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GRAPHICAL ABSTRACT

ABSTRACT

The monitoring of plastics in freshwater ecosystems has witnessed a significant increase in recent years, driven
by the awareness that approximately 80 % of marine plastic litter originates from terrestrial sources transported
to the seas through lakes and rivers. Consequently, it is imperative to develop monitoring plans that offer a
comprehensive understanding of plastic contamination in these aquatic environments, given their seasonal
variations in hydrochemical characteristics and anthropogenic sources. Historically, most global lake monitoring
campaigns have been limited to one-time or, at most, seasonal sampling. In this context, the primary objective of
the present study was to assess the quantitative and qualitative monthly variations of floating plastics in Lake
Maggiore, a large European lake with high ecological and economic significance. Twelve transverse transects
were conducted from January to December 2022 using a Manta-net with a 100 pm mesh. Characterization of
each plastic particle was performed using a p-Fourier Transform Infrared Spectroscope (UFT-IR). The results
revealed relatively low levels of contamination in Lake Maggiore when compared with other lakes worldwide
exclusively from a secondary origin. However, a considerable heterogeneity was observed, both quantitatively
and qualitatively. Notably, we identified a 13-fold difference between the minimum (0.02 plastics/m® in
September) and maximum (0.29 plastics/m® in December) concentrations of plastics, accompanied by significant
variations in polymer composition. Our monitoring underscored the necessity of also considering the temporal
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variation as a potential factor influencing plastic contamination in a lake. Moreover, frequent sampling emerged
as a crucial requirement to accurately gauge the extent of plastic pollution, yielding robust and valuable data
essential for effective environmental management.

1. Introduction

Since one of the most representative hallmarks of Anthropocene, the
new geological time unit suggested by Crutzen and Stoermer (2021), is
the production and accumulation of plastic litter, it has also been pro-
posed to call Plasticene the period within the Anthropocene in which the
negative effects of plastics on the Earths’ biophysical systems became
significantly evident at a global level (Rangel-Buitrago et al., 2022). On
the other hand, plastic, composed of hundreds of classes of distinct
polymers, possesses numerous characteristics, such as being light-
weight, flexible, moldable, and inexpensive, that facilitate the
manufacturing of a wide array of items. These products are now part of
our daily lives and have often become nearly irreplaceable. This is re-
flected in the volumes of plastics produced globally, as the most recent
data shows a production of 400.3 million tonnes in 2022 (Plastics
Europe, 2023), although in Europe there has been a slight decrease in
the last year (about 10 %; Plastics Europe, 2023) likely due to the bans
on the use of many single-use plastic products (SUPs) now implemented
for several years in various European Union countries (Directive EU
2019/904) and the greater awareness of the dangers inherent in plastic
waste by EU citizens.

In recent years, plastic pollution has emerged as a primary envi-
ronmental concern, with documented instances of plastic waste found in
ecosystems globally. Over just a few decades, plastic products have
accumulated in both terrestrial and aquatic environments, extending to
remote areas such as the Poles and glaciers. This widespread issue
prompted the United Nations to declare plastic pollution as one of the
most pressing emerging environmental problems of our time (UNEP,
2016). While 85 % of marine litter is comprised of plastic items, it is
essential to note that approximately 80 % originates from terrestrial
ecosystems, primarily transported through freshwaters (Galgani et al.,
2015). The pivotal role played by lakes and rivers as repositories and
transport ways for plastics is underscored by the growing number of
studies focusing on freshwater environments. Fig. S1 illustrates a trend
of more than one order of magnitude increase in the number of papers
over the last 10 years, highlighting the escalating attention to this issue.

Despite the growing interest in freshwater environments, one aspect
of plastic pollution remains largely unaddressed: the intrinsic variability
in plastic contamination in freshwaters. This variability may depend not
only on variations in the plastics’ quantity discharged from domestic
and industrial activities but also on meteorological and hydrochemical
changes, as well as tourism. However, there is still a lack of studies
comprehensively evaluating the temporal evolution of plastic litter in
freshwater ecosystems. Most studies focus solely on a single sampling in
one or more sites within the studied freshwater environment. Upon
entering the terms “plastics”, “monthly variation,” and “freshwater” as
topics into the Web of Science database, we identified only one article
exclusively monitoring both natural and synthetic fibers in the French
Rivers Marne and Seine on a monthly basis (Dris et al., 2018). No results
were found regarding plastic monitoring when utilizing the term “daily
variations”.

