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Abstract We investigated in mesocosm the feed-
ing behavior and prey preference of the invasive blue
crab Callinectes sapidus for different commercially
exploited Mediterranean native bivalves. No-choice
prey size and video-recorded prey-choice experiments
were designed to test the following null hypotheses:
(1) prey mortality do not vary when prey species are
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provided singularly nor with prey size; (ii) the preda-
tor does not have preferences when prey are provided
simultaneously; (iii) manipulating, consuming, and
handling times do not vary among prey species. We
show that adult male C. sapidus individuals exhibit a
cyclic feeding/resting behavior and a preference for
Ruditapes decussatus, followed by Mytilus gallopro-
vincialis and Cerastoderma glaucum. Based on our
results, we anticipate that the preference of C. sapi-
dus toward R. decussatus, one of the most important
native commercial species in lagoons along the Ital-
ian coastline, could soon have consequences not only
on the lagoons’ trophic webs, but also on the local
economy.

Keywords Invasive alien species - Blue swimming
crab - Clam - Lagoon - Mediterranean sea - Impact

Introduction

Biological invasions are among the most important
components of global change and pose a severe threat
to the biodiversity of aquatic ecosystems worldwide
(Zenetos et al., 2012; Simberloff et al., 2013; Ger-
aldi et al., 2020). Human activities, such as transport
and aquaculture are the prevalent causes of the intro-
duction and spread of non-indigenous species (NIS)
(Mack et al., 2000). Once introduced in a new area,
NIS, in the case of missing biotic or abiotic factors
limiting their growth, can become Invasive Alien
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Species (IAS). At the pan-Mediterranean level, a total
of 1006 validated, non-indigenous species have been
found throughout the basin until the end of 2020,
with an asymptotic value of ca. 20 species per year
in the last 20 years (Zenetos et al., 2012; Katsaneva-
kis et al., 2012, 2020; Chartosia et al., 2018; Ragk-
ousis et al., 2020; Zenetos & Galanidi, 2020; Galanidi
et al., 2023). The main causes of this phenomenon
have been identified in several environmental factors
including climate change (Occhipinti-Ambrogi, 2007,
Occhipinti-Ambrogi & Galil, 2010; Raitsos et al.,
2010) and many anthropic pressures, such as aquacul-
ture, untreated ballast waters, the opening, enforce-
ment and doubling of the Suez Channel (Minchin,
2007; Williams et al., 2013; Chan & Briski, 2017;
Galil, 2017; Mannino & Balistreri, 2017; Morri et al.,
2019; Ruiz et al., 2022). Moreover, around 12% of
Mediterranean NIS are today ranked as IAS, or poten-
tially IAS (Bonanno & Orlando-Bonaca, 2019).

The dimension of the IAS spreading in European
seas and their potential effects on coastal economies
(Marchessaux et al., 2023a) have generated particu-
lar attention from the European governance: in the
Marine Strategy Framework Directive, the achieve-
ment of the D2 descriptor’s target (namely: NIS
introduced by human activities are at levels that do
not adversely alter the ecosystems) is part of the pro-
cess for assessing the marine Environmental Status
(Occhipinti-Ambrogi, 2007).

IAS can occupy all trophic niches (Trebitz & Tay-
lor, 2007; Schmitt et al., 2019; Hilling et al., 2023), so
their impacts on indigenous species can vary accord-
ing to their position within the trophic web (Thom-
sen et al., 2014; Bradley et al., 2019). A particular
concern arises when the non-indigenous species are
generalist predators and own the behavioral flexibility
to utilize new food sources, making them successful
invaders (Wright et al., 2010). Consequently, the new
predator—prey interactions could impact community
dynamics, impairing biodiversity (Heinlein et al.,
2010). This, by cascade effect, could impair ecosys-
tem functioning, ultimately causing negative con-
sequences on the local economies (Woodford et al.,
2005; Green et al., 2012). Hence, the potential impact
of non-indigenous and invasive predators must be
taken into account to understand and assess the asso-
ciated risks and adapt natural resource management
decisions (Hilling et al., 2023). Among the preda-
tors that have entered the Mediterranean in the last
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70 years, the blue crab Callinectes sapidus Rathbun
1896, has become one of the most common IAS spe-
cies in the Mediterranean Sea (Streftaris and Zenetos,
2006). Callinectes sapidus is an euryhaline and eury-
thermal species with environmental tolerance lim-
its that are similar across all size classes. It is native
to shallow muddy and sandy substrates of estuarine
and coastal marine ecosystems from Nova Scotia to
Argentina (Nehring, 2011). Callinectes sapidus now
occurs in seven of the nine South European Marine
Ecoregions (Mancinelli et al., 2017), first appearing
in 1949 in the Venice lagoon (Giordani Soika, 1951).
Thanks to its large environmental tolerance, high
swimming capacity and high fecundity, it is nowadays
almost ubiquitous along the entire coastal Mediterra-
nean Sea.

