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1 Abstract 11 

Several traits of micro- and nanoplastic particles (MNPs), including among others, polymer 12 

type, size, and shape, have been shown to influence MNP toxicity. The direction and size of 13 

these moderating effects are however often unclear and generalizations from single studies are 14 

difficult to establish. Meta-analyses, which quantitatively aggregate data on a specific topic, 15 

can be used to increase generalizability of results and derive more accurate and precise effect 16 

size estimates by combining measurements from published studies. We conducted a meta-17 

analysis to investigate the effects of MNP exposure on the reproductive output of water fleas 18 

of the genus Daphnia by aggregating 369 data points from 64 published studies. We show that 19 

Daphnia individuals exposed to MNP produce on average 13.6 less neonates, which represents 20 

a reduction of 20.8% compared to the particle free controls (control mean = 65.37 neonates). 21 

This effect is moderated by the particles’ concentration and shape category, exposure duration, 22 

experimental temperature, and size category with microplastic particles eliciting a stronger 23 

negative effect than nanoplastic particles. Species, age of the test organisms, polymer type, size 24 

(as continous), fluorescence, modification type, presence of surfactant and DOM present did 25 

not influence effect sizes significantly. Based on the high residual heterogeneity in the data, 26 

we suggest that additional factors likely influence observed effects and discuss how a better 27 

characterization of particles could improve our understanding of the drivers of MNP toxicity. 28 

 29 

Keywords: ecotoxicology, nano-plastics, microplastics, offspring, water flea, neonates  30 
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Graphical Abstract 31 

 32 

2 Introduction 33 

Despite significant research efforts, there are still gaps in our knowledge about the 34 

effects of micro- and nanoplastic particles (MNPs) on organisms (Brehm et al., 2023; 35 

Thompson et al., 2024). While some studies suggest potential toxic effects (Guzzetti et al., 36 

2018; Pannetier et al., 2020), others report no adverse effects of MNPs (Malinich et al., 2018; 37 

Weber et al., 2021). Furthermore, reported effect sizes vary substantially among experiments 38 

(Brehm et al., 2023; Foley et al., 2018; Salomon et al., 2024). This inconsistency may be due 39 

to the fact that each MNP tested has a unique set of traits, and experimental setups are often 40 

not standardized across different studies (Brehm et al., 2023; Thompson et al., 2024). 41 

MNP toxicity has been shown to be influenced by several MNP traits (Lambert et al., 42 

2017) including (i) physical (e.g., polymer type, size, shape, zeta potential and other surface 43 

properties; Gray & Weinstein, 2017; Pochelon et al., 2021; Saavedra et al., 2019; Schwarzer et 44 

https://www.zotero.org/google-docs/?NUONFP
https://www.zotero.org/google-docs/?NUONFP
https://www.zotero.org/google-docs/?eZGJpU
https://www.zotero.org/google-docs/?eZGJpU
https://www.zotero.org/google-docs/?EFXOvQ
https://www.zotero.org/google-docs/?EFXOvQ
https://www.zotero.org/google-docs/?SnQaG0
https://www.zotero.org/google-docs/?apk6UB
https://www.zotero.org/google-docs/?broken=X5vhE9
https://www.zotero.org/google-docs/?broken=X5vhE9
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al., 2022), (ii) chemical (e.g., presence of surfactants, additives or other plastic-associated 45 

chemicals; Boháčková & Cajthaml, 2024; Schrank et al., 2019) and (iii) biological (e.g., 46 

existence and form of an eco-corona or biofilm; Ramsperger et al., 2020; Salomon et al., 2024) 47 

factors. Moreover, characteristics connected to the biology of the organisms like the age of 48 

exposed individuals or characteristics connected to the experimental setup such as temperature 49 

(Chang et al., 2022; Klasios et al., 2024), MNP concentration (Fekete-Kertész et al., 2018), and 50 

exposure duration can influence experimental outcomes further (Pikuda et al., 2023). 51 

While acute effects of MNP on survival are studied best among all endpoints (see 52 

Microplastics Toxicity Explorer (ToMEx), Thornton Hampton et al., 2022; Brehm et al. 2023), 53 

sublethal effects such as behavioral changes and alterations in life span, body size, growth, and 54 

reproduction are getting increasingly into the focus of scientific research and regulatory risk 55 

assessment (Barascou et al., 2021). Over longer exposure durations, sublethal effects can have 56 

substantial impacts on population dynamics by reducing the individuals’ fitness (Santadino et 57 

al., 2014; Barata et al., 2008; Bellehumeur et al., 2016; Connell, 1995) and the overall health 58 

of ecosystems (Mayer-Pinto et al., 2020). Within the same time frame, sublethal effects often 59 

occur at lower concentrations than mortality (Horie et al., 2017; Wolf & Segner, 2023). 60 

