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Abstract:

This study provides new evidence that microplastic (MP) exposure can alter morphological development
in Rana dalmatina tadpoles, with effects most pronounced during early developmental stages. Tadpoles
exposed to MPs at Gosner stage 25/26 showed a statistically significant increase in centroid size and greater
morphological dispersion, suggesting heightened sensitivity to MP-induced stress during periods of rapid
cell division and tissue differentiation. Principal component analysis (PCA) revealed a consistent trend: MP-
exposed tadpoles tended to develop taller bodies and narrower posterior tails compared to controls. While
these shape differences were not always statistically significant in later stages, their persistent occurrence
points to a subtle but lasting effect of MP exposure. Increased centroid size among exposed tadpoles may
indicate disrupted developmental processes or compensatory plasticity. In contrast, the absence of significant
differences at stages 32/34 and 37/38 may reflect developmental resilience or a reduced impact of MPs as
development stabilizes. The ingestion of MPs was confirmed in all exposed individuals, verifying the effec-
tiveness of experimental treatments and strengthening the causal link between MP exposure and observed
effects. The observed morphological variability could carry ecological consequences, potentially impairing
swimming performance, predator avoidance, and overall survival. As amphibians are already threatened by
multiple stressors, MP contamination represents an additional risk factor that could exacerbate population
declines. These findings contribute to the growing recognition that environmental MPs can act as develop-
mental disruptors in vulnerable taxa. Future studies should address the physiological mechanisms behind
these effects, assess long-term fitness impacts, and explore interactions with other environmental stressors.
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Introduction

Small freshwater waterbodies (e.g. ponds, ditches,
ephemeral pools) are widespread and support dis-
proportionate regional biodiversity (Biggs et al.
2017, Hill et al. 2017). Despite their modest dimen-
sions, these aquatic systems are essential for main-
taining complex ecological networks, serving as
breeding and foraging habitats for a wide array of
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and mammals (Oertli et al. 2002, Céréghino et al.
2008). They provide key breeding and foraging
habitats and contribute to ecosystem functions such
as nutrient cycling and landscape connectivity (De
Meester 2005, Gamble & Mitsch 2009).

The ecological integrity of small waterbodies is
increasingly threatened by anthropogenic activities
such as urban expansion, agricultural intensification,
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and hydrological modification, which can alter water
quality, habitat structure, and the overall function-
ing of these habitats (De Meester et al. 2005, Hassall
2014, Hill et al. 2017). Among these, MP pollution
is particularly concerning because of its ubiquity and
potential biological impacts (Windsor et al. 2019).
While most research has historically focused on large
rivers, lakes, and marine ecosystems, recent studies
have begun to highlight the importance of small wa-
terbodies as both sinks and sources of microplastics,
as well as critical zones for their ecological impacts
(Free et al. 2014, Karbalaei et al. 2018).

After plastics enter freshwater ecosystems — ei-
ther directly or indirectly — through sources such as
residential activities, tourism, and urban stormwa-
ter, they begin to undergo degradation. This process
may be driven by biological activity, mechanical
abrasion, and photooxidation induced by ultraviolet
radiation, all of which alter the particle size and den-
sity (Galloway et al. 2017). Nevertheless, the major-
ity of plastics are highly resistant to (bio)chemical
degradation, which explains their long-term persis-
tence in aquatic environments. As these materials
fragment, they generate progressively smaller par-
ticles known as MPs, commonly defined as plastic
fragments <5 mm (Eerkes-Medrano et al. 2015, Pas-
torino et al. 2021). Importantly, this persistence and
continual breakdown increase the likelihood of MPs
becoming bioavailable, facilitating their uptake by
aquatic organisms and enhancing their potential to
enter food webs.

