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Summary We examined the claw strength, handling behavior, consumption rate, and size
selective predation of the invasive Chinese mitten crab Eriocheir sinensis feeding on native Baltic
Sea blue mussels Mytilus edulis trossulus during 24 h laboratory experiments. Single starved crabs
were offered 15 mussels (five mussels in three length classes) at a time. The total number of
mussels consumed by a single crab increased significantly (P < 0.05) with the experimental time
from 1.7 = 0.7 # mussels crab~" h~" after 4h to 0.2 + 0.7 # mussels crab~" h~" after 24 h. The
highest consumption rate was observed within the first 4 h, and it decreased significantly
(P < 0.05) during the experiment. This was most likely due to the crabs being starved before
the start of the experiment.

E. sinensis can also harm blue mussel shells by crushing them without further consumption.
The mean daily damage, and not consumption, by a single crab was 0.9 + 1.4 of 11—40 mm
mussels. The claw strength of E. sinensis ranged from 1.50 to 20.43 N (mean 8.51 + 5.93 N) and
was significantly correlated (P < 0.05) with sex and both claw size and carapace size. The study
showed that E. sinensis may be able to impact the native M. edulis trossulus population
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abundance in the coastal Baltic waters either through direct predation or indirect mortality by

damaging (crushing) the shell.

© 2015 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier

Sp. z 0.0. All rights reserved.

1. Introduction

It is well known that crabs choose their diet to maximize the
net energy intake per unit foraging time (i.e. optimal fora-
ging theory; Charnov, 1976; Elner and Hughes, 1978; Emlen,
1968; Hughes, 1979; Pulliam, 1974), and that the energy
uptake from particular sized prey changes with crab size and
species (Elner and Hughes, 1978; Hughes and Seed, 1981;
Jubb et al., 1983). The optimal foraging theory (Hughes,
1979) predicts that a large crab predator would prey upon
smaller prey, such as bivalves, as they afford a high energy
return per unit foraging time. Larger bivalves with thicker
shells would require more energy to break into and may result
in chelae damage to the crab (Floyd and Williams, 2004),
while thinner shells of same sized prey would have more flesh
for the predator to consume and would be easier to open.
However, although simple foraging behavior predictions
assume that handling times and profitability remain constant
over time, other studies have shown that these values are
influenced by numerous factors including prey encounter
rates, hunger, experience, and perception of prey items
(e.g. Cornell, 1976; Cunningham and Hughes, 1984; Hughes,
1979; McNair, 1981; Palmer, 1981; Pyke, 1984). The influence
of these factors can reduce the profitability of certain prey
items, allowing them to be outranked by previously lower
ranked prey (Hughes, 1979).

Previous experimental work has shown that predatory
crabs prefer smaller prey items, down to a critical size, when
there is a range of sizes available (e.g. Brousseau et al., 2001;
Floyd and Williams, 2004; Hughes and Seed, 1981; Rheinallt,
1986; Seed, 1982). This may be due to larger sized prey
having immunity related to their shell properties, including
size, thickness, degree of inflation, and the presence or
absence of a gap (Brousseau et al., 2001; Mascaro and Seed,
2000a, 2000b; Seed and Brown, 1978; Whetstone and Ever-
sole, 1978). While small prey items may be actively chosen by
the predator, the limitations of the predator's claw morphol-
ogy and biomechanics may also influence their food choice.
For example, bivalves with highly inflated and/or thicker
shells require increased shell-breaking time and, thus,
decrease the overall profitability of the prey (Boulding,
1984).

While most of the previous work has been in systems
where both the predator and prey have long co-evolutionary
relationships, we wanted to document the bivalve prey
choices of a novel predator to examine if the behavior of
the predator shifts when encountering a new prey species.
We chose the invasive Chinese mitten crab Eriocheir sinensis
(H. Milne-Edwards, 1853; Decapoda: Brachyura: Varunidae)
as our novel predator model as this species was accidentally
introduced into European waters at the beginning of the last
century (Panning, 1938). Due to the environmental condi-
tions for larval survival (i.e. higher salinity and temperature

than in the Baltic Sea), E. sinensis is unable to reproduce in
the southern Baltic Sea (Anger, 1991; Herborg et al., 2003,
2007). Only adults are found throughout the year (Normant
et al., 2002; Ojaveer et al., 2007) as part of the population
living in German rivers (Czerniejewski et al., 2012; Drotz
et al., 2010).

