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One sentence summary: Transgenerational epigenetic inheritance in Daphnia exposed to Microcystis 21 
revealed negative fitness effects on survival and growth rates, challenging hypotheses of a general 22 
selective advantage. 23 
 24 
Abstract: Understanding processes that can produce adaptive phenotypic shifts in response to rapid 25 
environmental change is critical to reducing biodiversity loss. The ubiquity of environmentally induced 26 
epigenetic marks has led to speculation that epigenetic inheritance could potentially enhance 27 
population persistence in response to environmental change. Yet, the magnitude and fitness 28 
consequences of epigenetic marks carried beyond maternal inheritance are largely unknown. Here, we 29 
tested how transgenerational epigenetic inheritance (TEI) shapes the phenotypic response of Daphnia 30 
clones to the environmental stressor Microcystis. We split individuals from each of eight genotypes into 31 
exposure and control treatments (F0 generation) and tracked the fitness of their descendants to the 32 
F3 generation. We found transgenerational epigenetic exposure to Microcystis led to reduced rates of 33 
survival and individual growth and no consistent effect on offspring production. Increase in trait 34 
variance in the F3 relative to F0 generations suggests potential for heritable bet hedging driven by 35 
TEI, which could impact population dynamics. Our findings are counter to the working hypothesis 36 
that TEI is a generally adaptive mechanism likely to prevent extinction for populations inhabiting 37 
rapidly changing environments.  38 
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Main Text 39 
 40 
Anthropogenic global change is projected to drive significant biodiversity losses this century 1, 41 
highlighting the need to understand the mechanisms and magnitudes of adaptive phenotypic 42 
responses to environmental change 2,3. While organisms do undergo rapid evolutionary adaptation in 43 
response to environmental shifts 4–6, environmentally induced phenotypic plasticity represents the 44 
most general and impactful mechanism 7,8 and allows organisms to adjust phenotypes in response to 45 
the conditions they experience 9. Yet, most mechanisms underlying plastic shifts do not produce 46 
heritable change, limiting the long-term fitness benefits of plasticity when environmental fluctuations 47 
are common 10. 48 
 49 
Non-genetic mechanisms of inheritance, broadly classified as ‘intergenerational’ or ‘transgenerational’, 50 
represent distinct biological pathways 11 and could play an important role in the transmission of 51 
heritable phenotypic changes in response to environmental fluctuations 12. Intergenerational 52 
inheritance involves the transfer of traits from parent to offspring through mechanisms independent 53 
of inherited DNA modifications, such as the acquisition of epigenetic marks during in utero 54 
development in live birth species and non-epigenetic mechanisms like maternal resource provisioning 55 
11,13,14. Conversely, transgenerational inheritance involves the transmission of epigenetic information 56 
across multiple generations that can persist even in the absence of the original environmental 57 
stimulus—known as transgenerational epigenetic inheritance (TEI). The most studied underlying 58 
mechanisms of TEI are differential patterns of DNA methylation, histone modifications, and the 59 
transmission of non-coding RNAs 11,15,16. Despite methodological advances leading to a better 60 
understanding of inherited epigenetic marks associated with a variety of stressors across taxa 17–19, the 61 
true impact of epigenetic modifications on organismal phenotypes and population-level responses 62 
remains largely unknown. 63 
 64 
An array of competing hypotheses propose the general effects of TEI on organismal fitness may be 65 
adaptive 12,16,20–22, nonadaptive 23–25, or maladaptive 26,27. One enticing hypothesis is that TEI might 66 
confer significant fitness benefits in response to environmental fluctuations 22,23, particularly in 67 
organisms with shorter generation times 28. This supposition is based on the assumption of an 68 
