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Abstract Biogeographical comparisons of native
and non-native populations allow researchers to
understand the degree to which traits contributing to
invasion success are intrinsic or change during the
invasion process. Here, we investigate whether traits
underlying interspecific competition change following
invasion and whether these alter the impacts of two
crayfish congeners that have invaded into each other’s
native ranges. Specifically, we compared native and
non-native populations of rusty (Faxonius rusticus)
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and virile crayfish (F. virilis). We compared native and
non-native populations of each species using labora-
tory assays to examine aggression and large meso-
cosms with the congeners in sympatry to examine
growth and survival as well as impacts on lower
trophic levels. We found that non-native virile crayfish
were more aggressive in response to a threat than
native virile crayfish and exhibited greater growth and
survival in sympatry with rusty crayfish. These
intraspecific differences were large enough to alter
coexistence between species in the mesocosm exper-
iment, which is consistent with patterns of coexistence
between these species in the field. We did not observe
differences in traits between native and non-native
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rusty crayfish, but rusty crayfish were consistently
competitively dominant over virile crayfish in paired
laboratory assays. Non-native populations of both
species had greater impacts on lower trophic levels
than native populations. Taken together, these findings
provide new evidence that trait changes during
invasions may enhance ecological impacts of invasive
animals and their ability to compete with closely
related native species.

Keywords Invasive species - Phenotypic plasticity -
Evolution - Interspecific competition - Ecological
impacts - Behavior

Introduction

Increased interest in, and awareness of, biological
invasions over the last three decades has spurred
research aimed at identifying characteristic traits of
invasive species (Kolar and Lodge 2001; Hulme et al.
2008; Blackburn et al. 2011). For example, compet-
itive dominance, aggressiveness and faster growth
rates than native species have been found to contribute
to the invasion success of several invasive species
(Hill et al. 1993; Byers 2000; Sanders et al. 2003).
However, few studies have taken a comparative
biogeographical approach to determine whether the
traits that confer competitive dominance over native
species are intrinsic to invasive species or are the result
of rapid evolution or phenotypic plasticity occurring
during the invasion process. This has been particularly
the case in the context of animal invasions. Comparing
native and non-native populations of known invasive
species may allow researchers to tease apart the
relative extent to which traits contributing to invasion
success are intrinsic or acquired during the invasion
process (Lee 2002; Hierro et al. 2005), which may
inform predictions and prevention of new invasions
and guide management efforts of ongoing ones (Kolar
and Lodge 2001; Lodge et al. 2006; Van Kleunen et al.
2010).

Studies that have taken a biogeographical approach
to investigate traits of invasive species suggest that
trait changes that influence invasion success can occur
during the invasion process. For instance, comparisons
of native and invasive populations of Argentine ants,
Linepithema humile, revealed that a reduction in
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intraspecific aggression facilitated the formation of
super-colonies. This change in behavior has enabled
the ants to spread rapidly and have large impacts in
their invaded range (Suarez et al. 1999; Tsutsui et al.
2000). While invasive Argentine ants exhibit reduced
intraspecific aggression, they exhibit high interspecific
aggression toward native ant species and often
displace them (Human and Gordon 1999). In Euro-
pean green crabs, Carcinus maenas, larger body size
in invasive than native populations, which has been
attributed to release from native parasites, enhances
invasion success (Torchin et al. 2001; Grosholz and
Ruiz 2003). Similarly, studies comparing native and
invasive populations of rusty crayfish, Faxonius
rusticus (previously Orconectes rusticus; Crandall
and De Grave 2017), have documented divergence
between native and non-native populations in traits
including aggressiveness, boldness and growth rate,
which likely contribute to invasion success and
increase impacts of this crayfish in its invaded range
(Pintor et al. 2008; Pintor and Sih 2009; Sargent and
Lodge 2014; Reisinger et al. 2017). These few studies
on animal invasions, in combination with the evidence
from biogeographical comparisons of native and
invasive populations of various plant species (e.g.,
Bossdorf et al. 2005; Hierro et al. 2005), highlight the
potential importance of evolution and phenotypic
plasticity in biological invasions. Thus, employing
biogeographical comparisons can allow us to test and
refine fundamental concepts of invasion ecology,
which may yield insights into better invasive species
control and management.

Notwithstanding the importance of trait divergence
between native and non-native populations, success
through each invasion stage (i.e., transport, introduc-
tion, establishment, and spread; Blackburn et al. 2011)
is the outcome of interactions between the invader’s
traits and the abiotic and biotic environment (Shea and
Chesson 2002). The presence of native species whose
niche overlaps with that of a non-native species may
create biotic resistance to invasion by reducing
available niche space in an ecosystem (Shea and
Chesson 2002; Green et al. 2004; Levine et al. 2004).
Yet, a non-native species may overcome this biotic
resistance if it is competitively superior to the native
species and better able to obtain resources (Hill et al.
1993; Human and Gordon 1996; Sakai et al. 2001).
Traits associated with competitive dominance (e.g.,
aggressiveness and boldness) are often intrinsic traits
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of non-native species (e.g., Gioria and Osborne 2014),
but may also arise during the invasion process through
evolution or phenotypic plasticity (Joshi and Vrieling
2005; Pintor and Sih 2009; Sargent and Lodge 2014;
Reisinger et al. 2017). Biogeographical comparisons
of populations from both their native and invaded
ranges offer a powerful approach to disentangle the
extent to which traits associated with invasion success
are affected by the invasion process.

