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One of the consequences of climate change and globalization is the recent
proliferation of the invasive blue crab Callinectes sapidus in the Mediterranean
Sea. In this study, C. sapidus thermal tolerance was investigated through
experiments based on species metabolic response (measuring respiration
rates) to a wide temperature range. Based on metabolic rates, Thermal
Habitat Suitability (THS) maps were performed on current and futures
temperature conditions in the Mediterranean Sea. Thermal Performance
Curve showed a CTmax at 40°C and an optimum at 24°C. Respiration rate
increased between 12°C and 24°C and decreased until 30°C. At the highest
temperatures (> to 30°C) a pointed increase in the respiration rate values was
observed from 32°C before the organisms’ death at 40°C. Predictive maps
showed that the whole basin shows suitable conditions for population
maintenances of C. sapidus in all used warming scenarios. The future
scenarios show a mean increase of +0.2 of the THS over the year. The
present study increases the understanding of the ecological performance
and potential distribution of C. sapidus. This information will contribute to
the design and implementation of risk assessment and management plans of
this impactful crustacean in the Mediterranean Sea.

KEYWORDS

thermal tolerance, respiration rate, ecological performance, climate change,
mapped metabolism

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2022.1055404/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1055404/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1055404/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1055404/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1055404/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.1055404/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.1055404&domain=pdf&date_stamp=2022-12-21
mailto:guillaume.gmarchessaux@gmail.com
mailto:guillaume.gmarchessaux@gmail.com
https://doi.org/10.3389/fmars.2022.1055404
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.1055404
https://www.frontiersin.org/journals/marine-science

Marchessaux et al.

1 Introduction

The expansion of marine species is a consequence of climate
change and human activities (Ramos, 2010; Gallardo et al., 2017;
Ramos et al., 2018; Seebens et al., 2021). The global rise in ocean
temperatures drive and affect organismal performance,
population dynamics and ecosystem structure (Yao and
Somero, 2014; Ramos et al., 2018) producing an expansion of
organisms towards the poles and temperate zones as a response
of their adaptiveness (Sara et al., 2013b; 2018). Changes in
temperature regimes, surface currents, ice cover, and other key
processes contribute to changes in natural or anthropogenic
dispersal of species, promoting the survival and establishment of
some species in previously inappropriate locations (Occhipinti-
Ambrogi, 2007; Hellmann et al., 2008; Bellard et al., 2018; Chan
et al,, 2019).Temperature plays a key role in driving biochemical
and metabolic reactions of organisms determining thermal
tolerance limits, phenology and their ultimate distribution
(Walter and Graf, 2002; Helmuth, 2009; Freitas et al., 2010;
Yao and Somero, 2014). Differences in environmental exposure
may underlie the wide range of physiological responses
observed, highlighting the importance of quantifying the
effects of climate change across most coastal systems (Cooley
et al., 2009).

One of the consequences of the increase in temperature and
human stressors, at local level is the spread and recruitment of
non-indigenous species (NIS) affecting coastal economies
worldwide (Sara et al, 2018). New introductions of NIS are
intensified in recent decades due to rapid globalization and the
increasing trends in human activities (shipping, aquaculture,
fisheries, tourism, etc.) (Boudouresque and Verlaque, 2002;
Katsanevakis et al.,, 2014). Some authors have considered the
NIS spread around the world (Poloczanska et al., 2013; Cheung
et al, 2019) as the largest source of biological pollution,
significantly affecting recipient ecosystems (Albano et al., 2018;
Mangano et al., 2019; Giangrande et al.,, 2020; Ardura et al,,
2021; Seebens et al., 2021). When some of these species become
invasive, they often entail strong ecological and socio-economic
impacts such as habitat modification, biodiversity loss and a
consequent impairment of ecosystem functioning (e.g. trophic
interactions) (Gallardo et al., 2016). As a direct consequence of
these, NIS are able to modify the capacity of ecosystems to
provide ecosystem services and this is often the major cause of
net socio-economic losses of the ecosystem-based human
activities (e.g. fisheries, industrial activities and tourism)
(Katsanevakis et al., 2014; Gallardo et al., 2016; Tsiamis
et al., 2018).

