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Abstract

As global agricultural reliance on glyphosate-based herbicides expands, growing evidence highlights
their adverse effects on non-target aquatic organisms. However, most ecotoxicological assessments
focus on directly exposed individuals, leaving the generational persistence of these effects largely
uncharacterized. Here, we investigated the chronic and generational effects of a commercial glyphosate-
based formulation (Roundup Transorb R®) following parental exposure in two freshwater cladocerans,
Daphnia magna and Ceriodaphnia dubia. Organisms were exposed to environmentally realistic
concentrations of glyphosate (30, 65 and 100 pg/L) to evaluate reproductive performance,
morphological traits, and number of molting. The parental generation (FO) was exposed to the herbicide,
whereas subsequent generations (F1 and F2) were reared in contamination-free media to determine
whether parental exposure induced persistent effects in unexposed progeny. Herbicide exposure
impaired reproduction in both species. In D. magna, offspring production decreased significantly in the
parental generation (F0), an effect that persisted into F1 but recovered in F2. In contrast, C. dubia
exhibited reduced fecundity only in the FO generation. Morphological assessments revealed that body
length and width of C. dubia decreased relative to controls exclusively in FO. In D. magna, however,
reductions in body length, body width and tail spine length were detected only in the F1 generation.
Number of molting remained unaffected across all generations in both species. Overall, our results
demonstrate that the most severe biological impacts occurred in directly exposed organisms and their
immediate progeny F1. Across the evaluated endpoints, phenotypic responses returned to baseline
levels by the second unexposed generation F2, suggesting potential population recovery once exposure
ceases.

Introduction

Pesticides encompass chemical and biological agents applied in agriculture to manage pests and
diseases that threaten crop performance and agricultural yield (Sharma et al. 2019; Lopes et al. 2022).
Among the most widely applied pesticides are glyphosate-based herbicides, which are very effective in
controlling weeds. Glyphosate is currently the most heavily applied active ingredient globally, with an
estimated agricultural consumption of approximately 749,000 metric tons annually between 2019 and
2022 (Brookes 2025). Over recent decades, numerous commercial formulations featuring diverse
chemical additives have been commercialized. These mixtures incorporate surfactants, adjuvants and
solubilizers designed to enhance herbicide efficacy by optimizing physicochemical properties and
accelerating cell membrane penetration (Van Bruggen et al. 2018). Consequently, glyphosate is
frequently detected in surface waters, groundwater, streams, lakes and drinking water reservoirs
worldwide, with environmental monitoring studies reporting concentrations ranging from < 0.3 pg/L to
8.7 mg/L (Battaglin et al. 2014; Ronco et al. 2016; Van Bruggen et al. 2018; Lutri et al. 2020; Lima et al.
2022; Damiani et al. 2023). These findings highlight the widespread environmental contamination and
reinforce the need to investigate the effects of glyphosate at environmentally relevant concentrations.
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Substantial evidence demonstrates that glyphosate exposure induces toxicological effects across
diverse non-target organisms. Mechanisms of glyphosate toxicity in aquatic organisms include inhibition
of acetylcholinesterase activity, induction of oxidative stress and alterations in behavioral, morphological
and reproductive traits (Bridi et al. 2017; Moraes et al. 2020; Lares et al. 2022; Lopes et al. 2022; Moraes
et al. 2023; Barreto et al. 2023). Nevertheless, the vast majority of aquatic toxicity data derives from fish
models, whereas toxicological impacts on freshwater invertebrates remain less characterized. In
particular, cladocerans represent a critical yet underrepresented group in glyphosate risk assessments,
with reported sublethal responses including altered swimming patterns, stunted growth, decreased
fecundity and genotoxicity (Hansen and Roslev 2016; Duan et al. 2019; Gustinasari et al. 2021; Lares et
al. 2022).

Furthermore, most studies on glyphosate focus on the isolated active ingredient, neglecting the
additional components present in commercial formulations. This limitation reduces the environmental
relevance of toxicity assessments, since aquatic organisms are exposed to complete formulations, not
just pure glyphosate. Several studies have demonstrated that glyphosate-based formulations are more
toxic than the active ingredient alone (Tsui and Chu 2003; Demetrio et al. 2014; Bridi et al. 2017; Lares et
al. 2022; Spinaci et al. 2022; Abe et al. 2024; Téth et al. 2024), an effect commonly attributed to the
presence of adjuvants (Mottier et al. 2014; Rodrigues et al. 2019; Lopes et al. 2021; Klatyik et al. 2024).

Freshwater cladocerans, such as D. magna and C. dubia, are key zooplanktonic species widely distributed
in lakes and ponds, including waterbodies adjacent to agricultural drainage where pesticide runoff
occurs. These microcrustaceans occupy a central position in aquatic food webs as primary grazers of
phytoplankton and key prey for macroinvertebrates and fish (Lares et al. 2022). Moreover, D. magna and
C. dubia serve as standard ecotoxicological models (Lares et al. 2022; da Silva et al. 2024; Lopes et al.
2025) owing to their ease of laboratory culture, parthenogenetic reproduction and a rapid life cycle,
which allows the assessment of toxicity across several broods within a short period.

Recent research indicates that glyphosate exposure can induce multigenerational toxicity in aquatic
organisms, impairing survival and fecundity across generations. Incorporating multi and
transgenerational designs into ecotoxicological frameworks provides a more realistic representation of
chronic field exposures. This framework yields comprehensive insight into direct toxicity while revealing
persistent, cumulative, or delayed effects that manifest in unexposed progeny (Maselli et al. 2017;
Suarez et al. 2023). For example, 21-day exposure of the cladoceran Daphnia exilis to the commercial
glyphosate-based formulation Faena® (2.09, 2.49 and 3.15 mg/L) reduced parental (P1) survival by 50%
at 2.49 mg/L. In the F1 generation, continuous exposure under identical conditions significantly reduced
survival across all treatments and nearly eliminated offspring production (Rodriguez-Miguel et al. 2021).
Similarly, in fish, a 21-day exposure of Jenynsia lineata to glyphosate or Roundup Transorb R® (65 pg/L
glyphosate equivalent) decreased pregnant female ratios, induced offspring malformations and impaired
locomotor activity in the F1 generation (Moraes et al. 2024).
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In the present study, we evaluated the chronic and generational toxicity of Roundup Transorb R® in the
microcrustaceans D. magna and C. dubia. We monitored reproductive output, body morphology and
number of molting across three successive generations (FO—F2). We hypothesized that the parental
generation (FO) would be adversely affected by the herbicide and that these effects would persist across
subsequent generations (F1 and F2) in both species.