E. sinensis was listed by the International Union for the
Conservation of Nature and Natural Resources among
the world's worst 100 alien invasive species (ISSG, 2006; Lowe
et al., 2000; Veldhuizen, 2001) partly because of its negative
impact on other aquatic organisms and on resource users.
Globally, the diet of the E. sinensis frequently consists of
algae and vascular plants (Czerniejewski et al., 2010; Fla-
dung, 2000; Jakubowska et al., 2011; Jin et al., 2003; Rogers,
2000), but its strong claws enable this species to prey on less
mobile calcareous organisms, such as bivalves and snails
(Mariappan et al., 2000). Large numbers of E. sinensis have
also been reported to significantly reduce the abundance of
potential prey in other locations (Dittel and Epifanio, 2009;
Gollash, 2006; Herborg et al., 2003; Normant et al., 2002;
Veilleux and de Lafontaine, 2007), especially when large
numbers of crabs are migrating from rivers to the sea
(Rudnick and Resh, 2005). However, little is known about
how E. sinensis impacts populations of its prey or its behavior
while feeding along the Baltic coast, but previous reports
from this area document the preference of E. sinensis for the
blue mussel Mytilus edulis trossulus (Wojcik and Normant,
2012; Woijcik et al., unpublished data).

While other bivalve species have energy values related to
the size of the individual (Stoeckmann and Garton, 1997;
Szaniawska et al., 1986), M. edulis trossulus from the Gulf of
Gdansk (southern Baltic Sea) does not share this trait (Pazi-
kowska and Szaniawska, 1988; Szaniawska, 1991) even
though larger individuals have harder and more mineralized
shells (Barnes et al., 2007). Therefore, we hypothesize that
E. sinensis, similar to other crab species (Aronhime and
Brown, 2009; Ray-Culp et al., 1999), would preferably con-
sume smaller M. edulis trossulus to maximize the net energy
intake per unit foraging time. This potential preference for
smaller juveniles has important implications for the main-
tenance of M. edulis trossulus populations and the entire
ecosystem of the Baltic Sea, as they are a key component of
Baltic benthic communities, contributing up to 95% of the
fauna in some areas (Havenhand, 2012; Kautsky, 1982).

In order to test this hypothesis, we designed experiments
using the blue mussel M. edulis trossulus as prey to determine
and describe E. sinensis: (1) claw strength, (2) handling
behavior, (3) consumption rate, and (4) prey size preference.

2. Material and methods

Specimens of the Chinese mitten crab, E. sinensis (male
n=7; female n=6), and blue mussel, M. edulis trossulus,
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Table 1

Summary of morphological measurements of individual male and female Eriocheir sinensis (n = 13) collected from the

Gulf of Gdansk in April—June 2010. M, male; F, female; L, left; R, right.

Crab no. Carapace Carapace Sex Claw length [mm] Claw width [mm] Claw height [mm)] Claw strength [N]
width length
[mm] [mm]
L R L R L R L R
1 58.84 51.87 M 37.53 37.09 12.2 12.04 22.08 19.82 8.24 7.20
2 53.88 49.39 M 37.17 33.95 11 11.37 18.84 17.5 8.88 5.72
3 53.63 49.39 M — 35.82 — 10.27 — 19.64 — 5.14
4 63.96 57.45 M 45.14 44.54 15.52 14.75 23.91 24.17 12.64 9.38
5 72.48 64.16 M 53.59 52.1 16.67 16.37 28.2 28.1 20.38 19.80
6 79.29 72.19 M 57.48 54.58 19.22 18.89 30.76 30.72 20.43 18.87
7 58 51.67 M 39.07 37.82 13.14 12.53 22.11 21.32 13.97 8.37
Mean M 62.87 56.59 45.00 42.27 14.63 13.75 24.32 23.04 14.09 10.64
+SD 9.74 8.68 8.74 8.27 3.08 3.07 4.40 4.86 5.35 6.12
8 70.36 62.2 F 39.25 37.65 10.89 10.51 21.27 20.46 4.70 4.63
9 62.2 54.8 F 32.95 32.26 9.53 7.97 17.59 16.38 6.33 6.78
10 61.35 57.12 F 33.88 34.38 9.33 8.01 18.07 17.38 8.03 2.20
1" 55.69 51.12 F 24.08 30.59 6.37 7.71 13.71 9.35 3.23 1.93
12 58.18 52.22 F 31.76 31.93 8.55 6.61 15.57 14.81 3.80 2.40
13" 55.65 51.31 F 30.42 31.29 8.5 8.78 15.77 16.14 8.13 1.50
Mean F 60.57 54.80 32.06 33.02 8.86 8.27 17.00 15.75 5.70 3.24
+SD 5.53 4.30 4.94 2.61 1.50 1.30 2.61 3.67 2.12 2.05
Mean 61.81 55.76 38.53 38 11.74 11.22 20.66 19.68 9.89 7.22
+SD 7.85 6.8 9.56 7.75 3.79 3.67 5.15 5.63 5.85 5.93