In this context, the goal of the present study was to assess the annual
trend of contamination due to floating plastics in Lake Maggiore, one of
the main European lakes and the second-largest Italian lake in terms of
volume and surface (Giardino et al., 2014). This was achieved through a
monthly monitoring campaign, aiming to provide a more accurate pic-
ture of plastic pollution compared to a single sampling. To fulfill this
objective, we conducted monthly transverse transects in the central area
of the lake using a Manta-net with a mesh size of 100 pm from January to
December 2022. Each sampled particle was characterized using a

p-Fourier Transform Infrared Spectroscope (PFTIR) after appropriate
sample treatment and separation of plastics. To our knowledge, this
study represents the first widespread evaluation of the annual trend of
plastic pollution in a lake system, obtained through monthly samplings.

2. Materials and methods
2.1. Study area and sampling

Lake Maggiore is a large, deep, subalpine lake shared between Italy
and Switzerland (Fig. 1). While the lake is primarily situated in Italy, the
watershed is almost equally distributed between the two countries and
encompasses the outflow of another cross-border lake, Lake Lugano,
along with Lake Orta and Varese. Spanning an area of 6599 km?, the
watershed is predominantly mountainous but inhabited by over 500,000
people, a number that rises to an additional approximately 300,000
equivalent inhabitants during the tourist season (Piscia et al., 2023).
Classified as holo-oligomictic, Lake Maggiore rarely undergoes complete
vertical mixing (Fenocchi et al., 2018) and boasts a theoretical water
renewal time of 4.2 years (Ambrosetti et al., 2012). The primary tribu-
taries, namely the Rivers Ticino, Toce, Maggia, and Tresa, collectively
drain around 82 % of the catchment area (Rogora et al., 2015). These
tributaries exhibit different outflow patterns: Rivers Ticino and Toce
experience a peak from May to October, attributed to the high altitude of
their catchment basins, with a significant contribution from snowmelt
and partial glacier melting. On the other hand, other tributaries show-
case two peaks, one in spring and the other in autumn, primarily
influenced by precipitation (Scapozza and Patocchi, 2023). Lake Mag-
giore is part of the Po River’s catchment area, the principal river in Italy,
connected to it through the Ticino outlet. Surface water sampling was
conducted at the conclusion of each month from January to December
2022 using a manta trawl with a 60 x 25 cm opening and a 100 pm mesh
size. The sampling was carried out along a transversal transect spanning
from coast to coast in the central area, where the lake reaches its
maximum depth (Fig. 1). The manta-net was towed astern of a vessel at a
suitable distance to avoid turbulence from the screw, maintaining a
constant speed of 3 knots. A flow meter, positioned at the mouth of the
manta-net, allowed the measurement of the filtered water quantity. On
average, each transversal transect covered a distance of 2.8 km, result-
ing in the sampling of an area of 1500 m? and the filtration of 314 m> of
water. Table S1 provides details on the characteristics of the samplings.
Plastics retrieved at the end of each transect were collected by washing
the manta-net externally with lake water using an electric pump (Egessa
et al., 2020; Akhbarizadeh et al., 2024). The concentrated materials
within the collector at the manta-net’s end were then transferred to glass
bottles with metal caps, transported to the laboratory, and stored at 4 °C
until the analyses.

2.2. Plastic quantification and characterization

To remove water from the collected samples, a filtration process
through two overlapped sieves with mesh sizes of 5 mm and 63 pm was
employed. The filtered materials were then gathered in glass bottles by
rinsing the sieves with 1 L of sodium chloride (NaCl) hypersaline solu-
tion (with a density of 1.2 g/cm3). This solution, utilized for the density
separation between plastics and particulate matter, had undergone prior
filtration on glass fiber filters (1.2 pm mesh; Whatman) to eliminate any
potential plastic particles from the NaCl salt. Following overnight den-
sity separation, the obtained supernatants underwent filtration on ni-
trate cellulose membrane filters (8 pm mesh; Sartorius™ 50 mm) using a
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vacuum pump. Subsequently, the filtered material was digested with
hydrogen peroxide (H202, 15 % v/v) to eliminate traces of organic
matter from the filter surface. Suspected plastics on the filters were
transferred to clean filters using tweezers and a stereomicroscope. The
quantification and classification of each plastic particle in terms of
shape, size, color, and polymer were carried out individually using pFT-
IR (Spotlight 200i equipped with Spectrum Two, PerkinElmer).

