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Abstract

Microplastics (MP) are an abundant, long-lasting, and widespread type of environmental
pollution that is of increasing concern as it might pose a serious threat to ecosystems and
species. However, these threats are still largely unknown for amphibians. Here, we used the
African clawed frog (Xenopus laevis) as a model species to investigate whether polyethylene
MP ingestion affects amphibian growth and development and leads to metabolic changes across
two consecutive life stages (larvae and juveniles). Furthermore, we examined whether MP
effects were more pronounced at higher rearing temperatures. Larval growth, development, and
body condition were recorded, and standard metabolic rate (SMR) and levels of stress hormone
(corticosterone, CORT) were measured. We determined variation in size, morphology, and
hepatosomatic index in juveniles to identify any potential consequences of MP ingestion across
metamorphosis. In both life stages, MP accumulation in the body was assessed. MP ingestion
was found to result in sublethal effects on larval growth, development, and metabolism, to lead
to allometric carry-over effects on juvenile morphology, and to accumulate in the specimens at
both life stages. In larvae, SMR and developmental rate increased in response to MP ingestion;
there additionally was a significant interaction of MP ingestion and temperature on
development. CORT levels were higher in larvae that ingested MP, except at higher
temperature. In juveniles, body was wider, and extremities were longer in animals exposed to
MP during the larval stage; a high rearing temperature in combination with MP ingestion
counteracted this effect. Our results provide first insights into the effects of MP on amphibians
throughout metamorphosis and demonstrate that juvenile amphibians may act as a
pathway for MP from freshwater to terrestrial environments. To allow for generalizations
across amphibian species, future experiments need to consider the field prevalence and
abundance of different MP in amphibians at various life stages.

Key words

carry-over effects, plastics accumulation, ontogenetic transfer, standard metabolic rate,
environmental stress, Xenopus laevis
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1. Introduction

Environmental pollution poses a serious threat to wildlife and ecosystem health and is in part
responsible for the ongoing biodiversity loss associated with anthropogenic global change
(Wake and Vredenburg, 2008; Noyes and Lema, 2015; da Silva et al., 2018). Today, one of the
fastest-growing sources of pollution are microplastics (MP) (Borrelle et al., 2017; Akdogan and
Guven, 2019) due to the global increase in plastic consumption and a poor management in
plastic waste (Li et al., 2018; PlasticsEurope, 2022). MP are defined as synthetic polymer
particles between 1 um and 5 mmin diameter (particles <1 um are defined as nanoplastics;
Thompson, 2004; Hartmann et al., 2019) which derive either from primary (i.e., medicines,
personal care products, pellets for plastic production, and textiles (Horton et al., 2017), or
secondary plastics (i.e., debris of plastic items, fishing nets, and tires; Horton et al., 2017) that
differ in size, shape, chemical composition, and texture (Hale et al., 2020; Bhattacharya and
Khare, 2022). Considering their size range, MP might be an ideal prey item for a variety of
aquatic animals, including zooplankton, molluscs, hexapods, crustaceans, fish, and amphibians,
and are thus, available for ingestion (Franzellitti et al., 2019). MP ingestion can trigger a variety
of harmful effects on digestive, endocrine, and nervous systems which might ultimately impair
development, growth, physiology, reproduction, and survival (rev. in Proki¢ et al., 2019).
Additionally, MP can be accumulated and transferred through the food chain (Diepens and
Koelmans, 2018) and particles might serve as a biological or chemical vector for organisms and
pollutants (Hartmann et al., 2017) or can even carry pathogens (Kirstein et al., 2016).
Considering that amphibian population declines are at the forefront of the biodiversity crisis
(Stuart et al., 2004; IUCN, 2022), understanding the ecotoxicological risks posed by MP to
amphibians is highly relevant for their conservation.

Amphibians often have a complex, biphasic life cycle with aquatic and terrestrial stages
(Gomez-Mestre et al., 2012) and play a key role in the food web (Hocking and Babbitt, 2014).
Consequently, amphibians might potentially transfer contaminants like MP across trophic
levels and from freshwater to terrestrial ecosystems, and vice versa (Pastorino et al., 2022). In
contrast to other aquatic vertebrates, however, data on the capacity to accumulate MP are
limited in amphibians (Proki¢ et al., 2021; Pastorino et al., 2022) and no study so far has
assessed possible ontogenetic transfer pathways within their complex life cycle. Similarly, the
research on the (sublethal) effects of MP ingestion in amphibians is still limited (rev. in Burgos-
Aceves et al., 2022). Recent studies on amphibian larvae demonstrated that MP ingestion leads
to alterations of anti-predatory behavior (da Costa Aradjo and Malafaia, 2020), growth
(Balestrieri et al., 2022), body condition (Boyero et al., 2020), developmental rate and intestinal
morphology (Ruthsatz et al., 2022a). It also causes MP accumulation in the digestive tract (Hu
et al.,, 2016), increases susceptibility to pathogens (Bosch et al., 2021), and causes
histopathological transformations of the liver through cytotoxicity (da Costa Aradjo et al.,
2020a, 2020b). As the gut is the functional link between energy intake and energy allocation
(Ruthsatz et al., 2022a, 2019), disruptions of its normal function may result in adverse effects
on food intake and/or nutrient absorption, causing metabolic changes with consequences for
growth, development, immune function, energy budget, and ultimately survival. In contrast to
fish and aquatic invertebrates (Franzellitti et al., 2019), such toxicological effects of MP
ingestion and accumulation on the metabolic health are largely unknown in amphibians, and
longitudinal studies across life stages are completely missing.

In global change reality, amphibians often have to simultaneously cope with stressors of natural
and anthropogenic origin. These environmental stressors can interact with the effects of MP,
and elicit either synergistic, neutral, or antagonistic effects on organisms (Castro-Castellon et
al., 2021). As amphibians are ectotherms, thermal stress is a determinant environmental stressor
and arguably the most important in the face of climate change. Several studies suggest that
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environmental stressors associated with climate change including desiccation and temperature
variation could increase the effects of aquatic pollutants such as MP on amphibians (e.g., Rohr
et al., 2011; Curtis and Bidart, 2021). Alternatively, pollutants are thought to reduce the
tolerance of amphibians to rising temperatures (Ruthsatz et al., 2020a) or affect the immune
system of (larval) amphibians, making them more susceptible to infections (Bosch et al., 2021).
A recent study found that experimental warming reduced the effect of MP on metabolic rate in
the freshwater amphipod Gammarus pulex (Kratina et al., 2019). In contrast, Reichert et al.
(2021) could only find minor and infrequent cumulative negative effects of MP with that of
global warming on reef-building coral species. In order to realistically predict the consequences
of MP pollution on amphibian populations, it is of key importance to assess whether the
combined exposure to environmental stress and MP pollution incurs synergistic effects on
amphibian growth, development, and metabolism, and whether these effects are carried
throughout their life cycle.

Here, we investigated whether MP ingestion (polyethylene, particle size: 34-50 um) affects
growth and development in amphibian larvae, and whether it causes metabolic changes across
two consecutive life stages using the African clawed frog (Xenopus laevis) as a model species.
Furthermore, we also examined whether MP effects could be exacerbated at higher rearing
temperatures. In larval X. laevis, development and growth, body condition as well as
corticosterone (CORT) level, and standard metabolic rate (SMR) were measured. After
metamorphosis, juvenile size (body mass and snout-vent-length (SVL), as well as morphology
(fore- and hindlimb length, body width) were recorded. Furthermore, the hepatosomatic index
(HSI) was calculated to assess possible carry-over effects of MP ingestion on energy reserves
throughout metamorphosis. In both life stages, MP accumulation in the body was assessed. This
study will provide first insights into the complex (sublethal) effects of MP on amphibians across
life stages and will allow us to estimate the potential of amphibians to transfer MP from
freshwater to terrestrial ecosystems by unveiling the capacity for an ontogenetic transfer of MP.

2. Material & Methods
2.1 Study species

As a model organism, we chose the amphibian Xenopus laevis, a thoroughly studied amphibian
with regards to its growth, development, and physiology as a model organism (Buchholz, 2017).
Given that they are filter-feeders, Xenopus tadpoles provide an excellent model for studying the
effects of MP consumption in repeatable tests with dispersed particles. Recently, both Xenopus
embryos and larvae have been used for investigating the ecotoxicology of MP in amphibians
under controlled laboratory conditions (rev. in Hu et al., 2016; Bacchetta et al., 2021; Venancio
et al., 2022; Ruthsatz et al., 2022a).