Reports of the presence and abundance of C.
sapidus increased heavily along the Italian coasts
and lagoons during summer 2023, with the northern
Adriatic Sea being the region most strongly affected
(Sabelli, 2023; Azzurro et al., 2024). Callinectes
sapidus has direct impacts on the economy of artisa-
nal small-scale fisheries, being responsible for physi-
cal damage to fishing nets (fyke and gillnet) and pots,
which are used to exploit commercial species, and for
reduction in the quality and density of fish entangled
or entrapped in such gear (Marchessaux et al., 2023a).
Large impacts of this species have been documented
in coastal wetlands (e.g., in the Ebro Delta, Spain)
on commercially exploited species, e.g., Anguilla
anguilla (Linnaeus, 1758), Carcinus maenas (Lin-
naeus, 1758), Mpytilus galloprovincialis Lamarck,
1819, Magallana gigas (Thunberg, 1793), and Rudi-
tapes philippinarum (Adams & Reeve, 1850) (de
Rivera et al., 2005; Prado et al., 2020, 2022; Clavero
et al., 2022). To face this problem, the Italian Gov-
ernment allocated during 2023 a total of 12.9 mil-
lion euros (Ministerial Decree N° 587,931 and N°
628,456) for the economic restoration of fishermen
and aquaculture companies dedicated to capturing
and disposing of this species, as well as for reim-
bursing costs incurred for ‘clams sowing, repopula-
tion and the purchase of fixed and mobile structures
installed for the protection of farms (Azzurro et al.,
2024).

Moreover, concerns about the threats posed by
the blue crab on the local economies are exac-
erbated by the ecological niche of this species.
Despite the isotopic signature, which allocates
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it among the carnivorous predators (Mancinelli
et al., 2016), there is evidence that it is a gener-
alist and opportunistic omnivorous that feeds on
fish, invertebrates, detritus, macrophytes, and algae
(Hines, 2007; Belgrad & Griffen, 2016; Mancinelli
et al., 2016; Aslan & Polito, 2021; De Giorgi et al.,
2024). Nevertheless, when mollusc bivalves are
present, they can represent up to ca. 75% of the
blue crab’s diet (Rady et al., 2018; Prado et al.,
2022).

On the other hand, in its original basin the blue
crab is also a delicacy seafood, and its exploitation
has increased in the last couple of years also in the
newly invaded areas (Marchessaux et al., 2023a).
Nevertheless, the knowledge about the threats
posed by the blue crab is still in its infancy, and
more research is needed to assess both the ecologi-
cal and economic consequences of the invasion of
Mediterranean coasts and wetlands, as well as the
eventual socio-economic viability of its fishery
(Kleitou et al., 2021) and food market (Marches-
saux et al., 2024).

To provide insights on the feeding behavior of
C. sapidus, we conducted mesocosm experiments
to assess its preference on bivalve molluscs of com-
mercial interest in Mediterranean coastal lagoons:
the Mediterranean mussel M. galloprovincialis, the
grooved carpet shell Ruditapes decussatus (Lin-
naeus, 1758), and the lagoon cockle Cerastoderma
glaucum (Bruguiere, 1789). These species inhabit
different habitats: M. galloprovincialis is typically
encountered in natural or artificial hard substrates,
while R. decussatus and C. glaucum lived buried at
different depths in the sediment. Prey were offered
to C. sapidus in: (i) no-choice prey size experi-
ments, where specimens of two size classes of the
three different species were provided separately to
the predator; (ii) video-recorded prey-choice exper-
iments, where specimens of the three species were
simultaneously offered to the predator.

The experiments were designed to test the fol-
lowing (null) hypotheses (i) prey mortality do not
vary when prey species are provided singularly nor
with prey size; (ii) the predator does not have pref-
erences when prey are provided simultaneously;
(iii) manipulating, consuming, and handling times
do not vary among prey species.

Materials and methods
Study area

The Santa Gilla lagoon (southern coast of Sardinia;
Tyrrhenian Sea) covers an area of about 1300 ha
and is close to the densely populated urban area of
Cagliari (ca. 500,000 inhabitants). Recognized as
one of the most important wetlands in Sardinia, the
Santa Gilla lagoon holds several designations, includ-
ing Special Protection Area (Directive 79/409/EEC),
Wetland of International Importance under the Ram-
sar Convention (ministerial decree 03/09/1980), and
Special Area of Conservation (ITB040023, Habitats
Directive 92/43/EEC). The lagoon is an important
area for artisanal fisheries and supports the commer-
cial harvesting of mollusc bivalves, such as R. decus-
satus, R. philippinarum, and C. glaucum, as well as
the farming of the mussel M. galloprovincialis and
the oyster M. gigas. The Santa Gilla lagoon has been
invaded by 9 allochthonous benthic invertebrates
including the recently introduced C. sapidus and the
crab Dyspanopeus sayi (Smith, 1869) (Cabiddu et al.,
2020; 2023) the manila clam R. philippinarum, which
was experimentally introduced since 1987 (Cottiglia
& Masala Tagliasacchi, 1988) and the Asian mussel
Arcuatula senhousia (Benson, 1842) (Atzori et al.,
2013; Cabiddu et al., 2014). Additionally, the amphi-
pod Caprella scaura (Templeton, 1836) (Cabiddu
et al., 2013), the polychaetes Naineris setosa (Verrill,
1900) (Atzori et al. 2016), Hydroides dianthus (Ver-
rill, 1873) (Bianchi et al., 1984), Hydroides elegans
(Haswell, 1883) (Bianchi et al., 1984), Ficopomatus
enigmaticus (Fauvel, 1923) (Bianchi, 1981), and Des-
demona ornata Banse, 1957 (Carrada, 1987) have
been reported in the lagoon. C. sapidus was reported
in the Santa Gilla lagoon for the first time in 2018
(Culurgioni et al., 2018, 2020; Piras et al., 2019), and
in the last few years its population density increased
exponentially, drawing severe concern and attention
from the local fisheries as well as from policymakers.

