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Abstract
Understanding the spatial distribution patterns of microplastics (plastics < 5 mm) contributes to the assessment of sources 
and sinks of pollution thus providing information for the management of biota safety and overall ecosystem functionality. 
We chose a semi-closed study area, Lake Bracciano (Italy), to assess the environmental variability of contamination, focus-
ing on the water compartment and the exposure of biota, specifically fish, by analysing the ingestion of microplastics. The 
focus of this study is to evaluate the concentration of microplastics in water (surface and column) across the lake and the 
ingestion of microplastics by two fish species of economic interest: Atherina boyeri and Coregonus lavaretus, inhabiting 
demersal and pelagic habitats respectively. Results show a surface contamination of 392,000 ± 417,000 items km−2 and a 
column one of 0.76 ± 1.00 items m−3. Fragments were the most abundant in surface while fibres in the column. Microplastics 
were found in C. lavaretus specimens, corresponding to contamination frequency of 5% and concentration of 0.15 items/
fish. The main polymer found in water was polyethylene (81%); of minor percentages, there were various other polymers, 
including polystyrene and acrylic, which were also found in fish. As scientific literature provides few research where water 
and fish are simultaneously sampled, this investigation wants to contribute filling this knowledge gap by investigating for 
the first time a volcanic lake.

Keywords  Microplastics · Wild fish · Planktofagous fish · Gastrointestinal tract · Lentic freshwater · Volcanic lake · 
Monomictic lake · Lake Bracciano

Introduction

Plastics are anthropogenic persistent organic pollutants 
which contaminate ecosystems worldwide due to combina-
tion of high production rates, durability, inappropriate use of 

plastic products, and insufficient or non-existent waste man-
agement (Barnes et al. 2009; Lambert and Wagner 2018). 
Scientific literature started investigating the mismanaged 
plastics contaminating the oceans since the ‘70 s, and the 
scientific productivity has increased since then, until plastic 
pollution has become a hot topic of research (Ryan 2015). In 
particular, the effects of plastic pollution on organisms were 
investigated, finding that plastics can impact negatively the 
organisms, inducing suffocation, entanglement, gastrointes-
tinal damage and ultimately death (Gregory 2009).

The plastic particles sized between 1 µm and 5 mm are 
called microplastics (MPs) (Frias and Nesh 2019; Gilgault 
et al. 2018; Thompson et al. 2004). If MPs are produced by 
industrial activities, they are called primary MPs (GESAMP 
2016), while if the MPs are generated by the environmental 
breakdown of larger plastics due to thermal, photo-oxidative 
or mechanical stimuli (Singh and Sharma 2008), they are 
called secondary MPs (GESAMP 2016).

MPs can contaminate the air, soil and water. In particular, 
MPs were detected in the atmosphere even in remote areas, 
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suggesting that their wind-induced transport can reach long 
distances; however, the study of MPs in the air has recently 
started and requires further investigations (Zhang et al. 
2020). As regards soils, MPs can contaminate the surface 
of soil or migrate vertically through it, and they can impact 
soil communities (Guo et al. 2020). MPs in aquatic environ-
ments occur both in marine and inland ecosystems (Katare 
et al. 2022), although the latter is less investigated (Blettler 
et al. 2018).

Focusing on freshwater ecosystems, research has been 
increasing in recent years, but it has been investigating lotic 
ecosystems more than lentic ecosystems (Cera et al. 2020). 
The available information has established that MPs are abun-
dant and widespread but unevenly distributed geographi-
cally (Cera et al. 2020). However, reports are lacking from 
many geographical areas, especially South America, Africa 
and Oceania (Cera et al. 2020). The sources of freshwater 
pollution by MPs are numerous and can include the cloth 
washing, fishing and recreational activities, industrial by-
products and the contamination by air and soil (Kurniawan 
et al. 2021). Once dispersed into the environments, MPs do 
not distribute equally between the environmental matrices 
(i.e. water and sediments). The sediments are generally more 
contaminated than the waters; thus, sediment is defined as 
MP sink (Cera et al. 2020). As regards water, lake water 
is usually more contaminated than river water (Cera et al. 
2020). Similar factors influencing MPs pollution affect rivers 
and lakes, both natural and anthropogenic. In detail, among 
natural factors, the occurrence of surface runoff, storms and 
floods (Cheung et al. 2019; Hurley et al. 2018; Piñon-Colin 
et al. 2020); the size of the water body and the action of wind 
can influence the transport of MPs (Free et al. 2014). As 
regards anthropic factors, the proximity to higher density of 
human population and urban areas increase the abundance 
of MPs in lakes (Wang et al. 2017) and rivers (Kataoka et al. 
2019). In addition, the lack of protection measurements for 
plastic waste increases the occurrence and abundance of 
MPs (Yin et al. 2019; Zhang et al. 2016).