‘epigenetic advantage’ 23,29,30, which posits that TEI leads to differential gene expression and can cause 69 
phenotypic change that ultimately enhances individual fitness. This assumption stems from the central 70 
dogma of genetics: differential DNA methylation patterns or histone modifications influence gene 71 
regulation in a direction that enhances fitness that could conceivably improve population persistence 72 
in changing environments 10,31–35. Testing the veracity of these adaptive assumptions requires 73 
measurements made in the F3 generation or beyond 11,15,16,26 to disentangle inherited epigenetic 74 
modifications from parental and non-inherited changes. To date, the limited number of studies 75 
measuring the phenotypic effects of TEI in the F3 and later generations 27,36 makes drawing definitive 76 
conclusions about its effects on phenotypes and fitness tenuous. 77 
 78 
Relatively little is known or empirically demonstrated about the conditions under which the evolution 79 
of adaptive TEI would be anticipated 26, and—perhaps controversially to some—it is hypothesized 80 
that transgenerational epigenetic effects may not consistently confer benefits in adaptive plasticity 81 
under challenging environments 25,26,37. Existing empirical work on the phenotypic effects of TEI 82 
primarily relies on correlational findings due to the complexity of epigenetic modifications and their 83 
varied impacts on organismal fitness 38–40. Despite efforts to discover causal relationships, 84 
distinguishing between adaptive, nonadaptive, and maladaptive epigenetic changes remains 85 
challenging, as some modifications may lack discernable physiological consequences or remain silent 86 
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24,40,41. Another potential outcome of TEI is an overall increase in phenotypic variance, which could 87 
result either through selection and be categorized as ‘heritable bet hedging’ 26, or as a result of 88 
cumulative stress 42. Empiricists have been urged to test whether TEI produces adaptive, nonadaptive, 89 
or maladaptive mean phenotypic shifts and to quantify effects of TEI on trait variances in response 90 
to ecologically relevant conditions 26. Measuring TEI effects on fitness-associated phenotypes and 91 
projecting impacts 43 on population dynamics is critical for identifying adaptive or maladaptive 92 
phenotypic responses and their potential impact on population persistence in fluctuating 93 
environments. Doing so requires documenting TEI effects on fitness, and translating any putative 94 
effects to population-level outcomes requires measuring a suite of phenotypes associated with ‘vital 95 
rates’ that are the basis for population projection models 44. 96 
 97 
Daphnia (water fleas) have proven to be a useful model system to study TEI because they reproduce 98 
clonally and investigations conducted across generations within clonal lines are rarely confounded by 99 
genetic variation and rapid evolution 22,35,45. Daphnia exhibits visible and measurable phenotypic 100 
responses to environmental perturbations that are key to population-level responses, including 101 
alterations in morphology, survival, and reproductive strategies 46. Harmful algal blooms (HABs) of 102 
the cyanobacterium Microcystis are a prominent aquatic contaminant 47 that can have both lethal and 103 
sub-lethal effects on a wide-range of taxa 48–50, including Daphnia 51–53. Many Daphnia populations show 104 
considerable intraspecific genetic variation and evidence of adaptation to HABs 51,54–56. Given the 105 
frequent and predictable nature of HABs, Daphnia’s tolerance to this stressor aligns with scenarios 106 
under which adaptive TEI would be expected to evolve 12,16,21,22,37,57. Studies on Daphnia in response to 107 
Microcystis have documented intergenerational plasticity after one generation of exposure 58–61 and TEI 108 
of environmentally induced DNA methylation 62. Testing whether TEI induces phenotypic shifts that 109 
impact Daphnia fitness in response to HABs provides empirical insight into the adaptive, nonadaptive, 110 
or maladaptive role of epigenetic inheritance 26 in a model system that has considerable ecological and 111 
