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ARTICLE INFO ABSTRACT

Keywords: The latest report from the Intergovernmental Platform on Biodiversity and Ecosystem Services
Thermal tolerance (IPBES) expresses concern over the global proliferation of non-native species (NIS) driven by
Blue crab

increasing temperatures. In 2023, the invasive blue crab Portunus segnis in the Mediterranean
experienced a significant range expansion due to warmer waters in northern and western regions.
Recognizing thermal tolerance as crucial for conservation, this study, using the blue crab as a
model, emphasized the importance of considering thermal metabolic performance in conserva-
tion efforts. In this study, we experimentally measured the metabolic performance of P. segnis at
different temperatures (from 7 to 42°C) using an oxygen consumption measurement system. The
thermal performance curve (TPC) of P. segnis rose from 0.016 + 0.011 mgO2 h! gWW’l (12°Q)
to 0.238 £ 0.011 mgO, h™* gWW ! (34°C), and decreased beyond. Organisms succumbed at 7°C
and 42°C. The TPC obtained was compared with 24 TPC models and the O’Neill regression was
the best fitting model determining the minimum critical thresholds (CTp;,) at 11.33°C and CTyax
at 41.13°C. Using the TPC curve equation, we applied the curve to satellite Mediterranean
temperature data for the year 2022 and for the future (RCP 4.5 and 8.5) to determine the current
and future monthly distribution of favorable thermal habitats for P. segnis. Results anticipated the
future expansion of the species along the Spanish, French, Italian, and Greek coasts of the Aegean
Sea, providing maps to prioritize high-risk invasion areas. Additionally, in the areas where the
species in currently present, results predicted a long-term persistence of the species. Under-
standing species’ responses to temperature changes appears crucial for anticipating and
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addressing the impending expansion of invasive species, underscoring the urgency of nature
conservation measures.

1. Introduction

The latest report from the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) raises alarms
about the global proliferation of Non-Indigenous Species (NIS) (Roy et al., 2023). Among the 37,000 recorded NIS, 3500 are Invasive
Alien Species (IAS), contributing to 60 % of global species extinctions, impacting biodiversity through ecosystem modifications,
resource competition, and predation (Roy et al., 2023). Climate change exacerbates species distribution changes, indirectly facilitating
IAS spread, often at the expense of indigenous species. Monitoring both indigenous and invasive species is crucial for understanding
climate change impacts and implementing effective conservation measures (Delong et al., 2018).

In 2023, a historic shift occurred in the invasion dynamics of the Red Sea swimming blue crab, Portunus segnis (Forskal, 1775), in
the Mediterranean Sea. The unprecedented warming of Mediterranean waters facilitated its exponential expansion, with new sightings
in the Gulf of Cadiz (Spain) and the Italian Adriatic coasts, surpassing its previous confinement to the southeastern Mediterranean (de
Carvalho-Souza et al., 2023; Grati et al., 2023). Originating from the Indo-Pacific, P. segnis, an early Lessepsian invader, was first
recorded in Egypt in 1898 after the Suez Canal’s construction. Since the 2000s, it has established across the south Mediterranean,
posing threats to local biodiversity and artisanal fisheries (Marchessaux et al., 2023; Tureli and Yesilyurt, 2017). While its aggressive
behavior negatively impacts native species and habitats, the challenge lies in devising effective conservation measures for such
invasive organisms reaching new habitats (Blackburn et al., 2011). The potential expansion of P. segnis underscore the urgency of
implementing robust conservation strategies to mitigate local biodiversity losses and safeguard ecosystem integrity.

