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ABSTRACT

Aim: This study sets out to understand the variability in larval traits of dispersive life stages of a famous invader, the European
shore crab Carcinus maenas, in its native distribution range.

Location: North East Atlantic coast from the Norwegian Arctic to the southern European distribution limit of C. maenas in
Southern Spain.

Taxon: European shore crab Carcinus maenas (Crustacea, Decapoda).

Methods: We quantified latitudinal patterns in larval body mass, elemental composition (C and N content), and thermal toler-
ance of the first larval stage. We collected crabs from four populations spanning 25° of latitude (Vigo in Northern Spain; Bergen,
Trondheim, and Bode in Norway) and reanalysed published and unpublished data of body mass and elemental composition of
additional populations from Germany, Wales, France, and Southern Spain. Furthermore, we used two laboratory experiments
to test the thermal tolerance limits of the first larval stage from Vigo and the Norwegian populations. In the first experiment,
we reared larvae from hatching to Zoea II at seven temperatures (9°C-27°C) and from hatching to LT, at 6°C. In the second
experiment, we exposed freshly hatched larvae acutely to increasing or decreasing temperatures (up to 40°C and down to 3°C).
Results: Across the entire European range, we found a substantial increase in dry mass and carbon and nitrogen content
of freshly hatched larvae with latitude. Norwegian populations exhibited higher survival at 9°C than the Vigo population.
Furthermore, LT, at 6°C increased from South to North. All populations showed high survival in the range 12°C-24°C but low
survival at 27°C.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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Main Conclusions: Larval tolerance quantified by using survival to Zoea I1is not clearly related to the tolerance quantified with

the acute experiments, indicating that each method assesses different aspects of thermal tolerance. Tolerance to low temperature

correlated positively to tolerance to high temperature, suggesting that variation among females in larval responses reflects a
general physiological quality rather than trade-offs. We provide evidence for potentially adaptive variations in larval body mass

and thermal tolerance across a latitudinal gradient for C. maenas.

1 | Introduction

Ocean warming, sea-ice loss, and marine heatwaves, as part of
human-induced global climate change, cause major changes
in marine ecosystems (Boersma et al. 2016; Garcia Molinos
et al. 2016; IPCC 2023; Poloczanska et al. 2013). Together with
prevalent biological invasions, they contribute to the global
reorganisation of biodiversity (Chan and Briski 2017; Garcia
Molinos et al. 2016; Gurevitch et al. 2011). The Arctic and
North-East Atlantic Oceans (North, Norwegian and Barents
Seas) are warming at unprecedented rates (Gerland et al. 2023;
Mackenzie and Schiedek 2007; Wassmann 2011). Additionally
to the general warming trend, marine heatwaves are increas-
ing in frequency, duration, and amplitude in the world's
oceans and particularly the Arctic (Huang et al. 2021; Jacobs
et al. 2024; Lien et al. 2024). Range shifts, occurring across
latitudinal gradients, have been correlated with temperature
increases over the past decades in key species of zooplank-
ton (Beaugrand et al. 2002, 2009), fish (Brander et al. 2003;
Rutterford et al. 2023; Siwertsson et al. 2024), benthic rocky
shore invertebrates (Mieszkowska et al. 2005), many NE
Atlantic crustaceans (Bakke et al. 2019; Brattegard 2011;
Magnusson et al. 2024), and across taxa and basins (Chust
et al. 2024).

Many species of marine invertebrates, which are distributed
across latitudinal gradients and experiencing current warming,
develop through a complex life cycle, including planktonic lar-
val phases. Dispersal of planktonic larvae contributes to popula-
tion connectivity and larval retention to population persistence
(Eckert 2003; O'Connor et al. 2007; Shanks 2009; Weersing and
Toonen 2009). Larval stages are particularly susceptible to envi-
ronmental drivers (Anger 2001; Pandori and Sorte 2019), but their
climate vulnerability remains understudied (Pottier et al. 2022).
Since larvae from different populations of a species can differ in
traits such as size and tolerance to environmental drivers (Geif3el
et al. 2024; Storch et al. 2009), their vulnerability is likely to vary
across an environmental gradient. Many key environmental
factors vary across latitudinal gradients, including temperature
and light, which vary seasonally, hence driving cycles of primary
production and determining the quality and availability of food
to larvae (Levin and Bridges 1995). Therefore, while larvae must
possess traits that are adaptive to the thermal environment (e.g.,
thermal tolerance), they must also possess traits that are adap-
tive to the seasonal cycles of food availability. Across such gra-
dients, there is a tremendous variation among larval modes of
development (Byrne 2006; Levin and Bridges 1995) and larval
size and body mass (Marshall et al. 2018) in marine invertebrates.
Across latitudes, larval size, feeding modes, and developmental
time vary in a manner that is adaptive to the cycles of food avail-
ability. For instance, the proportion of species with planktonic
non-feeding larvae (or lacking a larval stage) is higher in polar

