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ABSTRACT: Current understanding of species capacities to respond to climate change is limited
by the amount of information available about intraspecific variation in the responses. Therefore,
we quantified between- and within- population variation in larval performance (survival, development, and growth to metamorphosis) of the shore crab Carcinus maenas in response to key environmental drivers (temperature, salinity) in 2 populations from regions with contrasting salinities
(32−33 PSU: Helgoland, North Sea; 16−20 PSU: Kerteminde, Baltic Sea). We also accounted for the
effect(s) of salinity experienced during embryogenesis, which differs between populations. We
found contrasting patterns between populations and embryonic salinity conditions. In the Helgoland population, we observed a strong thermal mitigation of low salinity stress (TMLS) for all performance indicators, when embryos were kept in seawater. The negative effects of low salinity on
survival were mitigated at increased temperatures; only at high temperatures were larvae exposed
to low salinity able to sustain high growth rates and reduced developmental time, thereby metamorphosing with comparable levels of carbon and nitrogen to those reared in seawater. By contrast,
larvae from the Kerteminde population showed a detrimental effect of low salinity, consistent with
a maladaptive response and a weak TMLS. Low salinity experienced during embryogenesis preempted the development of TMLS in both populations, and reduced survival for the Kerteminde
population, which is exposed to low salinity. Our study emphasises the importance of evaluating
species responses to variation in temperature and salinity across populations; the existence of maladaptive responses and the importance of the maternal habitat should not be underestimated.
KEY WORDS: Interpopulation variation · Post-zygotic effects · Larval performance · Environmental
drivers · Carcinus maenas

1. INTRODUCTION
Fluctuations of Earth’s climate and global warming
have major effects on biological systems at several
levels of organisation (Burrows et al. 2011, Poloczan*Corresponding author: Gabriela.Torres@awi.de

ska et al. 2013, Boersma et al. 2016, Boyd et al. 2018),
and are already affecting the species’ physiology and
distribution (Perry et al. 2005, Somero 2010, Burrows
et al. 2011, Poloczanska et al. 2013, Reusch 2014). As
climate changes, organisms need to cope with varia© The authors 2021. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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tion in many different environmental variables or
stressors (hereafter called ‘drivers’). The interplay
between 2 or more drivers often has non-independent effects, with one enhancing (as a synergistic
effect) or weakening (antagonistic effect) the effect
of another driver, beyond the additive effect expected from the action of each driver considered in
isolation (Folt et al. 1999, Crain et al. 2008, Todgham
& Stillman 2013, Piggott et al. 2015, Orr et al. 2020,
Tekin et al. 2020). Both synergistic and antagonistic
effects may lead to various outcomes for particular
species, including the collapse of a biotic system
(Breitburg et al. 1998) and potential adaptive response to multiple environmental changes (Sinclair
et al. 2013). In addition, we expect that interactions
between multiple drivers are responsible for the fate
of many coastal species because coastal habitats are
strongly influenced by climate change (Hiddink et al.
2015, Holt et al. 2016, Robins et al. 2016, Tinker et al.
2016). For instance, temperatures in the North and
Baltic Seas are expected to increase, while salinity in
the Baltic is predicted to decrease (BACC Author
Team 2008, Neumann 2010, Meier et al. 2012,
Andersson et al. 2015), and change is already happening in those seas (Wiltshire et al. 2010, Burrows
et al. 2011, Boersma et al. 2016). Salinity and temperature regimes are crucial drivers for coastal biota
(Hänninen et al. 2000, Telesh et al. 2013), affecting
performance and fitness (Somero 2005, 2010, Ko et
al. 2014). In general, coastal, estuarine, and intertidal
species have adapted to cope with large ranges of
temperature and salinity, but they are often at their
physiological limits (Stillman & Somero 1996, 2000,
Browne & Wanigasekera 2000).
Recently, the importance of intraspecific trait variation has been highlighted in the context of species
responses to climate change (Moran et al. 2016).
Intraspecific trait variation can occur at several spatial and temporal scales (Violle et al. 2014) and can
shape species distributions and community structure
through different mechanisms (Bolnick et al. 2011),
including local adaptation and plasticity (Chevin et al.
2010). However, concerning the simultaneous action
of multiple drivers, we still know little about the magnitude of variation in physiological responses, in particular for coastal marine species (Carter et al. 2013,
Applebaum et al. 2014, Spitzner et al. 2019). High
levels of variation are likely to characterise species
distributed over wide spatial scales in a heterogeneous coastal habitat. Thus, a key question is whether
coastal populations experiencing contrasting environmental conditions will be able to persist in a scenario of climate-driven changes.