Materials and methods

Culturing of D. magna and C. dubia

D. magna cultures were maintained in accordance with ABNT NBR 12713 guidelines (ABNT 2022).
Organisms were held in environmental chambers (B.0.D. incubators) at a density of 30 individuals per
1.5 L of natural water under optimal physicochemical conditions: pH 7.6-8.0 and total hardness 125-
225 mg CaCO,/L. Culture and test were maintained at 20 + 2°C under a 16:8 h light/dark photoperiod.
Organisms were fed the microalga Raphidocelis subcapitata (1 x 108 cells per adult) supplemented with a
complex feed mixture comprising fermented fish diet (Tretamin®), multivitamin solution Centrum®, and
dried baker's yeast (1 mL complex feed per 1.5 L medium).

C. dubia cultures were maintained according to ABNT NBR 13373 guidelines (ABNT 2022). Organisms
were held in environmental chambers (B.0.D. incubators) at a density of 30 individuals per 0.5 L of MS
reconstituted medium under the following parameters: pH 7.0-7.6 and total hardness 40-48 mg
CaCO,/L. Culture and test temperature was set to 25 + 2°C with a 16:8 h light/dark photoperiod. The diet
consisted of R. subcapitata (1 x 10° cells per adult) supplemented with 500 pL of the complex feed
mixture per 0.5 L culture medium.

Acute tests with the reference substance sodium chloride (NaCl) were performed periodically to confirm
culture health and batch sensitivity. The mean concentration values producing an effect in 50% of the
organisms (EC5g) for NaCl were 5.82 + 0.24 g/L (48-h exposure for D. magna) and 1.57 + 0.06 g/L (7-day
exposure for C. dubia). In compliance with ABNT NBR 12713/2022 and 13373/2022 standards, control
chart coefficients of variation remained well below the 30% threshold (4.1% for D. magna and 3.8% for C.
dubia).

Generational experiments

D. magna and C. dubia were exposed to a control treatment (uncontaminated culture medium: natural
water for D. magna and MS medium for C. dubia) and three nominal concentrations of Roundup Transorb
R® (RTR): 30, 65 and 100 pg/L glyphosate acid equivalents. The formulated product contains 588 g/L of
glyphosate potassium salt (equivalent to 480 g/L of glyphosate acid) and 739 g/L of other ingredients
not specified by the manufacturer (Monsanto do Brasil Ltda.). Test concentrations were chosen based
on Moraes et al. (2023). The 65 pg/L concentration represents the maximum allowable threshold for
Brazilian legislation freshwater bodies, while 30 pg/L and 100 ug/L represent environmentally realistic
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sub and supra-threshold concentrations, respectively. An RTR stock solution (0.1 g/L glyphosate acid
equivalent) was prepared in ultrapure water.

For each exposure group, neonates (n =15 per treatment) were individually isolated in glass beakers
containing 30 mL of test medium (Fig. 1). Assays were conducted under semi-static conditions, with
complete medium renewal every 72 h. Organisms were fed R. subcapitata at species-specific cell
densities alongside 50 pL of complex feed at test initiation and at each renewal point. Temperature, pH
and dissolved oxygen were recorded prior to and following every medium change (Tables S2 and S3).

For D. magna, neonates (2—26 h old) were exposed for 21 days (OECD Guideline 211). For C. dubia,
neonates (6—24 h old) were exposed for 8 days (ABNT NBR 13373). Only the parental generation (FO)
was exposed to the herbicide. Subsequent generations (F1 and F2) were reared in herbicide-free
medium. To establish the F1 generation, neonates from the third brood of FO mothers were harvested
after approximately 15 days of exposure for D. magna and 6 days for C. dubia. Neonates were pooled
and randomly assigned to start the reproduction assay according to OECD 211. The F2 generation was
established using identical procedures from F1 mothers. Across all subsequent generations, 15
individual replicates per treatment were monitored under the same feeding and environmental
conditions as the FO generation, including temperature, photoperiod, and feeding regime, but in
contaminant-free media, with semi-static renewals twice weekly.

Assessment of reproductive and morphological parameters

For each generation (FO—F2), the cumulative number of molts and total offspring produced per female
during the experimental period were recorded for each species. At test termination, surviving adults were
photographed under a stereomicroscope (OPZTR; Opticam Microscopy Technology®) equipped with a
digital camera (OPTHD 14 MP; Opticam Microscopy Technology®). Morphometric measurements were
quantified using ImageJ software. Evaluated morphological traits for D. magna included body length,
body width and tail spine length (Figure S1). For C. dubia, body length and body width were evaluated
(Figure S2).

Glyphosate analytical quantification

For glyphosate determination, water samples (15 mL) were collected in triplicate from experimental
units of D. magna at the beginning (0 h) and end (72 h) of each exposure period, immediately before
medium renewal, and stored in polypropylene tubes at 4°C in the dark until analysis (Kylin, 2013). For C.
dubia, glyphosate quantification in the exposure medium was not feasible due to matrix interference
from the MS culture medium, which contains salts and nutrients that compromise derivatization and
chromatographic detection. Therefore, quantification was performed only for the stock solution (0.1
g/L).
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Prior to analysis, samples (except the stock solution) were frozen at - 70°C, lyophilized until complete
water removal, and reconstituted in ultrapure water to 10% of the original volume (5 mL), yielding a 10-
fold concentration factor. Glyphosate determination was carried out by high-performance liquid
chromatography with diode array detection (HPLC-DAD) at 210 nm, following pre-column derivatization
with 9-fluorenylmethyl chloroformate (FMOC-CI) according to the protocol described by Moraes et al.
(2024). All analyses were performed in triplicate.

The analytical calibration curve was prepared at five concentration levels: 10, 50, 100, 500, and 1000
ug/L, using a 1 g/L glyphosate stock solution (PESTANAL® analytical standard, Sigma-Aldrich)
subjected to the same sample preparation procedure. The curve yielded a coefficient of determination r?
=0.998. The limits of detection (LOD) and quantification (LOQ) were 5 pg/L and 15 pg/L, respectively,
calculated from the standard deviation of the intercept (o) and the slope (S) of the regression line (LOD =
3.3x0/S; LOQ =10 x 6/S) and confirmed by signal-to-noise ratios (S/N = 3:1 and = 10:1) at the lowest
calibration level. For the stock solution (0.1 g/L), samples were diluted 10-fold and a separate calibration
curve (5-20 mg/L) was used.

