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Abstract 
Understanding organismal responses to environmental change is a central goal of biology with profound implications for the conservation of 
biodiversity. Widespread evidence of epigenetic modifications in response to environmental stress, including those inherited across genera-
tions, has led to considerable speculation about their role in organismal responses to environmental change. Yet, the magnitude and fitness 
consequences of epigenetic marks carried beyond maternal inheritance are largely unknown. Here, we tested how transgenerational epi-
genetic inheritance (TEI) shapes the phenotypic response of Daphnia clones to the environmental stressor Microcystis. We split individuals 
from each of eight genotypes into exposure and control treatments (P0 generation) and tracked the fitness of their descendants to the F3 
generation. We found transgenerational epigenetic exposure to Microcystis led to reduced survival and growth rates and no consistent effect 
on offspring production. TEI was associated with increases in trait variance, suggesting the potential for heritable bet hedging driven by TEI. 
Taken together, our results demonstrate that TEI causes substantial—but not adaptive—trait shifts, suggesting transgenerational adaptive 
plasticity may be rare.
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Introduction
Anthropogenic global change is projected to drive significant 
biodiversity losses this century (Urban et al., 2016), highlight-
ing the need to understand the mechanisms and magnitudes 
of adaptive phenotypic responses to environmental change 
(Bellard et al., 2012; Lavergne et al., 2010). While organisms 
do undergo rapid evolutionary adaptation in response to envi-
ronmental shifts (Hendry & Kinnison, 1999; Hoffmann & 
Sgrò, 2011; Rudman et al., 2022), environmentally induced 
phenotypic plasticity represents the most general and impact-
ful mechanism (Ghalambor et al., 2007; Merilä & Hendry, 
2014) and allows organisms to adjust phenotypes in response 
to the conditions they experience (West-Eberhard, 2003). Yet, 
most mechanisms underlying plastic shifts do not produce 
heritable change, limiting the long-term fitness benefits of 
plasticity when environmental fluctuations are common (Fox 
et al., 2019).

Nongenetic mechanisms of inheritance, broadly classified 
as “intergenerational” or “transgenerational,” arise through 
distinct biological pathways (Sengupta et al., 2023) and could 
play an important role in the transmission of heritable phe-
notypic changes in response to environmental fluctuations 
(Bonduriansky & Day, 2009). Intergenerational inheri-
tance involves the transfer of traits from parent to offspring 
through mechanisms independent of inherited DNA modifi-
cations, such as the acquisition of epigenetic marks during 

in utero development in live birth species and nonepigenetic 
mechanisms like maternal resource provisioning (Dowen & 
Ahmed, 2019; Lockwood et al., 2017; Sengupta et al., 2023). 
Conversely, transgenerational inheritance involves the trans-
mission of epigenetic information across multiple generations 
that can persist even in the absence of the original environ-
mental stimulus—known as transgenerational epigenetic 
inheritance (TEI). The most studied underlying mechanisms 
of TEI are differential patterns of DNA methylation, histone 
modifications, and the transmission of noncoding RNAs 
(Jablonka & Raz, 2009; Jirtle & Skinner, 2007; Sengupta 
et al., 2023). Despite methodological advances leading to a 
better understanding of inherited epigenetic marks associated 
with a variety of stressors across taxa (Felsenfeld, 2014; Fitz-
James & Cavalli, 2022; Skinner, 2015), the extent to which 
epigenetic modifications influence organismal phenotypes and 
population-level responses remains largely unknown (Proulx 
& Teotónio, 2017; Proulx et al., 2019).

Hypotheses on the fitness consequences of TEI span widely, 
including suggestions that they are generally beneficial (here-
after “adaptive”) (Bonduriansky & Day, 2009; Jablonka, 
2017; Jablonka & Raz, 2009; Kronholm & Collins, 2016; 
Lachmann & Jablonka, 1996), neutral (hereafter “non-
adaptive”) (Burggren, 2016; Guerrero-Bosagna, 2017; Uller, 
2019), or generally detrimental (hereafter “maladaptive”) 
(Lacal & Ventura, 2018; O’Dea et al., 2016). TEI may 
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confer significant fitness benefits in fluctuating environments 
(Burggren, 2016; Jablonka, 2017), particularly for organisms 
with shorter generation times (Houri-Zeevi & Rechavi, 2017). 
This supposition is based on the assumption of an “epigene-
tic advantage” (Burggren, 2016; Lind & Spagopoulou, 2018; 
Rando & Verstrepen, 2007), which posits that TEI facilitates 
differential gene expression and beneficial phenotypic plas-
ticity, enhancing individual fitness in changing conditions. 
However, alternative hypotheses suggest that TEI could have 
neutral or negative fitness effects. For instance, in rapidly 
fluctuating environments TEI could increase phenotype- 
environment mismatches. Moreover, a lack of stability of  
epigenetic marks could erode any fitness benefits across 
generations (Chevin & Hoffmann, 2017; Lacal & Ventura, 
2018; Murray et al., 2022; O’Dea et al., 2016). These con-
trasting perspectives underscore the importance of determin-
ing the contexts in which epigenetic modifications are likely 
to be beneficial or harmful. Regardless of their fitness conse-
quences, epigenetic modifications—such as differential DNA 
methylation patterns or histone modifications that influence 
rates of transcription—are likely to impact organismal phe-
notypes in ways that can either enhance or detract from fit-
ness, depending on the context (Bossdorf et al., 2008; DeWitt 
& Scheiner, 2004; Fox et al., 2019; Fusco & Minelli, 2010; 
Pigliucci, 2001; Vogt, 2021). Evaluating whether TEI simply 
contributes to phenotypic variance or whether the pheno-
typic changes from TEI consistently increase fitness requires 
empirical studies extending to the F3 generation or beyond 
(Jablonka & Raz, 2009; Jirtle & Skinner, 2007; O’Dea et al., 
2016; Sengupta et al., 2023) to disentangle inherited epigene-
tic modifications from parental and environmentally induced 
noninherited changes. To date, the limited number of studies 
measuring the phenotypic effects of TEI in the F3 and later 
generations (Lacal & Ventura, 2018; Yin et al., 2019) makes 
drawing definitive conclusions about its effects on phenotypes 
and fitness tenuous.