Conservation is based on diverse methods, including habitat restoration, protected area management and proactive measures to
combat invasive species (Rahel et al., 2008). However, new challenges posited by climate change need adaptation and refinement of
the current accepted strategies (Ben Souissi et al., in press). For instance, creation of climate-resilient corridors may help species
migrate to more suitable habitats, as well as the development of policies to prevent the further spread of invasive species. Ultimately,

Cold-tolerant
species

Generalist
species

Environmental temperature (°C)

Species Thermal Performance

Thermal generalist d

Thermal specialist

Fig. 1. Conceptual diagram presenting the different response scenarios of ectotherms cold-tolerant, hot-tolerant and generalist species to climate
warming (on the top). Comparison of the different adaptive strategies of generalist and specialist (cold or hot tolerant) species to climate warming
(on the bottom). Generalist species (red curve) have metabolic rates maintained over a wide thermal range, but have a limited capacity for
adaptation and acclimatization, leading to a reduction in adaptive potential. Specialist species (blue curve (for the cold tolerant) or orange curve (for
hot tolerant)) have a narrower thermal niche, with a limited acclimatization response, and may be more sensitive to temperature changes. In
contrast, tropical species (hot tolerant) can withstand modest increases in environmental temperatures.

Figure modified from (Verberk et al., 2016).
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understanding the intricate relationship between climate change and the distribution of species now is becoming urgent for the
effective preservation of biodiversity and the long-term health of our planet’s ecosystems.

The increase in temperature is the main climate factor driving new invasions (Wallingford et al., 2020). Understanding the thermal
tolerance of non-indigenous species (NIS) is crucial for predicting how, when, and where these species will colonize new habitats.
Thermal tolerance is a critical trait in many species, particularly among ectothermic organisms, as it reflects their adaptation to local
temperature conditions. Body temperature has a profound impact on metabolic rate, a crucial aspect for ectotherms that rely on
external heat sources to regulate their internal temperature (Matzelle et al., 2015). Consequently, their internal temperature mirrors
their environment, whether aquatic or terrestrial. This correlation implies that internal energy flows, such as assimilation and somatic
maintenance (Kooijman and Kooijman, 2010), are controlled by body temperature, thus forming the basis of the thermal performance
curve.

Organisms exhibit variations in their performance curves, including breadth, skewness, and optimal position (Angilletta and
Angilletta, 2009; Rubalcaba et al., 2020; Sokolova et al., 2012). Performance curve analysis has proven essential in understanding the
relationship between environmental factors like temperature and salinity and various fitness-related parameters such as growth ef-
ficiency, assimilation, fecundity, survivorship, and feeding rate (Angilletta and Angilletta, 2009; Sokolova et al., 2012). These curves
(Fig. 1), which vary with body temperature, assume diverse shapes, often with right-positive skewness (indicating cold thermal
preference), left-negative skewness (heat-tolerant species), or symmetry (generalists) (Angilletta and Angilletta, 2009; Sinclair et al.,
2016) (Fig. 1). Compared to theoretical correlative models (e.g. Species Distribution Models) based on species distribution via their
occurrence with potential bias in species presence data, the mechanistic measurement of metabolic performance via thermal tolerance
involves measuring respiration rates across a wide range of temperatures, which may be outside the natural conditions where the
species is observed, to determine the complete performance curve (Bosch-Belmar et al., 2022; Marchessaux et al., 2022). This method
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Fig. 2. Conceptual diagram presenting the experimental set-up used to measure the species thermal performance. The numbers correspond to the
different elements used in the experiments (refer to the legend for more details). Each experimental setup consists of a water bath containing ~100 L
of water heated using a Grant® heater to maintain a constant temperature. Below the water bath, four magnetic stirrer stations are positioned, on
which the respiration chambers are immersed (1 control per water bath and 3 experimental chambers). Each respiration chamber (2 300 mL)
contains filtered seawater and a plastic cage glued to the bottom enclosing a magnetic stirrer ensuring water homogenization within the respiration
chamber and avoiding contact between the magnetic stirrer and the blue crab. A spot is attached to the glass wall inside the respiration chambers,
allowing measurement of oxygen concentration using the optical probe, connected to the Pyro Science Firesting O2 system, positioned on the
exterior wall of the respiration chamber. The respiration chambers are hermetically sealed before immersion. This diagram was performed by G.
Marchessaux.
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allows for the collection of valuable data to predict species’ performance responses to higher temperatures beyond those currently
observed, offering insights into potential colonization patterns under rising temperatures (Bosch-Belmar et al., 2022; Marchessaux
et al., 2022).

