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Abstract:

Transgenerational plasticity has been suggested as a means for species to succeed in
rapidly changing environments, such as increased temperature brought on by climate
change. However, the evidence for this phenomenon in animals is mixed. The freshwater
crustacean Daphnia magna displays transgenerational plasticity in response to
environmental cues such as the presence of predators or food, but studies on heat tolerance
have been less conclusive. We acclimated three asexual strains of D. magna—originally from
London, UK (*GB"), Fulopszallas, Hungary ("HU"), and Jerusalem (“IL")—to either 20°C
(control) or 28°C (heat-acclimated) conditions; we refer to this as the parental generation.
In contrast, their offspring were reared at 20°C regardless of parental treatment. We
assessed acute heat tolerance (time to immobility, Tinm), heart rate, body size, and age at
first reproduction in the parental and offspring generations. In the parental generation,
heat-acclimated individuals of all strains had higher Timm and reproduced earlier. The
increase in heat tolerance was greatest in the southernmost strain (IL), and smallest in the
northernmost strain (GB). After heat acclimation, mean heart rate increased in GB,
decreased in HB, and did not change in IL. These results highlight the importance of local
adaptation in thermal plasticity. Parental acclimation temperature did not affect Timm in
offspring; however, there was some evidence that offspring of heat-acclimated mothers
reproduced later, reversing the trend observed in parents. We did not find support for
transgenerational plasticity in heat tolerance, perhaps because offspring re-acclimated to

the benign temperature of 20°C.

Key words: Daphnia magna, Cladocera, thermal plasticity, maternal effect, local adaptation
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Introduction

Among the most immediate and flexible responses to rapid environmental change is
phenotypic plasticity, which allows organisms to modify their physiology, behavior, or
morphology in response to external stressors. Unlike genetic adaptation, plasticity can occur
within a single generation, providing a critical buffer against short-term environmental
extremes (Ghalambor et al 2007). In such cases, organisms can benefit from their own
plastic responses as well as from transgenerational plasticity (also known as anticipatory
parental effects), where parents that have experienced a stressor influence their offspring’s
phenotype in a beneficial way (Kuijper & Hoyle 2015; Graeve et al. 2021). This concept is
especially relevant under ongoing anthropogenic environmental change, including climate
change, because abrupt shifts in temperature or oxygen availability can threaten organismal
function. In freshwater ecosystems, where thermal and oxygen dynamics are highly
variable, plasticity plays a central role in mediating short-term resilience (Woodward et al.
2020). As a result, while increasing temperatures may hinder some species’ plastic
responses (Sentis et al. 2017), organisms that can non-genetically transfer plastic traits
across generations are more likely to persist under those rapidly fluctuating conditions
(Donelson et al. 2012).

Daphnia magna Straus, a freshwater crustacean and well-established model for
environmental physiology, exhibits plastic responses to a variety of stressors, including
temperature, making it a valuable system for investigating the physiological mechanisms
underlying thermal tolerance. Their asexual reproduction also allows for comparison
between genetically identical siblings exposed to different environmental conditions.
Daphnia exposed to elevated temperatures often develop increased tolerance to acute heat
stress, largely mediated by the upregulation of hemoglobin expression (Seidl et al. 2005).
Daphnia have a simple hemal system (Ruppert et al. 2004), and thermal acclimation
appears to improve oxygen transport efficiency through increased hemoglobin production,

enhancing performance under warm, hypoxic conditions (Seidl et al. 2005). Body lipid
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composition and antioxidant capacity also influence heat tolerance in Daphnia. Individuals
with high levels of polyunsaturated fatty acids, which are associated with membrane
instability, have lower heat tolerance (Werner et al. 2019), whereas increased antioxidant
capacity protects the body from oxidative stress and is associated with acclimation to high
temperatures (Coggins et al. 2017). Plasticity of Daphnia in response to heat has been
experimentally demonstrated by comparing heat-acclimated individuals with genetically
identical siblings raised under control temperatures, revealing significantly longer knockout
times (Timm) in the heat-acclimated group (e.g., Williams et al. 2012; Yampolsky et al.
2014).

The vertical transmission of traits independently of DNA is broadly referred to as
non-genetic inheritance, and has gained increasing attention for its evolutionary significance
(Bonduriansky & Day 2009, 2020). Some researchers have argued that it warrants
integration into mainstream evolutionary models alongside traditional genetic inheritance
(Danchin et al. 2011; Bonduriansky & Day 2011; Bell & Hellman 2019). Non-genetic
inheritance encompasses a variety of mechanisms, including epigenetic modifications,
maternal nutrient provisioning, hormonal signaling, and environmental or behavioral cues,
all of which can alter offspring phenotype and fitness (Bonduriansky & Day 2009, 2020).
While nongenetic factors can be inherited from fathers (Rando 2012) or grandparents
(Agrawal et al. 1999), factors passed from mothers to offspring, known as maternal effects,
are widespread among animals and are one of the most extensively studied forms of
nongenetic inheritance (Bernardo 1996). Anticipatory or adaptive maternal effects, in which
mothers improve their offspring’s fitness by preparing them for specific environmental
conditions, are of particular interest in evolutionary ecology. These effects are a form of
transgenerational plasticity, as they represent phenotypic plasticity of the offspring in
response to the parental environment (Bell & Hellman 2019). However, it is unclear how
widespread such adaptive nongenetic effects are in animals (Marshall & Uller 2007; Uller et

al. 2013).
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In Daphnia species, maternal effects can influence a wide range of offspring traits.
Maternal effects on morphology and life-history traits—such as offspring growth rate, size at
maturity, and reproductive output—have been well documented, especially in response to
environmental stressors like photoperiod and food availability (Alekseev & Lampert 2001;
Coakley et al. 2017). Maternal effects on offspring defense traits, including the induction of
protective morphological structures in response to predators, have also been observed
(Agrawal et al. 1999; Graeve et al. 2021). Additionally, maternal exposure to pathogens or
immune challenges reduces offspring susceptibility to disease (Little et al. 2003; Mitchell &
Read 2005). Lastly, maternal cues can also be passed down in response to biological or
metal toxins and pollutants (Gustafsson et al. 2005; Fernandez-Gonzalez et al. 2011).
Under stressful environmental conditions, maternal effects have the potential to function as
a form of environmental memory, allowing offspring to begin life already suited for survival
in the conditions their mother experienced (Agrawal et al. 1999; Radersma et al. 2018;
Graeve et al 2021).