Another potential outcome of TEI is an overall increase in 
phenotypic variance, which could arise through mechanisms 
that are either adaptive or nonadaptive. The fitness conse-
quences of an increase in variance would likely depend on the 
environmental context. For instance, “heritable bet hedging,” 
a strategy whereby organisms produce offspring with a wider 
range of phenotypes, could enhance population growth rates 
in fluctuating environments, and hence might be favored by 
selection (O’Dea et al., 2016). This can occur through deter-
ministic maternal effects, where offspring trait values respond 
predictably to the maternal environment, or through ran-
domizing maternal effects, where offspring trait values are 
diversified to hedge against unpredictable future conditions 
(Proulx & Teotónio, 2017). In contrast, cumulative stress may 
increase phenotypic variance through the production of off-
spring with substantial phenotype-environment mismatches; 
such increases in variance are typically interpreted as reflect-
ing negative consequences for fitness, as they often arise from 
stress-induced physiological processes (Crain et al., 2008). 
Measuring TEI effects on fitness-associated phenotypes, both 
on means and variances, and projecting impacts (Evans et al., 
2014) on population dynamics is critical for identifying adap-
tive or maladaptive phenotypic responses and their potential 
impact on population persistence in fluctuating environments. 
Doing so requires documenting TEI effects on fitness, and 
translating any putative effects to population-level outcomes 
requires measuring a suite of phenotypes associated with 

“vital rates” that are the basis for population projection mod-
els (Bruijning et al., 2018).

Daphnia (water fleas) are a useful model system to test 
hypotheses about TEI because they reproduce clonally, which 
facilitates experiments in which genotypes are largely constant 
across generations (i.e., very little standing genetic variation 
within clonal lines for evolution to occur) (Harris et al., 2012; 
Jablonka, 2017; Vogt, 2021). Daphnia exhibits visible and 
measurable phenotypic responses to environmental pertur-
bations that are key to population-level responses, including 
alterations in morphology, survival, and reproductive strate-
gies (Boersma et al., 1998). Harmful algal blooms (HABs) of 
the cyanobacterium Microcystis are a prominent aquatic con-
taminant (Harke et al., 2016) that can have both lethal and 
sublethal effects on a wide range of taxa (Shahmohamadloo 
et al., 2021, 2023a,b), including Daphnia (Ger et al., 2016; 
Shahmohamadloo et al., 2020a,b). Many Daphnia popula-
tions show considerable intraspecific genetic variation and 
evidence of adaptation to HABs (Hairston et al., 2001; Ger 
et al., 2016; Isanta-Navarro et al., 2021; Shahmohamadloo et 
al., 2024; Shahmohamadloo et al., 2025). Given the frequent 
and predictable nature of HABs, Daphnia’s tolerance to this 
stressor aligns with scenarios under which adaptive TEI would 
be expected to evolve (Bonduriansky & Day, 2009; Chevin 
& Hoffmann, 2017; Harrisson et al., 2014; Jablonka, 2017; 
Jablonka & Raz, 2009; Kronholm & Collins, 2016). Studies 
on Daphnia in response to Microcystis have documented 
intergenerational plasticity after one generation of exposure 
(Asselman et al., 2015, 2017; Gillis & Walsh, 2019; Walsh 
& Gillis, 2021) and TEI of environmentally induced DNA 
methylation (Feiner et al., 2022). Testing whether TEI induces 
phenotypic shifts that impact Daphnia fitness in response to 
HABs provides empirical insight into the adaptive, nonadap-
tive, or maladaptive role of epigenetic inheritance (O’Dea et 
al., 2016) in a model system that has considerable ecologi-
cal and conservation importance as a potential remediator of 
HABs (Sarnelle & Wilson, 2005).

