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ARTICLE INFO ABSTRACT

Keywords: Introduced primarily via ballast waters, the Atlantic Blue Crab, Callinectes sapidus, has spread throughout the

Invasive alien species Mediterranean Sea exhibiting a highly invasive behaviour. In introduced ecosystems it is posing a threat to local

geg_avmur species and economic activities. This study compares, for the first time, habitat preference of C. sapidus and the
ediment native green crab, the Mediterranean Shore Crab Carcinus aestuarii, in the Venice Lagoon. Sediment samples from

Lagoon ecosystem .

Restoration natural sandy bottoms, as well as from natural and artificial saltmarshes were used to assess substrate preference

(time spent on each substrate) of both species under controlled laboratory conditions. Sediment composition was
characterized by granulometric analysis, to assess differences in the sediment structure of the samples. Behav-
ioural observations indicated that C. sapidus exhibits a preference for substrates with larger grain size, that
characterized both natural bottoms and artificial saltmarshes, whereas C. aestuarii showed no specific substrate
preference. Moreover, C. sapidus demonstrated significantly higher burrowing activity, likely due to its adap-
tation to sandy environments and burrowing behaviour as a predation avoidance strategy. Hydro-morphological
alterations driven by both human-driven erosion and by restoration actions are increasing the sandy component
of the Venice lagoon sediments across habitats. As a result, the blue crab may potentially thrive in wider areas.
Our findings have implications for conservation and management, as the expansion of C. sapidus could further
threaten C. aestuarii populations through competition and predation, exacerbating the decline of local artisanal
fisheries.

1. Introduction

Non-indigenous species (NIS) introduction into marine and coastal
ecosystems has increased in recent decades due to the intensification of
marine traffic connected to the globalization of trade combined with
environmental changes (Ruiz et al., 2000). In the worst-case scenario, a
NIS may become invasive, disrupting ecological processes and functions
as well as the associated services in the newly invaded ecosystem
(Hulme, 2017).

Habitat preferences play a crucial role in ecological interactions
between native and invasive species. Invasive species often exploit

habitats that are optimal for native species, gaining a competitive
advantage. For instance, the ability to adapt to disturbed or human-
altered habitats can facilitate the establishment and spread of invasive
species, such as in the Venice Lagoon, a heavily human impacted
ecosystem which is particularly vulnerable to invasions by alien species
(Marchini et al., 2015). Indeed, the concurrent presence of major
introduction routes, such as shipping, recreational boating, shellfish
aquaculture and live seafood trade, as well as the multiple anthropo-
genic pressures, including major hydromorphological changes and
climate change (Bellafiore et al., 2014), create opportunities for in-
vasions by altering environmental conditions often impacting native
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species that rely on specific ecosystems. The overlap or divergence in
habitat between native and invasive species also influences the dy-
namics of competition and predation. When habitat preferences overlap
significantly, invasive species may directly outcompete natives for re-
sources such as food, nesting sites, or shelter. Understanding the
mechanisms underlying habitat preferences is crucial for managing
invasive species and conserving native biodiversity.

This study focused on two species of crab (Decapoda), both targeted
by commercial fishers within their native ranges: the Mediterranean
shore crab, also known as green crab, Carcinus aestuarii Nardo, 1847 and
the Atlantic blue crab Callinectes sapidus Rathbun, 1896. In the Venice
lagoon, found along the coast of the northern Adriatic Sea in the Med-
iterranean, C. aestuariii is a traditional important commercial resource
for artisanal fishers (Mazzoldi et al., 2014; Piccardi et al., 2024), who
have targeted it for centuries. Indeed, softshell (post-molt) crab (Vene-
tian, moleca), represents a key source of income for them in spring and
autumn. Interestingly, in other seas and estuaries, such as Japan and
Australia, C. aestuarii has become a highly invasive species that nega-
tively affected marine communities and ecosystems, in particular
preying on juvenile of local crabs including C. sapidus (Carlton and
Cohen, 2003).