The recent proliferation of the invasive blue crab Callinectes
sapidus (Rathbun, 1896) in the Mediterranean Sea. Native from
the Atlantic American coasts, C. sapidus appeared in
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Mediterranean Sea in 1949, Black Sea and in the Sea of Azov
in 1967 (Nehring, 2011). This species shows a large metabolic
plasticity allowing it to settle in a great diversity of habitats (Azra
et al,, 2020). By benefiting from climate change (Nehring, 2011),
the number of new records entering the Basin continues to
increase in recent years and this species is now found almost
everywhere (Mancinelli et al., 2021) above all in variable
environments such as marine and brackish shallow lagoon
systems, estuarine and coastal ecosystems (Nehring, 2011;
Mancinelli et al., 2017a). The species is considered a strong
competitor and predator of other species with the ability to
modify the benthic habitats, negatively interacting with the local
biodiversity (2017b; Nehring, 2011; Mancinelli et al., 2016). The
fast and widespread distribution of C. sapidus across the
Mediterranean combined with the relative lack of information
regarding the impacts of current and future warming conditions
on the species performance, makes pressing to get a credible
assessment of the effect of climatic disturbance on the species
functional traits.

One tangible measure of how environmental change can
affect the niche extent of one species is represented by rates of
change of the metabolic machinery that, according to first
thermodynamic principles, is driven by external temperature
above all in ectotherms/poikilotherms (Gillooly et al., 2001;
Gaitan-Espitia et al., 2017). Oxygen consumption rate is the
most recognized and effective proxy of metabolic machinery
(Portner et al., 2017) which generally has a bell-shaped
relationship with temperature, as tested if many species (2019;
Harley et al,, 2017; Flanagan et al., 2018) such as crustaceans
(Leftler, 1972; Breteler, 1975; Eriksson and Edlund, 1977;
Gutermuth and Armstrong, 1989; Booth and McMahon, 1992)
and has been linked to the high ventilation rates observed in this
taxon (Frederich and Portner, 2000).

The blue crab C. sapidus has a complex life history living
both in oceanic and estuarine habitats, and using all salinity
regimes to complete the life cycle (Millikin, 1984). Low salinity
environments are used for mating and as nursery habitat, while
the larval growth is observed in sea-level salinities (Hines et al.,
2010). The global warming of the water surface temperature
induced by climate change is evident in the Mediterranean Sea,
especially in the Sicily strait (Bonino et al., 2022; Juza et al,
2022), and may have positively affected the expansion and the
invasive success of the C. sapidus as well as their maturation rate,
brood production, and fitness (Mancinelli et al., 2017a; 2021).

In this study, the thermal performance of the adult stage of
C. sapidus was investigated using the metabolic response as
expressed by the relationship with the oxygen consumption.
Also, this study spatially-contextualizes the thermal niche of the
species under current and predicted future climate conditions in
the Mediterranean Sea.
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2 Material and methods

2.1 The global distribution of Callinectes
sapidus to estimate the environmental
thermal ranges

To define the thermal window of C. sapidus to be investigated
in the experiments, the worldwide geographic distribution of the
species records was extracted from the Global Biodiversity
Information Facility (https://www.gbif.org/) through the R
function “rgbif”. Such points were intersected with the in-situ
temperature (minimum, maximum, mean) downloaded from
Copernicus project website (http://marine.copernicus.eu/; daily
means from 2017 to 2019). The density of occurrences was
calculated and afterwards plotted as a function of temperature
using R Studio software (version 2021.09.0).

2.2 Sampling and
respirometry measurements

To investigate the thermal tolerance of C. sapidus, individual
respiration rate (RR, mgO, h™' gWW ') was estimated as a proxy
of the metabolism (Angilletta et al., 2010; Sokolova et al., 2012;
Gould et al., 2021) at 13 different temperatures: 12°C, 16°C, 20°
C, 22°C, 24°C, 26°C, 28°C, 30°C, 32°C, 34°C, 36°C, 38°C and 40°
C. The lowest temperature at 12°C corresponded to the thermal
limits of the Mediterranean Sea surface temperature which was
not below 12°C in the Sicily seas (Reyes Suarez et al,, 2019).