regions (Marshall et al. 2018), and larvae of some species show
shorter developmental times (Van Doorslaer and Stoks 2005b)
and increased growth rates (Sniegula et al. 2012; Van Doorslaer
and Stoks 2005a; Yamahira et al. 2007) than cogeneric species
of temperate habitats (when compared at the same tempera-
ture). Shorter developmental times in populations from higher
latitudes can even be observed within species with large distri-
bution ranges (Merild et al. 2000; Lindgren and Laurila 2010;
Geiflel et al. n.d.). Increased growth rates appear adaptive with
increasing latitude and higher seasonality because they reduce
winter mortality by producing larger body sizes and further
developed phenotypes when the less productive season starts
(Conover 1992). Within species, a latitudinal increase in larval
body size/mass has also been documented (Landeira et al. 2017;
Marco-Herrero et al. 2012; Shirley et al. 1987; Weiss et al. 2010).
Those traits respond presumably to the pressures exerted by a
narrow window of food availability and the low temperatures
extending the larval phase towards the poles. Within species,
however, temperature is a strong driver of the duration of the
larval phase (Angilletta 2009; O'Connor et al. 2007) and larval
size (Pettersen et al. 2019), which instead can drive the metabolic
efficiency and the capacity to capture food. It is predicted that
species with planktotrophic larvae will become prevalent in polar
seas with ocean warming and that the duration of development
will decrease substantially (Marshall and Alvarez-Noriega 2020).
Larvae released with higher initial larval body mass and size
usually show decreased duration of development and increased
survival to moult (Emlet 1995; Levitan 2000; Oliphant and
Thatje 2013). In many cases, mothers living in food-limited envi-
ronments produce larger offspring, presumably as a response to
food limitation or low food quality (Fox et al. 1997; George 1995;
Robertson and Collin 2015). Because the developmental costs
decrease with temperature, mothers from colder environments
must produce larger, better-provisioned offspring that outper-
form smaller conspecifics (Marshall et al. 2003, 2018; Marshall
and Steinberg 2014; Pettersen et al. 2019). Additionally, larvae of
food-limited habitats are hatched with increased levels of lipid
reserves, which can allow partial food independence during lar-
val development (Anger 1996; Thatje et al. 2004). Overall, for
marine invertebrates with complex life cycles distributed across
latitudinal gradients, understanding responses to climate change
requires quantification of larval traits, such as thermal tolerance
and body mass, across the latitudinal distribution range.

Here, we quantified latitudinal patterns in larval body mass
and reserves at hatching, and thermal tolerance of the first
zoeal stage of the shore crab Carcinus maenas, a key preda-
tory crab of the intertidal along the NE Atlantic coasts from
Mauritania to northern Norway. Outside its wide native range,
it established populations along both coasts of North America,
in Patagonia, South Africa, and Australia (Behrens Yamada
et al. 2005; Cohen et al. 1995; Grosholz and Ruiz 1995; Klassen
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and Locke 2007). Carcinus maenas is an opportunistic om-
nivorous decapod crustacean and an ecosystem engineer
(Klassen and Locke 2007) with an important role in coastal
food webs. In addition, C. maenas is a well-known invasive
species, and it is regarded as one of the 100 worst invasive spe-
cies by the IUCN (Lowe et al. 2000) because of the predation
on native mussels, cockles, and crabs, leading to population
declines and reduced catches (see Behrens Yamada 2001; Ens
et al. 2022 and references therein). In Europe, the northern
edge of the distribution range appears to be located between
Tromse and the North Cape (69°-71° N) in Norway (based on
GBIF records and communications with Norwegian scien-
tists). Populations are found in shallow subtidal and intertidal
zones (Klassen and Locke 2007); adults mate in the intertidal,
and females carry eggs and release larvae during high tides
(Zeng and Naylor 1997). Larvae develop through four zoeal
stages and a megalopa that settles in complex habitats of in-
tertidal zones (Williams 1967); juveniles grow in the intertidal
and eventually migrate to the subtidal in winter (Naylor 1962;
Thiel and Dernedde 1994).

The pattern of distribution of C. maenas across latitudes fol-
lows environmental temperatures, but the physiological mech-
anisms are unclear, and latitudinal gradients in larval traits are
likely to play a role (Compton et al. 2010; deRivera et al. 2007).
In C. maenas, some information on the temperature sensitiv-
ity of adult traits (e.g., body size in adults correlates negatively
to environmental temperature) is available (Kelley et al. 2015;
Monteiro et al. 2023a). However, key information on variations
in larval traits across latitudes is missing. A combination of ex-
periments and data from the literature allowed us to quantify
patterns of larval tolerance to thermal challenges from hatch-
ing to metamorphosis along the European and North American
coast, including two populations in Norway (Geif3el et al. n.d.).
In this study, it was possible to geographically expand the data
set to include a Norwegian population north of the Arctic Circle.
Additionally, we quantified whether short-term acute tolerance
(experiments based on temperature-ramps) would predict sur-
vival of the first Zoea under chronic exposure to thermal stress
due to low or high temperatures. We also combined our data set
of body mass and elemental composition of larvae at hatching
with publicly available data to expand our analyses to additional
C. maenas populations beyond the ones considered previously.