To determine the phenotypic and demographic conse-
quences of TEI, we empirically investigated the following 
questions: (1) Does TEI influence mean phenotypes? (2) If 
TEI influences mean phenotypes, is the direction of pheno-
typic change primarily adaptive, nonadaptive, or maladap-
tive? And, (3) Does TEI influence the amount of phenotypic 
variation? To determine whether TEI influences fitness- 
associated traits and population-level dynamics in Daphnia 
we compared two F3 exposure groups: “cccm” (i.e., no 
great-grandmaternal exposure to Microcystis in P0 followed 
by great-granddaughter exposure to Microcystis in F3) and 
“mccm” (i.e., great-grandmaternal exposure to Microcystis in 
P0 followed by great-granddaughter exposure to Microcystis 
in F3) repeated across 8 unique Daphnia clones (Figure 1). 
We additionally measured TEI by assessing the effect of P0 
exposure through a comparison of reaction norms, where P0 
and F3 environments differed consistently across P0 exposure 
contrasts (“cccc” - “cccm” vs “mccc” - “mccm”). We quan-
tified the chronic effects of the toxigenic cyanobacterium 
Microcystis on their life-history traits (survival, body growth, 
number of neonates produced, eye size, and maturation rate) 
in the final generation (F3). Clonal replication allows for an 
assessment of the effects of TEI averaged across multiple 
genetic backgrounds. By employing fitness-associated pheno-
types measured across these eight distinct tests within a sim-
ple population matrix model, we test for the effects of TEI on 
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vital rates. This direct investigation provides valuable insights 
into a potentially significant mechanism governing organis-
mal responses to environmental change, while also address-
ing critical questions (Jablonka, 2017; O’Dea et al., 2016) 
regarding the adaptive, nonadaptive, or maladaptive nature 
of TEI’s influence on mean phenotypes and its impact on the 
variance of phenotypic traits.

Methods
Daphnia magna field collection and culturing
Eight genotypes of D. magna were collected from 
“Langerodevijver” (LRV; 50° 49′ 42.08″, 04° 38′ 20.60″), 
a large waterbody (surface area = 140,000 m2, max depth 
= 1 m) within the nature reserve of Doode Bemde, Vlaams-
Brabant, Belgium (Orsini et al., 2012). In previous work 
whole genome sequences of these clones showed they are 
genetically distinct and that tolerance to cyanobacteria is not 
correlated with metrics of genomic-wide divergence between 
them (Shahmohamadloo et al., 2023c). Like many temperate 
freshwater ecosystems LRV has yearly seasonal Microcystis 
HABs and contains a large resident population of D. magna 
(Luc de Meester person. comm.). Parthenogenetic lines of 
each genotype were maintained for over five years in continu-
ous cultures in UV-filtered dechlorinated municipal tap water 
containing 2 mg C L−1 of the green alga Chlorella vulgaris 
(strain CPCC 90; Canadian Phycological Culture Centre, 
Waterloo, ON, Canada). C. vulgaris was grown in COMBO 
medium (Kilham et al., 1998).

Microcystis aeruginosa culturing
Following a previously described method (Shahmohamadloo 
et al., 2019), M. aeruginosa (strain CPCC 300; Canadian 
Phycological Culture Centre, Waterloo, ON, Canada) was 
cultured in BG-11 media and kept in a growth chamber 
under axenic conditions with a fixed temperature of 21 ± 1 
°C, cool-white fluorescent light of 600 ± 15 lx, with a pho-
toperiod of 16:8 h light:dark. The culture was grown for a 
minimum of one month before preparation for the transgen-
erational plasticity study. M. aeruginosa CPCC 300 produces 
microcystins-LR (CAS: 101043-37-2, C49H74N10O12) and its 
desmethylated form [D-Asp³]-microcystin-LR (CAS: 120011-
66-7, C48H72N10O12), which occur widely in freshwater eco-
systems (Chorus & Welker, 2021; Harke et al., 2016) and are 
toxic to many zooplankton species.

To prepare M. aeruginosa for testing on D. magna, an ali-
quot of the stock was inoculated in 100% COMBO medium 
for two weeks prior to test initiation and cultured to a cell 
concentration of 1.2 ± 0.02 × 107 cells mL−1. This medium 
was chosen because it supports the growth of algae and cya-
nobacteria and is nontoxic to zooplankton (Kilham et al., 
1998).

Transgenerational study
We evaluated within- and across-generation responses to M. 
aeruginosa using eight genotypes of D. magna. Phenotypic 
responses measured include survival, body growth, reproduc-
tion (number of offspring produced), eye size, and maturation 
rate (calculated as the inverse of the time to first brood).

