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Abstract Interference competition between native 
and invasive species can be an important driver of the 
local extirpation of native species; however, extinc-
tions resulting from competition are rare. This study 
investigates competitive interactions between an inva-
sive and an imperiled species to assess whether com-
petition is an important mechanism behind this spe-
cies replacement. Freshwater crayfish are one of the 
most imperiled taxonomic groups in North America, 
and nonnative crayfish pose a major threat to native 
crayfishes. Many crayfish have limited distributions, 
so merely moving crayfish between adjacent drain-
ages can cause species replacements that threaten 
native species. Here, we examine competitive inter-
actions between the imperiled Black Creek crayfish 
(BCC; Procambarus pictus), which is endemic to the 
lower St. Johns River drainage, Florida, and the white 
tubercled crayfish (WTC; P. spiculifer), an introduced 
species from a neighboring drainage. We found that 
WTC grew more rapidly than BCC in common con-
ditions, and when WTC was larger, this species won 

aggressive interactions and was dominant in shelter 
competition with the imperiled species. However, 
when the species were size matched, BCC was more 
competitive than WTC. These results highlight the 
importance of size and growth rate for determining 
the outcome of interference competition. WTC is 
replacing BCC throughout a substantial portion of 
its limited range, and our results suggest that size-
mediated competition between these species may be 
an important mechanism for this species replacement.
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Introduction

Invasive species often alter the structure and compo-
sition of ecological communities and cause declines 
in species diversity at local scales (Fridley et al. 2007; 
Havel et  al. 2015; Gallardo et  al. 2016). Whether 
invasions are a major cause of extinctions, however, 
is debated (Gurevitch and Padilla 2004; Gilbert and 
Levine 2013). Most extinctions caused by invasions 
are the result of predation or parasitism (Warner 
1968; Davis 2003; Dueñas et  al. 2021). Extinc-
tions resulting from competition between native and 
invasive species are rare (Davis 2003). Additional 
research focused on instances in which an invasive 
species extirpates a native species from much of its 
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range (i.e., when extinction is possible but before it 
occurs) can provide insight into how and when com-
petition is important for invasive species impacts on 
diversity. Invasions are more likely to result in extinc-
tions in isolated environments, such as islands (Due-
ñas et  al. 2021). Freshwater species are especially 
vulnerable to extinction from invasions because many 
species have limited distributions and occur in iso-
lated stream drainages or lakes (Olden et  al. 2010; 
Haag and Williams 2014; Taylor et  al. 2019). Here 
we investigate the potential for an invasive crayfish to 
extirpate an imperiled crayfish from its limited range 
through competitive interactions.

Crustaceans, especially crayfish, are among the 
most common and impactful freshwater invasive spe-
cies (Strayer 2010). The southeastern Unites States 
harbors the greatest diversity of freshwater crayfish in 
the world and invasive crayfish are one of the leading 
threats to the conservation of native crayfish (Taylor 
et  al. 2019). In North America, many crayfish inva-
sions are the result of transplants from other drain-
ages within the continent (Strayer 2010), and there are 
numerous cases of introduced crayfish within North 
America causing reductions or local extirpations of 
native crayfish species (Light et al. 1995; Olden et al. 
2006; Distefano and Westhoff 2011; Imhoff et  al. 
2012). Invasive crayfish can also alter other aspects 
of freshwater ecosystems by affecting organic matter 
processing, energy flow, and prey-predator relation-
ships (Whitledge and Rabeni 1997; Ficetola et  al. 
2012; Jackson et  al. 2014; Alp et  al. 2016). Since 
freshwater ecosystems contain a higher diversity of 
species per area than marine or terrestrial ecosystems 
(Dudgeon et al. 2006), it is crucial to understand the 
role of invasive species in the local extirpation and/or 
extinction of native freshwater species.

Invasive crayfish often reach high densities and 
cause declines the abundance of native crayfish by 
competing with them for limited resources (Hansen 
et  al. 2013 and Hill and Lodge 1999). Specifically, 
invasive crayfish often outcompete native crayfish for 
shelter or high-quality habitat (e.g., habitat with large 
substrates such as cobbles or boulders where cray-
fish can shelter in interstitial spaces) which increases 
predation on the native species (Garvey et  al. 1994; 
Peters and Lodge 2013). In many cases, laboratory 
behavioral assays that measure aggression level or the 
ability of a species compete for shelter mirror species 
replacements observed in the field (Hill and Lodge 

1994; Usio et al. 2001; Chucholl et al. 2008; Tricar-
ico and Aquiloni 2016). However, this is not always 
the case (Larson and Magoulick 2009; Hanshew and 
Garcia 2012). Larger crayfish also often outcompete 
smaller conspecifics or heterospecifics (Garvey et al. 
1994; Martin and Moore 2007). Therefore, crayfish 
that outcompete heterospecifics for high quality food 
resources may also eventually win competitions for 
shelter as they grow to a larger size (Hill and Lodge 
1999). Invasive crayfish can also impact native cray-
fish populations through hybridization (Perry et  al. 
2002) or by promoting the spread of disease (Bohman 
et al. 2006; Holdich et al. 2009).