To ensure data quality and reliability, the following quality control measures were adopted: (i) reagent
blanks (ultrapure water) and matrix blanks (culture medium without glyphosate) were analyzed in each
analytical sequence and showed no co-eluting peaks at the glyphosate retention time; (ii) accuracy was
assessed by spike recovery tests (triplicate) at 30, 65, and 100 pg/L (corresponding to the nominal
exposure concentrations), submitted to the same lyophilization and derivatization protocol; mean
recoveries ranged from 85% to 112%, with relative standard deviation (RSD) < 10% for all levels; (iii)
method precision was verified by repeatability (intra-assay) and intermediate precision (inter-assay), with
coefficients of variation below 5% and 12%, respectively; and (iv) the metabolite AMPA
(aminomethylphosphonic acid) was qualitatively monitored in the samples at the same wavelength (260
nm), but quantitative validation was not possible due to lack of linearity of the calibration curve (r? <
0.99) under the tested conditions; therefore, AMPA results are reported only as detected or not detected.

Statistical analysis

Statistical evaluations were performed using SigmaPlot 14.5 software. Data normality and homogeneity
of variances were assessed using Shapiro-Wilk and Brown-Forsythe tests, respectively. Parametric data
were analyzed via one-way Analysis of Variance (ANOVA) followed by Dunnett’s post-hoc test to identify
significant differences relative to the control group. Non-parametric datasets were analyzed using
Kruskal-Wallis tests followed by Dunn’s post-hoc. Statistical significance was defined p < 0.05. All data
are presented as mean = standard error (SE).

Results

Analytical quantification of glyphosate
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For D. magna exposure media, mean measured glyphosate concentrations at 0 h were 46.6 + 14.4 pg/L,
87.7 +30.0 pg/L and 168.5 + 26.8 pg/L for nominal targets of 30, 65 and 100 pg/L, respectively. At the
end of the 72 h renewal period, measured concentrations dropped to 20.1 +2.7 pg/L, 50.2 £ 12.5 pg/L
and 93.0 + 24.8 pg/L, corresponding to concentration declines of 43.1%, 57.2% and 55.2%, respectively.
Glyphosate was not detected in control media. The stock solution mean concentration was 0.165 +
0.007 g/L. AMPA was qualitatively detected in all samples after 72 hours of exposure, except in the
control group.

Molting and reproduction in D. magna and C. dubia

Molting number was not significantly altered by RTR exposure in either species across any evaluated
generation (Fig. 2). In terms of reproductive output, directly exposed (FO) D. magna exhibited significant
reductions in offspring production across all herbicide treatments, with fecundity decreases of 31.1% (p
=0.002), 30.4% (p<0.001) and 15.2% (p < 0.001) at 30, 65 and 100 pg/L, respectively, relative to control
(Fig. 3A, Table S1). In the F1 generation, a statistically significant reduction in offspring production
persisted exclusively in the 65 pg/L treatment (14.9% decrease; p = 0.001), whereas no reproductive
impairments were detected in the F2 generation at any concentration (Fig. 3B, C; Table S1). Furthermore,
premature brood loss (abortions) occurred in exposed FO D. magna, with 1, 5 and 2 aborted embryos
observed at 30, 65 and 100 pg/L, respectively (Figure S3), compared to zero instances in the control

group.

For C. dubia, reproductive output in the FO generation was significantly reduced only at the highest
exposure concentration (100 pug/L), decreasing by 32.1% relative to control (p = 0.015; Fig. 3D, Table S1).
Subsequent unexposed generations (F1 and F2) displayed no significant differences in total offspring
production (Fig. 3E, F). Mortality remained below the 20% threshold established by the test guidelines
across all generations and treatments in D. magna, as well as in the FO and F1 generations of C. dubia. In
C. dubia, elevated mortality (26.6%) was observed only in the F2 generation at 65 and 100 pg/L.

Morphological responses in D. magna and C. dubia

Morphological evaluations revealed contrasting species-specific sensitivity patterns across generations.
In D. magna, parentally exposed (F0) adults showed no significant alterations in body dimensions

(Fig. 4A, 5A, 6A). However, morphological changes emerged in the F1 progeny (Fig. 4B, 5B, 6B).
Specifically, adult body width was significantly reduced across all F1 treatment groups, decreasing by
2.9% (p=0.011),5.1% (p<0.001) and 2.97% (p = 0.025) at 30, 65 and 100 pg/L, respectively. Tail spine
length was also significantly shortened in F1 by 30.0% (p < 0.001), 27.5% (p < 0.001) and 17.5% (p =
0.045) across the same respective treatment groups. Body length in F1 D. magna decreased significantly
at 30 pg/L (2.6% reduction; p = 0.020) and 65 pg/L (3.2% reduction; p = 0.006). By the F2 generation, all
morphometric endpoints in D. magna had recovered to control levels (Figs. 4C, 5C, 6C). Conversely, C.
dubia exhibited direct morphological sensitivity in the parentally exposed (FO) generation (Figs. 4D, 5D).
Body length decreased significantly across all treatments (30 pg/L: 15.2%; 65 ug/L: 14.9%; 100 pg/L:
15.4%; p < 0.001 for all), as did body width (30 pg/L: 13.5%, p = 0.003; 65 pg/L: 15.5%, p < 0.001; 100 pg/L:
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16.0%, p < 0.001). In subsequent unexposed generations (F1 and F2), no significant morphological
differences were detected relative to control organisms (Figs. 4E, 5E, 4F, 5F).

Discussion

Our study demonstrates that chronic exposure to the commercial herbicide Roundup Transorb R®
adversely impacts reproduction and body size in the freshwater cladocerans D. magna and C. dubia.
Notably, these toxicological effects occurred at environmentally relevant glyphosate concentrations and
considered compliant with current regulatory standards. Directly exposed (FO) D. magna exhibited
consistent reproductive suppression across all tested herbicide levels alongside an increased incidence
of embryonic abortion. In contrast, C. dubia showed direct reproductive impairment only at the highest
exposure level (100 pg/L). The greater sensitivity observed in D. magna may be partially explained by
differences in standard assay durations (21 days for D. magna vs. 8 days for C. dubia). Extended
exposure time can allow toxic effects on reproductive output to accumulate. Manar et al. (2012)
reported a similar phenomenon when evaluating the pesticide chlordane; extending the test duration for
C. dubia from 7 to 14 days yielded reproductive inhibition comparable to that observed in D. magna after
21 days. In standard testing frameworks, the shorter assay duration for C. dubia accounts for its faster
developmental rate and earlier onset of reproduction, with first broods released around day 3, whereas D.
magna requires approximately 12 days to reach reproductive maturity (Manar et al. 2012).