Laboratory research has proven various negative effects 
of MPs on different freshwater species, for instance induc-
ing the activation of stress response genes (Xu et al. 2020). 
MPs can also be transferred across the food web, affect-
ing higher trophic levels (Castro-Castellon et al. 2021). The 
overall risk of negative impacts on freshwater ecosystems 
induced by MPs is considered a relevant issue, as field stud-
ies have proven that a high exposure of organisms to MPs 
is frequently occurring in both lentic and lotic ecosystems 
(Cera et al. 2022). Several observations on MPs and free-liv-
ing biota were assessed by field studies, for instance micro-
organisms can colonise buoyant MPs and form communi-
ties significantly different from the surrounding water (Di 
Pippo et al. 2020); the larvae of Trichopterans can include 
MPs in their protective cases (Gallitelli et al. 2021); and the 

ingestion of MPs is frequently observed in various taxa of 
both vertebrates and invertebrates (e.g. Andrade et al. 2019; 
Holland et al. 2016; Schessl et al. 2019). In particular, the 
ingestion of MPs by freshwater biota is highly reported 
data, especially in fish (Cera and Scalici 2021). Scientific 
literature reports the contamination of fish gastrointesti-
nal tracts (GITs) by MPs since 2015 (Faure et al. 2015). 
Throughout the years, the frequency of GIT contamination 
has been assessed in numerous fish species, and it has shown 
to differ globally, ranging from no contamination to 100% 
contamination (e.g. Faure et al. 2012; Galafassi et al. 2021; 
Xiong et al. 2018). Several factors are proposed to explain 
the variability of occurrence and abundance of MPs in GIT, 
such as species, the trophic level, diet, GIT morphology and 
season (Gouin 2020). To date, scientific literature limitedly 
provides a clear standardised pattern explaining the differ-
ences in GIT contamination of fish (Cera and Scalici 2021). 
However, it is undoubted that the contamination of environ-
mental matrices of the study area plays a fundamental role 
in GIT contamination. Current scientific literature limitedly 
investigates the link between environmental contamination 
and MP ingestion by fish in lentic fresh water.

In the optic to contribute to the scientific debate on the 
distribution of MPs in lentic freshwater, this study aims to (i) 
analyse the distribution of MPs in water surface and column 
(from − 50 m to surface) and (ii) detect the GIT contami-
nation of commercial fish species inhabiting demersal and 
pelagic habitats as they are expected to be the most exposed 
to water contamination.