Figure 1. A schematic diagram illustrates the experimental design testing transgenerational epigenetic inheritance (TEI) in Daphnia magna. Eight 
genotypes were initially reared on either a Chlorella-only diet (denoted by ‘c’) or a 3:1 Chlorella:Microcystis diet (denoted by ‘m’) in the P0 generation. 
Offspring (F1 and F2) were maintained on Chlorella-only. In the F3 generation, individuals were split into two treatments: Chlorella-only (cccm) or 
re-exposure to Microcystis (mccm, test for putative TEI). Fitness traits such as survival, growth, reproduction, and time to first brood were measured. 
Icons representing these fitness traits appear to the right of the diagram.
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To prepare for this study, we isolated one adult female D. 
magna per genotype in separate 50-mL glass tubes inocu-
lated with COMBO medium and C. vulgaris at 2 mg C L−1, 
and monitored them daily for reproduction. For each geno-
type, 10 individuals (80 individuals total) were established as 
founding mothers to generate offspring for the transgenera-
tional study (P0 generation). These founding mothers were 
incubated under constant conditions (temperature of 21 ± 1 
°C, cool-white fluorescent light of 600 ± 15 lx, with a photo-
period of 16:8 hr light:dark).

To run this study, we reared P0 D. magna in one of two 
common gardens: Chlorella-only (optimal diet) and 3:1 
Chlorella:Microcystis (toxic diet). Both common gardens pro-
vided D. magna with 2 mg C L−1, corresponding to 3 × 106 
cells total and corroborates with previous literature exposing 
daphnids to dietary combinations of green algae and cyano-
bacteria (Isanta-Navarro et al., 2021; Rohrlack et al., 2005; 
Shahmohamadloo et al., 2020a). The 3:1 Chlorella:Microcystis 
treatment was additionally chosen because these ratios exist 
in the wild (Chorus & Welker, 2021; Harke et al., 2016) and 
can cause sublethal, intergenerational effects in D. magna 
(Shahmohamadloo et al., 2020a,b).

For the experimental phase, a minimum of 40 replicates 
per P0 D. magna genotype (offspring produced by the found-
ing mothers) were individually raised in 50-mL tubes and fed 
their respective diets 3 × per week until they produced their 
first broods. All offspring across treatments were then reared 
for two generations—F1 and F2—in Chlorella-only until they 
too produced their first broods. The F2 offspring were then 
split in half for the F3 generation. The first subset of individ-
uals (>20) from each clone were exposed to Chlorella-only 
until their first brood was produced. The second subset of 
individuals (>20) were exposed to 3:1 Chlorella:Microcystis. 
This combination of treatments generated a minimum of 40 
clonal replicates per original D. magna genotype in genera-
tion P0, ensuring minimal within-generation genetic varia-
tion among individuals of the same genotype. Previous work 
showed the magnitude of intraspecific genetic variation in 
the survival, growth, reproduction, and time to first brood of 
clones was significantly influenced by the presence of M. aeru-
ginosa (Shahmohamadloo et al., 2024; Shahmohamadloo et 
al., 2025). To ensure 40 replicates per F2 D. magna geno-
type would survive to the final generation of F3 before it was 
split in half, we maintained additional replicates for certain 
genotypes that were particularly sensitive to M. aeruginosa 
toxicity. We individually monitored and recorded the lin-
eage of each D. magna replicate, tracing maternal relation-
ships from each mother to its daughter (Px to Px+1) and from 
each great-grandmother to its great-granddaughter (P0 to 
F3) across all genotypes and common garden conditions. In 
summary, the experiment required a minimum of 640 P0 D. 
magna and 2,560 D. magna raised across all four generations, 
spanning 100 days (Figure 1).

Since this was a semistatic test (i.e., the medium was peri-
odically renewed to maintain water quality and nutrient lev-
els), solutions were renewed 3 × wk by transferring D. magna 
from old to new glass tubes, followed by supplying each D. 
magna with 3 × 106 cells of food, corresponding with 2 mg 
C L−1. All D. magna were transferred at consistent intervals 
(3 × wk) to ensure uniform handling and standardized algal 
and water quality conditions. This approach followed stan-
dardized toxicity protocols for testing of D. magna (OECD, 
2012) and minimized variability in algal availability and 

toxicity within treatments. Survival, reproduction, and the 
timing of first brood were recorded daily. Growth and eye 
size (mm) for each replicate across genotypes and common 
gardens were also measured on days 0, 3, 7, and day of the 
first brood for P0 and F3 to assess for TEI impacts within and 
across genotypes and treatment effects. The study was incu-
bated under 400–800 lx cool-white fluorescent light at 20 ± 1 
°C with a 16:8 light:dark cycle. Water chemistry parameters 
were measured at initiation, solution changes, and termina-
tion of the test.

Statistical analysis
We tested for the effects of TEI using generalized linear mixed 
models (GLMM) for each phenotypic response in which “P0 
exposure” and “F3 exposure exposure” were treated as fixed 
effects and ‘Daphnia clone’ was treated as a random effect. 
We used these models to determine whether TEI had sig-
nificant effects on phenotypes within two distinct planned 
contrasts. First, we tested whether great-grandparental expo-
sure to M. aeruginosa (i.e., “mccm” vs. “cccm”) resulted in 
significant phenotypic differences. Second, we compared the 
effects of TEI on reaction norms through a planned contrast: 
“cccc” - “cccm” (environmental effects only) and “mccc” - 
“mccm” (environmental + TEI effects). In this comparison, 
slopes that show a greater negative effect of P0 “m” exposure 
in the F3 generation would be indicative of a maladaptive 
trait shift. We fit appropriate link functions for each GLMM. 
For survival data, we used a binomial distribution and logit 
link. For neonate production data, we used a linear mixed 
effects model (LME). For body growth to day 7, and matu-
ration rate datasets, we used a Poisson GLMM and log-link 
function.