2.2 Experimental design and animal culture

A two-phase experimental design was chosen to assess the effects of MP ingestion during larval
development on larvae (phase 1; developmental stage NF57 according to Nieuwkoop and
Faber, 1994) and juveniles (phase 2; 10 days after completing metamorphosis = NF 66 + 10
days). The experiment was conducted in a climate chamber (Kélte-Klimatechnik-Frauenstein
GmbH, Germany) with a 14:10 h light:dark cycle and a mean (x SD) air temperature of 20 (£
0.2) °C in November and December of 2021. Three treatments — control, MP, and cellulose
fibers — and two temperatures — 25 °C and 28 °C — were utilized in a 3 x 2 experimental setup,
and each treatment had three replicates. (i.e., aquaria; 18 aquaria in total). The experiments ran
for 7 weeks.

Phase 1. — Five clutches (i.e., full-sib families) of X. laevis eggs were provided by the
Universitatsklinikum Hamburg Eppendorf. Until the embryos hatched and reached

4



145
146
147
148
149
150
151
152
153
154
155
156
157

158
159
160
161
162
163
164

165
166

167

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

184
185
186
187
188
189
190
191
192

developmental stage NF45 (i.e., when exotrophic feeding occurs), each clutch was kept
separately at 22 °C in a bucket filled with aged de-chlorinated water. Then, three larvae from
each clutch were randomly allocated to each of the 18 standard 12-L aquaria filled with 9 L of
aged de-chlorinated water. Each aquarium housed 15 larvae (15 larvae x 18 aquaria = 270 larvae
in total; larval density: 1.66 larvae x LY. Nine of the aquaria were kept at a mean (= SD) water
temperature of 25 (£ 0.1) °C, the other nine at 28 (= 0.3) °C by using adjustable heating elements
(JBL PROTEMP S 25, 25 W, JBL GmbH & Co. KG, Germany). Three aquaria (i.e., replicates)
of each temperature treatment were exposed to the MP treatment, other three to the natural fiber
control group (i.e., cellulose), and the remaining three were used as control group without fiber
exposure (3 replicates x 3 treatments x 2 rearing temperatures = 18 aquaria in total). Larvae
were fed high-protein powdered fish food (Sera micron, Sera, Germany). To guarantee that
food was available in abundance, ad libitum rations were provided. Dead tadpoles were
removed from the aquaria.

Phase 2. — After completing metamorphosis (developmental stage NF66), all surviving animals
remained in their phase 1 aquaria at the same rearing temperatures as during phase 1. Froglets
were fed ad libitum with high-protein frog food granules (Tetra ReptoFrog Granules, Tetra
GmbH, Germany). Exposure to MP and cellulose fibers was stopped after completion of
metamorphosis. Final measurements were taken ten days after the completion of
metamorphosis. Animals that were not subjected to the final measurements remained at the
institute.

Both food types were free of MP (see section 2.7; Fig. S1). Particle size of food provided to the
larvae during experimental phase 1 was in the range of MP and cellulose particle size (Fig. S1).

2.3 Particle and fiber exposure

In the experiment, polyethylene MP particles (Sigma-Aldrich; polyethylene powder, CAS
number 9002-88-4, particle size: 34-50 um, density 0.94 g/mL) was used. As one of the most
widely utilized polymers to produce plastic materials (Horton et al., 2017), polyethylene has
been identified as an environmentally relevant MP pollutant in amphibians (Karaoglu and Gill,
2020) and has been consequently used in studies testing the effect of MP on amphibian behavior
and health (da Costa Araujo et al., 2020a, 2020b, Ruthsatz et al., 2022a). Following the
procedure of da Costa Araujo et al. (2020a), a MP concentration of 60 mg/L was applied to be
comparable with this study. The chosen MP concentration corresponds to 1.0356-1.0675 x 10’
particles per liter (see Supplementary Material for details on particle count determination). The
selected concentration is environmentally relevant as it is within the range of surface water
contamination with MP (Koelmans et al., 2019) but represents a highly polluted freshwater
ecosystem (da Costa Araujo et al., 2023, 2020a). According to Anbumani and Kakkar (2018),
MP concentrations found in surface water can vary and might be lower than the ones often
tested under laboratory condition (Hu et al., 2022: 1.27 £0.306-6.73 + 3.23 items/L; Schrank
et al., 2022: 0.7 to 354.9 particles/m3; Olesen et al., 2019: 270 particles/L; but not: Rehse et al.,
2016: 400 mg/L; rev. in da Costa Aradujo et al., 2020b).

Since natural systems contain a wide range of naturally occurring non-digestible particles
similar in size and shape to MP particles (Buss et al., 2021), cellulose (Sigma-Aldrich; cellulose
powder, CAS number 9004-34-6, particle size: 51 um) was included as a natural fiber control
group in our experimental design. The cellulose concentration was similar to the concentration
used for the MP treatment (i.e., 60 mg x L1). Both MP and cellulose were directly added to the
aquaria (i.e., 60 mg x L! x 9 L water = 540 mg particles per aquarium; see Supplementary
Material for details). Wooden-made air stones guaranteed aeration of the water as well as
continuous dispersion of fibers within the water avoiding article settlement or the formation of
an MP film on the water surface (Ruthsatz et al., 2022a).
5
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Every second day, water was changed completely following the procedure outlined in Ruthsatz
et al. (2022a). Wastewater was filtered in order to remove MP particles before disposal. To
avoid any MP contamination in the experimental climatic chamber, only cotton-made tissues
and clothes were used. Moreover, we used an air purifying system (Philips AC2889/10, CADR
333ms3 x hY) to filter possible air contamination of MP (Ruthsatz et al., 2022a).

2.4 Life history variables, ontogenetic staging, and survival

Snout-vent length and body mass were measured at three experimental points: before the start
of the experiment (i.e., directly after hatching), at the end of experimental phase 1 (i.e.,
developmental stage NF57) as well as at the end of the experiment (i.e., ten days after
completing metamorphosis). The SVL of the animals was measured with a digital caliper to the
nearest 0.5 mm. To assess the body mass, we dry blotted and weighed the specimens to the
nearest 0.001 g with an electronic balance (Sartorius A200 S, Germany). Duration of larval
period was quantified in days after hatching (dah). Every other day, we determined ontogenetic
stage by assessing the status of key morphological features as detailed in Nieuwkoop and Faber
(1994). According to Ruthsatz et al. (2020a), larval growth rate (mg per day after hatching; GR)
was calculated from mass at the stage NF57 minus the mass directly after hatching, divided by
the days from hatching to reaching stage NF57 (i.e., ‘age’). Mortality was low across all
treatments throughout the experiment (4.07 %, N = 11) and was therefore not statistically
analyzed.

2.5 Physiological measurements in larvae

When larvae reached developmental stage NF57 (i.e., all five toes separated), specimens were
randomly selected from each aquarium (90 larvae in total) for SMR measurements. Thereafter,
54 of these larvae (three per replicate/aquarium) were sacrificed and frozen at -80 °C. All other
larvae were transferred back to their respective aquaria. Body condition was calculated for all
90 larvae, see below.

2.5.1 Metabolism measurements

Closed respirometry was applied to quantify oxygen consumption between 0900 and 2100h
during the natural activity phase at the respective rearing temperature (25 °C or 28 °C).
Collected animals were not fed 24 h prior to and during the SMR measurements and therefore,
were in a post-absorptive state (Orlofske et al., 2017). In order to exclude microbial oxygen
consumption, larvae were measured in 30-mL glass vessels (i.e., respiration chambers) filled
with autoclaved tap water. In each respiration chamber, a chemical optical oxygen sensor spot
was integrated, which was connected to a multichannel oxygen measuring system (Oxy-4 SMA;
PreSens Precision Sensing GmbH, Regensburg, Germany) via a fiber optic sensor (Polymer
Optical Fiber POF, PreSens Precision Sensing GmbH, Regensburg, Germany). Respiration
chambers were sealed with airtight rubber plugs. A temperature probe submerged in the water
bath with the chambers (i.e., at the same temperature) provided temperature compensation for
dissolved oxygen measurements. The O fiber optic sensors were calibrated with air-saturated
water and a factory-set zero oxygen calibration point at the respective rearing temperature prior
to each trial.