The analysis was carried out using attenuated total reflectance (ATR)
with 32 scans within the wavelength range of 600 to 4000 cm ™. Spectra
were compared with standard libraries (PerkinElmer) using the Spec-
trum 10 software. Following a visual examination of spectrum peaks by
the operator, a matching score > 0.70 was considered. Plastics were
categorized based on their shape, including lines, fibers, fragments,
films, or pellets. Regarding plastic size, synthetic particles were classi-
fied according to the guidelines suggested by the International Organi-
zation for Standardization (ISO/TR 21960; 2020). This classification
divided particles into macroplastics (> 5 mm), large microplastics (1
mm < large microplastics <5 mm), and microplastics (1 pm < micro-
plastics <1 mm). Plastic color was also recorded, taking into account its
potential implications in the prey/predation relationship.

The quantity of synthetic particles was expressed both as the number
of plastics/m® and the number of plastics/km?2. This dual expression was
employed since measurements were taken for both the volume of
filtered water by the manta-net and the length of the transects (Magni
et al., 2019, 2021, 2022; Sbarberi et al., 2024).

2.3. Quality control and assurance

To prevent plastic contamination, particularly from fibers, filters
underwent processing under a laminar flow hood, remained covered in
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Petri dishes, and laboratory cotton coats were worn throughout all
analytical procedures. The pFT-IR filter holder plate was shielded from
potential accidental contamination by an external protective cap.

To assess the likelihood of laboratory contamination by plastics
during filtration, extraction, and analysis steps, two nitrate cellulose
membrane filters placed in open Petri dishes were concurrently pro-
cessed with each sample as blanks. Corrections to the results were
applied when particles identified on the blank filters exhibited similar
characteristics (shape, polymer, color) as those found in the samples
(Magni et al., 2019, 2021, 2022; Sbarberi et al., 2024). Throughout the
entire monitoring campaign, only two polyester (PEST) fibers, one black
and the other transparent, detected in the June and November sam-
plings, respectively, were eliminated.

2.4. Statistical analyses

The relationships between total plastics’ concentrations and fibers or
fragments measured in each season were checked by the Pearson cor-
relation (p < 0.05). The same analysis was applied to examine potential
covariations between plastic concentrations and rainfall (data sourced
from the Regional Agency for the Protection of the Environment, Pie-
monte, Italy), as well as phytoplankton density. Differences among
seasonal densities were evaluated through a one-way ANOVA followed
by Fisher’s Least Significant Difference (LSD) post-hoc test (p < 0.05).

3. Results
We selected 845 distinct particles through visual sorting, which were

subsequently individually analyzed using pFT-IR. Out of these, 594 were
identified as synthetic polymers (70 %; Table S2), 191 were cellulose or
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Fig. 1. Lake Maggiore with the position of the sampling transect (redline).
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regenerated cellulose-based fibers and fragments (23 %; Table S3),
while 60 remained unknown (7 %). The inability to define their
composition was attributed to plastic weathering and the presence of
interfering material on their surface, which could not be eliminated even
through digestion with HyO.

3.1. Quantitative evaluation

Fig. 2 illustrates the concentration of plastics detected in each month
of 2022, presented in both plastics/m® (Fig. 2A) and plastics/km?
(Fig. 2B), with emphasis on the two mean annual values. The minimum
value of 0.02 plastics/m> was recorded in September, corresponding to
approximately 4375 plastics/kmz, considering the water flow sampled
by the Manta-net along the transect. In contrast, the maximum value of
0.29 plastics/m3 was observed in December, equivalent to 57,692
plastics/kmz, representing approximately 13 times higher than the
value measured in September. The notably heterogeneous trend
observed throughout 2022 is summarized by the mean annual value of
0.16 £+ 0.08 plastics/m3 (33,621 + 16,008 plastics/ka) and the cor-
responding high standard deviation.

3.2. Qualitative characterization

From a qualitative point of view, we observed a heterogeneous sit-
uation, detecting the majority of microplastics (<1 mm) and large
microplastics (between 1 mm and < 5 mm), which together represented
approximately 86 % of the total debris in September, up to 100 % in
April and June (Fig. 3). Delving into further detail, large microplastics
were the most representative size in 8 out of the 12 months, with values
ranging from 47 % (January) to as high as 80 % (August). On the other
hand, microplastics prevailed in only 3 months, fluctuating between 56
% (February) and 78 % (March). In September, the two dimensions were
equivalent, each accounting for 43 %. Lastly, macroplastics (>5 mm)
were always detected, except in April and June, with percentages
ranging from 2 % (March) to 14 % (September). Shifting focus to plastic
shape, fibers and fragments constituted the majority of the plastic litter
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Fig. 2. Monthly concentration of plastics measured along a transverse transect
in the L. Maggiore expressed as plastics/m® (A) and plastics/km? (B). The
corresponding annual mean values are also reported.