In northeast Florida, USA, recent stream surveys 
indicate that the range occupied by the Black Creek 
Crayfish (BCC, Procambarus pictus) is declining 
while the range of the White Tubercled Crayfish 
(WTC, P. spiculifer) is rapidly expanding (Fralick 
et  al. 2021). The imperiled BCC is endemic to tan-
nic, sand-bottom streams in the lower St. John’s River 
basin (Franz and Franz 1979). This species is state 
listed as Threatened due to its limited distribution and 
sensitivity to sedimentation, poor water quality, and 
urbanization in the surrounding watershed (Franz and 
Franz 1979). Most records of BCC are from the Black 
Creek drainage in Duval and Clay counties (Franz 
et  al. 2008; Nelson and Floyd 2011; Fralick et  al. 
2021). The invasive WTC is native to other drainages 
in the southeastern USA, including the neighboring 
Suwannee River drainage in Florida. In 2008, WTC 
was found at two sites in Bull Creek, which is a tribu-
tary to Black Creek (Franz et al. 2008). This species 
was not detected in the Lower St. John’s watershed 
(HUC8) prior to 2008 (Franz et al. 2008). WTC has 
spread rapidly in the past decade, and many of the 
sites in the Black Creek drainage that were previously 
occupied by BCC are now occupied by only WTC 
(Fralick et  al. 2021). The introduction pathway for 
WTC in the Black Creek drainage is unknown, but 
one plausible mechanism is a bait-bucket introduction 
(Fralick et  al. 2021). Bait-bucket introductions are a 
common mechanism for crayfish introductions and 
WTC were first detected in an urbanized area, sug-
gesting a bait-bucket introduction is a likely pathway 
(DiStefano et al. 2009; Fralick et al. 2021).

In this study, we conducted a series of experi-
ments to examine competitive interactions between 
WTC and BCC. Specifically, we examined aggressive 
interactions between the species and competition for 



1093Size‑mediated competitive interactions between an invasive and an imperiled crayfish may…

1 3
Vol.: (0123456789)

shelter and a high-quality food resource. We hypoth-
esized that WTC would outcompete BCC, reflecting 
the patterns observed in the Black Creek drainage. 
In addition, we measured individual growth rates of 
both species in common conditions in the labora-
tory to assess whether either species was likely to 
have a size advantage in competitive interactions in 
the field. WTC is the largest of the Florida crayfishes 
(Hobbs 1942), so we expected WTC to grow more 
rapidly than BCC. We tested competitive interac-
tions between WTC and BCC when the species were 
matched by size and when WTC had a size advantage 
to account for the influence of size on these interac-
tions. Overall, these data provide new evidence for 
the mechanisms responsible for species replacements 
that result from invasions, and the ways in which 
invasive species impact native species diversity.

Methods

We conducted competition assays with BCC and 
WTC from the Black Creek Drainage from December 
2020 through September 2021. Initial experiments 
were conducted in common conditions in the labora-
tory (December 2020–March 2021), and later experi-
ments were conducted in enclosures in the stream or 
next to the stream (August 2021–September 2021). 
Water temperature for laboratory assays ranged from 
17.0 to 20.2  °C, and for field assays it ranged from 
24.6 to 29.7  °C. These temperatures are within the 
range of temperatures measured at sites occupied by 
BCC in the Black Creek Drainage (Franz et al. 2008). 
Methods were changed from laboratory experiments 
to field experiments due to the discovery of a micro-
sporidian disease in other BCC and WTC from the 
drainage and concern that the disease could be spread 
between individuals collected from different locations 
during competition assays. We were able to release 
experimental animals from field experiments back 
into the stream once experiments were completed 
since they were not held in laboratory conditions for 
an extended period or exposed to crayfish from other 
locations. We investigated the impact of the loca-
tion of the experiment by including location and the 
interaction between location and species in statistical 
models (described in more detail in Statistical Analy-
sis section) to account for these changes.

Collection methods

We used dip nets to hand-collect crayfish for labo-
ratory behavior experiments from wadable streams 
in the Black Creek drainage located in north central 
Florida. The two species did not co-occur at these col-
lection locations (we detected either BCC or WTC, 
but both species were not present). We transported 
crayfish to the Fisheries and Aquatic Sciences labora-
tory (Gainesville, FL USA), and housed them in indi-
vidual perforated deli containers within larger bins 
of constantly aerated well water. We assigned each 
individual crayfish an identification number. Once 
collected, we kept crayfish the laboratory for a mini-
mum of two weeks before experiments began. Cray-
fish were exposed to a 12:12 h cycle (light:dark), and 
we fed them three shrimp pellets (OmegaSea, LLC) 
twice per week. We replaced water in each holding 
bin within 24 h after feeding to maintain water qual-
ity. Crayfish were starved for 24 h prior to the start of 
each behavioral assay.

We collected crayfish for field behavior experi-
ments from one tributary within the South Fork Black 
Creek drainage using minnow traps with enlarged 
openings (5.7  cm) and baited with dog food. Both 
BCC and WTC were present this area of the South 
Fork. Therefore, crayfish had probably interacted 
with individuals of the other species prior to experi-
ments. These crayfish were housed in minnow traps 
with closed openings with conspecifics for a maxi-
mum of 5 days. The minnow traps used for housing 
crayfish contained window screen and leaf litter to 
provide shelter and food.