" Individual was also used in the feeding experiments.

were collected by local fishermen in fyke-nets between April
and June 2010 from the Gulf of Gdansk (southern Baltic Sea).
Epibionts were removed from the mussels, and shell length,
width, and height were determined (+0.01 mm). Undamaged
mussels in good condition were then divided into three
shell length classes: (1) 11—20 mm, (2) 21—30 mm, and (3)
31—40 mm and frozen at —20°C. Crabs were sexed and
measurements of the carapace width and length and claw
length, width, and height were taken (£0.01 mm). All crabs
used in experiment had intact, fully grown claws, except crab
no. 3 (Table 1), which had only one intact claw.

2.1. Claw strength

Claw strength of each individual E. sinensis (male n=7;
female n=6) was measured five times (every second day),
and the arithmetic mean was calculated. Strength was mea-
sured by a device constructed on the basis of a calibrated
force resistive sensor type CP9 150 ns (IEE, Poland) with a
ATMEGAB8535L microcontroller (Atmel, USA) and an internal
10-bit A/C sensor (measuring range 0.2—100.0 N) connected
to a measuring bridge supplied with a voltage source. A shift
in the measured claw force activated a change in the resis-
tance of the sensor, which was proportional to the registered
voltage signal. The voltage signal was amplified (3x) and
converted to a digital signal by using an AD620 amplifier
(Analog Devices, USA).

Differences between sexes and claws were tested with
the Wilcoxon paired test and multiple regressions at the 5%
level using Statistica 10.0.

2.2. Prey handling behavior and effect of time
on consumption rate

From the original 13 individuals, a subset of eight E. sinensis
(male n=2; female n=6; some individuals died before this
experiment) were used in further experiments. To observe
E. sinensis prey handling behavior, a camera was installed
above each experimental tank, where male (n = 7) and female
(n = 6) E. sinensis were fed with dead, intact blue mussels.
E. sinensis were placed singly in plastic aquaria (25
cm x 35 cm x 15 cm) filled with aerated water (15°C, salinity
7), without any substratum, to acclimate for two weeks. Water
was exchanged once before the start of experiment.

The consumption rate of mussels (n=15, 11—40 mm) in
consecutive time intervals by E. sinensis (n=13) was
expressed as a mean with standard deviation (mean + SD).
The consumption rate was standardized to 1 h to enable
comparison between specimens. Differences between sexes
and consumption rates were tested with Student t-tests and
multiple regressions at the 5% level using Statistica 10.0.

2.3. Prey size preferences

Individuals of E. sinensis (male n = 2; female n = 6) were held
in tanks as described above. They were fed ad libitum with
dead, intact blue mussels M. edulis trossulus but were
starved for four days before the start of the experiment to
standardize hunger levels. Dead M. edulis trossulus (n = 15;
n =5 from each length class) were thawed and given to each
crab, and the number of eaten, crushed, and uncrushed
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Figure 1
collected from the Gulf of Gdansk in April—June 2010.

mussels in each length class was determined after 4, 8, and
24 h.

Results were expressed as the mean (+SD), and the
relationship between measured parameters was determined
by a linear regression analysis with a coefficient of determi-
nation R? for a significance level P < 0.05. The differences
between the groups of results were tested with Student
t-test and multiple regression at the 5% level using Statistica
10.0.

3. Results

3.1. Crab characteristics and claw strength

The claw strength of the left claw of both male and female
E. sinensis was significantly greater than that of the right
one (P=0.0037; Table 1), but females, on average, had
significantly less claw strength for both claws than males

25

OMale Y=0.66x-16.63
R2=0.88

40

AFemale y=0.10x+1.15
R2=0.03

45 50 55 60 65

Linear regression analysis of both claw strength [N] and length [mm] of male (n = 13) and female (n = 12) Eriocheir sinensis

(P=0.0029) (Table 1 and Fig. 1). Combining data for both
males and females, claw strength of both claws was signifi-
cantly correlated with claw length (P=0.000), width
(P =0.000), and height (P=0.000) as well as with the car-
apace width (P =0.000; Fig. 2). There were no significant
differences between slopes or intercepts of claw strength in
the linear regression analysis.

E. sinensis tightened strain gauge in pulses. The first
measurement of claw strength was always greater, compared
to the following pulses; however, the differences were not
statistically significant.

