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interactions. Mud crabs and similar-sized green crabs col-
lected during July and August of 2010 and 2011 were used 
as prey for large green crab. These predators consumed 
almost twice as many mud crab compared with juvenile 
green crab in the two less structured habitats (no substrate 
or sandy substrate), but predation rates were statistically 
similar in oyster bed habitat. In that particular habitat, 
mud crab mortality dropped by ~65  %, whereas the gen-
erally lower mortality affecting juvenile green crabs was 
unaffected by habitat. These results suggest that complex 
habitats mediate predator–prey interactions and dampen 
the effect of green crab prey preference. As green crab con-
tinues to invade areas dominated by mud crabs, they may 
threaten the sustainability of this native species.

Introduction

Predation plays a major role in the regulation and structur-
ing of prey populations and communities (Connell 1961; 
Luppi et  al. 2001). On sedimentary bottoms, most preda-
tors and prey are mobile and have developed behavioral 
abilities to seek prey and avoid predators, respectively. 
Decapod crustaceans, in particular crabs, are an interesting 
group of predators given their broad range of interactions 
and the consequences of these interactions for other spe-
cies. For example, some predatory crabs have been shown 
to affect size structure of bivalve prey (Peterson 1982), 
whereas others structure communities (Botto and Iribarne 
1999) or modify the distribution or behavior of individual 
prey, including decapod species (McDonald et  al. 2001). 
It is well established that the habitat in which predators 
and prey interact has a strong influence on the outcome 
of these interactions (Diehl 1992; Ebersole and Kennedy 
1995; Finke and Denno 2002; Hill and Weissburg 2013). In 
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complex habitats (sea grass, seaweed, or bivalve beds, for 
example), prey may seek refuge from predators more easily 
than in structurally simple habitats such as muddy or sandy 
sediments. Meanwhile, predators may become less efficient 
at foraging for prey (Crowder and Cooper 1982).

The spread of marine non-indigenous predators pro-
vides an opportunity to study predator–prey interactions in 
relation to habitat (Sih et al. 2010). Native species may be 
naïve or unprepared to avoid or overcome mortality due to 
new predators, or these predators may disrupt well-estab-
lished interactions that often allow native species to per-
sist (Ricciardi and Atkinson 2004; Paolucci et  al. 2013). 
In many examples, the introduction of a new predator has 
also displaced or caused local extinctions of native prey, 
in some cases leading to declines in overall biodiversity 
(Mills et  al. 1993; Cohen et  al. 1995; Grosholz and Ruiz 
1996). In this context, it is important to gain insight into 
how different factors, including new predators and habitat 
complexity, interact to affect the outcome of predator–prey 
interactions.

The European green crab (Carcinus maenas Linnaeus, 
1758) is an invasive species in various parts of the world 
including North America, South Africa, Australia, South 
America, and Asia. Green crabs first invaded the east-
ern American coast in 1817 and expanded northward to 
Maine by the early 1900s (Audet et  al. 2003). Over the 
next 50  years, green crabs continued their northward 
colonization up to the Bay of Fundy in Canada, reaching 
Prince Edward Island by 1997 (Audet et  al. 2003). The 
green crab is a voracious predator that feeds on an array 
of small bivalves and small crustaceans, including younger 
life stages of its own species (Baeta et al. 2006). Previous 
research indicates that native prey survival when facing a 
predator like the green crab will be higher in habitats that 
are structurally more complex (Crowder and Cooper 1982; 
Fernández et al. 1993; Fernández 1999; Hill and Weissburg 
2013; Hernández Cordero and Seitz 2014). However, it 
does not elucidate how habitat will affect green crab inter-
specific and intraspecific prey preference and predation 
rates.