To prevent recording effects of handling stress, O2 concentration was measured after a 10-
minute acclimation interval following the introduction of animals into the respiration chambers.
In the beginning, the water was at 100 % O saturation. For 20 min, the O concentration was
recorded every 15 seconds and measured as mL Oz x L (volume not corrected for the size of
the animal). To minimize acute handling effects, readings recorded in the first five minutes of
each experiment were disregarded. In every trial, empty (control) chambers were run

6
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simultaneously, and values were adjusted accordingly. To prevent respiration from being
impeded at low O saturation levels, we ensured that less than 10 % of total O2 was removed
during each trial. At the end of the oxygen consumption measurements, 54 larvae were assigned
to CORT level measurements. Dry blotted body mass and SVL were determined for all
remaining larvae, which were then returned to the respective aquaria.

2.5.1.1 Standard metabolic rate calculations

The analyses were performed using PreSens Oxygen Calculator Software (PreSens Precision
Sensing GmbH, Regensburg, Germany) as described in Ruthsatz et al. (2022b). First, O
consumption of each animal was plotted over time over time and visually evaluated activity
peaks to omit them from the SMR calculation (Peck and Moyano, 2016). SMR was expressed
in mL O, x h't x gt wet body mass and was determined from the slope of linear least squares
regression of O, concentration vs. time (Hastings and Burggren, 1995).

2.5.2 Corticosterone (CORT) assay

Larvae were anaesthetized in 2 g x L tricaine methanesulfonate (MS-222, Ethyl 3-
aminobenzoate methanesulfonate; Sigma-Aldrich), dissolved in buffered ultrapure water
(Ramlochansingh et al., 2014) until they did not respond to external stimuli. Although MS-222
may affect CORT levels (e.g., Smith et al., 2018; Hernandez et al., 2012; Archard and
Goldsmith, 2010), this should not impair our results as all animals were handled the same way
and processed in under 3 min (Mausbach et al., 2022). We then quickly determined dry blotted
body mass and SVL in each larva. The tail was cut and placed in a sterile 1.5 mL tube and then
snap frozen in liquid nitrogen for CORT analyses. Until extraction, samples were stored at -80
°C.

Tissue CORT samples were shipped overnight on dry ice to Dofiana Biological Station in
Seville, Spain. Extraction took place in October of 2022. For extraction, samples were randomly
thawed, weighed to the nearest 0.00001 g and individually homogenized in 16 x 100 mm glass
tubes with 500 puL PBS buffer (AppliChem Panreac, Germany) using a homogenizer at ~ 17,000
rpm (Miccra D-1, Germany). The tissue blender was washed into the tube with additional 500
pL PBS buffer, in order to collect the sample residue. Then, it was cleaned with ddH20, and 96
% EtOH between samples. After homogenization, 4 mL of a 30 %:70 % petroleum
ether:diethylether dissolvent mixture (both from Sigma-Aldrich, Germany) was added to each
sample. The samples were vortexed for 60 s and subsequently centrifuged at 1,800 g and 4 °C
for 15 min. After centrifugation, samples were snap frozen in a dry ice ethanol bath for 5 min.
The resulting top organic fraction containing CORT was poured into a new 16 x 100 mm glass
tube. All steps after homogenization were then repeated to ensure maximum CORT extraction.
Both ether fractions of each sample were then pooled into a single tube and thereafter
evaporated in a sample concentrator (Techne FSC400D; Barloworld Scientific, United
Kingdom) using a constant but gentle nitrogen flow. Lipids were then resuspended in 315 pL
EIA buffer using vortex, and incubated overnight at 4 °C.

Corticosterone levels were measured using DetectX Corticosterone ELISA (Enzyme
Immunoassay) kits (Arbor Assays, K014-H5, Ann Arbor, MI, USA). Before plating, samples
and kit reagents were brought to room temperature and vortexed. The 100 pL assay format for
standard preparations and assays was used. Corticosterone concentration was measured in
triplicates for all samples on 96-well plates. The plates were read with a multimode microplate
reader (Victor 3, PerkinElmer; in Seville) at 450 nm. In total, 4 plates were run.

MyAssays online tools was used to calculate the hormonal concentration of samples

(https://www.myassays.com/arbor-assays-corticosterone-enzyme-immunoassay-kit-improved-

sensitivity.assay). All the measurements of triplicates with a coefficient of variation lower than
7
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or equal to 30 % or with an absolute difference between mean and median lower than 2.5 pg
were kept. For the samples that did not meet those requirements, we discarded the most different
value of the triplicate. Standards run on each plate were utilized to calculate intra- and interplate
coefficient of variation (Ruthsatz et al., 2023). Our analysis yielded an inter-assay variation of
18.52 % and an intra-assay variation of 20.49 %. The mean coefficient of variation of triplicates
for all samples was 12.97 %. Average R?for the 4PLC fitting curve was 0.99. Each ELISA plate
also included a negative control. Hormone samples were adjusted for the average background

corticosterone measured in negative control samples. CORT levels were expressed in pg x mg
1

2.5.3 Body condition

Following Peig and Green (2010, 2009), body condition was determined using the scaled mass
index (SMI). The SMI is calculated from the regression of log transformed SVL and log
transformed mass (Peig and Green, 20010, 2009; Ruthsatz et al., 2020b, 2018):

mean SVL of population)szo?)e of regression logMass ~logSVL

individual SVL

SMI = [individual Mass X (

2.6 Morphological and physiological measurements in juveniles

At the end of the experiment (i.e., ten days after completing metamorphosis at NF66), four
juveniles were randomly selected from each aquarium (12 specimens per treatment, 72
specimens in total). The collected animals were immediately euthanized with 6 g x L™ of
tricaine methanesulfonate (MS-222, Ethyl 3-aminobenzoate methanesulfonate; Sigma-Aldrich)
and washed with filtered water in order to remove external fibers. Then, specimens were
preserved in an increasing ethanol series (30 % for 24 h, 50 % for 24 h, and 70 % for 7 d) for
morphometric measurements (N = 72) and liver and gut dissections (N = 36; sub-sample).

2.6.1 Morphometric measurements

The lengths of the forelimbs and the segments of the hindlimbs (i.e., femur, tibiofibula length,
and foot length; Table S1) were measured in dorsal view to the nearest 0.001 mm using a
Keyence VHX-500F digital microscope. To avoid any potential bias, the treatments were
renamed with the names of arbitrary cities prior to measurement acquisition such that the
observer who took the measurements (MD) did not know to which treatment a given specimen
belonged. Each specimen was placed into a new, clean petri dish for measuring and all
specimens of a given treatment were measured in a row after the bench and tools had been
thoroughly cleaned to preclude the contamination of specimens with particles they were not
exposed to during the experiment.

The precision of the measurements was assessed measuring the morphological variables six
times in one specimen per treatment (6 specimens in total; maximum relative standard
deviation: 0.72). The specimens used for the assessment were included in the subsequent
analyses using the mean values of the measurements for each specimen. All measured limb
dimensions were size-corrected by performing separate linear regressions of log10-transformed
limb dimension on the log10-transformed SVL. In addition, the tibiofibula-to-femur ratio was
calculated by dividing the tibiofibula length by the femur length. The residuals of the
regressions and the tibiofibula-to-femur ratios were used in the statistical analyses.

2.6.2 Liver dissections and hepatosomatic index

We dissected the livers and guts of a sub-sample of 36 out of the 72 juvenile frogs used for
morphometric measurements using a digital microscope (Keyence VHX-500F). Livers were
dabbed and weighed to the nearest 0.001 g with an electronic balance (Sartorius A200 S,

8
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Germany). Dissected livers and animal remains were stored in ethanol (70 %). Dissected guts
were stored individually. All parts of the sub-sample were then proceeded to subsequent
accumulation analyses; the gut was analyzed separately from the remaining parts of each
specimen.

We estimated size of energy stores in juvenile X. laevis by calculating the hepatosomatic index
(HSI; Htun-Han, 1978; Jelodar and Fazli, 2012; Ruthsatz et al., 2018), a condition index that
describes the status of energy stored in the liver of animals and can therefore be used for
estimating the recent fat storage in animals (Htun-Han, 1978; Bolger and Connolly, 1989). A
decline in HSI shows that liver fat reserves are mobilized to meet metabolic requirements
(Jelodar and Fazli, 2012). The HSI was calculated according to the method of Htun-Han (1978):

liver wet weight

HSI = x100

whole body wet weight
2.7 MP accumulation before and after metamorphosis

One larva of each aquarium was randomly selected at the end of phase 1, euthanized, washed
with filtered water, and preserved as above. The juvenile specimens (N = 72) used for
morphometric measurements and liver dissection (i.e., the sub-sample of these frogs) were used
for MP accumulation assessment after metamorphosis.

