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Abstract

Plastic pollution in the environment has become a much-discussed issue worldwide. In recent decades, the contamination of all
environments has become increasingly evident, in particular, that of water is highly concerning. Ingestion by different animal
species under natural conditions has also been demonstrated. Among these is the Talitrid Amphipod Cryprorchestia garbinii, which
lives on the banks of the internal waterways and lakes’ shorelines. As detritivores species, it is very exposed to microplastics that
can be ingested, probably mistaking them for food. Aiming to highlight the microplastic ingestion and the role of this species as an
entry point for the food web, we analyzed 80 specimens from 4 sites along the shores of Garda Lake, one of the first lakes in Italy to
be studied for this type of contamination. The microplastics ingested were observed and quantified through the Nile Red staining
method. We were able to verify the presence of ingested microplastics in all the samples analyzed and, therefore, in the food web.
This species could serve as valuable natural models of plastic exposure. Microplastic sentinel species can be used as a proxy for
environmental exposure and ecosystem monitoring tools to quantify and assess the impacts of microplastic contamination.
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Introduction Any plastic particle < 5 mm in diameter is commonly
defined as “microplastic” (GESAMP; 2015; Lambert
& Wagner 2018). The microplastics (MPs) can be
classified based on their origin as “primary” MPs,
produced, or directly dispersed in the environment
with these dimensions, and “secondary” MPs are the
result of the degradation from macroplastics (Boucher
& Friot 2017), IUCN report to its slow rate of degra-
dation in nature (Shahnawaz et al. 2019). Since the
beginning of this century, plastic has been considered
an emerging pollutant due to almost all latitudes of the
Earth, from tropical to arctic areas (Iannilli et al. 2019;

Plastic production has increased every year since
1941, when R. Whinfield and J.T. Dickson developed
the thermoplastic resin, polyethylene terephthalate
PET (da Silva et al. 2020). In 2020 only about 33%
of plastic produced was recycled in Europe; the
remainder was stored in landfills or was sent to energy
recovery (Plastics Europe, 2021). At the end of the
cycle, plastic waste, if improperly handled, may con-
tribute to the input and dispersion of microplastics
into the environment and to the generation of con-
taminated environmental matrices (de Souza

Machado et al. 2018; Kallenbach et al. 2022).
Eighty percent of the plastics produced globally are
of petrochemical origin and, therefore, not biodegrad-
able but only recyclable (Urbanek et al. 2018). This
plastic produced and accumulated in the environment
will be fragmented into increasingly smaller particles.

Schwarzer et al. 2022), and in all waters of the Earth,
both marine and freshwaters (Van Cauwenberghe
et al. 2013; Faure et al. 2015; Imhof et al. 2018;
Sighicelli et al. 2018). The distribution is influenced
by various factors such as wind, geostrophic circula-
tion, turbulence, and oceanographic current. The

*Correspondence: V. Iannilli, Department for Sustainability, ENEA, Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, C.R. Casaccia, Via Anguillarese, 301, Rome 00123, Italy. Email: valentina.iannilli@enea.it

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



74 G. Baztistin et al.

plastics’ properties (durability, lightness, composition,
shape, size) can cause their transport and aggregation
to influence the distribution (Li et al. 2018). In recent
decades, a lot of research has been done to evaluate
plastic pollution in freshwaters, through the analysis of
sediments and internal freshwater ecosystems, includ-
ing Lake Garda (Imhof et al. 2013, 2018; Faure et al.
2015). This lake accumulates a significant presence of
microplastic contaminations (Nel et al. 2018), even if
the lack of standardized collection and analysis meth-
ods makes comparisons with others hard to do. Garda
is the largest lake in Italy; it is located in an industria-
lized and urbanized region and is an important tourist
site from everywhere in Europe, therefore greatly sub-
ject to environmental pollution (Imhof et al. 2013;
Sighicelli et al. 2018).