Several studies have shown that green crabs prey upon 
or displace native crustaceans from their habitat (McDon-
ald et al. 2001; Jensen et al. 2002; Rossong et al. 2006; Wil-
liams et al. 2009). This may become the case for mud crabs 
(Dyspanopeus sayi Smith, 1869), a small species native to 
Canada that is well established in habitats like sandy and 
muddy sediments and oyster beds. Because mud crabs and 
green crabs use some of the same habitats, it has been sug-
gested that these species may interact negatively as green 
crab populations continue to grow and spread (Breen and 
Metaxas 2009). Our own observations (unpublished) and 
observations of others (Lloyd 1968; Cushing 1991) also 
suggest that adult green crabs are predators of mud crabs 

and juvenile green crabs, which raises two related ques-
tions: is there evidence of a spatial/temporal negative rela-
tionship between these species? And if so, are predator–
prey interactions a mechanism mediating this relationship?

In this study, we assessed abundance data from a large 
dataset of beach seine surveys conducted in multiple estu-
aries in the southern Gulf of St Lawrence over the course 
of five years to explore potential negative relationships 
between green crabs and mud crabs. We then conducted 
experiments that manipulate habitat complexity to investi-
gate how habitat influences green crab predation rates and 
prey preferences when presented with small native mud 
crabs and juvenile green crabs. In addition to mortality, we 
assessed injury rates in order to examine the incidence of 
sublethal effects. Our null hypothesis was that prey mortal-
ity and injury levels would be similar between prey species 
(mud crab and green crab) regardless of habitat type (no 
substrate, sandy sediments, and oyster bed mimics). How-
ever, based on previous studies that examined the effects 
of habitat complexity on predator–prey relationships, we 
expected prey mortality to decrease with increasing habi-
tat complexity (Crowder and Cooper 1982; Fernández et al. 
1993; Fernández 1999; Hill and Weissburg 2013; Hernán-
dez Cordero and Seitz 2014).

Methods

2009–2013 Crab monitoring in the southern Gulf of St. 
Lawrence

The relative abundance of crab species (including green 
crab and mud crab) was estimated in 29 estuaries of the 
southern Gulf of St. Lawrence using beach seine nets 
as part of the Community Aquatic Monitoring Program 
(CAMP) (Fig.  1). The CAMP program is a Citizen Sci-
ence monitoring program that collects data about fish, 
macro-crustaceans (including crabs), and local physical 
parameters in estuaries of the Canadian Maritimes: New 
Brunswick (NB), Nova Scotia (NS), and Prince Edward 
Island (PEI). A detailed description of the study area and 
sampling methodology can be found in Weldon et  al. 
(2005); briefly, six stations per estuary were sampled once 
per month during June, July, and August of each year by 
pulling a 30 × 2 m (6 mm mesh) beach seine in the shal-
low subtidal of each station. Sandy sediments and scattered 
oyster beds, two of the habitats represented in the labora-
tory experiments (see below) in addition to eelgrass beds 
and salt marshes, are prominent features on a large majority 
of these estuaries.

For each estuary, the number of crabs per month (regard-
less of size) was integrated into relative abundances of 
each species per summer season (year). Hence, relative 
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abundances per species correspond to percentages over 
the total number of crabs (not the mean number of crabs) 
collected during that season. In the estuaries included in 
CAMP, mud crabs refer to members of the family Panopei-
dae. However, a large majority of these mud crabs (>95 %) 
belong to Dyspanopeus sayi, whereas the white-fingered 
mud crab Rhithropanopeus harrisii (Gould, 1841) was a 
considerably less common second species. In estuaries of 
southern PEI, where large number of samples of mud crabs 
were collected over three consecutive summers (2009–
2011), D. sayi represented ~97 % of all the mud crabs col-
lected (Pickering 2011).

Crab collection and tank setup for experimental work

During July and August of 2011, large adult green crabs 
(70–80  mm carapace width) were periodically collected 
from the Souris River estuary on the eastern shore of PEI 
(Fig. 1). In order to avoid biases associated with gender or 
the molting process, only intact (uninjured) males without 
signs of molting were retained and subsequently used as 
predators. Simultaneously, juvenile green crabs and adult 