However, whether similar transgenerational plasticity occurs in response to thermal
stress in Daphnia remains an open question. Existing research has emphasized
understanding within-generation acclimation (e.g., Williams et al. 2012; Yampolski et al.
2014), leaving room for further studies on how parental environments might influence
offspring thermal responses. Previous studies show some evidence for transgenerational
plasticity, where offspring of heat-acclimated mothers exhibit improvements in other
physical traits, such as disease resistance and reproduction (Garbutt et al. 2014; Betini et
al. 2020) despite never encountering the stressor. However, we are not aware of any
studies in which maternal acclimation of Daphnia to high temperature yielded detectable
improvement in offspring heat tolerance. Factors such as the timing of maternal exposure
(early life vs. adulthood), the specific traits measured (e.g., survival vs. metabolic rate),
and the genetic background of the clone may all influence whether transgenerational

plasticity of heat acclimation is observed. Attention to this research gap is important,
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especially given the ecological relevance of temperature stress in freshwater habitats
affected by global warming.

In this study, we investigate the transgenerational plasticity of heat tolerance in
Daphnia magna. We acclimated individuals from three different strains to either a benign
temperature (20 °C, “control”) or a stressful higher temperature (28 °C, “heat-acclimated”)
and tested whether heat-acclimated individuals and their unacclimated offspring exhibited
greater tolerance to an acute 37 °C heat shock. We also monitored changes in other key
traits—heart rate, body size, and age at reproduction—across both generations. We
predicted that unacclimated offspring of heat-exposed mothers would demonstrate greater
heat tolerance compared to offspring of control mothers, suggesting a maternal transfer of

beneficial traits.

Materials and Methods
Daphnia clones and Basic Husbandry
We used three asexual strains of Daphnia magna which were originally collected at three
different Eurasian localities: London, United Kingdom (GB-EL75-69), Fulépszallas, Hungary
(HU-K-6), and Jerusalem (IL-MI-8). For brevity, the clones will be referred to as GB, HU,
and IL, respectively. The thermal biology of each clone has previously been characterized,
with GB showing relatively low acute heat tolerance and HU and IL showing relatively higher
heat tolerance (e.g., Yampolsky et al., 2014; Coggins et al. 2017, 2021; Martin-Creuzburg
et al. 2019). All clones have the capacity to acclimate to higher temperatures over time.
Stock populations of each Daphnia strain were reared in 600 mL of spring water in a
Percival Model E30B growth chamber (Percival Scientific, Inc., USA) at 20 °C with a 12h:12h
light—dark cycle. During the experiment, each Daphnia was kept individually in a glass test
tube with 20 mL of spring water and fed 375,000 cells/mL of Nannochloropsis D.]. Hibberd
algae daily (Carolina Biological Supply, USA). Algae was cultured in AlgaGro media (Carolina

Biological Supply, USA) and cell concentration was estimated based on the optical density at
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680 nm. Offspring were removed from tubes each day, and Daphnia were transferred to a

new tube of fresh water twice a week.

Generational Experiment

At the beginning of the experiment, we collected ten adult females from each strain (i.e., 30
females total) and placed them in individual tubes as described above. Five of the ten were
transferred to a growth chamber set to 28 °C, while the other five remained at 20 °C. These
were the “grandparental” generation (i.e., the parents of our parental generation) for the
heat-acclimated and control groups, respectively (Fig. 1). This ensured prenatal exposure of
the parental generation to their respective temperature treatment. We collected offspring
continuously from the grandparental Daphnia until we had three offspring from each
grandmother. This humber provided two Daphnia for measuring acute heat tolerance, body
size, and heart rate (described below), plus one additional individual in case of mortality
before adulthood. All Daphnia derived from one grandparent were considered one “family”
across the experiment.

Reproduction was not synchronized among the grandparents, so not all offspring
were precisely the same age. We reduced this difference as much as possible by replacing
older offspring from a given grandmother with new offspring produced by the same
individual, until we had a full complement of offspring for all 30 females. Individuals in the
parental generation were born across a 4-day period, with the vast majority (89%) born in
the final two days of that period. There were 90 parental-generation Daphnia in total: 45
individuals (in 15 families across three strains) acclimated to 20 °C and 45 individuals
acclimated to 28 °C.

As the parental Daphnia began to reproduce, we removed their offspring (the F1
generation) from their tubes and recorded the number of offspring daily. All F1 Daphnia
were kept at 20 °C regardless of parental treatment. As described above, we continued to

collect F1 offspring until we had three individuals in every family. Offspring were pooled
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within a family, such that the three F1 Daphnia within a given family may have been
produced by multiple mothers, but were kept separate from other families (grandmothers)
of the same strain and treatment. Individuals in the F1 generation were born across a four-
day period, with the exception of a single offspring (HU, 28 °C) born an additional two days
earlier.

For both the parental and F1 generation, once at least three offspring had been
produced by every family, a single adult female was selected from each family to assess
acute heat tolerance and a second female was selected to measure body size and heart

rate.