Many aquatic organisms, including plankton,
bivalves, fish, amphibians, and even semi-aquatic
mammals, have been documented to ingest MPs,
either directly or indirectly via trophic transfer of
contaminated prey (Roch et al. 2019, Gallitelli et al.
2022, Gil et al. 2023, Dursun et al. 2024, Senturk
& Aytan 2024, Galir et al. 2025). In 2017, MP was
detected in over 690 animal species (Provencher et
al. 2018). The early life stages of anuran amphibians,
particularly tadpoles, are especially susceptible to
exposure due to their high rates of filter-feeding and
detritivory, increasing the risk of MP ingestion (Hu et
al. 2016). Once ingested, MPs can accumulate in the
digestive tract, disrupting gut function and inducing
a range of sublethal effects, including reduced feed-
ing efficiency, tissue damage, altered growth rates,
and impaired development (Karaoglu & Giil 2020,
Pastorino et al. 2021, Cirkovi¢ et al. 2023) and MPs
may also act as vectors for sorbed pollutants between
compartments (Waldschlédger et al. 2020).

Amphibians, and tadpoles in particular, are
recognized as sensitive bioindicators of freshwater
ecosystem health due to their permeable skin, bi-
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phasic life cycle, and reliance on both aquatic and
terrestrial habitats (Wells 2007, Hocking & Babbitt
2014). Their remarkable plasticity in morphology,
behaviour, growth, and development enables them to
respond adaptively to environmental stressors, mak-
ing them valuable models for studying the impacts of
pollutants, including MPs (Denver et al. 2009, Orton
& Tyler 2014). Morphological changes in tadpoles
can serve as early-warning signals for ecosystem dis-
turbances and can have far-reaching consequences
for their survival, fitness, and population dynamics
(McDiarmid & Altig 1999, Relyea 2001a).

Geometric morphometrics (GM) is an incre-
asingly popular method for quantifying shape va-
riations and detecting subtle morphological changes
in different organisms (Klingenberg 2011, Adams
& Otarola-Castillo 2013). Since the body shape of
tadpoles changes during metamorphosis and can
be influenced by various factors, GM was selected
for analyzing the changes caused by MPs. Additio-
nally, using 2D images along with specialized so-
ftware such as MorphoJ or R allows for statistical
analysis of data between groups while minimizing
disturbance to the samples. In amphibian research,
analyses of tadpole morphology have contributed
substantially to taxonomy, systematics, and ecologi-
cal monitoring (Duellman & Trueb 1994, Grosjean
2005, Vejarano et al. 2006).

Tadpole development is characterized by dis-
tinct morphological transitions, with particularly
pronounced changes before Gosner’s (Gosner 1960)
stage 25 and after stage 42 (McDiarmid & Altig
1999). Most research, however, has focused on in-
termediate larval stages, often overlooking the early
and late phases where environmental stressors, such
as MP exposure, may exert unique effects. Despite
increasing concern about MPs in aquatic habitats,
studies investigating the specific impacts of MP ex-
posure on tadpole shape, growth, and development
remain limited, especially in regions such as the
Balkans and Eastern Europe (Hu et al. 2018, Pas-
torino et al. 2021, Cirkovié & Ajti¢ 2023, Cirkovi¢
et al. 2023).

Given the critical ecological role of amphib-
ians as both consumers and prey, their capacity to
bioaccumulate MPs and potentially transfer these
contaminants through food webs highlights the
urgent need for targeted research. To date, only a
handful of studies have documented MP ingestion
and accumulation in tadpoles and adult amphibians,
and the consequences for morphology and fitness
are still poorly understood (Hu et al. 2018, Karaoglu
& Giil 2020, Pastorino et al. 2021, Cirkovié & Ajti¢
2023, Cirkovi¢ et al. 2023).
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The primary aim of our study is to investigate
whether exposure to MPs induces significant chang-
es in the shape of tadpole bodies, with a focus on
the tail region, which is critical for locomotion and
predator avoidance. We also seek to identify which
specific body or tail regions are most affected by MP
exposure. Additionally, we aim to confirm MP in-
gestion by tadpoles, as suggested by previous find-
ings, and to contribute new insights into the suble-
thal effects of MPs on amphibian larval morphology.