D. sayi mud crabs (both 25–30 mm carapace width) were 
regularly collected from North River (Hillsborough estua-
rine system, southern PEI; Fig.  1). Only intact individu-
als of both species were retained and used as prey in the 
experiments described below. Habitats in which both spe-
cies were collected included extensive sedimentary bottoms 
(particularly sandy sediments) associated with oyster, mus-
sel, and eelgrass beds. These sites were also considerably 
similar in terms of water quality and tide regimes. Preda-
tors and prey were not “naïve” to each other or to the habi-
tats used in the experiments. Experiments were run in glass 
tanks with dimensions 21.6  cm ×  41  cm ×  25  cm high, 
filled with prepared seawater made from chlorinated well 
water from the University of Prince Edward Island and 
Instant Ocean (25 ppt, 18–20 °C). Each tank had an oxygen 
stone, and its top and sides were covered to minimize exter-
nal visual stimuli and prevent crab escape (Palacios and 
Ferraro 2003). Three distinct habitat mimics representing 
increasing habitat complexity were prepared in these tanks: 
no substrate (water only), sandy sediment habitat (tanks 
were fitted with a 3-cm layer of cleaned sandy sediments), 
and oyster bed habitat (tanks were fitted with a 3-cm layer 
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Fig. 1   Outline of the study area and map of the 29 sample locations. 
Estuary codes are as follows: ANTI: Antigonish; BASH: Basin Head; 
BOUC: Bouctouche; BRUD: Brudenell; CHET: Cheticamp; COCA: 
Cocagne; DESA: Desable; HILL: Hillsborough; JOUR: Jourimain; 
LAME: Lameque; MABO: Mabou; MALP: Malpeque Bay; MIRA: 

Miramichi; MURR: Murray River; PELE: Cap Pelé; PICT: Pic-
tou; PINE: Pinette; POKE: Pokemouche; PUGW: Pugwash; RICH: 
Richibouctou; SCOU: Scoudouc; SHED: Shediac; SHIP: Shippa-
gan; SOUR: Souris; STLO: St. Louis de Kent; SUMM: Summerside; 
TABU: Tabusintac; TATA: Tatamagouche; TRAC: Tracadie
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of clean oyster shells). Although tanks with water were 
admittedly an artificial habitat, they provided the condi-
tions in which prey could not physically hide from preda-
tors. As for the two more complex habitats, sandy sedi-
ments were originally collected from Brackley Bay, PEI 
(fine to medium sands, ~0.5–1.0 mm grain size), whereas 
oyster shells (Crassostrea virginica) were collected from 
North River (~2–4  cm SL). Before all experiments, both 
sandy sediments and oyster shells were repeatedly washed 
and filtered in order to remove any live organisms that 
could act as alternative prey. Water and substrate mimics 
were replaced after each individual experiment.

Experimental procedure

Two separate experimental designs aimed to assess predator 
feeding rates and preference for prey, both in relation to hab-
itat. The first design assessed the effects of a predator (large 
green crab) on five small preys (either mud crabs or juvenile 
green crabs). The second design examined predator prefer-
ence upon both prey species combined: three mud crabs and 
three juvenile green crabs in the same tank. For each design, 
15 replicates per treatment were conducted. Individual pred-
ators were starved for 48 h prior to the experiment in order 
to standardize hunger levels (e.g., Mascaró and Seed 2001). 
In addition, new predators were used for each experiment 
to avoid the risk of biased results due to learning (Cun-
ningham and Hughes 1984). Two response variables were 
measured: prey mortality rate (i.e., the number of individu-
als of each prey species that were found dead after 24  h) 
and prey injury rate (the number of individuals with miss-
ing claws or legs or signs of damaged carapace after 24 h). 
All the experiments were initiated in the morning (~10 am), 
and although they lasted 24 h, systematic observations were 
made after 0.5, 1, 2, 3, 4, 5, and 24 h in order to identify 
potential trends in timing or period of most intense foraging 
(e.g., Pickering and Quijón 2011). We used a natural light/
dark cycle, but sides and top of each tank were covered to 
control for most light exposure. As expected, most preda-
tion occurred during the night hours, and given the lack of 
any consistent trends during the first 5 h, results are reported 
(and statistically analyzed) for the 24-h period only.