The Blue crabs is a warm temperate to tropical species (Marchessaux
et al., 2022) native to sandy substrates from the western Atlantic coast,
from Long Island, USA to Brazil. The first record of this species in the
Mediterranean Sea was in the 1940s when it was introduced through
ship ballast waters (Nehring, 2011). However, only in recent years the
species spread to all the Mediterranean basin, probably favoured by the
ongoing climate changes (Marchessaux et al., 2022). In its native range,
C. sapidus lives in coastal and transitional water bodies, such as lagoons
and estuaries, that have sandy and muddy substrates with a wide range
of salinity and temperature variations (Arnold, 1984). Indeed, one of the
main characteristics that allows this species to become invasive in new
habitats is its high tolerance to environmental oscillations (Mancinelli
et al., 2017a; Castriota et al., 2024; Tiralongo et al., 2024a). The first
sight of this species in the Venice Lagoon was in 1950 and then it was
sighted again between 1991 and 1992 (Mizzan, 1993); after that period
no or sporadic appearances were recorded, as shown for example by
landings’ record of the fish market of Chioggia (Mazzoldi et al., 2014).
However, in recent years the northern Adriatic blue crab population has
boomed in abundance and this species, which has been listed among the
100 most invasive alien species in the Mediterranean Sea, started to
locally behave as an invader including in the Venice Lagoon (Streftaris
and Zenethos 2006; Chiesa et al., 2025). Being a large and generalist diet
organism, for example compared to the local crustaceans, this crab may
occupy a high level in the food web, and recent studies indicate that the
invasion by C. sapidus in the Mediterranean basin significantly altered
the structure and composition of coastal marine communities, directly
affecting the local biodiversity (Clavero et al., 2022; Tiralongo et al.,
2024b). Indeed, starting from 2022 bivalve aquaculture farmers along
Adriatic coasts started to strongly complain about C. sapidus, due to the
heavy loss in clam and mussel production caused by the Atlantic blue
crab (Chiesa et al., 2025). Furthermore, according to local artisanal
fishers of the Venice Lagoon, the native green crab species, C. aestuarii
could suffer the presence of the blue crab.

A key step to better understand how these two crab species, the
invasive one C. sapidus and the local C. aestuarii, interact and to inform
future management actions is to observe if they share similar habitats.
Our aim was therefore to test sediment preference by C. sapidus and
C. aestuarii, using substrate as a proxy for habitat, to clarify the prefer-
ences of these species in the Venice Lagoon and their possible spatial
overlap.
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2. Materials and methods
2.1. Study area

Located in the Mediterranean Sea along the coast of the Northern
Adriatic Sea, the Venice Lagoon is a highly productive ecosystem which
hosts a great variety of habitats, such as salt marshes, mudflats and
seagrass meadows, providing multiple ecosystem services and nursery
areas for many species (Franzoi et al., 2010; Roner et al., 2016; Tom-
masini et al., 2019); nevertheless, the lagoon is a heavily human
impacted ecosystem which is particularly vulnerable to invasions by
alien species (Marchini et al., 2015). A major concern is the disappear-
ance of ecologically-crucial tidal habitats such as salt marshes and
mudflats due to human activities. These include the digging of deep
navigation channels, intense motorboat traffic, and aquaculture activ-
ities that actively dredge substrate, causing its resuspension and loss to
the sea. Other contributing factors are subsidence, sea level rise, and the
recent operation of the MOSE barriers. Together, these factors lead to
altered hydro-morphological settings and consequent erosion
(Tagliapietra et al., 2018; Tommasini et al., 2019; Tognin et al., 2021).
These and other human pressures such as pollution and nutrient loads
(Solidoro et al., 2010) not only impact the high diversity of habitats that
the Venice Lagoon hosts, and the ecosystem services associated to them,
but can potentially enhance the capability of invasive species to colonize
this lagoon (Geburzi and McCarthy, 2018).