In May 2022 (period when the population has completed the
growth; G. Marchessaux, unpublished data), 80 specimens
(mean wet weight: 105 + 39 g; mean carapace width: 10.7 £
1.4 cm) of blue crabs C. sapidus were collected using hand nets in
the saltmarshes (named “Salina Grande”; 37°57°13.7”N, 12°
29’51.37E) in the “Saline di Trapani e Paceco” Nature Reserve,
Sicily (Italy). During the transport, organisms were placed in
different coolers (Volume: 50 L, 6 organisms per each cooler)
and oxygenated with an air pump. Organisms were brought back
to the Laboratory of Ecology in Palermo (Sicily, Italy) within 2 h,
and acclimated to the aquarium conditions (60 L; temperature:
22°C; salinity: 35 psu) for 48 hours.

After having made sure of their good morphological
conditions (whole organisms, no missing organs [claws, legs,
etc.]), individuals were randomly divided in 13 groups (n=6)
according to the number of experimental temperatures. The
thermal tolerance experiments were performed starting from the
sampling water temperature (22°C), the temperature in each
group was increased/decreased to the following level at a rate of
1°C per hour (2022; Prusina et al., 2014; Bosch-Belmar et al.,
2021). Individuals were acclimatized for 24 h after reaching the
13 experimental temperatures.

After the acclimatization to the experimental temperature,
oxygen consumption measurements as a function of different
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temperatures were performed. The six individuals belonged to
every temperature set were individually placed within a
respirometric chamber (2 300 ml) containing filtered
(Whatman GF/C 0.45 um) air-saturated, 35 psu seawater. Two
other respirometric chambers were filled only with filtered
seawater and used as controls. To ensure the constant mixing
of the water, each chamber was stirred with a magnet bar and an
individual stirring device (2022; Bosch-Belmar et al., 2021). The
respirometric chambers were then randomly distributed in two
temperature-controlled circulated stable water baths (Grant
Optima TX150). The controlled chiller system and the
thermostatic heater were used to cool/heat the water and
maintain the experimental temperatures. Temperature was
recorded throughout the recording period through the HOBO
Pendant® loggers (mod. MX2201, + 0.5°C accuracy). The
dissolved oxygen concentration was measured simultaneously
with 3 optical oxygen meters (Pyro Science Firesting O2) each
equipped with four optodes (12 optodes in total). Oxygen
consumption was measured in continuum for 1 hour.
Respiration rate was calculated according to Sara et al.
(2013a): RR=(C,o— C,;) Vol, 60 (t;—t;)~"
oxygen concentration at the beginning of the measurement,

where “Ct,” is

“Ct,” is the oxygen concentration at the end of the measurement,
and “Vol,” is the volume of water in the respirometric chamber.

After respiration rate measurements, biometric parameters
of carapace width (CW, as the widest point behind the posterior
anterolateral spines, in cm), carapace length (CL, as the distance
between the center of the anterior interorbital margin, and the
center of the posterior margin, in cm), and wet weight (WW, in
g) of all organisms were recorded. The respiration rate was
reported to the individuals’ wet weight to control the effect of the
body mass on the respiration rate.

2.3 Physiological model regressions and
mapping the thermal habitat suitability

To identify the thermal tolerance of C. sapidus Thermal
Performance Curve (TPC) model regression was performed
using the “rTPC” R package (Padfield and O’Sullivan, 2020)
launching and comparing a total of 24 different non-linear least-
squares TPC models (Supplementary Figure 1) (Padfield and
O’Sullivan, 2020). The “best” fitting model was identify based of
the lowest AIC scores (Padfield and O’Sullivan, 2020; Bosch-
Belmar et al., 2022). The TPC was drawn, and then the
bootstrapping was performed to calculate 95% prediction
limits for the selected TPC model and confidence intervals
around its temperature optimum. The respiration rates related
to the shift from the optimal to the pejus temperature range (e.g.
thermal stress; > 30°C in our study) (Sokolova et al, 2012;
Prusina et al., 2014) were removed for the TPC (Thermal
Performance Curve) analysis since they only represent a stress
and not an inhibition of the metabolism linked to high
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temperatures (Jost et al., 2012; Sokolova et al.,, 2012; Prusina
et al., 2014; Bosch-Belmar et al., 2022).