Materials and methods

Study area

The study was conducted in Lake Bracciano (Central Italy), 
a sub-circular volcanic-tectonic depression belonging 
to Sabatini Volcanic District (De Rita et al. 1996; Nico-
losi et al. 2019). The lake has an altitude of 164 m, area 
of 57 km2, volume of 5 km2, max depth of 160 m, mean 
depth of 88 m, and a retention time of 137 years (Minis-
tero dell’ambiente e della tutela del territorio e del mare 
2007; Stella 1984; Taviani and Henriksen 2015). It is an 
oligo-mesotrophic, meromictic, warm monomictic lake 
(Barbanti et al. 1996; Ferrara et al. 2002). It has minor trib-
utaries (Baccetti et al. 2017; Margaritora et al. 2003) and 
one emissary (i.e. River Arrone), which is dry in the upper 
part since recent years (Mazza et al. 2015). Lake Bracciano 
was chosen as study area because it has the unique charac-
teristic of being a semi-closed space. In fact, the absence 
of major tributaries or emissaries limits the ingression of 
biota into the lake. Therefore, the observations conducted on 
fish from Lake Bracciano are considered to represent local 
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processes of contamination with a greater confidence in 
data accuracy. Lake Bracciano is protected by the Regional 
Park “complesso lacuale di Bracciano Martignano” since 
1987 (Regional Law number 36/99). Moreover, it belongs 
to the Mediterranean biogeographic region Special Pro-
tected Area named “Comprensorio Bracciano-Martignano” 
(code IT6030085). In recent years, it has become a Site of 
Community Importance named “Lago di Bracciano” (code 
IT6030010) and a Special Area of Conservation (Ministe-
rial Decree 06/12/2016) of Natura 2000 ecological network 
(Decision n. 2019/22 of the European Commission—docu-
ment reference number C(2018) 8534). Furthermore, since 
2020, Lake Bracciano has been a pilot area of the Blue Lakes 
project (LIFE18 GIE/IT/000813) for the development of the 
monitoring protocol of MPs in the lakes (Blue Lakes project 
LIFE 2018–2023).

Water sampling

Water sampling in Lake Bracciano (BR) was carried out in 
July 2019 during the 14th edition of Goletta dei Laghi (GdL) 
that annually monitors water quality of the main Italian 
lakes. Ten transects (from BR1 to BR10) were selected from 
different sectors of the lake (Fig. 1). Transects from BR1 
to BR6 belong to the northern sector while transects BR7-
BR10 belong to the southern sector. Surface water samples 
were collected using a manta trawl with an ultrafine mesh 
(330 µm mesh size and 40 × 20 cm opening), which was 
dropped and dragged by the boat and immersed 20 cm below 
the surface while maintaining along the windward boat side. 
The manta filtered a mean of 80 m3 of surface water at an 
average trawling speed of 2 km for 15 min. Direction trawl-
ing was chosen considering the dominant wind directions 
and current water location in the study area according to 
accepted sampling methodology (Hidalgo-Ruz et al. 2012).

Column water samples were collected by plankton net 
(80 μm mesh size and 28 cm opening) from a depth of 50 m 
in the same transects of surface samplings. The vertical net 
filtered a mean of 3 m3 of column water in 3 min at a recov-
ery speed of 0.28 m/s.

Fish sampling and data collection

Fish sampling was conducted during summer stagnation 
phase in 2019, concurrently with water samplings. We 
selected two fish species in order to include different trophic 
and elective habitat characteristics, which are considered 
potential factors influencing plastic ingestion: Atheryna boy-
eri Risso 1810 and Coregonus lavaretus (Linnaeus, 1758). 
As diet regards, A. boyeri feeds on zooplankton and benthic 
invertebrates while C. lavaretus feeds only on zooplankton. 
Concerning the habitats, A. boyeri is a demersal species 
while C. lavaretus is pelagic. These species had also the 
advantage of being among the ones of commercial interest 
which are regularly fished by local professional fishermen. 
The collaboration with local citizens in the optic of estab-
lishing a connection with the scientific world is a common 
practice by the citizen science (Ferreira-Rodríguez et al. 
2020; Jesus et al. 2021). Hence, we involved the professional 
fishermen asking them for collaboration in this project by 
providing us fish. By the means of informal talking, the issue 
of MPs was described to the fishermen, which showed a 
collaborative attitude. The use of citizen science provided a 
positive feedback for this research.

Biological parameters of fish were collected in labora-
tory. First, fish were weighed (W), and the standard length 
(SL) was measured. The allometric coefficient (b) and the 
condition index (K) were calculated to assess the health of 
the individuals by the following formula: K = 100 W/SLb. 
Thereafter, fish were dissected to determine the sex by the 

Fig. 1   Location of sampling 
transects in Lake Bracciano
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observation of primary and secondary dimorphic charac-
ters. The whole GIT was extracted for the analysis on diet 
and on plastics, since some species could better entrap MPs 
in the stomach while other species in the intestine (Jabeen 
et al. 2017). The GIT was dissected on a Petri dish and the 
contents observed under a stereomicroscope to conduct a 
taxonomic identification of preys and to detect MPs (Roch 
et al. 2019).