2.2. Granulometry

To test for the effect of sediment composition on crab behaviour, in
April 2022 and April 2024, we collected, using a shovel, 5 kg of each
three different types of sediment in the uppermost 10 cm of bottoms of
different habitats in the southern Venice Lagoon: natural saltmarsh,
artificial saltmarsh, and sand (Fig. 1). These sediment types were chosen
to represent both natural habitats with different degrees of fine-vs-
coarse sediments, as well as restored habitats which cover large sur-
faces in the Venice Lagoon (Tagliapietra et al., 2018). The sediment was
collected underwater, at a depth below the mean sea level (Fig. 1). On a
subsample, after the removal of the organic material using hydrogen
peroxide (according to Roner et al., 2016), granulometric analysis using
progressive sieves was performed to classify each sediment type ac-
cording to the Udden-Wentworth scale (Wentworth, 1922) (Table 1).

2.3. Set up of the behavioural experiment

To test the substrate preference of C. sapidus and C. aestuarii, speci-
mens of both species were captured (in April 2022 and April 2024) by
local professional fishers in the southern Venice Lagoon and immedi-
ately (within 2 h from capture) brought to the laboratories of the
“Umberto d’Ancona” Hydrobiological Station of the University of
Padova (Chioggia). We retained only juvenile C. sapidus individuals with
carapace width <10 cm (Marchessaux et al., 2023a) and adult
C. aestuarii individuals (carapace width > 2 cm) to compare individuals
of the two species within the same size range, a choice which also
allowed us to use the same experimental tanks for the two species.

Animals were kept in holding tanks (30 1, 48x12 x 26 cm, bare glass,
open flow) for 48 h, divided by species, with a maximum of 3 individuals
per tank. After the stabulation period each crab was taken and put in the
experimental tanks. The experimental glass tanks (35 x 35 x 35 cm)
were divided into four equal compartments by a squared plexiglass
structure: three containing a 5 cm deep layer of different sediment types
to allow crab specimens to burrow, and one left empty with a bare glass
bottom. Sediments were randomly allocated to different compartments.
After the sediment placement, lagoon water was added to the tank, and
the crab placed in the center of the plexiglass structure surrounded by a
cylindrical PVC tube that covered a portion of all the four tank’s com-
partments (Fig. 2).
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Fig. 1. Sediment collection sites in the Venice lagoon. Yellow and red squares on the zoomed-out map indicate the site of sediment sampling (yellow: saltmarshes;
red: sand). The zoomed-in aerial photo on the left shows sites of artificial and natural saltmarsh sampling (the yellow dots indicate the point of sediment collection);
the right zoomed-in aerial photo shows the site of sand sampling, in Ca Roman (the red dots indicate the point of sediment collection). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Table of the percentage composition of the three chosen sediment types using
the Udden-Wentworth size class.

Size class Natural saltmarsh Artificial Saltmarsh Sand

Clay and Silt 17.27 % 5.22% 1.56 %
Very fine sand 19.13 % 14.02 % 1.00 %
Fine sand 63.34 % 78.70 % 91.33 %
Coarse sand 0.25 % 1.28 % 4.42 %
Very coarse sand 0.01 % 0.41 % 1.15%
Gravel 0.00 % 0.37 % 0.53 %

The experiments were recorded by Nilox Mini Wifi3 cameras (4K
30fps), placed over the tanks. First, the crab was placed in the center of
the tank and surrounded by the PVC tube, to allow the crab to come in
contact with all of the sediment types. After 3 min, the cage was
removed, and the crab was left free to move inside the tank. Behavioural
observations included movements on sediments (time spent on each
substrate) and burrowing behaviour inside of them. Video analyses were
carried out using BORIS (Behavioural Observation Research Interactive
Software; version 7.13.6). After 10 min the camera was stopped and the
crab, removed from the tank, was weighted using a precision scale

(£0.001 g), also measuring carapace width (CW) and length (CL) using a
calliper (+0.01 cm). The sex of each crab was also visually identified by
looking at the abdomen of each crab (Marchessaux et al., 2023a). A total
of 33 adults of C. aestuarii and 28 juveniles of C. sapidus were tested.
After the experimental time, blue crabs were humanely euthanised in a
refrigerator, being an invasive species, while the green crabs were
released in nature.