This is the case for the shore crab Carcinus maenas, which is distributed along the salinity gradient
existing between the North and the Baltic Seas
(salinity range — North Sea: seawater, 30−33 PSU;
southern Baltic Sea: 10−30 PSU). C. maenas is a
predator, native to Europe but a global invader elsewhere (Roman & Palumbi 2004). Shore crab larvae
from populations of Helgoland in the North Sea
(Spitzner et al. 2019) and North Wales in the Irish Sea
(Torres et al. 2020) exhibit an antagonistic response
to increased temperature and low salinity (defined
by Spitzner et al. 2019 as ‘Thermal Mitigation of Low
Salinity stress’, TMLS), by which the negative effects
of low salinity on survival and developmental rates
are mitigated at higher temperatures. TMLS occurs
in other coastal crustaceans (e.g. Janas & Spicer
2008, Nasrolahi et al. 2012). In the local population
from Helgoland, TMLS was found in larvae hatched
from embryos kept in seawater, which corresponds
to the natural conditions. TMLS may occur through
several mechanisms. For instance, an enhanced capacity to osmoregulate is one such explanation for a
number of species (Williams 1960, Hagerman &
Uglow 1983, Janas & Spicer 2008). Likewise, the larval stages zoea I and megalopa of C. maenas from
the Helgoland population exhibit increased capacity
to osmoregulate when exposed to higher temperatures (Torres et al. 2021); this may reflect a higher rate
of pumping ions by Na+-K+-ATPase in the ionocytes,
located in the ion-transport tissues, as well as increased production of ATP in the mitochondria (Pörtner 2010). In addition, when performance is quantified as survival to a given stage (e.g. to megalopa),
the mitigation effect may occur because, at high temperatures, larvae are exposed to suboptimal salinity
for a shorter time (i.e. ‘phenological effect’ in Torres
et al. 2021).
Larvae of C. maenas and other marine invertebrates are considered very sensitive to environmental changes (Przeslawski et al. 2015, Pandori & Sorte
2019), and poor larval performance due to environmental stress can lead to recruitment failure and
population collapse. Hence, TMLS can enable larvae
to exploit coastal habitats of moderately reduced
salinity (e.g. above 20 PSU for C. maenas) and have a
central role in population persistence under a warming scenario. TMLS may drive distribution patterns
and community structure (Liu et al. 2020, Torres et al.
2021). However, while TMLS may be a trait of local
populations distributed in areas influenced by seawater, we still do not know anything about the
responses to temperature and salinity in populations
located in habitats dominated by brackish water,
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such as the Baltic Sea. We know that adults of C.
maenas from the Baltic Sea exhibit increased capacity to osmoregulate as compared to those from the
North Sea (Theede 1969), possibly providing increased tolerance to low salinity. Likewise, one would
expect that larvae of C. maenas from populations
located in the Baltic Sea should exhibit increased tolerance to low salinity for the whole life cycle. If larvae of such populations are well adapted to low
salinity, one should find a shift in the optimal salinity
(e.g. higher survival at low salinity, e.g. 20 PSU vs.
seawater, e.g. 32 PSU) or an increase in the degree of
euryhalinity (survival is little affected by low salinity
as compared to seawater). From current knowledge,
it is very difficult to predict how temperature may
modify the response to low salinity for populations
located in habitats such as the Baltic Sea, but we
should not find the same antagonistic response in
larvae from the North and Irish Seas.
Another important point is that, by carrying the
eggs in their abdomen, female crabs determine the
salinity conditions experienced during embryonic development. Such conditions can drive ‘post-zygotic
maternal effects’ (Wade 1998) and thus modify larval
responses to salinity and temperature (Giménez &
Anger 2003, González-Ortegón & Giménez 2014). In
some estuarine species, moderately low salinities experienced during embryonic development enhance
larval performance (Charmantier et al. 2002). While,
in a population of C. maenas from the Irish Sea, low
salinity (20 PSU) impaired performance (Torres et al.
2020), this should not be the case for a population
located in the Baltic Sea where embryos develop
under low salinity conditions.
Here, we compared the responses to temperature
and salinity in larvae of a shore crab population from
the Baltic Sea (Kerteminde, Denmark) with those of a
North Sea population (Helgoland, German Bight).
We carried out a comprehensive study on the effects
of salinity and temperature on several larval traits
from hatching to metamorphosis. As proxies for larval performance, we measured survival, duration of
development, dry mass, carbon and nitrogen content, and growth rates. In the same experiment, we
also quantified the effect of salinity conditions experienced during embryonic development in order to
determine how post-zygotic effects may vary between populations according to the salinities experienced by their embryos. In contrast to the larvae from
Helgoland (North Sea), we expected that larvae from
Kerteminde (Baltic Sea) would be highly tolerant to
low salinity, especially after experiencing low salinity during embryogenesis.
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2. MATERIALS AND METHODS
2.1. Model species
Carcinus maenas is a coastal−estuarine inhabitant,
native to Europe but considered one of the 100 most
successful invaders by the International Union for
Conservation of Nature (see also Cohen et al. 1995,
Carlton & Cohen 2003, Roman & Palumbi 2004,
Hidalgo et al. 2005), with known established populations in Australia, America, and Asia (Leignel et al.
2014). C. maenas has a biphasic life cycle consisting
of bottom-living (benthic) adults, 4 fully pelagic larval stages (zoea I−IV) that disperse in the water column, followed by a metamorphosis to an additional
semi-benthic larval stage (megalopa) that colonises
the shore habitats (Spitzner et al. 2018). Low salinities can reduce developmental and growth rates in
larval stages (Anger et al. 1998, Torres et al. 2002,
Spitzner et al. 2019).