To test the differences in respiration rates between
temperatures between the optimum obtained in the model and
the other temperatures tested, an ANOVA and a Bonferroni
post-hoc test (significant difference = p< 0.05) were performed
using R Studio (version 2021.09.0).

The model parameters were used to predict the current and
future potential occurrence of C. sapidus based on the adaptation
of respiration rate to the future increase of temperature (Sakalli,
2017; Di Biagio et al., 2020). Parameters related to the maximum
respiration rate (rmax), the optimal temperature (Topt) and the
full curve width (a) were extracted from the TPC model and used
in the thermal habitat suitability maps. The equation curve of the
“best TPC model” was applied to predict the potential
occurrence of the blue crab C. sapidus in the present-day
climatic conditions (year 2019, data extracted from Copernicus
project website (http://marine.copernicus.eu/).), and in two 2050
future scenarios of greenhouse gas (GHG) emissions (RCP
(Representative Concentration Pathway), RCP4.5 and RCP8.5;
outputs from Bio-ORACLE V2.0 (Assis et al., 2018, www.bio-
oracle.org/). To convert the TPC in thermal habitat suitability
(THS) maps, data on experimentally measured respiration rate
was converted into probability of occurrence (between 0 and 1)
at different in situ temperatures. To predict the Thermal Habitat
Suitability (THS) the different oxygen consumption values were
scaled to the RR value at the temperature optimum predicted by
the model, using the following formula according to Bosch-
Belmar et al. (2022): THS= RR/RRq, where THS was the
occurrence probability, RR; the respiration rate value at
temperature t, and RRgy the value of respiration rate at the
optimum temperature predicted by the best TPC model chosen.

10.3389/fmars.2022.1055404

The THS, comprised between 0 and 1, were calculated at pixel
level (1 km?) using the current and future environmental values
(Bosch-Belmar et al., 2022) for the first 40 m depth,
corresponding to the depth range of C. sapidus (Mancinelli
et al., 2017a). The obtained maps were exported in raster format.
To identify the monthly difference between the current and
future scenarios, subtractions between future and present raster
layers were performed and the results were presented in
histograms using R Studio (version 2021.09.0).

3 Results

3.1 Thermal performance curve
of C. sapidus

The occurrence of Callinectes sapidus was observed over a
wide range of temperatures (Figure 1) from 7°C to 32°C (number
of records: 52 323). The highest densities were observed at 12°C
(the minimum temperature), at 23°C (average temperature) and
at 32°C (the maximum temperature). The thermal window of C.
sapidus was large with a possible optimum around 22-23°C
based on the world scale occurrences (Figure 1).

Temperature significantly affected the respiratory rates
(Figure 2). Respiration rate (mean + standard deviation)
measured in acclimated crabs increased from 0.04 + 0.01
mgO, h™' gWW™ at 12°C to 0.15  0.03 mgO, h™' gWW™" at
24°C. Between 24°C and 30°C, the oxygen consumption
decreased from 0.13 + 0.03 mgO, h'! gWW'1 (26°C) to 0.10 +
0.02 mgO, h™' gWW™ (30°C). At the highest tested
temperatures (> to 30°C) a pointed increase in the respiration
rate values was observed from 32°C (0.19 + 0.05 mgO, h'!
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FIGURE 1
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Density of Callinectes sapidus occurrences as a function of temperature (minimum, maximum, mean). Number of = 52 323 records.
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Respiration rate (RR; mgO, ht gWW™L; WW: wet weight) of Callinectes sapidus as a function of the temperature measured experimentally. The
blue line represents the mean thermal performance curve (TPC) regression. The red indications explain the trends and the metabolic responses

to the different temperatures.

gWW’l) to 38°C (0.26 + 0.03 mgO, h! gWW’l) before the
organisms’ death at 40°C (100% of mortality) (Figure 2). Such a
response between 32 and 38°C may be related to the shift from
the optimal to the pejus temperature range.