2.4. Statistical analysis

Results were analyzed with R (Vers. 4.0.5) and RStudio (Vers. April
1, 1106). Differences in size and weight of the two crab species were
tested using the Mann-Whitney test. A two-way ANOVA test was used to
check difference in time spent across substrates between C. sapidus and
C. aestuarii, while one-way ANOVA to test differences in the burrowing
time between C. sapidus and C. aestuarii. For all the analyses the per-
centage time spent on substrates (or burrowed time) has been used after
transformation using the formula:

1 [time

Ti — qin—
me =Ssin 71 00
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Fig. 2. Experimental set up with the squared plexiglass structure equipped with
the three different types of sediment plus the control. In the center of the
structure the PVC tube is visible in white.

Graphs and plots were produced using R (Vers. 4.0.5) and RStudio
(Vers. April 1, 1106).

3. Results

The blue crab was significantly larger, a few centimetres, than the
green crab (Mann Whitney test for mass W = 257.5, p < 0.001; Mann
Whitney test for size W = 19, p < 0.001) (Fig. 3).

There was a significant difference in the time spent over different
substrates, with such difference being species-specific as shown by the

11

Carapace Width (cm)
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significant interaction between the species factor and the substrate type
(Table 2, Fig. 4).

The Tukey post-hoc test revealed significant pairwise differences in
the time spent on different substrates by C. sapidus: time spent on arti-
ficial saltmarsh sediment was longer than time on natural saltmarsh
sediment or the control, while time spent on the control was shorter than
that spent on sand or on the artificial saltmarsh sediment. Instead, the
post-hoc test did not reveal any statistical differences for C. aestuarii
between sediment types (Table 3). Fig. 4 also shows that most of indi-
vidual blue crabs tend to spend a very short time on the different sub-
strates except for one substrate over which they spent most of the
experiment time, unlike the green crab individuals which spent a more
balanced fraction of times across the different substrates.

Finally, the blue crab spent significantly more time burrowed inside
sediments than the green crab (F (1,59) = 22.55, p < 0.001). Such time
typically was close to 100 % of the experiment duration (Fig. 5).

4. Discussion

Our findings indicate differences in sediment preferences between
adults of the native green crab (C. aestuarii) and juveniles of the highly
invasive Atlantic blue crab (C. sapidus). C. sapidus prefers sandy and
artificial saltmarsh substrates, while C. aestuarii exhibited no clear
substrate preference. Additionally, C. sapidus juveniles were observed to

Table 2
Two-way ANOVA results. P-values (*<0.05, **<0.005, ***<0.001) show the
statistical significance.

Two-way Anova df Sum Sq Mean Sq F-value p-value
Species 1 0.13 0.131 0.480 0.489
Substrate 3 7.24 2.412 8.827 <0.001*
Species:Substrate 3 2.22 0.74 2.709 0.04*
Residuals 236 64.49 0.273

C.sapidus

Fig. 3. Boxplots representing the carapace width of the two crab species: C. aestuarii and C. sapidus. Box plots show mean (the thick black line), interquartile range
(the box), outlier (dots), while lines extending from the box represent the range of the data, within 1.5 times the interquartile range.
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Fig. 4. Time spent (expressed in s) on each sediment by C. aestuarii and C. sapidus. “Artificial” stands for artificial saltmarsh sediment, “Natural” for natural saltmarsh
sediment, and “Sand” for sandy substrate. The boxplot represents the time spent for each species divided across the four types of sediments. Box plots show median
(the thick black line), interquartile range (the box), and outlier (dots), while lines extending from the box represent the range of the data, within 1.5 times the

interquartile range. Circles represent the individual measurements.

Table 3

Comparisons between the time spent on sediment types for the two crab species
analyzed with a Tukey post-hoc test. “Artificial” stands for artificial saltmarsh
sediment, “Natural” stands for natural saltmarsh sediment, and “Sand” stands for
sandy substrate. P-values (*<0.05) show the statistical significance.