Here, we had the unique opportunity to use a
reciprocal invasion of two crayfish species (i.e.,
invasions into each other’s native ranges) to examine
whether traits associated with competitive ability
change following invasion. Specifically, we compared
behavioral traits, growth and mortality of native and
non-native populations of rusty crayfish, F. rusticus,
and virile crayfish, Faxonius virilis (previously Or-
conectes virilis; Crandall and De Grave 2017). Rusty
crayfish (native to the Ohio River Drainage) and virile
crayfish (native to much of the Midwest and parts of
Canada) have both been widely introduced across the
United States and have competitively displaced native
crayfish following introduction (Lodge et al. 1986;
Olden et al. 2006; Kilian et al. 2010; Swecker et al.
2010). In the upper Midwest, invasive rusty crayfish
typically displace native virile crayfish by outcompet-
ing this species for food and shelter, which makes
virile crayfish more susceptible to predation (Hill et al.
1993; Garvey et al. 1994; Hill and Lodge 1999). The
ability of invasive rusty crayfish to displace native
virile crayfish may be enhanced by the former’s higher
level of aggression (Garvey et al. 1994). These same
traits are thought to underlie competitive displacement
of native crayfishes by invasive virile crayfish
(Swecker et al. 2010), but this has yet to be empirically
demonstrated. The recent introduction of the virile
crayfish into the native range of rusty crayfish
provided the opportunity to examine whether traits
that contribute to the invasion success of rusty crayfish
were inherent to this species or whether the invasion
process selects for traits that increase competitive
ability in non-native crayfishes in general.

In this study, we used a series of laboratory
experiments to quantify and compare behavioral traits
of one native and one non-native population of both
rusty and virile crayfish. We also used a mesocosm
experiment to examine the growth and survival of each
population in sympatry with the other congener to
determine whether trait differences between

populations affect competitive outcomes and resulted
in different impacts on food resources (periphyton and
benthic macroinvertebrates). Our overarching hypoth-
esis was that native and non-native populations of both
rusty and virile crayfish differ in traits associated with
competitive ability and in their impacts on food
resources. Specifically, we predicted that: (1) non-
native populations of both species would exhibit more
aggressive behaviors and higher growth and survival
than native populations and that (2) differences
between native and non-native populations of virile
crayfish would be large enough to alter the outcome of
their competitive interactions with rusty crayfish.
Finally, we predicted that non-native populations of
both species would have larger negative effects on
periphyton and macroinvertebrates than native
populations.

Methods
Animal collection and housing

We collected native rusty crayfish and non-native
virile crayfish by hand in streams in Wayne County
and Franklin County, Indiana between May 7th and
14th, 2016. Specifically, we caught native rusty
crayfish  from  Butler Creek  (N39°44'12",
W85°02'56”) and  Salt Creek  (N39°23'3",
W85°13’7"), and non-native virile crayfish in Butler
Creek. Both crayfish species were present at both sites;
however, virile crayfish were more common in the
upper reaches of Butler Creek.

We collected invasive rusty crayfish and native
virile crayfish by hand while snorkeling in Vilas
county, Wisconsin between May 15th and May 20th,
2016. Specifically, we caught invasive rusty crayfish
in Star Lake (N46°01'29”, W89°28'08”) and native
virile crayfish in Forest Lake (N46°09'23",
W89°22/38"). Forest Lake was previously considered
uninvaded by rusty crayfish; however, we found a
small number of non-native rusty crayfish during our
sampling of Forest Lake, suggesting that these crayfish
are in the process of invading. We did not encounter
any virile crayfish in Star Lake.

We transported crayfish to either a laboratory at
The Ohio State University or the Central Michigan
University Mesocosm Facility on Beaver Island in
Lake Michigan, where we placed each one in an
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individual, lidded and perforated 16 oz plastic con-
tainer inside of species- and population-specific plas-
tic pools with constant aeration. We fed each crayfish
two to three commercial sinking shrimp pellets twice a
week and performed complete water changes the day
after each feeding. We gave the crayfish a minimum of
1 week to acclimate to laboratory conditions prior to
using them in experiments. We checked for molts
daily and, if a crayfish molted within 1 week of having
been used in a behavioral experiment (threat response
or aggression assay), we excluded its data from the
analysis. Likewise, we waited a minimum of 1 week
following a molt before using a crayfish in behavioral
experiments, and only used freshly molted crayfish
once their exoskeletons were hard enough to allow
them to be handled. Lastly, male crayfish of the family
Cambaridae alternate between a reproductively active
form I and reproductively inactive form II. Form I
males have consistently larger chelae and are more
aggressive than form II males (Stein 1976; Bergman
et al. 2003), so we accounted for this dimorphism
throughout our experiments.

Chelae size

Chela size is an important determiner of success in
agonistic encounters between crayfish; therefore, we
measured the length and width of all form I male
crayfish used in our behavioral experiments (n = 69).
We used the methods outlined by Usio et al. (2016) to
approximate chela area as chela length * chela width *
0.5, then divided chela area by the crayfish’s CL to
standardize this measurement to the size of each
crayfish (hereafter referred to as “standardized chela
area”).

Threat response assay

Crayfish exhibit a stereotyped set of behavioral
responses when threatened, either raising their chelae
(meral spread), retreating, or not responding. A meral
spread is considered to be a more aggressive response
than retreating (Bergman and Moore 2003). To
compare the threat response of native and non-native
populations of the rusty and virile crayfish, we
conducted threat response assays in plastic pools with
a bottom diameter of 100 cm and filled to approxi-
mately 13 cm depth with fresh, dechlorinated tap
water (approximately 100 L). We allowed the crayfish
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to acclimate to the pool for 10 min prior to the start of
the assay and observed behavior from behind a black
curtain to prevent the crayfish from being influenced
by the observer. We used both female and form I male
crayfish (n = 115), which we tested individually
within the pool. We used a replica blue heron skull
(Ardea herodias) to simulate the attack of a common
predator of crayfish (Englund and Krupa 2000). The
heron skull was held by the experimenter and intro-
duced into the testing arena through a small opening in
the black curtain. An attack was simulated by quickly
approaching the crayfish with the heron skull at a 45°
angle, but not making direct contact with the crayfish,
and then pulling the heron skull out of the arena. We
repeated this for an additional two times with a twenty-
second pause in between each attack (three attacks
total). We recorded the crayfish’s immediate response
to the attack as either a defense (moving towards the
beak with claws raised and open), neutral (no move-
ment in response to beak), or retreat (walking, running
or tail-flipping away from the beak or crouching down
against the bottom of the pool).