For inferences on population impacts from TEI, Leslie 
matrices were constructed for survival and reproduction for 
F3 exposure to “mccm” vs. “cccm.” These matrices included 
exact age classes based on the time from birth to first brood, 
providing additional temporal resolution in reproduction 
rates. The population growth rate (λ) and net reproductive 
rate (R0) were calculated using the Euler-Lotka equation. R0 
was determined as the exact number of offspring produced by 
all mothers in the F3 generation for each clone and exposure 
combination (Caswell, 2000). Because all mothers produced 
only a single clutch, this approach provides a straightforward 
estimate of R0 based on observed offspring production. λ 
was estimated iteratively to satisfy the Euler-Lotka equation, 
based on early life survival and reproduction data (birth to 
time of first brood). The difference in neonate production 
between “mccm” and “cccm” from F3 exposure were calcu-
lated for each “clone” and “exposure” combination and plot-
ted. The difference in variance of neonate production between 
“mccm” and “cccm” from F3 exposure was also calculated 
for each “clone” and “exposure” combination and plotted. 
We applied Bartlett’s test to assess the homogeneity of vari-
ances in neonate production between the “mccm” and “cccm” 
F3 treatment groups of D. magna mothers. Before performing 
this test, we verified the normality of neonate production data 
using the Shapiro–Wilk test (p > 0.05), confirming the suit-
ability of Bartlett’s test for this analysis.

For all analyses, the p-level significance cutoff was 0.05. 
All statistical analyses were completed in R version 4.2.2 
(R Core Team, 2022). The data supporting the results are 
archived in the public repository Dryad under http://www.
doi.org/10.5061/dryad.ffbg79d31.

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpaf050/8069022 by guest on 13 April 2025

http://www.doi.org/10.5061/dryad.ffbg79d31
http://www.doi.org/10.5061/dryad.ffbg79d31


Evolution (2025), Vol. XX 5

Results
P0–F2 generation impacts from exposure
All eight Daphnia genotypes had 100% survival up to their 
first reproductive event across all replicates in P0 → F2 when 
exposed to Chlorella-only (“c” → “ccc”). However, exposure 
to Microcystis (“m”) caused a decrease in survival to an aver-
age of 67% across all Daphnia genotypes in P0, ranging from 
57% survival of “genotype 5” to 84% survival of “genotype 
7.” Following cessation of Microcystis exposure, subsequent 
generations returned to near total survival to age at first 
brood (e.g., F1 (“mc”) had 97% survival and F2 (“mcc”) had 
99% survival on average across all Daphnia genotypes (see 
Dryad repository)).

Great-grandmaternal exposure × F3 generation 
interactions
TEI, as measured on the F3 generation, caused a significant 
decrease in survival (t(1,504) = 3.39 p < 0.01 0; Figure 2A); 
Daphnia from “cccm” had survival rates of 78.75 ± 4.09% 
over 7 days compared to Daphnia from “mccm” who 
had survival rates of 58.75 ± 6.11% survival over 7 days. 
Similarly, we observed a significant decrease in body growth 
(t(1,505) = 4.17, p < 0.01; Figure 2B); Daphnia from “cccm” 
grew 1.06 ± 0.02 mm over 7 days compared to Daphnia 
from “mccm” which grew 0.91 ± 0.03 mm. We further 
observed a significant delay in maturation rate (t(1,503) = 5.79, 
p < 0.01; Figure 2D); Daphnia from “cccm” reproduced at 
a rate of 0.094 ± 0.0015 d−1 compared to Daphnia from 
“mccm” which reproduced at a rate of 0.083 ± 0.0018 d−1. 

We did not observe significant effects of TEI on neonate 
production per Daphnia (t(1,505) = −1.62, p = 0.11; Figure 
2C). However, neonate production per surviving Daphnia 
in the F3 generation was greater with TEI (t(1,505) = −5.29, 
p < 0.01; “mccm” was 4.14 ± 0.19 and for “cccm” was 
2.67 ± 0.10). TEI did not produce detectable changes in eye 
size (t(1,505) = −0.078, p = 0.94; Supplementary Figure S1, 
Supporting Information), contrary to the hypothesis pro-
posing maternal effects on offspring eye size as an adaptive 
response linked to improved foraging abilities (Walsh & 
Gillis, 2021).