In unexposed progeny, reproductive toxicity in D. magna persisted into the F1 generation at 65 pg/L,
whereas C. dubia exhibited complete reproductive recovery in both F1 and F2. The absence of persistent
reproductive impairment in the F2 generation across both species suggests that generational toxicity
was not maintained under the conditions tested. From an ecological standpoint, these findings suggest
that cladoceran populations retain the capacity for recovery once chemical stress ceases, such as
following transient agricultural runoff events. However, under continuous or recurring application
regimes, repeated reproductive inhibition could disrupt zooplankton population dynamics and alter
trophic structure in shallow freshwater systems (Elser and Goldman 1991; Carpenter et al. 2001). The
reproductive impairment observed in unexposed F1 D. magna at 65 pg/L indicates that parental
exposure to regulatory-compliant pesticide concentrations can induce carryover effects in immediate
progeny. This generational response may stem from several non-exclusive pathways: (1) altered
maternal nutrient provision or physiological stress transferred to developing eggs; (2) indirect herbicide
exposure of developing embryos within the maternal brood chamber; or (3) short-term direct exposure of
neonates prior to isolation (up to 24 h post-birth in contaminated media) (Sumiya et al. 2014; Miyakawa
et al. 2018). Although reproductive deficits attenuated by F2 despite the presence of germline cells
during FO exposure (Jeremias et al. 2022), transient population dips in primary consumers can
nevertheless trigger ecological shifts.

Generational outcomes following pesticide exposure vary across aquatic organisms, exhibiting both
recovery and exacerbation patterns across generations. In the estuarine rotifer Proales similis, a 48 h
parental exposure to glyphosate pure active ingredient (1-1000 pg/L) reduced intrinsic population
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growth rates (r) through the F2 generation, with population recovery occurring only from F3 onward
(Arreguin-Rebolledo et al. 2023). Conversely, continuous multigenerational exposure of Daphnia exilis to
the formulation Faena® (2.09-3.15 mg/L) caused reductions in survival and reproduction of the parental
generation (FO) and resulted cumulative toxicity, with reproduction in F1 being almost completely
suppressed. This evidence a generational effect in which accumulated toxic responses may contribute
to the population decline (Rodriguez-Miguel et al. 2021).

In addition to reproductive effects, morphological alterations were also observed in D. magna and C.
dubia, indicating generation-dependent responses and suggesting distinct coping strategies under
exposure to the stressor. In C. dubia, parental exposure to RTR significantly reduced adult body length
and width in FO, but this growth inhibition was completely reversed in F1 and F2. In contrast, D. magna
maintained normal body dimensions during direct FO exposure, but its F1 progeny exhibited significant
reductions in body width, body length and tail spine length before recovering in F2. Changes in body size
in these organisms may reflect energetic reallocation, whereby resources that would normally be
allocated to growth are redirected toward cellular defense mechanisms, such as antioxidant responses
and detoxification processes, or toward reproduction as an adaptive strategy to ensure species survival
under adverse conditions (Jacobasch et al. 2014; Poulsen et al. 2021; Sahilli and Korkmaz 2025).

The morphological changes observed in the F1 generation of D. magna, as well as the reproductive
effects, may be related to maternal transfer, indirect exposure of F1 offspring during development, or
direct exposure of F1 offspring, even for a short period. In cladocerans, body morphology—particularly
body size and tail spine length—is closely associated with defense against predation. Under natural
environmental conditions, such changes may be detrimental to the species, as smaller individuals tend
to exhibit lower fecundity and greater vulnerability to predation (Lynch 1980), potentially compromising
population dynamics. Unlike C. dubia, D. magna may have allocated more energy to maintaining essential
physiological functions during the exposure period rather than to reproduction, resulting in smaller
offspring that subsequently recovered their morphological characteristics in the F2 generation
(Jacobasch et al. 2014).

Regarding molting, RTR did not affect its dynamics of the organisms. Molts is an essential process that
occurs frequently in cladocerans such as D. magna and C. dubia as organisms reach reproductive
maturity, since it is necessary for them to reach adult size. In addition, the reproductive cycle occurs
synchronously with the molting cycle. After molting, females ovulate new eggs from the ovary into the
brood chamber located in the dorsal region. At the end of each reproductive cycle, the brood is released
from the brood chamber into the surrounding water. After this release, molts occurs again and the cycle
repeats (Sumiya et al. 2014; Miyakawa et al. 2018). Thus, alterations in molts frequency may directly
affect growth, development time, and reproduction. The absence of effects on the number of molts
suggests that the herbicide, at the concentrations evaluated, perhaps did not significantly affect the
endocrine and enzymatic mechanisms regulating ecdysis. However, it would be necessary to evaluate
cellular and biochemical parameters to confirm the absence of an effect.
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Another noteworthy point is the absence of dose-response effects for D. magna. We highlight that
significant effects were observed at both concentrations; however, reproductive and morphological
effects were more pronounced at the 65 pg/L concentration than at 100 pg/L. A possible explanation is
differential activation of protective cellular mechanisms across concentration thresholds. For instance,
Moraes et al. (2023) observed increased lipid peroxidation in Jenynsia multidentata exposed to 65 pg/L
glyphosate (96 h), whereas at 100 pg/L lipid damage subsided alongside a marked induction of
glutathione S-transferase (GST) activity. A similar compensatory mechanism may operate in D. magna,
where higher herbicide stress (100 pg/L) may trigger stronger induction of detoxification enzymes and
antioxidant defenses, thereby partially attenuated the reproductive and morphological effects, rendering
them less pronounced than those recorded at the 65 pg/L concentration.

The occurrence of generation-dependent effects reinforces the importance of considering not only the
immediate impacts on organismal health and reproduction, but also potential generational
consequences in the ecological risk assessment of glyphosate-based formulations. Non-genetic
inheritance mechanisms, including epigenetic modifications (e.g., DNA methylation, histone
modifications and non-coding RNA expression), may contribute to mediating transgenerational
phenotypic plasticity under chemical stress (Kovalchuk 2012; Jeremias et al. 2022). For example,
parental exposure of D. magna to copper (0.021 mg/L) altered global DNA methylation in FO, and these
epigenetic alterations persisted epigenetic persisted through three unexposed generations (F1-F3)
(Jeremias et al. 2022). Investigating epigenetic marks following exposure to glyphosate-based
formulations represents an important direction for future research.

