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Abstract Across many ecosystems in North 
America and Europe, native freshwater bivalves 
(Order Unionida) are threatened by fouling and 
competition for food by the invasive zebra mussel 
Dreissena polymorpha. In light of climate change, 
knowledge on the influence of water temperature 
on these competitive effects is important, yet poorly 
understood. This study examines the physiological 
impact of the interaction between D. polymorpha and 
the native European unionid Anodonta cygnea over 
a 28  day—period in response to water temperatures 
of 12, 19, and 25  °C by comparing their glycogen, 
glucose, lipid and protein concentrations. The 
laboratory experiment comprised three treatments: 
(1) fouling of A. cygnea by D. polymorpha, (2) both 
species present but not fouling; and (3) a control in 
which A. cygnea and D. polymorpha were placed 
separately. Increased water temperatures caused 
physiological stress in D. polymorpha as evident 

from reduced glycogen, glucose, lipid and protein 
concentrations. Dreissena polymorpha benefited 
from fouling of unionids, as individuals that fouled A. 
cygnea tended to have increased glycogen, glucose, 
lipid and protein concentrations. Competitive 
effects of D. polymorpha over the unionid bivalve 
species, however, were not intensified by elevated 
temperatures. Glochidia release, lower infestation 
intensity, and physiological stress of Dreissena at 
higher temperatures were likely confounding factors. 
The results of this study suggest that understanding 
the physiological consequences of species interactions 
at changing temperatures can be an important tool to 
assess future climate change impacts on freshwater 
bivalves and aquatic community structures.

Keywords Dreissena polymorpha · Unionidae · 
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Introduction

Freshwater bivalves of the order Unionida are 
among the most endangered species in Europe and 
globally (e.g., Haag et  al. 1993; Lopes-Lima et  al. 
2017, 2018). Climate change and invasive species 
substantially contribute to the decline of native 
unionid mussels in addition to other threats such as 
habitat loss, overexploitation, and pollution (Geist 
2011; Lopes-Lima et  al. 2017). In European water 
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systems, five invasive freshwater bivalve species, 
Dreissena polymorpha, D. rostriformis bugensis, 
Corbicula fluminea, C. fluminalis and Sinanodonta 
woodiana, are already established and continue 
to spread (Lopes-Lima et  al. 2017). These bivalve 
species occupy similar ecological niches and have 
been shown to outcompete their native counterparts 
under certain conditions (Sousa et  al. 2014; Geist 
et al. 2023).

One of the most common threats to native unionids 
from invasive bivalves results from competition for 
food since invasive species, such as D. polymorpha, 
are also filter feeders (Strayer and Malcom 2018) and 
their physical attachment to unionids can affect their 
ability to ingest food (Ożgo et al. 2020). Furthermore, 
competitive advantages over native bivalve species 
in terms of reproduction have been observed: 
invasive bivalves either do not require a host fish 
during their life cycle (Corbicula, Dreissena) or are 
considered generalists regarding host fish species 
(Sinanodonta, Douda et  al. 2012; Huber and Geist 
2019). Sinanodonta is also characterised by a greater 
larval survival at elevated temperatures compared 
to native bivalves (Benedict and Geist 2021), faster 
glochidial growth combined with higher reproductive 
output (Huber and Geist 2019), and appears to be less 
vulnerable to predation than native species (Dobler 
and Geist 2022). Invasive bivalves have also been 
found to spread diseases and parasites, and to alter 
sediment composition through faecal accumulation 
(Lopes-Lima et al. 2017).

The zebra mussel, Dreissena polymorpha, is 
considered one of the most prominent invasive 
species to freshwater ecosystems (Aldridge et  al. 
2004), which often leads to a disruption of freshwater 
ecosystem functioning and thus to a decline of native 
species, especially in Europe and North America 
(Ricciardi et  al. 1998; Sousa et  al. 2014; Strayer 
and Malcom 2018; Karatayev and Burlakova 2022). 
Dreissena polymorpha can reach high densities 
and thus constitute a great proportion of the benthic 
biomass, significantly altering ecosystem processes as 
nutrients and energy are diverted from the open water 
into the benthos (Strayer et al. 1999; Zhu et al. 2006). 
Due to their high filtering capacity, D. polymorpha 
can reduce both phytoplankton (Jack and Thorp 2000) 
and zooplankton communities (Pace et  al. 1998). 
Other filter feeders, such as native unionid bivalves, 
are therefore affected by increased competition for 