Acute Heat Tolerance
We assessed acute heat tolerance by recording time to immobilization (Tinm) at a constant
37 °C. Under heat stress, Daphnia cease to be able to swim and fall to the floor of their
enclosure immobilized. Timm is influenced both by evolved genetic differences among
populations and plastic acclimation to elevated temperatures (Yampolsky et al 2014).
Approximately 3 hours prior to the heat tolerance assay, one adult female from each
family was removed from its tube and placed in a new tube with 10 ml of clean spring
water, at that individual’s acclimation temperature. Test tubes were randomly arranged in
test tube racks and blinded by a person other than the observer. All Daphnia tubes were
simultaneously lowered into a 37 °C water bath such that the water in the tube was fully
submerged. Every 5 minutes, observers checked each tube to assess whether the Daphnia
had been immobilized, defined as no motion visible to the eye, excluding the beating of the

internal legs.

Heart Rate and Body Size
Because environmental temperature can induce a suite of physiological and life-history

changes in poikilothermic animals such as Daphnia, we also recorded heart rate and body



193 size. Three hours prior to measuring heart rate, a second individual Daphnia from each
194 family was selected and placed in the 20 °C incubator, regardless of treatment. After this
195 re-acclimation period, each individual was placed in a depression slide on a

196 stereomicroscope, and the number of heart beats in a ten-second period was counted, and
197 this was repeated three times. The mean of the three counts was converted to beats per
198 minute.

199 The height and width of each Daphnia was measured using ocular micrometers.
200 Height was measured from the top of the eye to the ventral base of the caudal spine; for
201 width, we measured the maximum width perpendicular to the spine-eye axis. All

202 measurements were made to the nearest 0.04 mm. Finally, the approximate lateral area of
203 the Daphnia was estimated using the equation for the area of an ellipse.

204

205 Statistical Analyses

206 All statistical analyses were performed in R 4.4.2 (R Core Team 2024). Data were visualized
207 as box plots and Kaplan-Meier survival curves, using the R packages “ggplot2” (Wickham
208 2016) and “survminer” (Kassambara et al. 2024), respectively.

209 The data for Timm, heart rate, lateral area, and age at reproduction were analyzed
210 separately by generation. Tinm, heart rate, and lateral area were analyzed using linear

211 models. Tinm Was natural log-transformed prior to analysis to improve normality. All three
212 models included the following variables: strain, (parental) acclimation temperature, their
213 interaction, and observer identity. We performed type-II F-tests using the R package “car”
214 (Fox & Weisberg 2019). If the effect of observer identity had a p-value greater than 0.1,
215 this variable would be removed from the model; observer identity was retained in all

216 analyses.

217 Age at first reproduction is a “time to event” variable, and following Coakley et al.
218 (2018), we analyze these data with a Cox proportional hazards model using the R package

III

219 ‘“survival” (Therneau 2024). These models contained effects of strain, (parental) acclimation
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temperature, and their interaction. As above, we performed type-II Wald tests using “car”.
Individuals that died before reproducing (P generation: n = 3; F1 generation: n = 3) or that
did not reproduce by the date of the heat tolerance assay (P generation: n = 10; F1
generation: n = 4) were right censored.

Where there was evidence for a clone-by-treatment interaction, we investigated
further with follow-up t-tests within each clone. We did not include observer identity in
follow-up tests, as this three-level factor would substantially reduce our power to detect
differences in the much smaller subsetted data set. We corrected for multiple comparisons
using the Holm-Bonferroni method (Holm 1979; Rice 1989), implemented in the R package
“dyplr” (Wickham et al. 2023). This procedure controls the family-wise error rate while
maintaining statistical power by applying the most stringent penalty to the lowest p-value
(multiplying it by three, equivalent to a Bonferroni correction) and decreasing penalties to
the remaining p-values sequentially from lowest to highest. Adjusted p-values are reported
as p.gj, With the raw p-values provided in square brackets.

We interpret p-values as a continuous metric of the strength of evidence, and follow
the recommendations of Muff et al. (2022) in describing our results on a continuum from
“no evidence” (p > 0.1) to “very strong evidence” (p < 0.001), along with graphical or

written estimates of effect size.

Results

Heat Tolerance

Thermal tolerance responses to acclimation differed between generations. In the parental
generation, there was very strong evidence that both strain (F;.; = 43.66, p < 0.001) and
temperature (Fi,2 = 177.45, p < 0.001) affected time to immobilization. We also found
strong evidence for a strain x treatment interaction (F.; = 11.34, p < 0.001; Fig. 2a).

Observer identity also had an effect on measurement (F;2; = 5.68, p = 0.010).
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In the F1 generation, there was very strong evidence that heat tolerance differed
between strains (F222 = 14.59, p < 0.001), but no evidence for differences depending on
parental temperature treatment (Fi; = 1.28, p = 0.27) or a strain x treatment interaction
(F>22 = 0.10, p = 0.91), suggesting that transgenerational plasticity in heat tolerance was
not detected (Fig. 2b). Observer identity influenced measurements (F2,2, = 16.32, p <

0.001), indicating some observer-related variability in assessment.

Heart Rate

The influence of parental thermal acclimation on heart rate also varied across generations.
In the parental generation, there was moderate evidence that heart rate differed across
strains (F>,2; = 3.68, p = 0.042). Although there was no evidence that acclimation
temperature alone affected heart rate (Fi,.> = 0.006, p = 0.941), we observed moderate
evidence for a strain x treatment interaction (F... = 4.45, p = 0.024), suggesting that the
effect of heat acclimation varied by strain (Fig. 3a). Specifically, there was moderate
evidence that GB individuals exhibited higher heart rates when reared at 28°C, with a 34.4
bpm increase in mean heart rate (£(7.37) = 3.56, p.sj = 0.025 [0.008]). We found weak
evidence that heart rate of HU was lower at 28 °C, with a 55.6 bpm decrease in mean heart
rate (£(7.48) = -2.84, pag; = 0.047 [0.023]), and there was no evidence of differences
between temperatures in IL, with a difference in means of only 18.8 bpm (£(7.73) = 0.55,
Pagi = 0.597 [0.597]). Additionally, we found strong evidence that heart rate was influenced
by measurer identity (F22, = 7.97, p = 0.002).