Thermal tolerance is now recognized as a valuable tool for measuring conservation efforts (Sinclair et al., 2016; Verberk et al.,
2016). Understanding how species respond to temperature changes can help conservationists assess the impact of climate change on
ecosystems. This allows for estimating the detrimental repercussions on local biodiversity and the consequent effects on ecosystem
functioning (sensu Bannar-Martin et al., 2018). Mapping an organism’s thermal tolerance curve facilitates the establishment of
niche-based mechanistic relationships, aiding in predicting potential habitats and emergence times within local biodiversity. This
mapping tool based on species performance curves allows for the development of targeted strategies, yet to be appropriately designed,
to protect and preserve biodiversity, as well as producing powerful tools for policymakers aimed at mitigating the effects of global
warming. Essentially, this knowledge empowers us to make informed choices to safeguard our natural world in the face of environ-
mental challenges.

Given the potential of this approach and the recent expansion of the invasive Red Sea swimming blue crab, Portunus segnis, this
study presents how experimentally measured thermal tolerance can help produce predictive distribution maps to define its current and
future distribution. This provides essential information to understand the invasion story of this impactful invasive species, enabling us
to anticipate potential future expansion and improve conservation management at different spatial scales.

2. Materials and methods
2.1. Sampling and respirometry measurements

In September 2023, 100 organisms were collected in the Bizerte Lagoon, Tunisia (latitude: 37.230, longitude: 9.863), using arti-
sanal gill nets. Crabs were acclimated to laboratory conditions (60 L aquarium, 26°C temperature, 28 psu salinity) for 48 hours, and
divided into 16 groups of 6 individuals each, corresponding to the 16 experimental temperatures studied ranging from 7°C to 44°C.
After 24 hours of acclimatization to experimental temperature (adjusted by 1°C per hour; Bosch-Belmar et al., 2022; Marchessaux
etal., 2022; Prusina et al., 2014), organisms of each group (x 6) were placed in a respirometric chamber (volume: 2 300 mL; diameter:
15 cm) containing air-saturated filtered water (Whatman GF/C, 0.45 pm) (Fig. 2). Two chambers without blue crab were used for
controls to define the natural decrease in oxygen concentration in water only. The respirometric chambers (2 controls and 6 exper-
imental) were distributed in temperature-controlled circulated stable water baths. The controlled chiller system and the thermostatic
heater (Grant Optima TX150) were used to cool or heat the water and maintain the experimental temperatures (Fig. 2). Different
organisms (6 per temperature) were used for each temperature treatment. In each respirometric chamber (controls and experimentals),
water was mixed with magnetic stir bar placed in a plastic cage (6 cm diameter, 0.8 cm width) to avoid contact between the magnetic
stir bar and the crab (Bosch-Belmar et al., 2022, 2021; Marchessaux et al., 2022). Oxygen consumption was measured in continuum
(every second) for 1 hour using the Pyro Science Firesting O2 system (Fig. 2). At the end of the experiment, specimens’ individual wet
weight (WW) was measured to adjust respiration rates based on individual WW, to avoid the body mass effects (Bosch-Belmar et al.,
2022; Marchessaux et al., 2022).

As respiration rate (RR) being a linear curve, for each experimental condition (control and experimental) at each temperature, a
linear regression was performed, and the slope (a) of each curve (RR = a*Time + b), corresponding to an oxygen consumption rate per
second, was extracted. The natural oxygen consumption decrease in control conditions was removed to the experimental data to define
the real RR of each specimen. The RR was converted per hour and divided by the wet mass of each individual to obtain a rate in mgO
h~tgwwL

2.2. Thermal performance curve model

Using R studio (version 2021.09.0), we employed the "rTPC" R package (Padfield and O’Sullivan, 2020) to define the “best”
Thermal Performance Curve (TPC) model regression by comparing 22 non-linear least-squares models and selected the "best" model
based on the lowest AIC (Akaike information criterion) scores (Bosch-Belmar et al., 2022; Marchessaux et al., 2022; Padfield and
O’Sullivan, 2020) (Supplementary Table 1). We visualized the TPC, calculated 95 % prediction limits using bootstrapping (95 %
confidence interval), and extracted parameters: maximum respiration rate (rmax), optimal temperature (Top), temperature coefficient
(Q10), and Critical Thermal maximum (CTpax), and minimum (CTp;y,) to assess heat species stress tolerance. The thermal safety margin
was considered to gauge sensitivity to heat stress, especially relevant for tropical species (Desforges et al., 2023).