Statistical analyses

2009–2013 Crab monitoring in the southern Gulf of St. 
Lawrence

We explored the relationships among all crab species col-
lected each year and from each of the 29 estuaries that 
had consistent records between 2009 and 2013. Data were 
analyzed using the multivariate method called “principal 
coordinate analysis” (PCoA) available in PRIMER version 

6. routines (see Clarke and Gorley 2006; Anderson et  al. 
2008). The PCoA was used as a linear ordination of species 
annual relative abundances in the 29 estuaries of the south-
ern Gulf of St. Lawrence. The PCoA creates a matrix of 
distances between points using the well-known Bray–Cur-
tis similarity index based on square-root-transformed data. 
PCoA processes data like a principal component analysis 
(PCA) which entails linear combinations of the variance 
of multivariate data. However, unlike PCA the PCoA has 
the advantage of being able to use any distance measure 
(including Bray–Curtis) and not just Euclidean distance 
to identify correlations (see Anderson et  al. 2008). These 
correlations among crab species and axes strengths are 
reported as Pearson’s correlations (r). The program also 
displays vectors that correspond to the increasing relative 
abundance of the crab species under analysis. The outcome 
of the analysis provides a visual picture of the relative simi-
larity (spatial clustering) of data points and captures rele-
vant between-year variation.

Mean annual abundance estimates of mud crab and 
green crab across the region were modeled over time using 
simple linear regression in Minitab 17 (2010) with the goal 
of identifying potential changes over time for the entire 
study area. In the analysis the mud crabs (Panopeidae Ort-
mann, 1893) species were pooled due to difficulties distin-
guishing them apart. Crab relative abundances were square 
root transformed to better meet the assumptions of linear 
models. For this analysis, only 21 (of the original 29) estu-
aries were considered, given that in eight of these estuaries 
there were no records of green crab invasion/establishment 
during the study period (i.e., for the regression analysis, 
n =  105). Regardless, the outcome of a parallel analysis 
including all 29 estuaries was virtually identical.

Laboratory experiments

For the first design (predator feeding rates on individual 
prey species), we used a two-way ANOVA model (two-
sided test) to examine mortality and injury rates as response 
variables:

where Prey (mud crab or green crab) and Habitat (water, 
sediment, or oyster bed) were considered fixed factors. 
When the interaction term was significant, pairwise com-
parisons using Tukey’s honest significant differences were 
subsequently applied to elucidate the influence of each 
main factor separately. The test corrected P values for mul-
tiple comparisons.

For the second design (predator feeding rates on both 
prey species combined, hereafter referred as “preference”), 
we adapted a two-way ANOVA model (two-sided test) 
again using mortality and injury rates as response variables:

Response variable = Prey+ Habitat+ Prey ∗ Habitat+ Error,



Mar Biol (2016) 163:152	

1 3

Page 5 of 11  152

where Prey and Habitat were considered fixed factors and 
Tank (Habitat) was considered a random factor. In this 
model, tank was nested within habitat (given that not every 
habitat is in every tank) as was considered the unit of repli-
cation in order to avoid potential pseudoreplication. When 
the interaction term was significant (i.e., effect of prey type 
on mortality differed by habitat type), pairwise comparisons 
using Tukey’s honest significant differences were applied to 
elucidate the influence of each main factor. Statistically sig-
nificant differences for all linear models, including field and 
experimental analysis, were defined as P ≤ 0.05.

Results

2009–2013 Crab monitoring in the southern Gulf of St. 
Lawrence

At least four crab species were identified from the beach seine 
samples: the invasive green crab and the native mud crab 