2.2. Study design
Females with early-stage embryos were collected
from the shores of 2 locations: North Sea: Helgoland, Germany (salinity = 32−33 PSU; coordinates:
54° 10’ 49.2” N, 7° 53’ 20.2” E) and Baltic Sea: Kerteminde, Denmark (salinity = 16−20 PSU; coordinates:
55° 26’ 59.9” N, 10° 39’ 40.1” E). We first exposed
berried females from both populations to 2 embryonic salinities, i.e. natural salinities in which each
population occurs (Fig. 1a). Once the larvae hatched,
we quantified performance (survival, developmental
time, dry mass, carbon and nitrogen content, and
growth rates) after larvae were exposed to different
combinations of temperature and salinity (Fig. 1b).
Hence, we were able to evaluate the combined effect
of population of origin (P), embryonic salinity (ES),
larval temperature (LT), and larval salinity (LS) on
larval performance.
Animals of both populations were kept individually in 5 l aquaria. Berried females with early-stage
embryos of each population were randomly assigned to 2 different ES: 20 and 32.5 PSU, which
resembled salinity conditions in the natural habitats
of the Baltic Sea (Kerteminde) and North Sea (Helgoland), respectively (Fig. 1a). The experimental
salinity 20 PSU was chosen to match the maximum
salinity registered in the Danish fjord during the
time of collection; and 32.5 PSU as the salinity registered for the North Sea around Helgoland. In
addition, preliminary experiments with females
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Fig. 1. Experimental design to test Carcinus maenas larval performance. (a) Maternal conditions: females (f) with early-stage
embryos from both populations (P) were exposed to different embryonic salinities (ES) corresponding to the natural habitat
salinity of each population (Baltic Sea: 20 PSU, North Sea: 32.5 PSU). Number of symbols (f) corresponds to the number of
females with successfully produced larvae for each combination of P × ES. (b) Larval conditions: freshly hatched larvae from
each female were tested in a factorial experimental design that consisted of 12 combinations of larval temperature (LT: 15, 18,
21, and 24°C) and salinity (LS: 20, 25, and 32.5 PSU) in a common garden setup to determine larval survival, development,
biomass, and growth. Each treatment had 5 replicate 60 ml bowls with 10 randomly assigned larvae in each

from the North Sea population showed that females
kept at salinities lower than 20 PSU could not complete embryonic development (G. Torres unpubl.
data). Upon hatching, larvae were then assigned
randomly to different combinations of temperature
and salinity following a factorial experimental
design (Fig. 1b) based on 12 combinations of 4 larval temperatures (LT): 15, 18, 21, and 24°C, and 3
larval salinities (LS): 20, 25, and 32.5 PSU. Parameter
checks after 24 h showed that salinity changed
slightly, but this change was always <1 PSU (increase at 15 and 18°C: 0.2−0.3 PSU; at 21 and 24°C:
~0.5−0.7 PSU). Larvae were assigned to the treatments in 5 replicate groups (Fig. 1b). Each replicate
group consisted of 60 ml glass bowls with 10 random individuals each (i.e. the replicate units were
the individual bowls).
Experiments were carried out with larvae from 18
females, i.e. 5 females per combination of population
and embryonic salinity, except for those of Helgoland
exposed to 20 PSU, where only 3 females produced
larvae (Fig. 1a). Note that individual females are
identified as Fem 1−5 for each combination of population and embryonic condition (e.g. see Figs. S1 or
S3 in the Supplement at www.int-res.com/articles/
suppl/m677p051_supp.pdf). Overall, the experiment started with 10 800 larvae (= 10 larvae × 5 replicates × 3 larval salinities × 4 larval temperatures × 18
females).

2.3. Experimental procedures
Experiments were conducted during the reproductive period of C. maenas. Animals from the Kerteminde population were caught using traps in the
subtidal fjord next to the Marine Biological Research
Centre (University of Southern Denmark, Kerteminde, Denmark). Until transport to the Marine Biological Station at the Alfred-Wegener-Institute (Helgoland, Germany), berried females were kept for a
week in a flow-through system of natural water from
the fjord (temperature: 10 ± 1°C, salinity: 16−20 ±
1 PSU) and gentle aeration. For transport to Germany, crabs were placed individually in plastic containers (volume: 1 l) half-filled with filtered natural
seawater from the fjord and a wet towel. To ensure
sufficient oxygen concentration during transport (ca.
24 h), the filtered seawater was strongly aerated
before filling the containers. Afterwards, the containers with animals were placed in a Coleman® cooler
box to ensure a constant temperature (10−12°C) during transport. Upon arrival at the laboratory on
Helgoland, the temperature was gradually increased (1°C d−1) to match the temperature in summer for both populations, thus reaching a common
embryonic temperature (15°C). The animals from the
Helgoland population were collected manually from
the intertidal rocky shore and directly transported to
the Marine Biological Station at the Alfred-Wegener-
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Institute. For these berried females, transport stress
was simulated for 24 h in the laboratory aiming to
replicate the transport conditions of the animals from
Kerteminde, i.e. animals were individually placed for
24 h in half-filled plastic containers with fully aerated
natural seawater (natural salinity: 32.5 ± 0.5 PSU)
and temperature (15 ± 0.5°C) with a wet towel. Water
was changed daily and animals were fed frozen
shrimp Crangon crangon twice per week. Salinities
were adjusted gradually (salinity decrease/increase
rate: 2 PSU d−1) until the desired embryonic salinity
(20 or 32.5 PSU) was achieved.
Experiments with larvae (Fig. 1b) were run in temperature-controlled rooms (± 0.5°C) with a 12:12 h
light:dark cycle. Filtered (filter pore size = 0.2 μm),
aerated natural seawater was used for all experiments, and lower salinities were prepared by diluting natural seawater with appropriate amounts of tap
water. Bowls were filled to 75% of the volume, and
salinity (ES and LS, ± 0.5 PSU) was monitored with a
salinometer (WTW Cond 3110 SET1). Water and food
(ad libitum freshly hatched Artemia sp.; Great Salt
Lake Artemia) were changed daily. During the daily
water change, survival and development of the larvae were monitored; moults and dead larvae were
recorded and discarded.