To examine whether MP accumulated in the larvae and to assess a possible transfer of
accumulated MP across the metamorphic boundary in juvenile frogs, all samples (i.e., total
larvae, total juveniles, juvenile remnant bodies and juvenile guts) were dissolved using various
reagents. For this purpose, the complete bodies (larvae and juvenile frogs, all double encoded),
which were kept refrigerated in ethanol, were first washed thoroughly again, blotted dry and
weighed to the nearest 0.001 g (KERN EW 420-3NM, Germany). After transferring the bodies
or their remnants (juvenile frog guts, juvenile remnant bodies including the livers) into 100 mL
Erlenmeyer flasks, 8 mL H202 and 3 mL concentrated HCI were added to each. The flasks were
then heated for 30 min at 50-65 °C in a water bath, with a controlled increase in temperature.
This was followed by centrifugation twice at 4200 rpm for 10 min and subsequent washing.
The residues were then mixed with 10 mL of concentrated H2SO4, transferred back to the flasks,
and 1 mL of concentrated KMnQj4 solution was added to each. After boiling the suspensions
again for 10 min at 60 °C in a water bath, saturated oxalic acid was added dropwise until the
suspensions cleared. This was followed by repeated washing until the reaction was neutral. The
suspensions were dropped completely onto 1-2 coverslips, dried overnight, and then
permanently embedded in Naphrax (n = 1.71) on slides.

Afterwards, light microscopic analysis to determine MP in the prepared slides were performed
on an Axio Imager.M2 (Zeiss, Germany) research microscope at 400x magnification using
differential interference contrast. Particle counts were divided by animal body mass (i.e., mass
obtained directly before the dissolution process) to achieve relative values comparable across
specimens and live stages.

Following the same procedure as described for the larval and juvenile bodies, both food types
as well as the Cellulose powder were checked for MP particles (N = 4 per sample type).

2.8 Statistics

For all statistical tests Cran R (Version 4.1.1, R Development Core Team 2021) for Windows
was used unless otherwise noted. All plots were constructed using ggplot2 (Wickham, 2009)
and Adobe Illustrator CS6. For all tests and models, statistical significance was set at a < 0.05.
Means (+ SD) of all dependent variables are provided in Table S2.
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Prior to analysis, all dependent variables to be included in the models were tested for possible
correlations using Spearman’s rank correlation (cor.test function) separated by life stage (i.e.,
larvae, juveniles). Variables with a correlation coefficient higher than 0.7 were considered
strongly correlated and were thus, elimintaed to minimize redundancy (Fielding and Haworth,
1995; Chin, 1998) (Tables S3 and S4).

Parametric assumptions were tested using Kolmogorov-Smirnov tests (lillie.test function in the
nortest package; Gross and Ligges, 2015) for normality as well as visual inspection of Q-Q
plots made with ggnorm function, and Bartlett’s tests (bartlett.test function in the car package;
Fox et al., 2007) for homogeneity of variances. We fitted linear (LMM) and generalized mixed
models (GLMM) including both fixed and random effects. In all models, likelihood ratio tests
were used to determine the significance of each factor. We ran Imer and glmer functions in the
Ime4 package (Bates et al., 2019) for parametric and non-parametric data, respectively.
Normally and non-normally distributed data were modelled with a Gaussian and Gammy
distribution, respectively. Larval body mass and CORT values were log-transformed to fit
parametric assumptions. First, we generated a global model for each dependent variable
observed including rearing “temperature”, “treatment” (MP, Cellulose, and Control) and their
interaction as fixed factors. We included the variable ‘aquarium’ as a random factor in order to
address dependencies in the data. Then, we conducted stepwise model selection by generating
submodels from the global model according to the procedure of Zuur et al. (2009). The Akaike
information criterion was used to assess the goodness of fit of each model. Finally, we
determined A-values (AIC-differences) compared to the global models and the null models (i.e.,
only including the intercept). Estimates and p-values of each variable were provided by the
best-fitting model (Table 1).

Differences in MP accumulation among treatments were analyzed visually and descriptively
due to the low number of samples taken from one replicate (i.e., larvae: N = 1; juveniles_total:
N = 2; juveniles_dissection: N = 2). We here provide mean (x SD), minimum, and maximum
values of counted MP particles per treatment as well as the mean (£ SD) number of MP particles
x gL per treatment (Table S5). We provide both a figure showing size-corrected particle counts
treatment (Fig. 3) and a figure showing the absolute MP counts per treatment (Fig. S2).

3. Results

A raw data table in xIsx format, including all original measurements, will be deposited in
Figshare under DOI: XXX after acceptance.

3.1.1 Effects of MP treatment and rearing temperature on larval X. laevis

Length of larval period varied among all groups and, thus, was influenced by both treatment
and rearing temperature (Table 1). Larval period was shortened at high temperature and was
longest in the Cellulose treatment at 25 °C (Table S2). Differences among fiber treatments were
more pronounced at 28 °C.

Snout-vent length and growth rate were significantly influenced by the fiber treatment and
rearing temperature (Fig. LAB; Table 1), but not by the interactive effect of both. Whereas SVL
was on average 9.55 % shorter in larvae from the MP treatment compared to the control group,
body mass did not differ between the treatments (Fig. 1AC; Table 1). Higher temperature
caused on average a 14.71% reduction in growth rate and a 7.56% reduction in SVL (Table 1).
Larvae from the MP treatment revealed an average increment in growth rate of 17.36 %
compared to the control group. Body mass decreased on average by 24.42 % with rearing
temperature across treatments. The reduction was most pronounced in the MP treatment (-25.99
%).

10
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Body condition (i.e., SMI) and CORT levels were significantly higher in larvae exposed to MP
and Cellulose (Fig. 1DE; Table 1). In contrast, temperature had no effect on body condition and
CORT levels. Larvae from the MP treatment revealed a 41.17 % higher SMR in comparison to
the control group (Fig. 1F; Table 1). SMR increased with temperature in all treatments (Fig.
1F) and was lowest in the Cellulose treatment at 25 °C, whereas it was highest in the MP
treatment at 28 °C (Fig. 1F; Table S2).
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Fig. 1. Effects of MP ingestion during development on A snout-vent length (mm), B growth
rate (mg x d), C body mass (mg), D body condition (scaled mass index, SM1), E corticosterone
level (pg x mg?), and F standard metabolic rate (SMR, mL Oz x h't x g1), in Xenopus laevis
larvae at developmental stage NF57. Box = 1. And 3. Quartiles. Whiskers = 1.5-fold
interquartile range. Dots = outliers, minimum, and maximum values. Error bar = median.

Table 1. Estimates and standard errors (SE) of variables for best models derived from stepwise
model selection procedures. We fitted linear and generalized mixed models. The global model
included rearing temperature (°C), treatment (i.e., Control, MP, and Cellulose) and the
interactive effect of temperature and treatment. Dependent variables were assessed in late larvae
(i.e., developmental stage NF57) and juveniles (i.e., ten days after completing metamorphosis
at NF66) of Xenopus laevis.

Life stage Trait Estimate | SE P- N(n) A AIC to Ato AIC
value global null
model model

Larvae Larval period 90(18)

(Intercept) 42.28 1.57 <0.001

MP 14.04 2.22 <0.001

Cellulose 8.15 2.22 <0.001

Temperature -0.68 0.05 <0.001

MP*Temperature -0.64 0.08 <0.001

Cellulose*Temperature -0.28 0.08 0.001

best model

~ global model NA 268.96

SVL 90(18)

(Intercept) 24.7 1.19 <0.001

MP -1.43 0.16 <0.001

Cellulose -1.46 0.16 <0.001

Temperature -0.36 14.00 | <0.001

best model
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~ Treatment 3.46 93.02

+Temperature

log_Body mass 90(18)

(Intercept) 3.72 0.21 <0.001

Temperature -0.04 0.01 <0.001

best model

~Temperature 7.49 31.88

GR 90(18)

(Intercept) 44.61 9.79 <0.001

MP 3.11 1.35 0.037

Cellulose 0.43 135 0.754

Temperature -1.01 0.36 0.015

best model

~ Treatment + 3.90 11.61

Temperature

SMI 90(18)

(Intercept) 356.03 12.93 | <0.001

MP 152.76 18.28 | <0.001

Cellulose 162.91 18.28 | <0.001

best model

~ Treatment 4.49 98.89

SMR 90(18)