Tukey test C. aestuarii C. sapidus
Natural-Artificial 0.943 0.007*
Sand-Artificial 0.999 0.869
Control-Artificial 0.844 <0.001*
Sand-Natural 0.828 0.417
Control-Natural 0.999 0.849
Control-Sand 0.669 0.012*

spend a very high (typically close to 100 %) proportion of time buried
within sediments, significantly longer than that of C. aestuarii. These
results suggest substrate selection and burrowing behaviour may play a
role in the ecological strategies of C. sapidus and so in its invasion success
in non-native habitats.

The substrate preferences showed by the blue crab are consistent
with Schaffner and Diaz’s (1988) study in Chesapeake Bay, which noted
that blue crabs avoid sediments with low sandy content; moreover, in
other invaded mediterranean area has been observed how sandy sub-
strates could serve as refugia area for the species (Marchessaux et al.,
2023c). Juveniles of blue crabs, together with adult males, are known to
remain in coastal and estuarine areas, which typically have sandy bot-
toms, while adult females migrate to the sea for egg hatching. Addi-
tionally, during the experiment juveniles exhibited burrowing
behaviour, possibly as a protective strategy against predation, including
cannibalism by larger conspecifics (primarily adult males, Zmora et al.,
2005). The preference for sandy substrates could be attributed to the fact
these animals are adapted to such substrates in native habitats due to the
ease of burrowing in less compact sediments compared to the denser and
firmer ones, whereas the more compact clay and silt composition of
natural saltmarsh sediment poses a greater challenge for juvenile blue
crabs. Associated with that, during the last years, environmental

changes in the Venice lagoon, such as tidal form erosion (Tommasini
et al., 2019) as well as restoration actions which make use of sandier
dredged sediments to construct artificial salt marshes (Tagliapietra
et al., 2018), caused an alteration of substrates, with a decrease of silt
and an increase of sand presence (Molinaroli et al., 2009).

According to our results, the invasion by C. sapidus may be facilitated
not only by its well-known ecological adaptability (Herrera et al., 2024),
but also by ongoing changes in substrate composition toward sandy
bottoms, which seem to favor blue crab juveniles. Sandy sediments
could provide an optimal habitat for juvenile blue crabs by offering
lower resistance to burrowing and potentially enhancing their access to
prey. Additionally, the occupation of sandy substrates may potentially
be influenced by the reception of chemical signals from the organic
component of these sediments. This phenomenon has been demon-
strated in the case of C. sapidus during both megalopa and juvenile
stages, where they colonize different substrates based on chemical sig-
nals, such as molecules released by other organisms already inhabiting
those areas (van Montfrans et al., 2003). This ability to detect and
respond to substrate-specific chemical signals provides a significant
advantage in habitat selection, contributing to the species’ invasive
success in novel ecosystems. Moreover, being a highly productive
ecosystem (Bertolini et al., 2021), the Venice lagoon could serve as a
valuable nursery and recruitment area for invasive species. Finally,
habitat structure alterations and warming trends, both taking place in
the Venice Lagoon (Tommasini et al., 2019; Piccardi et al., 2024),
together with blue crab tolerance to temperature and salinities (Tagatz,
1969; Marchessaux et al., 2022), are known to have heightened the
invasive success of the Atlantic blue crab both in its native and invaded
range (Sanchez-Rubio et al., 2011; Johnson, 2015; Mancinelli et al.,
2017b; Bedmar et al., 2024). This ecological plasticity allows C. sapidus
to colonize not only coastal marine environments, such as estuaries and
lagoons, but also upstream river systems (Zupan et al., 2016; Scalici
et al., 2022). This characteristic worsens containment and control stra-
tegies as the species can impact a broader range of suitable habitats
expanding the potential range of its populations (Tiralongo et al.,
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C.sapidus

Fig. 5. Box plot showing the time each animal (of the two crab species; expressed in s) spends burrowed in sediments: C. aesturaii and C. sapidus. Box plots show the
median (the thick black line), interquartile range (the box), and outlier (dots), while lines extending from the box represent the range of the data, within 1.5 times the

interquartile range.

2024a), posing additional challenges for ecosystem management and
conservation efforts.