Materials and Methods

Experiment setup

This analysis focuses on tadpoles of the agile frog
(Rana dalmatina). In Serbia, this species is widely
distributed, showing no evident restrictions in either
vertical or horizontal range. As an explosive breed-
er, R. dalmatina typically initiates reproduction in
early spring, often representing the first amphibian
colonizer of aquatic habitats (Vences et al. 2013,
Spybroeck et al. 2016). Owing to its abundance,
broad ecological distribution, and predictable breed-
ing strategy, the tadpoles of this species constitute
a reliable model system for monitoring ecological
alterations and assessing the overall condition of
freshwater ecosystems (Wells 2007).

Before the experiment, R. dalmatina eggs were
collected from selected locality in the Republic of
Serbia and transported to the laboratory. The se-
lected locality serves as the permanent habitat and
breeding ground for this species. The site’s easy ac-
cessibility and its proximity to the laboratory facili-
tated efficient, reliable, and consistent sample col-
lection. Collected eggs were raised in aquaria under
constant laboratory conditions until the experiment
commenced, specifically until they reached the 25th
developmental stage, as classified by Gosner (1960).
The experiment involved dividing the tadpoles into
two groups (two aquaria): a control group (CO) that
received standard food (fish food) (first aquarium)
and an experimental group (EX) that received stand-
ard food supplemented with MPs (second aquari-
um), with 5 tadpoles in each group. Aquaria were
cleaned every three days, with two-thirds of the
water volume replaced, and the tadpoles from both
groups were fed every day. MP particles were pre-
pared in the laboratory from the most common poly-
mer types (PP, PET, HDPE, LDPE) found in natu-
ral environments. Plastic material was immersed in
liquid nitrogen, ground, and subsequently processed
using wet sandpaper. Particle sizes ranged from 10
to 200 um. For the experiment, MPs were incorpo-
rated into food at a 1:1 ratio (50% MP:50% food).

In order to document morphological changes
during larval development, five tadpoles were pho-
tographed approximately every seven days, cover-
ing successive developmental stages sensu Gosner
(1960). Digital photographs of the tadpoles’ left
profile were captured with Canon EOS 400D Digi-
tal camera. For photographing, tadpoles were posi-
tioned in small glass tanks, with a camera fixed at a
consistent distance in front, and multiple images of
each tadpole were captured prior to their reaching the
bottom of the tank. This procedure minimized dis-
tortion and ensured consistent positioning. Also, the
procedure was conducted for two consecutive years,
in 2023 and 2024, so we could monitor if there are
regularities in the changes and plan further analyses
on larger sample syielding a total of 25 photographed
individuals per year. For analytical purposes, a subset
of 15 tadpoles per year was selected, corresponding
to five individuals from each of three representative
Gosner stages. These particular stages were chosen
because they exhibited the most pronounced mor-
phological modifications, thereby providing a reli-
able overview of the developmental trajectory.

The Ministry of Environmental Protection of
the Republic of Serbia approved the collecting of R.
dalmatina eggs from the natural population (permit
no. 353-01-911/2023-4, and no. 001315685 2024
14850 003 006 501 048). The experimental design
and procedures were approved by the Ethical Board
of the Faculty of Science, University of Kragujevac
(permit no. 1-05/2024). All experimental procedures
complied with the Good Laboratory Practice, Euro-
pean Council Directive (86/609/EEC).

Geometric morphometrics and statistics

We conducted a study using geometric morphomet-
ric methods to determine if exposure to MPs affected
the body size and shape of tadpoles. In the geometric
morphometric analysis, we labeled 7 2D landmarks
and 15 2D semi-landmarks (Table 1, Fig. 1), follow-
ing available literature (Dayton et al. 2005, Ferland-
Raymond & Murray 2008, Haad et al. 2011, Katzen-
berger et al. 2014, Johnson et al. 2015, Peltzer et al.
2017, Mir¢ et al. 2023) but with some modifications.
The modifications include adding landmark 5, which
is in line with L4, just on the ventral side of the body
(Fig. 1). For the position of semi-landmarks Make-
Fan 8 program was used from Integrated Morpho-
metrics Program — IMP package (Sheets 2014).