MP identification in water

The collected water samples were preliminary washed, and 
the plastics were sieved and manually separated from the 
organic matter using a stereomicroscope. After drying at 
50 °C, the particles were counted and sorted in categories 
based on shape (i.e. fragment, fibre, bead) (Sighicelli et al. 
2018). MP abundance was determined in all 20 trawl sam-
ples and estimated in items km−2 and items m−3. Fourier-
transform infrared (FT-IR) spectra were collected in attenu-
ated total reflectance (ATR) mode using ThermoFisher 
Scientific Nicolet iS5 spectrometer; spectrum range was 
4000–400  cm−1 and the resolution of 4  cm−1. Chemical 
composition of polymer particles was identified by compari-
son with reference spectra database of Thermo Scientific™ 
OMNIC™ Series Software (match threshold r ≥ 0.80).

MP identification in fish

The MP items in the GIT contents were inspected for con-
sistency and shape based on visual analysis by stereomi-
croscope (Ferreira et al. 2019). They were photographed 
with a reference scale to measure them by Image Tool 2.0 
software. The presence, abundance, shape (i.e. fragment, 
fibre, bead) and colour (i.e. red, orange, yellow, green, blue, 
violet, black, white, clear) of plastics were noted (Lusher 
et al. 2020).

An InVia Renishaw Micro-Raman spectrometer equipped 
with a Leica DM2700 M confocal microscope was used to 
analyse all suspected plastic items from field and control 
samples. Two objectives, an Olympus 20 × LWD and a Leica 
50 × LWD, have been used to focus the beam down to few 
microns (≈ 5 μm). Two solid-state diode laser sources, one 
at 532 nm (nominal output 100 mW) and the other at 785 nm 
(nominal output 200 mW), have been used. The high-con-
trast rejection for elastically scattered light is provided by 
holographic edge filters. An elastically scattered light is 
dispersed by an 1800 line/mm diffraction grating suitable 
to achieve a spectral resolution of 1 cm−1 when using the 
532 nm excitation wavelength; a 1200 line/mm grating has 
been used with primary wavelength of 785 nm instead. A 
Peltier cooled 1024 × 256 pixel CCD detector collects the 
dispersed light. Raman spectra have been collected in the 
100–3200  cm−1 range. To achieve suitable statistics, an 

integration time of about 10 s and 1 accumulation has been 
found to be adequate for most of the investigated samples. 
Wire software has been used to set the experimental con-
ditions. The identification of spectra used a free available 
software, i.e. SpectraGryph (Menges 2020), and reference 
spectra from literature. Specifically, Raman reference spec-
tra were obtained by databases “SLOPP” and “SLOPP-E” 
(Munno et al. 2020) and scientific articles (e.g. Bokobza 
et al. 2015).

The values of similarities below 60% were not accepted 
(European Commission 2013). If the value of similarity was 
above 60%, the sample and reference spectra are confirmed 
visually by a researcher.

Quality control procedures

The working station was cleaned with EtOH prior usage 
and a cotton coat, and latex gloves were always worn. The 
exposure of samples to air was kept to minimum by covering 
the Petri dishes with lids. A clean Petri dish was placed on 
the working station next to the stereomicroscope used for the 
visual identification of MPs to detect airborne contamina-
tion in water samples. The equipment used for the dissection 
of GITs and Petri dishes were previously rinsed with dis-
tilled water then visually inspected under stereomicroscope 
to check the presence of contamination. Three procedural 
blanks were conducted for fish (Koelmans et al. 2019). In 
addition, if the spectra of the MPs in samples were detected 
also in the controls, that data was considered not acceptable 
because of possible contamination.