2.4. Elemental analysis
In order to determine elemental composition (C
and N content) and growth, 3 replicates of freshly
hatched zoea I (50 larvae each) were randomly chosen at the start of the experiment and 3 replicates of
recently moulted megalopae (2 megalopae each)
were randomly selected at the end of each experiment. Larvae were gently rinsed with distilled water
for 10 s, blotted dry, placed into aluminium cartridges and stored at −20°C for further analyses. Prior
to the elemental composition analyses, samples were
freeze-dried for 48 h (Christ Alpha 1−4 freeze-drier),
and dry mass was determined using a microbalance
(Sartorius SC2, precision 0.0001 mg). Elemental composition was determined as carbon and nitrogen content using an elemental analyser (Vario MICRO cube
CHNS analyser, Elementar Analysensysteme).

2.5. Data analysis
Survival to each stage was calculated as the cumulative proportion of larvae surviving from hatching to
each stage. Prior to the analysis, the survival propor-
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tions (p) were re-scaled with the formula p’ = [p (N − 1)
+ 0.5]/N, where N is the number of larvae per glass
(= 10 larvae) at the start of the experiment. This transformation is used to avoid situations of log(0) values
occurring. Survival proportions were then transformed to a logarithmic and logistic scale. Developmental time was determined as the time from hatching
to reach each larval stage. Dry mass (DM) and carbon
(C) and nitrogen (N) content were calculated for freshly
hatched zoeae I and post-moult megalopae. Instant
growth was calculated following the formula: log(B(M)/
B(ZI))/DT where B is the biomass parameter (DW, C, or
N) and DT is the developmental time from hatching
(ZI) to reach the megalopa (M). Means, standard deviations and standard errors were calculated with the
‘plyr’ package in R (version 3.6.1) through RStudio.
The experimental design had 4 fixed and orthogonal factors: (1) population: P; (2) embryonic salinity:
ES; (3) larval temperature: LT, and (4) larval salinity:
LS. In addition, there was a random factor: female of
origin (F) nested in the interaction of embryonic
salinity and population. The analyses were carried
out through mixed models, applying backward model
selection (Zuur et al. 2009) using the package ‘nlme’
(Pinheiro et al. 2019), and the functions ‘lme’ (for
mixed models) and ‘gls’ (for fixed models).
For mixed modelling, model selection of random
terms was carried out by comparing models after
restricted maximum likelihood (REML). The fixed
terms were then examined after refitting the model
with the best random structure with maximum likelihood (ML). In all cases, model selection was based on
the corrected Akaike’s information criteria (AICc)
and likelihood ratio tests (LRT); a Tukey HSD test
was used for post hoc comparisons. When comparing
multiple models, if the simplest model had the lowest
AICc, it was selected for further analysis. In cases
when ΔAICc < 3 and a more complex model had
lower AICc, we applied LRT; if models differed significantly (p < 0.05), the lower AICc model was
selected; in the opposite situation, the model with the
lower number of parameters was chosen.
The full mixed model for survival (Table 1) contained 2 components: (1) the 4 factorial fixed components combining population, embryonic salinity, larval salinity, and larval temperature (~P × ES × LS ×
LT); (2) the interaction terms reflecting different random components. The full random part of the model
was initially specified with the full covariance matrix,
but model fitting led to convergence issues, suggesting overfitting. By following the recommendations
given by Bolker et al. (2009), we then re-specified the
matrix as diagonal, coded as ‘random = list (F =
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Table 1. Carcinus maenas results of model selection (AICc values) for larval survival (logarithmic and logistic transformed
data) in response to population (P), embryonic salinity (ES), larval temperature (LT), larval salinity (LS), and female of origin (F).
F is a random factor representing maternal effects, nested in the interaction P × ES. The remaining 4 factors are fixed and form
a 4-way factorial design. Model selection on random terms was carried out through restricted maximum likelihood (REML) fitting; in all cases, the full model performed considerably better than any alternative model. Fixed effects were tested after maximum likelihood (ML) fitting and the full fixed model was retained (P × ES × LS × LT). The best model therefore contained both
the random and fixed parts (marked in bold). ZII−ZIV: zoeal stages II−IV; M: megalopa
Model selection
ZII