Reaction norms for F3 phenotypes
As an additional test of the effects of TEI on phenotypes we 
constructed reaction norms to disentangle the effects of P0 
exposure to Microcystis, with a focus on comparing “cccc” 
- “cccm” (environmental effects only) and “mccc” - “mccm” 
(environmental + TEI effects) norms in the F3 generation for 
each phenotype (Figure 3). In all cases, the overall effect of 
P0 exposure led to a putative detrimental effect on pheno-
type relative to no P0 exposure as demonstrated by more 
strongly negative slopes (Figure 3). Survival showed signifi-
cant increases in slope differences between “cccc vs cccm” and 
“mccc vs. mccm” conditions across all Daphnia genotypes 
(t(1,504) = −2.29, p = 0.022, mean difference = 21.88, 95% 
CI: 12.41–31.34; Figure 3A). Similarly, neonate production 
exhibited a significant increase in slope differences between 
conditions (t(1,504) = −3.90, p < 0.01, mean difference = 1.90, 
95% CI: 1.17–2.62; Figure 3C), highlighting the consistent 
negative effects of Microcystis exposure on reproductive 

Figure 2. Phenotypic variation in (A) survival at day 7, (B) growth at day 7, (C) neonate production per Daphnia magna, and (D) maturation rate across 
eight D. magna clonal populations after four generations (P0 → F3) of transgenerational epigenetic inheritance. The mean (■) ± SE for each phenotype is 
designated by a line. D. magna exposed to Microcystis aeruginosa in P0 and F3 are signified by ‘mccm’, and D. magna only exposed in F3 are signified 
by “cccm.”
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output. Maturation rate also showed a significant increase in 
slope differences between conditions (t(1,502) = −6.41, p < 0.01 
mean difference = 0.0014, 95% CI: 0.0075–0.020; Figure 
3D), suggesting that reproductive timing is impacted by TEI 
effects. Finally, body growth displayed significant reductions 
under Microcystis conditions (t(1,504) = −5.69, p < 0.01, mean 
difference = 0.26, 95% CI: 0.17–0.36; Figure 3B), reinforc-
ing the observed maladaptive impacts of great-grandmaternal 
exposure to Microcystis on subsequent generations.

Great-grandmaternal exposure × population 
growth impacts
To assess the potential impact of TEI on population growth 
rates, we constructed Leslie matrices with observed mean 
rates of survival and neonate production from F3 exposure 
to “cccm” and “mccm.” We calculated the net reproductive 
rate (R0) for each F3 Daphnia clonal population, and the 
mean difference in R0 between “mccm” and “cccm” for each 
“clone” and “exposure” combination was measured to deter-
mine whether TEI exposure in P0 would be positive (R0 > 0), 
null (R0 = 0), or negative (R0 < 0) relative to populations with 
no mechanism for TEI (Figure 4A). The mean difference in 
R0 between “mccm” (2.23) and “cccm” (1.96) for all clones 
was 0.26, indicating that the overall demographic impact on 
Daphnia clones was neutral.

Variance in neonate production across exposures
Beyond shifts in trait means, changes in the variance of  
fitness-associated traits can have a profound impact on 
population persistence by influencing phenotypic diversity 
(Bolnick et al., 2011; Rodriguez-Cabal et al., 2017). Greater 

phenotypic diversity enables populations to better withstand 
environmental change by buffering against extreme condi-
tions or novel stressors. It also provides a broader range of 
traits on which natural selection can act, facilitating rapid 
evolutionary responses to selection (Barrett & Schluter, 2008; 
Rennison et al., 2019). Thus, we next compared the variances 
of neonate production for the “mccm” and “cccm” treatment 
groups of D. magna mothers from F3 exposure using Bartlett’s 
test (Figure 4B). Daphnia with TEI exposure to Microcystis 
had significantly greater variance than Daphnia from “cccm” 
whose great-grandmothers were not exposed to Microcystis 
(Bartlett’s K2 = 10.48, df = 1, p = 0.0012).

Discussion
Phenotypic and population-level effects of great-
grandparental exposure
The phenotypic effects associated with TEI exposure as mea-
sured in the F3 generation were considerable and the mean 
shifts we observed tended towards a maladaptive response 
across the 8 unique Daphnia genotypes (Figures 2 and 3). 
When phenotypes were combined into a population projec-
tion, TEI did not lead to a difference in the overall population 
growth rate based on R0 (Figure 4A). TEI did increase vari-
ance in reproductive output (Figure 4B).

The environmental stressor and concentration utilized 
for this study were chosen to maximize the chance of seeing 
TEI. Toxic Microcystis is a common stressor in freshwater 
ecosystems and our concentrations were based on environ-
mental values and prior work cataloging lethal and sublethal 
toxicity effects (Chislock et al., 2013; Harke et al., 2016; 

Figure 3. Reaction norms to disentangle the effects of P0 exposure to Microcystis by comparing “cccc” - “cccm” (environmental effects only) and 
“mccc” - “mccm” (environmental + TEI effects) in the F3 generation for (A) survival at day 7, (B) growth at day 7, (C) neonate production per Daphnia 
magna, and (D) maturation rate across eight D. magna clonal populations after four generations (P0 → F3) of transgenerational epigenetic inheritance. 
The mean (■) ± SE for each phenotype is designated by a line. D. magna exposed to Chlorella vulgaris or Microcystis aeruginosa is signified by a “c” or 
“m,” respectively, sequentially ordered by the generation of exposure.
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Isanta-Navarro et al., 2021; Shahmohamadloo et al., 2020a). 
Moreover, prior work has documented notable transgener-
ational epigenetic modifications via DNA methylation in 
Daphnia exposed to Microcystis (Feiner et al., 2022).