2.3. Mapping the current and future thermal suitability

The TPC model was used to predict the potential distribution of P. segnis in current (year 2022) and future (2050) climate scenarios
under different greenhouse gas emissions (RCP 4.5 (the optimistic one); and RCP 8.5 (the pessimistic one); outputs multiple CMIP5
models, https://cds.climate.copernicus.eu/). To convert the TPC into Thermal Habitat Suitability (THS) maps, respiration rates were
scaled to the oxygen consumption at the predicted optimum temperature using the formula THS = RR;/RRop:, where THS represents
occurrence probability, RR; the respiration rate at temperature t, and RRoy the respiration rate at the optimum temperature from the
TPC model (Bosch-Belmar et al., 2022, Marchessaux et al., 2022). THS values (ranging from 0 to 1) were calculated for each 1 km?
pixels, each month of the year up to a depth of 65 m in the Mediterranean Sea, the habitat range of P. segnis (Hosseini et al., 2014;
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Naderloo and Tuerkay, 2012; Rabaoui et al., 2015). Maps were generated using R Studio and formatted in QGIS (version 3.10.7-A
Coruna).

Local population-level assessments were conducted by extracting THS probabilities from published P. segnis occurrence points
(Castriota et al., 2022). To assess the species’ persistence, we calculated the percentage change in THS between current and future
scenarios (2050 RCP 4.5 and RCP 8.5) using the formula: %of change = (THS20s0rcri — THS2022) X 100, and presented as boxplots
using the R Studio, "ggplot2" package (Wickham et al., 2016).

3. Results

Initially founded in the South-East Mediterranean (Tunisia, Sicily, Malta, Egypt to Turkey), P. segnis has expanded northward into
Adriatic Sea (Italy) and southward into Gulf of Cadiz (Spain) since 2023 (Fig. 3A). In the Mediterranean, its thermal range spanned
9.9°C to 31.4°C (Fig. 3B). Winter temperatures (January-March) averaged 16.8 + 1.9°C, ranging from 9.9°C to 20.4°C, and summer
temperatures (July-September) averaged 28.3 + 2.4°C, with a range of 19.1°C to 31.4°C.

Legend

. @ 1886-1937
(@ 1950-1978
O 1987-2021
@ 2022-2023

& Malta

1972

Cyprus

Lebanon,
20140

O Israeldy
-
0O-Q O 1898
. Yeee

| — ) Libya FEgypt =

Mediterranean Sea

251

[N
S

=
.

Temperature (°C)

January February March April May June July August September October November  December

Fig. 3. (A) Current distribution of the Red Sea blue swimming crab Portunus segnis in the Mediterranean Sea, modified and updated from Castriota
et al. (2022). The colored dots correspond to the invasion history of P. segnis defined by Castriota et al. (2022) and the squares represent the first
report of the species for each country. New occurrence in 2023 from Adriatic Sea (Italy) was extracted from Grati et al. (2023), and for Spain from de
de de Carvalho-Souza et al. (2023). (B) Boxplots showing the monthly thermal distribution of P. segnis in the Mediterranean Sea for the year 2022
extracted from the species occurrence points.
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The thermal performance curve (TPC) of P. segnis rose from 0.016 + 0.011 mgO, h! gWW’l (12°C) to 0.238 + 0.011 mgO0, h!
gWW’1 (34°C) (Fig. 4). Beyond 34°C, oxygen consumption decreased: 0.199 + 0.015 mgO» h! gWW’1 (36°C); 0.019 + 0.008 mgO0,
h~! gWww! (40°C). Organisms succumbed at 7°C and 42°C (Fig. 3). The O’Neill regression was the "best" fitting model, with rp.x =
0.2337 and Q19 = 2.0563 and Critical Thresholds: CTy;, at 11.33°C and CTyyax at 41.13°C. The TPC revealed a thermal optimum (Topy)
at 33.64°C (Fig. 4). The TPC regression was defined using the following equation:

