
Cold tolerance strategies of 
freshwater mussels across latitudes
Anna M. Lipińska1, Paweł Adamski1, Adam M. Ćmiel1, Maria J. Golab1,  
Paulina A. Idczak-Figiel2, Manuel Lopes-Lima3,4, Jon H. Mageroy5, Anna Nowakowska6, 
Martin Österling7, Szymon Sniegula1, Amílcar Teixeira8, Silvana Costa9, Simone Varandas10 & 
Dariusz Halabowski11,12

Freshwater mussels across Europe exhibit physiological and behavioural adaptations to survive 
winter conditions. Climate change projections, including more frequent extreme weather events, 
are expected to intensify pressures on these ecosystems. In this study, we tested the temperature-
size hypothesis, which posits that larger body size in ectothermic organisms is an adaptation to 
colder climates. We predicted that Anodonta anatina populations in northern regions would have 
larger shells than those in central and southern regions. Additionally, we hypothesised that harsher 
winters in northern regions require mussels to maintain higher glycogen levels as an energy reserve. 
We also explored whether shell size varies between lowland and upland populations, following the 
temperature-size rule, and whether supercooling (SCP) occurs primarily in northern populations as a 
complementary survival strategy. Northern populations had the highest glycogen levels, reflecting 
adaptations to colder conditions. SCP was rare (2.5%) and observed predominantly in northern 
mussels, suggesting limited reliance on freeze avoidance. Instead, it is likely that mussels employ 
mixed strategies, such as metabolic reduction and burrowing, to withstand winter. These findings link 
shell size, glycogen levels, and SCP to specific survival strategies, providing new insights into the cold 
tolerance mechanisms of freshwater mussels and their potential vulnerability to climate change.
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Climate change projections indicate an increase in the frequency and intensity of storms, floods, heat waves, 
droughts, cyclones, and cold spells1,2. Freshwater ecosystems, being highly sensitive to variations in temperature 
and water availability, face particular challenges under these changes3,4. These challenges are compounded 
by significant alterations in the physical, chemical, and biological characteristics of lakes and rivers driven 
by climatic warming. For instance, climate change strongly influences terrestrial catchments, where inputs to 
freshwater systems can be dampened or amplified by in-lake processes. This can lead to seemingly counter-
intuitive responses, such as the acidification of streams but the alkalinisation of lakes in areas with limited 
base cation supplies5. Species inhabiting these environments, such as freshwater mussels of the order Unionida 
(hereafter referred to as “mussels”), are already experiencing significant declines due to habitat loss, pollution, 
and climate change5–8.

Mussels play a crucial role in freshwater and marine ecosystems, where they contribute to or provide many 
ecosystem services, such as nutrient cycling and storage, biofiltration, and food web modification9,10. However, 
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they are particularly vulnerable to environmental fluctuations and extreme events11. As one of the fastest declining 
animal groups globally, mussels are especially vulnerable due to their long lifespans and limited mobility, which 
reduce their ability to escape adverse conditions7,12. Although freshwater habitats generally provide some 
thermal buffering, they are still susceptible to climate disturbances13. In particular, shallow streams, ponds, 
and the shores of larger water bodies are prone to freezing during winter months, exposing benthic organisms 
such as mussels to subzero temperatures13. Extreme cold can disrupt biological processes, leading to reduced 
activity or even cessation of essential functions3. These conditions can push temperatures beyond the thermal 
tolerances of some species, posing a serious threat to survival14. While high-temperature stress in bivalves has 
been extensively studied, knowledge about their responses to cold stress remains limited15,16.

The adaptations of bivalves to low temperatures may involve a combination of structural, physiological, 
and behavioural traits, such as the insulating properties of their shells, which may include specialised 

 

Scientific Reports |        (2025) 15:22232 2| https://doi.org/10.1038/s41598-025-06450-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


microstructures17; physiological mechanisms, such as changes in metabolic rate, modulation of oxygen demand, 
supercooling, or synthesis of cryoprotectants14,18–20 and body size adjustments in line with the temperature-
size rule21–23. The temperature-size rule posits that ectothermic organisms tend to develop larger body sizes in 
colder climates, as lower temperatures slow metabolic rates, allowing for more efficient growth and resource use 
over longer periods23–25. Such adaptations may confer advantages in resource-limited, colder environments by 
promoting energy conservation and enhanced cold resistance23. Behavioural responses to low temperatures, 
such as burrowing into the sediment or moving to deeper water, also contribute to their survival26,27.