Predators and prey collection

A total of 21 specimens of C. sapidus were collected
through baited pots. These pots, traditionally used
in the Santa Gilla lagoon to capture native crabs,
shrimps, and fishes, do not damage captured speci-
mens and do not show selectivity for different sizes
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and sexes. Moreover, to avoid any eventual bias asso-
ciated with size, gender, and health conditions, a sub-
sample of 15 uninjured adult males without signs of
molting were selected for the trials. Specimens were
larger than the size at first sexual maturity (van Engel,
1958; Marchessaux et al., 2023b) with a mean Cara-
pace Width of 18.2+1.1 cm (CW, i.e., the distance
between the two dorsal spines) and mean Crab Total
Weight of 409.6+70.48 (C-TW, Total Weight in g).
The mechanical advantage of the predators’ crusher
chelae (grip strength at the tips of the chelae) was
assumed as the ratio between L1 (distance between
the pivotal point of the dactylus and the point of
insertion of the closer apodeme) and L2 (distance
between the pivot and the distal tip of the dactylus)
(Warner and Jones, 1976).

After capture, specimens were acclimatized in
experimental tanks (150 1) for seven days at in situ
temperature (25.4+0.45 °C) and salinity (40.0+0.31
PSU), maintaining each specimen in separate tanks
to avoid self-predation. During the acclimatization
period, crabs were fed ad libitum with a mixture
(1:1:1 in abundance) of the same three prey species
used in the experiments, and then starved for 24 h
before the experiments.

Specimens of M. galloprovincialis, were obtained
from a local long-line mussel farm, whereas wild
specimens of R. decussatus and C. glaucum were
collected in shallow waters inside the lagoon using a
shellfish rake (hand-operated dredge). All prey speci-
mens were collected in the Santa Gilla lagoon and
acclimatized in the laboratory at in situ temperature
(25.4+0.45 °C) and salinity (40.0+0.31 PSU) for
3 days before the experiments.

For each of the three prey species, the body
weight of the specimens eaten by C. sapidus during

the experiments was estimated indirectly through an
additional sample of 70 specimens per prey species.
These individuals were used to calculate the biom-
etric relationships between shell length (SL, meas-
ured to the nearest 0.1 mm with a digital caliper) and
total weight (TW, including the valves, measured to
the nearest 0.01 g with a technical balance) and body
weight (BW, flesh wet weight only, measured to the
nearest 0.01 g with a technical balance) (Supplemen-
tary information 1).

Temperature, pH, dissolved oxygen, and salinity
were monitored with a Hanna Instruments HI9828
multiparameter probe, while turbidity was recorded
with the Aqualytic AL250T-IR turbidimeter. These
parameters remained constant during the entire exper-
iment and the values measured during experiments
were reported in Table 1.

Aims and preparation of the experiments

We carried out two different experiments, each with
a different aim. The first (no-choice prey size) experi-
ment aimed at investigating the daily rates of con-
sumption of the prey offered separately, and at assess-
ing whether the crab preferred different size classes
of each prey species. With the second (prey-choice)
experiment we assessed the initial (first meal) prefer-
ence of the crab for the three preys offered in mixture
and the cumulative consumption of prey per unit of
time. Both experiments were conducted at the Experi-
mental Aquaculture Laboratory of the University of
Cagliari next to the Santa Gilla Lagoon. The experi-
ments were carried out in an ad hoc arena consist-
ing of plastic circular tanks (80 cm diameter; 150 L),
filled with lagoon water supplied using a recirculat-
ing aquaculture system (RAS). In the RAS, water

Table 1 Temperature (°C), pH, dissolved oxygen (DO; % sat and mg L™, salinity (PSU), and turbidity (NTU) measured during the

experiments

Variable No-choice experiment

Choice experiment

Acclimatization Experiment start Experiment end Acclimatization Experiment start Experiment end

Temperature (°C) 25.4+045 25.3+0.03 25.3+0.22 21.8+£0.51 21.9+0.13 22.7+0.55
pH 7.4+0.09 7.4+0.1 7.9+0.03 7.2+0.09 7.7+0.02 7.8+0.05
Dissolved O, (% sat) ~ 86.0+4.25 83.5+£3.28 68.0+8.7 88.0+4.0 89.6+2.6 65.8+5.28
Dissolved O, (mg L™y 5.6+0.28 5.5+0.22 4.5+0.58 6.2+0.32 6.3+0.18 4.5+0.35
Salinity (PSU) 40.0£0.31 39.9+0.23 38.8+0.32 39.0+£0.37 39.9+0.57 39.8+0.36
Turbidity (NTU) 0.6+0.05 0.6+0.05 0.7+0.13 0.6+0.08 0.6+0.09 0.7+0.22
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was treated with a system of a 60 pm sand filter and
a protein skimmer with ozone treatment (for details
see Pani et al., 2024). In each tank, we ensured a daily
complete water change (corresponding to a water ren-
ovation of 6.25 L h™"). During the acclimation period
for the predator (7 days), the tanks were cleaned daily
by means of siphon positioned at the bottom of the
tank.