conservation importance as a potential remediator of HABs 63. 112 
 113 
To systematically address key questions regarding the adaptive potential of TEI in response to 114 
environmental change, we empirically investigated the following questions: i) Does TEI influence 115 
mean phenotypes? ii) If TEI influences mean phenotypes, is the direction of phenotypic change 116 
primarily adaptive, nonadaptive, or maladaptive? And, iii) Does TEI influence the amount of 117 
phenotypic variation? To determine whether TEI influences fitness-associated traits and population-118 
level dynamics in Daphnia we compared two F3 exposure groups: ‘cccm’ (i.e., no great-grandmaternal 119 
exposure to Microcystis in F0 followed by great-granddaughter exposure to Microcystis in F3) and ‘mccm’ 120 
(i.e., great-grandmaternal exposure to Microcystis in F0 followed by great-granddaughter exposure to 121 
Microcystis in F3) repeated across 8 unique Daphnia clones (Figure 1). We quantified the chronic effects 122 
of the toxigenic cyanobacterium Microcystis on their life-history traits (survival, body growth, number 123 
of neonates produced, eye size, and time to first brood) in the final generation (F3). Clonal replication 124 
allows for an assessment of the effects of TEI across multiple genetic backgrounds and enables 125 
investigation of variation in the direction and magnitude of TEI across genotypes. By employing 126 
fitness-associated phenotypes measured across these 8 distinct tests within a simple population matrix 127 
model, we test for the effects of TEI on vital rates. This direct investigation provides valuable insights 128 
into a potentially significant mechanism governing organismal responses to environmental change, 129 
while also addressing critical questions 22,26 regarding the adaptive, nonadaptive, or maladaptive nature 130 
of TEI’s influence on mean phenotypes and its impact on the variance of phenotypic traits. 131 
 132 
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 133 
Figure 1. Experimental schematic to study transgenerational epigenetic inheritance. Eight genetically 134 
distinct clones of Daphnia magna were reared on either Chlorella-only (no stressor) or 3:1 135 
Chlorella:Microcystis (stressor) in F0. Following this F0 treatment, F1 and F2 generations were all 136 
reared on Chlorella-only. To test for effects of transgenerational epigenetic inheritance, great-137 
granddaughters (F3) across all populations were exposed to either Chlorella-only (‘cccm’) or 3:1 138 
Chlorella:Microcystis (‘mccm’) (treatment series opaque with primary contrast highlighted in yellow). 139 
Relevant fitness traits were measured in this F3 generation to assess the impact of TEI and were used 140 
to create a population projection model. 141 
 142 
Results 143 
 144 
F0 – F2 generation impacts from exposure 145 
 146 
All eight Daphnia genotypes had 100% survival up to their first reproductive event across all replicates 147 
in F0 → F2 when exposed to Chlorella-only (‘c’ → ‘ccc’). However, exposure to Microcystis (‘m’) caused 148 
a decrease in survival to an average of 67% across all Daphnia genotypes in F0, ranging from 57% 149 
survival in ‘genotype 5’ to 84% survival in ‘genotype 7’. Following cessation of Microcystis exposure, 150 
subsequent generations returned to near total survival to age at first brood (F1 (‘mc’) had 97% survival 151 
and F2 (‘mcc’) had 99% survival on average across all Daphnia genotypes (see Dataset S1, Supporting 152 
Information)). 153 
 154 
Great-grandmaternal exposure × F3 generation interactions 155 
 156 
TEI, as measured on the F3 generation, caused a significant decrease in survival (χ²(1) = 15.30, P < 157 
0.01; Figure 2a). Daphnia from ‘cccm’ had survival rates of 78.75 ± 4.09% over 7 days compared to 158 
Daphnia from ‘mccm’ who had survival rates of 58.75 ± 6.11% survival over 7 days in F3. Similarly, 159 
we observed a significant delay in time to first brood  (χ²(1) = 16.08, P < 0.01; Figure 2d). Daphnia from 160 
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‘cccm’ reproduced at 11.03 ± 0.24 days compared to Daphnia from ‘mccm’ which reproduced at 12.55 161 