food (Strayer and Malcom 2018). In addition, unionid 
shells can be fouled by D. polymorpha. Such fouling 
can lead to shell deformation and impede the closure 
and opening of the valves, the functioning of the 
siphons, and the movement and burrowing behaviour 
of native unionid bivalves (Mackie 1991). High 
fouling rates lead to physiological stress (Ricciardi 
et  al. 1995) and can cause the unionids to fall over, 
often resulting in mortality (Ożgo et  al. 2020). In 
contrast, D. polymorpha is thought to benefit from 
unionid fouling, resulting in improved physiological 
conditions in individuals attached to other mussels 
compared to those attached to non-living substrates 
(Pilotto et  al. 2016). Additionally, many freshwater 
ecosystems are affected by excessive amounts of 
fine sediment deposition (Geist and Auerswald 
2007; Denic and Geist 2015; Hoess and Geist 2021), 
sometimes leaving native unionid bivalves and 
other D. polymorpha as the only solid substrates 
suitable for D. polymorpha attachment (Mellina and 
Rasmussen 1994).

Unionid bivalves are especially vulnerable to 
increasing water temperatures because their larvae 
and some of their host fishes are sensitive to high 
temperatures (Elliott and Elliott 2010; Payton 
et  al. 2016; Benedict and Geist 2021). This is of 
particular concern for metamorphosis success and 
developmental time of glochidia during the parasitic 
life stage (Taeubert et  al. 2014). Compared to adult 
bivalves, juveniles have higher habitat quality 
requirements in terms of cooler temperatures and 
sufficient oxygen supply (Santos et  al. 2015). In 
addition, increased water temperatures can also 
cause thermal stress to host fish. For Salmo trutta, 
an important host fish species for many unionid 
bivalves in Europe (Lopes-Lima et  al. 2017), 
temperatures > 20 °C are problematic and > 25 °C are 
lethal (Elliott and Elliott 2010; Smialek et al. 2021). 
A decline or lack of host fish as a consequence of high 
temperatures can hinder the successful recruitment 
of unionid mussel populations (Hastie et  al. 2003). 
Furthermore, thermal stress can affect burrowing 
behaviour and byssus production and may increase 
the mortality of juvenile bivalves (Archambault et al. 
2014).

In order to quantify the impact of stress factors 
on the physiological condition of unionids, the 
energy reserves of the bivalves can be determined, 
typically by quantifying the storage substances 
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glycogen, glucose, lipid, and protein. Glycogen 
and glucose in particular are well-established 
physiological markers of energy reserves. As 
glycogen plays an important role in carbohydrate 
storage (Stetten and Stetten 1960), it has been used 
in several studies to assess the effect of different 
stressors on the energetic stores of bivalves (Fritts 
et al. 2015; Hornbach et al. 2021).

In many cases, multiple stressors affect unionid 
bivalves simultaneously, and synergistic effects 
of multiple stressors can amplify negative impacts 
(Wild et  al. 2023). While several direct negative 
impacts of D. polymorpha on native bivalve 
species have already been characterised in detail, 
there remains a gap of knowledge on how elevated 
temperatures affect the interspecific interactions 
between D. polymorpha and native unionids, 
particularly in terms of empirical evidence of 
physiological consequences.

Whereas many studies have investigated 
physiological impacts of water temperature on 
individual bivalve species (Payton et  al. 2016; 
Beggel et  al. 2017; Said and Nassar 2022) and 
several studies have examined the impact of D. 
polymorpha on unionid bivalves (e.g., Hallac and 
Marsden 2001; Sousa et  al. 2011; Beason and 
Schwalb 2022), to the best of our knowledge, no 
study has yet examined water temperature effects 
on the interaction between D. polymorpha and 
unionid bivalve species. As test organisms, we 
used a native unionid bivalve, A. cygnea, and the 
invasive D. polymorpha since both species have 
a strong niche overlap and co-occurrence (Geist 
et  al. 2023). While populations of D. polymorpha 
are increasing in Europe and globally, there is a 
significant decline in native bivalves including A. 
cygnea. Anodonta cygnea has a maximum life span 
of 30 years, becomes reproductive at 1 to 4 years of 
age and typically releases its glochidia in late winter 
and early spring (Lopes-Lima et  al. 2017). The 
goal of this study was to experimentally examine 
the physiological responses of these two species to 
fouling and interspecific presence at different water 
temperatures.