2 | Materials and Methods

2.1 | Sample Collection and Geographic
Information

Berried females (female carrying eggs) of C. maenas (carapace
width 29-60mm) were collected from four locations spanning
25° degrees of latitude (Figure 1a). Animals from the Vigo pop-
ulation were collected by divers in subtidal zones next to the in-
tertidal (< 0.5-1m depth) of the sand bar Punta Ladeiras, in the
mouth of the Minor River, and transported to the Estacion de
Ciencias Marifias de Toralla (ECIMAT) in April of 2022. At the
Norwegian sites, crabs were hand-collected from underneath
rocks and small boulders in the intertidal zone during low tide.
To include specimens from three different sites along the lati-
tudinal gradient along the Norwegian coastline, two sampling

trips were conducted (see Table S1 for details of collection sites
and times). During the first trip, females were collected from
two western Norwegian populations at the Austevoll archipel-
ago (near Bergen) and in the Trondheimsfjord (near Trondheim)
in May of 2022. At Austevoll, animals were collected on beaches
and rocky shores across the archipelago and held in flow-
through tanks in the aquarium facilities of the Institute of
Marine Research/Havforskningsinstituttet, Forskningsstasjon
Austevoll. In the Trondheimsfjord, animals were collected at lo-
cations in the mid-fjord close to Trondheim and at the outer-fjord
(Trondheimsleia) at Sletvik field station Norwegian University
of Science and Technology (NTNU). The animals were kept in
flow-through aquaria at NTNU's Trondhjem Biological Station
(TBS). Animals from the northernmost station in Norway
(Bodo) were collected at the beaches of Skivika and Ausvika
and south of Saltstraumen in June of 2022 and maintained in
flow-through water tanks at NIBIO's laboratory in Bode. Until
the transport to the Biologische Anstalt Helgond (BAH) at the
Alfred Wegener Institute (Alfred-Wegener-Institut Helmholtz-
Zentrum fiir Polar-und Meeresforschung 2023) on Helgoland,
Germany, all berried females were kept in flow-through tanks
with natural seawater at ambient temperature and salinity from
each collection site at the time of collection (Vigo: salinity 21.5-
25.5 PSU & temperature 12.6°C-14.6°C, Bergen: 30.2-31.8 PSU
& 11.2°C-12.7°C, Trondheim: 19.9-29.4 PSU & 11.6°C-12.2°C,
and Bode: 30.0-30.4 PSU & 10.3°C-13.9°C). For the transport to
Germany, animals were placed in individual plastic containers
(1L), partially filled with seawater from the respective collec-
tion sites and a wet towel. The containers were then placed in
a Coleman cooler box to ensure constant temperatures during
transportation. Also, additional water from each collection site
was transported in the cooler and was used for seawater ex-
change halfway through the transport (transport duration less
than 48 h). Experiments were then performed at the BAH.

The seasonal range of average monthly sea surface tempera-
tures of the chosen sites is as follows: Vigo, 12°C-19°C; Bergen,
2°C-16°C; Trondheim, 3°C-15°C; Bode, 2.5°C-15°C for the
10years from 2011 to 2022 (see Figure 1b, generated using E.U.
Copernicus Marine Service Information; https://doi.org/10.
48670/moi-00165). The water temperatures measured in Bode
(10°C-14°C) at the time of collection were extraordinarily high
for the region as collection time coincided with a heatwave
with record high air temperatures for that summer (Copernicus
Climate Change Service/ECMWF 2022). On a local scale, there
are differences between the three Norwegian locations. The
site in the Bergen region (the Austevoll archipelago) is more
directly exposed to the North Sea, and thus, seawater is saltier
and cooler than in the actual Bergen area. Water exchange in
Trondheimsfjord occurs via surface inflow from the Norwegian
Current, a branch of the North Atlantic Current, and seawater
temperatures within the fjord are typically warmer than at the
coasts of the Norwegian Sea. Bode was the only site north of
the Arctic Circle and thus is usually exposed to colder water
temperatures.

2.2 | Larval Traits

Freshly hatched larvae from each female were divided into
two groups: The first group was used for quantification of
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FIGURE1 | (a)Map illustrating the distribution range and collection sites of the shore crab Carcinus maenas along the European Atlantic coast
(Mercator projection). Sighting records from GBIF (GBIF 2023) are shown by light blue points, collection sites in this study are shown in downward
yellow triangles. Sites for literature data are shown in upward white triangles, the red dashed line indicates the Arctic circle at 66°33’ N, and the
orange arrow indicates the estimated northern edge of C. maenas distribution. (b) Boxplots of yearly sea surface temperatures (SST) in °C for the
investigated sites. (c) Months with average monthly SST >9°C for all studied sites. (d) Circles indicate the average first month of the year with SST
reaching threshold temperatures for each site: Light blue (>9°C), medium blue (> 12°C), and dark blue (>15°C). Crab symbols indicate the collection
month of the respective population and are associated with the average temperature measured in the intertidal at collection. All SSTs based on ten
years of daily averaged SST (Generated using E.U. Copernicus Marine Service Information; https://doi.org/10.48670/moi-00165). In (b) and (c): Sites
with data obtained in this study are represented in red (Vigo), blue (Bergen), green (Trondheim), and purple (Bode); sites with data from previous

publications are represented in grey.

body mass and elemental composition (carbon and nitrogen
content), and the second group was used to estimate thermal
tolerance.

Freshly hatched Zoea I (for each female: 5 replicates of 50 lar-
vae each) were randomly sampled to determine dry mass (DW),
carbon (C), and nitrogen (N) content. In crustaceans, the larval
carbon content is considered a proxy for lipid reserves (which
are very sensitive to environmental fluctuations/variations),
while the nitrogen content is used as a proxy for the protein
content (Anger 1998; Anger and Harms 1990; Dawirs 1986;
Dawirs et al. 1986). Hence, the C:N ratio is a good indicator of
allocation of reserves (Anger and Harms 1990). When possible,
these measurements were conducted for additional hatches (see
Table S2 for an overview). Larvae were rinsed with distilled
water, gently blotted dry with fluff-free tissue, placed in a pre-
weighed tin cartridge, and stored at —20°C for further analysis.
To determine the dry mass, samples were freeze-dried for 48h

(Christ Alpha 1-4 freeze-drier) and consecutively weighed using
a microbalance (microbalance, Sartorius MCA2.7S-2S00-M,
precision 1ug). Carbon and nitrogen contents were determined
using an elemental analyser (Vario MICRO cube CHNS analy-
ser, Elementar Analysensysteme).