Therefore, considering sublethal effects is essential for understanding the long-term impact of 61 

potentially toxic substances on populations and ecosystems. Among them, alterations in 62 

reproduction is of particular relevance (OECD, 2012, 2016) but its effect size is rarely reported. 63 

Daphnia, a genus of filter-feeding crustaceans, is widely used in ecotoxicity studies, 64 

including both studies on survival and on sublethal effects (Ebert, 2022; OECD, 2012). 65 

Daphnia spp. have a comparably short generation time, they reproduce through 66 

parthenogenesis (i.e., producing genetically identical clones), and play a key role in lentic 67 

aquatic food webs by linking primary production with higher trophic levels (Baird et al., 1989; 68 

Ten Berge, 1978). These characteristics make Daphnia an efficient model organism which is 69 

https://www.zotero.org/google-docs/?Wfwh2R
https://www.zotero.org/google-docs/?7FyMtG
https://www.zotero.org/google-docs/?rtSEH7
https://www.zotero.org/google-docs/?FmvRVb
https://www.zotero.org/google-docs/?betQuu
https://www.zotero.org/google-docs/?zt6oL3
https://www.zotero.org/google-docs/?RKT7Gp
https://www.zotero.org/google-docs/?4ApM8t
https://www.zotero.org/google-docs/?4ApM8t
https://www.zotero.org/google-docs/?YaskZT
https://www.zotero.org/google-docs/?BLVAfc
https://www.zotero.org/google-docs/?ga2xu6
https://www.zotero.org/google-docs/?rY02bM
https://www.zotero.org/google-docs/?nOQxaZ
https://www.zotero.org/google-docs/?LXxVVW
https://www.zotero.org/google-docs/?LXxVVW


 

   
 

5 

 

used widely in ecotoxicological research and within the regulatory context (OECD, 2004, 70 

2012). Daphnia spp. is one of the main organism groups used in the ecotoxicity assessment of 71 

pharmaceuticals (Tkaczyk et al., 2021), toxic metals (Kim et al., 2015), and also in MNP 72 

studies (Thornton Hampton et al., 2022). However, inconsistencies in the effects of MNPs on 73 

Daphnia reproduction are often observed, likely because material properties and experimental 74 

conditions have been rarely considered (Besseling et al., 2014; Khosrovyan & Kahru, 2022). 75 

Meta-analyses summarize evidence on a particular topic by combining measurements 76 

or statistical results of multiple previous studies (Grewal et al., 2018; Spector & Thompson, 77 

1991). They are broadly used in medical research (Wang et al., 2021) and increasingly also in 78 

ecotoxicology (e.g., Huo et al., 2022; Vilas–Boas et al., 2020; Yang & Nowack, 2020). By 79 

pooling the results of multiple studies, meta-analyses enable a more precise estimation of the 80 

true effect size (Ellis, 2010) and allow for a comprehensive assessment of how additional 81 

factors moderate these effects (Dekkers, 2018). 82 

A first attempt to investigate generalized effects of MNPs on Daphnia reproduction by 83 

means of a meta-analysis was published in 2024 (Funke et al. 2024). In this first study, Funke 84 

et al. (2024) modelled the number of offspring by concentration classes. However, the 85 

heterogeneity in the models remained high, which indicates that grouping the data according 86 

to exposure concentration classes alone does not sufficiently account for the variance in the 87 

data. In contrast, it is likely that other factors including MNP traits and additional experimental 88 

characteristics might influence the true effect sizes. Additionally, the literature on MNP effects 89 

on Daphnia reproduction has increased considerably since the period covered by Funke et al. 90 

(2024) as the last publication search was in April 2022. A re-evaluation based on an extended 91 

dataset which takes into account further experimental parameters and MNP traits as predictors 92 

could thus improve our understanding of MNP effects on Daphnia spp. reproduction. 93 

https://www.zotero.org/google-docs/?fC9c2Z
https://www.zotero.org/google-docs/?fC9c2Z
https://www.zotero.org/google-docs/?fvKzNg
https://www.zotero.org/google-docs/?KQgAPX
https://www.zotero.org/google-docs/?32sXsC
https://www.zotero.org/google-docs/?VRY7ln
https://www.zotero.org/google-docs/?MNQRoR
https://www.zotero.org/google-docs/?MNQRoR
https://www.zotero.org/google-docs/?LlH4B5
https://www.zotero.org/google-docs/?iucIJo
https://www.zotero.org/google-docs/?vu2HHg
https://www.zotero.org/google-docs/?IVFlup
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We performed a meta-analysis to obtain a most precise and accurate estimate of the 94 

effect size that MNPs impose on Daphnia spp. reproduction. In our analysis, we aimed to 95 

identify MNP traits and experimental conditions particularly associated with observed 96 

offspring number variations. To this end, we extracted 369 data points from 64 published 97 

papers, focusing on both experimental factors (e.g., species, age of individuals, exposure 98 

duration, and temperature) and different MNP traits (e.g., polymer type, size category and 99 

shape category). 100 

 101 

3 Materials and methods 102 

3.1  Search Strategy 103 

We performed a literature search to identify studies investigating the effects of MNPs 104 

on the reproductive output of water fleas of the genus Daphnia. After search string 105 

optimization, the final search was performed on March 5th, 2024, using the Web of Science 106 