In contrast, the F1 offspring generation exhibited no evidence of transgenerational

0.87, p = 0.434),

plasticity in heart rate. The data provided no evidence that strain (F:,2:

parental treatment (Fi: = 1.54, p = 0.229), nor their interaction (F;,2: = 1.20, p = 0.320)
affected heart rate (Fig. 3b). As in the parental generation, heart rate was affected by

measurer identity, with very strong evidence for this effect (F,.: = 18.01, p < 0.001).
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Body size

Thermal acclimation did not influence body size, measured as lateral area, in either
generation. In the parental generation, there was no evidence that strain (F;; = 2.23, p =
0.131), treatment (F,22 = 1.52, p = 0.230), or the strain x treatment interaction (F;,2. =
2.22, p = 0.132) affected lateral area (Fig. 4a). However, there was very strong evidence
that lateral area measurements differed by measurer (F,,2 = 31.53, p < 0.001).

In the F1 generation, we again found no support for transgenerational plasticity in
body size. We did not find evidence that strain (F;.:1 = 1.40, p = 0.268), parental treatment
(F1,21 = 0.02, p = 0.892), or their interaction (Fz2: = 0.43, p = 0.657) affected lateral area
(Fig. 4b). There remained strong evidence for differences in lateral area measurements

between measurers (Fz21 = 8.14, p = 0.002).

Age at Reproduction

Responses of reproductive timing to strain and treatment differed between generations. In
the parental generation, there was strong evidence for a treatment effect on age at first
reproduction (x*(1) = 20.34, p < 0.001), with heat-acclimated individuals reproducing
earlier than controls (hazard ratio = 2.57). However, there was no evidence for a strain
effect (x?(2) = 0.26, p = 0.88), with the reproductive timing of HU and IL being similar to
the reference strain GB (hazard ratios = 0.97 and 0.72, respectively). We also found no
evidence for a strain x treatment interaction (x*(2) = 1.83, p = 0.40), suggesting that the
treatment effect on reproductive timing was consistent across strains (Fig. 5a).

In the F1 generation, there was moderate evidence for a strain effect on
reproductive timing (x?(2) = 7.40, p = 0.025), with IL individuals reproducing later than GB
(hazard ratio = 0.42), while HU and GB were similar (hazard ratio = 0.93). There was also
weak evidence that heat-acclimated parents had offspring that reproduced later than

offspring of control parents (x*(1) = 3.80, p = 0.051; Fig. 5b), suggesting a maternal effect
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on reproduction. However, there was no evidence for a strain x treatment interaction (x?(2)

= 1.18, p = 0.56).

Discussion

Environmental stimuli can influence morphology, behavior, and physiology of not only the
individuals experiencing the stimulus, but potentially also their offspring. However, the
nature of these changes and their fithess consequences do not always align with adaptive
hypotheses. In this study, we found evidence that acclimation to high water temperature
impacted the acute heat tolerance and heart rate of Daphnia magna in a strain-specific way,
but there was no evidence that parental heat acclimation improved heat tolerance in
offspring reared under benign conditions. Surprisingly, while heat-acclimated mothers
reproduced at an earlier age compared to control animals, their offspring reproduced later
than offspring of control mothers.

Similar to previous studies, we observed clear evidence of phenotypic plasticity in all
three strains in response to acclimation temperature (Fig. 2a). Compared to animals
acclimated to 20 °C, D. magna acclimated to 28 °C displayed greater acute heat stress
tolerance (higher Timm) across strains. Previous work in D. magna and North American D.
pulex Leydig has identified geographic variation among strains not only in baseline heat
tolerance (Geerts et al. 2014), but also in degree of phenotypic plasticity and the
physiological mechanisms Daphnia use to withstand high temperatures (Williams et al.
2012; Yampolsky et al 2014). In our study, the degree of plasticity in heat tolerance
differed among the three strains, with the smallest increase in Timm Observed in GB, the
strain from the northernmost latitude, and the greatest increase observed in IL, the strain
from the most equatorial latitude. Accordingly, for Daphnia populations adapted to hot
localities, it appears that the capacity for plasticity is a key component of adaptation to high

temperature alongside genetically determined heat tolerance.
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The effect of acclimation temperature on heart rate depended on strain as well (Fig.
3a): heat-acclimated GB Daphnia had a higher heart rate than the control group, but heat-
acclimated HU Daphnia had a lower heart rate than the control. Heart rates were highly, but
similarly, variable in both treatment groups of IL Daphnia. This result suggests that our
strains employed different physiological strategies in acclimating to high temperature.
Previously, Yampolsky et al. (2014) reported that some D. magna clones acclimated to high
temperatures by increasing hemoglobin concentration, while others did not. Resisting
oxidative stress is another important component of heat-tolerance in Daphnia (Coggins et
al. 2017; Zeis et al. 2019). In our study, HU individuals may have lowered their metabolic
rate to reduce their oxidative stress in elevated temperatures, leading to a relatively low
heart rate at 20 °C.

As expected, animals acclimated to 28 °C had their first clutch earlier than those
acclimated to 20 °C (Fig. 5a). Daphnia are ectothermic crustaceans, so their developmental
rate depends on the temperature of their environment. However, we also expected growth
rate - and thus adult body size - to be higher in the 28 °C Daphnia, but we found no
difference in lateral area between temperature treatments (Fig. 4a). Growth at 28 °C could
have been limited by food availability, but based on the color of the water, it did not appear
that Daphnia in our study were exhausting their food supply. Instead, we may have
observed no difference in size because we measured individuals after reproduction. Growth
of D. magna slows substantially around 10 days of age (Kooijman 1986), as reproduction
begins. Therefore, even if heat-acclimated Daphnia grew faster as juveniles, it is likely that
they also shifted resource allocation from growth toward egg production at earlier ages,
leaving them at a similar body size as the 20 °C. Measuring juvenile body size may be
necessary to detect differences in growth rate of Daphnia.