Results

Water

The controls showed no contamination of water samples by 
MPs. The mean concentration of MPs is 392,000 ± 417,000 
items km−2 (corresponding to 1.29 ± 1.59 items m−3) for sur-
face samplings. The minimum concentration is 31,000 items 
km−2 (corresponding to 0.16 items m−3) and was detected 
in station 10 in the southern area, while the maximum con-
centration is 1,400,000 items km−2 (corresponding to 4.9 
items m−3) and was detected in station 5 in the northern 
area (Fig. 3a). Regarding column samplings, the mean con-
centration of MPs is 0.76 ± 1.00 items m−3. The minimum 
concentration is 0 items m−3 mainly in the southern stations, 
and the maximum concentration is 2.6 items m−3 in station 
2 (Fig. 2b).

Regarding the shape of MPs observed, surface sam-
plings show a prevalence of fragments (80%) while col-
umn sampling show a prevalence of fibres (57%) (Fig. 3a, 
b). The difference between the shapes of surface and 
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column samplings is significantly different (Chi squared 
test, df = 1, p < 0.01) (bead frequency is not included in the 
chi-squared test analysis as its value is zero).

Polyethylene (PE) is the main polymer of MP detected 
(80.8%); specifically, chlorinated polyethylene (CPE) has 
the majority of occurrence (72.2%) (Fig. 4). Other poly-
mers detected include resin acrylic (4%), polypropylene 
(PP) (3.2%), polystyrene (PS) (3%), polyester (PL) (2.8%), 
epoxy resin (2.6%), urea formaldehyde resin (UF) (1.4%), 

polyethylene terephthalate (PET) (1%) and polyamide 
resin (PA) (0.2%) (Fig. 4).

Fish

Fifty-six fish were collected from Lake Bracciano, divided 
in 36 A. boyeri and 20 C. lavaretus (Supplementary Infor-
mation 1). The frequency of males is not significantly dif-
ferent from the one of females (Supplementary Information 
1). Most GITs of A. boyeri were empty (19% were full) 

Fig. 2   a MP concentration in 
surface water; b focus on the 
surface water contamination 
of the southern sector; c MP 
concentration in column water 
(no microplastics were detected 
in the southern sector)

Fig. 3   Frequency (%) of the 
MPs shape detected in a surface 
water and b column water

Fig. 4   Frequency (%) of poly-
mers detected in water samples. 
CPE chlorinated polyethylene; 
PE polyethylene; PP polypro-
pylene; PS polystyrene; PL 
polyester; UF urea formalde-
hyde resin; PET polyethylene 
terephthalate; PA polyamide 
resin
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while most GITs of C. lavaretus were full (95%). Regarding 
diet, the observation show: Cladocera, adult Hymenoptera, 
Diptera and Trichoptera larvae in A. boyeri; Caldocera and 
Copepoda in C. lavaretus. Only one GIT of C. lavaretus was 
contaminated by MPs, resulting in 5% of occurrence if only 
C. lavaretus is considered and 1.8% if the whole sample is 
considered. The total number of MPs detected was 3, so 
the mean contamination results as 0.15 ± 0.67 MPs per C. 
lavaretus and 0.05 ± 0.40 MPs per the whole fish sample. 
The MPs were three red fibres 1.1 mm, 2.7 mm and 3.6 mm 
long. Micro Raman analysis identified two PS combined 
with an unidentified azodye colorant and one red acrylic 
spectrum (Fig. 5).

The biological parameters of the contaminated specimen 
are within the variance of the conspecific fish samples in 
regard to length and mass (Supplementary Information 1). 
Based on the calculated K, the contaminated C. lavaretus 
has a higher K (K = 459) than the mean of other conspecific 
(K = 440) (Supplementary Information 2). The GIT of the 
C. lavaretus contaminated by MPs include plankton; thus, 
it is representative of the results of diet observed in the con-
specific specimens.

Discussions

MP data in water show a generally higher contamination 
in the sites located north than the ones located south in 
both surface and column water. The observed distribution 
is similar to the one obtained by the previous GdL cam-
paigns in 2017 and 2018 (unpublished data ENEA-Legam-
biente), when northern sampling sites showed the highest 

contamination. As it was observed that wind is affecting 
the concentration of MPs in water in other volcanic lakes of 
Central Italy, namely Lake Bolsena and Lake Chiusi (Fis-
cher et al. 2016), the action of wind and its direction from 
the south prevalent in Lake Bracciano during summer is the 
main explanation for the greater concentration of MPs.