(WoS) database with the search string “((“microplastic*” OR “micro plastic*” OR “micro-107 

plastic*” OR “nanoplastic*” OR “nano plastic*” OR “nano-plastic*”) AND (“Daphnia*”) 108 

AND (“reproduction” OR “offspring*”))”. Additionally, we added references listed in Brehm 109 

et al. (2023) and Funke et al. (2024). After removing duplicates, we screened the titles and 110 

abstracts based on the following inclusion criteria: (1) experimental research (i.e., excluding 111 

review articles, proceeding papers and book chapters); (2) measurements of reproductive 112 

output of Daphnia spp. under MNP exposure, with explicit reference to relevant terms (e.g. 113 

offspring, neonates, reproduction). The full text of studies that passed these initial criteria were 114 

screened based on two more criteria: (3) inclusion of a control treatment without MNP 115 

exposure (particle-free control), while maintaining all other experimental conditions; (4) no 116 

co-exposure with additional chemical stressors (e.g., toxic substances). Studies that did not 117 
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meet all criteria were excluded and the reason(s) for exclusion were noted. Studies passing all 118 

four criteria were included for data extraction.  119 

 120 

3.2  Data Extraction and Preparation 121 

For each MNP treatment and the particle-free controls, we extracted the reported 122 

reproductive output (mean and standard deviation (SD), standard error (SE) or confidence 123 

interval (CI)) and noted the exact endpoint that was measured (e.g. neonates per adult or 124 

neonates per brood). In addition, we extracted the following parameters of the experimental 125 

setup, if reported: the number of replicates (i.e. number of test vessels), the number of 126 

individuals per replicate (i.e. number of adults per test vessel) at the start of exposure, species 127 

name, age of the test individuals at the start of exposure (in days), exposure duration (from start 128 

of exposure to reproduction measurement in days), presence of surfactant (yes or no), whether 129 

the exposure media contained dissolved organic matter (DOM) or particles used were 130 

incubated in e.g., natural freshwater or media supplemented with DOM, resulting in the 131 

formation of an eco-corona or biofilm), and experimental temperature. As MNP characteristics, 132 

we noted polymer type, mean size (and standard deviation if provided), fluorescence (yes or 133 

no), modification type (either one of aluminium oxide, aminated, BP-3, carboxylated, DiNP, 134 

incubation of MNP in DOM containing media prior to exposure, or UV-weathered), and shape 135 

category (one of either spherical particle, fiber or fragment). When details were not reported, 136 

but both the manufacturer and lot number were provided, we checked for additional 137 

information on the manufacturer’s website. Recycled LDPE and virgin LDPE were grouped as 138 

LDPE. Polymer types with three or less data points were aggregated in the polymer type group 139 

“others”. We included polymer categories for “Thermoset” and “Tire wear” (TW) for cases 140 

where authors only reported these polymer categories without providing more detailed 141 

information. 142 
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We extracted the concentration of MNPs used in each treatment in mg/L and 143 

particles/ml when available. If necessary, concentrations reported in particles/ml were 144 

transformed to mg/L according to Thornton Hampton et al. (2022) based on particle dimensions 145 

and polymer densities. For experiments that reported reproduction over time, offspring for the 146 

time point closest to 21 days was noted when possible. Otherwise, we extracted the last 147 

cumulative time point. Reproduction rates for all other time points were disregarded. When 148 

reproductive output was provided as daily average, we multiplied the number of neonates per 149 

exposure duration. In case both neonates per brood and the number of broods were provided, 150 

we multiplied the numbers to obtain an estimate for the total number of neonates, which was 151 

then divided by the number of adults in the replicate. If only the number of neonates per brood 152 

was provided and the number of broods was not specified, we assumed five broods for a 21-153 

day experiment. For all these cases, we calculated the overall SD by taking the square root of 154 

the sum of the squared SDs of single broods or daily measurements (SD= √(SD_1^2) + 155 

(SD_2^2) + ⋯ + (SD_N^2)). When only the SE was reported, the SD was calculated by 156 

multiplying the SE with the square root of the number of replicates (SD = SE × √N). If only 157 

the number of eggs (inside the breeding cavity) was provided, we considered that as the 158 

reproductive output. For transgenerational experiments, we only considered the reproductive 159 

output from adults that were directly exposed to MNPs (i.e., not the recovery generation). If 160 

the measure of uncertainty (SD, SE or CI) was not explicitly stated, we assumed it to be SD. 161 