Glyphosate is the most widely used herbicide worldwide, and most studies on glyphosate evaluate only
the isolated active ingredient, disregarding the other components present in commercial formulations.
The use of a commercial formulation in the present study reinforces its ecological relevance, as it allows
the effects of one of the most widely used glyphosate-based formulations to be investigated under
conditions that more realistically reflect environmental exposure. Several studies have demonstrated
that glyphosate-based formulations exhibit greater toxicity to organisms than the isolated active
ingredient (Bridi et al. 2017; Lares et al. 2022; Spinaci et al. 2022; Abe et al. 2024; Téth et al. 2024). This
greater toxicity has been attributed to the presence of other ingredients in these formulations, such as
the surfactant polyoxyethylene amine (POEA), which has been reported to be toxic to several species
(Mottier et al. 2014; Rodrigues et al. 2019; Lopes et al. 2021; Klatyik et al. 2024).

The measured glyphosate concentrations decreased after 72 h. This reduction may be associated with
several processes occurring in the experimental system, such as microbial activity, given that the culture
media were not autoclaved. In addition, the possibility of glyphosate bioaccumulation by
microcrustaceans cannot be excluded. Although glyphosate is expected to exhibit low bioaccumulation
potential in biota due to its low octanol-water partition coefficient (log Kow: -3.4), evidence indicates
that the herbicide can accumulate in the tissues of various organisms following exposure through water
or diet (Tongo et al. 2022; Yan et al. 2023; Drechsel et al. 2024, Li et al. 2026). However, even with the
decrease in glyphosate concentrations over the exposure period, toxic effects were still observed in the
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tested organisms. This may be related to the degradation by-products of the herbicide. Degradation may
occur through cleavage of C—N bonds, forming AMPA, a potentially more toxic metabolite, or through
cleavage of C—P bonds, generating sarcosine and subsequently glycine, which are less toxic products
(Sun et al. 2019).

Conclusion

The results of this study indicate that the most pronounced effects occurred in directly exposed
organisms and in the first generations following exposure. Based on the endpoints evaluated, responses
tended to return to baseline levels from the second generation onward. This finding may be considered
encouraging, as it suggests that glyphosate does not induce persistent effects across successive
generations of cladocerans. However, it is important to note that significant reproductive and
morphological alterations were observed at relatively low, environmentally relevant concentrations.
Under more complex environmental scenarios, including climate-related stressors and co-exposure to
other contaminants, these effects could be amplified and lead to more severe ecological consequences
than those observed in the present study.

Declarations
Authors and Affiliations

Programa de Pés-graduagao em Ciéncias Fisiologicas, Instituto de Ciéncias Biol6gicas, Universidade
Federal do Rio Grande. Ay, Italia km 8, 96203-900, Rio Grande, RS, Brazil.

Josiane Araujo da Silva, Jenifer Silveira Moraes & Camila de Martinez Gaspar Martins

Instituto Federal de Educacgao, Ciéncia e Tecnologia Sul-rio-grandense, Campus Pelotas. Praca 20 de
Setembro, 455, 96015-360, Pelotas, RS, Brazil.

Sophia Vallerini & Bernardo dos Santos Vaz

Conflict of interests

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Author Contribution

J.A.S: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Data Curation,
Visualization, Writing - Original Draft, Writing - Review & Editing. S.V: Methodology and Validation. B.S.V:
Methodology, Validation, Formal analysis, Resources, Writing - Review & Editing. J.S.M:

Page 11/24



Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing - Review & Editing.
C.M.G.M: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing - Review &
Editing, Resources, Supervision, Funding acquisition. All authors have read and approved the final
manuscript.

Acknowledgement

The authors thank the Coordenacéao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES -
Finance Code 001) for the research scholarship awarded to Josiane Araujo da Silva. Camila de Martinez
Gaspar Martins is a research fellow funded by the Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq - Process No. 312480/2023-7).

Data Availability

Data are available from the corresponding author upon reasonable request.

References

1

. Abe F, Dorta DJ, Gravato C, de Oliveira DP (2024) Elucidating the effects of pure glyphosate and a

commercial formulation on early life stages of zebrafish using a complete biomarker approach: All-
or-nothing! Sci Total Environ 916:170012. https://doi.org/10.1016/j.scitotenv.2024.170012

. ABNT - Associacao Brasileira de Normas Técnicas. ABNT NBR 13373 (2022) Ecotoxicologia

aquatica — Toxicidade cronica — Método de ensaio com Ceriodaphnia spp (Crustacea, Cladocera)

. ABNT - Associacao Brasileira de Normas Técnicas. ABNT NBR 12713 (2022) Ecotoxicologia

aquatica — Toxicidade aguda — método de ensaio com Daphnia spp. (Crustacea, Cladocera)

. Arreguin-Rebolledo U, Pdez-Osuna F, Betancourt-Lozano M, Rico-Martinez R (2023) Multi-and

transgenerational synergistic effects of glyphosate and chlorpyrifos at environmentally relevant
concentrations in the estuarine rotifer Proales similis. Environ Pollut 318:120708.
https://doi.org/10.1016/j.envpol.2022.120708

. Barreto L, Souza S, Morais TL, Ribeiro CAO (2023) Toxicity of glyphosate and

aminomethylphosphonic acid (AMPA) to the early stages of development of Steindachneridion
melanodermatum, an endangered endemic species of Southern Brazil. Environ Toxicol Pharmacol
102:104234. https://doi.org/10.1016/j.etap.2023.104234

. Battaglin WA, Meyer MT, Kuivila KM, Dietze JE (2014) Glyphosate and Its Degradation Product AMPA

Occur Frequently and Widely in U.S. Soils, Surface Water, Groundwater, and Precipitation. Journal of
the American Water Resources Association 50:275-290. https://doi.org/10.1111/jawr.12159

. Bridi D, Altenhofen S, Gonzalez JB, Reolon GK, Bonan CD (2017) Glyphosate and Roundup® alter

morphology and behavior in zebrafish. Toxicology 392:32-39.
https://doi.org/10.1016/j.tox.2017.10.007
Page 12/24



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Brookes G (2025) Glyphosate use in agricultural production: it's contribution to global carbon

dioxide emissions. GM Crops Food 17(1). https://doi.org/10.1080/21645698.2025.2594217

. Carpenter S, Cole J, Hodgson J, Kitchell J, Pace M, Bade D, Cottingham K, Essington T, Houser J,