MPs pollution can be monitored by direct collec-
tion in the water bodies. Still, it is essential to con-
sider if this contamination is transferred to the biota
and, consequently, to the food web. For this reason,
it is imperative to develop bioindicators that can
indicate this (Fossi et al. 2018; Corami et al.
2022). The talitrid amphipod Cryptorchestia garbinii
Ruffo et al. (2014) is a semi-terrestrial species that
live on the banks of rivers and lakes in central-
southern Europe and is a detritivorous, polypha-
gous, and scavenger species (Ruffo et al. 2014). It
is discontinuously distributed along the Garda
shores, and it has been used as a crustacean model
in studies on cellular differentiation and expression
of genes as other amphipod species (Davolos et al.
2015, 2018). Iannilli et al. (2020) demonstrated that
it could ingest small plastic fragments dispersed in
the environment together with organic debris in
three volcanic lakes in Central Italy: Albano,
Bracciano, and Vico. We aimed to use this species
as a model to monitor if MPs’ contamination from 4
sites at Garda Lake entered the food web, analyzing
MPs ingested by the Nile Red method. These
amphipods are key species in the energy flow of
inland shores. Feeding both on terrestrial and aqua-
tic material, they are affected by the contamination
of both ecosystems. C. garbinii constitute an impor-
tant food source for other invertebrates, fishes and
birds (Griffiths et al. 1983). They can therefore
transfer the contamination of microplastics from
the aquatic to the terrestrial trophic chain.

Material and methods
Stites

Lake Garda is the largest lake in Italy, has an area of
about 370 km?, is 65 m above the sea level, with
maximum fluctuations of about 1 m, and is

surrounded by three regions: Lombardy, Veneto,
Trentino-Alto-Adige. It has a maximum depth of
346 m, while the average is 135 m. The main tribu-
tary is the Sarca river, whose sources are in the Alps
above, while the river Mincio, South of the lake, is
the emissary. The inflows of waters is regulated
through dams and locks. The flora is particular and
diversified between shore and hill vegetation due to
the characteristics of the lake itself and the sur-
rounding area; the fauna of the lake is rich even if
the endemic species are at risk of extinction due to
overfishing, poor water quality, and the arrival of
invasive species (Turri 1978). Several alien species
were introduced in the last decades, enough to be
considered a freshwater hotspot of xenodiversity in
Europe (Lopez-Soriano et al. 2018).

The waters are used in agriculture, industry and
fishery. They are also used, after treatment, for
drinking purposes. Moreover, it is an important
resource for recreation and tourism from Italy and
Europe. The southern part is large and shallow (less
than 50 m) and interested by the presence of most of
the tourist sites and recreational places which can
also have a direct influence on water quality of the
Lake.

Sampling sites are showed in Figure 1 where we
also reported data about population density in the
main locations on the Lake.

Cryptorchestia garbinii

Sample collection. In this work, the semi-terrestrial
amphipod species Cryptorchestia garbinii (Ruffo
et al. 2014) was used as a model organism to study
the ingestion of microplastics in the natural environ-
ment (Figure 2). Eighty specimens were collected
along the shores of Lake Garda at four different sites
(10 male and 10 female each site): Bardolino on the
East shore, Lugana (Sirmione) on the South coast,
Riva del Garda on the North coast, and finally
Toscolano-Maderno on the West bank of the lake.
C. garbinii  specimens were collected in
October 2019, using an aspirator or by hand,
among the shore sediments near the water line and
fixed in 75% ethanol in 50 mL Falcon tubes.

Sample treatment. The protocol used aimed to high-
light the microplastics ingested by Nile red staining,
it is an easy, fast, and low-cost method for identify-
ing and quantifying microplastics in environmental
matrices. Nile red is a solvatochromic dye which
stains hydrophobic plastics emitting higher fluores-
cence at low wavelengths (Shim et al. 2016; Erni-
Cassola et al. 2017).
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Site Latitude Longitude

Lugana LUG | 45.461003 10.630512
Bardolino BAR | 45.5371973 10.7266004
Riva del GardaRIVA | 45.8808728 10.8494392
Toscolano Maderno TOS | 45.6436668 10.6193925

Figure 1. Population density (people per square kilometer) and sampling sites.