Whenever feasible, we directly extracted the reproductive output from the tables, main text or 162 

supplemental material. If measurement means were not reported directly, but raw data were 163 

provided, means and SDs were calculated from the raw data. When experimental temperature 164 

was not reported specifically, but breeding temperature was mentioned, we assumed them to 165 

be the same. A total of 4 data points from 1 study did not mention the age of individuals at the 166 

start of the exposure. We assumed an age similar to the median age across all data points in the 167 

https://www.zotero.org/google-docs/?gEJlKs
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dataset. If data were presented only in figures, we used the R package metaDigitise (version 168 

1.0.1; Pick et al., 2018) to obtain mean values and SD from the plots. If extraction was not 169 

possible in any instance, we tried to contact the authors via email to request the raw data. 170 

 171 

3.3 Data Analysis 172 

As a measure of effect size, we calculated the mean difference (MD) using the escalc 173 

function from the metafor package (version 4.2; Viechtbauer, 2010). Our primary model was 174 

a multivariate random-effects meta-regression model without intercept using the rma.mv 175 

function. The full model included all potential moderators: species name, age of individuals 176 

(in days), exposure duration (in days), temperature (in °C), concentration (in mg/L), polymer 177 

type, mean particle size (μm), shape category, whether the particles were microplastics (> 100 178 

nm) or nanoplastics (≤ 100 nm; size category), fluorescence (yes or no), modification type (if 179 

applicable), presence of surfactant (yes or no), and whether DOM was present in the media or 180 

particles were pre-conditioned in DOM containing media prior to exposure (yes or no). In 181 

addition, we added random effects for samples (sample_ID) nested within studies (pub_ID) to 182 

allow the model to account for heterogeneity between studies and between samples within the 183 

same study. To test the significance of each moderator individually, reduced models were fitted 184 

by excluding one moderator at a time from the full model. The anova function was finally used 185 

to compare each reduced model with the full model via likelihood ratio tests. Results were 186 

illustrated with regression plots for the continuous and forest plots for categorical variables 187 

using the orchaRd package (version 2.0; Nakagawa et al., 2023). For these illustrations, meta-188 

regression models were fitted including only one predictor at a time. All statistical analyses 189 

and data visualizations were performed in R (version 4.4.1; R Core Team, 2024). 190 

 191 

https://www.zotero.org/google-docs/?yqDPfl
https://www.zotero.org/google-docs/?yqDPfl
https://www.zotero.org/google-docs/?sPgLVv
https://www.zotero.org/google-docs/?qx1xw4
https://www.zotero.org/google-docs/?V7Soik
https://www.zotero.org/google-docs/?V7Soik
https://www.zotero.org/google-docs/?V7Soik
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4 Results 192 

4.1 Literature search and data extraction 193 

We identified a total of 122 publications (see PRISMA diagram; Fig.1) through the 194 

Web of Science (WoS) database search, 84 publications from Brehm et al. (2023), and 32 from 195 

Frunke et al. (2024). After removing duplicates and triplicates (n = 42), we screened the titles 196 

and abstracts of 172 individual publications. Following this screening, 96 papers were excluded 197 

as they did not meet the inclusion criteria. We thoroughly assessed the full text of a total of 76 198 

papers for eligibility and the possibility to extract all necessary data, with 12 further studies 199 

being excluded (see Fig.1 for reason for exclusion and supplementary online material for the 200 

full literature list including all screening results). Ultimately, our meta-analysis resulted in the 201 

successful extraction of 369 data points from 64 publications. All extracted data can be found 202 

in the supplementary online material. 203 
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 204 
Fig. 1. Adapted PRISMA Flow Diagram illustrating the systematic process used to include eligible studies in our 205 

meta-analysis. WoS: Web of Science. MNP: Micro- and nanoplastic particles. 206 

 207 

4.2 Meta-analysis of Daphnia spp. reproduction 208 

Averaged over all studies, the number of neonates produced per Daphnia in the particle-209 

free control groups was 65.37 (mixed random effects meta-regression model: MD = 65.37; SE 210 

= 2.85; 95% CI = [59.77, 70.96]; z = 22.90; p < 0.001). When exposed to MNPs, the number 211 

of neonates decreased by 20.8% (MD = -13.60; SE = 2.77; 95% CI = [-19.03, -8.17]; z = -4.90; 212 

p < 0.001). However, this effect estimate is likely not derived from a common true effect 213 

(residual heterogeneity of the model: Q (df = 368) = 29979.05; p < 0.001).  214 
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Collectively, all the moderators together explained a significant amount of variability 215 

in effect sizes (full mixed meta-regression model [test of moderators: QM (df = 35) = 103.55; 216 

p < 0.001; residual heterogeneity of the model QE (df = 333) = 20215.55; p < 0.001). Adverse 217 

effects of MNP on reproduction increased with increasing particle concentration (full vs. 218 

reduced mixed meta-regression model: likelihood ratio (LR) = 29.98; p < 0.001; concentration 219 

range = 7.19e-08 to 500 mg/L, median = 1.25 mg/L, mean = 18.01 mg/L; Fig. 2), increasing 220 

exposure duration (LR = 12.56; p < 0.001; range of exposure durations = 6 to 39, median = 21, 221 

mean = 20.29; Fig. 3A) and increasing temperature (LR = 37.60; p < 0.001; range of 222 

temperature = 15 to 30, median = 20, mean = 20.85; Fig. 3B). Effects were further moderated 223 

by size category (LR = 4.35; p = 0.03) and shape category (LR = 6.17; p = 0.04). Species (LR 224 