In particular, we hypothesized that (i) elevated 
water temperatures cause energy reserves and 
storage substances of A. cygnea and D. polymorpha 
to decrease, (ii) shifts in competitive effects occur 
at different temperatures with stronger effects 

of D. polymorpha on A. cygnea at higher water 
temperatures, and (iii) D. polymorpha benefits from 
fouling of unionids resulting in higher energy reserves 
and storage substances with highest benefits gained at 
higher water temperatures.

Methods

Test organisms and origins

Two months before the start of the experiment, 
39 specimens of A. cygnea with a mean length, 
height, width, and wet weight of 138.6 ± 10.0  mm, 
69.3 ± 4.5  mm, 46.1 ± 4.8  mm, and 197.9 ± 49.5  g 
(mean ± standard deviation), respectively were 
purchased from a regional breeder in north-eastern 
Bavaria, Germany. Specimens of D. polymorpha 
were collected from a natural lake (Lake Starnberg; 
47° 55′ 19″ N, 11° 17′ 40″ E) in the southern part of 
Bavaria, Germany. The acclimatization of mussels 
followed an established protocol, which has been 
used in the past to successfully hold bivalves over 
months and years in facilities of the Aquatic Systems 
Biology Unit of the Technical University of Munich. 
The test organisms were acclimatised in a tank with 
a volume of 200 L filled with the same water as used 
during the experiment and fed every other day with 
2.5  mL of an algae mixture (Shellfish Diet 1800®, 
Nannochloropsis 3600®, and tap water [2:1:1]) under 
experimental conditions.

Experimental design

To assess effects of interacting A. cygnea and D. 
polymorpha at different water temperatures, a fully 
crossed experimental design with three treatments 
 (Tfouling,  Tpresence and  Tcontrol), each with three distinct 
water temperatures (12.3 ± 0.1  °C, 18.7 ± 0.3  °C 
and 25.2 ± 0.3  °C) was used. The experiment was 
conducted over 28 days with five replicates for the two 
treatments  Tpresence and  Tfouling and three replicates 
for  Tcontrol. The test temperatures were chosen to 
reflect a range of values within the temperature limits 
of A. cygnea (Geist et  al. 2023). In the following, 
these temperature ranges are referred to as 12  °C, 
19 °C, and 25 °C, respectively. In  Tpresence, A. cygnea 
and D. polymorpha were both present in the same 
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aquarium spatially separated by a grid so that A. 
cygnea were not fouled. In  Tfouling, the same biomass 
of D. polymorpha as used in  Tpresence were allowed 
to foul the shells of A. cygnea by distributing all D. 
polymorpha specimens over the shell of A. cygnea. 
Mussels that did not attach to A. cygnea were left in 
place to keep the zebra mussel biomass the same as 
in  Tpresence. In  Tcontrol, A. cygnea and D. polymorpha 
were placed in different tanks.

The experimental setup consisted of 39 aquaria 
(each 40  cm × 25  cm × 25  cm; length, width, and 
height, respectively), filled with 15 L of water and 
nine glass beakers (17  cm diameter × 22  cm height) 
filled with 3.5 L of water that were placed in water 
bath channels to maintain constant temperatures. 
Aquaria and beakers were filled with 5 and 7  cm, 
respectively, of sandy substrate of a grain size of 
0.1 to 2.0  mm. Oxygen was supplied to each tank 
by air stones, which were driven by air pumps 
(RESUN, Malsch, LP-40; SuperFish, Heinsberg, 
Koi-Flow 60). Aquaria and beakers were filled with 
well water (dissolved oxygen 8.63 ± 1.08  mg   L−1, 
electric conductivity (at 20  °C) 628 ± 59 μS  cm−1, 
pH 8.65 ± 0.04). All measured values were within 
the tolerance limits of both bivalve species as also 
known from previous experiments. Water parameters 
were checked every other day by a handheld probe 
(WTW, Weilheim, Multi 350i). In addition, turbidity 
was measured every other day before feeding with 
a turbidity meter (WTW, Weilheim, TURB 350 
IR). 30% of the water volume in every aquarium 
and beaker was exchanged once a week. For each 
temperature range, three water bath channels with five 
aquaria respectively for  Tfouling and  Tpresence as well as 
three aquariums and three beakers for  Tcontrol were 
set up. To accommodate limited space, beakers were 
used instead of aquaria for  Tcontrol of D. polymorpha. 
The arrangement of aquaria and beakers in the 
channels followed a fully randomised scheme. Three 
temperature loggers (Lascar electronics, Whiteparish, 
EasyLog) were placed in each channel to record water 
temperatures.