Cold-tolerance strategies can generally be categorised as either freeze avoidance or freeze tolerance14,20. 
Freeze avoidance involves mechanisms that prevent the formation of ice crystals in body fluids by lowering their 
freezing point, whereas freeze tolerance allows controlled ice formation in body tissues, thereby minimising 
cellular damage. However, these survival strategies remain poorly understood in large mussels, highlighting 
a significant gap in our knowledge of their cold-resistance mechanisms20. In species such as the duck mussel 
(Anodonta anatina), which inhabits diverse freshwater environments across the western Palearctic and Siberia, 
the ability to withstand cold temperatures likely varies in response to local climatic conditions27. This variation 
can manifest in several phenotypic traits, including shell size, physiological condition, and supercooling point 
(SCP). SCP measures how far below freezing temperatures body fluids can get before ice crystals form and is 
defined as the temperature at which ice crystals begin to develop. Mussels inhabiting colder environments are 
thought to have evolved or adapted physiological mechanisms, such as a lower SCP, to survive freezing conditions. 
Cold hardiness mechanisms are strongly linked to the metabolism of energy reserves, such as glycogen, which 
plays a key role in the synthesis of cryoprotectants, such as glycerol28–31. These cryoprotective substances help 
organisms survive freezing conditions by stabilising cellular structures and minimising damage caused by ice 
formation. The production and accumulation of cryoprotectants primarily depend on the availability of energy 
reserves and are critical for overwintering success32.

The objective of this study is to investigate key adaptive traits in freshwater mussels, using Anodonta anatina 
as a model organism. Focusing on body size, energetic condition (in terms of glycogen concentration), and SCP 
across environmental gradients—particularly latitude and altitude—this study examines how these traits vary 
within and among mussel populations. In this study, we propose several hypotheses to explain the observed 
variation in mussel traits across regions and environmental conditions. First, we hypothesise that environmental 
temperature influences mussel morphology and physiology in accordance with the temperature-size rule. Based 
on this, we predict that mussels in colder northern regions will have larger body sizes than those in central and 
southern Europe. We also hypothesise that seasonal climatic conditions shape energy storage strategies in mussels. 
Therefore, we predict that mussels from northern populations will exhibit higher glycogen concentrations, as 
longer and harsher winters in these regions likely require greater energy reserves for survival. In addition, we 
hypothesise that both latitude and altitude interact to affect mussel size. Accordingly, we predict that mussels 
from Northern and upland areas will generally have larger shells than those from South of Europe and lowland 
areas due to temperature rule size (latitude) and lower ambient temperatures (altitude). Finally, we hypothesise 
that low-temperature resistance mechanisms vary across climatic gradients. We predict that SCP will be most 
frequently observed in mussels from northern regions, where exposure to freezing conditions is more common.

By testing these hypotheses using A. anatina as a representative species, this study aims to shed light on 
the adaptive responses of mussels to different thermal environments. Our findings will contribute to a broader 
understanding of the ecological effects of temperature on species distributions, survival strategies, and the 
potential consequences of climate change in freshwater ecosystems.

Material and methods
Study sites and mussel collection
To examine mussel responses to variation in climatic conditions, individuals were collected from sites differing in 
latitude, altitude, and thermal regimes during the winter season, a period of maximum physiological preparation 
for overwintering (Fig. 1).