Crayfish growth rate

We measured the carapace length (CL) of crayfish 
collected for laboratory experiments at the time of 
their collection using Vernier calipers (to the near-
est tenth of a mm). These crayfish were kept in the 
same laboratory conditions described above for four 
months and each individual was provided with the 
same type and quantity of food over this time period. 
At the end of the four months, we remeasured CL of 
each crayfish and calculated the daily growth rate as 
the difference between the initial and final CL divided 
by the number of days the crayfish was housed in the 
laboratory. We also measured the blotted wet weight 
(to the nearest hundredth of a g) of each individual 
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at the end of the growth period to determine whether 
the relationship between CL and weight was similar 
across both species. Crayfish that died over the four-
month period were not included in the growth rate 
portion of the study. Overall, we obtained growth rate 
data for 24 BCC (13 females, 11 males, mean initial 
CL ± SD = 18.6 ± 4.1 mm) and 40 WTC (18 females, 
22 males, 18.1 ± 3.1  mm). All males were form II 
(non- reproductive form), except for two BCC males 
that were form I (reproductive form).

Aggressive interactions

We assessed aggressive interactions between BCC 
and WTC by placing one crayfish of each species 
together in a bucket and recording the behavior of 
each crayfish using a GoPro Hero 6. We matched 
crayfish by sex and reproductive form. We also 
matched crayfish by size (within 1 mm CL) in some 
assays (N = 27 total; 21 in the lab and 6 in the field) 
and gave WTC a size advantage in others (larger by 
4–5 mm CL; N = 20 total; 8 in the lab and 12 in the 
field). WTC has been described as the largest of the 
Florida crayfishes (Hobbs 1942) and, therefore, it 
is likely to have a size advantage in natural condi-
tions. In size matched assays, BCC had a mean CL 
of 18.8 ± 3.1  mm (SD), and WTC had a mean CL 
of 18.9 ± 3.0  mm (14 females and 13 males of each 
species). In WTC size advantage assays, BCC had a 
mean CL of 20.5 ± 3.6 mm, and WTC had a mean CL 
of 24.9 ± 3.7  mm (10 females and 10 males of each 
species). All male crayfish used in aggression assays 
were form II, with the exception of two pairs of males 
that were form I. To identify crayfish during the 
experiment, we marked individuals on the carapace 
using different colors of nail varnish (Sally Hansen). 
In the field, we marked only WTC and handled BCC 
to simulate the marking process. We did not mark the 
imperiled species in field experiments because indi-
viduals were released back to the stream following 
all experiments and marking could potentially make 
them more visible to predators.

At the start of each assay, we placed crayfish on 
either side of a perforated plexiglass divider in a 19-L 
bucket filled with previously aerated well water (lab-
oratory) or stream water (field). We left the crayfish 
to acclimate on either side of the divider for 15 min, 
and the divider allowed crayfish to receive visual and 
chemical cues from the other crayfish during this time 

period. After acclimation, we lifted the divider and 
recorded the interactions between crayfish on video 
for 15 min using a GoPro Hero 6 attached to a frame 
above the bucket (so researchers did not disturb the 
experiment). We later scored videos using an etho-
gram developed by Bergman and Moore (2003). We 
scored the most aggressive behavior of each crayfish 
every 5 s (ranging from − 2 for tail-flip retreat to + 5 
for unrestrained fighting) and summed the scores for 
each individual over the 15-min period to obtain an 
overall aggression score (Reisinger et  al. 2015). In 
addition, we recorded the initiator and winner of each 
tension contact (head on head encounter between 
crayfish; Chucholl et  al. 2008). The individual that 
approached the other crayfish was considered the 
initiator of the contact. The individual that did not 
retreat or change direction was considered the winner 
of the contact.

Shelter affinity and competition

We measured shelter affinity and shelter competi-
tion in 19-L buckets with PVC shelters that were 
scaled to the size of the crayfish so that two individu-
als could not use the same shelter without being in 
close contact (51–100  mm diameter PVC pipe cut 
in half lengthwise). In competition assays, one spe-
cies may be in shelter more often if it is the domi-
nant competitor or if it has a higher affinity for shel-
ter than the other species. Examining shelter affinity 
(shelter use without a competitor) allowed us to 
distinguish between these potential causes of spe-
cies differences in shelter occupancy in competition 
trials. We measured shelter affinity in the laboratory 
(WTC assays: N = 31, 17 females and 14 males; BCC 
assays: N = 29, 15 females and 14 males). In shelter 
affinity assays, BCC had a mean CL of 18.4 ± 3.1 mm 
(SD), and WTC had a mean CL of 20.1 ± 3.8 mm. All 
males used in shelter affinity assays were reproduc-
tive form II. We measured shelter competition in both 
the laboratory and the field with size matched cray-
fish or with larger WTC. We conducted the compe-
tition assays following the aggression assays, using 
the same crayfish pairs as for aggression. The sample 
size, crayfish sex, and crayfish CL for shelter compe-
tition are described above in the methods for aggres-
sive interactions, except there was one additional 
competition assay (size matched, field) that did not 
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have a corresponding aggression assay because of an 
error with the video recording.