Paired agonistic assay

We conducted paired assays to compare and quantify
the agonistic behavior of native and non-native
crayfish toward congeners. Specifically, we compared
agonistic behavior of crayfish in different contexts by
creating three treatments (Table 1): (1) Indiana: native
rusty versus non-native virile crayfish, (2) Wisconsin:
native virile versus invasive rusty crayfish, and (3)
native: native rusty and native virile crayfish. To test
our main hypothesis that native and non-native
populations differ in behavior, we used the native
treatment as a control to compare against the Wiscon-
sin and Indiana treatments. In other words, the native
treatment allowed us to test for differences between

Table 1 Treatments used in our experiments (Indiana, Native,
and Wisconsin) with corresponding rusty and virile crayfish
populations (native or non-native)

Species Treatment name

Indiana Native Wisconsin
Rusty crayfish Native Native Non-native
Virile crayfish Non-native Native Native
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the native and non-native populations of each species
while holding the identity of the competing species
constant. In all cases, we used female or form 1 male
crayfish (all matchups were intra-sex; n = 106) that
were size-matched to within 1 mm carapace length
(CL: distance from the tip of the rostrum to the
posteriomedian edge of the carapace). We used a small
number of individuals in more than one assay, but only
did so after waiting a minimum of 1 week to remove
the possible influence of previous interactions with
other individuals (Seebacher and Wilson 2007). We
conducted assays within a 26 cm diameter arena filled
with 8 L of dechlorinated tap water placed behind a
black curtain to minimize interference by the exper-
imenter. Prior to the start of the experiment, we placed
a crayfish pair within the arena separated from each
other by a transparent, perforated divider. We allowed
crayfish to acclimate to the arena for 10 min, follow-
ing which we removed the divider and began the
assay. We recorded all assays using a video camera
then used slow-motion playback to assign an aggres-
sion score to both crayfish at 5 s intervals. Aggression
scoring was based on an ethogram with point values
ranging from — 2 for a tail-flip retreat to + 5 for
unrestrained fighting (Bruski and Dunham 1987;
Bergman and Moore 2003).

Mesocosm experiment

To compare growth and survival between native and
non-native populations of rusty and virile crayfish in
sympatry, we conducted an experiment in 800 L
mesocosms (1.27 m? surface area, 1.27 m diameter,
0.66 m depth) at Central Michigan University’s Bio-
logical Station on Beaver Island, Michigan, USA. We
applied one of the three population treatments used in
the behavioral assays described above to each of 12
mesocosms (i.e., Indiana, Wisconsin and native; n = 4
per treatment; n = 12 total), then chose five crayfish of
each species (10 crayfish per mesocosm; approxi-
mately 8 crayfish per m?) to add to each mesocosm
based on these treatments. As in the paired agonistic
assay, to test our main hypothesis that native and non-
native populations differ, the native treatment served
as a control to compare against the Wisconsin and
Indiana treatments. Before adding the crayfish to the
mesocosms, we marked each one with a unique
identifier by pushing a pin through its telson or one
of its uropods, permitting us to track individual

crayfish throughout the experiment. We also measured
initial CL and blotted wet weight of each crayfish.
Initial mean CL of rusty crayfish was 29.7 + 0.5 mm
(range = 22.5 to 35.5 mm), and mean CL of virile
crayfish was 30.2 &£ 0.6 mm (range =21.8 to
36.7 mm). Each mesocosm contained a range of sizes
of each species to represent a population with multiple
age classes (mean CL size range per meso-
cosm = 11.0 £ 0.2 mm). Mean crayfish CL across
population treatments varied by less than 3 mm, and
the difference in mean CL of rusty and virile crayfish
in each mesocosm was less than 3 mm (mean differ-
ence = 1.2 mm). All crayfish in this experiment were
form II males except for a small subset of native virile
crayfish males which were form I. Thus, in each of the
mesocosms with native virile crayfish, one of the virile
crayfish was form I and the other four were form II.
Over 1 month (August 3rd—September 3rd and 4th,
2016), we examined the growth and survival of these
crayfish as well as their impacts on benthic macroin-
vertebrates and periphyton in these mesocosms. In
order to avoid disrupting the experiment and because
cannibalism is common amongst wild crayfishes, we
did not monitor crayfish survival or attempt to replace
dead crayfish in the mesocosms while the experiment
was running.

Throughout the experiment, fresh water from Lake
Michigan flowed continuously through each meso-
cosm (approximately 0.05 L/s), and we monitored
temperature using Onset Hobo Data Loggers (Bourne,
MA, USA) placed in each mesocosm (range:
19.3-25.8 °C; mean = 23.3 °C). We conducted the
experiment under a 12 h light, 12 h dark photoperiod.
Each mesocosm contained a thin layer of gravel over
its entire bottom, and also contained cobbles and
boulders over 1/3 of the tank to provide shelter for
crayfish. We collected all gravel, cobble and boulders
from Lake Michigan to mimic natural conditions as
closely as possible. To provide food for crayfish, we
added 39 snails (I Physidae, 11 Lymnaeidae, 2
Planorbidae, 23 Pleuroceridae, 2 Viviparidae) to each
mesocosm. Halfway through the experiment, we
added additional food to each mesocosm including
snails (3 Physidae, 11 Lymnaeidae, 5 Planorbidae, 3
Viviparidae) and other macroinvertebrates (2 Chi-
ronomids, 6 Amphipods, 1 Odonate). We also added
250 + 4 g of homogenized detritus collected from
Font Lake on Beaver Island halfway through the
experiment. Finally, to assess crayfish impacts on
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benthic algal growth, we placed four 4.85 cm?®

unglazed tiles in each mesocosm spaced evenly across
the open gravel section at the beginning of the
experiment.