In total, 322 A. anatina individuals were collected during the winter season of 2023/2024, with 150 
individuals from Northern Europe (Scandinavia; Norway and Sweden), 98 from Central Europe (Poland), and 
74 from Southern Europe (Portugal). Mussels were collected from lowland (3 in Northern, 3 in Central, and 2 
in Southern Europe) and upland habitats (3 in Northern, 1 in Central, and 2 in Southern Europe). In Northern 
Europe, mussels were collected at 6 sites, exclusively in lakes; in Central Europe, they were found at 4 sites: 

Fig. 1. Sampling locations of Anodonta anatina across Europe, superimposed on the Köppen-Geiger climate 
classification map33.Red and green circles indicate the sites where mussels were collected. The map provides a 
visual representation of the climatic zones. The following climate types are included: Af—Tropical rainforest, 
Am—Tropical monsoon, Bwh—Hot desert, Bwk—Cold desert, Csa—Mediterranean hot summer, Csb—
Mediterranean warm summer, Cwa—Subtropical with dry winters and hot summers, Cwb—Subtropical with 
dry winters and warm summers, Cfb—Temperate oceanic, Cfa—Temperate with hot summers, Dsa—Cold 
with dry summers and hot summers, Dsb—Cold with dry summers and warm summers, Dwa—Cold with dry 
winters and hot summers, Dwb—Cold with dry winters and warm summers, Dfa—Cold with no dry season 
and hot summers, Dfb—Cold with no dry season and warm summers, ET—Tundra. Map source: Adapted 
from Beck, H. E. et al. High-resolution (1 km) Köppen-Geiger maps for 1901–2099 based on constrained 
CMIP6 projections. Sci. Data 10, 724 (2023), https://doi.org/10.1038/s41597-023-02549-6. The map has 
been modified and simplified. The original data is licensed under the Creative Commons Attribution 4.0 
International license (http://creativecommons.org/licenses/by/4.0/).

◂

Scientific Reports |        (2025) 15:22232 3| https://doi.org/10.1038/s41598-025-06450-7

www.nature.com/scientificreports/

https://doi.org/10.1038/s41597-023-02549-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports


3 reservoirs and 1 river; and in Southern Europe, they were found at 4 sites, only in rivers. In all locations, 
mussels were collected manually. The sampling protocol required the collector to gather the first 30 individuals 
encountered, regardless of their size, to avoid any bias in sampling related to mussel size. However, the number 
of mussels collected per site varied, as it was not always possible to gather the required number in less abundant 
populations. In some cases, slight overcollections occurred due to collector error.

Climatic conditions
To verify that mussels collected from different regions and altitudes experience distinct climatic conditions, we 
compared air and water temperature regimes at all collection sites.

Climatic zones at mussel collection sites were visualised using high-resolution (1 km) Köppen-Geiger climate 
classification maps 33. In Southern Europe, all sites were classified as “Csa” (hot-summer Mediterranean climate); 
in Central Europe, as “Cfb” (temperate oceanic climate); and in Northern Europe, the dominant class (5 out of 6 
sites) was “Dfb” (warm-summer humid continental climate; Fig. 1).

Mean monthly air temperature at each site was obtained from ClimateData.org34,34, based on ECMWF 
data (0.1–0.25° resolution) collected between 1991 and 2021 and refreshed in May 2022. Mean monthly water 
temperatures were estimated using the Lake Model35over the period 1998–2009. The simulation incorporated 
site-specific meteorological and lake parameters, including wind components, air temperature, humidity, cloud 
cover, solar and thermal radiation, geographic coordinates, water depth (2 m), and assumed water transparency 
of 1 m.

To statistically test for differences in climatic conditions between regions, a repeated measures ANOVA was 
used to compare both air and water temperatures across months.

Additional details on the mussel collection sites, mean monthly air temperatures, and modelled water 
temperatures are provided in the Supplementary Materials (Tables S1–S3).

Measurement of shell size and SCP
To assess variation in morphological and physiological traits relevant to cold adaptation, we measured shell size 
and SCP in all collected individuals. Each mussel was aged and measured for shell size upon collection. Shell 
length, width, and height were recorded using callipers. The age of individuals was determined by counting 
annual growth rings visible on the shell36. To minimise the risk of error in age determination, counting was 
performed on the right shell valve whenever possible. If growth rings were not clearly visible, the left valve was 
used instead.

To analyse variation in shell size across regions and habitats, we used a General Linear Model with region, 
habitat type, mussel age, and their interaction as predictor variables.