TEI as a generally adaptive mechanism of 
phenotypic change
The potential for epigenetic mutations to contribute to 
adaptation has been extensively modeled. Epigenetic muta-
tions, if stable and beneficial, can significantly influence the 
rate and outcome of adaptation by speeding up the initial 
stages of “adaptive walks,” a progression wherein successive 
beneficial mutations drive a population closer to an optimal 
level of fitness (Kronholm & Collins, 2016). However, the 
lasting evolutionary impact of these mutations often hinges 
on subsequent genetic assimilation, whereby epigeneti-
cally induced traits become stably encoded in the genome 
through selection (Kronholm & Collins, 2016). The impact 
of transgenerational epigenetic mutations on fitness values 
crucially depends on their stability, phenotypic effect, dura-
tion of the effect, and duration of the stressor (Geoghegan 
& Spencer, 2013; Jablonka & Raz, 2009; Plaistow et al., 

2006). For TEI, if epigenetic mutations are unstable or have 
negative fitness effects, they may not persist across genera-
tions or may even hinder adaptive evolution (Kronholm & 
Collins, 2016). This theory runs contrary to other existing 
models suggesting the inheritance of acquired epigenetic 
variations can be adaptive across a wide range of environ-
mental conditions (Rivoire & Leibler, 2014) and can be 
beneficial in environments marked by predictable fluctua-
tions (Jablonka, 2017). Recent population genetic models 
incorporating epigenetic variation further demonstrate the 
potential for stable epialleles to be maintained under neu-
tral conditions and for epialleles compensating for deleteri-
ous mutations to deviate from mutation-selection balance, 
indicating a possible contribution of transient epigenetic 
regulation to the maintenance of genetic and epigenetic 
variation in populations (Webster & Phillips, 2024). The 
latter theories are supported by recent experimental work 
in clonal yeast populations demonstrating that epigenetic 
switching, despite its instability, has adaptive advantages 
under particular fluctuating environments and can persist 
at low frequencies even in conditions predicted to be detri-
mental to epigenetic switchers (Stajic et al., 2022).

When translating the conclusions from these models to 
natural populations and environments the potential for adap-
tive TEI to contribute to population persistence may depend 
largely on the periodicity and predictability of environmen-
tal fluctuations. TEI could allow populations to better persist 
in fluctuating environments, but we suggest that such con-
ditions—where TEI would provide a significant fitness bene-
fit—are likely to be rare. Any potential benefits of TEI might 
be limited to specific scenarios where environmental changes 
are recurrent and predictable, as opposed to random or 
erratic stressors. Moreover, the evolution of TEI could depend 
strongly on any costs associated with epigenetic marks, and 
associated phenotypic shifts, when stressors are not present. 
With short generation times and inhabiting environments 
marked by intense seasonal HABs of Microcystis, Daphnia 
fit several key criteria under which the evolution of adaptive 
TEI could evolve. Moreover, we see intraspecific variation 
for TEI within genotypes derived from a single population 
(Figure 4A). However, across individual phenotypes and over-
all effects on population dynamics we do not see evidence for 
adaptive TEI. This could stem from several additional possi-
ble limitations for the evolution of adaptive TEI. Epigenetic 
marks, such as DNA methylation or histone modifications, 
may not persist long enough for selection to effectively act 
on them due to their instability (Jablonka, 2017; Jablonka 
& Lamb, 2010). These marks can be reversible and dynamic, 
potentially erasing or modifying in response to environmental 
changes or cellular processes (Chen et al., 2016; Fitz-James & 
Cavalli, 2022; Jablonka, 2017). Given this instability, rapid 
adaptation from standing genetic variation might ultimately 
confer greater evolutionary advantages than selection acting 
on TEI. Cases of rapid adaptation include evolution of pheno-
typic plasticity and intergenerational epigenetic inheritance, 
prominent in Daphnia responses to Microcystis (Hairston 
et al., 1999, 2001; Isanta-Navarro et al., 2021). Our results 
support this; across environmental conditions (Chlorella-only 
and 3:1 Chlorella:Microcystis (present work), but also more 
severe HAB exposures (2:1 and 1:1 Chlorella:Microcystis 
(Shahmohamadloo et al., 2023c)), the eight unique genotypes 
of Daphnia show both strong and consistent patterns of vari-
ation in fitness-associated phenotypes.