The tpsDig software package (Slice et al.
1996) was used to collect two-dimensional data, i.e.
coordinates of specific points on tadpoles’ photo-
graphs. The use of the program allows the configu-
ration of all analysed individuals to be determined
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Fig. 1. Position of landmarks and semi-landmarks on tadpoles used for geometric morphometrics.

Table 1. Landmarks and semi-landmarks used for GM on tadpoles.

Label Description Note
L1 The tip of the snout
L2 Dorsal point of anterior eye edge
L3 Ventral point of anterior eye edge
L4 The intersection of head-body and dorsal edge of the tail fin
L5 The ventral side of body In the same vertical line as L4
L8 The intersection of head-body and the ventral edge
of the tail muscle
SL6 The dorsal side of the tail fin
SL7 The dorsal side of the tail muscle All in the same vertical line as L8
SL9 The ventral side of the tail muscle
SL10 The dorsal side of the tail fin
SL11 The dorsal side of the tail muscle .
- - 1/4 the distance between L8 and L22
SL12 The ventral side of the tail muscle
SL13 The ventral side of the tail fin
SL14 The dorsal side of the tail fin
SL15 The dorsal side of the tail muscle .
- - 1/2 the distance between L8 and L22
SL16 The ventral side of the tail muscle
SL17 The ventral side of the tail fin
SL18 The dorsal side of the tail fin
SL19 The dorsal side of the tail muscle .
- - 3/4 the distance between L8 and L22
SL20 The ventral side of the tail muscle
SL21 The ventral side of the tail fin
L22 The tip of the tail

using a certain number of specific points. The tp-
sUtil software package was used to prepare input
data for CoordGen 8 (Rohlf 2015). In the program
tpsRelw (Rohlf 2010) the accuracy of digitization
was checked.

Generalized Procrustes analysis (GPA) was
used to remove non-shape variation (scale, rotation,
translation) and obtain Procrustes coordinates for
subsequent analyses. This retains only information
that is directly related to the differences in shape.
The coordinates of specific points after scaling, cen-
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tring, and rotation (which eliminates all differences
in size, position, and orientation of specific point
configurations) carry information about the shape
of a particular configuration and are designated as
Procrustes coordinates and represent the starting
data for further analyses of shape variability. For
this analysis CoordGen 8 software from IMP pack-
age (Sheets 2014) was utilized (Rohlf & Slice 1990,
Dryden & Mardia 1998, Rohlf 1999).

After determining the specific landmarks and
getting the Procrustes coordinates, shape analysis
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(to explore tadpole shape variation between two
compared groups) using geometric morphometry
was continued in the MorpholJ software package
(Klingenberg 2011), in which PCA was performed.
The shape changes along the selected PC axes are
graphically represented as wrapped outline dia-
grams also using MorphoJ (Bookstein 1991).
Differences in centroid size (In-transformed
CS) between control and MP-exposed groups were
tested using analysis of variance (ANOVA) in Sta-
tistica v. 10 (StatSoft Inc 2011). The results are pre-
sented with bar graphs made by Microsoft Excel.
The centroid size or CS is a geometric measure
of the size of an object described by a configuration
of specific landmarks. The centroid size is a meas-
ure of the dispersion of specific landmarks from the
center (centroid) of a given configuration. A mutual
comparison of centroid sizes is possible only if mor-
phological entities described by configurations that
have the same number and same arrangement of
specific landmarks are compared (Slice et al. 1996).

Confirmation of ingestion of MPs by tadpoles

In order to confirm that MPs were ingested via food,
fecal pellets were collected using a pipette with a
widened opening to avoid mechanical damage and
were examined under a light microscope at x100
magnification for the presence of MP particles. This
procedure was consistently repeated after every
feeding.

Results

For stage 25/26, no significant difference in centroid
size (CS) was found in 2023 (F = 0.0008, P = 0.929).
In contrast, CS was significantly higher in MP-expo-
sed tadpoles in 2024 (F = 13.86, P =0.005). The cen-
troid size (CS) was larger in MP-exposed individuals
(Fig. 2). This reflects a larger centroid size, indicating
increased overall landmark dispersion in MP-exposed
individuals in the diet compared to the control group.