2

53 [(Quo = 1) X (CTaax — Tope) |2 x |1+ {1+

40
[(Quo—1) % (CTmax—Top ) |

L _ CTimax—T
Respiration Rate = Tmax X {(76Tm:fx— Tor }

2
2 T—Topt
a00 % [(Quo = 1) (CTmax = Top) | |1+ {1+ m]} X{C(Tax—”

exp with rpax = 0.2337 &
0.0043 (p value < 2*1076); CTypay = 41.13 + 0.6305 (p value < 2%1071¢); Ty = 33.6406 + 0.2001 (p value < 2¥1071%); Qo =
2.0563 + 0.0478 (p value < 210 16). The TPC shows a typical stenotherm specialist tropical species dynamics.

The Thermal Habitat Suitability (THS) probability of P. segnis, based on its thermal performance, revealed a North-South division in
Mediterranean Sea thermal habitats (Fig. 5). Throughout winter and early spring (January to May), THS were unfavorable (THS < 0.2)
across the Mediterranean. However, in summer-autumn (June to October), particularly in the Gulf of Gabes, Tunisia, southern
Mediterranean coasts became suitable (THS > 0.6). During summer (June to September), all southern Mediterranean coasts provided
favorable thermal habitats. In the North, THS were favorable along Spanish, Tyrrhenian and Adriatic Italian coasts to Greek Aegean
coasts. For both future scenarios, an increase of THS was observed earlier in the year in the North-Western Mediterranean (Fig. 6).

The change in Thermal Habitat Suitability (THS) probability between the 2050 RCP 4.5 scenario and the situation in 2022 varied
across countries (Fig. 7A). In the Eastern Mediterranean (Israel, Egypt, Lebanon, Syria), THS was negative, indicating a decrease: —5.2
+ 6.4%, —4.5 + 8.9 %, —3.4 + 5.2 %, —2.6 + 6.0 %, respectively. Tunisia and Cyprus showed stability (THS ~ 1) with minor
changes: —0.7 + 9.7 %, 0.4 + 7.6 %, respectively. Increases in THS were observed in Greece (4+1.0 £ 6.2 %), Malta (+4.5 + 7.4 %),
and Italy (4.9 £ 8.3 %). At the Mediterranean Sea level, 2050 RCP 4.5 showed —0.7 + 8.9 %, contrasting with +-0.1 £ 8.7 % for the
2050 RCP 8.5 scenario (Fig. 7B). In 2050 RCP 8.5, Cyprus (-4.4 + 9.5 %), Italy (-3.9 + 5.7 %), and Malta (-3.1 + 5.6 %) decreased in
THS, while Syria, Greece, Turkey, Lebanon, Tunisia stabilized (-0.9-0.7 %). Egypt, Libya, and Israel had positive THS changes for this
scenario (Fig. 6B).

4. Discussion

Identifying thermal habitats for the Red Sea swimming blue crab Portunus segnis is vital for biodiversity conservation. Its invasive
success in the Mediterranean is explained from its physiological plasticity and ability to adapt to global temperatures. Our study
pioneered the revelation of Portunus segnis thermal tolerance through metabolic data, disclosing a thermal optimum at 33.64°C, CT i,

at 11.33°C, and CTpax at 41.13°C, and contributing to understanding its distribution dynamics in response to temperature changes
(Taheri et al., 2021). Limited existing data on this species heightened the novelty of our findings. Previous heart rate-focused research
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Fig. 4. Thermal Performance Curve (TPC) of the Red Sea swimming blue crab Portunus segnis according the O'Neill et al. (1972) model based on the
respiration rates (mgO» ht! gWW’l). The orange band represent the 95 % prediction limits. CTpyn: critical threshold minimum, CTp.y: critical
threshold maximum, Toptimum: Optimal temperature. The TPC was calculated following the O’Neill regression (O'Neill et al., 1972):.
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Fig. 5. Current predicted Thermal Habitat Suitability (THS) of Portunus segnis in the Mediterranean Sea based on the species metabolic performance.
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perature range (THS > 0.8; green colored), lower and upper pejus ranges (0.5 < THS < 0.8; light green and yellow colored), pessimum (0.2 < THS <
0.5; orange colored), and lethal ranges (THS < 0.2; red colored). The curve on the bottom represents the THS calculated using the TPC regression.