Although we saw clear evidence of within-generation temperature acclimation, the
parental environment had only small effects on the F1 generation. There was no evidence

for an effect of parental acclimation temperature on offspring acute heat tolerance (Fig. 2b),
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heart rate (Fig. 3b), or body size (Fig. 4b). This was somewhat surprising, transgenerational
plasticity is widely reported in Daphnia in response to a variety of environmental cues
(reviewed in LaMontagne & McCauley 2001; Agrelius & Dudycha 2025), including presence
of predators (Tollrian 1995; Agrawal et al 1999), food availability (Coakley et al. 2018;
Hasoon & Plaistow 2020), salinity (Mikulski & Mazurczak 2023) and temperature (Garbutt et
al. 2014; Betini et al. 2020). Additionally, non-genetic transmission of heat tolerance has
been previously observed in brine shrimp (Artemia Leach spp.), another branchiopod
crustacean (Norouzitallab et al. 2014; Pais-Costa et al. 2022).

However, our results are consistent with those of other studies of temperature
effects on Daphnia, in which elevated maternal temperature influenced some offspring
traits, but did not enhance offspring heat tolerance. For example, Betini et al. (2020) found
that D. magna acclimated to 25 °C had offspring that reproduced earlier and lived longer
than offspring of 15 °C-acclimated mothers, but these differences were independent of the
temperature of the offspring environment. They did not find evidence of a fithess advantage
for offspring living in an environment matching that of the mother. Additionally, elevated
maternal temperature has been associated with resistance to infection (Garbutt et al. 2014)
and to copper toxicity (Bae et al. 2016), but also with reduced fecundity (Garbutt et al.
2014; Betini et al. 2020). Thus, the effects of maternal temperature on offspring traits in
Daphnia are complex, and not always straightforward to predict.

We did find one potential difference between offspring of the two temperature
treatments: there was some evidence that regardless of strain, offspring of 28 °C-
acclimated mothers tended to reproduce later than offspring of 20 °C-acclimated mothers
(Fig. 5b). This is the opposite pattern from what we observed in the P generation. If this
difference is biological, there are a few possible explanations for our finding: 1) mothers
reared at 28 °C may be stressed, and could pass on costly nongenetic factors to their
offspring (e.g., Eriksson Wiklund & Sundelin 2001; McGhee et al. 2012); 2) F1 Daphnia

experienced the maternal temperature environment as embryos and neonates, and the shift
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from 28 °C to 20 °C could have stressed the offspring; 3) because 28 °C-acclimated
mothers reproduced earlier, we often used first-clutch offspring from the 20 °C mothers and
later-clutch offspring from the 28 °C mothers to maintain synchronization between
temperature treatments. Our data also contrast with the results of Betini et al. (2020), who
found that offspring of heat-acclimated mothers reproduced at earlier ages. In addition to
the factors described above, the difference between that study and ours may also reflect
variation in maternal effects among strains, which has been seen previously in Daphnia in
response to temperature (Garbutt et al. 2014) and salinity (Mikulski & Mazurczak 2023).

In conclusion, Daphnia magna acclimated to high temperatures developed increased
tolerance to acute heat stress, in ways that were strain-specific, but their offspring reared at
benign temperatures did not inherit their mothers’ acquired heat tolerance. It is possible
that non-genetic factors were transmitted to offspring by heat-acclimated mothers, but
were “overwritten” or “ignored” by their offspring because they were not relevant to the
more benign environment experienced by the offspring. Betini et al. (2020) suggested that
Daphnia may not have evolved transgenerational effects of temperature because seasonal
variation makes parental temperature a poor predictor of offspring temperature. Age at
reproduction differed between offspring of the two treatments, but the adaptive significance
of this is not clear. Indeed, maternal effects in animals are often not straightforwardly
adaptive (Uller et al. 2013; Beyer & Hambright 2017; Coakley et al. 2018) and are
sometimes costly to offspring (Eriksson Wiklund & Sundelin 2001; McGhee et al. 2012).
Non-genetic inheritance is incompletely understood, and further research is required to
clarify how maternal effects are transmitted and what impact they have on both parental

and offspring fitness.

Acknowledgments



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

We are grateful to Tamsyn Hale for assisting with data collection. This research was
supported by the Matthews Student Faculty Research in Physics and Biological Science Fund
at Earlham College. We thank Dieter Ebert (Basel University) for his advice and guidance,
and Lev Yampolsky (East Tennessee State University) for providing Daphnia magna strains
and advice. The Daphnia illustration used in Figure 1 was licensed from kanten / PIXTA.

Finally, we thank the Daphnia for making our research possible.

Authorship Statement
CSA conceived the study and secured funding. TN and CSA collected data. SS and CSA
performed statistical analysis and created figures. All authors wrote and revised the

manuscript.

Disclosure Statement

The authors declare that they have no competing interests.

References

Agrawal, A. A., Laforsch, C., & Tollrian, R. (1999). Transgenerational induction of defences
in animals and plants. Nature, 401(6748), 60-63. https://doi.org/10.1038/43425

Agrelius, T. C., & Dudycha, J. L. (2025). Maternal effects in the model system Daphnia: The
ecological past meets the epigenetic future. Heredity, 134(2), 142-145.
https://doi.org/10.1038/s41437-024-00742-w

Aleekseev, V., & Lampert, W. (2001). Maternal control of resting-egg production in Daphnia.
Nature, 414(6866), 899-901. https://doi.org/10.1038/414899a.