(Intercept) -0.06 0.01 <0.001

MP 0.01 0.00 <0.001

Cellulose -0.00 0.00 0.218

Temperature 0.00 0.00 <0.001

best model

~ Treatment + 0.54 100.99

Temperature

log_CORT level 54(18)

(Intercept) 1.01 0.07 <0.001

MP 0.36 0.11 0.001

Cellulose 0.27 0.11 0.015

best model

~ Treatment 16.23 4.49
Juveniles Body mass 72(18)

(Intercept) 3606.47 | 447.91 | <0.001

MP -395.05 633.44 | 0.535

Cellulose -2116.36 | 633.44 | 0.001

Temperature -106.47 16.88 | <0.001

MP*Temperature 19.19 23.87 | 0.424

Cellulose*Temperature 76.94 23.87 | 0.001

best model

~ global model NA 53.71

SVL 72(18)

(Intercept) 40.50 3.99 <0.001

MP -8.19 5.64 0.172

Cellulose -11.53 5.64 0.063

Temperature -0.83 0.15 <0.001

MP*Temperature 0.36 0.21 0.115

Cellulose*Temperature 0.4 0.21 0.058

best model

~ global model NA 47.21

Relative body width 72(18)

(Intercept) 0.902 0.07 <0.001

MP 0.031 0.01 0.012

Cellulose 0.01 0.01 0.324

Temperature -0.01 0.00 0.008

best model

2.92 16.01
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~ Treatment +

Temperature

HSI 36(18)

(Intercept) 2.87 2.27 0.223

Temperature -0.03 0.08 0.713

best model

~ Temperature 1.84 2.86
Relative forelimb length 72(18)

(Intercept) -0.07 0.12 0.524

MP 0.49 0.16 0.004

Cellulose 0.01 0.16 0.940

Temperature 0.00 0.00 0.509

MP*Temperature -0.018 0.01 0.003

Cellulose*Temperature -0.000 0.01 0.937

best model

~ global model NA 2.30
Relative hindlimb length 72(18)

(Intercept) -0.12 0.07 0.093

MP 0.58 0.11 <0.001

Cellulose 0.09 0.11 0.389

Temperature 0.00 0.00 0.085

MP*Temperature -0.02 0.00 <0.001

Cellulose*Temperature -0.00 0.00 0.401

best model

~ global model NA 27.30
Tibiofibula-to-femur 72(18)

ratio

(Intercept) 1.38 0.11 <0.001

MP 0.02 0.01 0.213

Cellulose 0.01 0.01 0.432

Temperature -0.01 0.00 0.031

best model 3.61 1.46
~ Treatment +

Temperature

3.1.2 Carry-over effects of larval MP exposure and rearing temperature in juvenile X.
laevis

Larval rearing temperature had a carry-over effect on juvenile body mass and SVL, regardless
of consumption of fibers. A higher rearing temperature caused on average an 8.54 % reduction
in SVL and 27.55 % reduction in body mass (Table 1; Table S2). In contrast, there was no
carry-over effect of the fiber treatments during larval development on SVL (Table 1; Table S2).
Neither rearing temperature nor treatment during larval period affected the HSI (i.e., estimate
for size of juvenile energy storages) (Table 1; Table S2).

Larval MP consumption and rearing temperature had a carry-over effect on juvenile body
proportions. Bodies of juveniles from the MP treatment were on average 7.54 % wider
compared to the control group (Table 1; Fig. 2D). Higher rearing temperature caused on average
a 5.08% reduction in juvenile relative body width (Table 1; Fig. 2D). Relative forelimb and
hindlimb length were significantly longer in juveniles that were exposed to MP during larval
development (Table 1; Fig. 2AC). This effect, however, was overlaid by a significant
interaction of treatment and rearing temperature which resulted in shorter relative limb lengths
in specimens reared at 28 °C as larvae (Table 1; Fig. 2AC). The tibiofibula-to-femur (TFF) ratio
as on average 2.57 % lower in juveniles that were reared at 28 °C during development (Fig. 2B;
Table 1); this effect was independent of the treatment (Table 1).
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Fig. 2. Effects of MP ingestion during development on A relative forelimb length, B
tibiofibula:femur ratio, C relative hindlimb length, and D relative body width in juveniles (i.e.,
ten days after completing metamorphosis at NF66) of Xenopus laevis. Box = 1. and 3. quartiles.
Whiskers = 1.5-fold interquartile range. Dots = outliers, minimum, and maximum values. Error
bar = median.

3.1.3 MP accumulation before and after metamorphosis

Before the start of the experiment, both food types as well as the Cellulose powder were checked
for polyethylene MP particles used in the present study to control for contamination. Although
some particles looked similar to the MP particles used in the present study, no polyethylene MP
particles were found in food samples of the larval food nor in the juvenile food, or in the
Cellulose powder (Fig. S1). Particles similar to polyethylene MP were smaller, flatter, or had a
different surface than the polyethylene MP particles used in the present study (Fig. 3E).

Microplastics particles were found in both life stages of X. laevis (Fig. 3; Table S5), the amount,
however, varied with treatment and temperature. In larvae at stage NF57, MP particles were
found in high density in the MP treatment but not in the Control group (Fig. 3A; Table S5). The
number of MP particles was higher in larvae reared at 28 °C compared to the larvae reared at
25 °C (25 °C: 177.83 particles x g1; 28 °C: 284.97 particles x g). Larvae of the Cellulose
treatment contained very few MP particles (25 °C: 9.92 particles x g*; 28 °C: 7.94 particles x
g1). However, absolute MP particles found in the Cellulose treatment were extremely low and
might be related to a similarity of the particles found in the food and so, rather to background
noise than to contamination (Fig. S1).

In juveniles, MP particles were present in all sample types (i.e., whole bodies, gut, body
remains). When whole bodies were analyzed, juveniles that were exposed to MP during larval
development revealed accumulated MP particles. The mean number of accumulated particles
was higher in juveniles that developed at 25 °C compared to those reared at 28 °C (25 °C: 16.53
particles x g%; 28 °C: 6.42 particles x g%). In whole bodies, we found neglectable amounts of
MP particles in the Control (25 °C: 0.65 particles x g*; 28 °C: 0.86 particles x g*) and Cellulose
treatment (25 °C: 0.65 particles x g*; 28 °C: none; Table S4; Fig. 3B). Independent of
temperature and treatment, more MP particles were detected in the gut than in the body remains.
Guts of juveniles exposed to MP during larval development contained the highest number of
accumulated MP particles. The mean number of accumulated particles in gut samples was
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higher in juveniles that developed at 25 °C (25 °C: 888.7 particles x g*; 28 °C: 521.29 particles
x g1). The guts of juveniles of the other treatments contained considerably less or no MP
particles (Control 25 °C: 35.14 particles x g™*; Control 28 °C: 47.61 particles x g*; Cellulose
25 °C: 22.42 particles x g*; Cellulose 28 °C: none). Absolute MP particle counts in the body
remains were neglectable across treatments and temperatures and can be related to background
noise (Table S5; Fig 3D; Fig. S1).
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Fig. 3. Mean number of MP particles x g™ per treatment in late larvae (i.e., developmental stage
NF57,) and in juveniles (i.e., ten days after completing metamorphosis at NF66) in Xenopus
laevis. One larva and four juveniles of each aquarium were randomly selected and analyzed,
respectively. The A larvae (N = 18) and half of the B juveniles (N = 36) were processed and
analyzed in total, whereas in the second half of the juveniles (N = 36) the guts were dissected.
Both C the guts and D the body remnants after gut dissection were analyzed individually. Light
microscopic pictures of E the MP treatment and F the control group at 400x magnification
(Axio Imager.M2, Zeiss, Germany). Width of white rectangle: 100 um. White arrows: MP
particles.