3.2. Prey handling behavior and effect of time
on consumption rate

To consume a mussel, E. sinensis held it with one claw and
used the other claw to either crush mussel into little pieces or
break off small pieces of the shell to consume the soft tissue.
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Figure 2

Linear regression analysis of strength [N] and length [mm] of left (n=12) and right (n = 13) claws of male and female

Eriocheir sinensis collected from the Gulf of Gdansk in April—June 2010.
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Figure 3 Mean (+SD) consumption rate of mussels (Mytilus edulis trossulus) by male (n=2) and female (n = 6) Eriocheir sinensis
collected from the Gulf of Gdansk in April—June 2010. (A) Consumption rate [# mussels crab™'] after 4, 8 and 24 h; (B) consumption
rate [# mussels crab~" h~"] separated by consecutive time intervals. Different letters indicate significant differences (P < 0.05).

There was no preferred claw for each activity (either right or
left) among all the crabs, but each crab, both males and
females, favored the same claw for each purpose each time.
The one crab with only one claw (no. 3 in Table 1) held the
mussel with walking legs during consumption.

There was significant inter-individual variability in the
number of consumed mussels, with the number of mussels
consumed by a single crab increasing significantly with
time from 1.7 + 0.7 # mussels crab~" h™" after 4h to 0.2
+ 0.7 #mussels crab™" h™" after 24 h (Fig. 3A). The highest
consumption rate was observed within the first 4 h, and it
decreased significantly during the last 16 h (Fig. 3B).
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3.3. Prey size preferences

Overall, individual male and female E. sinensis (male n = 2;
female n = 6) consumed between 5 and 15 mussels over the
24 h period, but the individual daily consumption did not
differ significantly. While there were no statistically signifi-
cant differences in consumption rate of the different mussel
size classes, the smallest mussels (11—20 mm) were con-
sumed at a higher rate (4.9 + 0.4 mussel day~") than the
largest mussels (31—40 mm; 4.0 + 1.8 mussel day™"; Fig. 4).

E. sinensis was also observed crushing mussel shells (n = 2,
31—40 mm; n=5, 21-30 mm) without later consumption

Crushed = Uneaten/uncrushed

31-40

Mussel length class [mm]

Figure 4 Mean (+SD) daily rates of mussels (Mytilus edulis trossulus), separated by size class that were eaten, crushed, and
uncrushed by male (n = 2) and female (n = 6) Eriocheir sinensis collected from the Gulf of Gdansk in April—June 2010. Different letters

indicate significant differences (P < 0.05).
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(avg. 0.9 + 1.4 mussel day™"), but this occurred after 4 and
8 h. The number of crushed and uncrushed mussels did not
significantly differ between individuals after 24 h.

4. Discussion

The results of this laboratory study show that E. sinensis may
negatively impact the M. edulis trossulus population abun-
dance in coastal Baltic waters either through predation of
juveniles or indirect mortality from damage (crushing) to the
shell. This species' average claw strength of 8.51 +5.93 N
enables a high consumption rate of M. edulis trossulus.

The stronger claw strength of males (mean 12.23 4 5.82 N)
compared to females (mean 4.47 + 2.37 N) is a clear example
of sexual dimorphism in this species (Czerniejewski et al.,
2003; Flores and Negreiros-Fransozo, 1999). The claw length
of E. sinensis is ~60% of the carapace width, and they are able
to generate closing forces greater than those measured in
other species (e.g. Uca pugnax and Carcinus maenas claw
strength ranges between 2 and 6 N; Levinton and Judge,
1993). While the claw strength for E. sinensis in this study
was significantly correlated with claw length, other crabs have
shown significant correlations of claw strength with claw
height (e.g. Cancer productus and Lophopenopeus bellus;
Behrens Yamada and Boulding, 1998). However, these differ-
ences may result from inherently species-specific overall
shapes of the claws and the muscle mass needed to close them
(Levinton and Judge, 1993). Also, claw strength increased with
crab size (i.e. carapace width) in both sexes of E. sinensis
(Behrens Yamada and Boulding, 1998), but females have
shorter claws than males of the same carapace width and
are characterized by lesser claw strength.

Claw strength also depends on the condition of the indi-
vidual and can change over time. Crabs which areill or old are
less vigorous and aggressive, and they crush prey with less
force; this was observed in individuals that stay in the
laboratory for a longer period of time (i.e. months; Wojcik,
personal observation). However, decapods have the ability to
learn crushing techniques which may influence their behavior
during long-term experiments (Elwood, 2011; Gherardji,
2009). We also observed that the first measurement of claw
strength of E. sinensis was always the strongest. Seed and
Hughes (1995) showed that this initial attack is based on a
strong crush, followed by a series of weaker ones. The
number of crushing movements is related to the thickness
of the material being crushed (Juanes, 1992).