Response variable = Prey+ Habitat+ Prey ∗ Habitat

+ Tank (Habitat)+ Error,

(primarily Dyspanopeus sayi, and potentially a small frac-
tion of the white-fingered mud crab Rhithropanopeus har-
risii), rock crab (Cancer irroratus Say, 1817), and lady crab 
(Ovalipes ocellatus Herbst, 1799). In the analysis of the rela-
tionships among crab species, the PCoA explained 99.8  % 
of the variance (Fig. 2). The first axis of the PCoA explained 
75.7 % of the relative abundance in crab species and was pri-
marily associated with the variation of green crab (r = 1.0), 
mud crab (r = −0.8), and rock crab (r = −0.7). All correla-
tions in this analysis were statistically significant (P < 0.05, 
n = 145). The second axis explained 24.1 % of the variance 
and was associated with rock crab (r = −0.7) and mud crab 
(r =  0.6). The relative abundance of green crabs and mud 
crabs was negatively correlated (r = −0.8). Likewise, green 
crab and rock crab were negatively correlated (r = −0.7), 
and rock crabs and lady crabs were less strongly but posi-
tively correlated (r =  0.5) (Fig.  2). The main clustering of 
data points was observed across the first axis toward the right 
side, where green crabs were numerically dominant (Fig. 2). 
Toward the end of the green crab vector, a circle identifies an 
overlap of 60 data points, including all five annual samples 
collected from seven different estuaries: Antigonish, Basin 
Head, Cheticamp, Mabou, Murray River, Pictou, and Souris. 
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Figure  2 also illustrates between-year variation in several 
estuaries. For instance, Bouctouche samples were dominated 
by mud crabs early during the sampling period (2009–2011) 
but are subsequently displaced toward the right side as green 
crabs enter the system and begin to dominate in abundance 
(Fig. 2). In contrast, samples from Malpeque Bay, an area not 
yet invaded by green crabs, remained associated with high 
densities of mud crabs, toward the left side of axis 1 (Fig. 2).

The annual green crab abundance per estuary ranged 
from 0 to 1048 individuals (the highest abundance for 
the study period was recorded in Basin Head in 2013). 
For mud crabs, annual abundances ranged from 0 to 1084 
crabs, with the highest estimate recorded in Bouctouche in 
the 2010 season. Temporal trends for green crabs and mud 
crabs from a subset of 21 estuaries in which both species 
occur (Fig. 3) showed a significant increase in the number 
of green crabs over time (r2 = 0.8, F1,3 = 13.8, P = 0.034). 

Relative number of green crabs for the entire study area 
increased from 59 % to 82 %. Conversely, mud crabs did 
not significantly decrease over the same period (r2 = 0.4, 
F1,3 = 1.7, P = 0.279), although a slight negative trend was 
apparent (Fig. 3). Temporal trends using data from the full 
set of 29 estuaries (not shown) were virtually identical.

Green crab feeding rates and prey preference

For both mortality and injury rates, the results of the two-
way ANOVA model indicated that habitat type, prey spe-
cies, and their interactions were all significant (P  <  0.05, 
Fig.  4; Table  1). Post hoc Tukey’s honest significant dif-
ference tests showed that levels of mortality and injury for 
mud crabs were almost twice those for green crabs, except 
in oyster shell habitat, where they were not significantly 
different (Fig. 4; Table 1). Mortality and injury rates were 
similar across habitat types for juvenile green crabs. With 
regard to experiments assessing preference (Fig.  5), the 
results of the two-way ANOVA model indicated that for 
both mortality and injury rates, habitat type and prey spe-
cies were significant and that their interaction was signifi-
cant for mortality (Table 1). Post hoc Tukey’s honest sig-
nificant difference tests showed that in general, mortality 
and injury values for mud crabs were twice those for green 
crabs (Fig.  5; Table  1). Mortality and injury values were 
similar across habitat types for juvenile green crabs.

Discussion

Patterns in estuaries of the Canadian maritimes

Green crab populations continue to spread and grow in 
some areas of the Canadian Atlantic region (e.g., PEI and 
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Fig. 4   Mean (±SE) mortality and injury rates for trials run with individual prey species (five mud crabs or five green crabs) in three habitat 
types (n = 15). Bars with different letters indicate a statistically significant difference (P < 0.05)
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Newfoundland; Audet et  al. 2003; Blakeslee et  al. 2010). 
It is in these areas where green crab populations have been 
hypothesized to be most aggressive (Rossong et al. 2012) 
and therefore most likely to negatively interact with native 
species. The large CAMP dataset spanning 5  years and 
29 estuaries provides comprehensive evidence of a nega-
tive relationship between this invasive species and at least 
two native crab species, including the mud crabs (primar-
ily D. sayi), the focus of this study. Such negative relation-
ship, of course, may not be causally related to green crab 
aggressiveness or their predation on mud crabs. In fact, for 
a spatial scale like the one studied here, a negative rela-
tionship is most likely linked to multiple factors, related 

or not to predation. Negative relationships between green 
crabs and rock crabs have already been partially addressed 
in a few laboratory and field studies (Bélair and Miron 
2009; Gregory and Quijón 2011; Matheson and Gagnon 
2012). However, the strongest negative correlation detected 
here, between green crabs and mud crabs, has not previ-
ously been studied in detail. Several possible mechanisms 
could explain this negative relationship including but not 
restricted to physiological tolerance, habitat variation, com-
petition for food or other resources, and predation.