PCA showed that the first four PC axes (PC-
I — PC-1V) explain around 82% of the variability
(82.62% for 2023 and 82.83% for 2024), with the

i

first PC axis (PC-I) explaining over 30% of the vari-
ability. This axis describes the changes in shape in
tadpole body height and tail height (Fig. 3a, b), with
individuals MP-exposed having a taller body com-
pared to control individuals.

For the developmental stage 32/34, ANOVA did
not show a statistically significant effect of MPs on
tadpole body shape, during both years of the experi-
ment (F =0.0004, P=0.983 and F = 0.004, P = 0.95).
CS values were marginally higher in MP-exposed
individuals, although this difference was not statisti-
cally significant (Fig. 4), which again indicates that
the dispersion of specific points from the center (cen-
troid) of a given configuration is greater in individuals
with MPs in the diet compared to the control group.

PCA showed that the first four PC axes explain
more than 87% of the variability (89.53% for 2023
and 87.80% for 2024), with the PC-I explaining over
40%. At this stage, similarly to the previous one, ac-
cording to the first PC axis, individuals MP-exposed
have a taller body and a narrower posterior tail com-
pared to control individuals (Fig. 5a, b).

As in the previous stage, for developmental
stage 37/38, ANOVA also showed no statistically
significant effect of MPs on tadpole body shape dur-
ing both years of the experiment (F = 0.01, P =0.92
and F = 0.002, P = 0.96). The centroid size of indi-
viduals exposed to MPs was slightly larger compared

6.84 686
6.55 5.77
mCO
mEX

2023 2024

Year
Fig. 2 Distribution of centroid size (CS) values of specif-

ic landmarks of two groups of Rana dalmatina tadpoles
(CO and EX) during two years of experiment (d.s. 25/26).

—=

Fig. 3. Shape changes in tadpoles’ morphology, in stage 25/26 (blue line — CO; orange line — EX; a—2023, b —2024),

on PC-I.
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to control individuals (Fig. 6), indicating that the dis-
persion of specific points from the center (centroid)
of'a given configuration is greater in individuals with
MPs in the diet compared to the control group.

Result of PCA for stage 37/38 showed that the
first four PC axes explain between 88 and 92% of
the variability (92.09% for 2023 and 88.16% for
2024), with the first PC axis explaining the largest
percentage of variability (60.74% or 57.78%), sug-
gesting that individuals MP-exposed have a taller
body and a narrower posterior tail compared to con-
trol individuals (Fig. 7a, b).

Examination of tadpoles’ feces from the
aquaria confirmed the presence of MP particles in
tadpoles from the MP-exposed groups at every de-
velopmental stage. During the examination of feces,
potential MP particles were classified according to
morphological criteria (size, shape, and color). Only
particles that met these criteria were considered

8.00

711 712
7.00
587  5.88

6.00
5.00

) uCo
3.00 i
2.00
1.00
0.00

2023 2024
Year

InCs
=
8

Fig. 4. Distribution of centroid size (CS) values of land-
marks of two groups of Rana dalmatina tadpoles (CO
and EX) during two years of experiment (d.s. 32/34).

MPs, in accordance with previously published re-
ferences (e.g. Kolenda et al. 2020, Pastorino et al.
2021). This finding validates experimental exposure
and indicates that tadpoles ingested MPs throughout
the duration of the study.

In addition to morphological changes, all tad-
poles exposed to MPs exhibited marked behavioural
alterations. Food availability was sufficient; how-
ever, exposed individuals showed continuous swim-
ming and persistent foraging behaviour, indicating
altered feeding behaviour likely induced by MP in-
gestion rather than food limitation. This heightened
activity contrasted sharply with the control group,
in which tadpoles exhibited typical intermittent
swimming and resting behaviour. Such intensified
foraging likely reflects compensatory responses to
reduced nutritional quality of the diet and may in-
crease energy expenditure, potentially influencing
growth, development, and survival.