For shelter affinity, we placed each crayfish alone 
in the bucket with a layer of sand, 5 cm of water, an 
aerator, and the PVC shelter. We covered buckets 
with window screen to prevent crayfish escape, and 
left crayfish to acclimate to the environment over-
night. The next day, we recorded the position of the 
crayfish every hour from 9:00 to 12:00. We classi-
fied the crayfish as outside the shelter if all pereopods 
were visible outside of the PVC pipe. Otherwise, we 
classified the crayfish as inside the shelter (Reisinger 
et al. 2015). The proportion of observations in which 
the crayfish was inside the shelter was considered the 
shelter affinity for that individual.

We tested shelter competition immediately follow-
ing crayfish aggression assays in the laboratory and 
field. Methods for shelter competition in the labora-
tory were the same as for shelter affinity except we 
placed crayfish together in the bucket at the start of 
the acclimation period. In the field, we placed cray-
fish together in a bucket that was anchored to the 
stream bed using rebar. Small holes in the bucket 
allowed water exchange with the stream. We covered 
each bucket with window screen to prevent crayfish 
escape and left crayfish to acclimate overnight. The 
next day, we recorded whether each crayfish was in or 
out of the shelter every hour from 9:00 to 12:00. The 
crayfish that was inside the shelter for most observa-
tions was considered the winner.

Food competition

We conducted food competition assays using methods 
similar to those in Reisinger et al. (2020), with paired 
individuals that were matched by sex and form. In 
some assays, we also matched crayfish by size (within 
1 mm CL; N = 22 total; 16 assays in the lab + 6 in the 
field), and in others we gave WTC a size advantage 
(larger by 4–5 mm CL; N = 19 total; 13 assays in the 
lab and 6 in the field). In size matched assays, BCC 
had a mean CL of 20.2 ± 3.8 mm (SD), and WTC had 
a mean CL of 20.3 ± 3.8 mm (13 females and 9 males 
of each species). In WTC size advantage assays, 
BCC had a mean CL of 20.2 ± 1.7  mm, and WTC 
had a mean CL of 24.7 ± 1.9 mm (10 females and 9 
males of each species). All males used in food com-
petition assays were reproductive form II. We tested 
some of the same individuals in both aggression/

shelter competition and food competition assays, but 
we paired individuals with a different competitor, and 
conducted different assays a minimum of one week 
apart to remove the potential influence of previous 
interactions (Seebacher and Wilson 2007). Each indi-
vidual was only tested once in each type of assay. We 
used the same methods to mark individual crayfish as 
we used in the aggression assays (described above).

We conducted food competition assays in wad-
ing pools (100 cm diameter) filled with aerated well 
water (laboratory) or stream water (field). Each wad-
ing pool was marked on the bottom so that it was 
divided into nine segments of equal area (Reisinger 
et al. 2020), one circular section in the center of the 
pool and eight sections around the edge of the pool. 
To start the assay, we placed one crayfish of each 
species on either side of the pool under a perforated 
container and left them to acclimate for 15 min. Dur-
ing the acclimation period, we placed a 12–13  mm 
section of a live earthworm in the center of the pool. 
After the acclimation period was complete, we gen-
tly lifted each perforated container and recorded the 
behavior of the crayfish for 30  min using a GoPro 
camera that was attached to a frame above the wading 
pool. We reviewed videos and recorded the activity 
level of each crayfish (number of lines crossed in the 
first 15 min) and which species consumed the worm. 
We also recorded the initiator and winner of each ten-
sion contact.

Statistical analysis

We used ANOVA to assess aggressive interactions 
and competition between WTC and BCC. We created 
separate models for the following dependent vari-
ables: number of tension contacts initiated, number 
of tension contacts won, shelter affinity, and activity 
level. Species, sex, and their interaction were included 
in each model as independent variables. Prior to anal-
ysis, we transformed the number of tension contacts 
initiated and won using a natural logarithm transfor-
mation to meet the assumption of a normal distribu-
tion. We also included location (laboratory or field 
experiment) and the interaction between location and 
species in each model to assess whether the location 
of the experiment had an effect on the dependent vari-
able or affected competitive interactions between the 
species. We also used Kruskal–Wallis tests to assess 
whether crayfish aggression scores differed between 
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species or locations (laboratory or field). We used 
Chi-squared tests to assess whether either species was 
more competitive for shelter or food (i.e., whether the 
proportion of competitions won by a species differed 
significantly from 0.5). To test whether there was an 
effect of species on growth rate, we used ANCOVA 
with growth per day as the dependent variable, spe-
cies as the independent variable, and initial CL and 
sex as covariates. Finally, we used ANCOVA to 
examine the relationship between wet weight and 
CL. Both variables were transformed prior to analysis 
using a natural logarithm transformation to create a 
linear relationship between them (Rodger and Starks 
2020). Species was included as an independent vari-
able in the model. All analyses were conducted in R 
(version 3.6.2, The R Foundation for Statistical Com-
puting, Vienna, Austria).