No-choice prey size experiment

The no-choice prey size experiment was carried out
under natural light condition (photoperiod 12L:12D)
in an ad hoc arena consisting of 18 plastic circular
150 L tanks, nine of which contained one predator
each, and nine were devoid of (Fig. 1). As all prey
were tested at the same time, each crab was used
once and none of these were then used in the other
experiment. Predator-free tanks were included to esti-
mate the eventual natural mortality of the prey dur-
ing the experiment. In each of the nine tanks, 24 prey
specimens of two different size classes based on shell
length (SL, M: medium, L: large) (12 specimens for
each size class) were added: M. galloprovincialis (M:
15.1-40.0 mm and L: 40.1-65.0 mm), R. decussatus
(M: 20.1-35.0 mm and L: 35.1-50.0 mm), and C.
glaucum (M: 20.1-30.0 mm and L: 30.1-40.0 mm).
The absence of significant differences (P> 0.05)
in the median prey size among the tanks with the
same prey species, after checking for homogene-
ity of variance (Levene’s test; P>0.05) and nor-
mality (Shapiro-Wilks test), was tested using the

Fig. 1 Design of the
replicate (n=3) no-choice
experiments carried out to
test the prey mortality rate
in presence and absence of
predators for each size of
each tested prey (Mytilus
galloprovincialis, Ruditapes
decussatus, and Cerasto-
derma glaucum)

PREDATOR

Present

1N

non-parametric Kruskal-Wallis’s test, since our
samples significantly departures from normality
(M. galloprovincialis H=0.097, P-value=0.952; R.
decussatus, H=0.622, P-value=0.733; C. glaucum
H=1.015, P-value =0.602). All tests were carried out
with the Statgraphics Centurion X VI software.

At the beginning of the experiments, predators
(one per tank) and prey were placed in the center
of the tank. After 24 h the predators were removed
and prey were counted, measured, and classified
as “intact” (without any visible sign of damage),
“injured” (with visible shell damage caused by preda-
tors), or “eaten” (only shell fragments remaining).

We then estimated: (i) the daily prey mortality rate
for each size class (i.e., the number of prey speci-
mens that were eaten in 24 h, separately per species
and size class); (ii) the total daily prey mortality rate
per species (i.e., the total number of prey individuals
per species, irrespectively of the size class, that were
eaten in 24 h); (iii) the daily injury rate per species
(i.e., the number of individuals, irrespectively of the
size class, with visible signs of damage after the 24 h
lasting experiment). Differences in the number of
prey eaten from each prey size class and species were
investigated by 4 test of Independence. To assess
whether C. sapidus had any preference for different
size classes of each offered prey, the null hypothesis
of no significant differences in the median prey size
of the prey at the beginning of the experiment and
that of the eaten prey was tested (P>0.05). After
checking for homogeneity of their variance (Levene’s
test; P>0.05) and normality (Shapiro-Wilks test),

Callinectes sapidus
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since our samples significantly departures from nor-
mality, we used the non-parametric Mann—Whitney
(Wilcoxon) W-test. All tests were carried out with the
Statgraphics Centurion X VI software.

Prey-choice experiment

The prey-choice experiment was carried out under
natural light condition (photoperiod 12L:12D), in an
ad hoc arena consisting of 12 plastic circular 150 L
tanks (80 cm diameter), six of which contained one
crab each and six were devoid of (Fig. 2). The absence
of predators was included to estimate the eventual
natural mortality of the prey during the experiment.
For each tank, 4 specimens with intact shells of each
of the bivalve prey species were proposed to the crab.
The shell length of the offered bivalves, selected con-
sidering the results of the no-choice experiment, were
495434 mm, 39.5+1.4 mm, and 30.8+1.1 mm
for M. galloprovincialis, R. decussatus, and C. glau-
cum, respectively. The shell length data of the three
prey species were tested for homogeneity of vari-
ance and normality, using the Levene’s test (P >0.05)
and the Shapiro-Wilks test, respectively. Since our

Fig. 2 Design of the repli-
cate (n=06) video-recorded
choice experiments carried
out to test the prey mortal-
ity rate in absence and
presence of predators when
exposed to a mixture of the
three prey species (Mytilus
galloprovincialis, Ruditapes
decussatus, and Ceras-
toderma glaucum). The
results of these experiments
also allowed estimating the
cumulative consumption of
prey per unit of time as well
as manipulating, consum-
ing, and handling times for
each prey species by the

PREDATOR

samples significantly departures from normality,
the non-parametric Kruskal-Wallis’s test was used
to confirm the absence of significant differences
(P>0.05) in the median size of the prey among the
tanks with the same prey species (M. galloprovin-
cialis H=1.955, P-value=0.855; R. decussatus,

=7.293, P-value=0.200; C. glaucum H=5.636,
P-value =0.344). All tests were carried out with the
Statgraphics Centurion X VI software.

Prior to the experimental trials, a 24 h pilot analy-
sis (four replicates) of the general feeding behavior
of C. sapidus provided with a mixture of the prey
(4 specimens of each bivalve species) revealed that
a first feeding phase (first meal) occurred within the
first 3 h.