Schindler D (2001) Trophic cascades, nutrients, and lake productivity: whole-lake experiments. Ecol
Monogr 71(2):163-186

da Silva JA, Martins MF, Guedes TA, Collares G, Primel E, Corréa M, Martins C (2024) The use of
integrative tools and multiple models for aquatic environmental quality assessment: a case study of
the Mirim Lagoon, Southern Brazil. Environ Monit Assess 196:200. https://doi.org/10.1007/s10661-
024-12336-4

Damiani S, Leite Montalvdo MT, Mendes RA, Costa AG, Passos CS (2023) Water and sediment
pesticide contamination on indigenous lands surrounded by oil palm plantations in the Brazilian
Amazon. Heliyon 9:e19920. https://doi.org/10.1016/j.heliyon.2023.e19920

Demetrio P, Bonetto M, Ronco AE (2014) The Effect of Cypermethrin, Chlorpyrifos, and Glyphosate
Active Ingredients and Formulations on Daphnia magna (Straus). Bull Environ Contam Toxicol
93(3):268-273. https://doi.org/10.1007/s00128-014-1336-0

Drechsel V, Krais S, Peschke K, Ziegler M, Kohler H, Triebskorn R (2024) Glyphosate- and
aminomethylphosphonic acid (AMPA)-induced mortality and residues in juvenile brown trout (Salmo
trutta f. fario) exposed at different temperatures. Environ Sci Eur 36:30.
https://doi.org/10.1186/s12302-024-00857-1

Duan K, Kish A, Kish L, Faletra PKS (2019) The Impact of Glyphosate-Based Herbicides and Their
Components on Daphnia Magna. BioRvix, 794156https://doi.org/10.1101/794156

Elser JJ, Goldman CR (1991) Zooplankton effects on phytoplankton in lakes of contrasting trophic
status. Limnol Oceanogr 36(1):64-90. https://doi.org/10.4319/10.1991.36.1.0064

Gustinasari K, Slugocki L, Czerniawski R, Pandebesie E, Hermana J (2021) Acute toxicity and
morphology alterations of glyphosate-based herbicides to Daphnia magna and Cyclops vicinus.
Toxicol Res 37:197-207. https://doi.org/10.1007/s43188-020-00054-1

Hansen LR, Roslev P (2016) Behavioral responses of juvenile Daphnia magna after exposure to
glyphosate and glyphosate-copper complexes. Aquat Toxicol 179:36-43.
https://doi.org/10.1016/j.aquatox.2016.08.010

Jacobasch C, Volker C, Giebner S, Volker J, Alsenz H, Potouridis T, Heidenreich H, Kayser G,
Oehlmann J, Oetken M (2014) Long-term effects of nanoscaled titanium dioxide on the cladoceran
Daphnia magna over six generations. Environ Pollut 186:180-186.
https://doi.org/10.1016/j.envpol.2013.12.008

Jeremias G, Veloso T, Gongalves FJM, Van Nieuwerburgh F, Pereira J, Asselman J (2022)
Multigenerational DNA methylation responses to copper exposure in Daphnia: Potential targets for
epigenetic biomarkers? Chemosphere 308:136231

Kylin H (2013) Time-integrated sampling of glyphosate in natural waters. Chemosphere 90:1821-
1828. https://doi.org/10.1016/j.chemosphere.2012.09.020

Page 13/24



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Klatyik S, Simon G, Olah M, Takacs E, Mesnage R, Antoniou MN, Zaller JG, Székacs A (2024) Aquatic
ecotoxicity of glyphosate, its formulations, and co-formulants: evidence from 2010 to 2023. Environ
Sci Europe 36(1):22. https://doi.org/10.1186/s12302-024-00849-1

Kovalchuk | (2012) Transgenerational Epigenetic Inheritance in Animals. Front Genet.
3https://doi.org/10.3389/fgene.2012.00076

Lares BA, Vignatti AM, Echaniz SA, Gutiérrez MF (2022) Effects of glyphosate on cladocera: A
synthetic review. Aquat Toxicol 249:106232. https://doi.org/10.1016/j.aquatox.2022.106232

Li G, Liu M, Zheng Z, Yang Z, Liu Y, Li C, Smagghe G (2026) From plant to predator: glyphosate
trophic transfer harms ladybird physiology and reproduction. Pest Manag Sci.
https://doi.org/10.1002/ps.70656

Lima IB, Boéchat IG, Fernandes MD, Monteiro J, Rivaroli L, Gucker B (2022) Glyphosate pollution of
surface runoff, stream water, and drinking water resources in Southeast Brazil. Environ Sci Pollut
Res 30:27030-27040. https://doi.org/10.1007/s11356-022-24167-2

Lopes A, Benvindo-Souza M, Carvalho WF, Nunes HF, Lima PN, Costa MS, Benetti EJ, Guerra V,
Saboia-Morais SMT, Santos CE, Simdes K, Bastos RP, Silva D (2021) Evaluation of the genotoxic,
mutagenic, and histopathological hepatic effects of polyoxyethylene amine (POEA) and glyphosate
on Dendropsophus minutus tadpoles. Environ Pollut 289:117911.
https://doi.org/10.1016/j.envpol.2021.117911

Lopes AR, Moraes JS, Martins CMG (2022) Effects of the herbicide glyphosate on fish from embryos
to adults: a review addressing behavior patterns and mechanisms behind them. Aquat Toxicol
251:106281. https://doi.org/10.1016/j.aquatox.2022.106281

Lopes T, Silveira C, da Silva J, Guedes T, Tavella R, Rola R, Marques J, Vieira C, Bianchini A, Martins C
(2025) A six-year ecotoxicological assessment of the Doce river and coastal marine areas impacted
by the Fundao tailings dam failure, Brazil. Environ Pollut 371:125897.
https://doi.org/10.1016/j.envpol.2025.125897

Lutri VF, Matteoda E, Blarasin M, Aparicio V, Giacobone D, Maldonado L, Quinodoz F, Cabrera A, Albo
J (2020) Hydrogeological features affecting spatial distribution of glyphosate and AMPA in
groundwater and surface water in an agroecosystem. Sci Total Environ 711:134557.
https://doi.org/10.1016/j.scitotenv.2019.134557

Lynch M (1980) The Evolution of Cladoceran Life Histories. Q Rev Biol 55(1):23-42.
https://doi.org/10.1086/411614

Manar R, Vasseur P, Bessi H (2012) Chronic toxicity of chlordane to Daphnia magna and
Ceriodaphnia dubia: A comparative study. Environ Toxicol 27:90-97.
https://doi.org/10.1002/tox.20616

Maselli V, Siciliano A, Giorgio A, Falanga A, Galdiero S, Guida M, Fulgione D, Galdiero E (2017)

Multigenerational effects and DNA alterations of QDs-Indolicidin on Daphnia magna. Environ Pollut
224:597-605. https://doi.org/10.1016/j.envpol.2017.02.043

Page 14/24



33.