4. Discussion
4.1 Sublethal effects of MP and rearing temperature on larval X. laevis

Despite the ubiquitous presence of MP in freshwater habitats typically encountered by
amphibians (Talbot and Chang, 2022; Buss et al., 2022), toxicological effects of MP pollution
are largely unknown for amphibians (rev. in Prokic¢ et al., 2021; rev. in Burgos-Aceves et al.,
2022). Here, we show that ingestion of polyethylene MP led to sublethal effects on growth,
development, and metabolism in larval X. laevis. Larvae exposed to MP had a shorter larval
period, indicating that MP ingestion led to an acceleration in developmental rate. In amphibian
larvae, developmental acceleration in response to environmental stimuli is achieved via the
activation of the neuroendocrine stress axis resulting in an increase in glucocorticoid hormone
(i.e., CORT) production (Gomez-Mestre et al., 2013; Kulkarni et al., 2017). As CORT acts
synergistically with the thyroid hormone to trigger amphibian metamorphosis (Kulkarni and
Buchholz, 2012; Sterner and Buchholz, 2022), developmental rate increases with increasing
CORT levels, ultimately resulting in a shorter larval period. Indeed, in larvae exposed to MP,
we found higher endogenous CORT levels, suggesting that the faster developmental rate
observed therein was mediated by increased production of the stress hormone. Besides
developmental rate, CORT regulates metabolic processes such as energy mobilization and
allocation as well as nutrient homeostasis (Kirschman et al., 2017). Thus, increased CORT
levels are concomitant with higher metabolic activity (Wack et al., 2012; Kulkarni et al., 2017).
15
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In the present study, larvae exposed to MP revealed an increased metabolic rate suggesting that
elevated CORT levels caused associated increases in metabolic activity. Even if all effects
found can be considered as sublethal, both increased metabolic activity and glucocorticoid
hormone production are closely linked to (chronic) inflammation and oxidative stress (Burraco
et al., 2013) that, in turn, might cause various deleterious effects on individual, cellular, and
molecular level which eventually led to decreased overall health (Franzellitti et al., 2019).
Studies on fish and aquatic invertebrates, particularly filter feeders, demonstrated that
particularly MP accumulation in the gut caused oxidative stress (Zhao et al., 2021: Danio rerio;
Liu et al., 2022: Daphnia magna) that led to histopathological damage of the digestive tract
(Han et al., 2022: Procambarus clarkia; Chen et al., 2022: Daphnia magna) and resulted in
inflammatory effects (Pei et al., 2022: Danio rerio). As the gut is the functional link between
energy intake and energy allocation (Ruthsatz et al., 2022a, 2019), any disruption may result in
adverse effects on food intake and/or nutrient absorption and thus, metabolic disorders with
consequences for growth, development, immune functioning, and ultimately survival.
Consequently, future studies should consider the gut as a suitable candidate to explore
consequences of MP ingestion at multiple levels in amphibians.

So far, most studies on the effect of MP in amphibians have focused on evaluating the effect of
MP alone (rev. in Burgos-Aceves et al., 2022) without considering the interaction with other
environmental stressors, which would provide more complex and realistic exposure scenarios
(rev. in Crain et al., 2008; Silva et al., 2022). The present study addressed the interactive effects
of MP exposure and different rearing temperatures in order to test whether thermal stress might
mediate/increase the toxicity of MP in amphibians. Indeed, there was a synergistic effect of MP
and temperature on larval period. Larvae exposed to MP showed an even shorter larval period,
when reared at 28 °C. In contrast, Silva et al. (2022) found an antagonistic effect of MP
exposure and thermal stress on developmental rate in the harlequin fly (Chironomus riparius).
In addition, two recent studies on the Cladoceran species Daphnia magna and Daphnia pulex
could demonstrate a synergistic effect of temperature and MP exposure on survival rate
(Jaikumar et al., 2018; Serra et al., 2020). However, despite the interactive effect of MP and
rearing temperature on larval period, we did not observe a temperature mediated effect of MP
on growth, survival, or the physiological parameters studied. Three hypotheses can explain
these results: First, the selected higher temperature (i.e., 28 °C) may have not been stressful
enough to induce interactive effects with MP exposure. Second, the interactive effect of MP
and temperature might vary with MP concentration as demonstrated in microalgae for low and
high MP exposures in combination with higher temperatures that led to an antagonistic and
synergistic effect on the growth rate, respectively (Zhang et al., 2022). Third, some studies have
shown that tadpoles can egest MP particles relatively fast (Hu et al., 2016; De Felice et al.,
2018). As we found a higher number of MP particles in tadpoles reared at 28 °C indicating an
increase in ingestion with temperature possibly due to higher energetic demands since
metabolic rate scales positively with increasing ambient temperature in ectothermic animals
such as amphibians (e.g., Burraco et al., 2018; Rowe and Crandall, 2018; but not: Burraco and
Gomez-Mestre, 2016). We therefore suggest that gut passage time of food items and MP
particles and so, egestion of both might also be faster at higher temperatures (Carreira et al.,
2016). However, assessing gut passage time of MP particle in relation to temperature was
outside the scope of the present study. Therefore, further research on the interplay between
temperature, MP ingestion and egestion (i.e., gut passage time), and derived metabolic changes
is needed in order to better understand the physiological consequences of MP pollution for
amphibians in global climate change reality.

4.2 Carry-over effects of MP exposure during larval development on juvenile morphology
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Conditions experienced during one life stage can have profound effects on performance later in
life (Goater, 1994; Pechenik et al., 1998; O'Connor et al., 2014). In amphibians, such carry-
over effects on post-metamorphic performance have been demonstrated for many
environmental factors experienced during larval development (e.g., Buss et al., 2021; ; Ruthsatz
etal., 2020b; Rasanen et al., 2002; Beck and Congdon, 2001). In the present study, MP ingestion
during larval stage led not only to higher CORT levels, higher SMR, and concomitant faster
development of tadpoles, but also to changes in body proportions in juveniles. Froglets that
were exposed to MP during larval development had wider bodies and relatively longer
extremities. In contrast, extremities were shorter in juveniles of the MP treatment if larvae were
reared at 28 °C; this could be due to an energetic mismatch at higher rearing temperatures during
development: metabolic rate increases with ambient temperature in ectotherms such as
amphibians, and so might ingestion rate in order to cover these higher energetic demands.
Likewise, digestion and egestion rate increase with temperature (Carreira et al., 2016). As a
result, the digestive efficiency might be reduced when food is processed and egested faster.
This could be detrimental when the ingested food contains a large number of indigestible fibers
such as MP particles. Consequently, less energy might be available for extremity ontogeny
during metamorphosis, ultimately resulting in reduced extremity length at 28 °C. Such
allometric carry-over effects on juvenile body proportions might have adverse effects on
locomotor performance, food intake efficiency, and ultimately on fitness. For example, many
anurans, including X. laevis use the forelimbs for food grasping, as well as to bring food items
into their mouth (Gray et al., 1997; Anzeraey et al., 2017). The forelimbs need a certain length
in order be able to fulfill these functions. On the other hand, longer forelimbs should produce
higher drag during swimming and, therefore, might be biomechanically disadvantageous with
regard to swimming performance. With regard to jumping, relatively longer hindlimbs result
in a higher jumping performance by expanding the acceleration phase during take-off and
therefore maximizing the amount of kinetic energy that is transferred to the trunk (e.g., Gans
and Parsons, 1966). Assuming that the same principle that applies for jumping also applies for
swimming, relatively shorter hindlimbs in specimens reared at 28 °C in the MP treatment (i.e.,
less propulsive force during swimming) might result in a decreased swimming performance.
The increased relative body width in specimen exposed to MP during larval development likely
increase this negative effect (higher drag during swimming). Consequently, the observed data
indicate that potentially negative carry-over effects of MP pollution on body proportions
become more pronounced with increasing temperature (as it, e.g., occurs with global warming).

4.3 First evidence for ontogenetic transfer of MP in amphibians across metamorphosis

MP are known to accumulate extensively in the digestive tract after ingestion (Lei et al., 2018;
Bacchetta et al., 2021; da Costa Araujo and Malafaia, 2020; but not: Hu et al., 2016). However,
during amphibian metamorphosis, the intestinal tract is completely remodeled (Hourdry et al.,
1996; Shi, 2000), suggesting that accumulated MP could exit the metamorphosing body along
with feces and dead intestinal cells. The present study is the first demonstrating for amphibians
that MP can be ontogenically transferred from the larval to the juvenile stage across
metamorphosis. Polyethylene MP particles in individuals exposed as tadpoles persisted in
juvenile X. laevis even ten days after exposure stopped. In juvenile frogs, the highest (absolute
and relative) amount of MP particles was detected in gut samples indicating that the particles
remained accumulated in the intestinal tract regardless of the morphological changes during
metamorphosis. Ontogenetic transfer of MP has been previously demonstrated in invertebrates
with complex life cycles (e.g., Al-Jaibachi et al., 2019, 2018; Setyorini et al., 2021; Simakova
et al., 2022; Michler-Kozma et al., 2022). For example, Al-Jaibachi et al. (2018) demonstrated
that polystyrene MP beads are transferred from feeding to non-feeding life stages during
metamorphosis in the Culex pipiens mosquito complex. However, our results are based on a
species that differs in larval feeding behavior from other amphibian species and remains aquatic
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after metamorphosis. To enable generalizations across amphibian species, more comprehensive
research is required to further explore potential ontogenetic transfer pathways in amphibians.

