
Rukke 2002).

The vast majority of Shield lakes are well below 7 mg·L−1 and
approximately half are currently less than or equal to 2.5 mg·L−1

(Jeziorski et al 2008; Edwards et al. 2009). Many of the remainder
will reach this threshold as lakes continue to lose calciumover the
years to come (Watmough and Aherne 2008). This means that
many lakes are already at or below the minimum [Ca] require-
ment for O. rusticus and that in the future manymore lakes will be
below this limit. Therefore, the likelihood that O. rusticus will
move into Shield rivers and lakes is currently low andwill become
less likely in the future.

One of the reasons that O. rusticus seems to be such a successful
invader is because it has an advantage over native congeners in
the face of predation from bass due to its size and (or) unique suite
of antipredator behaviors. They are more vigilant and responsive
in the face of bass predators, and will fend off attacks by more
readily employing chelae displays (DiDonato and Lodge 1993; Hill
and Lodge 1994). Crayfish in general may not respond appropri-
ately, if at all, to novel predators (Shave et al. 1994), and invasive
crayfish species in particular have been shown be more likely
than their noninvasive congeners to respond to alarm cues from
heterospecifics (Hazlett 2000; Hazlett et al. 2003; Gherardi et al
2002). This means that O. rusticus may be able to show an appro-
priate antipredator response to alarm odours produced by both
conspecifics and heterospecifics, possibly giving them another
advantage in the face of fish predation. Whether these multiple
behavioral advantages will persist under low [Ca] remains a topic
for future study.

The low [Ca] conditions on the Shield may directly limit expan-
sion or persistence of populations of O. rusticus in the future, par-
ticularly if [Ca] drops to the low levels that are forecast. Our
estimate of the [Ca] threshold for O. rusticus survival is probably
conservative because individuals in natural environments will be
dealing with multiple additional stressors, including food avail-
ability, competition, acidity, metals, etc. This could mean that
survival will be impacted at more moderate levels of Ca reduction
than we have observed. It is hard to predict whether the behav-
ioral changes that we have observed in response to low [Ca] will
help or hinder the persistence of this species. We found that low
[Ca] crayfish are more cautious in the face of predation, which
might help them persist in Shield lakes where bass and other
predators are present. However, because low [Ca] crayfish also
spent the majority of their time being vigilant or trying to escape,
they may not be spending enough time taking care of their daily
needs (grooming, foraging). There is an important fitness trade-off
between weighing the obvious benefits of avoiding predation
against the costs of reduced feeding or mating. It is possible that
bass may facilitate the invasion of O. rusticus by preying upon the
native competitors (i.e., competitive release; MacDougall and
Turkington 2005; Preston et al 2012). However, thismight be coun-
terbalanced if native crayfish are more resilient to the low [Ca],
offsetting any antipredator advantage that O. rusticus might have.

In our study, we considered responsiveness to a simulated pred-
ator threat; however, cannibalism and agonistic encounters have
been shown to be a very high source of mortality in soft, recently
molted individuals in the laboratory and field (Brewis and Bowler
1983; Taugbol and Skurdal 1992; Hammond et al. 2006) and could
also influence the ability of O. rusticus to persist in low Ca waters.
Chelae displays are common deterrents against direct intraspecific
agonistic encounters (Bovberg 1953, cited in France 1987), and re-
cently molted and therefore soft individuals have been shown to
bluff with chelae displays in the face of advancing predators (Adams
and Caldwell 1990). We have shown that juvenile O. rusticus in low
[Ca] conditions are, apparently, aware of their softened state, yet the

effect this might have on their ability to avoid cannibalistic attacks,
or indeed to cannibalize others, remains unknown.

We have demonstrated that juvenile O. rusticus experience a
significant increase in mortality in response to the lowest ob-
served Ca levels in the region and, even when exposed to current
mean Shield [Ca], exhibit substantial changes in their behavior,
including heightened vigilance in response to a perceived threat.
These behavioral changes could mean reduced foraging, growth,
and even reproduction, which would have substantial impacts on
population growth rates (Olsson and Nystrom 2009) or even per-
sistence in the Shield region. For O. rusticus then, it appears as
though the combination of being preceded by the invasion of
their natural predators (bass species) and habitat degradation
in the form of ongoing calciumdeclines will reduce the likelihood
that theywill successfully invade the Canadian Shield region. This
study therefore provides an important counterpoint to the gen-
eral consensus that disturbance (invasion, habitat degradation,
etc.) increases (Simberloff and Von Holle 1999; MacDougall and
Turkington 2005) rather than limits the invisibility of novel hab-
itats. The effects the changes in Shield lakes may have on native
crayfish, and on the outcome of interactions between native spe-
cies and invading O. rusticus throughout this changing landscape,
provide questions for future research studies.
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