= 1.44; p = 0.69), size (LR = 3.25; p = 0.07; Fig. S1), age of individuals at the start of exposure 225 

(LR = 0.05 p = 0.81; range of age = 0 to 18, median = 0, mean = 0.7; Fig. S2), polymer type 226 

(LR = 12.44; p = 0.41), fluorescence (LR = 0.90; p = 0.34; Fig. S3), modification type (LR = 227 

2.21; p = 0.94; Fig. S4), presence of surfactant (LR = 2.57; p = 0.10; Fig. S5), and DOM present 228 

(LR = 0.07; p = 0.78) were not significant. 229 

 230 
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 231 

Fig. 2. Effect of MNP concentration in mg/L on the reproductive output of Daphnia spp. The size of the data 232 

points is proportional to the inverse standard error. The meta-regression line is the solid line, with the 95% 233 

confidence interval shown as the shaded area. 234 

 235 
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Fig. 3. Effect of experimental conditions on MNP effects on the reproductive output of Daphnia spp. A: exposure 236 

duration (in days); B: temperature (in degrees Celsius (°C)). The size of the data points is proportional to the 237 

inverse standard error. The meta-regression line is the solid line, with the 95% confidence interval shown as the 238 

shaded area. 239 

 240 

Species. In total, we extracted data for four Daphnia species (Fig. 4): D. pulex (32 data 241 

points; 6 studies), D. magna (331 data points; 56 studies), D. galeata x longispina (2 data 242 

points; 1 study), and D. carinata (4 data points; 2 studies). The meta-regression showed that 243 

for D. pulex, the reproductive output was on average reduced by 22.06% (control mean = 79.01; 244 

mixed meta-regression model: MD = -17.43; SE = 7.59; 95% CI = [-32.30, -2.55]; z = -2.29; p 245 

= 0.02) and 19.74% for D. magna (control mean = 62.76; mixed meta-regression model: MD 246 

= -12.39; SE = 2.84; 95% CI = [-17.97, -6.81]; z = -4.35; p < 0.001). Daphnia carinata also 247 

showed an overall decrease by 28.08% in reproductive output under MNP exposure (control 248 

mean = 189.42; mixed meta-regression model: MD = -53.19; SE = 17.58; 95% CI = [-87.66, -249 

18.72]; z = -3.02; p = 0.002). The data for D. galeata x longispina were limited to only 2 data 250 

points from 1 study and, therefore, no summary statistics were calculated. 251 
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 252 

Fig. 4. Mean difference in reproductive output among individuals of four Daphnia species exposed to MNPs 253 

compared to particle-free controls. Narrow lines represent prediction intervals, black bold lines show 95% 254 

confidence intervals; ‘k’ indicates the number of data points, with the number in parentheses corresponding to the 255 

number of publications. The dashed line at zero represents the point where no effect is detected; *p < 0.05, **p < 256 

0.01, ***p < 0.001. 257 

 258 

Polymer. A total of 19 polymer types were included in the meta-analysis (see Table 259 

S1). The number of studies per polymer type ranges from 1 to 34. Although polymer was 260 

overall not a significant moderator, we found differences among the polymer types (Fig. 5). 261 

The reproductive output of Daphnia spp. was overall significantly reduced when exposed to 262 

the four most tested polymers: Polystyrene (PS; 231 data points from 34 studies; mixed meta-263 

regression model: MD = -11.31, SE = 3.61; 95% CI = [ -18.39, -4.23]; z = -3.13; p = 0.001); 264 

Polyethylene (PE; 36 data points from 14 studies; MD = -17.91; SE = 6.16; 95% CI = [-30.00, 265 

-5.82]; z = -2.90; p = 0.003); Thermoset (24 data points from 5 studies; MD = -25.23; SE = 266 
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8.07; 95% CI = [-41.07, -9.40]; z = -3.12; p = 0.001); and TW (13 data points; 2 studies; MD 267 

= -25.30; SE = 12.85; 95% CI = [-50.50, -0.10]; z = -1.96; p = 0.04). Additionally, reproductive 268 

output was also reduced by polyethylene terephthalate exposure (PET; 4 data points; 2 studies; 269 