± 0.29 days in F3. A paired analysis showed a reduction in body size associated with TEI across all 162 
eight genotypes (t65 = -3.12, P < 0.01; Figure 2b), and the mean difference in body growth between 163 
‘mccm’ and ‘cccm’ in F3 was estimated to be -14.15%. We did not observe significant effects of TEI 164 
on neonate production (χ²(1) = 2.64, P = 0.10; Figure 2c). TEI did not produce detectable changes in 165 
eye size (χ²(1) = 0, P = 0.99; Figure S1, Supporting Information), contrary to the hypothesis proposing 166 
maternal effects on offspring eye size as an adaptive response linked to improved foraging abilities 61. 167 
 168 

 169 
Figure 2. Phenotypic variation in a) survival at day 7, b) growth at day 7, c) neonate production, and 170 
d) time to first brood across eight Daphnia magna clonal populations after four generations (F0 → F3) 171 
of transgenerational epigenetic inheritance (±SE). D. magna exposed to Microcystis aeruginosa in F0 and 172 
F3 are signified by ‘mccm’, and D. magna only exposed in F3 are signified by ‘cccm’. 173 
 174 
Survival reaction norms were additionally constructed to illustrate the range of survival rates exhibited 175 
by Daphnia under varying conditions of exposure to Microcystis, whether from great-grandmaternal 176 
exposure in F0 or great-granddaughter exposure in F3 (Figure S2, Supporting Information). Survival 177 
reaction norms depict the relationship between environmental conditions and an organism's 178 
probability of survival, illustrating how survival rates vary across different contexts. Our results show 179 
that survival reaction norms were negative for all Daphnia genotypes in each exposure scenario (‘m’ 180 
compared to ‘c’, ‘cccm’ compared to ‘cccc’, ‘mccm’ compared to ‘mccc’) (Figure S2, Supporting 181 
Information). 182 
 183 
Great-grandmaternal exposure × population growth impacts 184 
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 185 
To assess the potential impact of TEI on population growth rates, we constructed Leslie matrices with 186 
observed mean rates of survival and neonate production from F3 exposure to ‘cccm’ and ‘mccm’. The 187 
net reproductive rate (R0) was next calculated for each F3 Daphnia clonal population, and the mean 188 
difference in R0 between ‘mccm’ and ‘cccm’ for each ‘clone’ and ‘exposure’ combination was measured 189 
to determine whether TEI exposure in F0 would be positive (R0 > 0), neutral (R0 = 0), or negative (R0 190 
< 0) relative to populations with no mechanism for TEI (Figure 3a). TEI negatively impacted Daphnia 191 
clones 1 (R0 = -0.55), 4 (R0 = -0.10), and 8 (R0 = -0.65); TEI was neutral for Daphnia clone 6 (R0 = 0) 192 
; and TEI was positive to varying degrees in Daphnia clones 2 (R0 = 0.15), 3 (R0 = 1.10), 5 (R0 = 0.65), 193 
and 7 (R0 = 1.50). The mean difference in R0 between ‘mccm’ (2.23) and ‘cccm’ (1.96) for all clones 194 
was 0.26, indicating that the overall demographic impact on Daphnia clones was neutral. 195 
 196 
Beyond shifts in trait means, changes in the variance of fitness associated traits can have profound 197 
impacts on populations 64,65 and can be a major driver of the pace of evolution by natural selection 198 
66,67. Thus, we next calculated the difference in the coefficient of variation (CV) of neonate production 199 
between ‘mccm’ and ‘cccm’ from F3 exposure for each ‘clone’ and ‘exposure’ combination (Figure 200 
3b). Daphnia with TEI exposure to Microcystis had significantly greater CVs than Daphnia from ‘cccm’ 201 
whose great-grandmothers were not exposed to Microcystis (F1,14 = 7.85, P = 0.014). 202 
 203 

 204 
Figure 3. a) Difference in neonate production (‘mccm’ - ‘cccm’) between exposures to Microcystis 205 
aeruginosa across each of eight Daphnia magna clonal populations in the F3 generation. An adaptive 206 
response is >0 whereas a maladaptive response is <0. b) The coefficient of variation (CV) in neonate 207 
production of ‘mccm’ and ‘cccm’ exposures to M. aeruginosa across eight D. magna clones in the F3 208 
generation. 209 
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 210 
Discussion 211 
 212 
Overall patterns of phenotypic divergence associated with TEI exposure in F0 were considerable and 213 