Science of the Total Environment 919 (2024) 170740

detected in 2022. Specifically, the percentage of fibers ranged from 19 %
in the May transect to 96 % in the November transect, resulting in an
annual average of approximately 58 % of the plastic debris’ shape.
Conversely, fragments ranged from a minimum of 4 % (November) to a
maximum of 75 % (May), yielding a mean annual value of 41 %. Pellets
and lines were detected at negligible percentages, not surpassing 8 %
(Fig. 4). Polymer characterization once again highlighted diverse
contamination levels among the monthly samplings. As depicted in
Fig. 5, three polymers predominated in the plastic debris sampled in
Lake Maggiore in 2022: PEST, polypropylene (PP), and polyethylene
(PE), accounting for mean annual percentages of 41.5 %, 31.7 %, and
20.5 %, respectively. Other polymers did not exceed 7 %. In more detail,
the percentage of PEST varied between complete absence (May) and 91
% (November), PP ranged from 1 % (November) to 60 % (May), and PE
exhibited percentages ranging from 4 % (October and November) to 47
%, observed in January (Fig. 5). The most frequently detected colors in
the plastic debris were black, red, and transparent (Fig. 6). Black varied
from 6 % (August) to 29 % (February, May, June, September,
December), red particles were detected at percentages ranging from 5 %
(March) to 23 % (January), and transparent debris were observed in
percentages varying between 12 % (July) and 54 % (August).

4. Discussion

Before delving into the obtained results and their comparison with
previous data from other lakes worldwide, some general considerations
are essential. Firstly, the decision to characterize all the particles
selected through visual sorting for subsequent instrumental analysis was
crucial since up to 43 % of the debris was identified as non-plastics (in
September; Fig. 7). These materials were mainly cellulose fibers or re-
generated cellulose-based fibers and fragments (Table S3), which we do
not classify as plastics. Additionally, it is not possible to distinguish
between them using infrared techniques. This once again emphasizes
that visual recognition alone or reliance on non-instrumental methods is
not sufficiently robust to allow an accurate assessment of plastic
contamination. Such approaches tend to overestimate, sometimes
significantly, the actual pollution caused by synthetic polymeric debris.
Consequently, since our results provide an authentic depiction of plas-
tics’ contamination, analyzing all 845 selected particles individually, the
findings underscore the highly heterogeneous nature of plastic
contamination in Lake Maggiore with monthly densities that exhibited
variations exceeding an order of magnitude (Fig. 2A, B). The logical
consequence of this heterogeneity, despite the intrinsic challenges
associated with sampling and the time-consuming nature of a complete
instrumental analysis, is the need for more than a single sampling to
ensure accurate Environmental Risk Assessment (ERA). This is particu-
larly crucial in aquatic ecosystems with complex basin catchments or
those undergoing seasonal changes in anthropic impact that can influ-
ence the release of plastics. In our specific case, we could have recorded
negligible plastic contamination if we had conducted sampling solely in
September (0.02 plastics/m>), or conversely, a significantly higher level
of plastic pollution would have been observed if we had sampled the
lake only in December (0.29 plastics/m®). This poses a significant
challenge that will need to be addressed in future guidelines or legis-
lation mandating the monitoring of synthetic polymeric debris in surface
water bodies. A potential solution could involve pre-evaluating the
optimal periods for conducting samplings (e.g. worst-case scenarios,
average conditions, seasonal variations). Alternatively, a more
comprehensive approach would be to conduct studies involving more
frequent sampling to ascertain whether a certain category of lakes or
rivers exhibits similarity in contamination patterns, thereby deter-
mining the most suitable frequency and seasonality for routine moni-
toring. For example, it would be interesting to replicate this study in
other large Italian subalpine lakes (Lake Como, Lake Iseo, Lake Garda) to
assess whether plastic contamination varies similarly in aquatic envi-
ronments with comparable hydrological characteristics and anthropic
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Fig. 4. Percentage of plastic shapes observed in the monthly samplings of L. Maggiore.