Logarithmic
ZIII
ZIV

Logistic
M

ZII

ZIII

ZIV

M

Random (REML)
F × LT × LS
F × LS
F × LT
F
No random term

1772
1841
2000
2023
2328

1704
1844
1945
1980
2323

1570
1740
1845
1887
2233

1685
1865
1952
2000
2237

2691
2771
2920
2940
3398

2633
2765
2864
2886
3381

2500
2666
2779
2809
3256

2462
2650
2785
2819
3095

Fixed (ML)
4-way (full model)
3-way factorial

1695
1723

1631
1663

1490
1549

1604
1631

2659
2682

2602
2629

2463
2501

2415
2434

pdDiag(~LS × LT))’. For the selection of the random
component, there were also simpler models specified
with the full covariance matrix (e.g. as ‘random =
list (F = pdSymm(~LS))’ or ‘random = list (F =
pdSymm(~LT))’ or ‘random = ~1|F’). For duration of
development, the 4-way interaction (~P × ES × LS ×
LT) was kept, but the lowest level of the factor larval
salinity (LS = 20 PSU) was excluded from the analyses
due to insufficient number of surviving larvae to estimate duration of development.
Separate analyses for developmental duration were
carried out for the different stages, depending on the
survival in the specific treatments. For instance, zoea
II and zoea III analyses were performed for full mixed
models (Table S1) with larvae reared at LS = 25 and
32.5 PSU, while duration of development until the
megalopa stage was only possible for ES = 32.5 PSU
with larvae developing at LS = 32.5 PSU which decreased the level of factors (Table S2). Additionally,
3-way models were fitted for the megalopae from
ES = 32.5 PSU to check for significant interactions
between larval salinities (25−32.5 PSU) at temperatures 18−24°C where sufficient megalopae survived.
To evaluate megalopa biomass, a mixed model for
the dry mass (DW) and C and N content was performed. However, the analysis was restricted to larvae
originating from seawater (ES = 32.5 PSU) due to high
mortality early in the development of larvae from
broods kept at ES = 20 PSU. Note that LS = 20 PSU is
also excluded from the analysis due to high mortality
of the larvae. Therefore, the analysis was divided
into 2 parts. In the first step, we compared both populations with a 3-way fixed interaction (~P × LS × LT),

excluding LT = 15°C due to insufficient survivors to
megalopa at LS = 25 PSU in the Baltic Sea population
(Table S3). In the second part of the analysis, we
included the lowest larval temperature and analysed
effects of combined larval salinity and temperature
(~LS × LT) only for the North Sea population for all
treatments (Table S4). An additional ANOVA was
performed for the Baltic Sea population excluding
the lowest temperature (15°C) to test the effect of
larval salinity. In all steps of the biomass data analysis, female of origin (F) was kept as a random factor
(coded in the model as: ‘random = ~1|F’).
For the instantaneous growth rates, the starting
model had the same structure as the one used for DW
and C and N content (Tables S3 & S4). For the biomass analyses, 2 megalopae were always merged in 1
replicate. Thus, we first calculated averages of DW
and C and N content of each replicate. Then, we calculated the average DD (i.e. from freshly hatched
zoea I to successfully moulted megalopa) of the 2
megalopae in each replicate, which we then used to
calculate instantaneous growth rates specifically.
In addition, we studied the covariation between
survival, development, and body mass of larvae as
well as responses at different factor combinations.
For duration of development, where we had the
largest data set, we compared the output of models
fitting bivariate responses (accounting for covariation between development and survival) with univariate models for duration of development. We carried out a bivariate analysis in order to account for
potential viability selection or the so called invisible
fraction (Hadﬁeld 2008). Because mortality may be
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trait-selective (e.g. survivors may be those characterised by higher developmental rates), animals used
to estimate trait values were not sampled at random, but instead were a sample contingent on the
population of trait values of the survivors. Those
analyses were carried out using generalised linear
mixed models based on Monte Carlo Markov chain
for parameter estimation, in R, using the package
‘MCMCglmm’ (more details on that analysis are provided in Text S1 of the Supplement).

3. RESULTS
For simplicity, we use the terms ‘North Sea’ vs.
‘Baltic Sea’ corresponding to the ‘Helgoland’ vs.
‘Kerteminde’ populations, but we clarify that we do
not assume that these populations are representative
of each region, as we recognise that responses may
well vary considerably among populations located
within each particular region (see Section 4).