Results

Growth rate

The growth rate of WTC was 3 times higher than 
the growth rate of BCC in common conditions in 
the laboratory  (F1,59 = 67.5, P < 0.001; Fig.  1). The 
mean growth rate of WTC was 0.039 ± 0.018 (SD) 
mm/day and the mean growth rate of BCC was 
0.013 ± 0.012  mm/day. Initial CL had a significant 
negative effect on growth rate  (F1,59 = 8.4, P = 0.005) 
indicating that large crayfish grew less than small 

crayfish over the study, but sex did not have a signifi-
cant effect on growth rate (P > 0.2).

The relationship between carapace length and wet 
weight for each species indicated that BCC had a 
greater wet weight than WTC when the species were 
matched by carapace length  (F1,60 = 66.14, P < 0.001; 
Fig.  2), especially for larger individuals (> 20  mm 
CL). Because we chose crayfish for competition 
assays based on CL, BCC were larger in terms of bio-
mass than WTC in the ‘size matched’ assays.

Aggressive interactions

Aggression scores were similar between BCC and 
WTC in size matched assays (χ2 = 0.78, P = 0.378) 
and assays in which WTC had a size advantage 
(χ2 = 0.82, P = 0.365). In size matched assays, the 
mean aggression score for BCC was 198 ± 151 (SD) 
and for WTC it was 189 ± 131. When WTC had a 
size advantage, the mean aggression score for BCC 
was 115 ± 104 and for WTC it was 137 ± 99. Loca-
tion (laboratory vs. field) had a significant effect 
on aggression score in size matched assays, with 
higher aggression scores occurring in laboratory 
assays (209 ± 144 vs. 80 ± 49; χ2 = 10.33, P = 0.001; 
Table  S1). There was no significant effect of loca-
tion on aggression in WTC size advantage assays 
(χ2 = 0.02, P = 0.879; Table S1).

BCC initiated tension contacts more often than 
WTC when crayfish were size matched  (F1, 48 = 19.46, 
P < 0.001; Fig. 3), but each species initiated a similar 
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number of tension contacts when WTC had a size 
advantage  (F1, 34 = 0.002, P = 0.967; Fig.  3). In size 
matched assays, BCC initiated a mean of 9 ± 5 (SD) 
contacts and WTC initiated a mean of 5 ± 3 contacts 
during the 15-min assay. There was a significant inter-
action between location and species for these assays 
 (F1, 48 = 4.72, P = 0.035). BCC initiated more contacts 
than WTC in laboratory assays (10 ± 5 vs. 4 ± 3), 
but the species initiated similar numbers of contacts 
in field assays (6 ± 4 for both species). When WTC 
had a size advantage, BCC initiated a mean of 6 ± 4 
contacts, and WTC initiated a mean of 7 ± 6 contacts. 
There was a trend suggesting there may be an interac-
tion between sex and species in these assays. For male 
crayfish, BCC tended to initiate more contacts than 
WTC, but for female crayfish, WTC tended to initi-
ate more contacts than BCC  (F1, 34 = 3.26, P = 0.078). 
Other than those described above, there was no 

significant effect of any other variable or interaction 
in either size matched or WTC size advantage assays 
(variables included sex, sex x species, location, loca-
tion x species; P > 0.4; Fig. S1).

BCC also won more tension contacts than WTC in 
size matched assays  (F1, 48 = 8.01, P = 0.007; Fig. 3). 
However, WTC won more tension contacts than 
BCC when WTC had a size advantage  (F1, 34 = 7.05, 
P = 0.012; Fig. 3). In size matched assays, BCC won 
a mean of 9 ± 7 (SD) contacts during each trial and 
WTC won a mean of 5 ± 6 contacts. When WTC had 
a size advantage, BCC won a mean of 4 ± 5 contacts, 
and WTC a mean of 9 ± 7 contacts. There was a sig-
nificant interaction between species and sex in assays 
in which WTC had a size advantage  (F1,34 = 6.59, 
P = 0.015). Both male and female WTC won more 
contacts than BCC, but this trend was most pro-
nounced for females. There was also a non-signifi-
cant trend suggesting there may have been an inter-
action between location and species  (F1, 34 = 3.80, 
P = 0.060). WTC was more likely than BCC to win 
tension contacts in laboratory assays (11 ± 5 contacts 
vs. 2 ± 3 contacts), but this trend was not apparent in 
field assays (5 ± 7 contacts vs. 7 ± 5 contacts; Fig-
ure S1). Other than those described above, there was 
no significant effect of any other variable or interac-
tion in either size matched or WTC size advantage 
assays (variables included sex, sex x species, loca-
tion, location x species; P > 0.2).

We also evaluated tension contacts in larger tanks 
during the food competition assays (100  cm diam-
eter wading pools vs 19-L buckets). When the spe-
cies were size matched, BCC initiated and won more 
tension contacts than WTC  (F1,38 = 24.70, P < 0.001; 
 F1,38 = 25.52, P < 0.001; Fig. 4). BCC initiated a mean 
of 14 ± 8 contacts and won a mean of 15 ± 8 contacts. 
WTC initiated a mean of 5 ± 4 of contacts and won 
a mean of 4 ± 5 of contacts. Significantly more con-
tacts were won in field assays than laboratory assays, 
indicating that more tension contacts occurred in 
these assays  (F1,38 = 5.71, P = 0.022). When WTC 
had a size advantage, WTC initiated and won more 
tension contacts than BCC  (F1,32 = 5.82, P = 0.022; 
 F1,32 = 29.72, P < 0.001; Fig. 4). BCC initiated 9 ± 11 
contacts and won 5 ± 11 contacts, and WTC initi-
ated 12 ± 6 contacts and won 16 ± 7 contacts. Other 
than the effect of location in size matched assays, 
there was no significant effect of any other variable 
or interaction in either size matched or WTC size 
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advantage assays (variables included sex, sex x spe-
cies, location, location x species; P > 0.1; Fig. S2).