Differences in physiological tolerance would easily seg-
regate coastal populations and species (Hunt and Behrens 
Yamada 2003). However, such differences are unlikely to 

Table 1   Results from four 
separate two-way ANOVAs 
examining the effects of prey 
species, habitat type, and their 
interactions on mortality and 
injury rates of mud crab and 
small green crab preyed by 
large green crabs

Design Response variable Main factor DF MS P value

Feeding rates on individual prey Mortality rate Prey species 1 46.944 <0.001

Habitat type 2 8.633 0.012

Prey × habitat 2 15.344 <0.001

Error 84 1.848

Injury rate Prey species 1 40.000 <0.001

Habitat type 2 9.211 0.002

Prey × habitat 2 6.635 0.009

Error 84 1.343

Preference Mortality rate Prey species 1 46.944 <0.001

Habitat type 2 3.033 0.002

Prey × habitat 2 1.478 0.038

Tank (habitat) error 4242 0.4110.419 0.520

Injury rate Prey species 1 30.044 <0.0001

Habitat type 2 1.733 0.023

Prey × habitat 2 0.578 0.227

Tank (habitat) 42 0.418 0.339

Error 42 0.376

Fig. 5   Mean (±SE) mortality and injury rates for trial run with com-
bined prey species (three mud crabs and three green crabs) in three 
different habitat types (n =  15). Bars with different letters indicate 

a statistically significant difference (P  <  0.05). For injury rates, the 
interaction term was nonsignificant, so letters refer to significant dif-
ferences among habitats (prey species was significant on each habitat)
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drive a negative relationship between these two species. 
Mud crab and green crab temperature, salinity, and depth 
tolerances are both quite broad and fairly similar to each 
other (Breen and Metaxas 2009). In addition, CAMP sam-
pling sites are purposely located within a range of salini-
ties to ensure samples from each estuary come from brack-
ish waters and not from freshwater and marine conditions 
(Weldon et  al. 2005). Alternatively, spatial or temporal 
variations in productivity or the availability of good qual-
ity habitat may easily contribute to the variation in crab 
abundances. For instance, species like mud crabs and green 
crabs use habitats like oyster, mussel, or eelgrass beds 
recurrently (Kneib et al. 1999), so their presence and dis-
tribution are likely critical for some stage of the crabs life 
cycle (e.g., Thiel and Dernedde 1994). As discussed below, 
oyster beds are highly structured in comparison with habi-
tats like sandy flats and should be preferred habitat not 
only for the purpose of predator refuge (Grabowski 2004). 
Highly structured habitats embedded within more uniform 
sandy sediments reduce risk of desiccation during low tide 
conditions and may enhance local food availability (Thiel 
and Dernedde 1994). Oyster beds and sandy sediments are 
widespread in the southern Gulf of St. Lawrence. Nonethe-
less, it is difficult to quantify their area or availability in 
the 29 estuaries included in this study due to the lack of 
consistent reports. Most likely, variations in these habitat 
characteristics (presence, area, distribution) would interact 
with slight changes in water characteristics and influence 
crab distribution and dynamics.