At the end of the experiment, we gently removed all
cobbles and boulders and scrubbed them over a bucket
filled with water to remove attached macroinverte-
brates. We poured the water in the bucket through a
sieve and preserved the macroinvertebrates in 70%
ethanol and later identified them to order (Ephe-
meroptera, Trichoptera, Diptera, Odonata, Amphi-
poda, Isopoda) or class (Gastropoda, Hirudinea). We
then removed all crayfish from each mesocosm,
identified individuals via their individual mark, and
recorded their CL and blotted wet weight. Following
the experiment, we extracted chlorophyll a from the
algae on the unglazed tiles using 95% ethanol, and
measured the concentration on a spectrophotometer
using standard methods (Wetzel and Likens 2000).

Threat response assay

To examine threat response behavior, we calculated
the proportion of defenses and retreats in response to
the three attacks for each crayfish used in this assay.
Size has been shown to influence crayfish behavior,
with larger individuals generally being more dominant
and aggressive (Rubenstein and Hazlett 1974; Berg-
man and Moore 2003); we therefore measured each
crayfish’s carapace length (CL) and included it as a
covariate in this and subsequent behavioral analyses.
Additionally, we observed that the temperature of the
tap water that we used varied with time of day and
date, so we also included water temperature as a
covariate in this and subsequent behavioral analyses.
In cases when CL or temperature were not statistically
significant, we excluded them from the model and
reran the analysis. We used a general linear model to
assess the effects of crayfish species, range (native vs.
non-native), sex, and their interactions as well as CL
and temperature on the proportion of retreats and
defenses of the crayfish (we used a logit transforma-
tion because the response variables are non-binomial
proportions; Warton and Hui 2011).

Paired agonistic assay

To examine aggression in the paired agonistic assay,
we used a general linear mixed-effects model to
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examine the effects of population treatment (i.e.,
Indiana, Wisconsin, or native), species, and their
interaction, as well as sex, CL and temperature on the
aggression scores (log transformed to meet assump-
tion of normality) of individual crayfish. We included
the trial as a random effect in the model. To test our
main hypothesis that native and non-native popula-
tions differ in behavior, we ran post hoc Tukey’s range
tests to compare aggression scores between native and
non-native populations of rusty and virile crayfish. We
also used an analysis of variance (ANOVA) to assess
the effects of crayfish species, range, and their
interaction on standardized chela area.

Mesocosm experiment

Within the mesocosm experiment, we used mixed
effects logistic regression models with mesocosm
included as a random factor and initial CL included as
a covariate to examine the effect of species, population
treatment, and their interaction on mortality in each
species. We used likelihood ratio tests to examine the
influence of independent variables in mixed effects
logistic regressions. To examine the effect of species,
population treatment, and their interaction on growth
in terms of change in CL, we used mixed effects
models with mesocosm as a random effect and initial
CL as a covariate. We also assessed the effect of
population treatment on growth in terms of change in
weight (log transformed to meet assumption of
normality) using mixed effects models with the same
independent variables, except these models contained
initial weight as a covariate. We removed initial CL
and weight from our models in cases when they were
not statistically significant and reran models. To test
our main hypothesis that native and non-native
populations differ in growth, we ran post hoc Tukey’s
range tests to compare growth and survival between
native and non-native populations of rusty and virile
crayfish.

In addition, within the mesocosm experiment, we
used ANOVA to test the effect of population treatment
on mean benthic chlorophyll a concentration at the
mesocosm level. We included the number of rusty and
virile crayfish that survived as covariates and used
Tukey’s multiple comparison test for pairwise com-
parisons. We used ANOVA with the same indepen-
dent variables to examine the effect of population
treatment on the number of  benthic
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macroinvertebrates that were collected from meso-
cosms at the end of the experiment.

We performed our analyses and created plots using
the packages ggplot2 (Wickham 2009), Ime4 (Bates
et al. 2014), lmerTest (Kuznetsova et al. 2016),
Ismeans (Lenth 2016), MASS (Venables and Ripley
2002) in R statistical software (R Core Team 2016).

Results

Threat response: defense

Defense behavior differed between native and non-
native virile crayfish populations (Fig. 1). We found a

significant interaction between species and range
(F1.106 = 5.20, p = 0.03) on the proportion of defense

responses. Non-native virile crayfish
(44.83 & 7.07%) defended themselves more fre-
quently than their native counterparts

(16.67 £ 4.72%; p < 0.01), however, there was no
difference between non-native (26.67 4+ 6.47%) and
native (28.21 £ 7.32%) rusty crayfish (p = 0.99). On
average, non-native crayfish defended themselves
more frequently than native crayfish (F; 196 = 4.63,

p =0.03), but this was dependent on sex
(F1106 =9.93, p<0.01). Non-native males
100 A
Population
|:| Native
|:| Non-native
75
S
3
@ 501 T
Q
2 1
25 J_
N T
L

Virile Rusty

Species

(50.57 &+ 7.32%) defended themselves more than
native males (16.67 £ 6.20%; p < 0.001), but there
was no difference between non-native
(21.11 £5.42%) and native (26.67 £ 5.85%)
females (p = 0.95). There was also a significant effect
of CL (Fy.106 = 7.25, p < 0.01; estimated beta coef-
ficient = 0.03), in which larger crayfish displayed a
greater proportion of defenses. We did not find
significant effects of species (F; o6 = 0.27, p = 0.6),
sex (Fi.106 = 3.91, p = 0.06), the interaction between
species and sex (Fjjo6 =0.98, p=0.32), or the
interaction between species, range, and sex
(F1.106 =0.07, p=0.79) on the proportion of
defenses.