Additional data on freshly hatched larvae across the European
Atlantic coast were obtained from literature data (Anger
et al. 1998; Anger and Harms 1990; Dawirs 1980, 1982, 1986,
1987; Harms et al. 1994; gargaé et al. 2021, 2022; Spitzner
et al. 2019; Torres et al. 2020) and from Geifiel et al. (n.d.) as
well as unpublished own data (see Table S2). Data were in-
cluded only when hatching and embryogenesis occurred in
seawater (salinity >30 PSU) and only if hatching occurred
in spring-summer. If data from the literature did not report
whether the larvae used for the biomass determinations origi-
nated from one or more females, data were used as if originat-
ing from only one female.
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Thermal tolerance of Zoea I was quantified using two ap-
proaches: (1) chronic exposure, that is, freshly hatched Zoea
I were reared under constant temperature until they died or
moulted to Zoea II, and (2) acute exposure, that is, freshly
hatched Zoea I were exposed to temperature ramps of in-
creasing or decreasing temperatures within 12h. Thermal
ramps allow the estimate of critical thermal limits (Rezende
et al. 2020). This parameter provides insights into the tem-
perature ranges in which animals can remain active while
under acute exposure (Somero 2005). Furthermore, Rezende
et al. (2014) showed that there might be a trade-off between
tolerances to chronic and acute exposure.

Before hatching, females were maintained individually in 5L
aquaria in UV-treated and filtered (mesh size: 2 um) natural sea-
water (33+1 PSU) at the temperature of each site at the time
of collection (Vigo: 15°C, and Norwegian populations: 12°C).
Females were fed twice a week with frozen shrimps (Crangon
crangon), and water was changed daily to ensure high water
quality at the time of hatching. At hatching, larvae were trans-
ferred into the experimental units.

For the chronic exposure experiments, survival and duration of
development were determined when larvae were reared at con-
stant temperatures until they reached Zoea II. The experiments
were conducted in temperature-controlled rooms (+ 1°C) with a
12:12h light:dark cycle. Larvae were assigned randomly to one
of the experimental temperatures: 6°C, 9°C, 12°C, 15°C, 18°C,
21°C, 24°C, and 27°C (Figure 2). Each treatment comprised five
replicates of 10 larvae each, reared in 60 mL glass beakers. This
design allowed the evaluation of the combined effect of popula-
tion and female of origin and temperature during the develop-
ment of the Zoea I. The experimental temperatures were chosen
to match the span of conditions the larvae could experience in

¢ ; g ______________________ »
Berried females &

Dry mass and C:N (freshly
hatched) 10x @ |[10x @ [10x @

50X 10x @ ||10x g [10x @&

10x & 10x | [20x &
[10x (;][wx &] [10)( a.]

6°C 9°C 12°C

Chronic exposure (Zoea I-11)

their respective environments and covering critical extremes.
Experiments were conducted with larvae from each female of
origin (i.e., 20 hatches originated from 20 females; six from Vigo,
five from Trondheim, four from Bergen, and five from Bodo).
Larval rearing was performed following standard rearing tech-
niques (Torres et al. 2021). Water and ad libitum food (freshly
hatched Artemia sp. nauplii—Great Salt Lake Artemia) were
changed daily. During the daily water change, survival and
moulting were monitored, and exuviae and dead larvae were
discarded.

For the acute exposure experiments, larvae were exposed
to thermal ramps in programmable incubators (GES-E230
Keimschrank with RUMED CONTROL2015 touch, Rubarth
Apparate GmbH) for up to 12h. The heat ramps were pro-
grammed to temperature increases of 4°C per hour until
reaching 40°C, and the cold ramps were set to decrease tem-
perature by 3°C per hour until reaching 3°C. The ramps were
conducted within 12h of hatching and consisted of five rep-
licates of six freshly hatched larvae per female of origin. At
hatching, individual larvae were randomly placed in individ-
ual wells in six-well plates (Corning Incorporated costar poly-
styrene cell culture plates). Each well (10 mL) was filled with
seawater at the hatching temperature without food. The six-
well plates were placed on trays and left partially covered with
lids to reduce water loss and increases in salinity due to evap-
oration. Ramps were conducted for most of the hatches used
in the chronic exposure experiment and additional hatches:
three from Vigo, three from Bergen, three from Trondheim
and nine from Bode. The larvae of each hatch (five six-well
plates with six individual larvae each) were exposed to a heat
ramp and the same number to a cold ramp at the same time.
Every 30min, each larva was inspected twice, and tempera-
ture was measured and recorded. If a larva was lying at the

Acute exposure (freshly hatched)

40
Heat ramp

10 wp

0 100 200 300
Time (minutes)

Per ramp type

Temperature (°C)
0 P
3

Latitude 67°N  63°N  60°N 42°N Latitude 67°N  63°N  60°N 42°N Latitude 67°N  63°N  60°N  42°N
Site Bodg Trondheim Bergen Vigo Site Bodg Trondheim Bergen Vigo Site Bodg Trondheim Bergen Vigo
Females 10 6 14 19 Females 5 5 6 Females 9 3 3 3