MD = -51.38; SE = 16.51; 95% CI = [-83.74, -19.01]; z = -3.11; p = 0.001). All other polymer 270 

types did not significantly change MNP effects on Daphnia reproduction (mixed meta-271 

regression model: all p > 0.09). 272 

 273 

Fig. 5. Mean differences between the reproductive output of Daphnia individuals in response to MNP treatment 274 

and particle-free control dependent on polymer type. Narrow lines represent prediction intervals, and black bold 275 

lines show 95% confidence intervals; ‘k’ indicates the number of data points, with the number in parentheses 276 
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corresponding to the number of publications. Dashed line at zero represents the point where no effect is detected. 277 

Polymer types with three or less data points were aggregated as “others”; *p < 0.05, **p < 0.01, ***p < 0.001. 278 

 279 

Size category. The compiled studies included particles on the nanoscale (< 1µm; 70 280 

data points; 15 studies) and microscale (≥ 1µm; 299 data points; 54 studies) with particle sizes 281 

ranging from 0.003 μm to 600 μm (median = 4.10 μm; mean = 22.59 μm). For two data points 282 

in one study, particle size was not reported. For these cases, the median of the reported sizes 283 

was assumed, and the missing data points were included as microplastic in the size category. 284 

While particles categorized as microplastic significantly reduced the number of offspring by 285 

16.55 (Fig. 6; mixed meta-regression model: MD = -16.55; SE = 2.97; 95% CI = [-22.39, -286 

10.71]; z = -5.55; p < 0.001), particles categorized as nanoplastic had no significant moderating 287 

effect (MD = -1.30; SE = 5.30; 95% CI = [-11.70, 9.09]; z = -0.24; p = 0.80). 288 
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 289 

Fig. 6. Mean differences in reproductive output between exposure to particles categorized as nanoplastic or 290 

microplastic, and particle-free control. Narrow lines represent prediction intervals, and black bold lines show 95% 291 

confidence intervals; ‘k’ indicates the number of data points, with the number in parentheses corresponding to the 292 

number of publications. Dashed line at zero represents the point where no effect is detected; *p < 0.05, **p < 293 

0.01, ***p < 0.001. 294 

 295 

Shape category. Our meta-analysis included MNPs of all three particle shape 296 

categories: Spherical particles (231 data points; 45 studies), fragments (124 data points; 22 297 

studies) and fibers (14 data points; 4 studies). Fragments and spherical particles moderated 298 

MNP effects on reproductive output similarly (Fig. 7), with spherical particles reducing 299 
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offspring numbers by 13.12 (mixed meta-regression model: MD = -13.12; SE = 3.19; 95% CI 300 

= [-19.38, -6.86]; z = -4.10; p < 0.001) and fragments by 13.23 neonates (MD = -13.23; SE = 301 

4.21; 95% CI = [-21.48, -4.98]; z = -3.14; p = 0.001). Exposure to fibers had a stronger negative 302 

effect, reducing offspring on average by 23.82 neonates (MD = -23.82; SE = 9.30; 95% CI = 303 

[-42.06, -5.58]; z = -2.56; p = 0.01). 304 

 305 

Fig. 7. Forest plot showing the mean differences in reproductive output for each particle shape category. Narrow 306 

lines represent prediction intervals, and black bold lines show 95% confidence intervals; ‘k’ indicates the number 307 

of data points, with the number in parentheses corresponding to the number of publications. Dashed line at zero 308 

represents the point where no effect is detected; *p < 0.05, **p < 0.01, ***p < 0.001. 309 
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 310 

Presence of DOM. Our analysis included plastic particles exposed to non-biotic media (344 311 

data points; 62 studies), as well as particles exposed to DOM (25 data points; 4 studies). While 312 

exposure to MNP in media containing DOM or when particles were incubated in DOM 313 

containing media prior to exposure did not significantly reduce the reproductive output (MD = 314 

-12.22; SE = 7.14; 95% CI = [-26.23, 1.78]; z = -1.70; p = 0.08), exposure to MNP conducted 315 

in media without DOM significantly reduced Daphnia spp. reproduction (Fig. 8; mixed meta-316 

regression model: MD = -13.66; SE = 2.78; 95% CI = [-19.13, -8.19]; z = -4.90; p< 0.001),  317 

 318 
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Fig. 8. Mean differences in reproductive output when exposure to MNPs was conducted in the media with DOM 319 

(yes) or without DOM (no). Narrow lines represent prediction intervals, and black bold lines show 95% confidence 320 

intervals; ‘k’ indicates the number of data points, with the number in parentheses corresponding to the number of 321 

publications. Dashed line at zero represents the point where no effect is detected; *p < 0.05, **p < 0.01, ***p < 322 