Threat response: retreat

Retreat behavior also differed between virile crayfish
populations (Fig. 1). There was a significant interac-
tion between species and range on the proportion of
retreats (Fy ;07 =5.75, p = 0.02). The proportion of
retreats did not differ between non-native
(57.7 £ 5.97%) and native (51.29 £ 6.73%) rusty
crayfish (p = 0.94); however, non-native virile cray-
fish (33.3 &+ 5.49%) retreated less frequently than
native virile crayfish (58.89 £ 4.97%; p = 0.04).
There was no overall effect of range (F; 197 = 1.91,

100 A
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]
—
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——

Retreats (%)
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25 1
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Fig. 1 Mean =+ standard error percentage of retreats (left) and percentage of defenses (right) of native and non-native populations of

rusty and virile crayfish
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p = 0.17), species (F; 197 = 3.37, p =0.07), or sex
(F1,107 = 0.54, p = 0.46) on the proportion of retreats.
There was also no interaction between species and sex
(F1,107 = 0.98, p = 0.32), range and sex (F; ;o7 = 1.42,
p = 0.23), or three-way interaction between species,
range, and sex (Fj 07 =0.57, p=0.45) on the
proportion of retreats.

Paired agonistic assay

For both rusty and virile crayfish, crayfish had
significantly higher aggression scores in the native
treatment (162.97 £+ 19.33) than in the Wisconsin
treatment (85.62 £ 23.52; F,95 =3.99, p =0.02;
Fig. 2), but aggression scores were similar between
other population treatments (p > 0.2 for all compar-
isons). There was no interaction between population
treatment and species (Fjg9 = 0.259, p = 0.77).
Across treatments, rusty crayfish (143.94 4+ 16.37)
had higher aggression scores than virile crayfish
(97.34 £ 16.37; F| 99 = 55.30, p < 0.001) and males
(163.48 £ 33.09) had higher aggression scores than
females (77.80 & 15.04; Fy 99 = 4.56, p = 0.04). In
addition, CL had a positive effect on aggression score
(estimated beta coefficient = 7.23; Fj g9 = 5.01,
p = 0.03). Finally, despite differences in behavior
between native and non-native virile crayfish, rusty

Virile crayfish

crayfish won 85.71% (12/14) of the Indiana treatment
matchups, 87.50% (14/16) of the Wisconsin treatment
matchups, and 82.61% (19/23) of the native treatment
matchups.

Chelae size

Rusty crayfish had significantly greater standardized
chela areas (7.65 £ 0.37) than virile crayfish
(5.44 £ 0.20) (F, 65 = 30.78, p < 0.001). We did not
find effects of range (F; 65 = 1.70, p = 0.20) or the
interaction between species and range (F; s = 0.01,
p = 0.92) on standardized chela area.

Mesocosm experiment: survival

We found a significant interaction between species
and population treatment on survival (likelihood ratio
test: x* = 11.70, N = 120, p < 0.01; Fig. 3). There
was no difference in survival between native and non-
native populations of rusty crayfish (p = 0.3). How-
ever, non-native virile crayfish in the Indiana treat-
ment (85 + 10%) had higher survival than those in the
native treatment (15 + 10%; p < 0.001), but there
were no significant differences between the other
population treatments (p > 0.2 for all comparisons).
Rusty crayfish had higher survival than virile crayfish

Rusty crayfish
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Fig. 2 Mean =+ standard error average aggression scores of paired agonistic assays of native and non-native virile (left) and rusty

(right) crayfish
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Fig. 3 Mean = standard error survival of native and non-native virile (left) and rusty (right) crayfish during mesocosm experiment.
Lack of standard error bar for Indiana rusty crayfish is the result of constant survival across replicates of this treatment

in the native treatment (85 £ 10% and 15 4+ 10%,
respectively; p < 0.01) and tended to in the Wisconsin
treatment (95 + 5% and 45 £+ 15%; p = 0.06), but
survival was similar between native rusty and non-
native virile crayfish in the Indiana treatment
(80 &+ 0% and 85 &+ 10%; p = 1.00). Rusty crayfish
had significantly higher survival during the experi-
ment (87 £ 4%), compared to virile crayfish
(48 + 11%) (x> = 36.87, N = 120, p < 0.001). Fur-
ther, there was a significant overall effect of popula-
tion treatment on survival (x2= 19.74, N = 120,
p < 0.001). On average, crayfish in the Indiana
treatment (83 £ 5%) tended to have higher survival
than those in the native treatment (50 £ 15%;
p = 0.06). There were no differences in survival
among the other population treatments (p > 0.1 for
all comparisons). Lastly, size increased the likelihood
of crayfish survival (3 = 5.27, N = 120, p = 0.02).

Mesocosm experiment: growth (CL)

We found a significant interaction between species
and population treatment on growth (F,74 = 9.98,
p < 0.001; Fig. 4). There was no significant differ-
ence in growth between native and non-native popu-
lations of rusty crayfish across the three population
treatments (p > 0.4 for all pairwise comparisons).