3.1. Larval survival
Larval survival varied among populations and was
driven by the combination of embryonic salinity, lar-

val salinity, and larval temperature (Fig. 2, Table 1).
Overall, females that produced larvae with high survival at a given temperature and salinity combination
also produced larvae with high survival at other combinations (Tables S5 & S6). For the North Sea population, and when embryos developed in seawater, we
found an antagonistic response to larval temperature
(LT) and salinity (LS) consistent with TMLS previously
reported (Spitzner et al. 2019). TMLS was found in
the survival to the megalopa stage (Fig. 2a) in larvae
reared at moderately low salinity (LS = 25 PSU); survival dropped down significantly to less than 20% at
low temperatures (15 and 18°C), but remained high
at higher temperatures (> 60% at 21 and 24°C) as for
larvae reared in seawater. At the lowest larval salinity (LS = 20 PSU), survival to megalopa was consistently low (Fig. 2a). For this population, TMLS was
initially established at the zoea II stage, in larvae from
all females reared at the lowest salinity (Fig. S1).
High survival rates were found at moderately low
salinity and in seawater, although responses varied
among larvae from different females (Fig. S1). TMLS
was strong for survival to the zoea II stage: average
survival was high at the lowest salinity and highest
temperature (= 70%); it was more than 2 times higher
than the expectations of the joint probability (0.7 >
0.28 = 0.4 × 0.7) calculated as the product of the pro-
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80
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20
0
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*
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Fig. 2. Carcinus maenas cumulative average survival to megalopa. Comparison between populations from (a,b) the North Sea
and (c,d) the Baltic Sea hatching at different embryonic salinities (ES) for 12 combinations of larval temperature (LT) and salinity
(LS). Symbols represent each combination of factors per population. Data shown as means ± SE among larvae produced by different females (n = 5 or 3). Asterisks represent significant differences between populations for each combination of ES × LS × LT
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portion survival at the lowest salinity (= 0.4 at optimal
LT = 15°C) multiplied by that occurring under 21 or
24°C (= 0.7 at optimal LS = 32.5 PSU).
There were 4 main outcomes in the comparisons
among embryonic salinity and population. First, for
the North Sea population, low embryonic salinity resulted in an important and significant (p < 0.001)
reduction in overall survival, a disruption of the
TMLS, and a reduction of tolerance to high temperature (Fig. 2b; Fig. S2b). The best combination of temperature and salinity (15°C and seawater) led to only
moderate survival (zoea II: 50%; megalopa: 35−40%),
which was significantly lower than that of larvae
hatching from embryos kept in seawater (p < 0.01;
zoea II: > 80%; megalopa: 70%). Larvae reared at
low salinities had consistently low survival (Fig. 2b;
Fig. S2b: no mitigation effect); in addition, increased
temperature resulted in reductions in survival for
larvae reared in seawater.
Second, larval survival from the Baltic Sea population was lower than that from the North Sea. Larvae
reared at the lowest salinity had consistently the lowest survival to zoea II (Fig. S2c), irrespective of the
female of origin (Figs. S4 & S5). There was also weak
TMLS in larvae that originated from embryos reared
in seawater and exposed to moderately low salinity
(Fig. 2c; Fig. S2c); this weak response reflected a
high variability among females in the effect of temperature on survival (Fig. S3).
Third, there were differences among populations in
how embryonic salinity affected larval survival. In larvae from the Baltic Sea population, hatching from embryos exposed to low salinity, survival was consistently
low irrespective of temperature, unlike the pattern observed for larvae from the North Sea (Fig. 2; Fig. S2).
Fourth, for the Baltic Sea population, larval survival did not peak at the lowest salinity expected to
be experienced in the field. In addition, when
embryos were kept in seawater, the highest survival
occurred at the higher salinities (25 and 32.5 PSU
compared to 20 PSU; for zoea II: p < 0.001). When
embryos were kept at low salinity, survival was low
irrespective of the salinity experienced by larvae
(Fig. 2d; Fig. S2d). Lowest survival rates occurred at
low embryonic (ES = 20 PSU) and larval salinity (LS =
20 PSU), which are the salinities experienced in the
natural habitat.

3.2. Developmental time
Developmental time decreased at higher temperatures and increased at lower salinities, but also var-

ied among population of origin (Figs. 3 & 4). There
were 3 main responses in the developmental time to
the zoea II. First, there was a clear effect of high temperature in decreasing developmental time, which
varied slightly among salinities and populations
(Fig. 3). Second, the effect of larval salinity (a 1−3 d
increase in developmental time) was only present in
larvae from the North Sea hatched from embryos
kept at low salinity (Fig. 3b). Third, for both populations, low embryonic salinity resulted in longer larval
development especially at low temperature (5−7 d
longer at 15°C, p < 0.001, vs. ca. 3.5 d longer at 24°C,
p < 0.05).
For the megalopa stage, the best models retained
interactions between the 3 terms tested (LT × LS and
P × LS; embryonic salinity, ES = 20 PSU was not considered due to low survival). Developmental time to
megalopa showed a pattern consistent with TMLS
(Fig. 4) especially for larvae from the North Sea
population. In that population, at 25 PSU, developmental time was 5 d longer at 15°C (p < 0.001), but
there was no significant delay in development at
21−24°C compared to larvae reared at 32.5 PSU. In
addition, larvae from the North Sea had in general
lower developmental times than those of the Baltic
Sea population.
Bivariate models (based on ‘MCMCglmm’) indicated that covariances between developmental time
and survival included zero in the credible interval for
the random structure (Table S7), but not for the error
structure (Table S8). Correlations between survival
and developmental time were mostly negative, indicating that faster development was associated with
higher survival (Fig. S6). In general, comparisons of
results between bivariate and univariate models led
to similar credible intervals (Tables S9−S11) except
for a single estimate (Table S9). Overall, our interpretation is that the conclusions drawn from univariate
analyses were robust to covariation between survival
and developmental time.