34.

35.

36.

37.

38.

39.

40

41.

42.

43.

Miyakawa H, Sato T, Song Y, Tollefsen KE, Iguchi T (2018) Ecdysteroid and juvenile hormone
biosynthesis, receptors and their signaling in the freshwater microcrustacean Daphnia. J Steroid
Biochem Mol Biol 184:62-68. https://doi.org/10.1016/j.jsbmb.2017.12.006

Moraes JS, Costa Silva DG, Vaz BS, Mizuschima CW, Martins CMG (2023) Glyphosate is Harmful to
Early Life Stages of the Viviparous Fish Jenynsia Multidentata: Biochemical and Locomotor Effects.
Arch Environ Contam Toxicol 85(4):417-428. https://doi.org/10.1007/s00244-023-01015-z

Moraes JS, Nornberg BF, Castro MR, Vaz BS, Mizuschima CW, Marins LFF, Martins CMG (2020)
Zebrafish (Danio rerio) ability to activate ABCC transporters after exposure to glyphosate and its
formulation Roundup Transorb®. Chemosphere 248:125959.
https://doi.org/10.1016/j.chemosphere.2020.125959

Moraes JS, Ballesteros ML, Hued AC, Bonifacio AF, Azambuja TG, Vaz BS, Martins CMG (2024)
Glyphosate and its formulated product Roundup Transorb R® affect locomotor activity and
reproductive and developmental parameters in Jenynsia lineata fish: An intergenerational study.
Chemosphere 362. https://doi.org/10.1016/j.chemosphere.2024.142541

Mottier A, Pini J, Costil K (2014) Effects of a POEA surfactant system (Genamin T-200®) on two life
stages of the Pacific oyster, Crassostrea gigas. J Toxicol Sci 39(2):211-215.
https://doi.org/10.2131/jts.39.211

Test No. 211: Daphnia magna OECD. Organisation for Economic Co-operation and Development, Test
R (2008) https://doi.org/10.1787/9789264070127-en

Poulsen R, De Fine Licht HH, Hansen M, Cedergreen N (2021) Grandmother’s pesticide exposure

revealed bi-generational effects in Daphnia magna. Aquat Toxicol 236:105861.
https://doi.org/10.1016/j.aquatox.2021.105861

. Rodrigues LB, Costa GG, Tha EL, da Silva LR, Oliveira R, Leme DM, Cestari MM, Grisolia CK,

Valadares MC, Oliveira GAR (2019) Impact of the glyphosate-based commercial herbicide, its
components and its metabolite AMPA on non-target aquatic organisms. Mutat Research/Genetic
Toxicol Environ Mutagen 842:94-101. https://doi.org/10.1016/j.mrgentox.2019.05.002

Rodriguez-Miguel A, Hernandez-Zamora M, Martinez-Jerénimo L, Martinez-Jerénimo F (2021)
Exposure to sublethal concentrations of the glyphosate-based herbicide Faena® increases
sensitivity in the progeny of the American cladoceran Daphnia exilis. Environ Sci Pollut Res
1895(28):38094-38105. https://doi.org/10.1007/s11356-021-13259-0. Herrick

Ronco AE, Marino DJG, Abelando M, Almada P, Apartin C (2016) Water quality of the main tributaries
of the Parana Basin: glyphosate and AMPA in surface water and bottom sediments. Environ Monit
Assess 188:458. https://doi.org/10.1007/s10661-016-5467-0

Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa N, Kohli SK, Yadav P, Bali AS, Parihar
RD, Dar Ol, Singh K, Jasrotia S, Bakshi P Ramakrishnan M, Kumar S, Bhardwaj R, Thukral AK (2019)
Worldwide pesticide usage and its impacts on ecosystem. SN Appl Sci 1(11):1446.
https://doi.org/10.1007/s42452-019-1485-1

Page 15/24



44.

45.

46.

47.

48.

49.

50.

o1.

52.

93.

Sahilli YC, Korkmaz V (2025) Oxidative and Antioxidant Responses in Daphnia magna Following
Exposure to Sub-Lethal Glyphosate Concentrations. Biology Bull 52(8):263.
https://doi.org/10.1134/S106235902560922X

Sun M, Li H, Jaisi DP (2019) Degradation of glyphosate and bioavailability of phosphorus derived
from glyphosate in a soil-water system. Water Res 163:114840.
https://doi.org/10.1016/j.watres.2019.07.007

Suarez EGP, Pugliese S, Galdiero E, Guida M, Libralato G, Saviano L, Spampinato M, Pappalardo C,
Siciliano A (2023) Multigenerational tests on Daphnia spp.: a vision and new perspectives. Environ
Pollut 337:122629. https://doi.org/10.1016/j.envpol.2023.122629

Spinaci M, Nerozzi C, Mislei B, Blanco-Prieto O, Mari G, Galeati G, Bucci D (2022) Impact of
glyphosate and its formulation Roundup® on stallion spermatozoa. Theriogenology 179:197-203.
https://doi.org/10.1016/j.theriogenology.2021.12.003

Sumiya E, Ogino Y, Miyakawa H, Hiruta C, Toyota K, Miyagawa S, Iguchi T (2014) Roles of
ecdysteroids for progression of reproductive cycle in the fresh water crustacean Daphnia magna.
Front Zool 11(1):60. https://doi.org/10.1186/s12983-014-0060-2

Tongo |, Onokpasa A, Emerure F, Balogun P, Enuneku A, Erhunmwunse N, Asemota O, Ogbomida E,
Ogbeide O, Ezemonye L (2022) Levels, bioaccumulation and biomagnification of pesticide residues
in a tropical freshwater food web. Int J Environ Sci Technol 19:1467-1482.
https://doi.org/10.1007/s13762-021-03212-6

Toth G, Hahn J, Szabd G, Bakos K, Volner C, Liang X, Gobdlos B, Bock |, Szoboszlay S, Urbanyi B,
Kriszt B, Kaszab E, Szabd |, Csenki Z (2024) In vivo estrogenicity of glyphosate, its formulations, and
AMPA on transgenic zebrafish (Danio rerio) embryos. Environ Pollut 342:123113.
https://doi.org/10.1016/j.envpol.2023.123113