However, non-native virile crayfish from the Indiana
treatment (e.g., non-native population)
(1.32 £ 0.2 mm CL) grew more than native virile
crayfish from the two population treatments with
native virile crayfish (native: — 0.45 + 0.45 mm CL,
Wisconsin: 0.11 & 0.26 mm CL, p < 0.01). Rusty
crayfish had greater growth than virile crayfish in the
native  and  Wisconsin  treatments  (rusty:
1.63 = 0.19 mm CL, virile — 0.45 £ 0.45 mm CL,
p < 0.001 and rusty: 1.21 + 0.18 mm CL, virile:
0.11 £ 0.26 mm CL, p =0.01, respectively), but
growth was similar between the species in the Indiana
treatment (native rusty: 1.11 £ 0.20 mm CL, non-
native virile: 1.32 £ 0.20 mm CL, p = 0.9760). Rusty
crayfish (1.32 £ 0.11 mm CL) grew more than virile
crayfish (0.33 £ 0.19 mm CL) (F;74 =20.82,
p < 0.001) over the course of the experiment. Further,
there was a significant overall effect of population
treatment on growth (F, 74 = 4.54, p = 0.01). Specif-
ically, crayfish in the Indiana treatment
(1.21 £ 0.14 mm CL) grew significantly more than
those in the Wisconsin treatment (0.66 £+ 0.16 mm
CL; pairwise comparison: p = 0.03) and grew more on
average than those in the native treatment
(0.59 £ 0.25 mm CL; p =0.08). Crayfish in the
Wisconsin and native treatments had similar growth
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Fig. 4 Mean =+ standard error growth (in terms of mm carapace length) of native and non-native virile (left) and rusty (right) crayfish

during mesocosm experiment

(p = 0.97). Finally, on average, smaller crayfish grew
more than large crayfish (F, 74 = 23.50, p < 0.001).

Mesocosm experiment: growth (g)

We found a significant interaction between species
and population treatment on weight gain (F, 75 = 3.35,
p = 0.04). There were no significant differences in
weight gain among rusty crayfish in different popula-
tion treatments (p > 0.4). There was a non-significant
trend suggesting that non-native virile crayfish from
the Indiana treatment (0.59 %+ 0.22 g) gained more
weight than virile crayfish from the Wisconsin treat-
ment (— 0.18 = 0.30 g, p = 0.05), but there were no
significant differences in weight gain between virile
crayfish in the other population treatments (p > 0.8 in
both cases). Rusty crayfish gained more weight than
virile crayfish in the native and Wisconsin treatments
(rusty: 2.10 £ 0.22 g, virile: 0.05 = 0.52 g, p = 0.01
and rusty: 1.40 £ 0.20 g, virile: — 0.18 £ 0.30 g,
p < 0.001, respectively), but weight gain was not
significantly different between the congeners in the
Indiana treatment (rusty: 1.34 4+ 0.22 g, virile:
0.59 £+ 0.22 g, p =0.17). Rusty crayfish
(1.60 + 0.15 g) gaining significantly more weight
than virile crayfish (0.15 £ 0.21 g) over the course of
the experiment (F; 75 = 38.13, p < 0.001).

@ Springer

Mesocosm experiment: chlorophyll
a concentration

Population treatment had a significant effect on
benthic chlorophyll a concentration at the end of the
experiment after controlling for survival of virile and
rusty crayfish (F,7; =15.55, p <0.01; Fig.)5).
Chlorophyll a concentrations were higher in the native
treatment (0.10 £ 0.006 mg/cmz) than in either of the
treatments containing non-native species (Indiana:
0.08 + 0.006 mg/cm?, Wisconsin: 0.08 £ 0.007 mg/
cm?; Tukey’s HSD: p < 0.01). Virile crayfish sur-
vival, but not rusty crayfish survival, was a significant
covariate in the model (F;; = 37.65, p < 0.001 and
F,7 =3.19, p = 0.12, respectively).

Mesocosm experiment: benthic
macroinvertebrates

There was no effect of population treatment on benthic
macroinvertebrate abundance after controlling for
survival of virile and rusty crayfish (F,7; = 0.07,
p =0.93). Rusty crayfish survival, but not virile
crayfish survival was a significant covariate in the
model (F,;=7.38, p=0.03, and F,;=0.75,
p = 0.41, respectively).
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Fig. 5 Mean =+ standard
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a concentrations (mg/cmz)
in mesocosms with Indiana

(non-native virile crayfish,
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rusty crayfish), and
Wisconsin (native virile
crayfish, non-native rusty
crayfish) population
treatments
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Discussion

In order to investigate divergence during invasions, we
used a comparative biogeographical approach to
examine trait differences between native and non-
native populations of two crayfish species, the rusty
crayfish and the virile crayfish, which have indepen-
dently been introduced into each other’s native ranges.
We also tested whether trait differences were strong
enough to alter competitive interactions between these
different species and their impacts on lower trophic
levels. Most of the divergence we observed in
behavior, growth and survival was between native
and non-native virile crayfish populations, and these
intraspecific trait differences were large enough to
alter coexistence between virile and rusty crayfish in
our mesocosm experiment. These mesocosm results
are consistent with patterns of coexistence across the
ranges of these two species as virile crayfish are often
replaced by rusty crayfish in lakes in the upper
Midwest (Capelli and Munjal 1982; Olsen et al. 1991),
but we found apparently healthy populations of virile
crayfish in sympatry with rusty crayfish in Indiana.
Further, differences between native and non-native
populations were strong enough to affect the ecolog-
ical impact of both crayfish species on lower trophic
levels. Specifically, benthic chlorophyll a concentra-
tion was lower in mesocosms that contained non-
native populations of either rusty or virile crayfish
compared to mesocosms containing only native pop-
ulations. Thus, the traits that determine the impacts of
these invasive species are not necessarily intrinsic to
each species, but instead can vary between native and

Native Wisconsin
Treatment

non-native populations and may arise during the
invasion process.