7.20

7.09 7.10
7.00
6.80
6.60
6.40
6.20 mCO
6.01 6.02
6.00 mEX
5.80
5.60
5.40

2023 2024
Year

InCS

Fig. 6. Distribution of centroid size (CS) values of specific
landmarks of two groups of Rana dalmatina tadpoles (CO
and EX) during two years of experiment (d.s. 37/38).

Fig. 5. Shape changes in tadpoles’ morphology, in stage 32/34 (blue line — CO; orange line — EX; a — 2023, b —2024),

on PC-I.

Fig. 7. Shape changes in tadpoles’ morphology, in stage 37/38 (blue line — CO; orange line — EX; a — 2023, b — 2024),

on PC-I.
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Discussion

This study provides evidence that MP exposure can
alter morphological development in Rana dalmati-
na tadpoles, particularly during early developmen-
tal stages. The statistically significant increase in
centroid size and morphological dispersion at stage
25/26 in 2024 suggests that early tadpole develop-
ment is especially sensitive to MP-induced stress.
This finding aligns with previous studies showing
that amphibian larvae are highly susceptible to en-
vironmental contaminants during early ontogeny,
when rapid cell division and tissue differentiation
occur (Hocking & Babbitt 2014, Hu et al. 2020, Ko-
lenda et al. 2020, Shahrum Nizam et al. 2023).

A key trend observed across all developmental
stages was the tendency for MP-exposed tadpoles
to develop taller bodies and narrower posterior
tails compared to controls, as revealed by PCA.
Although these shape differences were not always
statistically significant, their consistency implies a
persistent morphological effect of MP exposure. In-
creased centroid size among exposed tadpoles also
indicates greater variation in body shape. These
patterns may suggest altered developmental trajec-
tories, although further physiological data would
be required to distinguish between disruption and
plastic compensation (Burggren & Warburton
2007, Provencher et al. 2018). Similar morphologi-
cal alterations have been reported in amphibian lar-
vae exposed to other environmental stressors, such
as heavy metals and pesticides (Lefcort et al. 1998,
Santana et al. 2021), suggesting that MPs act as a
novel developmental stressor.

The greater centroid size and altered body
shape in MP-exposed groups suggest increased de-
velopmental variability or subtle disruptions not al-
ways captured by univariate analyses. As such, mul-
tivariate and variance based statistical approaches
may be necessary to fully appreciate the breadth of
MP impacts. Notably, increased morphological vari-
ability can have ecological consequences, poten-
tially affecting fitness, predator avoidance, and sub-
sequent life-stage success (Lopez-Rojo et al. 2024).

The absence of significant differences in later
stages (32/34 and 37/38) may reflect the ability of
tadpoles to compensate for early developmental
perturbations as they mature, a phenomenon known
as developmental resilience (Pfau & Russo 2015).
Alternatively, the effects of MPs may be most pro-
nounced during periods of rapid growth and may
taper off as development stabilizes (De Felice et
al. 2018). Differences between experimental years,
particularly the pronounced effect seen in 2024 but

not in 2023, could be attributed to subtle variations
in parameters, MP concentration, or batch effects —
factors known to influence experimental outcomes
in ecotoxicology (Ogonowski et al. 2016).

Our study was constrained by small per-group
sample sizes, reflecting ethical and permitting con-
siderations as well as the exploratory nature of the
work. Nevertheless, the experiment was replicated
across two years, and consistent morphological
patterns were observed. Moreover, geometric mor-
phometric methods are highly sensitive to shape
differences, allowing reliable detection of develop-
mental alterations even with reduced sample sizes.
We therefore view these findings as robust initial ev-
idence, while recognizing the need for larger-scale
studies to confirm and expand upon these results.

Crucially, MP ingestion was confirmed in all
analysed individuals from the MP treatment groups,
validating the experimental exposure and support-
ing a direct causal association between MPs and
observed morphological effects. The ingestion was
confirmed with the analysis of feces of tadpoles.
This confirmation is critical, as field studies have
found that MPs are increasingly present in freshwa-
ter systems, making laboratory findings ecologically
relevant (Wagner and Lambert 2018; Li et al. 2020).