The SCP of each mussel was measured to assess cold tolerance following Sinclair et al.19. SCP was typically 
measured on 20–30 individuals per population to assess the distribution shape19. To obtain the SCP of mussel 
body fluids, a thermocouple (K-type, probe diameter 0.5 mm) was inserted into the posterior adductor muscle 
of each individual. The mussels were then placed in a deep freezer (Platilab 340 SV-3-STD; ALS Angelantoni 
Life Science deep freezer), with the temperature set to decrease from + 5 °C to − 20 °C at a constant rate of 1 °C/
min, as recommended in previous SCP measurement studies19,20,37. The temperature decrease was continuously 
recorded, and the SCP was read off (with ± 0.1 °C accuracy) as the last temperature indication just before the 
peak (rebound) caused by the heat of the exothermic crystallisation reaction.

A freeze survival experiment was conducted at three sites in Central Europe. To assess post-freezing survival, 
after capturing the SCP, 8 mussels from each site were placed in water at 4 °C. They were then kept for another 
7 days or until evidence of mortality was confirmed.

To explore potential physiological correlates of cold resistance, we used a linear regression to test for 
associations between SCP and both water temperature and glycogen concentration.

Glycogen concentration
To assess physiological condition and energy reserves in mussels from different climatic regions, glycogen 
concentration was measured in soft tissues. Each animal sample (whole tissue without the shell) was 
homogenised with 3–4 mL of distilled water using an IKA homogeniser (30 s pulse, 100% amplitude, 5–8 times). 
The homogenates were then centrifuged (10  min, 4  °C, 14,000 × g). The supernatants were used for further 
analysis. The ELISA Glycogen Assays (Sigma-Aldrich, No. MAK016 and MAK465, USA) were performed for 
the quantitative determination of glycogen. The Glycogen Assay Kit uses a single working reagent that integrates 
the enzymatic breakdown of glycogen with the measurement of glucose in a single step. The concentration of 
glycogen in the sample is proportional to the colour intensity of the reaction product, measured at 570 nm in 
flat-bottom clear 96-well plates.

Each 96-well plate had its own glycogen standard curve, run in duplicate. Additionally, a blank and a negative 
control were included for each plate. Samples were added to the plate in duplicate technical replicates for 
statistical purposes. Both glycogen assays were performed according to the ELISA manufacturers’ instructions, 
and the plates were then read at a wavelength of 570 nm using an Epoch 2 multimode microplate reader (BioTek 
Instruments, Inc., Winooski, VT, USA).

Differences in glycogen concentration were analysed using a two-way ANOVA with region and habitat type 
as fixed effects and their interaction.

Results
Climatic conditions
Repeated measures ANOVA showed that the highest mean yearly air temperature at collection sites was observed 
in Southern Europe (tmean = 14.8 °C; SD = 5.9; Fig. 2a). Whereas the mean yearly air temperature at collection 
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sites in Central Europe (tmean = 9.1 °C; SD = 7.7; Fig. 2b) and Northern Europe (tmean = 5.5 °C; SD = 7.7; Fig. 2c) 
were lower, and the differences in mean yearly air temperature at collection sites among regions were significant 
(df = 2; F = 40.4; p < 0.0001). Also, the within effect (months) was significant (df = 11, F = 1690.1; p < 0.0001), as 
well as the interaction between region and within effect (months; df = 22; F = 21.6; p < 0.0001).

Repeated measures ANOVA showed that modelled mean monthly water temperatures at collection sites also 
differed significantly among regions (Southern Europe: tmean = 17.3 °C, SD = 6.2.; Central Europe: tmean = 9.1 °C, 
SD = 7.6; Northern Europe: tmean = 7.3  °C, SD = 7.3; df = 2; F = 151.4; p < 0.0001), with significant influence of 
within effect (months; df = 11, F = 1709.9; p < 0.0001) and the interaction between region and within effect 
(months; df = 22; F = 23.8; p < 0.0001; Fig. 2D). Moreover, FLake model showed that the median number of weeks 
with ice covering the lake surface at collection sites was 15 in Northern Europe (range: 0–15), 2 in Central Europe 
(range: 0–3) whereas in Southern Europe ice cover on the lake surface did not occur at any of the collection sites.