In contrast, the local green crab, C. aestuarii, did not exhibit a strong
preference for any specific type of substrate. This lack of preference
could be attributed to its adaption to a wide range of environmental
conditions and substrates. The behaviour results also show how the
green crab tends to move around sediments instead of burrowing within
them. This behaviour could be explained by the characteristics of this
species which digs in the sediment creating holes instead of burrowing
inside sediments (Furota et al., 1999), or by the fact that the tested in-
dividuals were adults and therefore bolder despite the smaller size. The
local green crab has a significant high importance for local artisanal
fisheries, particularly due to the high commercial value of specific life
stages such as post-molt crabs and females carrying eggs. However,
fishers in the region have reported a noticeable decline in C. aestuarii
populations in the Venice lagoon (Piccardi et al., 2024). This decline
could be attributed to several factors, including rising water tempera-
tures linked to climate change, which could disrupt recruitment by
impacting the vulnerable early life stages of this otherwise heat-tolerant
species (Bartolini et al., 2013). Furthermore, the arrival and establish-
ment of highly invasive C. sapidus may exacerbate this decline through
mechanisms such as direct predation, competition for resources, or
habitat displacement. Similar impacts have been documented in other
Mediterranean lagoons, where C. sapidus has been shown to negatively
affect native crab populations (Marchessaux et al., 2023b).

The Venice lagoon comprises various habitats, including seagrass
meadows, subtidal zones, and intertidal mudflats and salt marshes, each
of which may play a crucial role in shaping the distribution and so the
interactions between C. sapidus and C. aestuarii. Indeed, it has been
demonstrated how predation by the Atlantic blue crab is the primary
mechanism against the invasion of C. maenas in eastern American coasts,
preventing the invasive green crab from expanding southward (de Riv-
era et al., 2005). Natural saltmarsh sediment exhibited the highest
percentage of clay and silt compared to the other two investigated
substrates, while artificial saltmarsh sediment and sand were predomi-
nantly composed of fine sand. The different composition of sediments

mirrors the different characteristics of the substrate itself. Indeed, the
high clay and silt content makes the natural salt marsh sediment mud-
dier and more compact, while the artificial salt marsh sediments exhibit
intermediate characteristics between the natural salt marsh sediments
and the sandy sediments, possibly due to recent creation of these habi-
tats, in the framework of morphological restoration efforts in the Venice
Lagoon, and to the origin of the sediments used to restore them (e.g.,
coming from canal dredging activities, Tagliapietra et al., 2018). Un-
derstanding substrate preference in the Venice Lagoon is particularly
important given the large heterogeneity of the sediment texture in this
coastal ecosystem and the ongoing process of human-driven erosion that
is impacting its morphology and sediment properties (Molinaroli et al.,
2009). Indeed, while large scale salt marsh restoration actions are
ongoing (Tagliapietra et al., 2018) to mitigate erosion, such actions have
also the potential to affect local sediment texture, for example salt
marshes restored using sediments dredged for the maintenance of
navigable canals can be characterized by sandier soils, therefore a clear
understanding of the ecological implications of using sediment of certain
grain sizes is needed.

More research is needed to assess the habitat preferences of both
species across substrates and habitats and throughout different stages of
the life cycle, e.g. in the case of adult blue crabs, not investigated here to
focus instead on comparable sizes across the two species. Such studies
would provide valuable insights into their spatial ecology and potential
for competition. In addition, understanding how substrate preferences
change during key life stages, such as larval settlement, juvenile growth,
and adult reproduction, could inform targeted management strategies.

To our knowledge, this study is the first assessment of possible in-
teractions between C. aestuarii and C. sapidus in the Mediterranean Sea;
it provides a foundational understanding of the sediment preferences of
C. sapidus and C. aestuarii, offering critical insights into the dynamics of
their interactions, highlighting how habitat structure and environmental
changes could interact in species competition. The findings underscore
the need for management efforts that focus on areas with sandy sub-
strates, which appear particularly susceptible to colonization by the
invasive blue crab. Future steps are needed to unravel the invasion
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biology of the Atlantic blue crab and its cascading effects on local spe-
cies, such as the local green crab, by prioritizing monitoring and control
measures in these high-risk areas.
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