FIGURE 2 | Experimental design to study the responses of Carcinus maenas larvae from four different populations: Vigo (Spain), Bergen,
Trondheim, and Bode (Norway), to different temperature conditions. Dry mass, and carbon (C) and nitrogen (N) contents were determined for five

replicates of 50 larvae each for each female of origin. For the chronic exposure, larvae were reared from hatching to Zoea II at seven constant differ-
ent temperatures: 9°C, 12°C, 15°C, 18°C, 21°C, 24°C, and 27°C, at 6°C larvae were reared from hatching until LT, was reached, represented from
light grey (6°C) to red (27°C). Larvae were reared in five replicates of ten individuals each. Experiments were repeated for larvae originating from

each female. For the acute exposure, larvae were exposed to heat and cold ramps. Temperature-ramp experiments were conducted with five repli-

cates of six individuals per hatch per ramp.
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bottom of the six-well tray without movement in both visual
inspections, it was assumed to be in a heat knockdown/chill
coma and was counted as dead and thus removed from the ex-
periment. Because constant monitoring was not possible but
visual inspections occurred in intervals, a temperature datum
was generated when a larva was last seen alive and a second
temperature datum when it was first seen knocked down.
Based on those two values, we calculated an average tempera-
ture of knockdown/chill coma (i.e., death).

2.3 | Data Analysis

Survival in the chronic experiment was calculated as the propor-
tion of larvae surviving from hatching to Zoea II. To avoid situ-
ations of log(0) values, data were transformed using the formula
p'=[p(N—1)+0.5]/N, where N is the number of larvae in the
respective replicate, that is, 10. The proportional survival was
then transformed into logarithmic and logistic scales. Duration
of development was defined as time (days) from hatching to
moult to Zoea II. Since survival was consistently low in the 6°C
treatment, the LT, (average time until mortality exceeds 50%)
was calculated discriminated by female of origin as a way to
assess the tolerance to cold. For the duration of development,
additional models were constructed using inverse temperature
polynomials of 2nd and 3rd degree.

Data analysis was performed using R version 4.3.2 (R Core
Team 2022). Means and standard errors were calculated using
the package “plyr” (Wickham 2011). The combined effects of
temperature and population of origin were quantified using
mixed modelling (Zuur et al. 2009), with survival and dura-
tion of development as response variables. The models con-
sisted of temperature and population of origin as fixed factors
and female as a random factor. Model analysis was performed
by applying backward model selection (Zuur et al. 2009) based
on the second-order Akaike information criterion (AICc). The
package “nmle” (function lme and gls, Pinheiro et al. 2019)
was used for model fitting with generalised least squares.
Model selection was performed stepwise: (1) The random
terms were compared through restricted maximum likeli-
hood (REML), and (2) the fixed terms were compared through
maximum likelihood, after refitting the model with the best
random structure. The model with the lowest AICc was se-
lected. For LT, generalised least squares were used. Plots
were created using “ggplot2” (Wickham 2016) and maps using
“rworldmap” (South 2011).

We also tested if the incubation times of berried females in
the laboratory affected our results. We used Pearson correla-
tion between incubation time and larval traits averaged by fe-
males of origin. We did not find any evidence of such effects
(correlations were not significant); therefore, we did not con-
sider incubation times as a response variable in data analysis
(see Table S3). Similarly, we conducted correlation analysis to
investigate the potential effects of the size of females (carapace
width, CW) on the dry mass of freshly hatched larvae or their
performance, but no correlation was significant (Table S4). p-
values <0.05 were considered statistically significant. All data
for this paper will be available from DRYAD (https://doi.org/
10.5061/dryad.hdr7sqvtw).

3 | Results

For simplicity, we use the term “Vigo population” for larvae ob-
tained from Vigo, Spain, and similarly for the Norwegian sites.
This does not imply that these organisms represent the whole
respective coasts. Similarly, we refer to the organisms from one
collection site as local populations, without inferring that these
“populations” are genetically separated or distinctive in terms of
population connectivity; for example, connection through larval
dispersal could be possible.

3.1 | Dry Mass and Elemental Composition

There was a clear positive correlation between latitude and
dry mass of freshly hatched larvae (Figure 3a). The mean dry
mass of Zoea I varied between 8.9 +0.2ugind™! (mean + SE)
and 9.16 £ 0.3 ugind ™! (in larvae from Vigo and Cadiz, respec-
tively) at the southern end of the European distribution range
(Figure 3a) and 11.96 + 0.4 ugind~! in larvae from the Arctic
population, Bode at the northern end, with all Norwegian
populations showing average dry mass >10pgind=' (see
Table S4). The best model (General least squares) retained
the population as a fixed effect (AAICc=38). Additionally, we
found considerable intra-population variation in the average
dry mass among larvae from different females. For Helgoland
(German Bight: 54° N), we had data available from different
years of collection (1980-2019), but such data did not show
evidence of a temporal trend (the best model did not contain
“year”, AAICc =14 lower than the model with “year”). Larval
C:N ratios varied considerably across latitudes but without
evidence of a latitudinal trend (Figure 3b; best model did
not retain latitude AAICc=9 against a model with latitude,
Table S5).