Tsui MTK, Chu LM (2003) Aquatic toxicity of glyphosate-based formulations: comparison between
different organisms and the effects of environmental factors. Chemosphere 52(7):1189-1197.
https://doi.org/10.1016/S0045-6535(03)00306-0

Van Bruggen AHC, He MM, Shin K, Mai V, Jeong KC, Finckh MR, Morris JG (2018) Environmental and
health effects of the herbicide glyphosate. Sci Total Environ 616-617:255-268.
https://doi.org/10.1016/j.scitotenv.2017.10.309

Yan B, Sun Y, Fu K, Zhang Y, Lei L, Men J, Guo Y, Wu S, Han J, Zhou B (2023) Effects of glyphosate

exposure on gut-liver axis: Metabolomic and mechanistic analysis in grass carp (Ctenopharyngodon
idellus). Sci Total Environ 902:166062. https://doi.org/10.1016/j.scitotenv.2023.166062

Figures

Page 16/24



Daphnia magna (F0) exposed for 21 days to
control group (natural water) and to
concentrations of 30, 65 and 100 pg/L of
glyphosate in the commercial formulation
Roundup Transorb R®

e p o«

Daphnia magna (subsequent generation F1)
maintained for 21 days to in uncontaminated

culture medium (natural water)

o« o« «

Daphnia magna (subsequent generation F2)
maintained for 21 days to in uncontaminated
culture medium (natural water)

A A L3

3

For all generations at the end of the trial, the
following parameters were analyzed:
* Total number of molts
* Total number of offspring
* Body length
«  Body width
* Tail spine length

Figure 1

Ceriodaphnia dubia (F0) exposed for 8 days to
control group (MS medium) and to
concentrations of 30, 65 and 100 pg/L of
glyphosate in the commercial formulation
Roundup Transorb R®

N=15

N2

Ceriodaphnia dubia (subsequent generation F1)
maintained for § days to in uncontaminated culture
medium (MS medium)

Ceriodaphnia dubia (subsequent generation F2)
maintained for 8 days to in uncontaminated culture
medium (MS medium)

For all generations at the end of the trial, the
following parameters were analyzed:
* Total number of molts
*+ Total number of offspring
» Body length
* Body width

Experimental design of the chronic toxicity assays with the cladocerans Daphnia magna (21-day
exposure) and Ceriodaphnia dubia (8-day exposure). The parental generation (FO) was exposed to four
treatments: control and three glyphosate concentrations (30, 65 and 100 pg/L) as the commercial

formulation Roundup Transorb R®. Subsequent generations (F1 and F2) were maintained under identical
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experimental conditions in herbicide-free culture media. n = 15 individually housed organisms per
treatment.
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Figure 2

Number of molts in Daphnia magna (A-C; 21-day assay) and Ceriodaphnia dubia (D-F; 8-day assay)
across three successive generations (FO, F1 and F2). Data are presented as mean + standard error.
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Asterisks indicate statistically significant differences relative to the control group (p < 0.05). Sample size
(n) for each treatment and generation are provided in Table S4. For D. magna, data for the F1 generation
were analyzed via one-way ANOVA followed by Dunnett’s post-hoctest (p < 0.05), whereas non-
parametric Kruskal-Wallis tests followed by Dunn’s post-hoc tests (p < 0.05) were used for FO and F2.
For C. dubia, data for the F2 generation were analyzed via one-way ANOVA with Dunnett’s post-hoc test (p
< 0.05), while FO and F1 were evaluated using Kruskal—-Wallis tests with Dunn’s post-hoc tests (p< 0.05).
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Figure 3

Number of offspring in Daphnia magna (A-C; 21-day assay) and Ceriodaphnia dubia (D—F; 8-day assay)
across three successive generations (FO, F1 and F2). Data are presented as mean + standard error.
Asterisks indicate statistically significant differences relative to the control group (p < 0.05). Sample size
(n) for each treatment and generation are provided in Table S4. For D. magna, data across all generations
were analyzed via one-way ANOVA followed by Dunnett’s post-hoctest (p < 0.05). For C. dubia, non-
parametric Kruskal-Wallis tests followed by Dunn’s post-hoc tests (p < 0.05) were applied across all
generations.
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Figure 4

Body length (mm) in Daphnia magna (A-C; 21-day assay) and Ceriodaphnia dubia (D-F; 8-day assay)
across three successive generations (FO, F1 and F2). Data are presented as mean + standard error.
Asterisks indicate statistically significant differences relative to the control group (p < 0.05). Sample size
(n) for each treatment and generation are provided in Table S4. For both species, data for the F1
generation were analyzed via one-way ANOVA followed by Dunnett’s post-hoc test (p< 0.05), whereas
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non-parametric Kruskal-Wallis tests followed by Dunn’s post-hoctests (p < 0.05) were applied for the FO
and F2 generations.
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Figure 5

Body width (mm) in Daphnia magna (A—C; 21-day assay) and Ceriodaphnia dubia (D—F; 8-day assay)
across three successive generations (FO, F1 and F2). Data are presented as mean + standard error.
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Asterisks indicate statistically significant differences relative to the control group (p < 0.05). Sample size
(n) for each treatment and generation are provided in Table S4. For D. magna, data for the FO and F1
generations were analyzed via one-way ANOVA followed by Dunnett’s post-hoctest (p < 0.05), whereas
the F2 generation was evaluated using non-parametric Kruskal—Wallis tests followed by Dunn’s post-hoc
tests (p< 0.05). For C. dubia, data for the F2 generation were analyzed via one-way ANOVA with Dunnett’s
post-hoc test (p < 0.05), while the FO and F1 generations were evaluated using Kruskal-Wallis tests with
Dunn’s post-hoc tests (p < 0.05).
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Figure 6

Tail spine length (mm) in Daphnia magna (A-C; 21-day assay) across three successive generations (F0,
F1 and F2). Data are presented as mean + standard error. Asterisks indicate statistically significant
differences relative to the control group (p < 0.05). Sample size (n) for each treatment and generation are
provided in Table S4. For the FO and F1 generations, data were analyzed via one-way ANOVA followed by
Dunnett’s post-hoctest (p < 0.05), whereas the F2 generation was evaluated using non-parametric
Kruskal-Wallis tests followed by Dunn's post-hoc tests (p< 0.05).
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