3.3. Biomass and elemental
composition
Dry mass (DW) and carbon (C) and nitrogen (N)
content of the freshly hatched zoea I varied between
populations and embryonic salinity treatments
(Fig. 5). When embryos were kept in seawater, newly
hatched larvae from the North Sea population had
significantly higher DW and C and N content as compared to those from the Baltic Sea population (e.g.
DW in the North Sea vs. Baltic Sea population: 10.7
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population, low salinity had a consistent negative
effect on dry mass and elemental composition, irrespective of temperature (Fig. 6; Fig. S7). In addition,
dry mass, C and N content were higher in larvae
from the North Sea than in those from the Baltic
Sea, but such differences were significant only for C
content (see Fig. S7) in larvae reared at low salinity
and at 24°C (overall, larvae from the North Sea population had 15.9% higher carbon content). The C:N
ratios (Fig. S8) did not indicate any proportional

change in the C or N fractions regardless of the
population of origin or in response to any treatments. Correlations between survival and dry
mass were either positive or non-significant, indicating that high larval survival was associated with
large body mass (Fig. S9).
Instantaneous growth rates from hatching to megalopa increased with temperature in both populations
(Fig. 6; Fig. S7). For the North Sea population, growth
rates showed a pattern consistent with TMLS, as in
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the case of body mass and duration of development,
i.e. reductions in growth rates were found only for
the combination of low temperature and salinity. Larvae from the Baltic Sea population were less affected
by low salinity, with a significant reduction in dry
mass only at 18°C (p < 0.05; Fig. 6). Significant differences between populations appeared only at low
salinity and at 18°C, where larvae from the North Sea
population had ~25% lower instantaneous growth
rates than those from the Baltic Sea (Fig. 6; Fig. S7).
The integrated responses of growth, developmental time, and body size are shown in Fig. 7
and in Fig. S10. For the North Sea, TMLS was
observed as an integrated response, especially in
the carbon and nitrogen content. Larvae reached
an upper body mass threshold when reared in seawater, especially at the highest temperatures (e.g.
at 21 and 24°C: C ~34−36 μg ind.−1, DW ~90 μg
ind.−1); almost the same thresholds were reached
when reared at low salinity and the highest tested
temperatures without any increase in developmental time. By contrast, at lower salinities and temperatures, larvae metamorphosed at lower biomass
thresholds in spite of extended development. For
the Baltic Sea population, patterns were not consistent with TMLS; the maximum body mass (e.g. at 21
and 24°C: C ~32−34 μg ind.−1, DW ~85 μg ind.−1)
was reached by larvae reared in seawater; those
reared at low salinity were not able to reach that
threshold irrespective of an extension in developmental time.

a

Here, we show that responses to temperature and
salinity can vary considerably between populations
of the same species. Using females, collected during
the same reproductive season, we confirmed that
most larvae hatching from females collected on Helgoland (North Sea) exhibited TMLS, which is consistent with a previous study by Spitzner et al. (2019) for
the same population (females collected in consecutive previous years, 2016 and 2017). In addition, the
higher survival in seawater is consistent with the fact
that the larvae from the population of Helgoland are
likely to develop under seawater conditions. For the
Kerteminde population (Baltic Sea), we hypothesised that larvae would show a shift in the pattern of
tolerance towards low salinities or an increase in
the degree of euryhalinity. However, the best survival occurred in seawater instead of at the lowest
salinities tested, especially in larvae that originated
from females kept at low salinity; survival decreased towards lower salinity and higher temperature. The response to low salinity was surprising
because embryos and larvae in Kerteminde should
experience similar salinities as the adults (i.e. ~15−
20 PSU).
For the Helgoland population, TMLS was exhibited in terms of the integrated effects on developmental time, body mass, and growth rate. At high
temperatures, instantaneous growth and developmental rates were not affected by salinity. From an
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ecological standpoint, the observed trait values of the
survivors after developing at low salinities (reduced
body mass at metamorphosis) may reduce postmetamorphic survival (Pechenik et al. 1998, Pechenik 2006, Torres et al. 2016); such effects would be
minimised under increased temperatures, as long as
larvae are not food-limited (Torres & Giménez 2020).
Overall, for the Helgoland population, we report for
the first time a consistent mitigation effect of high
temperatures on physiology and survival that may
favour the use of estuarine habitats, at least for limited time periods, under warming scenarios. By contrast, for the Kerteminde population, negative effects
of low salinity on instantaneous growth dominated
the response of body reserves at metamorphosis.
Hence, in addition to the reductions of larval survival, one would expect ecological consequences of
low salinity after metamorphosis (associated with reduced body mass) consisting of reduced post-metamorphic survival. The general low tolerance to low
salinity of larvae from Kerteminde is striking and
may be considered maladaptive, given that the Baltic
Sea is characterised by low salinity.
Because both populations are located at sites differing in the surrounding salinities, we hypothesised that
the salinity experienced during embryogenesis could
modify the larval responses to temperature and salinity in a way that is adaptive to each population. We
knew that such a post-zygotic maternal effect could
have profound effects on salinity tolerance (Giménez
& Anger 2003) by increasing osmoregulatory capacity
(Charmantier et al. 2002), as osmoregulation provides buffering effects of low salinity on larval performance (Torres et al. 2011). Hence, for the Kerteminde population, we expected that low salinity
experienced by embryos would enhance larval performance at low salinities, or at least not impair it.
However, low embryonic salinity caused reduction
of larval performance in the Ker teminde population,
contrary to our expectations. Hence, the post-zygotic
maternal effects of the local population of Kerteminde may be considered maladaptive.
We know that adults of Carcinus maenas exhibit
adaptive responses to low salinity conditions in the
Baltic Sea (Theede 1969). In addition, larvae of populations from the coastal waters of the North Sea vs.
the Baltic Sea exhibit different behavioural traits that
are adaptive for the different hydrodynamic conditions experienced in each sea (Moksnes et al. 2014:
comparison of larval vertical migration patterns). So
why does larval tolerance not exhibit patterns that
are adaptive to the salinity conditions surrounding
the Kerteminde population? We do not know if the