3.2 | Thermal Performance: Chronic Exposure

Larval survival to Zoea II depended on temperature and varied
among females (Figure 4, Table S9: best model retained popula-
tion and temperature in the fixed structure). In all populations,
survival was consistently low at 6°C; hence, we resorted to mea-
suring LT, and we found a strong increase in LT, with latitude
(Figure 5). There was some variation in survival among popula-
tions, in the range of 9°C-27°C, but it was partly overridden by
the variability among larvae from different females (Figure 4:
note error bars). In the lower temperature range (<15°C), sur-
vival increased with temperature and reached optimal values
in the range 15°C-21°C. In the higher temperature range, low
survival rates were recorded at 27°C for all four populations
(Figure 4). Larvae from the northernmost population (Bodo)
showed the highest survival of all populations in all tempera-
tures >12°C.

Since at 6°C, only very few larvae survived to Zoea I (<4%),
we used an approach comparable to LT, (median lethal time
of exposure) to analyse variation in the endurance to low tem-
perature until mortality exceeded 50% (Figure 5). We found ev-
idence of increased tolerance to 6°C with latitude (best model
retained latitude: AAICc=6 against a model without latitude).
In larvae from Vigo (Spain), average mortality exceeded 50%
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ues + SE of larvae produced by each female of origin. Symbols represent larvae originating from females from different populations (purple upward
triangles: Bode, green circles: Trondheim, blue squares: Bergen, and red downward triangles: Vigo).

after 14.2 days; in larvae from western Norway after 22.3 days for
Bergen and 19.2days for Trondheim, and in the Arctic popula-
tion from Bode, 34.7 days.

The duration of development (in days) decreased with increasing
temperature in a non-linear pattern; the best models retained
the interaction of temperature and population in the fixed term
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when temperature was treated as a factor (Tables S6-S8). The
best model was a 3rd-degree polynomial, retaining population
in the fixed part; larvae from Bode developed significantly
faster than those from other populations (Figure 6). At 9°C,
the average duration of development to Zoea II was > 15days
for all populations. At 15°C, it decreased to below 10days for all
populations and 5 to 7days at 18°C. The northern populations
showed a tendency to reduce the duration of development com-
pared to the more southern populations, especially at low tem-
peratures (<18°C), with the northernmost population (Bode)

developing significantly faster at all temperatures than the other
three populations.

3.3 | Thermal Performance: Acute Exposure

During the heat ramps, there were no survivors at the ramp's
endpoint temperature, that is, all larvae reached the knockdown
temperature before reaching 40°C. The maximum knockdown
temperature (i.e., average temperature at which 50% of the
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female of origin for each population. Symbols as in Figure 4. Grey lines indicate the correlation between heat knockdown temperature during expo-

sure to a heat ramp and the percentage of survival during exposure to the cold ramp.

larvae were immobilised/killed by heat) varied between popu-
lations between 29.9°C +1.2°C (Trondheim) and 32.8°C +1.3°C
(Bergen). The highest temperature the ramps reached before
knockdown was 36°C (larvae from the Bergen population).
The best model describing the response did retain population
in the fixed part, but the AICc <3 against the null model, pro-
viding limited evidence for population-level effects (Table S10).
Therefore, potential differences among populations seem to be
overridden by the high variation within each population (see
error bars in Figure 7a).

When exposed to the cold ramps, a large proportion of larvae
were able to reach the endpoint of the ramp (3°C) without reach-
ing the chill coma. Therefore, we quantified tolerance through
the percentage of survivors, that is, larvae that did not reach the
chill coma at the ramp's endpoint temperature (i.e., 3°C). The
percentage of survivors varied between 7.8% +2.9% for Vigo and
60.0% = 18.9% for Bergen with no apparent latitudinal trend, but
the best model retained population in the fixed part (AAICc=38
against a model without population).

The two populations (Bode and Bergen) that had the highest
tolerance to increased temperature (highest upper knockdown
temperature, Figure 7) also had the highest tolerance to low
temperature (highest survival after the exposure to the cold
ramp, Figure 7); here, responses were not significantly cor-
related (Figure 7a) due to important variation in performance
among larvae from different females (see Figure 7b: larvae from
Bergen population). However, females producing larvae with
high tolerance to increased temperature also produced larvae
with high tolerance to low temperature (Figure 7b: positive sig-
nificant correlation).

3.4 | Relationships Among Larval Traits

We did not find evidence of a relationship (i.e., no significant
correlation) between the performance of larvae in the acute ex-
posure experiments (heat knockdown and chill coma tempera-
tures) and the lowest and highest tolerance temperatures in the
chronic exposure experiments. Larvae of females that showed
high heat knockdown temperatures in the heat ramp did not
necessarily have siblings that showed high survival in 24°C and
27°C under chronic exposure. Similarly, survivor proportions in
the cold ramp did not correlate with the survivor proportion in
the two lowest temperatures (9°C and 12°C) under chronic ex-
posure (Table 1).

There were no significant correlations between survival and
duration of development under chronic exposure to tempera-
ture and dry mass at hatching (Table 2). The correlation coeffi-
cients of the interactions were small for all tested temperatures
(Figure 8a,b).