Figure 2. Cryptorchestia garbinii, above a male specimen, below
a female.

In the present work we treated the samples as
described in Iannilli et al. (2019). After identification
and dissection, the digestive tubes were extracted, and

placed in Eppendorf, in pairs with separate sexes, with
H,0, 30% added and maintained for 48 hours, at
a constant temperature of 60°C to obtain the degrada-
tion of the organic matter. After that, the samples were
filtered using a glass Buchner filtering kit on black
polycarbonate membranes (Cyclopore Track Etched
Membrane, 0.2 UM, 47 mm, Whatman™™) to make
the microplastics stand out better against the dark
background. The filters were washed with n-hexane
and then stained with few drops of Nile red working
solution on the surface. Nile red was dissolved in
acetone and diluted in n-hexane (5 mg/LL NR working
solution) according to the protocol by Shim et al.
(2016) and Iannilli et al. (2019) to obtain a work
staining solution. The stained filters were observed
under a microscope (Nikon Eclipse Ci-L) in green
fluorescence (ex. 450-490; em. 505-520 nm) to high-
light microplastic particles. Four negative control sam-
ples were processed with the same protocol to check
for any MPs contamination during the analysis. In this
work, the 40 filters obtained (each with two speci-
mens’ digestive tubes) and negative control samples
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were observed. Because the morphological identifica-
tion can help in understanding the origin and fate of
plastic pollution, the microplastic particles found were
observed, measured, and photographed with the cam-
era Nikon DS-Ri2 and the Software NIS-elements
BR4.50. We used the Aspect Ratio (AR) calculation
(a ratio between the width and the particle’s height) to
distinguish fibers from fragments.

Statistical analysis

Data analysis (t-test for equal means) was performed
using the software Past, Paleontological Statistics
Version 4.08 to determine the level of significance
among sites.

Results and discussion

The Nile Red staining applied to the material
ingested by Cryptorchestia garbinii made it possible
to highlight the microplastic particles ingested
through the observation under a microscope in
green fluorescence (ex. 450-490 nm; em. 515-
565 nm) (Figure 3).

The use of Nile red (NR) fluorescent staining allows
the visualization of MPs in environmental matrices
using fluorescence microscopy, while this method
does not provide the chemical identification of the
MPs as are able to do other techniques, like FTIR
and Raman (Erni-Cassola et al. 2017). However,
although NR interaction with different polymers varies
leading to a different fluorescence, methods for poly-
mer classification based on NR have only recently
been proposed (Meyers et al. 2022).

The MPs ingestion was demonstrated, in the last
years, in a wide range of taxa, including crustaceans.
The extent of adverse effects on biota is not fully under-
stood, although it is known that they negatively affect
many species (Jamieson et al. 2019). Many inverte-
brates feed on collecting, sorting, and digesting the
organic particulates; since this plastic debris occupies
the same size range, a wide range of invertebrates can
ingest them by confusing them with food. Ingestion and
accumulation within organisms cause physical and
mechanical damage, obstructions of the gastrointestinal
tract, and consequent pseudo satiety, resulting in
reduced food intake and, therefore, can lead to the
individual’s death. Moreover, other chemical com-
pounds used as additives easily leach out from degraded
plastic objects and exhibit adverse biological effects
(Ficociello et al. 2021; Cosentino et al. 2022). Several
studies have been carried out on the ingestion of micro-
plastics by Amphipods, both in laboratory conditions
(Blarer &  Burkhardt-Holm 2016; Redondo-
Hasselerharm et al. 2018a; Haegerbaeumer et al.