Therefore, in the prey-choice experiment, the
movements of the crabs were recorded during a 3 h
experiment by means of a digital camera (GoPro Hero
3 Black) positioned on the top of the tanks, in time-
lapse mode (12 frames per minute). At the beginning
of the experiments, predators (one per tank) and prey
were placed in the center of the tanks. After 3 h pred-
ators were removed and the prey counted, measured,
and classified as “intact” (without any visible sign

Callinectes sapidus
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of damage), “injured” (with visibly damaged shells
caused by predators) or “eaten” (only shell fragments
remaining) (Supplementary information 2).

We then estimated: (i) the first meal prey mortality
rate per species (i.e., the total number of prey individ-
uals eaten during the experiment); (ii) the first meal
injury rate per species (i.e., the number of individu-
als with visible signs of damage). Differences in the
number of prey eaten among prey species during the
first meal were investigated by X2 test of Independ-
ence (P> 0.05).

Moreover, the mean individual body weight of
eaten prey during the first meal was estimated, and
the satiation was calculated as the mean of the per-
centage of prey consumed by each crab to the total
weight of the predator g BW x C—TW~! x 100.
After checking for homogeneity of variance (Levene’s
test; P>0.05) and normality (Shapiro-Wilks test),
a one-way analysis of variance (ANOVA), at a 95%
confidence level, was used to compare the mean indi-
vidual body weight of eaten prey (Statgraphics Cen-
turion XVI). A post hoc Fisher’s least significant dif-
ference (LSD) procedure was performed to determine
which means were significantly different from which
others (P>0.05). Cumulative prey consumption per
unit of time (5 min intervals starting from the begin-
ning of the first meal) was calculated per prey spe-
cies as the cumulative total amount of prey eaten by
the 6 predators. For each prey, the manipulating time
(time between prey capture and shell crushing) and
the consuming time (time between shell crushing and
their release after feeding soft tissue) were estimated
by inspecting footages. The sum of manipulating and
consuming times was assumed to represent the han-
dling time. Differences in manipulating, consuming,
and handling times for the different prey species, after
verification of the normality distribution and homo-
scedasticity assumptions as above, were investigated
by one-way analysis of variance (ANOVA), at a 95%
confidence level, after checking for homogeneity of
variance (Levene’s test; P> 0.05) and normality (Sha-
piro-Wilks test). A post hoc Fisher’s least significant
difference (LSD) procedure was performed to deter-
mine which means were significantly different from
which others (P> 0.05). Finally, to identify any even-
tual bias of the shell thickness on the prey preference,
the shell height and width (to the nearest 0.1 mm with
a digital caliper) and dry shell weight (the valves
weight; to the nearest 0.01 g with a technical balance)

were measured to calculate the shell thickness index
(STI) (Freeman & Byers, 2006):

STI = 1000 x dry Shell Weight (g)/Shell Length
x[Shell Height (mm)?
x Shell Width (mm)*]%° x 0.5

Results
No-choice prey size experiment

Callinectes sapidus exhibited a significant preference
(F*=4, df=1, P-value=0.045) for larger individu-
als of R. decussatus. The mean daily mortality rate
(£ ES) for these larger specimens was approximately
twice (22.2+7.7%) that of the medium-sized ones
(11.1 £8.7%), whereas no significant differences were
found between the number of prey eaten of the two
size classes for the two other prey species (M. gal-
loprovincialis ;(2=0.1, df=1, P-value=0.752; C.
glaucum y*=0.1, df=1, P-value=0.708) (Fig. 3).
In devoid of predator tanks, the natural prey mortal-
ity rates were negligible during the entire duration
of the experiment. Considering all specimens irre-
spectively of size class, the number of specimens of
the three prey species eaten by C. sapidus was sig-
nificantly different (;(2= 12.7, df =2, P-value=0.002),

N W b O
o O O o
| L | )

Mortality rates (%)

-
o
I

ol T im “laa

Mytilus Ruditapes  Cerastoderma

®Medium Olarge Prey species

Fig. 3 Daily mortality rates of the three preys: Mytilus gal-
loprovincialis (Mytilus), Ruditapes decussatus (Ruditapes),
and Cerastoderma glaucum (Cerastoderma) in the no-choice
experiments (M medium shell length, Llarge shell length; M.
galloprovincialis M: 15.1-40.0 mm and L: 40.1-65.0 mm, R.
decussatus M: 20.1-35.0 mm and L: 35.1-50.0 mm and C.
glaucum M: 20.1-30.0 mm and L: 30.1-40.0 mm). Error bars
indicate standard errors; lowercase letters indicate significant
differences (3 test, P <0.05)
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with a number of R. decussatus (daily predation rate:
33.3+12.5%) higher than that of M. galloprovincia-
lis (daily predation rate:16.7+6.4%) and C. glaucum
(daily predation rate:11.1+£6.9%) (R. decussatus Vvs.
M. galloprovincialis )(2 =4.5, df=1, P-value=0.034;
R. decussatus vs. C. glaucum )(2 =9, df=1,
P-value=0.003, M. galloprovincialis vs. C. glaucum
;(2=0.5, df=1, P-value=0.470). At the end of the
experiment, very few uneaten preys showed signs of
predator’ attack, with only 2 and 1 injured individuals
for M. galloprovincialis and C. glaucum, respectively.

The median shell length of prey at the beginning of
the experiment compared with the median shell length
of eaten prey after exposure to C. sapidus showed no
significant statistical differences for each prey species
(M. galloprovincialis U=469.0, P-value=0.640; R.
decussatus U=979.0, P-value=0.332; C. glaucum
U=289.5, P-value=0.987) (Fig. 4).