Among other, Flinn regression (Flinn, 1991) realized the “best
fitting” model presenting the lowest AIC score (see Supplementary
Figure 2; Supplementary Tables 2, 3 for details). Thus, the thermal
performance curve (TPC) obtained from our laboratory
experimental measurements of the fitted Flinn model and
estimated in this specific Mediterranean population, showed a
thermal optimum (Topt) for C. sapidus at 24°C (Figure 3A);
respiration rate significantly different (Supplementary Table 4)
with the other temperatures (12°C-30°C).
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3.2 Thermal suitability prediction maps

Based on this estimated experimentally metabolic rate range
(Figure 3B), predictive metabolic maps showed that the Thermal
Habitat Suitability (THS) of C. sapidus in the Mediterranean Sea
may seasonally vary among different basin sections (Figure 4).
For example, the autumn and winter temperatures (between
October and March) were only suitable along the southeastern
coasts of the Mediterranean from the Gabés Gulf (Tunisia) to
the Levantine Basin (Thermal Habitat Suitability, THS between
0.4 and 0.6). Instead, the spring (from April to June) was
optimal for C. sapidus along the south coast and in the
Aegean Sea (THS > 0.6); in June and July, temperatures were

frontiersin.org
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FIGURE 3

(A) Thermal Performance Curve (TPC) according the Flinn model based on the respiration rates (mgQO, h™ gWW™). The blue band represent the
95% confidence interval; (B) Thermal habitat suitability (THS) scale within the TPC of Callinectes sapidus ranging from low (0) to high (1) species
thermal suitability probability. Different colors (representing the species THS) would correspond to: optimum temperature range (green colored),
lower and upper pejus ranges (light green and yellow colored), pessimum (orange colored), and lethal ranges (red colored) (Sokolova et al., 2012).

particularly optimal for the species in the whole Mediterranean
Sea (THS > 0.8). The THS were mostly optimal (THS > 0.8)
along the Northern coasts (from Spain to Turkey) of the
Mediterranean between August and October. Finally, our
analysis showed a decrease of THS in the northern part of the
Mediterranean Sea in November and December in contrast to
the southern coasts where high THS (> 0.8) were observed
until December.

Maps illustrating the distributional predictions under the
RCP 4.5 and 8.5 (2050) scenarios showed a spatial increase of
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monthly THS for C. sapidus (Figures 5, 6). Akin trends as in the
current scenario were observed in the southern and northern
Mediterranean for both futures scenarios. The main difference
was an increase of the THS (from 0.2-0.4 to 0.6) in the Gulf of
Gabes (Tunisia), the Adriatic Sea, the Tyrrhenian and Sicilian
Seas during the winter periods under the future warming
scenarios. The summer optimal periods were longer than in
the current scenario with THS > 0.6 from July to November. For
both future scenarios, the monthly THS increased by an average
of +0.2 (Supplementary Figures 3, 4).
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4 Discussion

The invasive success of the blue crab Callinectes sapidus in
the Mediterranean Sea is due to the high physiological plasticity
and the capacity to benefit of local and changing conditions due
to global increasing of temperature (Edgell and Hollander, 2011;
Nehring, 2011). Our study permitted to investigate of the
Thermal Performance Curve (TPC) and the identification of

thermal thresholds for C. sapidus.

Frontiers in Marine Science

Current predicted Thermal Habitat Suitability (THS) of Callinectes sapidus in the Mediterranean Sea. The graph below represents the Thermal
habitat suitability (THS) scale within the TPC of Callinectes sapidus ranging from low (0) to high (1) species thermal suitability probability.
Different colors (representing the THS scale) would correspond to: optimum temperature range (green colored), lower and upper pejus ranges
(light green and yellow colored), pessimum (orange colored), and lethal ranges (red colored).