0.001. 323 

 324 

5 Discussion 325 

Across all compiled studies, MNP reduced the number of offspring produced by 326 

Daphnia spp. by 13.6, on average, which represents a reduction of 20.8%. This effect increased 327 

with increasing MNP concentration, was stronger for particles categorized as microplastic than 328 

for those categorized as nanoplastic, and was further moderated by exposure duration, 329 

temperature, and particle shape category.  330 

While we expected the observed concentration dependency of effects, the increased 331 

negative impact of larger microplastic particles compared to the much smaller nanoplastic 332 

particles was surprising. Size has previously been shown to be negatively correlated with effect 333 

size (i.e. larger particles lead to smaller effects) for endpoints including Daphnia lifespan 334 

(Jeong et al., 2016) and reproduction (An et al., 2021), among others, which is usually 335 

explained by the increased surface to volume ratio of the smaller particles (Koelmans et al., 336 

2022). In addition, nanoplastics are more often translocated into tissues and cells which may 337 

lead to adverse effects (Xu et al., 2019). At the same time, larger MNPs possess a larger 338 

volume. When considering that food uptake in these non-selective filter feeders follows a type 339 

I functional response (e. g., food consumption rate increases linearly with food abundance up 340 

to a threshold level at which it remains constant; Jeschke et al., 2004), and that the filtered 341 

volume is thus limited, the maximum amount of food that can be ingested along with MNPs 342 

will be lower for larger MNPs. The stronger effects reported for microplastic compared to 343 

https://www.zotero.org/google-docs/?07bxyJ
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nanoplastic particles may therefore be attributed to reduced food intake (i.e., food dilution 344 

effect; Ogonowski et al., 2016). 345 

Similar to comparative studies on the toxicities of chemical pollutants (Völker et al., 346 

2013), we found that sensitivity towards MNP might differ among different Daphnia species, 347 

with D. carinata being more sensitive than D. magna and D. pulex. However, in contrast to our 348 

findings, these studies on chemicals found D. carinata to be less sensitive than the other species 349 

(Phyu et al., 2004). A likely reason for this discrepancy is that species like D. carinata that 350 

occur not only in lakes but also in smaller ponds, may be more robust to particulate matter than 351 

pure pelagic species, as pond species are naturally exposed to higher concentrations of mineral 352 

particles (Hart, 1992). However, according to this hypothesis, D. magna, which usually dwells 353 

close to the ground stirring up and feeding on substrate, is expected to be more tolerant towards 354 

particulate matter compared to other species, a pattern that is not represented in our data. 355 

Similar to the few measurements for D. galeata x longispina, data for D. carinata are still 356 

scarce (only four data points from two studies) and more experiments designed specifically to 357 

test the difference between species are needed to draw more solid conclusions. For future 358 

experiments, it would also be interesting to test whether differences in sensitivity can also be 359 

found among different clones (i.e., within the same species; see for example Imhof et al., 2017).  360 

For the compiled dataset, no moderating effect was observed for the age of the test 361 

individuals at the start of exposure. Although this might be a result of a strong bias in the data 362 

towards the testing of neonates, we found a moderating effect of exposure duration which is 363 

similarly biased towards 21-day exposure periods. While this consistency in experimental 364 

design is necessary to increase comparability among results across studies (see OECD, 2012), 365 

additional research is needed to specifically investigate how MNP effects on reproduction 366 

change with the test individuals’ age and under extended exposure durations. Promising 367 

approaches include experiments measuring lifetime reproductive success (Betini et al., 2020) 368 

https://www.zotero.org/google-docs/?n68rtq
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and studies assessing reproductive output across consecutive clutches (Imhof et al., 2017). The 369 

effect of temperature was also significant, and the negative slope indicates that MNP exposure 370 

at higher temperatures potentially reduces reproductive performance further. Again, 371 

considering the strong bias of studies towards testing at 20°C (following OECD, 2012), further 372 

experiments targeting specifically effects of MNP under increased temperatures (simulating 373 

multiple stressor situations under climate warming) are needed. 374 

Biases in the compiled dataset are also visible in the traits of the tested MNP. While in 375 

total, a large number of different polymer types were tested, some polymers (e.g., PS with 231 376 

data points) have a much higher representation than others (e.g., PET with only four data 377 

points). This uneven distribution limits the generalizability of the results for less-studied 378 

polymers. Additionally, nominally identical polymer particles might have different toxic 379 

effects (Ramsperger et al., 2022) depending on properties that are often not reported such as 380 

the particles’ zeta potential or other measures of surface charge (Wieland et al., 2024), or 381 

different types and amounts of plastic associated chemicals (Ivleva, 2021). Similar to previous 382 

meta-analyses on MNP effects on Daphnia spp. (Brehm et al., 2023; Funke et al., 2024; 383 

Salomon et al., 2024) and other organisms (Ji et al., 2021), a bias towards testing spherical 384 

particles is visible also in our dataset with fibers still being tested only scarcely. 385 

It is often argued that particles that have been exposed to the environment could change 386 

their properties in a way that influences their toxicity (Behera & Das, 2023; Waldschläger et 387 

al., 2020). Although exposure to DOM is not entirely understood, studies suggest that particles 388 

with eco-corona or biofilm are more likely to be internalized by cells (Ramsperger et al., 2020), 389 

and higher rates of internalization may lead to stronger biological effects. However, these cell-390 

based studies used murine macrophage cell lines which differ drastically from endothelial cells. 391 