the mean shifts we observed tended towards a maladaptive response across the 8 unique Daphnia 214 
genotypes (Figure 2) with evidence that TEI increases trait variance (Figure 3). When phenotypes were 215 
combined into a population projection, TEI did not lead to differences in population growth rates 216 
based on R0 (Figure 3). Given the ecological realism of the applied environmental stressor, which has 217 
been documented to induce substantial mortality 47,52,55,68, and prior work documenting notable 218 
transgenerational epigenetic modifications via DNA methylation in Daphnia exposed to Microcystis 62, 219 
the lack of adaptive TEI observed in our study is unlikely attributable to a weak environmental 220 
stressor. 221 
 222 
Epigenetic mutations, if stable and beneficial, can significantly influence the rate and outcome of 223 
adaptation by speeding up the initial stages of “adaptive walks”, a progression wherein successive 224 
beneficial mutations drive a population closer to an optimal level of fitness 21. However, the impact of 225 
transgenerational epigenetic mutations on fitness values crucially depends on their stability, 226 
phenotypic effect, duration of the effect, and duration of the stressor 16,69,70. For TEI, if epigenetic 227 
mutations are unstable or have negative fitness effects, they may not persist across generations or may 228 
even hinder adaptive evolution 21. This theory runs contrary to other existing models suggesting the 229 
inheritance of acquired epigenetic variations can be adaptive across a wide range of environmental 230 
conditions 71 and can be beneficial in environments marked by predictable fluctuations 22. Recent 231 
population genetic models incorporating epigenetic variation further demonstrate the potential for 232 
stable epialleles to be maintained under neutral conditions and for epialleles compensating for 233 
deleterious mutations to deviate from mutation-selection balance, indicating a possible contribution 234 
of transient epigenetic regulation to the maintenance of genetic and epigenetic variation in populations 235 
72. The latter theories are supported by recent experimental work in clonal yeast populations 236 
demonstrating that epigenetic switching, despite its instability, has adaptive advantages under 237 
particular fluctuating environments and can persist at low frequencies even in conditions predicted to 238 
be detrimental to epigenetic switchers 73. 239 
 240 
With short generation times and inhabiting environments marked by intense seasonal HABs of 241 
Microcystis, Daphnia fit several key criteria for the evolution of adaptive TEI. We observed intraspecific 242 
genetic variation across clones for adaptive TEI (genotypes 3 and 7), suggesting there is standing 243 
genetic variation on which selection for TEI could act  66. Yet, notable constraints remain which may 244 
ultimately limit the evolution of adaptive TEI and explain the overall lack of positive TEI effects on 245 
fitness we observed. Epigenetic marks, such as DNA methylation or histone modifications, may not 246 
persist long enough for selection to effectively act on them due to their instability 22,74. These marks 247 
can be reversible and dynamic, potentially erasing or modifying in response to environmental changes 248 
or cellular processes 19,22,75. Given this instability, rapid adaptation from standing genetic variation 249 
might ultimately produce larger fitness benefits. Cases of rapid adaptation include evolution of 250 
phenotypic plasticity and intergenerational epigenetic inheritance, prominent in Daphnia responses to 251 
Microcystis 54,55,76. Our results support this; across environmental conditions (Chlorella-only and 3:1 252 
Chlorella:Microcystis (present work), but also more severe HAB exposures (2:1 and 1:1 253 
Chlorella:Microcystis 56), the 8 unique genotypes of Daphnia show both strong and consistent patterns 254 
of variation in fitness-associated phenotypes. Ultimately, the stability of epialleles, the frequency and 255 
predictability of environmental shifts, and the associated costs of epigenetic resetting via TEI, among 256 
other factors, may lead TEI to produce complex and unpredictable phenotypic outcomes 26,77. 257 