Bae, E., Samanta, P., Yoo, J., & Jung, J. (2016). Effects of multigenerational exposure to

elevated temperature on reproduction, oxidative stress, and Cu toxicity in Daphnia



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

magna. Ecotoxicology and Environmental Safety, 132, 366-371.
https://doi.org/10.1016/j.ecoenv.2016.06.034

Bell, A. M., & Hellmann, J. K. (2019). An integrative framework for understanding the
mechanism and multigenerational consequences of transgenerational plasticity. Annual
Review of Ecology, Evolution, and Systematics, 50, 97-118.
https://doi.org/10.1146/annurev-ecolsys-110218-024613

Bernardo, J. (1996). Maternal effects in animal ecology. American Zoologist, 36(2), 83-105.
https://doi.org/10.1093/icb/36.2.83

Betini, G. S., Wang, X., & Fryxell, J. M. (2020). Transgenerational plasticity mediates
temperature effects on fitness in the water flea Daphnia magna. Canadian Journal of
Zoology, 98(10), 661-665. https://doi.org/10.1139/cjz-2020-0080

Bonduriansky, R., & Day, T. (2009). Nongenetic inheritance and its evolutionary
implications. Annual Review of Ecology, Evolution and Systematics, 40, 103-125.
https://doi.org/10.1146/annurev.ecolsys.39.110707.173441

Bonduriansky, R., & Day, T. (2011). A unified approach to the evolutionary consequences of
genetic and nongenetic inheritance. The American Naturalist, 178(2), E18-E36.
https://doi.org/10.1086/660911

Bonduriansky, R., & Day, T. (2020). Extended heredity: A new understanding of inheritance
and evolution. Princeton University Press.

Beyer, J. E., & Hambright, K. D. (2017). Maternal effects are no match for stressful
conditions. Functional Ecology, 31(10), 1933-1940. https://doi.org/10.1111/1365-
2435.12901

Coakley, C. M., Nestoros, E., & Little, T. J. (2018). Testing hypotheses for maternal effects
in Daphnia magna. Journal of Evolutionary Biology, 31(2), 211-216.
https://doi.org/10.1111/jeb.13206

Coggins, B.L., Collins, J.W., Holbrook, K.J., and Yambolsky, L.Y. (2017). Antioxidant

capacity, lipid peroxidation, and lipid composition changes during long-term and short-



456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

term thermal acclimation in Daphnia. Journal of Comparative Physiology B, 187, 1091-
1106. https://doi.org/10.1007/s00360-017-1090-9

Coggins, B.L., Anderson, C.E., Hasan, R., Pearson, A.C., Ekwudo, J.R., and Yampolsky, L.Y.
(2021). Breaking free from thermodynamic constraints: Thermal acclimation and
metabolic compensation in a freshwater zooplankton species. Journal of Experimental
Biology, 224, jeb237727. https://doi.org/10.1242/jeb.237727

Danchin, é., Charmantier, A., Champagne, F. A., Mesoudi, A., Pujol, B., & Blanchet, S.
(2011). Beyond DNA: Integrating inclusive inheritance into an extended theory of
evolution. Nature Reviews Genetics, 12, 475-486. https://doi.org/10.1038/nrg3028

Donelson, J. M., Munday, P. L., McCormick, M. I., & Pitcher, C. R. (2012). Rapid
transgenerational acclimation of a tropical reef fish to climate change. Nature Climate
Change, 2(1), 30-32. https://doi.org/10.1038/nclimate1323

Eriksson Wiklund, A.-K., & Sundelin, B. (2001). Impaired reproduction in the amphipods
Monoporeia affinis and Pontoporeia femorata as a result of moderate hypoxia and
increased temperature. Marine Ecology Progress Series, 222, 131-141.
https://doi.org/10.3354/meps222131

Fernandez-Gonzalez, M. A., Gonzalez-Barrientos, J., Carter, M. J., & Ramos-Jiliberto, R.
(2011). Parent-to-offspring transfer of sublethal effects of copper exposure: Metabolic
rate and life-history traits of Daphnia. Revista Chilena de Historia Natural, 84(2), 195-
201. https://doi.org/10.4067/S0716-078X2011000200005

Fox J., & Weisberg S. (2019). An R companion to applied regression (3rd ed). Sage
Publications. https://www.john-fox.ca/Companion/

Garbutt, J. S., Scholefield, J. A., Vale, P. F., & Little, T. J. (2014). Elevated maternal
temperature enhances offspring disease resistance in Daphnia magna. Functional

Ecology, 28(2), 424-431. https://doi.org/10.1111/1365-2435.12197



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

Geerts, A. N., De Meester, L., & Stoks, R. (2014). Heat tolerance and its evolutionary
potential along a latitudinal gradient in Daphnia magna. Evolutionary Ecology Research,
16(6), 517-528. http://www.evolutionary-ecology.com/open/v16n06/iiar2912.pdf

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007). Adaptive versus
non-adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Functional Ecology, 21(3), 394-407. https://doi.org/10.1111/j.1365-
2435.2007.01283.x

Graeve, A., JanBen, M., Villalba, M., Tollrian, R., Weiss, L. (2021). Higher, faster, better:
Maternal effects shorten time lags and increase morphological defenses in Daphnia
lumholtzi offspring generations. Frontiers in Ecology and Evolution, 9, 637421.
https://doi.org/10.3389/fev0.2021.637421

Gustafsson, S., Rengefors, K., & Hansson, L.-A. (2005). Increased consumer fitness
following transfer of toxin tolerance to offspring via maternal effects. Ecology, 86(10),
2561-2567. https://doi.org/10.1890/04-1710

Hasoon, M. S., & Plaistow, S. J. (2020). Embryogenesis plasticity and the transmission of
maternal effects in Daphnia pulex. Evolution & Development, 22(5), 345-357.
https://doi.org/10.1111/ede.12346

Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scandinavian
Journal of Statistics, 6(2), 65-70. https://www.jstor.org/stable/4615733

Kassambara A., Kosinski M., & Biecek P. (2024). survminer: Drawing survival curves using
'‘ggplot2' (Version 0.5.0). https://rpkgs.datanovia.com/survminer/index.html

Kooijman, S.A.L.M. (1986). Population dynamics on the basis of budgets. In J. A. J. Metz &
O. Diekman (Eds.), The dynamics of physiologically structured populations (pp. 266-
297). Springer-Verlag. https://doi.org/10.1007/978-3-662-13159-6_7