Current scenario

The respiration rates measured in this study were in the
same ranges with the limited datasets available on the effects of
temperature on the oxygen consumption rate of C. sapidus in
its native areas (Leftler, 1972; Laird and Haefner, 1976; Booth
and McMahon, 1992; Brylawski and Miller, 2003). Indeed, to
date there are no studies presenting the thermal tolerance of C.
sapidus in its native range and in areas where the species is
introduced. For example, the populations studied in the
literature were mostly from estuarine waters of the North
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Atlantic (native range), while the population studied in our
study came from Mediterranean coastal environments where C.
sapidus was introduced only some decades ago. Across the
current the literature, there is no reported experimentally clear
optimum for the native areas, although there is evidence of
respiration rates falling in the same ranges of those measured in
the Mediterranean. Overall, apart from the extreme values
observed by Leffler (1972), respiration rates were similar

Frontiers in Marine Science

Future 2050 RCP 4.5 predicted Thermal Habitat Suitability (THS) of Callinectes sapidus in the Mediterranean Sea. The graph below represents
the Thermal habitat suitability (THS) scale within the TPC of Callinectes sapidus ranging from low (0) to high (1) species thermal suitability
probability. Different colors (representing the THS scale) would correspond to: optimum temperature range (green colored), lower and upper
pejus ranges (light green and yellow colored), pessimum (orange colored), and lethal ranges (red colored).

08

Future scenario
2050RCP 4.5

between studies (previous published literature and our study),
indicating a predictable increase in oxygen consumption rate
up to high temperature levels with two different optimum
depending on population geographic location: (i) one thermal
optimum at 34°C estimated in native areas based on literature
data extracted during a meta-analysis (Brylawski & Miller,
2003), and a new one (measured experimentally) at 24°C in
the introduced area (Mediterranean Sea, present study).
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Further research is needed on the adaptation mechanisms
responsible to the discrepancy between what was obtained in
the native range and data coming from our experiments with
individuals collected in our study area. Nonetheless, due to our
experimental evidence produced in this study, we are forced to
trait with skepticism literature data indicating an optimum at
34°C in the native range, seen such an observation was done in
the native range whose mean temperature is much colder than
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what is usually observed in our Mediterranean study areas.
Moreover, our experimental optimum (24°C) identified for
Mediterranean populations coincides with the thermal
optimum (23-24°C) obtained from the performed density
plot based on species GBIF occurrence records (Figure 1).
Several authors agree on the correlation between species
occurrence (and the relative putative abundance) and the
environmental suitability, which fixes that a species exhibit
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greater aggregations where the environment is more suitable
(Weber et al., 2017; de la Fuente et al., 2021). This further
corroborates our data showing the thermal optimum of the
species around 24°C. Thus, we are confident in saying that our
experimental thermal data fully confirmed what we derived
from the occurrence density around of the Mediterranean Sea.
Indeed, the positive effect of temperature on the respiration
rates of the blue crab C. sapidus is now established and provides
major precision in getting metabolic estimates, which is a good
proxy of invasive capabilities in the Mediterranean. This is
crucial when assessing how temperature influences metabolism
and to infer on how species is able to maintain itself and
colonize new areas. In fact, the levels of temperature treatment
in this study were chosen based on the potential realized niche
ranges observed for C. sapidus, as well as including high
environmental temperatures representatives of the future
changes expected especially in the summer period in coastal
environments and more globally in the Mediterranean Sea. The
Flinn thermal performance curve model identified the critical
maximum temperature (CTmax) for Mediterranean C. sapidus
individuals at 40°C, in agreement with previous published data
reporting lethal temperatures for the species at 39-40°C
(Brylawski and Miller, 2003) and survival data coming from
the current work (crabs mortality was recorded at 40°C). The
large window of thermal tolerance for blue crabs C. sapidus
may be explained by the adaptation to temperatures of the
Western Sicily salt ponds (the sites from where crabs flourish
and where individuals for present experiments were collected)
that due to the shallowness of ponds can go over 30°C in
August (Bellino et al., 2019; G. Marchessaux personal data) or
even higher (33°C) during multiple extreme climatic events
(Sara et al., 2021).