Surface and column samplings differ significantly about 
the shape of MPs, fragments being more frequent than fibres 
in surface. The different distribution of MPs in the water 
column according to shape is also analysed in a recent study 
on a deep dimictic lake, Lake Tollense, where fragments are 
more abundant in surface than in water column (Tamminga 
and Fischer 2020). It is suggested that the action of wind is 
the cause of this uneven distribution as fibre floating or sink-
ing is limitedly affected by wind-induced water circulation 
because of their linear shape. Instead, fragments accumulate 
on surface because they are more affected by water transport 
due to their larger surface exposed to currents (Tamminga 
and Fischer 2020). Further research needs to be conducted 
as scientific literature is lacking investigations on this topic.

The main polymers found in water are CPE and PE, 
which are among the main MPs found in fresh waters (Yang 
et al. 2022). Among the polymers found in water, two of 
them were also found in fish, specifically PS and PA. These 
two polymers are also found in other fish species worldwide, 
being among the most frequent polymers found (Cera et al. 
2020).

As regards fish contamination by MPs, it was observed 
that the phenomenon of MPs ingestion was rare. It is pos-
sibly due to a combined effect of variable environmental 
contamination and location of fish sampling sites, which are 
not necessarily fished in the most contaminated areas of the 

Fig. 5   a Contaminated fish 
specimens and length, and poly-
mer type of each MPs detected. 
b Sample spectra of MP 
polymers obtained by 785 nm 
source, magnification 50 × , 
1–5% range of laser intensity, 
10 s acquisition time, 1 accu-
mulation. Spectra processed 
by smoothing and background, 
peaks removed. PS polystyrene
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lake. The two species show different results of MPs inges-
tion. In detail, no A. boyeri ingested MPs in Lake Bracciano; 
conversely, one study reported that marine populations of 
A. boyeri can ingest MPs (Shabaka et al. 2020). In marine 
ecosystems, A. boyeri has a contamination generally lower 
than other marine species (Shabaka et al. 2020). As A. boy-
eri is able to ingest MPs, it is supposed that the absence of 
MPs in A. boyeri from Lake Bracciano could be affected by 
the fact that the GITs of the sampled specimen were mostly 
empty, inducing to support that the act of feeding is a factor 
influencing the ingestion of MPs (Peters and Bratton 2016). 
Indeed, it is proposed by scientific literature that the uptake 
of MPs can be accidental, for instance, it may occur while 
fish are feeding (Roch et al. 2020). Regarding C. lavaretus, 
all MPs found in its GIT were fibres, which are the most 
common shape of MPs found in column water rather than 
surface water, suggesting a stronger connection between fish 
contamination and water column contamination. A compari-
son with scientific literature shows that this is the first report 
of MP ingestion by C. lavaretus. However, another species 
of Coregonus, C. wartmanni (Bloch, 1784), is reported to 
have ingested MPs in Lake Costance (Roch et al. 2019). 
It was observed that C. wartmanni had higher abundance 
of MP ingested than the other sampled fish species (Roch 
et al. 2019). This observation and the results from this study 
could preliminarily suggest a higher probability of ingestion 
by these species compared to other species. If confirmed, 
that would imply that the genus Coregonus might provide 
an early warning signal for MP presence or abundancy. 
However, this topic needs further research due to limited 
information.

The different results between A. boyeri and C. lavaretus 
here discussed could be due to several factors, such as the 
presence of preys in the GITs, discussed above, or habitat 
preferences. As regards the habitat preferences, A. boyeri, 
which is a demersal species, is less contaminated than C. 
lavaretus, which is a pelagic species. Scientific literature 
on marine ecosystems assesses that pelagic species are 
more contaminated than demersal (Rummel et al. 2016; 
Yagi et al. 2022), and demersal-pelagic species (Neto et al. 
2020). Although this study is carried out in a lentic eco-
system, the observations on the examined freshwater spe-
cies confirm data from marine species, suggesting a similar 
ingestion pattern between the two systems. The possible fac-
tors explaining the prevalence of MPs in the GITs of pelagic 
species rather than in demersal ones are not fully clarified 
yet. However, it is suggested that as pelagic fish can feed at 
different depth strata, they can possibly find and ingest more 
MPs than demersal fish, which are limited to a certain depth 
(Neto et al. 2020).