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Together these constraints may limit the frequency of adaptive TEI and, ultimately, support 258 
hypotheses that environmentally induced epigenetic changes are rarely truly transgenerationally 259 
inherited, let alone adaptive 78. 260 
 261 
A notable directional effect of TEI on fitness associated phenotypes we observed was an increase in 262 
phenotypic variation—all 8 Daphnia clones had higher variation in F3 reproductive output with prior 263 
F0 exposure (Figure 3). This result could fit at least two potential mechanisms: 1) heritable bet-hedging 264 
(adaptive) or 2) increased variance due to cumulative stress (not adaptive). Heritable bet hedging 265 
describes cases where increased phenotypic variability provides a hedge against unpredictable 266 
environmental changes, increasing the likelihood of population persistence under fluctuating 267 
conditions 26. In contrast, the cumulative stress hypothesis 42 suggests repeated stressors could induce 268 
transgenerational effects on genome regulation that are maladaptive. Recent observations of 269 
compounded epigenetic impacts and disease susceptibility from successive multigenerational exposure 270 
to different toxicants in rats 79 demonstrates epigenetic modifications associated with cumulative 271 
stress. In line with the developmental system perspective 80, it is critical to consider the potential for 272 
TEI to arise from genome responses that mitigate short-term losses at the expense of long-term fitness 273 
effects, highlighting a more nuanced relationship between developmental plasticity, genetic 274 
mechanisms, and environmental change in shaping population dynamics. 275 
 276 
The way in which increases in phenotypic variance influence the fate of populations dictates how these 277 
data should be interpreted. Increases in variation could have important and direct effects on 278 
populations, such as those described by Jensen’s inequality 64, or they could simply be maladaptive and 279 
lead to demographic costs. Over longer durations reliance on bet hedging strategies may result in 280 
extinction due to directional environmental changes 26, particularly in cases where stabilizing selection 281 
maintains a narrow range of trait values 37. More empirical data is needed to understand whether TEI 282 
generally increases phenotypic variance. Supplemented by further empirical investigations that 283 
measure or model the interaction between increased trait variation and varying amounts—as well as 284 
periodicity—of environmental variation, this approach could reveal whether the observed patterns of 285 
increased variance resulting from TEI confer adaptive advantages and are potentially significant for 286 
the maintenance of biodiversity 81. 287 
 288 
Our study tests an array of competing hypotheses regarding the fitness effects of TEI in response to 289 
environmental stress. TEI exposure of Daphnia to Microcystis in F0 did not yield significant adaptive 290 
changes in fitness-associated phenotypes, revealing a propensity for maladaptive responses across 291 
clones. The absence of discernible effects on population growth rates rejects the hypothesis that TEI 292 
enhances population-level responses by Daphnia to cyanobacteria exposure. The observed increase in 293 
trait variation suggests there may be interesting potential for heritable bet hedging, with higher 294 
variance capable of influencing population persistence under challenging conditions. Our study calls 295 
for the construction of TEI models that better reflect the nuanced interaction between environmental 296 
stress, epigenetic inheritance, and standing genetic variation to better understand the mechanisms by 297 
which organismal phenotypes respond to fluctuating and challenging environments. While empirical 298 
investigations into TEI across taxa will help elucidate its role in organismal fitness 26, a reevaluation of 299 
its importance in population-level responses to environmental fluctuations is warranted. 300 
 301 
Methods 302 
 303 
Daphnia magna field collection and culturing 304 
 305 