One unionid specimen was positioned in the 
centre of each aquarium 1  week before the start of 
the experiment to allow acclimatisation to laboratory 
conditions. For the experiment, in the aquaria 
of  Tfouling and  Tpresence, 100  g wet biomass of D. 
polymorpha (size 1–32  mm) were added, and 23  g 
wet biomass of D. polymorpha were used in beakers 

of  Tcontrol to adjust for the smaller volume. The mean 
wet dreissenid biomass per individual of A. cygnea 
in  Tfouling was 10.53 ± 6.77  g, with values ranging 
from 0.86 to 23.49  g. This resulted in a dreissenid 
to unionid mass ratio of 0.06 ± 0.04, which was low 
compared to the ratio of 0.43 ± 0.56 observed in the 
case of Pseudanodonta complanata in Lake Siecino 
in Poland (Ożgo et al. 2020).

Bivalves were fed daily with 11.13 μL of the 
aforementioned algae mixture per litre of water 
volume, which contained 0.05  ng protein, 0.01  ng 
lipid, 0.02  ng carbohydrate, and 0.01  ng ash, 
respectively, per μL of algal mixture.

Sample collection and preparation

After completion of the experiment, fouling rate and 
wet dreissenid biomass per unionid specimen for 
 Tfouling were determined to the nearest 0.1 mg using 
an analytical balance (Kern, Balingen, ADJ 100-4). 
From each unionid specimen, two samples of foot 
tissue with an approximate volume of 0.5  cm3 were 
taken. In case of D. polymorpha, the entire body 
mass was used as a sample. Three individuals of 
D. polymorpha were sampled from each replicate 
containing D. polymorpha. All samples were stored 
in tubes and frozen at a temperature of − 20 °C.

Before the measurements, samples were dried 
in open tubes at a temperature of 40  °C in a drying 
chamber (Memmert, Schwabach) for 48  h and 
subsequently placed in a desiccator (Sanplatec, 
Osaka, C-3) for 30 min. Subsequently, dry weight of 
samples was measured to the nearest 0.01 mg by an 
electronic semimicro balance (Sartorius, Göttingen, 
Research R 200 D) and the samples were finely 
ground in the tubes with a mortar, adding 900 μL of 
methanol to each tube.

Analysis of energy reserves

To examine the physiological responses of both 
bivalve species, energy reserves were calculated from 
the measurement of the four storage substances glu-
cose, glycogen, lipid, and protein using the method of 
De Coen and Janssen (1997). Quantification of glu-
cose, glycogen, and lipid was based on the method 
of van Handel (1985a, b) with slight modifications 
by Götz et  al. (2021). Measurement of protein was 
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conducted following the method by Bradford (1976) 
and Walker (2002).

After processing, the samples were photometrically 
measured with a spectrophotometer (UVIKON 923) 
at a wavelength of 625 nm against an anthrone reagent 
as blank for glycogen and glucose quantification, at a 
wavelength of 525 nm against a vanillin phosphorus 
reagent as blank for lipid measurement and at a 
wavelength of 595  nm against the blank for protein 
quantification. Each sample was analysed three times 
in order to calculate the mean value. Based on the dry 
weight of the sample and a computed calibration line, 
the glucose, glycogen, lipid, and protein concentration 
per sample was determined. Subsequently, energy 
reserves were calculated using the method of De 
Coen and Janssen (1997).

Data analyses

We first tested the effect of "biomass of attached D. 
polymorpha" (zero for  Tcontrol and for  Tpresence) as a 
covariate in an Analysis of Covariance (ANCOVA) 
but no significant effect was found (p > 0.15). Then, 
a two-way Analysis of Variance (ANOVA) was used 
to examine the effect of temperature and treatment 
separately for energy reserves and each storage 
substance for both A. cygnea and D. polymorpha. No 
significant interaction effect between temperature and 
treatment was detected in any of the analyses (all p 
values > 0.18). The interaction term was therefore 
excluded from the analyses. The analyses were 
followed by a post-hoc Tukey test. To determine 
whether the variances of the data were homogeneous, 
a Levene test was applied. A t-test was used to 
examine whether energy reserves and glycogen 
concentrations differed between individuals of A. 
cygnea that had versus had not released glochidia.