Prey-choice experiment

During the prey-choice experiment (Fig. 5), C.
sapidus alternate active periods, including no-
feeding and feeding movements (prey manipula-
tion and consumption), with resting periods. All
predators, but one, started moving as soon as
they were given prey and began feeding within
30 min after receiving the prey, stopping after hav-
ing eaten 5-6 prey each (mean+SD=5.17+1.6)
(first meal). Such a threshold was reached in vari-
able times (mean+SD=30.2+9.4 min, with
a minimum of 17.0 min and a maximum of
40.5 min). After the first meal, all predators had
a no-feeding period (mean+SD=4.72+2.2 min)
during which they alternated short periods of
movement (mean+SD=5.42+3.9 min) and peri-
ods of rest (mean+SD=297+29 min), until
they stopped completely for a longer interval
(mean+SD =128 +55 min). During the three-hour

Fig. 4 Prey shell length 80
before the exposure to
predators (PRE) and shell
length of the eaten prey
(EATEN). The boxes show
the interquartile range, with
the median value indicated
by the horizontal line and
the ‘4’ symbol indicating
the mean; whiskers show

Mytilus

T

60

Prey Shell length (mm)
N
o
I

=

Ruditapes Cerastoderma

-
T

h Miytilus = Mytil i - - |

the range. Mytilus = Mytilus | _|

galloprovincialis; Rudi- 20 L L i

tapes = Rutitapes decussa- - B

tus, Cerastoderma = Ceras- = —

toderma glaucum (O —
PRE EATEN PRE EATEN PRE EATEN

Fig. 5 Callinectes sapidus preying on different prey species in the prey-choice experiment (a) and the remaining prey shell frag-

ments after crushing (b)
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video-recorded experiment, no further prey was con-
sumed after the first meal.

The predators successfully crushed the prey on
the first attempt at all encounters with M. gallo-
provincialis and R. decussatus. The majority of C.
glaucum were also crushed on the first attempt, or,
in the case of a first failure, on the second attempt.
Crabs attacked all offered prey and abandoned only
one C. glaucum specimen that the crab was not able
to crush. The number of R. decussatus eaten dur-
ing the first meal was significantly higher than that
of M. galloprovincialis and C. glaucum (y*=7.2,
df=2, P-value=0.028), with a daily predation rate
of 62.5+14.1%, 37.5+10.7%, and 29.2+11.9%,
respectively; no injured individuals were found
(Fig. 6). The mean (+SD) overall satiation (regard-
less of the prey species) was about 9.24+0.66 g BW
prey per capita corresponding to the 2.15+0.15% of
the predator weight. In detail, the mean body weights
of the specimens of the three different prey, con-
sumed during the first meal, were significantly differ-
ent (F,=60.44, df=2, P-value=0.000), with higher
values for R. decussatus (1.86+0.08 g) than for C.
glaucum (1.38+0.08 g) and M. galloprovincialis
(1.39+0.10 g) (LSD test P-value <0.05).

The analysis of the cumulative consumption of
the three different prey species, eaten by the 6 preda-
tors, revealed that during the first meal, R. decussatus
was chosen as the first prey by 4 predators, while the
remaining 2 predators fed initially on C. glaucum and
M. galloprovincialis specimens, respectively (Fig. 7).

100 ~

N B O
o O O O
1 Il Il Il
Q

Mortality rates (%)

o

Cerastoderma

Mytilus

Ruditapes
Prey species

Fig. 6 Mean mortality rates of prey at first meal (at satiation)
of Mytilus galloprovincialis (Mytilus), Ruditapes decussa-
tus (Ruditapes), and Cerastoderma glaucum (Cerastoderma)
offered simultaneously to C. sapidus. Error bars indicate stand-
ard errors; lowercase letters indicate significant differences
(LSD test, P-value <0.05)
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18 - Feeding
16 -
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No Feeding

N of Prey consumed
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ON DO O
I

5 10 15 20 25 30 35 40 45 50 55 60
== Ruditapes
== Mytilus
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Fig. 7 Cumulative number of prey species consumed per unit
of time (5-min intervals) by the 6 predators during the first
meal. Mytilus=Mpytilus galloprovincialis; Ruditapes=Rudi-
tapes decussatus; Cerastoderma= Cerastoderma glaucum

The mean (+SE) prey manipulation times by
C. sapidus were significantly different (F,=3.62;
df=2, P-value=0.046) for the prey species,
with shorter times for M. galloprovincialis
(36.7+3.3 s) than R. decussatus and C. glaucum
(55.6+5.4 s and 60.0+11.8 s, respectively) (LSD
test P-value <0.05), while the consuming times
(M. galloprovincialis 318+47.17 s; R. decus-
satus =206+29.1 s; C. glaucum=269+44.4 s)
and the overall handling times did not differ sig-
nificantly between prey species (F,=0.64, df=2,
P-value=0.542; F,=0.33, df=2, P-value=0.722,
respectively) (Fig. 8).

The shell thickness index (STI) of the prey
used in the experiment was the lowest for M.