Negative mud crab–green crab interactions may be also 
associated with competition for food or habitats as those 
identified above. These interactions are common among 
crustaceans (e.g., Hunt and Behrens Yamada 2003) includ-
ing green crabs (Rossong et  al. 2006). In addition to the 
shallow subtidal, mud crabs thrive on mid-low intertidal 
oyster, mussel, and seaweed beds that are also a preferred 
substrate of juvenile green crabs (Day and Lawton 1988; 
Hedvall et  al. 1998). It follows that potential interactions 
between small crabs of both species can occur if such beds 
are small, patchy, or limited in number. The likely conse-
quence of these interactions would be displacement or 
local exclusion of one of the species. The same applies to 
potential migrations of either type of small crab into deeper 
waters or upper intertidal areas (beyond seine net reach) as 
a response to competition. A fourth mechanism to explain 
the negative relationship between green crabs and mud 
crabs is the one further addressed in this study: predation. 
Predator–prey interactions were expected to operate in this 
system given the obvious differences in size between large 
and small crabs (potential predator and prey), the aggres-
sive nature of adult green crabs (Rossong et al. 2006), and 
anecdotic evidence suggesting a green crab preference for 
mobile prey such as small crabs (P Quijon, unpublished). 

As addressed in detail below, it is also plausible that habitat 
and the occurrence of green crab cannibalism events (Mok-
snes 2004; Almeida et al. 2011) play a role in these interac-
tions, and that was the reason to assess both factors in our 
experiments.

The results of PCoA and regression analyses do not 
necessarily imply that predation (or for that purpose com-
petition or habitat variation) is the factor driving the dis-
similar patterns of green crab and mud crab populations. 
These analyses provide further evidence of the growth 
and expansion of green crabs in the southern Gulf of St. 
Lawrence (Audet et al. 2003; Blakeslee et al. 2010): While 
the regression shows a significant increase in the relative 
abundance of green crabs, the PCoA provides local evi-
dence of changes in crab composition as a result of the 
recent invasion of green crabs. The changes associated 
with this expansion are reflected in the negative relation-
ship with mud crabs, particularly along the prominent mud 
crab–green crab axis of the PCoA. However, we must be 
cautious with regard to the interpretation of these numeric 
changes: Although we provide experimental evidence of 
one of the mechanisms by which green crab can affect mud 
crabs (see below), the temporal decline in mud crab relative 
abundance was not significant.

Predation as a mechanism to explain negative 
relationships between species

Our results did not support the null hypothesis that prey 
mortality and injury rates would be similar between spe-
cies and among habitats. Large green crabs consumed and 
injured significantly more mud crabs than juvenile green 
crabs when presented with a single type of prey and when 
given the choice between both species. Furthermore, we 
detected clear mortality and injury differences among habi-
tat types for the native mud crab.

The influence of prey

Prior studies examining brachyuran crabs as prey have 
already identified some of the possible mechanisms behind 
preference and feeding rates. Kuroda et  al. (2005) sug-
gested that differences in predation rates upon two preys 
were related to their different burrowing abilities to escape 
predation. Similarly, Kneib et al. (1999) suggested that the 
less preferred prey in their study was quicker and more dif-
ficult to capture than the alternative (preferred) prey. Alter-
native mechanisms include differences in prey palatability, 
caloric value, predator’s search time, and prey defensive 
capabilities (Ellis et  al. 2012). There is no published evi-
dence comparing palatability and caloric values of mud 
crabs vs. juvenile green crabs, and it would be unwise to 
consider them similar simply because they are of similar 
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size. However, we do suggest that there are differences 
associated with predator search time and prey profitability 
in relation to habitat that could explain some of the prefer-
ences in our experiments (see below). Studies on the ability 
of prey to escape or defend themselves are uncommon in 
decapods, but Ellis et al. (2012) found that these two fac-
tors explained seagulls’ preference for Jonah crab (Cancer 
borealis Stimpson, 1859) over green crab and rock crab.

Green crabs have been found to be less susceptible to 
predation than other species because of their cryptic col-
oration against dark backgrounds like mussel beds (Dumas 
1993). Although there are no studies comparing green 
crabs with mud crabs, the fact that green crabs are skillful 
at hiding (using coloration or other mechanisms) may con-
fer an advantage. Greater difficulty in detecting prey gen-
erally translates into higher energy costs for the searching 
and potentially handling of that prey. If mud crabs are less 
skillful at hiding than green crabs, optimal foraging theory 
(Pyke et al. 1977) and the concept of profitability (Norberg 
1977) would explain the preferences observed.