2019) and under natural conditions (Iannilli et al.
2018, 2019, 2020). Other benthic macroinvertebrates
taxa, such as Annelids, Isopods, and the Bivalves
(Redondo-Hasselerharm et al. 2018a), Trichoptera
(Windsor et al. 2019), Ephemeroptera (Windsor et al.
2019), Chironomids (Nel et al. 2018; Lin et al. 2021)
and Oligochaetes (Silva et al. 2021) can ingest micro-
plastics. Microplastics have been demonstrated in all
groups analyzed, thus highlighting a potential risk in the
freshwater ecosystems.

In this work, a total of 80 specimens of C. garbinii
were processed, 20 for each sampling site, of which
10 were females and ten males. Based on micro-
scopic observation, all the samples analyzed con-
tained microplastics belonging, for the most part,
to the category of fragments. We can’t infer if this
is related to the feeding behaviour. The most likely
reason is that fragments are the most present cate-
gory in Garda waters’ plastic litter, as demonstrated
by Sighicelli et al. (2018), though they referred to
larger particles.

The difference in the number of microplastics
found in the digestive tracts of male and female
individuals is not statistically significant, so the
data were therefore treated as a whole. The size
ranges between 9.09 and 706.16 pum (length)
(Table I), and more than 87% of them are small
microplastics (SMPs, <100 um), and 70% are
smaller than 50 pum. The size of the microplastics
found is in line with the study conducted by
Tannilli et al. in 2020 on the lakes of Lazio
(Figure 4); the mean size is about 60 um (length)
and 30 um (width). The small size of the particles
makes them particularly dangerous for biota
because they reach cellular size. All microplastics
can potentially cause sublethal effects themselves
still, to date, little investigated, however, smaller
particles may have more significant consequences
within organisms because they may end up in the
tissues or even inside the cells (Prinz & Korez
2020). It has also been shown that microplastic
pollution increases with decreasing size of plastic
fragments (Enders et al. 2015; Imhof et al. 2016).

In all four sites, we found 85 MPs with fiber
shape (length>3*width), about 14.8% of the total
(Figure 5). The fibers percentage ranges from
12% at Toscolano Maderno to 19% at Bardolino
(Figure 6(a) and (b)). Corami et al. (2020) attri-
bute the origin of the fibers in waters mainly to the
washing of clothing and the lack of or poor waste-
water filtration. Many fibers are too small to be
removed by urban sewage systems and, as a result,
they will be flushed into the lake. The more sig-
nificant accumulation of fibers in one site rather
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Figure 3. Microscope images of microplastics on a filter stained with Nile red, in green fluorescence (ex. 450-490; em 515-565 nm) (left)

and brightfield (right), with measurements.

than another can be attributed not only to the
greater volumes of wastewater treated (depending
on the population density and, in this case, also
for tourism) but also to the type of plant and its
purification capacity. Koutnik et al. (2021)
observed that the microplastic shape could affect
their environmental diffusion, influencing trans-
port. The fibers resulted in abundant sediment in
coastal areas, indicating that they are easily trans-
ported from the source. Fibers are unexpectedly
concentrated in glaciers, probably because they

can be suspended and transported by wind
(Koutnik et al. 2021).

We observed a mean value of 7.13 (+2.11) micro-
plastics in each specimen analyzed, while in the nega-
tive procedural control tests, no microplastic particles
were found, hence, contamination was efficiently
minimized by the procedures. This value is slightly
higher than the MP averages found in C. garbinii in
the lakes of Lazio (Italy) conducted with the same
methods (lake of Albano: 2.2-1.8 MP/ind, lake
Bracciano: 5-4.6 MP/ind) (Iannilli et al. 2020). In
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Table I. Microplastic particles size measured in um as length (the longest
dimension) and width (perpendicular to the length).