Differences between native and non-native virile
crayfish populations were consistent with selection for
traits that enhance competition with closely related
native species occurring during the invasion process.
For example, in response to a predator threat, non-
native virile crayfish were more likely to move
towards the threat and less likely to retreat than their
native counterparts, suggesting that they were bolder
and more aggressive in this context. Furthermore, the
growth and survival of non-native virile crayfish was
significantly higher than that of native virile crayfish
and similar to that of the native rusty crayfish when
directly competing with them for resources (e.g.,
Indiana treatment). This is consistent with previous
research on non-native crayfish that demonstrated that
non-native populations are generally bolder, more
aggressive and have higher growth rates, than their
native counterparts (Pintor and Sih 2009; Sargent and
Lodge 2014; Reisinger et al. 2017). Boldness, aggres-
siveness and faster growth leading to a larger body size
are particularly important traits that underlie the
outcome of both intra- and interspecific competition
(e.g., more aggressive species are competitively
dominant) and are likely key to successfully invading
a system with native crayfish (Hill et al. 1993; Pintor
and Sih 2009; Reisinger et al. 2017). Previous research
in other invasive species suggests that aggression may
be important for invaders to replace native species
(Holway and Suarez 1999), and aggression can change
during the invasion process (Suarez et al. 1999). In
addition, boldness may correlate with dispersal ability
(Rehage and Sih 2004) and may be selected for during
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the spread phase of an invasion (Phillips et al. 2010).
Here, differences in behavior and growth between
native and non-native populations of virile crayfish
suggest that the invasion process may have selected
for bolder and more aggressive individuals that were
better able to compete for resources with native rusty
crayfish. Thus, the differences we observed between
native and non-native virile crayfish in combination
with results from previous studies suggest that traits
that facilitate invasion success and competitive dis-
placement of congeners may be selected for during the
invasion process (Pintor et al. 2008; Pintor and Sih
2009; Sargent and Lodge 2014; Reisinger et al. 2017).

In contrast, we did not detect any differences in
behavior and growth between native and non-native
rusty crayfish. This is contrary to previous research
suggesting that non-native populations of rusty cray-
fish have faster growth rates than native populations of
this species (Pintor and Sih 2009), and that there is
likely a genetic basis for this trait difference (Sargent
and Lodge 2014). Our ability to detect differences in
growth may have been affected by differences in water
temperature, food availability, time of year, or initial
crayfish size between this and previous studies.
Alternatively, the populations used in this study are
different than those used in Pintor and Sih (2009) and
Sargent and Lodge (2014), so it is possible that the
particular native and non-native rusty crayfish popu-
lations we examined here do not differ in growth rate
regardless of condition. However, differences in
chlorophyll a concentrations between treatments with
native and non-native rusty crayfish suggest that there
may be some difference in traits related to foraging
between native and non-native rusty crayfish that we
were unable to detect in this experiment. Overall, these
results combined with those from previous research
suggest that some native and non-native populations
of rusty crayfish may also differ in traits that are likely
to enhance invasion success and impacts in the
invaded range.

Aggression scores in the native treatment of the
paired assay were unexpectedly high, but this may
have been an artifact of our experiment. For example,
while aggression scores were generally higher in the
native treatment than the Wisconsin treatment, when
we paired native rusty crayfish with non-native virile
crayfish (i.e., Indiana treatment), the native rusty
crayfish exhibited a similar level of aggression as their
non-native counterparts in the Wisconsin treatment. It
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is unclear why this occurred, but the native treatment
represents a combination of populations that do not
naturally co-occur. It is possible that crayfish are more
aggressive towards unknown competitors or that the
stereotyped behaviors of crayfish from these two
populations are mismatched, resulting in escalation of
the interaction above that observed in the other two
treatments. Another possible explanation involves the
mechanism by which crayfish establish and maintain
dominance hierarchies. Crayfish communicate domi-
nance status through the use of chemicals present in
their urine, a mechanism which is thought to prevent
unnecessary energy expenditure and injury in agonis-
tic encounters (Schneider et al. 2001; Moore and
Bergman 2005, Bergman et al. 2006). The specific
chemical cues used to relay dominance status may
vary between populations, and this may have reduced
the efficiency with which dominance status was
transmitted between individuals, leading to height-
ened aggression in the native crayfish treatment.
Previous studies have shown that if perception of
sensory information (and therefore status recognition)
in crayfish is reduced or inhibited, it leads to longer,
more aggressive agonistic encounters (Bruski and
Dunham 1987; Schneider et al. 2001). Despite differ-
ences in aggression between different population
treatments, rusty crayfish won a similar number of
matchups across treatments, so increased aggression
in the native treatment did not benefit either congener.

Non-native populations of both crayfish species had
greater impacts on lower trophic levels than did native
populations, suggesting that trait changes during
invasions may contribute to ecological impacts caused
by invasive species. Specifically, we found that
benthic chlorophyll a concentrations were lower in
mesocosms that contained non-native populations of
either rusty or virile crayfish compared to mesocosms
containing only native populations. Crayfish are
generalist omnivores that readily graze on benthic
algae (Charlebois and Lamberti 1996). Crayfish also
consume and thus inhibit the grazing behavior of
snails, which may indirectly affect benthic algae.
Although we cannot ultimately ascertain whether
differences in chlorophyll a concentrations were
primarily due to direct or indirect effects, macroin-
vertebrate (e.g., snails) abundance remained the same
across population treatments suggesting that these
differences were more a consequence of direct algal
consumption by crayfish. This mechanism is also
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supported by the finding that virile crayfish survival
was negatively related to chlorophyll a concentration.
Chlorophyll a concentration was not associated with
rusty crayfish survival, which may have been due to
the invariably high survival rate of rusty crayfish
survival across mesocosms (i.e., there was insufficient
variation in rusty crayfish survival to detect a
relationship with chlorophyll a concentrations, see
Fig. 3). We did not detect differences in growth or
survival between native and non-native rusty crayfish
in mesocosms, but differences in chlorophyll a con-
centration between treatments suggest that non-native
crayfish of both species were consuming more benthic
algae than their native counterparts and therefore
having greater ecological impacts. Conversely, the
reduced impact of crayfish in the native treatment on
chlorophyll a concentration may be the result of the
same increased competition intensity that we observed
in the paired assays. Other studies (e.g., Berger-Tal
et al. 2015) have found that interference competition
can reduce foraging time and efficiency, so if native
rusty and virile crayfish spent more time fighting with
each other than either would have against a non-native
congener, they may have had less opportunity to graze
on periphyton.