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Eight genotypes of D. magna were collected from ‘Langerodevijver’ (LRV; 50° 49' 42.08'', 04° 38' 306 
20.60''), a large waterbody (surface area = 140,000 m2, max depth = 1 m) within the nature reserve of 307 
Doode Bemde, Vlaams-Brabant, Belgium 82. In previous work we generated whole genome sequences 308 
of these clones which show they are genetically distinct and that tolerance to cyanobacteria is not 309 
correlated with metrics of genomic wide divergence between them 56. Like many temperate freshwater 310 
ecosystems LRV has yearly seasonal Microcystis HABs and contains a large resident population of D. 311 
magna (Luc de Meester person. comm.). Parthenogenetic lines of each genotype were maintained for over 312 
five years in continuous cultures in UV-filtered dechlorinated municipal tap water containing 2 mg C 313 
L-1 of the green alga Chlorella vulgaris (strain CPCC 90; Canadian Phycological Culture Centre, Waterloo, 314 
ON, Canada). C. vulgaris was grown in COMBO medium 83. 315 
 316 
Microcystis aeruginosa culturing 317 
 318 
Following our previously described method 84, M. aeruginosa (strain CPCC 300; Canadian Phycological 319 
Culture Centre, Waterloo, ON, Canada) was cultured in BG-11 media and kept in a growth chamber 320 
under axenic conditions with a fixed temperature of 21 ± 1 ºC, cool-white fluorescent light of 600 ± 321 
15 lx, with a photoperiod of 16:8 h light:dark. The culture was grown for a minimum of one month 322 
before preparation for the transgenerational plasticity study. M. aeruginosa CPCC 300 produces 323 
microcystins-LR (CAS: 101043-37-2, C49H74N10O12) and its desmethylated form [D-Asp³]-324 
microcystin-LR (CAS: 120011-66-7, C48H72N10O12), which occur widely in freshwater ecosystems 47,85 325 
and are toxic to many zooplankton species. 326 
 327 
To prepare M. aeruginosa for testing on D. magna, an aliquot of the stock was inoculated in 100% 328 
COMBO medium for two weeks prior to test initiation and cultured to a cell concentration of 1.2 ± 329 
0.02 × 107 cells mL-1. This medium was chosen because it supports the growth of algae and 330 
cyanobacteria and is non-toxic to zooplankton 83. 331 
 332 
Transgenerational study 333 
 334 
We evaluated within- and across-generation responses to M. aeruginosa using eight genotypes of D. 335 
magna. Phenotypic responses measured include survival, body growth, reproduction (number of 336 
offspring produced), eye size, and time to first brood. 337 
 338 
To prepare for this study, we isolated one adult female D. magna per genotype in separate 50-mL glass 339 
tubes inoculated with COMBO medium and C. vulgaris at 2 mg C L-1, and monitored them daily for 340 
reproduction. D. magna juveniles born within 24 h were collected from their respective genotypes and 341 
individually separated into 50-mL glass tubes as previously described, totalling 10 replicates per 342 
genotype and 80 tubes total. These 80 D. magna individuals representing eight genotypes were the 343 
founding mothers of the transgenerational study, F0. All D. magna were incubated under constant 344 
conditions (temperature of 21 ± 1 ºC, cool-white fluorescent light of 600 ± 15 lx, with a photoperiod 345 
of 16:8 h light:dark). 346 
 347 
To run this study, we reared F0 D. magna in one of two common gardens: Chlorella-only (optimal diet) 348 
and 3:1 Chlorella:Microcystis (toxic diet). Both common gardens provided D. magna with 2 mg C L-1, 349 
corresponding to 3 × 106 cells total and corroborates with previous literature exposing daphnids to 350 
dietary combinations of green algae and cyanobacteria 52,55,86. The 3:1 Chlorella:Microcystis treatment 351 
was additionally chosen because these ratios exist in the wild 47,85 and can cause sublethal, 352 
intergenerational effects in D. magna 52,53. 353 
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 354 
A minimum of 40 replicates per F0 D. magna genotype, per common garden were individually raised 355 
in 50-mL tubes and fed their respective diets 3 × per week until they produced their first broods. All 356 
offspring across treatments were then reared for two generations —F1 and F2— in Chlorella-only 357 