maladaptive response of the Kerteminde population
is characteristic of other Baltic Sea populations or is
driven by local conditions characterising the Kerteminde Fjord (e.g. maternal nutrition, presence of additional drivers). Any other known responses for the
European continent, experiencing comparable salinity conditions (Isle of Man, UK: Nagaraj 1993; North
Wales, UK: Torres et al. 2020; Cádiz, Spain: unpubl.
data), are similar to the one found for the Helgoland
population. Maladaptive responses to temperature
and salinity have, however, been found in populations of an estuarine barnacle, also occupying habitats in the Baltic Sea (Nasrolahi et al. 2016). Maladaptive responses may be maintained by gene flow
(Kawecki & Stearns 1993, Bolnick & Nosil 2007,
Farkas et al. 2016), sustained by larvae arriving to
the Kerteminde Fjord from other local populations of
the Baltic Sea or perhaps from the North Sea. Perhaps Kerteminde harbours a sink population; in theory, subsidy from sink to source populations can contribute to species distributions in areas characterised
by environmental gradients (Dauphinais et al. 2018,
Giménez et al. 2020).
Alternatively, larvae sustaining the population
from Kerteminde develop in microhabitats characterised by increased salinity, or they develop under
temperature conditions that are much lower than
those tested here. Larvae may develop in deeper
waters characterised by higher salinities and perhaps lower temperatures. While females in the North
Sea are found in the intertidal area, those of the
Baltic Sea are subtidal; perhaps larvae stay close to
the bottom. However, studies of larval behaviour
suggest diel vertical migrations (from bottom to surface waters) in larvae from Baltic Sea populations
(Moksnes et al. 2014), which would predict that larvae should occupy near-surface waters with reduced
salinity, at least for limited periods. In addition, the
overall differences in larval performance would suggest increased larval mortality in those produced by
the population in Kerteminde, irrespective of temperature and salinity. Overall, given the current evidence, it is difficult to envisage a scenario other than
the one in which the local population of Kerteminde
is subsidised from other nearby populations (taking
into consideration that larvae are the main dispersal
stages in this species).
A potential physiological driver for the reduced
performance in the Kerteminde population could be
the reduced body mass at hatching, which coincided
with that observed in larvae from the Helgoland population hatching from embryos kept at low salinity.
Poor performance associated with low body mass
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at hatching has been found in previous studies
(Giménez & Anger 2001, Marshall & Keough 2007,
González-Ortegón & Giménez 2014, Oliphant et al.
2014). Reduced larval body mass, a proxy for body
size, is associated with lower metabolic efficiency
(Pettersen et al. 2015, Marshall et al. 2018) and it is
likely to constrain the capacity to capture prey. Perhaps drivers of reduced body mass (e.g. local food
availability at the time of maternal allocation of reserves to eggs) are responsible for the overall poor
larval performance of the Kerteminde population.
In synthesis, irrespective of the underpinning mechanisms, our study highlights important differences
among populations of the same species in the capacity
to cope with various salinity and temperature combinations. Hence, when asking questions about ‘winners’ or ‘losers’ (Somero 2010), we cannot make judgements based on single population studies. For the
Helgoland population, increased larval performance
is found consistently under salinity conditions of
the North Sea. However, the responses to low salinity found for the Kerteminde population are maladaptive for the natural conditions of the Baltic Sea
and represent a form of ‘ecological surprise’ (FilbeeDexter et al. 2017), highlighting the fact that adaptive
responses should not be expected by default. We
emphasise the importance of incorporating a multipopulation approach and considering effects of the
maternal environment on offspring responses in multiple stressors research. By expanding the spatial
scale of observation, from local to regional, we could
obtain a more complete picture of species responses
to climate-driven changes in environmental variables.
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