500 -
400 -
00 -
0
00 - b a a
0 L ] [

OManipulating  Mytilus Ruditapes Cerastoderma

@ Consuming
mHandling

Time (sec)
o

= N W

Prey species

Fig. 8 Manipulating, consuming, and handling time for Cal-
linectes sapidus on different prey species Mytilus galloprovin-
cialis (Mytilus), Ruditapes decussatus (Ruditapes), and Ceras-
toderma glaucum (Cerastoderma). Error bars indicate standard
errors; lowercase letters indicate significant differences (LSD
test, P-value < 0.05)
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galloprovincialis (1.32+0.041), followed by R.
decussatus and C. glaucum (2.58+0.089 and
3.89+0.113, respectively).

Discussion

The knowledge about the feeding preference of C.
sapidus comes mostly from studies conducted in the
native range of the species, while only few, though
increasing, information is available about feeding
habits and preferences in non-indigenous areas. The
few available studies that investigated the feeding
habits of C. sapidus in non-indigenous areas (Medi-
terranean Sea coasts) used stomach contents (Rady
et al., 2018) and isotopic analyses (Seitz et al. 2011;
Mancinelli et al., 2016; Aslan & Polito, 2021; De
Giorgi et al., 2024). Those studies revealed that the
blue crab has either an opportunistic or carnivore
behavior and is able to adapt its feeding strategy to
the availability of prey or energy requirements (Seitz
et al., 2011). Such nutritional adaptability is also
mirrored by the occurrence of remarkable differ-
ences in the diet composition among different areas.
In fact, although there is evidence that molluscs are
the most consumed prey, there is spatial variabil-
ity in prey preference, caused by differences in prey
availability among study areas or by inter-specific
competition-driven mechanisms (Rady et al., 2018).
For instance, the analysis of stomach contents of blue
crabs captured in a Mediterranean estuary indicated
that the most consumed and selected food items were
fish, molluscs, and native crabs, with fish having a
higher importance when compared with other areas,
while the consumption of worms, cephalopods, other
arthropods and plant material was occasional (Rady
et al., 2018; Ortega-Jiménez et al., 2024).

To provide new insights on the feeding behavior
of C. sapidus in non-native regions, we explored in
mesocosm the feeding rates and prey preference of
the blue crab toward only bivalve molluscs of high
commercial interest, obtained from a coastal lagoon
facing the Mediterranean Sea. Bivalve species were
provided to the predators either as a singular-species
in a no-choice experiment, as well as simultaneously,
in a prey-choice experiment.

Our results revealed that, after 24 h, C. sapi-
dus caused mortality of R. decussatus 2 to 3 times
higher than that of the two other prey, suggesting a

@ Springer

preference for this species. On the other hand, the
two other less preferred species, M. galloprovincialis
and C. glaucum, exhibited similar mortality rates due
to predation, whichever their size. Overall, the blue
crab showed a general preference for larger individu-
als of R. decussatus, unlike what reported for other
clams by other authors, who did not observe any pro-
nounced selection for different prey sizes (Blundon &
Kennedy, 1982; Arnold, 1984). Nevertheless, clams
with a harder shell, such as Mercenaria mercenaria
(Linnaeus, 1758) were only and occasionally preyed
upon by the largest crabs (Arnold, 1984), suggest-
ing a difficulty for C. sapidus in breaking the shells
of larger hard-clam species. Accordingly, only large
(>40 mm shell height) wedge clams Rangia cune-
ata (G. B. Sowerby I, 1832) were capable of with-
standing crushing capabilities of large blue crabs
(100-165 mm carapace width) (Blundon & Kennedy,
1982).

In the prey-choice experiment, the analyses of the
footages provided clear insights into the alternating
“feeding-resting” behavior of crabs. Upon receiving
prey, the specimens typically consumed up to 5-6
molluscs each (corresponding on average to ca. 2% of
predator weight) within approximately thirty minutes.
Such a prey consumption suggests the occurrence
of a potential short-term satiation, that we referred
to as the ‘first meal.” Following the first meal, the
crabs entered a resting period (of variable duration)
during which they ceased eating. The analysis of the
first meal choice revealed a marked preference of
C. sapidus for R. decussatus, with 67% of the tested
crabs opting for this species as their first choice. This
preference for a specific prey species might be asso-
ciated with the benefits a predator gains from con-
suming a particular type of prey. Indeed, the prefer-
ence toward a certain prey species could be related to
their different profitability. For instance, Ebersole &
Kennedy (1995) reported blue crabs’ preference for
the soft clam Mya arenaria Linnaeus, 1758 higher
than that for the much less profitable wedge clam R.
cuneata. Other feeding studies carried out in meso-
cosm, however, demonstrated also random foraging
by blue crabs on infaunal bivalves (e.g., M. arenaria,
Macoma balthica (Linnaeus, 1758), and Ameritella
mitchelli (Dall, 1895) (Blundon & Kennedy, 1982).
These inconsistent results are difficult to explain but
could depend on the different sets of species offered
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as prey in the different experiments, so that prefer-
ence comparisons cannot be made reliably.

Moreover, the prey preference of C. sapidus could
be also related to the energy spent reburying prey.
Indeed, in previous experiments carried out in labora-
tory conditions the blue crabs were never observed to
reject a clam that they had uncovered from sediment
(5 cm-thick sandy substrate), while they could ignore
clams lying on the sediment surface (Blundon & Ken-
nedy, 1982). This suggests that, in a sort of behavio-
ral trade-off of energy use, C. sapidus, once invested
energy into uncovering buried clams, they eat them,
while if prey are available without the need of invest-
ing energy in uncovering maneuvers, blue crabs can
choose and exert a preference. Considering that C.
sapidus is classified as an opportunistic omnivorous
species (Seitz et al., 2011), it is likely that it exerts a
preference only when prey are easily available, like in
our experiments.