Shelter competition

Both species displayed a high affinity for the shel-
ter, and there was no significant effect of species on 
shelter affinity  (F1,56 = 1.63, P = 0.206; Fig.  5). BCC 
was in the shelter for 77 ± 26% (SD) of the observa-
tions and WTC was in the shelter for 85 ± 22% of 
the observations (Fig. 5). There was also no effect of 
sex or interaction between species and sex on shelter 
affinity (P > 0.2).

BCC was more likely to win the competition for 
shelter in size matched assays (Chi-squared test: 
χ2 = 5.14, P = 0.023; Fig.  5; Table  1). Specifically, 
BCC was in the shelter during 59 ± 40% of observa-
tions and WTC was in the shelter during 36 ± 39% of 

observations (Table 1; Fig. 5). WTC was more likely 
to win the competition for shelter when this species 
had a size advantage (Chi-squared test: χ2 = 12.8, 
P < 0.001; Fig. 5). In these competitions, BCC was in 
the shelter during 19 ± 31% of observations and WTC 
was in the shelter during 80 ± 34% of observations 
(Table 1; Fig. 5). Results were similar between assays 
conducted in the laboratory and those conducted in 
the field. In the size matched treatment, BCC won 
71% of assays in both the lab and field (15 out of 21 
and 5 out of 7; Table  S2). In the WTC size advan-
tage treatment, BCC won 12% of assays in the lab and 
8% of assays in the field (1 out of 8 and 1 out of 12; 
Table S2).

Food competition

There was no effect of species on whether or not 
the individual consumed the worm during both size 
matched assays and assays in which WTC had a size 
advantage (Chi-squared tests: χ2 = 0.05, P = 0.808; 
χ2 = 0.11, P = 0.739). In size matched assays, BCC 
consumed the worm in 41% of assays and WTC con-
sumed the worm in 36% of assays. When WTC had 
a size advantage, BCC consumed the worm in 21% 
of assays and WTC consumed the worm in 26% of 
assays. The remainder of the time, no crayfish con-
sumed the worm. Overall, a crayfish consumed the 
worm in 50% of laboratory assays and 47% of field 
assays (Table S3).

Activity level

There was no effect of species on crayfish activ-
ity level during both size matched assays and assays 
in which WTC had a size advantage (number of 
lines crossed;  F1,38 = 0.88, P = 0.355;  F1,32 = 0.01, 
P = 0.935). In size matched assays, BCC crossed a 
mean of 61 ± 21 (SD) lines during the 15-min period, 
and WTC crossed a mean of 55 ± 25 lines. Crayfish 
were significantly more active in field assays than lab-
oratory assays  (F1,38 = 14.36, P < 0.001). When WTC 
had a size advantage, BCC crossed a mean of 67 ± 27 
lines and WTC crossed a mean of 68 ± 28 lines. Cray-
fish were significantly more active in field assays 
than laboratory assays  (F1,32 = 18.56, P < 0.001) and 
females were significantly more active than males 
 (F1,32 = 6.12, P = 0.019). Other than those described 
above, there was no significant effect of any other 
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variable or interaction in either size matched or WTC 
size advantage assays (variables included sex, sex x 
species, location, location x species; P > 0.1).

Discussion

Our initial hypothesis that invasive WTC would 
consistently outcompete imperiled BCC, reflecting 
patterns of species replacement in the Black Creek 
Drainage, was not supported by the data. When 
the species were matched by size, BCC won more 
aggressive interactions and competitions for shel-
ter than WTC. Our findings indicate, however, that 
the rapid growth and larger maximum size of WTC 

is an important factor in competitive interactions 
with BCC. Larger WTC won aggressive interactions 
and shelter competitions against BCC, which likely 
gives this species an advantage in the field. Analysis 
of length weight relationships in these species indi-
cates that BCC has a greater mass when the species 
are matched by CL. Since we paired crayfish based 
on CL, our results are conservative (i.e., WTC may 
have won more size matched competitions if it was 
matched with BCC based on mass rather than CL). 
Chelae size and pinching force may also play a role 
in crayfish competitive interactions (Parvulescu et al. 
2021) but were not measured in this study. Overall, 
interference competition and the larger body size of 
the invader may be key mechanisms governing the 
impacts of this invasive crayfish on the imperiled 
crayfish species.