Another intuitive explanation for our results relates to 
inclusive fitness (sensu Schausberger 2003). In general, 
predators are expected to prey upon heterospecific prey 
rather than upon conspecifics (cannibalism). Inclusive fit-
ness reduces the likelihood of killing related individuals 
(Schausberger 2003), and this should be advantageous for 
species undergoing population growth, as invasive species 
are. In our experiments, juvenile green crab mortality and 
injury rates were low in the “no sediment” trials where they 
had no possibility to hide or disguise themselves, which 
suggests that avoidance of cannibalism may be occurring. 
Cannibalism has been recorded in green crabs at low rates 
(Baeta et al. 2005; Ropes 1968), which suggests that can-
nibalism avoidance may be another possible mechanism to 
explain the preference and feeding rates observed in this 
study.

The influence of habitat

Mud crab mortality and injury rates decreased with increas-
ing habitat complexity. This result is consistent with a well-
developed body of evidence that suggests that increasing 
habitat complexity reduces prey mortality (e.g., Fernández 
et al. 1993; Dittel et al. 1996; Fernández 1999; Langellotto 
and Denno 2006; Stoner et  al. 2010; Hill and Weissburg 
2013; Hernández Cordero and Seitz 2014). The most com-
mon mechanism to explain the influence of habitat com-
plexity is a decrease in the rate of predator–prey encoun-
ters. In complex habitats, prey may seek refuge from 
predators more easily, or predators may be less mobile or 
efficient at finding and catching prey compared with less 
structured habitats (Crowder and Cooper 1982; Grabowski 
2004).

Surprisingly, the pattern was quite different for the other 
prey species; juvenile green crab mortality and injury rates 
were unaffected by habitat complexity. We hypothesize 
two opposing mechanisms that could explain this result. 
First, juvenile green crabs are vulnerable to predation like 
any other small decapod seeking refuge in complex coastal 
habitats (Ellis et  al. 2012). However, unlike most native 
species, juvenile green crabs may be as good at escaping 
predation in less structured habitats as they are in com-
plex habitat. A second mechanism to explain why juvenile 
green crab mortality levels were unaffected by habitat is the 
exact opposite; juvenile green crabs may lack the ability to 
effectively use complex habitat to escape predation. Long 
et  al. (2015) suggested that responding to predator pres-
ence by engaging in cryptic behavior (i.e., hiding in com-
plex habitat) may be a learned behavior, and in some crab 
species, refuge-seeking behavior is known to develop with 
size and age (Johnson et al. 2008; Stoner et al. 2010; Pirtle 
et  al. 2012). Under this hypothesis, we might expect that 
‘naïve’ juvenile mortality would indeed be similar across 
habitat types, while the mud crabs (already adults in our 
experiment) would be expected to be more experienced and 
have a greater affinity for hiding in complex environments. 
Although both mechanisms are plausible and consistent 
with the mortality and injury rates reported in our study, we 
do not have direct evidence for either, so we call for further 
experiments to elucidate these mechanisms.

A major implication of this study is the potential det-
rimental effects of the loss of complex habitats, which, 
according to our results, would have worse effects on 
native mud crabs than on juvenile green crabs. Two factors 
that have had adverse effects on numerous habitats in the 
east coast of North America, as well as other regions, are 
habitat destruction and invasion by the green crab. Green 
crabs predate upon bivalves (Palacios and Ferraro 2003; 
Miron et  al. 2005; Pickering and Quijón 2011), including 
habitat-building species like oysters and mussels, leading 
to decreases in habitat complexity. Green crabs also uproot 
and graze on eelgrass (Malyshev and Quijón 2011), which 
has a detrimental effect on associated species and services 
(Heck et al. 2003). As green crabs continue to spread (Carl-
ton and Cohen 2003), changes to native species, and in 
particular to habitats, will likely continue. This study docu-
ments a negative relationship between green crabs and mud 
crabs in the southern Gulf of St. Lawrence and provides 
evidence that predation is one of the several mechanisms 
that may explain the association. Our results suggest that if 
mud crabs are being displaced into habitat that is less struc-
turally complex, their survival rates at the local scale may 
further decrease.
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