until they too produced their first broods. The F2 offspring were then split in half for the F3 358 
generation. The first subset of individuals (>20) from each clone were exposed to Chlorella-only until 359 
their first brood was produced. The second subset (>20 individuals) were exposed to 3:1 360 
Chlorella:Microcystis. This combination of treatments generated a minimum of 40 replicates per 361 
original D. magna genotype in generation F0. Our previous work showed the magnitude of intraspecific 362 
genetic variation in the survival, growth, reproduction, and time to first broods of clones was 363 
significantly influenced by the presence of M. aeruginosa 56. To ensure 40 replicates per F2 D. magna 364 
genotype would survive to the final generation of F3 before it was split in half, we maintained 365 
additional replicates for certain genotypes that were particularly sensitive to M. aeruginosa toxicity. We 366 
individually tracked each D. magna replicate from mother to its daughter (Fx to Fx+1) and tracked each 367 
D. magna great-grandmother to its great-granddaughter (F0 to F3) across all genotypes and common 368 
gardens. In summary, the experiment required a minimum of 640 F0 D. magna and 2,560 D. magna 369 
raised across all 4 generations, spanning 100 days (Figure 1). 370 
 371 
Since this was a semi-static test, solutions were renewed 3 × wk by transferring D. magna from old to 372 
new glass tubes, followed by supplying each D. magna with 3 × 106 cells of food, corresponding with 373 
2 mg C L-1. Survival, reproduction, and the timing of first brood were recorded daily. Growth and eye 374 
size (mm) for each replicate across genotypes and common gardens were also measured on days 0, 3, 375 
7, and day of the first brood for F0 and F3 to assess for TEI impacts within and across genotypes and 376 
treatment effects. The study was incubated under 400–800 lx cool-white fluorescent light at 20 ± 1 377 
°C with a 16:8 light:dark cycle. Water chemistry parameters were measured at initiation, solution 378 
changes, and termination of the test. 379 
 380 
Statistical analysis 381 
 382 
Phenotypic responses were analyzed using generalized linear mixed models (GLMM) with ‘great-383 
grandchild exposure’ treated as a fixed effect and ‘Daphnia clone’ treated as a random effect to test 384 
whether great-grandchild exposure to M. aeruginosa (i.e., ‘mccm’ versus ‘cccm’) resulted in significant 385 
phenotypic differences. We fit appropriate family functions for each GLMM. For survival data, we 386 
used a binomial distribution and logit link. For neonate production, growth to day 7, and time to first 387 
brood datasets, we used a Poisson GLMM and log-link function. 388 
 389 
For inferences on population impacts from TEI, Leslie matrices were respectively constructed for 390 
survival and fertility for F3 exposure to ‘mccm’ versus ‘cccm’. The population growth rate (λ) and net 391 
reproductive rate (R0) based on the Euler-Lotka equation were additionally calculated to estimate the 392 
rate of fertility in F3 D. magna mothers that were exposed to ‘mccm’ and ‘cccm’. These calculations 393 
were constructed using our early life data on D. magna (birth to time of first brood). This abbreviated 394 
life table may be representative of life histories in natural populations under high rates of predation 87–395 
89 and corresponds to the average duration of HABs 90. The difference in neonate production between 396 
‘mccm’ and ‘cccm’ from F3 exposure were calculated for each ‘clone’ and ‘exposure’ combination and 397 
plotted. The difference in variance of neonate production between ‘mccm’ and ‘cccm’ from F3 398 
exposure were also calculated for each ‘clone’ and ‘exposure’ combination and plotted. Levene’s test 399 
was utilized to assess the homogeneity of variances in the CV values between the ‘mccm’ and ‘cccm’ 400 
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F3 treatment groups of D. magna mothers to determine whether significant differences existed in their 401 
neonate production. 402 
 403 
For all analyses the p-level significance cutoff was 0.05. All statistical analyses were completed in R 404 
version 4.2.2 91. 405 
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