Figure 4. (A) Difference in neonate production (“mccm” – “cccm”) 
between exposures to Microcystis aeruginosa across each of eight 
Daphnia magna clonal populations in the F3 generation. The net 
reproductive rate (R0) for “cccm” ± SE (■), “mccm” ± SE (▲), and 
the net difference between “mccm” and “cccm” ± SE (●) are listed 
for each genotype. Positive values (>0) indicate a beneficial effect on 
population dynamics, while negative values (<0) indicate a detrimental 
effect. Significance between treatments are designated by an asterisk 
(*) for each genotype. (B) The variance in neonate production of “mccm” 
and “cccm” exposures to M. aeruginosa across eight D. magna clones 
in the F3 generation. See Supplementary Figures S2 and S3 and 
Supplementary Tables S1 and S2 for similar analyses on growth and 
maturation rate.
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Ultimately, the stability of epialleles, the frequency and pre-
dictability of environmental shifts, and the associated costs of 
epigenetic resetting via TEI, among other factors, may lead 
TEI to produce complex and unpredictable phenotypic out-
comes (Herman et al., 2014; O’Dea et al., 2016). Together 
with a range of constraints, and other mechanisms by which 
phenotype-environment mismatches might be reduced, this 
may limit the frequency of adaptive TEI in nature. Overall, 
our data support hypotheses that environmentally induced 
epigenetic changes are transgenerationally inherited, but 
rarely adaptive (Heard & Martienssen, 2014). Additional 
empirical work to build a larger number of test cases would 
be beneficial, though the number of eukaryotic taxa that are 
readily amenable to the type of experimentation needed may 
be somewhat limited.

TEI increases variance—bet hedging or cumulative 
stress
A notable directional effect of TEI on fitness-associated 
phenotypes we observed was an increase in phenotypic 
variation—all 8 Daphnia clones had higher variation in F3 
reproductive output with prior P0 exposure (Figure 4). This 
result could reflect two potential mechanisms: (1) an adaptive 
mechanism, such as heritable bet hedging, where increased 
variation enhances survival in unpredictable environments, 
or (2) a maladaptive response to cumulative stress, where 
increased variation reflects compromised fitness due to envi-
ronmental pressures. Heritable bet hedging describes cases 
where increased phenotypic variability provides a hedge 
against unpredictable environmental changes, increasing 
the likelihood of population persistence under fluctuating 
conditions (O’Dea et al., 2016). Cumulative stress suggests 
repeated stressors could induce transgenerational effects on 
genome regulation that are maladaptive, potentially shifting 
the mean phenotype. However, in some cases, cumulative 
stress could also increase phenotypic variance if individuals 
respond to stress heterogeneously, for instance, due to dif-
ferential epigenetic regulation or stochastic effects. Recent 
observations of compounded epigenetic impacts and disease 
susceptibility from successive multigenerational exposure to 
different toxicants in rats (Nilsson et al., 2023) demonstrates 
epigenetic modifications associated with cumulative stress. 
This highlights a more nuanced relationship between devel-
opmental plasticity, genetic mechanisms, and environmental 
change in shaping population dynamics.

The way in which increases in phenotypic variance influ-
ence the fate of populations dictates how the observed 
patterns of increased variance in our data should be inter-
preted. Increases in variation could have important and 
direct effects on populations, such as those described by 
Jensen’s inequality (Bolnick et al., 2011), or they could 
simply be maladaptive and lead to demographic costs. 
Over longer durations reliance on bet hedging strategies 
may result in extinction due to directional environmental 
changes (O’Dea et al., 2016), particularly in cases where 
stabilizing selection maintains a narrow range of trait val-
ues (Chevin & Hoffmann, 2017). More empirical data is 
needed to understand whether TEI generally increases phe-
notypic variance. Supplemented by further empirical inves-
tigations that measure or model the interaction between 
increased trait variation and varying amounts—as well 
as periodicity—of environmental variation, this approach 
could reveal whether the observed patterns of increased 

variance resulting from TEI confer adaptive advantages and 
are potentially significant for the maintenance of biodiver-
sity (Harmon & Pfennig, 2021).

Our study tests an array of competing hypotheses regarding 
the fitness effects of TEI in response to environmental stress. 
TEI exposure of Daphnia to Microcystis in P0 did not yield 
significant adaptive changes in fitness-associated phenotypes, 
instead revealing a propensity for maladaptive responses across 
clones. The absence of discernible effects on population growth 
rates rejects the hypothesis that TEI enhances population- 
level responses by Daphnia to cyanobacteria exposure. The 
observed increase in trait variation suggests there may be 
interesting potential for heritable bet hedging, with higher 
variance potentially capable of influencing population per-
sistence under challenging conditions. Our study highlights 
the need for the construction of TEI models that better reflect 
the nuanced interactions among environmental stress, epi-
genetic inheritance, and the action of other mechanisms (i.e., 
phenotypic plasticity, adaptation from standing genetic vari-
ation) that may reduce phenotype-environment mismatches. 
Existing theoretical frameworks often fail to incorporate the 
complexity of these interactions, particularly under tempo-
rally fluctuating environmental conditions. While additional 
empirical investigations across taxa should be done to con-
tinue to elucidate TEI’s role in fitness in fluctuating environ-
ments (O’Dea et al., 2016), a reevaluation of its importance 
is also warranted.
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