on P. segnis aligned with CTs founded in our study; CTpyi, at 5°C and CTpax at 40°C (Zainal and Noorani, 2019). Similar thermal
patterns in another Portunidae, Portunus pelagicus, from the same native region as P. segnis, further validated our results (Azra et al.,
2018). The TPC mirrored P. segnis’ native temperature range, 10°C in winter to 38°C in summer, in the Red Sea and Indo-Pacific coasts
(Zainal and Noorani, 2019). In the expanding Mediterranean Sea, our identified thermal range was 9.9°C to 31.4°C (Taheri et al.,
2021), confirming the link between species occurrence and environmental suitability (Weber et al., 2017). Experimental thermal data
presented in our study, aligned with observed occurrence density around the Mediterranean Sea (Castriota et al., 2022), indicated a
positive temperature effect on P. segnis metabolism. Understanding temperature’s influence on metabolism was vital for anticipating
the species colonization of new areas, especially amid expected future temperature changes. Suitability maps extended beyond current
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records, aligning with the invasive potential of IAS, where heat tolerance played a crucial role (DeLong et al., 2018) providing a
competitive edge, potentially causing ecological imbalances. This strengthened our confidence in anticipated implications and
underscored the likely expansion of P. segnis to the highest Mediterranean Sea latitudes in the near future.

The TPC of P. segnis aligned with thermophilic species, exhibiting gradual metabolism increase up to the optimum temperature and
abrupt decline thereafter (Verberk et al., 2016). In contrast, the other invasive Portunidae Callinectes sapidus, spreading in the Med-
iterranean Sea, displayed a typical TPC of temperate ectotherms (Marchessaux et al., 2022). P. segnis, limited to warmer regions in the
eastern Mediterranean, is less thermo-tolerant, being a thermal specialist (stenothermal, Verberk et al., 2016), while C. sapidus is a
generalist. However, P. segnis may outperform C. sapidus at higher temperatures. This distribution reflects the eastern Mediterranean’s
proximity to P. segnis native thermal habitat, while C. sapidus, being a generalist, tolerates a broader temperature range. The question
arises as to which of the two invasive Portunidae species will prevail under climate change. C. sapidus may have an advantage in the
Mediterranean Sea, global warming could have adverse effects on tropical ectothermic species, favoring temperate ectotherms
(DeLong et al., 2018; Vasseur et al., 2014). We partially replied to this question because heat tolerance studies can reveal the adaptive
strategies of invasive species, shedding light on their ability to cope with environmental stressors (DeLong et al., 2018). This
knowledge is valuable for designing effective strategies to control and manage invasive populations.

Invasive species proliferation poses a significant threat to biodiversity (Bax et al., 2003; Costello et al., 2015). Emphasizing the role
of heat tolerance is crucial in interpreting the mapped data. Aligning maps with heat tolerance provides insights into invasive species
distribution, enhancing analysis precision and ecological understanding (Azra et al., 2018; Bates et al., 2013; Iftikar et al., 2010; Kelley,
2014). Our study, complementing previous investigations on rising temperatures’ impact on blue crabs in the Mediterranean, enriches
our understanding of how environmental changes influence invasive species. Thermal performance serves as a simple functional trait
for identifying P. segnis suitable habitats. This knowledge contributes to biodiversity management, utilizing trait-based information to
enhance conservation and ecosystem response forecasting to climate change (Anton et al., 2010; Truchy et al., 2015). Incorporating
species functional traits into management tools and distribution models is crucial to inform nature conservation management
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strategies. Understanding the thermal suitability of IAS significantly enhances conservation efforts. This knowledge is crucial for
developing effective Early Detection and Rapid Response (EDRR) systems, a critical strategy for managing IAS with early and
cost-effective interventions (Reaser et al., 2020). Thermal suitability data integrates into predictive models to forecast IAS spread,
aiding proactive measures and risk mapping strategies through Geographical Information Systems (GIS) (McMahon et al., 2021).
Recent observations of P. segnis in Spain (de Carvalho-Souza et al., 2023) and in the Italian Adriatic Sea (Grati et al., 2023) are
confirmed by predictions of suitability thermal habitats predicted in our study in these areas. Given that P. segnis began to invade the
Mediterranean after the construction of the Suez Canal, and the fact that the species can go unnoticed in certain areas (low densities,
areas little frequented by human uses (e.g. professional and recreational fishing, swimming, etc.)), it could be that P. segnis is already
present in some of the areas where its expansion is predicted by our study. Also, although THS probabilities may increase due to the rise
in temperature predicted for the future, P. segnis is still found today in areas tolerable for inhabiting these regions (e.g. particularly in
the southern Mediterranean). In addition to temperature, its expansion could also be conditioned by other factors such as food
availability, habitat suitability, the presence of predators, trophic and habitat competition with the Atlantic blue swimming crab
Callinectes sapidus, etc. Our study therefore gives an indication of future trends in the temperature-based expansion of P. segnis, but
further information on its ecology is yet to be explored.