Shell length
Descriptive statistics for mussel shell length are presented in Table 1. The General Linear Model showed that 
all analysed factors: region, habitat, mussel age, and the interaction between region and habitat, had significant 
influence on mussel shell length (Fig.  3a–c; detailed results in the Supplementary Materials, Table S1). 
Additionally, both age and the interaction between region and habitat had the highest influence on mussel shell 
length, whereas the influence of region and habitat on mussel shell length was much weaker (Supplementary 
Materials, Table S1). Mussels from Southern Europe were significantly longer than mussels from Central and 
Northern Europe, while no significant difference in length was observed between mussels from Central and 
Northern Europe (Fig. 3a). Also, mussels from Central and Southern Europe were significantly larger in lowland 

Fig. 2. Mean monthly air temperatures (solid line) and range (minimum and maximum temperatures; dotted 
line) at collection sites in different climatic zones, located in Southern (a), Central (b), Northern (c) Europe34. 
Solid red horizontal lines indicate mean yearly temperature, red dotted horizontal lines indicate standard 
deviation of mean yearly temperature. (d) mean monthly water temperatures at collection sites modelled 
with FLake function. SE—Southern Europe, CE—Central Eurpe, NE—Northern Europe, Mer.—Mertola, 
Pat.—Pateira, VR—Villa Real, Mir.—Mirandela, Drz.—Drzewiczka, Zaj.—Zajączek, Zes.—Zesławice, Zap.—
Zapadlisko, Hal.—Hallaskog, Bov.—Boverbu, Jar.—Jarenvatnet, Mid.—Midsjovannet.
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areas than in highland areas (Fig. 3b). However, the interaction between regions and habitat showed that mussels 
from Northern Europe were significantly longer in highland areas than in lowland areas. In contrast, mussels 
from Southern and Central Europe were significantly shorter in highland areas than in lowland areas (Fig. 3c). 
Together, these results suggest that both latitude and altitude jointly influence mussel shell size, with opposite 
altitudinal trends observed in Northern Europe compared to Central and Southern Europe.

Frost resistance
The SCP was detected in only 8 individuals, representing 2.5% of all collected mussels: 7 individuals from 
Northern Europe (5%) and 1 individual from Central Europe (1%). No SCP was detected in individuals from 
Southern Europe (more details in the Supplementary Materials, Table S2). For those mussels with a measurable 
SCP (n = 8), linear regressions were performed to examine whether SCP was related to water temperature at the 
collection site or to glycogen concentration.

The higher the water temperature, the higher the SCP observed in mussels, but this relationship was not 
significant (linear regression; y = 0.75x − 1.7; p = 0.0828; Fig.  4a). Similarly, mussels with higher glycogen 
concentration in their tissues had higher SCP values, however, this relationship was not significant (linear 
regression; y = 0.556x − 1.9; p = 0.1534; Fig. 4b).

In Central Europe, post-SCP measurement survival varied by site. At the Zapadlisko site, 4 out of 8 individuals 
survived; at the Drzewiczka site, 5 out of 8 survived; and at the Zajączek site, only 1 out of 8 individuals survived 
the experiment (Table 2).

Glycogen concentration
Basic statistics of glycogen concentration in mussel tissues were presented in the Supplementary Materials (Table 
S3). Glycogen concentration significantly differed among regions (two-way ANOVA; df = 2; F = 194.2; p < 0.0001; 
Fig. 5), but not between habitats (two-way ANOVA; df = 1; F = 0.9; p = 0.3455; Fig. 5). The significant interaction 
between region and habitat (two-way ANOVA; df = 2; F = 3.4; p = 0.0361) showed that in Northern Europe, 
slightly higher glycogen concentrations were found in mussels from the lowland areas than mussels from the 

Fig. 3. The results of the General Linear Model showing the differences in mean shell length between 
regions (a), habitat types (b) and the interaction between region and habitat type (c). NE—Northern Europe, 
CECentral Europe, SE—Southern Europe, LL—lowlands, HL—highlands. Whiskers denote 95% confidence 
interval of the mean.