Bivalves shape and robustness to rupture can also
play a key role in molluscs’ vulnerability to preda-
tors’ crushing action (Kaplan, 1998). In this regard,
however, while the manipulating time for M. gal-
loprovincialis, characterized by a lower shell thick-
ness, was lower than that for the two other hard-shell
prey, mussels were never the preferred prey. There-
fore, our results suggest that C. sapidus preferences
toward R. decussatus might not be driven by prey
selection based on shell resistance, but that other
factors, including the energy content or the intrinsic
preference for one prey, could be invoked as well.
Among the others, from a purely trophodynamic per-
spective, we anticipate that further information about
the energy spent to prey on different species with dif-
ferent energy contents and concentrations is needed.
In this regard, in fact, it is noticeable that prey prof-
itability can be a good predictor of blue crab prefer-
ences for bivalve prey with extremely different energy
contents (Ebersole & Kennedy, 1995). Nevertheless,
since our results have been obtained under experi-
mental conditions using adult male predators only, we
cannot predict whether the response of juvenile and
female predator individuals could be the same, thus
limiting our contentions to only a relatively minor
part of the real world. Such limitation holds true also
because prey species selection in the field could be
different than that in mesocosm, as it depends also on
other prey availability and location, on the probabil-
ity of encountering a given prey species (influenced

in turn also by other biotic interactions) and on the
availability of eventual refuges from predation. In this
regard, we must also notice that one of the recognized
and most effective defense against predation for clams
is to bury into the sediment (Pape-Lindstrom et al.,
1997; Seitz et al., 2001; Mouritsen, 2004), though it
depends on the relative burying capacity of both pred-
ator and prey and the sensory ability of the former to
detect buried prey (Haddon et al., 1987; Sponaugle &
Lawton, 1990). Blue crabs are able to search for, dig
up, and consume buried clams and have been found
to easily dig up bivalves up to a maximum burial
depth of ca. 10-15 cm (Seitz et al., 2005; Kampouris
et al., 2019). Indeed, the presence of a substrate did
not result in an enhanced protection of both Ruditapes
spp. and C. glaucum from C. sapidus predation and,
even, both species showed either the same or even
more predation rate in the presence of sand (Prado
et al., 2024).

Despite the possibility for some prey species to
escape predation, it has been observed that in areas
where the blue crabs are invasive, they can impact
native communities and the local fisheries and aqua-
culture activities by preying on native populations
and potentially reducing their availability for the local
markets (Kampouris et al., 2019; Prado et al., 2024).
For example, in the North Aegean Sea the proportion
of blue crabs increased as the population of green
crabs (Carcinus aestuarii Nardo, 1847) became extir-
pated and, anecdotally, the population of the lagoon
cockle (C. glaucum) became virtually extinct at the
same time (Kampouris et al., 2019; Prado et al.,
2022, 2024). Furthermore, in the Ebro River area,
an important decrease of natural banks of bivalves,
such as Ruditapes spp., C. glaucum, Donax trunculus
Linnaeus, 1758, Chamelea gallina (Linnaeus, 1758),
and Scrobicularia plana (da Costa, 1778) has been
observed in the last few years (Baeta et al., 2021;
Prado et al., 2022). In particular, the decrease of
Ruditapes spp., C. glaucum, and S. plana concurred
with increasing abundances of the blue crab, which
also corresponded with a major loss of the hatchery
production of the manila clam R. philippinarum due
to the predation by the blue crab (Prado et al., 2022,
2024). A considerable reduction in professional
catches of the commercially important crab C. aestu-
arii is also being observed most recently in the Santa
Gilla lagoon (personal communication).
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In marine and coastal environments, the produc-
tion of molluscs, most of which are bivalves, rep-
resents about 26% of the global aquaculture pro-
duction (FAO, 2022), and the potential reduced
availability of clams in the local markets can lead
to increased prices, decreased market supply, and
potential losses for businesses reliant on a steady
clam harvest. Such predatory losses could be even
exacerbated under current climate change, because
of the impacts generated on clams by increasing
water temperature over their thermal tolerance lim-
its, rising sea level (contracting the surface of suit-
able lagoonal habitats), increasing frequency of epi-
sodic events, such as flash floods and heat waves,
ocean acidification affecting molluscs biomin-
eralization (Thomsen et al., 2018; Addis et al.,
2021; Ennas et al. 2023; Kruft Welton et al., 2024).
Moreover, C. sapidus, due to the robustness of its
claws, is capable of damaging fishing gear, such as
fyke nets, used by local fishermen for European eel
fisheries, and damage also the commercial catches
inside the fishing gear, as reported by local fisher-
men (Marchessaux et al., 2023a).

Despite C. sapidus has recently become a valu-
able fishing resource in several Mediterranean
countries (Marchessaux et al., 2024), the accumu-
lation of evidence pinpointing the negative con-
sequences of the blue crabs’ invasion on the ecol-
ogy of Mediterranean coastal lagoons and shallow
seas, and, as also shown in our study, their possible
negative influence on commercially important mol-
luscs remain not irrelevant threats, thus stimulating
the assessment of more effective new management
strategies to mitigate their impact.
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