The use of functional traits of an invasive species is essential for improving management tools for ecosystem conservation (Anton
etal., 2010; Truchy et al., 2015). In addition to the temperature tolerance presented here in our study, it is necessary to determine the
species’ response to other environmental parameters (such as salinity, for example) and the species’ ecology (e.g., diet, trophic re-
lationships between native/invasive prey-predator, habitat use, reproduction, etc.). All these biotic and abiotic parameters influence
the ecological niche of the species and therefore its potential expansion. Creating baseline layers based on species’ functional traits
using mechanistic approaches and integrating them into traditional management tools (such as correlative species distribution models)
(Bosch-Belmar et al., 2022, 2021; Gamliel et al., 2020; Talluto et al., 2016), can generate more feasible and ecologically informed
management measures, thereby increasing our ability to predict ecosystem responses to climate change (Mangano et al., 2019).

In the context of climate change, identifying the upper thermal limits of IAS is crucial for understanding climate-induced shifts in
their thermal suitability. This foresight refines predictions of distribution changes, aiding adaptive conservation strategies. Knowledge
of thermal limits is also valuable for selecting effective biocontrol agents and guiding community-based monitoring efforts through
citizen science campaigns (Reaser et al., 2020). This information informs policy decisions, such as establishing quarantine zones or
regulating the movement of goods between regions with differing thermal profiles (Venette et al., 2021). Given limited conservation
resources, understanding where invasive species are likely to thrive allows for efficient allocation. To apply thermal information
effectively, innovative solutions, including new technological approaches, are essential for advancing IAS management in a changing
world. Thanks to this approach, we can give some recommendations for managers and decision-makers in two contexts:

(1) The species is already present in the national territory: Decision-makers can therefore use the results obtained in our study
to implement measures to control the species on a national scale in areas where the thermal habitat is favorable. This concerns
countries where it has been determined that in the future (e.g. 2050) the species will extend its range (refer to the Fig. 6) or
maintain its population (Fig. 7). As an example, Tunisia is one of the main countries that has been harvesting and marketing
P. segnis since 2014, with a view to controlling its populations nationwide. Thus, our results can also serve as evidence that the
species will be maintained over the long term in Tunisia, where fisheries should continue in an attempt to control populations.

(2) The species is not yet present in the national territory: in this case, prediction maps for current (Fig. 5) and future scenarios
(Fig. 6) enable decision-makers to determine the areas where the species could expand. This concerns Northern Mediterranean
countries (for example Spain, France, Italy). Using predictive maps, decision-makers could, for example, set up early species
detection programs (EDRR) using citizen science, or regular monitoring of potential risk areas. Monitoring and anticipating the
introduction of species on a national scale also requires precise, anticipatory regulations. France has already anticipated the
potential arrival of P. segnis: on March 2, 2023, the French government issued a ministerial decree (n° TREL2138499A) clas-
sifying the blue crab P. segnis as a level 2 species, i.e. "prohibited from introduction into the national territory, possession, transport,
peddling, use, exchange, offering for sale, sale or purchase". The species is therefore under surveillance on the French Mediter-
ranean coast, and specific monitoring is currently underway to anticipate its possible arrival.
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