In contrast to the chlorophyll a results, benthic
invertebrate abundance was similar among the differ-
ent population treatments, but there was a negative
relationship between rusty crayfish survival and
macroinvertebrate abundance. This finding corrobo-
rates previous research showing large impacts of rusty
crayfish on macroinvertebrate communities (e.g.,
Charlebois and Lamberti 1996; Perry et al. 2000;
McCarthy et al. 2006). In contrast, there was no
association between virile crayfish survival and
macroinvertebrate abundance. This may be due to
exploitative competition by rusty crayfish leading to
resource partitioning between these species (i.e., rusty
crayfish fed on macroinvertebrates and virile crayfish
fed on benthic algae). In a similarly designed exper-
iment, Glon et al. (2017) housed non-native rusty and
native virile crayfish in sympatry and examined their
respective abilities to exploit invasive dreissenid
mussels and benthic algae associated with the mussels.
In the experiment, rusty crayfish growth increased
with the addition of dreissenid mussels, but virile
crayfish growth was not affected, suggesting that rusty
crayfish had a greater ability to exploit the mussels and
associated algae as a food resource than virile crayfish.

Similar to the results in our study, Glon et al. (2017)
also found that native virile crayfish had low growth
and survival in sympatry with non-native rusty
crayfish. Overall, our results suggest that non-native
virile crayfish growth and survival was likely
enhanced by greater consumption of algae, but not
macroinvertebrates.

Despite evidence that non-native virile crayfish
were bolder and more aggressive in response to a
threat and had higher survival and growth than their
native counterparts, they remained competitively
inferior to both native and non-native rusty crayfish
in the paired agonistic assay. This result suggests that
rusty crayfish may inherently be a better competitor
than virile crayfish. One trait that might contribute to
their competitive dominance may be the larger chelae
of the rusty crayfish. Chelae are used by crayfish for
numerous activities including mating, feeding, and
predator defense (e.g., Stein 1976), and chela size is a
key determiner of success in competitive interactions
(Rutherford et al. 1995; Gherardi et al. 1999; Moore
2007). Indeed, the consistently larger chelae of rusty
crayfish relative to those of virile crayfish are thought
to have contributed to the former’s invasion success in
Wisconsin lakes, both by increasing success of rusty
crayfish in competitive interactions with virile crayfish
and by leading to disproportionate predation of fish on
virile crayfish due to their smaller chelae (Garvey and
Stein 1993; Garvey et al. 1994).

Our experimental design does not enable us to
definitively tie the differences in growth and behavior
between native and non-native virile crayfish to a
specific causal mechanism. Because we collected
crayfish from their natal environments rather than
raising them from birth in the lab, we are unable to
determine whether the differences we observed are
due to genetic differences or to phenotypic plasticity.
The differences we observed are consistent with the
hypothesis that the invasion process selects for traits
that allow non-native species to overcome biotic
resistance. However, genetic differences between
populations could also be due to chance events such
as a founder effect or genetic drift. In addition,
differences in the environment (e.g., predator abun-
dance, water temperature, food availability) and
habitat types (e.g., stream vs. lake) in Indiana and
Wisconsin could select for different crayfish traits, but
we might have expected to see similar changes in rusty
crayfish traits if the environment or habitat was the
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primary driver of differences in virile crayfish traits.
Another possible explanation is that the source
population for the Indiana (non-native) virile crayfish
was different than the native population we tested and
individuals already possessed different traits upon
introduction. Lastly, time since introduction has been
shown to play a role in invasion success (e.g., PySek
et al. 2009). Unfortunately, we have not been able to
obtain data tracking the invasion of virile crayfish in
Indiana, so we were unable to consider the possible
influence of this mechanism in our study. Future
research comparing additional native and non-native
crayfish populations could help elucidate the mecha-
nism responsible for the divergence we observed
between populations. Regardless of the mechanism,
the intraspecific differences we measured were large
enough to alter the impacts of both of crayfish species
on lower trophic levels and the ability of virile crayfish
to persist in sympatry with rusty crayfish in
mesocosms.

The results of our study highlight the need to
consider how evolution and/or plasticity may alter
ecologically important traits of organisms during an
introduction. Even though we do not know the
mechanism behind the divergence we observed, the
differences between native and non-native crayfish
populations were important enough to meaningfully
alter ecological interactions. Given that virile crayfish
are often either entirely extirpated or at least excluded
from high quality habitat by rusty crayfish in lakes in
the upper Midwest (Capelli and Munjal 1982; Olsen
et al. 1991; Peters and Lodge 2013), one might not
expect virile crayfish to become established in the
native range of rusty crayfish and coexist with the
latter, yet this scenario is currently occurring in the
streams that we sampled in southern Indiana. Our
findings set the stage for further investigations into
trait differences between different native and non-
native populations, which could provide evidence for
the causal mechanism behind the trait differences we
observed and identify traits that are important for
invasion success in locations with ecologically similar
native species. Biological invasions are an ongoing
global threat causing ecological and economic
impacts, and our results suggest that including the
potential for traits to change during the invasion
process may be essential for predicting the effects of
invasions, and thus should be taken into account when
weighing the costs and benefits of moving species.
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