A linear regression was used to examine the 
relationship between the wet mass of attached D. 
polymorpha and energy reserves of fouled A. cygnea.

Statistical analyses were conducted using R 
(v4.2.1; R Core Team 2022). Statistical tests for 
group differences were performed by means of the R 
packages car and multcomp. For visualisation, the R 
packages ggplot2, cowplot, tidyverse, stargazer, and 
patchwork were used. Unless described otherwise, 
values in this study are given as mean ± standard 
deviation.

Table 1  Results of two-way ANOVA and the proportion 
of contribution of treatment versus temperature for energy 
reserves and storage substance concentrations of D. polymor-
pha 

* indicates a significant variable with p < 0.05

Factor F value p value Proportion of 
contribution

Energy reserves
Treatment* 6.7 < 0.01 0.13
Temperature* 28.4 < 0.001 0.55
Glycogen
Treatment 2.8 0.07 0.07
Temperature* 12.0 < 0.001 0.38
Glucose (log glucose)
Treatment* 5.6 < 0.01 0.14
Temperature* 17.5 < 0.001 0.44
Lipid
Treatment 2.4 0.10 0.08
Temperature* 9.5 < 0.01 0.33
Protein
Treatment 2.9 0.07 0.06
Temperature* 25.6 < 0.001 0.57

Table 2  Results of two-way ANOVA and the proportion 
of contribution of treatment versus temperature for energy 
reserves and storage substance concentrations of A. cygnea 

* indicates a significant variable with p < 0.05

Factor F value p value Proportion of 
contribution

Energy reserves
Treatment 0.2 0.83 < 0.01
Temperature* 6.80 < 0.01 0.17
Glycogen
Treatment* 3.4 < 0.05 0.34
Temperature* 5.0 0.01 0.50
Glucose
Treatment 1.7 0.20 0.08
Temperature* 3.4 < 0.05 0.15
Lipid
Treatment* 3.3 < 0.05 0.11
Temperature* 10.9 < 0.001 0.35
Protein
Treatment 0.1 0.86 < 0.01
Temperature* 4.2 < 0.05 0.20
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Results

Effect of temperature

In line with our first hypothesis, temperature was 
detected as a significant factor for energy reserves and 
all storage substances for both D. polymorpha and A. 
cygnea, explaining 33 to 57% of their variation for D. 
polymorpha and 15 to 50% for A. cygnea (Tables 1, 
2).

In D. polymorpha, energy reserves and all stor-
age substances continuously decreased from 12  °C, 
to 19 °C and 25 °C (Fig. 1, Table 3). This effect was 
pronounced and resulted in significant reductions of 
total energy reserves from 645 mJ  mg−1 at 12 °C, to 
521 mJ  mg−1 at 19 °C and only 346 mJ  mg−1 at 25 °C 
(Table 3). This was governed by consistent decreases 
in glycogen, glucose, lipid and protein at warmer tem-
peratures, albeit being only significant for glucose 
across all temperatures, and for glycogen, lipid and 
protein for the warmest temperature against the two 
lower ones (Fig. 1, Table 3).

In A. cygnea, energy reserves were also highest 
at 12 °C, but the differences with the other tempera-
tures were less pronounced than in D. polymorpha 
(Fig.  2, Table  4), overall only covering a smaller 
range of mean values between 319 mJ  mg−1 at 19 °C, 
429  mJ   mg−1 at 25  °C and 432  mJ   mg−1 at 12  °C 
(Table  4). In contrast to the continuous decrease of 
the response variables with temperature in D. poly-
morpha, energy reserves as well as glycogen, lipid 
and protein in A. cygnea were lower at 19  °C com-
pared to both the colder and warmer temperatures. 
These differences were significant for most com-
parison with either the 25  °C (energy reserves, gly-
cogen, protein), the 12  °C (energy reserves, lipid), 
or both temperatures (energy reserves) (Fig.  2, 
Table 4). In  Tfouling, the mean wet biomass of D. pol-
ymorpha fouling A. cygnea per unionid mussel was 

highest at 19 °C (16.7 g ± 4.4 SD) and lowest at 25 °C 
(3.8 g ± 1.9 SD). At 12 °C, the mean wet dreissenid 
biomass was 11.1 g ± 5.6 SD.