Lagoon and estuarine systems are particularly affected by
increasing temperature due to global change. There, temperature
varies rapidly on short spatial and temporal scales (both seasonal
and daily) (Brito et al., 2012). Thus, physiological plasticity and
tolerance to wide temperature ranges are advantageous for
species such as blue crabs living in these habitats. For example,
during migrations from the sea to lagoon and estuarine systems,
juvenile blue crabs are exposed to highly changing
environmental conditions (Etherington and Eggleston, 2003).
Variability in physiological variables such as oxygen
consumption rate and broad thermal tolerance may therefore
help crabs to survive this migration and could contribute to
population success in the face of a changing climate. Callinectes
sapidus species can (i) survive and thrive as the climate
continues to change in the future (Azra et al., 2018) and (ii)
spread in new non-natives environments as observed in the
Mediterranean Sea. Based on the thermal suitability mapped at
the Mediterranean Sea scale it appeared that the current thermal
ranges offered by this region are suitable for C. sapidus. The
probable increase of temperature in a close future could increase
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the presence probability of this species all the year in the areas
where the species is.

Invasive species are of great concern, especially in marine
ecosystems, as they are considered a global threat to local
biodiversity (Bax et al., 2003; Costello et al., 2015). Previous
studies have shown that heat tolerance plays an important role in
the successful invasion of an aquatic invertebrate (Iftikar et al.,
20105 Bates et al., 2013; Kelley, 2014; Azra et al., 2020; Bosch-
Belmar et al., 2022). The data from this study, combined with
previous work on the effects of temperature increase on adult
blue crabs in a Mediterranean lagoon, provides a window into
the overall effect of environmental change on the performance
and potential distribution of this highly invasive species in the
Mediterranean Sea. Understanding the metabolic linked aspects
as expressed by a simple functional trait such as the oxygen
consumption rate, allows for a better understanding of the
habitats favorable to the establishment of C. sapidus populations.

Increasing our understanding of the ecological role of an
invasive species in affecting the ecosystem functioning is
essential for the future management measures of biodiversity,
especially at cross-border scale. The use of trait-based
information, such that used here, to improve management
tools for ecosystem conservation and management of
ecosystem-based economic activities has recently increased
(Anton et al,, 2010; Truchy et al., 2015). The creation of basal
layers based on species functional traits following mechanistic
approaches and its integration within traditional management
tools (such as correlative species distribution models) (2022;
Talluto et al., 2016; Gamliel et al., 2020; Bosch-Belmar et al.,
2021), may generate more feasible and ecologically informed
management measures increasing our ability to predict
ecosystems responses to climate change (Mangano et al., 2019)

Temperature is a key environmental factor influencing the
ectotherms metabolism. The thermal suitability maps of this
study can be an effective visual tool to assist conservation
managers and practitioners in addressing biodiversity
conservation measures and for detecting current and future
specific areas of vulnerability. Mapping the suitable thermal
habitats will enable effective preventive and mitigation measures
such as, the removal of individuals and/or to implement Early
Detection Response (EDR) frameworks supporting practitioners
in assessing changes in species composition and evaluating the
status of vulnerable and ecosystems (Butchart et al., 2010;
McGeoch et al.,, 2010). Visualizing the metabolic distribution
through maps helps to identify the emergence of new conditions
conducive to the introduction of NIS, and to address the risks
associated with policy making and administration at national
and European levels (Hulme et al.,, 2008). Furthermore, these
results can be easily used to predict thermal suitable habitats and
predict the invasion probability. Baseline information on species
thermal tolerance and thresholds is of vital importance to
improve our ability to predict effects and consequences of
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future changing environmental conditions on organisms’
performance, phenology and distributions.
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