This study investigated the concentration of MPs in the 
GITs of fish species of economic interests that are regu-
larly consumed by human populations; therefore, it was 

questioned whether the presence of MPs could have reper-
cussions in terms of food safety. As for A. boyeri, these 
specimens are usually consumed whole, so MPs in their 
GITs would also be eaten. Atherina boyeri, like other spe-
cies eaten whole, for instance molluscs, are of great concern 
regarding food safety due to the direct transfer of MPs in the 
human gastrointestinal tract (Smith et al. 2018). However, 
no MPs were detected in A. boyeri’s GITs; hence, the risk 
can be considered not relevant to date based on the avail-
able information. Conversely, some MPs were detected in 
the GITs of C. lavaretus, although MP concentrations (0.15 
MPs/fish) were low compared to the mean values observed 
in lake fish (5.50 MPs/fish) and in high-income economies 
(1.45 MPs/fish), according to a recent review (Zazouli et al. 
2022). The GITs of C. lavaretus are discarded as fillets are 
the edible part; hence, there is no ingestion of the MPs from 
GITs during food consumption. Although the scientific lit-
erature highlights that MPs can be transferred into tissues 
(such as muscles) by the GIT, there is currently no study 
available that relates the MP concentration in fish GIT, fish 
fillets and negative impacts on human health. Therefore, 
there are no evidences of a risk to food safety caused by fish 
from Lake Bracciano.

Research examining simultaneous contamination of water 
and fish is scarce in lakes. In Italy, only one study carries 
out an investigation on this topic in a high mountain lake; 
however, no MPs were detected either in water or in fish 
(Pastorino et al. 2021). Based on the information from a 
recent review (Cera et al. 2020), only 4 articles can be found 
on this topic among 158 ones published on MPs in freshwa-
ters from 2012 until 2020. Comparing the articles of inter-
est to the total ones investigating MPs in lentic ecosystems 
(obtained from Cera et al. 2020), it is stunning how few 
are on this topic and that the growth is not as steep as the 
total one (Supplementary Information 4). In addition, after 
conducting a bibliographic search by Scopus and Web of 
Science search engines using the keywords “microplastic*” 
and “lake” and “fish”, two new articles published in 2021 
were found, showing an increasing interest on analysing the 
relationship between water and fish contamination. Roch 
et al. (2019) is also added to the list of articles on this topic 
because it compares water and fish contamination, although 
water data was obtained by a survey conducted during fish 
sampling (Heß et al. 2018). Hence, the total number of arti-
cles investigating simultaneously the contamination of water 
and fish in lakes is 8, including this study (Table 1).

A quantitative and qualitative comparison between the 
observations from Lake Bracciano and the 7 studies col-
lected by scientific literature was attempted. The quantita-
tive comparison of the MPs concentration found in Lake 
Bracciano to lentic fresh waters worldwide is not carried 
out due to the lack of methodological standardisation. 
Nowadays, some methodological efforts are conducted 
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to solve this issue, for instance the Blue Lakes project 
(LIFE18 GIE/IT/000813) conducted in Lake Bracciano. 
Conversely, a qualitative comparison of the outputs pro-
vided by these articles is discussed to provide an overview 
of the critical issues and knowledge gaps. Research on 
comparing simultaneous water and fish MPs contamina-
tion was conducted in Asian and European study areas, 
providing partial information on the global status. Con-
sidering the lake origins, no volcanic lake is examined, 
excluding Lake Bracciano. As MPs settling and resuspen-
sion is affected by water currents, the circular or subcir-
cular shoreline and high depth of volcanic lakes possi-
bly impact MP transport and deposition differently from 
other lakes, with a shallower bathymetry or inlets. Further 
research could investigate whether the lacustrine origin 
is a factor to take into account for providing information 
on MP contamination and possibly predict the distribu-
tion pattern. Moreover, future research could carry out 
more diachronic studies, as Lake Geneva is the only site 
sampled twice.