E. sinensis exhibited handling behavior similar to other
crabs families, with the number of mussels consumed by a
single crab increasing with time (Davidson, 1986; Ray-Culp
et al., 1999; Rheinallt and Hughes, 1985). In the case of
small-sized mussels, crabs are able to hold more than one
prey individual in their claws, but they still need a second
claw for consumption (Rheinallt, 1986). In one case, an
E. sinensis that was missing a left claw used walking legs
to support the feeding behavior. Several individual E. sinensis
crushed mussels but did not consume them, which may
reflect a need to strengthen the claws, especially after
regeneration (Hughes and Seed, 1995).

Adult E. sinensis (carapace width 61.81 4+ 7.85 mm)
can consume up to 15 blue mussels (M. edulis trossulus;
11—40 mm) in 24 h at 15°C, but there were no significant
differences in number of prey consumed between males

and females. Other crab species have been reported to
consume similar, or even higher amounts of prey items
(e.g. Aronhime and Brown, 2009; Dudas et al., 2005; Fowler,
unpublished data; Lohrer and Whitlatch, 2002; Ray-Culp
et al., 1999). However, the number of consumed mussels
can be impacted by various factors such as food availability
and density, the period of starvation prior to consumption, or
temperature (Ray-Culp, 1999).

There was significant inter-individual variability in the
number of consumed mussels, with the number of mussels
consumed by a single crab increasing significantly with
time. The relationship of the consumption rate of mussels
(M. edulis trossulus) and time in E. sinensis reflects the
predation functional response curve type 1 described by
Holling (1959), which assumes a linear increase in intake
rate with food density, either for all food densities or only for
food densities up to a maximum, beyond which the intake
rate is constant. This linear increase indicates that the time
needed by the consumer to process a food item is negligible,
or that consuming food does not interfere with searching for
food. This could be an important factor to consider for
natural field populations of M. edulis trossulus that aggregate
on rocky coasts in that E. sinensis is able to consume large
numbers of mussels, without having to spend time searching
for them.

Many factors play a role in crabs' prey size selection,
including: the size relationship between crab and prey,
degree of satiation, claw gape, dentition, strength, and total
prey handling (Behrens Yamada and Boulding, 1998). In this
study, E. sinensis did not show any size preference of
M. edulis trossulus prey, although there was a trend for
higher consumption of the smallest size class (11—20 mm).
While E. sinensis has the ability to crush mussels >45 mm
(Wéjcik et al., unpublished data), smaller mussels would be
easier and quicker to crush and consume, thus optimizing
energy profits (Aronhime and Brown, 2009; Kulp et al., 2011;
Ray-Culp et al., 1999; Sih and Christenses, 2001). This is
especially true for M. edulis trossulus, as its energy value is
not related to individual size (Pazikowska and Szaniawska,
1988). In several individual cases, the depletion of the
smallest mussels in the aquarium caused an increase in the
consumption of larger mussels. While the encounter rates
with larger mussels would increase due to experimental
densities in the tank, E. sinensis could also easily overlook
the medium sized M. edulis trossulus in favor for larger prey
(Hughes and Seed, 1995). However, as E. sinensis were fed
with dead, intact M. edulis trossulus, the mussels were not
attached to any substrate due to lack of byssal threads.
Therefore, E. sinensis did not have to bear any additional
energy costs separating individuals from the colony, which
made access to the largest mussels easier than it would be in
the natural environment.

While E. sinensis can directly prey on M. edulis trossulus,
they can also cause indirect mortality of the mussels without
consuming them. The obtained results provided new infor-
mation on the feeding ecology of E. sinensis and may be
useful to estimate the predation pressure by this species on
blue mussels in the coastal Baltic waters, where the crab
abundance has steadily increased over time (Jakubowska and
Normant, 2011; Normant et al., 2012; Ojaveer et al., 2007).
However, prey species selection in the field is highly depen-
dent on prey availability, density, and the probability of
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encountering a prey species. The small size of the experi-
mental aquariums virtually eliminated the search time of
these predatory crabs, and therefore these results represent
idealized foraging conditions and possible satiation levels
rather than the actual functional response of the species.
However, in areas where the natural recruitment of bivalves
is substantial or where there are large populations of juvenile
bivalves, these laboratory feeding rates provide a reasonable
estimate of the predatory potential of E. sinensis in coastal
Baltic waters.
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