The potential fitness implications of altered
morphology in amphibian larvae are concerning:
changes in body and tail shape can affect swimming
performance, predator avoidance, and ultimately
survival and recruitment (Relyea 2001b). Given that
amphibians are already experiencing global declines
due to habitat loss, disease, and chemical pollution,
the added burden of MP contamination could exac-
erbate population stress (Stuart et al. 2004).

The physical ingestion of MP represents two
principal categories of risk. The first involves direct
mechanical effects, such as gastrointestinal obstruc-
tion, depletion of energy reserves, and ultimately
starvation. The second arises from the concomitant
uptake of chemical pollutants associated with MP.
These include toxic or partially toxic additives in-
tentionally incorporated during polymer manufac-
ture, as well as persistent organic pollutants (POPs)
and persistent, bioaccumulative, and toxic (PBT)
compounds that can sorb to MP surfaces under en-
vironmental conditions (Barnes et al. 2009, Lithner
et al. 2011).

Despite the increasing recognition of the po-
tentially deleterious impacts of MP and associated
contaminants on biota, and the extensive evidence
of MP occurrence across a wide spectrum of taxa,
the establishment of robust ecotoxicological as-
sessments remains problematic. This limitation is
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largely attributable to the heterogeneity of MP — en-
compassing variation in particle morphology, size
distribution, polymeric composition, incorporated
additives, and sorbed pollutants — which constrains
the ability to formulate generalized conclusions re-
garding their ecological and toxicological signifi-
cance (Waldschldger et al. 2020).

Collectively, these findings contribute to a
growing body of evidence that environmental MPs
are not inert but can act as significant developmen-
tal disruptors, especially in vulnerable taxa such as
amphibians (Lopez-Rojo et al. 2024). Future studies
should aim to elucidate the physiological and mo-
lecular mechanisms underlying these morphological
effects, assess potential long-term consequences for
individual fitness and population dynamics, and ex-
amine interactions with other environmental stress-
ors such as temperature fluctuations, pathogens, and
chemical contaminants.

This study suggests that MP exposure can dis-
rupt early morphological development in Rana dal-
matina tadpoles, most notably by increasing centroid
size and altering body and tail proportions during the
sensitive Gosner stage 25/26. Although later stages
showed fewer statistically significant effects, the
consistent trend of taller bodies and narrower tails
indicates a lasting morphological influence. Such
changes may influence swimming performance,
predator evasion, and survival, adding to the multi-
ple pressures amphibians already face. Confirmation
of MP ingestion validates the experimental design
and underscores the ecological relevance of these
findings, as freshwater habitats are increasingly con-
taminated. While limited by small sample sizes, the
study provides robust initial evidence that MPs act
as developmental disruptors in amphibians. Future
research should clarify underlying physiological
mechanisms, evaluate long-term fitness outcomes,
and explore interactions with other environmental
stressors. Collectively, these results strengthen the
argument that MPs are not inert pollutants but active
drivers of biodiversity risk in freshwater ecosystems.

Conclusion

While it has been shown that many organisms can
ingest MPs, the specific consequences remain un-
clear. Amphibians, and especially the larvae of anu-
ran amphibians, are considered good bioindicators
of aquatic ecosystem health, and their plasticity
makes them a valuable model for studying the im-
pact of different pollutants.

Geometric morphometrics is a modern method
used to monitor changes in morphology that occur
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due to various factors. Our study’s results indicate
that the ingestion of microplastics (MPs) can im-
pact the morphological changes in Rana dalmatina
tadpoles, particularly during the early stages of de-
velopment. Additionally, individuals that consumed
MPs exhibited larger body sizes (centroid size)
compared to the control group, potentially indicat-
ing impaired development and compensatory mor-
phological adjustments. Although the differences in
shape were not always statistically significant, their
consistency suggests that exposure to MPs leads to
persistent morphological changes.

Although our study is limited by a small sam-
ple size, our findings indicate that MPs can cause
changes in morphology. Additionally, our results
provide a foundation for further research that should
clarify the underlying physiological mechanisms,
evaluate long-term fitness outcomes, and investigate
interactions with other environmental stressors.
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