4 | Discussion

This is the first study quantifying early larval traits across the
European coast (Northern Norway to Southern Spain), i.e., most
of the native range of the global invader Carcinus maenas. We
found a substantial increase in body mass of freshly hatched lar-
vae with latitude across the European native distribution range;
across the gradient, larvae hatched with comparable proportions
of carbon and nitrogen. The acute thermal tolerance range of C.
maenas, defined from knockdown/chill coma temperatures,
ranged between below 3°C at the lower end and 29°C-33°C at the
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upper end, showing that the range in larval thermal tolerance (al-
ready in the first larval stage) is narrower than the range in adults
(e.g., for adults, the lower thermal limit is below 0°C and upper
thermal limits are at 35°C-37°C (Tepolt and Somero 2014)). This
highlights that larvae generally have narrower tolerance windows
than adults, which can be regarded as an important bottleneck in
a population’s ability to persist (Pandori and Sorte 2019; Sanford
etal. 2006). Larvae from females collected near the northern range
edge of distribution developed significantly faster (in T >6°C) and
showed higher tolerance to low temperatures (longer LT, at 6°C)
and higher survival rates (T >12°C) than those from collection
sites in southern Norway and Spain. The Norwegian populations
showed higher survival to Zoea II at 9°C than that from Vigo,

TABLE 1 | Correlation coefficients, R? and p-values for the
relationships between survival (%) in the two coldest and two warmest
temperatures (°C) that permitted survival in the chronic exposure
experiment tested vs. the performance in the cold ramp (survival % at the
end of ramp) and heat ramp (heat knockdown temperature) for larvae of
Carcinus maenas, respectively. Values are based on means by females.

Correlation
Survival Ramptype coefficient R? P
9°C Ramp down, 0.4725 0.2233 0.1679
survival (%)
12°C Ramp down, 0.0331 0.0011  0.9276
survival (%)
24°C Ramp up, 0.0385 0.0015  0.9159
LT,
27°C Ramp up, —0.1473 0.0217  0.6846
LT

50

Spain. However, we also found strong variation in survival among
larvae from different females within all populations. Under acute
exposure to high/low temperatures, we found that siblings tended
to perform well both in the cold and heat ramps or in neither, indi-
cating that their responses reflected a general physiological quality
rather than trade-offs. High performance under acute exposure to
high/low temperatures did not translate into high performance
under chronic temperature exposure. We discuss these patterns
and their implications in detail and evaluate our results in the con-
texts of intraspecific variability of a species with a wide distribu-
tion range, macrophysiology, and invasion biology.

4.1 | Larval Body Mass Increases With Latitude

Body mass of freshly hatched larvae of C. maenas increased from
South to North while proportions of carbon and nitrogen were
comparable across populations. Increased maternal investment
has been found in other crab species that produce larger offspring,
higher brood weight, or shifts from income to capital breeding in
higher latitudes (Baldanzi et al. 2018; Landeira et al. 2017; Marco-
Herrero et al. 2012; Reese et al. 2024; Shirley et al. 1987; Weiss
et al. 2010). The inverse relationship between latitude and larval
size is attributed to field temperature in Decapoda with pelagic lar-
vae (Lindley 1998). Offspring size tends to increase with latitude in
many invertebrate, fish, and amphibian taxa (Marshall et al. 2018).
In our study, the increased body mass with latitude would appear
adaptive since animals from populations with higher larval body
mass showed longer cold endurance at 6°C. However, there was no
significant correlation between survival under chronic exposure
and duration of development with dry mass at hatching. In any
case, increased body size at hatching may be an adaptive response
to potentially increased food limitation in the colder tempera-
tures at higher latitudes. As a follow-up to this study, it would be

TABLE 2 | Correlation coefficients, R?, and p-values for the relationships between survival under chronic exposure to temperature and duration

of development vs. the mean dry mass at hatching for larvae of Carcinus maenas, respectively. Values are based on means discriminated by females.

Response Temperature (°C) Correlation coefficient R? P
Survival vs. dry mass at hatching 9 —0.0056 0.0000 0.98
12 —0.2001 0.0401 0.41
15 —0.0450 0.0020 0.85
18 —0.0819 0.0067 0.74
21 0.1323 0.0175 0.59
24 0.1017 0.0103 0.68
27 0.1423 0.0203 0.56
Duration of development vs. dry 9 —0.3192 0.1019 0.29
mass at hatching 12 ~0.2245 0.0504 0.36
15 —0.4355 0.1897 0.07
18 —0.2684 0.0720 0.27
21 —0.2593 0.0672 0.28
24 0.2996 0.0898 0.24
27 —0.3926 0.1541 0.17
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highly valuable to investigate whether such a gradient in dry mass
can also be observed in non-native populations. Understanding
whether non-native populations exhibit larval body mass varia-
tions aligned with their respective latitude or their population of
origin could provide crucial insights into whether these patterns
are driven by adaptation or plasticity.

A potential source of variation in offspring size is associated
with female size. In marine invertebrate species, offspring size is
highly variable (Marshall and Keough 2007) and positively cor-
related with the mother's size across phyla, including crustaceans
(Clarke 1993; Glazier 1992; Rollinson and Rowe 2016; Sakai and
Harada 2001). Such a trend occurs presumably as an adaptive
mechanism (Rollinson and Rowe 2016); for example, higher in-
vestment per larva can accelerate development (Oliphant and
Thatje 2013). However, for C. maenas, we did not find evidence
of a relationship between female size (carapace width, CW)
and dry mass or carbon content at hatching (see Table S3); fur-
thermore, such a relationship is not found consistently among
decapod crustaceans (Giménez 2020). Variation in body mass
at hatching can be driven by environmental conditions experi-
enced by embryos (Gonzélez-Ortegén and Giménez 2014; Sargac
et al. 2022; Torres et al. 2020). Overall, the latitudinal trend
found here appears to be unrelated to variations in female size,
but it may reflect either latitudinal variations in maternal condi-
tions or local adaptations.