Kujiper, B., & Hoyle, R.B. (2015). When to rely on maternal effects and when on phenotypic

plasticity? Evolution, 69(4), 950-968. https://doi.org/10.1111/ev0.12635



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

LaMontagne, J. M., & McCauley, E. (2001). Maternal effects in Daphnia: What mothers are
telling their offspring and do they listen? Ecology Letters, 4(1), 64-71.
https://doi.org/10.1046/j.1461-0248.2001.00197.x

Little, T. J., O'Connor, B., Colegrave, N., Watt, K., & Read, A. F. (2003). Maternal transfer of
strain-specific immunity in an invertebrate. Current Biology, 13(6), 489-492.
https://doi.org/10.1016/s0960-9822(03)00163-5

Martin-Creuzburg, D., Coggins, B.L., Ebert, D., and Yampolsky, L.Y. (2019). Rearing
temperature and fatty acid supplementation jointly affect lipid fluorescence polarization
and heat tolerance in Daphnia. Physiological and Biochemical Zoology, 92(4), 408-418.
https://doi.org/10.1086/704365

Marshall, D.J., & Uller, T. (2007). When is a maternal effect adaptive? Oikos, 116(12),
1957-1963. https://doi.org/10.1111/j.2007.0030-1299.16203.x

McGheeg, K. E., Pintor, L. M., Suhr, E. L., & Bell, A. M. (2012). Maternal exposure to
predation risk decreases offspring antipredator behaviour and survival in threespined
stickleback. Functional Ecology, 26(4), 932-940. https://doi.org/10.1111/j.1365-
2435.2012.02008.x

Mikulski, A., & Mazurczak, D. (2023). Maternal effect in salinity tolerance of Daphnia-One
species, various patterns? PLoS ONE, 18(4), e0283546.
https://doi.org/10.1371/journal.pone.0283546

Mitchell, S. E., & Read, A. F. (2005). Poor maternal environment enhances offspring disease
resistance in an invertebrate. Proceedings of the Royal Society B: Biological Sciences,
272(1581), 2601-2607. https://doi.org/10.1098/rspb.2005.3253

Muff, S., Nilsen, E. B., O’'Hara, R. B., & Nater, C. R. (2022). Rewriting results sections in the
language of evidence. Trends in Ecology & Evolution, 37(3), 203-210.
https://doi.org/10.1016/j.tree.2021.10.009

Norouzitallab, P., Baruah, K., Vandegehuchte, M., Van Stappen, G., Catania, F., Bussche, J.

V., Vanhaecke, L., Sorgeloos, P., & Bossier, P. (2014). Environmental heat stress



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

induces epigenetic transgenerational inheritance of robustness in parthenogenetic
Artemia model. The FASEB Journal, 28(8), 3552-3563. https://doi.org/10.1096/fj.14-
252049

Pais-Costa, A. J., Lievens, E. J., Reddn, S., Sanchez, M. 1., Jabbour-Zahab, R., Joncour, P.,
Van Hoa, N., Van Stappen, G., & Lenormand, T. (2022). Phenotypic but no genetic
adaptation in zooplankton 24 years after an abrupt +10° C climate change. Evolution
Letters, 6(4), 284-294. https://doi.org/10.1002/evI3.280

R Core Team. (2024). R: A language and environment for statistical computing (Version
4.4.2). R Foundation for Statistical Computing. https://www.R-project.org/

Radersma R., Hegg A., Noble D., Uller T. (2018). Timing of maternal exposure to toxic
cyanobacteria and offspring fitness in Daphnia magna: Implications for the evolution of
anticipatory maternal effects. Ecology and Evolution, 8(24), 12727-12736.
https://doi.org/10.1002/ece3.4700

Rando, O. J. (2012). Daddy issues: Paternal effects on phenotype. Cell, 151(4), 702-708.
https://doi.org/10.1016/j.cell.2012.10.020

Rice, W. R. (1989). Analyzing tables of statistical tests. Evolution, 43(1), 223-225.
https://doi.org/10.1111/j.1558-5646.1989.tb04220.x

Ruppert, E. E., Fox, R. S., & Barnes, R. D. (2004). Crustacea. In Invertebrate zoology: A
functional evolutionary approach (7th ed., pp. 605-701). Brooks/Cole.

Seidl M.D., Pirow, R., Paul, R.]J. (2005). Acclimation of the microcrustacean Daphnia magna
to warm temperatures is dependent on haemoglobin expression. Journal of Thermal
Biology, 30(7). https://doi.org/10.1016/j.jtherbio.2005.06.004

Sentis, A., Hemptinne, J.-L., & Brodeur, J. (2017). Non-additive effects of simulated heat
waves and predators on prey phenotype and transgenerational phenotypic plasticity.
Global Change Biology, 23(11), 4598-4608. https://doi.org/10.1111/gcb.13674

Therneau, T. (2024). A package for survival analysis in R (Version 3.8-3). The

Comprehensive R Archive Network. https://doi.org/10.32614/CRAN.package.survival



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

Tollrian, R. (1995). Predator-induced morphological defenses: Costs, life history shifts, and
maternal effects in Daphnia pulex. Ecology, 76(6), 1691-1705.
https://doi.org/10.2307/1940703

Uller, T., Nakagawa, S., & English, S. (2013). Weak evidence for anticipatory parental
effects in plants and animals. Journal of Evolutionary Biology, 26(10), 2161-2170.
https://doi.org/10.1111/jeb.12212

Werner, C., Ilic, M., & von Elert, E. (2019). Differences in heat tolerance within a Daphnia
magna population: The significance of body PUFA content. Hydrobiologia, 846, 17-26.
https://doi.org/10.1007/s10750-018-3769-7

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis (Version 3.5.2).
https://ggplot2.tidyverse.org/