 

Region Habitat type N Mean (mm) Median (mm) Min (mm) Max (mm) LQ (mm) UQ (mm) SD

Northern Europe
Lowland 69 77.0 74.7 39.6 108.0 68.6 88.8 14.8

Highland 66 101.1 101.3 70.7 123.3 95.2 108.0 10.5

Central Europe
Lowland 63 94.5 97.0 59.5 124.0 81.0 108.6 17.2

Highland 24 98.7 106.2 11.4 128.5 89.3 115.0 25.4

Southern Europe
Lowland 42 114.1 109.4 51.1 175.0 91.5 147.5 31.4

Highland 36 85.3 85.5 36.2 126.1 76.2 95.4 16.2

Table 1. Mussel shell length in the different regions and habitat types. LQ lower quartile, UQ upper quartile, 
SD standard deviation of mean.
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Fig. 5. The relationship between water temperature at the collecting site and SCP (A) and glycogen 
concentration in mussel tissues and SCP (B).

 

Site

Number (%) of live individuals in time

24 h 48 h 7d

Exp Control Exp Control Exp Control

Drzewiczka 8 (100%) 8 (100%) 8 (100%) 8 (100%) 5 (62.5%) 8 (100%)

Zajączek 8 (100%) 8 (100%) 8 (100%) 8 (100%) 1 (12.5%) 7 (87.5%)

Zapadlisko 8 (100%) 8 (100%) 7 (87.5%) 8 (100%) 4 (50%) 7 (87.5%)

Table 2. Number of live individuals 24 h, 48 h, and 7 days after freezing (experimental group; Exp.) and in 
non-frozen mussels (control group).

 

Fig. 4. The differences in glycogen concentration in mussel tissues between regions and habitats.
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highland areas, while in Central and Southern Europe, the differences in glycogen concentrations in mussels 
from the lowland and highland areas were not significant (Fig. 5).

Discussion and conclusion
Contrary to our prediction on mussel size, our findings indicate that the largest mussels were found in Southern 
Europe, the warmest region. We argue that this result can be explained by the longer growing season and more 
stable environmental conditions in southern climates, which support growth throughout the year, increase 
resource availability, and provide energy for development38–40. Additionally, longer growing seasons may allow 
mussels to continue somatic growth even after reaching maturity, provided that environmental conditions are 
favourable and food is abundant. In mussel species such as Sinanodonta woodiana, warmer waters have been 
associated with continued growth after maturity and a more convex shell shape in females41,42. In contrast, colder 
regions are characterised by shorter growing seasons and limited resources, which can constrain growth by 
prioritizing energy investment towards survival rather than development43. The production of cryoprotectants 
and glycogen storage in colder climates may increase metabolic costs, reducing the energy available for shell 
growth. Furthermore, A. anatina does not exhibit a thermal compensation strategy, maintaining a consistently 
low energy requirement27. This physiological trait likely contributes to the smaller size observed in colder 
regions, despite the temperature-size rule.

In addition to latitudinal variation, we also hypothesised that mussels from upland areas would have larger 
shells than those from lowland areas due to lower temperatures in upland regions. Our results showed that 
mussels in Southern and Central Europe were larger in lowland areas, likely due to higher trophic levels in 
rivers and lakes, slower water flow, warmer waters, and abundant microorganisms that collectively support 
growth44–48. In contrast, upland areas in these regions may present harsher growth conditions, such as greater 
variability in water flow and lower nutrient levels. Furthermore, biotic interactions, such as competition or 
facilitation (e.g., aquatic vegetation providing shelter or increasing food availability), may also contribute to 
observed growth variations. These biotic interactions, combined with abiotic factors, highlight the complexity 
of ecological processes shaping mussel growth at local scales and emphasize the importance of considering 
both environmental and community-level factors7,8,10. In Northern Europe, lowland areas may experience more 
extreme hydrological conditions, such as stronger currents and sudden water level changes49,50, leading mussels 
to allocate more energy to survival than growth. In contrast, Northern European highlands, characterised by 
clean, cold, well-oxygenated waters, provided favourable growth conditions despite lower temperatures. Taken 
together, these findings suggest that both latitude and altitude shape shell growth in A. anatina, although their 
effects vary depending on the regional context.