BAR LUG RIVA TOS
Lenght 74.57 66.02 57.60 26.69
SD 85.92 82.58 57.32 16.70
Width 33.09 30.12 30.48 2.56
SD 33.95 27.87 22.53 4.90
Min 11.78 2.61 14.36 3.28
Max 661.34 343.86 706.16 202.28

® 1-50pum
50 - 500 pm

® >500 pm

Figure 4. Size categories of microplastics ingested by Cryptorchestia garbinii in all sites.

Length = 27,47 um

Length = 221,62 um

Figure 5. Images of fiber observed on a filter stained with Nile red, in green fluorescence (ex. 450-490; em 515-565 nm) (left) and
brightfield (right).
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Figure 6. a Fibers’ abundance per site; b Percentage of fibers per site on the total detected.
particular, the average MPs values found in the four These differences are statistically significant, as
sites are: Bardolino 8,5 (*£1.1) particles/ind; Lugana shown in Figure 7.
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Figure 7. Average number of MPs ingested per specimen (* standard error) by sampling site. Different letters indicate significant
differences according to t test (P < 0.05).
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and sediment, but these organisms can ingest the
MPs in a different way depending on the type of
sediment. There may be a connection between the
sediment structure such as the granules’ size or dis-
tribution and the quantity or size of the MPs
ingested by C. garbinii which individuals mistake
for food. Fine sediment with high organic content,
for example, favour the accumulation of microplas-
tic particles. In contrast, large sediment grain sizes
make the MPs adhere less and accumulate more in
the interstices, leading to deeper penetration into
larger interstitial spaces of the sediment (Imhof
et al. 2018). Zbyszewski et al. (2014) and Ballent
et al. (2016) observed the same in California lakes.
A positive relationship between the type of sediment
and the abundance of MP was also observed in our
study. In the sampling sites where there is a small
layer of large grains and then a layer of clay below
with organic material deposited by the waves, more
particles of MP were found in the organisms because
the place where animals live coincides with the accu-
mulation site of the MP deposited; therefore, these
will be bioavailable to be mistaken for food and
ingested. While in the places where the sediments
were thicker and with a greater thickness in depth,
the MPs deposited by the water will create
a concentration gradient of the particles downwards,
and in this case, C. garbinii living within a few centi-
metres from the surface will have less likelihood of
encountering and ingesting the plastic fragments.
In the area of Bardolino and Lugana the micro-
plastic particles seems to be more available to inges-
tion by C. garbinii. From Figure 1 we can observe
that in the southeastern part of the lake we have the
most residential population density. This factor is
often recognized as positively related with micro-
plastic pollution, in particular, high concentrations
of fibers characterize the waters of densely populated
areas, in consequence of the laundering of synthetic
materials (Talbot & Chang 2022). Moreover, cur-
rents and wind could accumulate a larger amount of
plastic litter in the south eastern part of the lake.
There is the “peler” wind that blows from north to
south of the lake, and in particular, Lovato &
Pecenik (2012) highlighted that the wind named
“ora sul Garda” has the effect of accumulation and
retention of buoyant litter in the area of Bardolino.
According to the study by Imhof et al. in 2018 on
sediments, the shore area where most of the MP
fragments are found is near the water (water line
and drift line), which coincides with the living area
of C. garbinii. Moreover, the MPs found have a size
compatible with the MPs ingested. Among these,
the water line has a lower MPs accumulation
because of the action of the waves, which

continuously have the effect of depositing and
removing. At the same time, the drift line has the
greatest MP deposit and is also the deposit of
organic matter, which is the food source for
C. garbinii (Imhof et al. 2018).

Conclusion

It is important to identify sentinel species to monitor
the distribution and impact of MPs in our environ-
ment. C. garbinii, considered a model organism for
biological investigations, can also be considered
a suitable bioindicator of MP contamination and
an entry point of MPs into the food web. The pre-
sence of microplastics in all the specimens tested at
all sites indicates that this emerging pollutant pene-
trates the food web, becoming available for higher
trophic levels, potentially up to humans.
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