Wickham, H., Francoise, R., Henry, L., Miller, K., & Vaughan, D. (2023). dplyr: A grammar
of data manipulation (Version 1.1.4). The Comprehensive R Archive Network.
https://CRAN.R-project.org/package=dplyrWilliams, P. J., Dick, K. B., & Yampolsky, L.
Y. (2012). Heat tolerance, temperature acclimation, acute oxidative damage and
canalization of haemoglobin expression in Daphnia. Evolutionary Ecology, 26, 591-609.
https://doi.org/10.1007/s10682-011-9506-6

Yampolsky, L. Y., Schaer, T. M., & Ebert, D. (2014). Adaptive phenotypic plasticity and local
adaptation for temperature tolerance in freshwater zooplankton. Proceedings of the
Royal Society B: Biological Sciences, 281(1776), 20132744.
https://doi.org/10.1098/rspb.2013.2744

Zeis, B., Buchen, 1., Wacker, A., & Martin-Creuzburg, D. (2019). Temperature-induced
changes in body lipid composition affect vulnerability to oxidative stress in Daphnia
magna. Comparative Biochemistry and Physiology, Part B: Biochemistry and Molecular

Biology, 232, 101-107.



587

588

589

590

591

592

593

594

o
20°C Grandparental
GB

5 individuals

HU

" 5 individuals

Control

IL

5 individuals

Parental

]

o
:28°C Grandparental

L]
9 8
- = .-"l'-l_-'"'R\\\
E A " 5 individuals
E: K
5 i HU
o - iCaree
<| . " 5 individuals
=
M =
m - IL
L]
S .
= S individuals
L]
r

D
(e )

Offspring
o GB
Y
) 5 families
Corss HU
ot
e —— .' }l'_.\"
T 5 families
: IL
== - - = G
' 5 families
Vi

vid

Acute Heat Tolerance
(1 per family)

Body Size & Heart Rate

Acute Heat Tolerance

(1 per family)

Body Size & Heart Rate

(1 per family) (1 per family)
L 4 Tn 'y
-.
o
Parental = 20°C Offspring
GB . GB
]
]
5 families i i=m 5 families
. “
HU o : HU _
L]
5 families -1 I 5 families
.
IL = IL
—l ® —
5 families = — e ne —_— 5 families
L]
]

Figure 1. Schematic of experimental design. Five families (i.e., matrilines) from three

asexual strains of Daphnia magna were subjected to one of two temperature treatments

over three generations. Control: all three generations were kept in 20 °C water. Heat

acclimated: the grandparental and parental generations were kept in 28 °C water, and the

offspring generation was transferred to 20 °C within 24 h of birth. In adults of the parental

and offspring generations of both treatments, acute heat tolerance at 37 °C, body size, and

heart rate were measured within each family.
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Figure 2. Responses of acute heat tolerance to parental thermal acclimatization in
Daphnia magna across two generations. (a) Time to immobilization at 37°C of the
parental generation reared at at either 20°C (control) or 28°C (heat-acclimated). (b) Time
to immobilization at 37°C of the offspring generation, all reared at 20°C but whose parents
were acclimated to either 20°C (control) or 28°C (heat-acclimated). Boxplots show
medians, interquartile ranges, and whiskers extend to the full range of observed values and
open circles representing individual data points. Strains are color-coded: GB (blue), HU

(green), and IL (red), with striped fill indicating the 28°C treatment group.
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608 Figure 3. Responses of heart rate to parental thermal acclimatization in Daphnia

609 magna across two generations. (a) Heart rates of the parental generation reared at
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either 20°C (control) or 28°C (heat-acclimated). (b) Heart rates of the offspring generation,
which were all reared at 20°C but whose parents were acclimated to 20°C (control) or 28°C
(heat-acclimated). Heart rate (in beats per minute, bpm) was calculated as the mean of
three 10-second counts taken per individual. Boxplots show medians, interquartile ranges,
and whiskers extend to the full range of observed values. Strains are color-coded: GB

(blue), HU (green), and IL (red), with striped fill indicating the 28°C treatment group.
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Figure 4. Lateral body area measurements of Daphnia magna from parental and
offspring generations. (a) Lateral area of the parental generation reared at either 20°C
(control) or 28°C (experimental). (b) Lateral area of the offspring generation, all reared at
20°C but derived from parents acclimated to either 20°C (control) or 28°C (heat-
acclimated). Lateral area (in mm?) was calculated from height and width measurements of
individual Daphnia. Boxplots show medians, interquartile ranges, and whiskers extend to
the full range of observed values and open circles representing individual data points.
Strains are color-coded: GB (blue), HU (green), and IL (red), with striped fill indicating the

28°C treatment group.



d Parental Generation

100% 1 f y |
|
b |
S 75%1 .
: fata
@- | |
[i3] J
r 50% : I
2 T,
I r =1
S 25% 1 I _l
L (i 3
o
[
ﬂ%. .
0 2.5 5 75 10
Age (days)

== GB-20 == HU-20 == IL-20
Strain & Acclimation Tempearalura
=+ (GB-28 = HU-28 = |L-28

b Offspring Generation

100%
=
8
é 75% 1
[=R
e
T 50%:
I=]
c -
g 25% =
E 1
ﬁ I =l_ -
09 1
0 3 G 9 12
Age (days)
- GE-Z20 = HU-20 =+ IL-20

Sirain & Parenial Temperature
= GB-28 =+ HU-28 =+ IL-28

629
630
631 Figure 5. Effects of parental thermal acclimation on reproductive timing in Daphnia

632 magna across two generations. (a) Age at first reproduction of the parental generation
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reared at either 20°C (control) or 28°C (heat-acclimated). (b) Age at first reproduction of
the offspring generation, all reared at 20°C but whose parents were acclimated to either
20°C (control) or 28°C (heat-acclimated). To assess reproductive timing, the age (in days)
at which each individual first reproduced was recorded. Kaplan-Meier survival curves show
the proportion of individuals that had not yet produced over time. Censored individuals
(those that did not reproduce during the observation period) are marked with crosses.
Strains are color coded: GB (blue), HU (green) and IL (red), with dashed lines indicating the

28°C group.