5. Conclusion

The present study reveals that ingestion of polyethylene MP leads to sublethal effects on
growth and development, increased levels of stress hormone, and elevated metabolic rate in
larval X. laevis, resulting in carry-over effects on juvenile morphology. We further present
the first evidence of ontogenetic transfer of MP from the larval to the juvenile stage. Our
results are of relevant ecological significance because an ontogenetic transfer from an aquatic
life stage to the juvenile stage in amphibians might be a possible pathway for MP from
freshwater to terrestrial ecosystems. However, the research on MP prevalence and abundance
in freshwater systems including typical amphibian habitats such as ponds and puddles is still
limited, in contrast to marine studies (Li et al., 2018). Only few studies to date have assessed
MP pollution in amphibian habitats and demonstrated that MP can be accumulated by
amphibians under field conditions (larvae: Hu et al., 2022, 2018; Kolenda et al., 2020; rev. in
da Costa Araujo et al., 2021; adults: Karaoglu and Gul, 2020; Bacchetta et al., 2021; Mackenzie
and Vladimirova, 2021; Pastorino et al., 2022). Spectroscopic techniques such as Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy could be applied (Xu et al.,
2019; Taand Babel, 2022) to assess the prevalence and abundance of MP in amphibian habitats,
to determine the origin of these MP, to evaluate possible ontogenetic transfer pathways, and to
investigate the role of amphibians in trophic transfer of MP in order to allow for generalizations
and the development of effective conservation strategies.
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Material and Methods

When supplying the particles to the water, we used the following procedure:

1. One liter of aged water was added to the aquarium.
2. Particles (MP or cellulose) were then added to the aquarium.
3. The aquarium was filled up to the target water level (i.e., 9 L).

This process resulted in uniform particle dispersion in the water. The uniform dispersion was
maintained by the air-stones until the next water change.

Determination of particle count and density

We weighed 0.0030 g of polyethylene microplastic (MP) particles (Sigma-Aldrich, CAS
number 9002-88-4, density 0.94 g/mL) (Sartorius GmbH Gottingen, A120S) directly onto a
glass slide. Subsequently, portions of the particles were transferred to clean slides and dispersed
in drops of glycerin (86 %; Carl Roth GmbH, article number 7533.4) using a preparation needle
under a stereomicroscope (Type). The residual particles that remained on the original slide were
also dispersed in glycerin and all resulting 12 slides were covered with a coverslip before being
digitized (Olympus Slideview VS200, magnification: 10x, EFI-option). The residual particle
on the needle were counted under the stereomicroscope (n=72).

The digital images of the slides were imported into Fiji (version 2.9.0, based in ImageJ version
1.53t; Schindelin et al., 2012; Schneider et al., 2012) using the plugin OlympusimageJPlugin
(version 2.3.1; Evident Corporation); the image data were too large to be imported in the
original resolution, therefore, the images were down sampled during import which resulted in
a pixel size of 2.1903 pum. Images were prepared for automatic particle counting by conversion
to 16-bit grey scale and threshold-based removal of the dark borders of the glycerin using the
wand tool and enlarging the selection by 1 pixel. Subsequently, all parts of the image showing
no glycerin (i.e., MP particles) or inhomogeneous background coloring (e.g., close to the border
of the slide) were filled white. MP particles were counted by setting a threshold that selected
the particles only, creating a mask, filling the holes in the mask, and running the watershed
algorism on the mask-image to separate adjacent particles. The number of MP particles were
then automatically counted using the function “Analyze particles...”; only those particles with
a size larger than two pixels (i.e., > 4.38 um) were considered.

The mask was used to select all counted MP particles in the original (down sampled) image and
color those particles white to indicate that they were counted. Particles that were not counted
by the automatic approach (i.e., in the regions filled white for the automatic counting) were
counted manually.

In total 489,325 MP particles were counted this way (Table A; including the residual particles
on the preparation needle).

Table A: Counts of MP particles per slide (0.0030 g of MP in total).

Slide- Number of MP particles counted | Number of MP particles counted
number automatically manually

0 68285 471

1 51584 641

2 65084 354

3 47391 221
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4 35449 o1
5 36514 62
6 32406 74
7 25134 107
8 28940 168
9 49077 105
10 17978 426
11 28704 27

A visual inspection of the results provided through the automatic particle counting revealed
that, occasionally, adjacent particles were counted as one. To estimate the error, a region of
500x500 pixels was arbitrarily selected in each image. The number of particles in these images
were automatically counted as above and, in addition, manually assessed. The actual count of
MP particles might be slightly higher (1.0582 to 1.0908-fold, based on mean and median of
estimate of error) than the automatically assessed count (Table B). We therefore estimated about
172,601.2 to 177,918.5 MP particles per 0.0010 g, which corresponds to 1.0356-1.0675 x 10’
particles per liter in our experiment.

Table B: Results of automatic and manual counting the number of MP particles on sub-
images of 500x500 pixels.

Slide- Number of MP | Number of MP | Manually counted number
number particles particles (manual | divided by automatically
(automatic count) | count) counted number, estimate of
error
0 165 159 0.9636
1 398 445 1.1181
2 250 276 1.1040
3 124 124 1.0000
4 101 89 0.8812
5 91 101 1.1099
6 55 61 1.1091
7 49 54 1.1020
8 50 53 1.0600
9 161 172 1.0683
10 113 122 1.0796
11 49 54 1.1020
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1109  Table S1. Definition of morphometric measurements acquired from twelve arbitrarily selected
1110  juvenile specimens per treatment; measured in dorsal view. The points for measurement
1111  acquisition were selected such that they were comparable, easy to identify across specimens,
1112 and allowed for taking measurements approximately parallel to the respective bones.

Morphometric measure | Definition

Length of forelimb Distance from the dorsal midpoint of the skinfold marking the
trunk-forelimb transition to the tip of the 3™ finger; measured
with the following intermediate points: elbow, root of 3" finger,
joint between phalanges of 3" finger

Femur Distance between the dorsal midpoint of the skin fold marking
the trunk-hindlimb transition and the most distal (i.e., outer)
point of the skinfold at the knee.

Tibiofibula length Distance between the most distal point of the skinfold at the knee
and the most distal (i.e., ventral) point of the skinfold at the ankle
Foot length Distance between the most distal point of the skinfold at the

ankle and the tip of the 4™ toe; measured as cumulated distance
between several intermediate points to account for bended toes

1113
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Table S2. Mean (£ SD) larval period (days after hatching), snout-vent length (SVL, mm), body
mass (mg), growth rate (GR, mg/dah), body condition (SMI), standard metabolic rate (SMR,
mL O2/h/g), CORT level (pg/mg), body width (mm), hepatosomatic index (HSI), length of
forelimb (LOF, mm), length of hindlimb (LOH, mm), tibiofibular length (TFL, mm), and femur
length (FEM, mm). Larvae: Late larvae (i.e., developmental stage NF57(Nieuwkoop & Faber
1994). Juveniles: Completion of metamorphosis + 10 days. N is the total number of analyzed
individual animals, and n is the total number of tested aquaria. NA = not applicable. See text
for further details.