During the experiment, we observed glochidial 
release in 33 of 39 A. cygnea (77% at 12  °C and 
19  °C, and 100% at 25  °C). However, there was no 
significant difference (t-test:  T37 = 0.6, p > 0.05 and 
 T37 = 0.5, p > 0.05) in mean energy reserves between 
those individuals that released and those that did not 
release glochidia.

Effects of treatments

Impact of Dreissena polymorpha on Anodonta 
cygnea

Contrary to our second hypothesis, the physiological 
effects of D. polymorpha on A. cygnea were not 
intensified by higher water temperatures, although 
at the higher temperatures (19 and 25  °C) glycogen 
and glucose tended to be higher in  Tcontrol compared 
to  Tpresence and  Tfouling, whereas lipid tended to be 
lower in  Tcontrol (Fig. 2, Table 4). Treatment explained 
34% of the variation of glycogen and 11% of lipids 
in A. cygnea and was detected as a significant factor 
for these variables (Table  2). The effects differed in 
that glycogen was lowest in  Tfouling (a 29% reduction 
compared to  Tcontrol), whereas lipid concentration was 
highest in  Tfouling (a 27% increase compared to  Tcontrol, 
Table 4). The differences between  Tcontrol and  Tfouling 
were statistically significant for glycogen and lipids 
(Fig.  2 and Table  2), but not for energy reserves. 
However, energy reserves of fouled A. cygnea were 
lowest in  Tfouling at 12 ºC and tended to decrease 
with increasing wet mass of attached D. polymorpha 
 (R2 = 0.18, p < 0.05, Fig. S1).

Impact of Anodonta cygnea on Dreissena 
polymorpha

In accordance with our third hypothesis, D. polymor-
pha of  Tfouling had significantly higher energy reserves 
and glucose compared to those of  Tpresence and  Tcontrol 
(Table 3), and the effect of treatment was significant 
for these response variables (Table 1). This effect was 
most pronounced at 25  °C (Fig.  1). Glycogen, pro-
tein and lipid concentration also tended to be higher 
in  Tfouling compared to  Tpresence and  Tcontrol, but these 

Fig. 1  Boxplots of a energy reserves, b glycogen, c glucose, 
d lipid and e protein concentrations of D. polymorpha in three 
different temperatures (12, 19 and 25  °C) sorted by the three 
treatments (fouling, presence and control) of the experiment. 
The horizontal dashed lines indicate the mean values, solid 
lines the median values, boxes the 25th to 75th percentiles and 
whiskers the lowest and highest values. Stars (*) indicate sig-
nificant differences (* for p < 0.05, ** for p < 0.01 and *** for 
p < 0.001). For each test scenario, five samples each were taken 
of  Tfouling and  Tpresence and three samples of  Tcontrol

◂
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differences were not statistically significant (Fig.  1, 
Table 3).

Discussion

The findings of this study provide insights into the 
physiological consequences of different temperatures 
on the interaction between the invasive D. polymor-
pha and the native  European A. cygnea. As evident 
from reduced energy reserves and storage substances, 
elevated water temperatures caused physiological 
stress in D. polymorpha, while the temperature effect 
on A. cygnea was not definite. There were some indi-
cations of the negative impact of D. polymorpha on 
A. cygnea, but that effect did not intensify at higher 
temperatures as originally expected. One explana-
tion for the weakness of D. polymorpha effects on A. 
cygnea could be the considerably lower fouling ratios 
at 25 °C. However, glochidia release and less severe 
fouling at higher temperatures may have confounded 
interspecific effects. Dreissena polymorpha benefitted 

consistently from fouling on A. cygnea and this 
advantage was most pronounced at 25 °C as evident 
from increased glycogen, glucose, lipid, and protein 
concentrations.

In line with our first hypothesis, elevated tem-
peratures had pronounced negative effects on 
energy reserves and storage substances, especially 
in D. polymorpha. In general, invasive species are 
believed to benefit from increased temperatures, 
which is explained by both a wider ecological niche 
and greater adaptability (Sousa et  al. 2014; Dobler 
et al. 2022; Geist et al. 2023). Consequently, climate 
change is expected to facilitate the further spread of 
D. polymorpha (Lopes-Lima et al. 2017) and species 
distribution models predict that its distribution range 
may increase significantly in the future, while native 
bivalves will decline and may be negatively affected 
by the spatial overlap with D. polymorpha (Gallardo 
and Aldridge 2013). On first glance, these expecta-
tions conflict with our observations of adverse effects 
of temperatures > 19  °C, which already resulted in 
lower energy reserves and storage substances of D. 
polymorpha. On the other hand, high temperatures 
have already been identified as a factor that may limit 
zebra mussels in subtropical climates (Schwalb et al. 
2023). In contrast, in temperate climates, low water 
temperatures can act as a filter that currently inhib-
its the expansion of invasive species. Climate change 
can reduce the effectiveness of this filter, leading to 
the spread of warm-water-adapted invasive species 
into freshwater ecosystems with previously low water 
temperatures (Rahel and Olden 2008). Consequently, 