4.2 | Larval Thermal Performance Varies Between
Populations of C. maenas

An important question was to determine if females from the
northern populations produced larvae that were particularly tol-
erant to low temperatures. Cold tolerance usually increases with
latitude at the interspecific level (Sunday et al. 2019) and within
species (Gaitdn-Espitia et al. 2014, 2017). For C. maenas, such
tolerance would enable larvae to hatch at lower temperatures
and then extend the season of larval release. The experiments
of chronic exposure showed that Norwegian populations had
higher survival to Zoea II at 9°C. With an increasing latitude of
origin, larvae of C. maenas showed the ability to persist longer
at 6°C, with LT, more than doubling from Spain to the Arctic.
However, acute exposure experiments did not provide evidence

of increased tolerance to low temperatures. If any, the evidence of
increased tolerance to low temperature in northern populations
is limited, at least for the range studied here. Perhaps, a popula-
tion located even closer to the poleward distribution range edge
or an offshore population from Iceland or the Faroe Islands could
show increased tolerance towards lower temperature; in partic-
ular, those located offshore appear genetically distinct (i.e., form
clade of three exclusive haplotypes) from those so far recorded
on the continental-shelf in Europe (Roman and Palumbi 2004).
The absence of cold tolerance found in this study could also result
from a strong homogenising gene flow from core populations to
the range edge or be caused by other adaptations that mitigate
exposure to temperature extremes (Pallarés et al. 2024).

Further, we wanted to determine the tolerance to high tempera-
tures and whether tolerance to low temperatures correlated neg-
atively with tolerance to high temperatures. Tolerance to high
temperatures can have important consequences in light of the
increased frequency of marine heatwaves occurring along the dis-
tribution range (Giménez et al. 2024; Madeira et al. 2012; Monteiro
et al. 2023b). We found unexpectedly high tolerance to tempera-
tures as high as 24°C in the northern populations where heat-
waves are becoming more common; indeed, marine heatwaves
are of similar intensities or stronger in the Arctic compared to
other ocean basins, and their annual intensity, frequency, and du-
ration have increased substantially over the last decades (Huang
et al. 2021). Marine heatwaves contribute to the decline of coastal
foundation species (Smith et al. 2024). These effects are typically
most pronounced closer to the warm-range edge of a species (Smith
et al. 2024). While C. maenas will be challenged by long-term
warming and increasing marine heatwaves at the southern end
of its distribution range (Monteiro et al. 2023b; Souza et al. 2022),
warming scenarios might prove beneficial for northernmost
populations when compared to more warm-sensitive boreal and
Arctic species. Fluctuations in habitat temperature were shown to
have strong effects on populations; in the invasive range in North
America, exceptionally warm summers, as well as particularly
cold winters, springs, and summers, resulted in reduced numbers
of C. maenas in the intertidal in the following year (Quinn 2018).
In addition, unusually warm years allowed for poleward range
expansions that persisted over years (Behrens Yamada et al. 2017,
2021). The high tolerance to high temperatures could indicate a
potential trade-off in physiological responses, but tolerance to low
and high temperatures was positively correlated. Such correlation
suggests overall variations in larval physiological quality whereby
females providing larvae that are better at tolerating low tempera-
tures are also better at tolerating high temperatures.

Another important point was that experiments of acute and
chronic exposure appear to highlight different aspects of ther-
mal tolerance. For some species, it appears possible to concep-
tually unify different measures of thermal physiology (Cooper
et al. 2008), but this does not seem to be the case for C. maenas.
Hence, here, chronic exposure experiments seem to be the best
option because it can be determined whether larvae actually
survive events of extreme temperatures as would be the case
during heatwave events. It has been suggested that there is a
trade-off between a species’ critical thermal maximum (CT,, )
and thermal susceptibility, that is, the sensitivity to temperature
change, defined as the rate of decay in tolerance (e.g., survival)
with the duration of an ongoing heat challenge. This might be
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why even strong eurytherm species do not exhibit high CT, .
and a low thermal susceptibility at the same time but only one
of the two (Rezende et al. 2014). Based on our comparison of the
performance under chronic vs. acute exposure to high tempera-
tures, this might also be the case for Zoea I larvae of C. maenas:
that is, high knockdown temperatures (low thermal susceptibil-
ity) during acute exposure do not translate into higher survival
rates under high temperatures during chronic exposure (high
CTmax)'

Overall, the lower mean annual and summer seawater tem-
peratures (Figure 1b) would match the slightly elevated cold
temperature tolerance found for larvae from the Norwegian
populations. It can be speculated that populations located
even further north would show increased cold tolerance. On
the other hand, the tolerance to high temperatures found
across the full range studied could provide larvae with some
capacity to tolerate heatwave events during early develop-
ment. Concerning currently observed poleward range expan-
sions (Behrens Yamada et al. 2017; Magnusson et al. 2024;
Roman 2006; Yorio et al. 2020), increased larval body mass
at hatching with increasing latitudes may provide an advan-
tage towards the poles, but the potential effect of increased
thermal tolerance appears to be limited. Since there is cur-
rently no knowledge of the genetic variation of C. maenas
populations north of Trondheim (Roman and Palumbi 2004),
genotypes found in introduced populations which originate
from northern Norway would not be attributed to their ori-
gin in population genetic surveys in the invasive ranges.
Especially in the presence of genotypes recovered in North
America that cannot be attributed to populations in the native
range (Roman 2006), this knowledge gap should be filled ur-
gently to better understand ongoing range expansions and
attribute invasions to their population of origin (Haubrock
et al. 2024).
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