Lif | Tre Rear | Larv | SVL | Body GR SMI SMR | COR | Bod | HSI LOF LOH TFL FEM
e atm ing al mass T y
sta ent temp | peri widt
ge erat od h
ure
(°C)
Lar | Con | 25 25.0 15.5 507.93( | 194 360.2 0.017 | 1492 | NA NA NA NA NA NA
vae | trol 7(£0. | O(x0. | +109.3 2(+4. | 1(#35 | (0.0 | (x10.
45) 68) 1) 37) .61) 02) 33)
28 23.0 14.4 395.20( | 16.2 351.8 0.024 | 19.04 | NA NA NA NA NA NA
0(x0. | 6(x0. | #95.13) | 8(#4. | 3(#51 | (0.0 | (x20.
37) 58) 26) .72) 04) 85)
MP 25 23.0 14.0 533.40( | 22.2 522.0 0.024 | 31.53 [ NA NA NA NA NA NA
0(x0. | 6(x0. | +95.64) | 7(¢4. | 0(+44 | (0.0 | (x11.
53) 65) 16) .55) 05) 16)
28 19.0 13.0 394.80( | 19.6 495.5 0.034 | 2475 | NA NA NA NA NA NA
0(#0. | 3(x0. | #69.03) | 5(*3. | 6(x25 | (*0.0 | (*20.
53) 63) 51) .97) 05) 67)
Cell | 25 26.0 14.1 539.73( | 19.9 515.8 0.013 | 20.73 | NA NA NA NA NA NA
ulos 0(£0. | 3(x0. | +139.4 5(#5. | 9(+78 | (#0.0 | (*9.6
e 37) 58) 1) 38) .29) 02) 2)
28 23.0 12.9 405.07( | 16.6 521.9 0.024 | 21.79 | NA NA NA NA NA NA
7(£0. | O(x0. | +98.78) | 1(x4. | 7(¢61 | (0.0 | (¢85
59) 63) 14) .86) 04) 7)
Juv | Con | 25 NA 19.6 944.67( | NA NA NA NA 7.33 | 211 | 10228.6 | 30838.7 | 89232 | 7735.0
enil | trol 7(x0. | +98.52) (%0. (%0. 5(+1026 | 9(+¥2060 | 1(x562 | O(x727
es 65) 65) 71) 49) 17) .16) .45)
28 NA 17.1 625.25( | NA NA NA NA 6.33 | 2.02 | 9334.24 | 28163.6 | 8066.4 | 7181.3
7(x1. | £166.0 (%0. (%0. (£769.2 5(+2349 | 1(x723 | 1(¢669
03) 0) 77) 82) 3) .03) A7) .89)
MP 25 NA 20.5 1029.50 | NA NA NA NA 8.58 | 2.09 | 11066.5 | 33580.0 | 9700.4 | 83125
0(+0. | (¥131.1 (+0. (+0. 9(+646. 5(+985. 5(+368 | 5(+372
52) 32) 90) 49) 90) 88) .54) .09)
28 NA 19.0 767.67( | NA NA NA NA 7.25 | 244 | 9388.24 | 27948.6 | 8182.1 | 7111.8
8(+1. | #161.8 (+0. (+0. (+1162. 6(+3265 | 9(+990 | 4(x793
67) 2) 86) 76) 29) .28) 71) .66)
Cell | 25 NA 19.2 751.92( | NA NA NA NA 7.50 | 2.02 | 10024.7 | 30709.0 | 8897.1 | 7611.5
ulos 5(+0. | +71.54) (+0. (+0. 1(+541. 8(+836. 6(+310 | 8(+259
e 62) 52) 76) 05) 07) .24) .66)
28 NA 18.0 663.33( | NA NA NA NA 6.75 | 1.49 | 9696.41 | 29313.6 | 8497.4 | 7486.1
8(+0. | +80.64) (%0. (%0. (£666.4 | 1(¥1609 | O(x414 | 2(+417
99) 86) 74) 9) .97) .05) .27)
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Table S3. Spearman’s rank correlation of dependent variables in late larvae at developmental
stage NF57 (Nieuwkoop & Faber 1994). Larval period (days after hatching), snout-vent length
(SVL, mm), body mass (mg), growth rate (GR, mg/dah), body condition (SMI), standard
metabolic rate (SMR, mL O./h/g), and CORT level (pg/mg). N = 90; N=54 for CORT. Regular:
Coefficient of correlation (p). Italic: P- values.

Larval SVL Body GR SMI SMR CORT
period mass
Larval - 0.488 0.379 -0.001 -0.071 -0.803 -0.073
period
SVL <0.001 |- 0.612 0.439 -0.386 -0.464 -0.196
Body <0.001 |<0.001 |- 0.907 0.430 -0.347 -0.032
mass
GR 0.990 <0.001 <0.001 - 0.508 -0.036 0.005
SMI 0.506 <0.001 <0.001 <0.001 - 0.066 0.226
SMR <0.001 <0.001 0.001 0.735 0.535 - 0.108
CORT | 0.601 0.155 0.817 0.972 0.100 0.436 -
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Table S4. Spearman’s rank correlation of dependent variables at the end of experimental phase
2 (i.e., juvenile froglets 10 ten days after completing metamorphosis). Snout-vent length (SVL,
mm), relative body width (mm x SVL1), hepatosomatic index (HSI), length of forelimb (LOF,
mm), length of hindlimb (LOH, mm), tibiofibular:femur ratio (TFF ratio). N = 72; N=36 for
HSI. Regular: Coefficient of correlation (p). Italic: P- values.

SVL Body Relative | HSI Relative | Relative | TFF ratio
mass Body LOF LOH
width
SVL - 0.780 0.524 0.335 0.077 -0.013 | 0.144
Body mass | <0.001 |- 0.519 0.042 0.182 0.188 0.262
Relative <0.001 | <0.001 |- -0.047 | 0.029 0.360 -0.023
body width
HSI 0.046 0.806 0.788 - 0.044 -0.184 | 0.112
Relative 0.520 0.126 0.811 0.798 - 0.409 0.057
LOF
Relative 0.912 0.113 0.002 0.284 <0.001 |- -0.162
LOH
TFF ratio | 0.229 0.026 0.845 0.514 0.635 0.174 -
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Table S5. Mean (xSD), minimum, and maximum values of absolute counted MP particles as
well as the mean (xSD) number of MP particles x g per treatment before and after
metamorphosis in the African clawed frog (X. laevis). Accumulation of MP was assessed in late
larvae (i.e., developmental stage NF57, Nieuwkoop & Faber 1994) and juveniles (i.e., 10 days
after completing metamorphosis). One larva and four juveniles of each aquarium were
randomly selected and analyzed, respectively. The larvae (N=18) and half of the juveniles
(N=36) were processed and analyzed in total, whereas in the second half of the juveniles (N=36)
the guts were dissected and analyzed individually. N(n) = total number of studied individuals
(total number of aquaria). See text for further details.

Life Sample | Temperatur | Treatmen | Absolut | Absolute | Absolute | Relative
stage type e (°C) t e MP | MPcount | MP count | MP
count minimu | maximu | count
mean m m (particle
(*SD) s x g7
mean
Larvae | whole- | 25 Control 0 0 0 0
body MP 63.66 49 142 177.83
Cellulose | 3 1 8 9.92
28 Control 0 0 0 0
MP 89.67 12 195 284.97
Cellulose | 2.66 0 8 7.94
Juvenile | whole- | 25 Control 0.5 0 3 0.65
S body MP 17 0 97 16.53
Cellulose | 05 0 2 0.65
28 Control 05 0 3 0.86
MP 5.83 0 35 6.42
Cellulose |0 0 0 0
gut 25 Control 0.83 0 3 35.14
MP 25 0 90 888.70
Cellulose | 0.5 0 2 22.42
28 Control 0.33 0 2 4761
MP 15.16 0 87 521.29
Cellulose |0 0 0 0
body 25 Control 05 0 2 0.52
remnan MP 0.66 0 2 0.70
t Cellulose | 0 0 0 0
28 Control 0.33 0 1 0.54
MP 0.33 0 1 0.45
Cellulose | 1.16 0 6 1.89

35




1145
1146
1147
1148
1149
1150
1151
1152
1153
1154

Fig. S1. Before the start of the experiment, both food types and the cellulose powder were
checked for polyethylene MP particles used in the present study to control for contamination.
A-H Larval food (Sera micron breeding feed for fish and amphibians, Sera, Germany). I-L
Cellulose powder (Sigma-Aldrich; cellulose powder, CAS number 9004-34-6, particle size: 51
pm). M-P Juvenile food (Tetra ReptoFrog Granules for aquatic amphibians, Tetra GmbH,
Germany). Even if some particles looked similar to the MP particles used in the present study
(e.g., A, F, J, and N), we could not find any polyethylene MP particles in food samples of the
larval food nor the juvenile food, or in the Cellulose powder. Particles similar to polyethylene
MP were smaller, flatter, or had a different surface than the polyethylene MP particles used in
the present study. Width of white rectangle: 20 um. See text for further details.
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Fig. S2. Mean absolute number of MP particles (£SD) per treatment in late larvae (i.e.,
developmental stage NF57, Nieuwkoop and Faber, 1994) and in juveniles (i.e., ten days after
completing metamorphosis at NF66, Nieuwkoop and Faber, 1994) in Xenopus laevis. One larva
and four juveniles of each aquarium were randomly selected and analyzed, respectively. The
larvae (A; N=18) and half of the juveniles (B; N=36) were processed and analyzed in total,
whereas in the second half of the juveniles (N=36) the guts were dissected. Both the guts (C)
and the body remnants (D) after gut dissection were analyzed individually.
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