Table 3  Arithmetic means (± standard deviation) of energy reserves and storage substances of D. polymorpha for each temperature 
and treatment

Different superscript capital letters indicate significant differences between temperature groups according to post-hoc Tukey tests. 
Different superscript small letters indicate significant differences between treatments according to post-hoc Tukey tests

Factor Energy reserves
(mJ  mg−1)

Glycogen
(µg  mgdw

−1)
Glucose
(µg  mgdw

−1)
Lipid
(µg  mgdw

−1)
Protein
(µg  mgdw

−1)

Temperature
12 °C 645.3 ± 142.9A 5.7 ± 1.7A 4.6 ± 3.1A 7.8 ± 2.5A 6.7 ± 1.0A

19 °C 520.6 ± 85.3B 5.0 ± 1.1A 2.0 ± 0.9B 6.7 ± 1.4A 5.7 ± 1.2A

25 °C 345.7 ± 112.8C 3.2 ± 1.4B 1.0 ± 1.1C 5.1 ± 1.4B 3.1 ± 1.5B

Treatment
Tcontrol 453.8 ± 164.4a 4.2 ± 2.0a 1.7 ± 1.6a 6.0 ± 1.7a 5.0 ± 2.2a

Tpresence 455.4 ± 132.1a 4.2 ± 1.5a 2.0 ± 2.5a 6.0 ± 1.4a 4.7 ± 2.0a

Tfouling 578.1 ± 186.2b 5.3 ± 1.8a 3.5 ± 2.7b 7.4 ± 2.7a 5.7 ± 1.7a

Fig. 2  Boxplots of a energy reserves, b glycogen, c glucose, 
d lipid and e protein concentrations of A. cygnea in three dif-
ferent temperatures (12, 19 and 25  °C) sorted by the three 
treatments (fouling, presence and control) of the experiment. 
The horizontal dashed lines indicate the mean values, solid 
lines the median values, boxes the 25th to 75th percentiles and 
whiskers the lowest and highest values. Stars (*) indicate sig-
nificant differences (* for p < 0.05, ** for p < 0.01 and *** for 
p < 0.001). For each test scenario, five samples each were taken 
of  Tfouling and  Tpresence and three samples of  Tcontrol

◂
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both the limitations by low water temperatures below 
the 12 °C used as minimum in our experiments, and 
exceedance of warmer temperatures over longer 
periods of time (e.g. during hot summers) may limit 
performance and spread of D. polymorpha. In addi-
tion, there is evidence that reproductive and somatic 
energy allocation can even fluctuate within and 
among seasons (e.g., Jokela 1996; Jokela and Muti-
kainen 1995), which may indirectly depend on chang-
ing temperature regimes and also explain differences 
among studies.

While energy reserves and storage substances 
clearly decreased with temperature in D. polymor-
pha, no continuous reduction of energy reserves and 
storage substances with increasing temperatures was 
observed in A. cygnea. Most likely, the similarity of 
both energy reserves and storage substances across 
the studied temperatures can be explained by the 
greater body mass of this species (being more resil-
ient and less affected by sudden changes) as well as 
by the studied temperature range matching the one 
to which the species is adapted as reflected in its 
broad occurrence in a diversity of lakes, ponds and 
rivers (Geist et  al. 2023). Alternative explanations 
include that glochidia release during the experiment 
in this species, along with the feeding and thus energy 
uptake of the specimens, may have caused changes 
in energy reserves of A. cygnea. Such patterns may 
also strongly differ depending on species and food 
availability. For instance, Monroe and Newton (2001) 
showed that glycogen in North American Amblema 
plicata was reduced right after reproduction and that 

it took considerable time and adequate food quality 
and quantity to replenish glycogen stores. Also, ther-
mal stress can lead to a build-up of glycogen, which is 
primarily used for reproduction rather than growth or 
performance (Guderley 2004).