Interference competition can be important for 
species replacements in invasions (Matheson and 
Gagnon 2012; Champneys et  al. 2021), and body 
size plays a role in interference competition across 
a variety of taxa (Orpwood et  al. 2003; Harris 
et  al. 2020; Edeline and Loeuille 2021). In cray-
fish, in particular, body size often affects aggres-
sive interactions and the outcome of shelter com-
petitions (Garvey et  al. 1994; Vorburger and Ribi 
1999; Hudina et  al. 2011). In our study, WTC 
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crayfish was alone in a bucket with a single shelter. In the size 
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gle shelter and a size-matched opponent of the other species 

(± 1  mm carapace length), and in the WTC larger treatment, 
each crayfish was in a bucket with a single shelter and a size-
mismatched opponent of the other species (WTC 4–5  mm 
carapace length larger than BCC). Large black points represent 
the mean

Table 1  Number of trials in which imperiled Black Creek 
crayfish (BCC) or invasive white tubercled crayfish (WTC) 
won a shelter competition against the other species when 
both competitors were size matched or when WTC had a size 
advantage

BCC wins WTC wins

Size matched (within 
1 mm CL)

20 8

WTC larger (4–5 mm 
CL)

2 18
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had a substantially faster growth rate than BCC 
(3 × greater), which may allow it to reach a larger 
size. It is possible that the growth rates we meas-
ured in the laboratory differ from those in natural 
streams, as factors such as food availability, food 
quality, and water temperature could differ between 
these environments. However, water temperatures 
in the laboratory (17–20  °C) were similar to those 
previously measured in the Black Creek drainage. 
Franz et  al. (2008) measured spring water temper-
atures at several sites in the Black Creek Drainage 
that were occupied by BCC. Temperatures meas-
ured at each site ranged from 17.9 to 24.8  °C in 
March, 16.8 to 26.2 °C in April, and 20.5 to 29.4 °C 
in May. Other data also support WTC reaching a 
larger size in streams than BCC. As part of another 
study, we collected crayfish with dip nets from 
nine sites in the Black Creek Drainage (174 BCC 
and 225 WTC; Reisinger unpublished data). The 
CL of the largest crayfish collected was 43 mm for 
WTC and 27 mm for BCC, and the 95th percentile 
for CL was 28 mm for WTC and 23 mm for BCC 
(using the 95th percentile ensures that results are 
not driven by a single large crayfish). Further, WTC 
has previously been described as the largest of the 
Florida crayfish (Hobbs 1942). Overall, the data 
indicate that WTC grow more rapidly and reach a 
larger maximum size than BCC, and our results pro-
vide additional evidence that crayfish body size is 
important for determining the outcome of interfer-
ence competition between native and invasive cray-
fish species.

WTC grew more rapidly than BCC when the 
crayfish were housed in individual containers 
and fed a standard amount of food, but we did not 
observe any differences between these species in 
feeding behavior in the food competition assays. It 
is unclear whether this reflects similar rates of food 
acquisition by these species in the field. Food acqui-
sition could be affected by habitat use, and larger, 
more aggressive invasive crayfish may displace the 
imperiled crayfish species from high quality habitat, 
which has been observed in other invasions (e.g., 
Peters and Lodge 2013). In addition, there were 
many assays in which neither individual consumed 
the food item, possibly because crayfish were prior-
itizing other behaviors such as exploring the novel 
environment or interacting with the competitor. 
Longer assays that include a wider variety of food 

items could provide additional insight into food 
competition between these species.

Crayfish behavior was measured across a variety 
of contexts in our study, and the outcome of com-
petition was typically consistent across contexts 
(assays conducted in buckets or wading pools and 
assays conducted in the field or laboratory). Specifi-
cally, when the species were size matched, BCC won 
more aggressive interactions than WTC in both small 
(bucket) and large (wading pool) arenas, and when 
WTC had a size advantage, WTC won more aggres-
sive interactions than BCC across both of these con-
texts. The species that was dominant in aggressive 
interactions was also dominant in shelter competi-
tion. In both laboratory and field contexts, BCC won 
more shelter competitions in size-matched assays, 
and WTC won more shelter competitions in size-
advantaged assays. Our findings are similar to those 
from other studies that demonstrate crayfish that win 
aggressive interactions are typically also dominant 
in shelter competition (Capelli and Munjal 1982; 
Vorburger and Ribi 1999; Usio et al. 2001; Chucholl 
et al. 2008).

While many aspects of behavior and competition 
were consistent across contexts, we did observe some 
differences between assays conducted in the labora-
tory and those conducted in the field. Key variables 
that differed across these contexts included water 
temperature (warmer water temperature in field 
assays than laboratory assays) and crayfish collec-
tion methods. Crayfish for field assays were collected 
from a site where both species were present using 
baited traps and crayfish for laboratory assays were 
collected from sites where the other crayfish species 
was absent using handheld nets. Both species of cray-
fish had higher activity levels in the field than in the 
laboratory, and in some treatments, there were also 
more tension contacts between the species in the field 
than in the laboratory (in size matched assays in wad-
ing pools). This may be due to water temperature, 
which has a strong influence on the activity levels of 
ectotherms. Alternatively, using baited traps to col-
lect crayfish may have selected for more active indi-
viduals than using nets. In addition to differences in 
activity, both species had higher aggression scores 
in laboratory assays compared to those conducted in 
the field, and in some treatments, BCC initiated more 
contacts with WTC in laboratory assays compared to 
field assays (in size matched assays in buckets). These 
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differences could be related to housing conditions, as 
crayfish in laboratory experiments were isolated from 
one another prior to trials. It is also possible that the 
higher aggression levels observed in the laboratory 
are a result of the lack of prior experience of each 
species with the competitor. However, these results 
differ from the findings of other studies that suggest 
that prior experience can lead to increased aggression 
between native and invasive crayfish (Hayes et  al. 
2009; Pintor and Sih 2009). Crayfish behavioral traits, 
including aggression, can vary substantially among 
populations of the same species for other reasons 
(e.g., environmental variables such as resource avail-
ability; Pintor et al. 2008). So, prior experience with 
the competitor is only one potential driver of these 
behavioral differences.