Genetic differences among European mussel populations may also play a significant role in shaping their 
physiological responses to the environment. A. anatina is divided into distinct genetic clades, with Central and 
Northern populations sharing close genetic relationships, while the Iberian clade is more divergent51. Southern 
mussels may possess genotypes favouring faster growth, whereas Northern and Central populations may 
have evolved adaptations prioritising energy storage over intensive growth, enabling them to survive longer 
and colder winters. This pattern aligns with previous studies showing that animals at higher latitudes often 
exhibit metabolic compensation in low temperatures, leading to comparable metabolic rates across different 
environmental conditions52.

Phenotypic plasticity also plays a crucial role in local adaptation by allowing organisms to adjust to 
environmental variation without requiring genetic changes. Such plastic responses facilitate acclimation to new 
conditions and may contribute to long-term adaptation over generations53. For example, in A. anatina, plasticity 
may enable adjustments in growth rates, glycogen storage, and metabolic processes in response to climatic 
factors. However, while phenotypic plasticity provides immediate flexibility, long-term adaptation requires 
genetic changes that fine-tune physiological and morphological traits to local environments. Over time, plastic 
responses may become genetically encoded through genetic assimilation, as observed in other aquatic ectotherms 
with broad latitudinal distributions54. Further research on the genetic structuring of A. anatina populations 
could help disentangle the relative contributions of plasticity and genetic adaptation to environmental variation.

Another hypothesis proposed that mussels from northern populations would exhibit higher glycogen 
concentrations than those in Central and Southern Europe, reflecting adaptations to harsher winters requiring 
greater energy reserves. Our findings partially support this hypothesis, as glycogen levels showed a positive 
correlation with latitude. This trend likely reflects more stable year-round food availability at lower latitudes, 
reducing the need for glycogen reserves, combined with slower glycogen utilisation in colder waters44,45,55. 
Habitat type did not significantly affect glycogen levels, suggesting that temperature and food availability play 
a more critical role in glycogen accumulation than geographic elevation. Glycogen is primarily stored during 
spring and summer, when food availability is high, and is mainly used during gametogenesis56. Seasonal glycogen 
accumulation and depletion play a crucial role in mussel survival strategies, particularly in colder climates where 
metabolic demands fluctuate throughout the year.

As expected, mussel age had a strong influence on shell length, which is expected, as mussels exhibit 
indeterminate growth57, and older individuals are generally larger than younger ones.

The final hypothesis posited that SCP would be most frequently observed in mussels from northern regions 
as an adaptive strategy to survive low temperatures. Our findings indicate that SCP is rare in A. anatina, as only 
2.5% of examined individuals exhibited this ability. This suggests that SCP is not a primary survival strategy for 
freshwater mussels. Instead, mussels in milder climates likely rely on reducing metabolism18 and burrowing into 
sediments for winter survival27,58. However, the presence of SCP capacity in a small percentage of individuals 
in colder regions suggests an adaptation to occasional low temperatures. The rarity of supercooling may be due 
to its high metabolic costs. Organisms employing this method often exhibit seasonal variation in SCP capacity, 
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increasing it during colder periods20,59–61. Collecting mussels during the coldest part of winter, particularly after 
ice cover forms, could provide further insights into low-temperature adaptations in these populations.

Furthermore, variation in survival strategies suggests that A. anatina populations may employ a form of 
bet-hedging strategy, described in the context of adaptation to variable environmental conditions62. A small 
proportion of the population invests in SCP as an adaptive mechanism63, while the majority adopt less risky 
strategies, such as metabolic reduction and habitat selection. This "coin-flipping" strategy maximises survival 
chances across different environmental scenarios. Studying mussel responses to extreme cold could further 
elucidate their adaptive mechanisms and their relevance in the context of global climate change64.

Overall, our findings highlight the complexity of interactions between environmental conditions, physiological 
adaptations, and survival strategies in A. anatina. As global temperatures rise, longer growing seasons and 
warmer waters in Northern and Central Europe may lead to increased mussel sizes, potentially reducing current 
size differences between southern and northern populations. However, in Southern Europe, increasing water 
scarcity and more frequent droughts have already led to significant population declines64. Predictions indicate 
that rising air and water temperatures may exacerbate this trend, leading to further mortality and shifts in mussel 
distribution65,66.

Data availability
The data underlying this article are available in GitHub repository, at https://doi.org/10.5281/zenodo.13693199
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