Although glycogen was significantly lower for A. 
cygnea in  Tfouling compared to  Tcontrol, the effect was 
not more pronounced at higher temperatures as origi-
nally expected, and it was also not detected for energy 
reserves or the other storage substances (except for 
lipids), rejecting our second hypothesis. The reduc-
tion in glycogen in  Tfouling in this study (29% com-
pared to  Tcontrol) is similar to another study on Euro-
pean species (Sousa et  al. 2011), although a greater 
reduction has been found in North American spe-
cies (35 to 62% reduction in glycogen, see Table  1 
in Beason and Schwalb 2022). The lack of effect of 
zebra mussel infestation on energy reserves and stor-
age substances (other than glycogen and lipids) is in 
contrast with findings by Baker and Hornbach (2000). 
They found lower carbohydrate and protein content 
in Amblema plicata infested with zebra mussels than 
individuals without infestation from the same field 
location, where zebra mussels were present (equiva-
lent to our  Tpresence). The reasons for the discrepancy 
of our results with other studies could be different 
species, other dreissenid densities, shorter test dura-
tions, and whether glochidia discharge occurred. In 
addition, juvenile unionids in dreissenid-colonised 
habitats are often already affected by high fouling 
rates, which results in higher physiological stress 
compared to the relatively large adult unionid species 

Table 4  Arithmetic mean (± standard deviation) of energy reserves and storage substances of A. cygnea for each temperature and 
treatment

Different superscript capital letters indicate significant differences between temperature groups according to post-hoc Tukey tests. 
Different superscript small letters indicate significant differences between treatments according to post-hoc Tukey tests

Factor Energy reserves
(mJ  mg−1)

Glycogen
(µg  mgdw

−1)
Glucose
(µg  mgdw

−1)
Lipid
(µg  mgdw

−1)
Protein
(µg  mgdw

−1)

Temperature
12 °C 432.3 ± 132.5A 6.0 ± 2.3AB 2.0 ± 2.0A 5.1 ± 1.5A 3.9 ± 1.7AB

19 °C 319.4 ± 56.4B 4.9 ± 2.1A 2.8 ± 1.6A 2.6 ± 1.1B 3.4 ± 1.0A

25 °C 429.4 ± 43.3A 7.3 ± 1.8B 2.8 ± 1.3A 3.4 ± 1.1B 4.9 ± 0.9B

Treatment
Tcontrol 400.9 ± 109.2a 7.3 ± 1.8a 3.4 ± 1.5a 3.0 ± 1.8a 4.1 ± 1.4a

Tpresence 400.3 ± 124.7a 6.3 ± 2.4ab 2.3 ± 1.7a 3.7 ± 1.4ab 4.3 ± 1.7a

Tfouling 382.8 ± 67.1a 5.2 ± 2.1b 2.3 ± 1.6a 4.1 ± 1.6b 3.8 ± 1.1a
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used in this experiment (Geist et al. 2023). The impact 
of D. polymorpha on unionid bivalves may depend 
on species-specific interactions, habitat quality and 
potential food limitations in certain habitats.

Dreissena polymorpha of  Tfouling had the highest 
energy reserves compared to those of  Tpresence 
and  Tcontrol, which is in accordance with our third 
hypothesis, that fouling of unionids is beneficial for 
D. polymorpha. Previous studies have partly shown 
ambiguous results (Baker and Hornbach 2008; Pilotto 
et al. 2016). Whilst a study in English lowland rivers 
found a positive effect of fouling on body condition of 
D. polymorpha (Pilotto et al. 2016), a study in Lake 
Pepin, a part of the Mississippi River in Minnesota 
and Wisconsin, suggested the opposite effect which 
was explained by competition for food and burrowing 
behaviour of unionids (Baker and Hornbach 2008). 
Consequently, habitat quality and especially food 
availability, along with mussel densities seem to be 
key factors determining these interspecific effects.

Conclusion

The findings of this study highlight the advantages 
of including physiological endpoints in assessing 
performance of, and potential competition among 
native and invasive mussel species. Whilst our 
experiment was only conducted for a limited selection 
of species and over a limited period of time, a 
comprehensive assessment of the most important 
invasive and native species may greatly increase the 
mechanistic understanding of the combined impacts 
of climatic change and changing species interactions 
on freshwater mussel faunas. Such knowledge is 
not only important from an ecological point of 
view, but also highly relevant for predicting future 
population trends and for producing management 
recommendations.
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