Moreover, Daphnia presents a peritrophic membrane coating the midgut. This membrane 392 

protects the gut from potential injuries caused by the naturally occurring particles ingested 393 

https://www.zotero.org/google-docs/?vcCFkm
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during water filtering (Quaglia et al., 1976). Thus, when the membrane is undamaged, only 394 

MNPs smaller than its pore size (e.g. Daphnia magna ~ 130 nm) can enter in contact with the 395 

epithelial cells (Heinlaan et al., 2011), the point of potential cellular uptake.  396 

Our meta-analysis is inconclusive regarding effects of the presence of DOM, as 397 

treatments with particles exposed to DOM had a broader CI and non-significant result. DOM 398 

has been previously shown to mitigate toxic effects of MNP on Daphnia survival (Fadare et 399 

al., 2019; Salomon et al., 2024) and on other species (e.g., Artemia salina; (Kamalakannan et 400 

al., 2024). This suggests that while incubation in biotic environments leads to eco-corona 401 

formation, it also attenuates the toxic effects of MNPs, possibly by altering the particles’ 402 

bioavailability (Liu et al., 2022) or by serving as an additional food source (Amariei et al., 403 

2022). The mitigating effect of eco-corona presence and the harsher effects of larger size 404 

particles could both be explained as a response of Daphnia to food availability. Alterations of 405 

Daphnia reproductive success caused by MNPs are a combination of nutrition uptake 406 

impairment and toxic effects. Therefore, food concentration during experimental exposure 407 

should be considered when discussing MNP toxicity. 408 

In our meta-analysis, we compiled 369 data points from 64 studies, which about 409 

doubles the number of data points and studies aggregated in a previous meta-analysis published 410 

by Funke et al. (2024; 158 data points from 32 studies). Unexpectedly however, the effect size 411 

estimate from our analysis shows a wider CI (width: 10.86; range: -19.03 to -8.17) than the CI 412 

reported in Funke et al. (2024; width: 7.86, range: -14.44 to -6.58). Considering that 413 

microplastics research currently shifts towards testing a more diverse set of MNP traits (e.g. 414 

fibers and more diverse sets of polymers) and given the significant effects of several 415 

moderators in our analysis, we anticipate that the wider CI reflects a higher heterogeneity and 416 

thus higher variance not only in the measured effect sizes but also in MNP trairs compared to 417 

the dataset of Funke et al. (2024). In addition, the average effect of MNP on Daphnia 418 
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reproduction estimated by our analysis (offspring number on average reduced by 13.6) is higher 419 

than the effect size estimated by Funke et al. (2024; offspring number reduced by 10.51). The 420 

increase of recent studies testing MNP properties that lead to higher toxicities (e.g. fibers, 421 

polymer types like TW particles; (Carrasco-Navarro et al., 2021; Qiao et al., 2019) has likely 422 

led to this shift. For future meta-analyses, we would expect that the generalized hazard (i.e., 423 

averaged over all MNP traits) of MNPs, as estimated from literature values might still change. 424 

This could either increase with greater representation of MNP traits associated with higher 425 

toxicity or decrease, for example, depending on the species. Considering MNP traits in future 426 

analyses is thus vital to get an understanding of the trait-dependent hazard and risk that MNPs 427 

pose on the environment.  428 

Even though our analysis accounts for many moderators, our results suggest that other 429 

unexplored moderators or interactions may additionally contribute to the observed variability 430 

(see high residual heterogeneity in the full model). A better characterization and reporting of 431 

MNP properties and the experimental setup are thus essential to derive more accurate effect 432 

sizes. Additional moderators that might influence effects include, for instance, the food 433 

concentration during MNP exposure , the particles’ surface properties (e.g., zeta-potential, 434 

other surface charge measure, or a detailed characterization of the eco-corona, if present), and 435 

an in-depth analysis of plastic-associated chemicals (Diepens & Koelmans, 2018; 436 

Zimmermann et al., 2020). 437 

 438 

6 Conclusion 439 

Our meta-analysis compiles 369 data points from 64 studies investigating effects of 440 

MNP on Daphnia spp. reproduction. Based on these data, we show that, across all tested MNPs, 441 

reproduction decreased on average by 13.6 neonates per adult – a 20.8% reduction compared 442 

to the control. The variance in the data is however high and additional factors that are often not 443 
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measured or not reported likely influence measured outcomes further. These include additional 444 

factors pertaining to the experimental setup, like the food concentration during exposure, and 445 

a more in-depth characterization of MNPs including measurements of surface properties 446 

(surface charge, zeta-potential, properties of the eco-corona) and a detailed analysis of plastic-447 

associated chemicals.  448 

 449 
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