In addition to differences in activity and aggres-
sion levels, we also found some evidence that WTC 
was less likely to win aggressive interactions in field 
assays compared to laboratory assays (in WTC size 
advantage assays in buckets), which could indicate 
that the experienced population of BCC has a greater 
ability to compete with WTC than the naïve popu-
lation. Examining this relationship across a greater 
number of populations would bolster this evidence. 
Evidence from the invasion of a different species 
(rusty crayfish, Faxonius rusticus) indicates that 
native crayfish that have coexisted with the invader 
are better able to compete with this species than 
individuals from naïve populations, but in this case 
the difference in competitive ability is not substan-
tial enough to mitigate the negative impacts of the 
invader on native populations (Hayes et  al. 2009). 
While prior experience may also benefit the native 
species in the WTC invasion, the shelter competition 
results from our study suggest that the benefit is not 
substantial enough to mitigate the negative impacts of 
WTC on BCC.

Shelter competition is often important for interspe-
cific interactions among crayfish, but shelter may not 
be a limiting resource for crayfish in some instances. 
For example, species that often construct burrows for 
shelter may not be limited by competition for shelter. 
WTC has occasionally been collected from shallow 
burrows in the stream bank, but BCC is not known to 
burrow (Hobbs 1942, Franz and Frans 1979, Hobbs 
1981). Although WTC can construct burrows, both 
of these species are most abundant in locations where 
the in-stream habitat contains shelter (e.g., woody 

debris, undercut banks, aquatic vegetation, or piles of 
detritus) and they are commonly observed using these 
shelters in the stream (Hobbs 1942, Franz and Frans 
1979, Hobbs 1981). Therefore, we expect that shelter 
is a critical resource for both BCC and WTC.

The invasion of the WTC may have ecological 
impacts outside the extirpation of the BCC. Cray-
fish can have significant impacts on freshwater eco-
systems and crayfish species replacements can have 
far reaching ecological effects (Wilson et  al. 2004; 
Twardochleb et al. 2013). Although the specific eco-
logical effects of WTC and BCC have not yet been 
researched, changes in the size distribution of individ-
uals in a population can alter key ecosystem functions 
including rates of nutrient recycling, since larger 
individuals excrete nutrients at a lower rate per body 
mass than smaller individuals (Fritschie and Olden 
2016). Thus, the replacement of a crayfish with a 
smaller body size (BCC) with a crayfish with a larger 
body size (WTC) is likely to affect stream ecosys-
tems. Successful invasive species are also typically 
found at higher densities compared to native popula-
tions (Hansen et al. 2013), so crayfish abundance, as 
well as crayfish size, could also be impacted by this 
invasion. Both WTC and BCC are found in well-
aerated, cool, sand-bottom lotic habitats (Hobbs and 
Hart 1959). Therefore, the sites currently occupied by 
BCC are likely to also be suitable for WTC and this 
species may continue to expand its range and replace 
BCC throughout the Black Creek Drainage.

Overall, this study adds to the growing body of 
evidence that crayfish species replacements are often 
mediated by interference competition and the relative 
ability of each species to compete for shelter. Crayfish 
are among the most imperiled taxonomic groups both 
at a global scale and in the USA (which harbors most 
of the world’s crayfish diversity), and invasive cray-
fish are a major threat to native crayfish (Collier et al. 
2016; Taylor et  al. 2019). Therefore, understanding 
the mechanisms responsible for species replacements 
in this group is important for conservation. Shelter is 
a key resource for crayfish because it reduces preda-
tion (Garvey et  al. 1994), and several other studies 
have found that invasive crayfish that outcompete 
native crayfish for shelter displace those species in 
freshwater ecosystems (Hill and Lodge 1994; Usio 
et  al. 2001; Chucholl et  al. 2008). In our study, the 
invasive species won more aggressive interactions 
and competitions for shelter, but only when it had a 
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size advantage. The size dependency of these interac-
tions could have implications for management. Inten-
sive trapping has been used as a mechanism to control 
other invasive crayfish populations, and traps often 
select for large individuals (Hein et al. 2007; Gherardi 
et  al. 2011). Therefore, trapping may remove those 
individuals that are most likely to negatively affect 
the imperiled species. Overall, our results suggest that 
differences in growth rate, and therefore size, mediate 
competitive interactions between these species, which 
is likely to be a key mechanism by which invasive 
WTC are replacing imperiled BCC throughout a sub-
stantial portion of its range.
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