Regarding fish, different methods were used for the extrac-
tion of MPs from the GIT; the digestion and filtration before 
conducting a visual identification of MPs by stereomicroscope 
could allow detecting smaller items in fish GIT than visual 
observation only. Indeed, the digested samples generally have 
higher levels of MPs than the one directly observed by ster-
eomicroscope. However, the results were obtained from differ-
ent species (Supplementary Information 3) in different study 
areas so there is a high variability of parameters that could also 
have affected the outcome. Indeed, biological (e.g. GIT length 
and complexity of morphology) and ecological (e.g. habitat) 
characteristics of fish can influence the concentration of MPs 
(Collard et al. 2019; Jabeen et al. 2017).

Conclusion

This study analyses the contamination of surface and col-
umn water and fish gastrointestinal tracts in Lake Brac-
ciano, providing novel information from a volcanic lake to 

Table 1   Reference articles on contamination of lacustrine water and fish by MPs. na not available

1 Mean value ± standard deviation
2 Variation due to the species considered

Reference Country Site MPs in water1 Units Sampling method #MPS/FISH1 # 
specimen 
sampled

Faure et al., 
(2012)

France and Swit-
zerland

Lake Geneva 48,146 ± na items/km2 Manta net mesh 
300 µm

0 41

Faure et al. (2015) France and Swit-
zerland

Lake Geneva 
(Grand Lac)

220,000 ± 160,000 items/km2 Manta net mesh 
300 µm

0.85 ± 4.90 40

Lake Geneva 
(Petit Lac)

33,000 ± 46,000 items/km2 Manta net mesh 
300 µm

Roch et al. (2019) 
(HEß et al. 2018 
for water)

Germany, Austria 
and Switzerland

Lake Constance 11.33 ± 8.70 items/m3 Manta net mesh 
300 µm

0.2 ± 0.5 
(northern site) 
0.3 ± 0.6 (south-
ern site)

331

Wu et al. (2021) China Dafangying Res-
ervoir

18,620 ± 7,120 items/m3 Steel sampler 
(depth 0–30 cm) 
mesh 50 µm

from
8.8 ± 4.14 to 

51.3 ± 7.422

39

Xiong et al. 
(2018)

China Lake Qinghai 180,900 ± 229,533 items/km2 Trawl net mesh 
112 µm

5.4 ± 3.6 10

Xu et al. (2021) China Lake Gehu 6.33 ± 2.67
 = 
6,330 ± 2,670

items/l
items/m3

Pump (depth 
0–20 cm)

10.7 ± na 30

Yuan et al. (2019) China Lake Poyang 19.5 ± na
 = 
19,500 ± na

items/l
items/m3

Steel sampler 
(depth 1 m)

9.27 ± 5.37 11

This study Italy Lake Bracciano 0.76 ± 1.00 items/m3 Plankton net mesh 
80 µm (depth 
50 m)

0.15 ± 0.67 56

1.29 ± 1.59 items/m3 Manta net mesh 
300 µm

392,000 ± 416,000 items/km2 Manta net mesh 
300 µm
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contribute investigating this phenomenon in Italian lakes, 
which are currently poorly studied. To date, the water 
contamination in summer is occurring especially in the 
northern sector where it is also more variable compared 
to the southern sector. MPs have different prevalent shape 
if surface MPs or column MPs are considered. The former 
are mainly fragments while the latter are mainly fibres. We 
highlight that the spatial distribution pattern of MPs in 
the water of Lake Bracciano needs further investigation in 
order to define the factors influencing the transport routes 
of MPs and the precision of results.

A rare ingestion of MPs is observed in the gastrointes-
tinal tracts of 56 fish belonging to two planktonic species 
in Lake Bracciano. Limited information from scientific 
literature prevents assessing precisely the environmental 
concentration of MPs needed to cause consistent ingestion. 
Therefore, further research is mandatory. In the future, the 
outputs of this research field could contribute to estab-
lishing risk thresholds for limiting fish contamination and 
managing MPs pollution.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​022-​20403-x.
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