impacts. This approach would facilitate the establishment of a unified
sampling program for this category of lakes, streamlining comparisons
and enhancing environmental management. Hence, we can attempt to
apply these concepts to the results obtained in this study, proposing an
appropriate sampling plan for future routine monitoring campaigns. An
effective approach for managing the extensive dataset acquired through
monthly sampling is to aggregate the data seasonally (Fig. 8). The two
seasons during which the highest quantity of floating plastics was
detected were autumn (mean of 50,230.8 + 10,677.4 plastics/kmz) and
winter (mean of 40,819.4 + 2538.0 plastics/kmz), while values
approximately half as low were recorded in spring (mean of 24,117.6 +
10,383.0 plastics/km?), and especially in summer, where a mean of
19,315.5 + 15,720.5 plastics’km? was observed (Fig. 8A). These

similarities and differences are corroborated by the fact that summer did
not exhibit significant differences (p > 0.05) when compared to spring
data, as also noted between autumn and winter, which, conversely, are
both significantly different (p < 0.05) from the concentration of plastics
measured in summer (Fig. 8A). The declining contamination trend
observed during the spring and summer months (Fig. 2) might be
attributed to potential interference caused by the formation of biofilm
on plastic particles, leading to an increased sedimentation rate and
consequently a reduction in the density of sampled floating plastics
(Jalon-Rojas et al., 2022). To explore this potential interfering factor, we
examined correlations between monthly plastic concentration and data
related to phytoplankton analyzed during the same months at Ghiffa
(data kindly provided by Dr. Martina Austoni, IRSA-CNR), representing
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one of the two extreme points of our transverse transects (Fig. 1). No
correlation was identified between plastic concentration and phyto-
plankton density (r = —0.5168; p = 0.085), phytoplankton biomass (r =
—0.0309; p = 0.928), and cyanobacteria density (r = —0.4629; p
0.152). Thus, these rules out the possibility of biofilm interference in the
sampling conducted during the spring-summer months. To investigate
the main source of contamination (whether primary or secondary), it is
necessary to provide a preliminary remark. Our transverse transect was
positioned in the central area of the lake (Fig. 1) to enable a comparison
of results with findings from two previous monitoring campaigns
(Sighicelli et al., 2018; Binelli et al., 2020). Given that the primary flow
in Lake Maggiore is in the north-south direction, disregarding any minor
coastal currents and internal seiches, we predominantly sampled plastics
originating from rivers and wastewater treatment plants (WWTPs) sit-
uated in the central-northern part of the lake. In detail, 25 WWTPs
discharge their wastewater into the tributaries of Lake Maggiore, serving
approximately 463,982 equivalent inhabitants. Among these, seven are
located north of the sampled transect, catering to almost 36 % of the
population (approximately 167,000 equivalent inhabitants). Therefore,
our data can provide insight into the origin of plastic contamination only
for the central-northern area of the lake. First of all, the almost complete
absence of pellets (Fig. 4), which are characteristic indicators of a pri-
mary origin of plastics, is particularly informative. On the contrary, fi-
bers and fragments, typical indicators of secondary contamination, were
the main shape detected, with seasonal variations favoring the former in

summer and autumn, and the latter in winter and spring (Fig. 8B)..

In more detail, we established a highly significant (r = 0.8309; p =
0.001) and positive correlation between plastic concentrations and the
quantity of fibers detected seasonally. Conversely, no correlation was
found between the seasonal concentrations of plastics and the fragments
identified in the samples (r = 0.1320; p = 0.683). This implies that fibers
serve as the primary indicators for plastic contamination in Lake Mag-
giore, likely originating from atmospheric transport (Dris et al., 2017;
Zhang et al., 2020), discharge from textile industries present in the
watershed (Guzzella et al., 2008; Poma et al., 2014), and the washing of
synthetic clothes (Napper and Thompson, 2016; De Falco et al., 2018;
Wang et al., 2023), which is more prevalent in cold seasons when the use
of such garments is higher (Browne et al., 2011). The likely source of
plastics from the washing of synthetic clothes leads to another conse-
quence related to the impact of tourism, which results in an approximate
60 % increase in the population, especially during spring and summer
(refer to paragraph 2.1). This impact is only noticeable in August, where
we observed a more than double increase in the concentration of plastics
compared to July and approximately eight times higher than in
September (Fig. 2). The mixed secondary origin of plastic pollution is
further confirmed by the absence of any significant correlation with
environmental parameters that could impact the release of plastics into
the lake. Specifically, not only did we fail to identify a correlation be-
tween the concentration of plastics and monthly rainfall in the basin (r
= 0.355; p = 0.258), but also when considering rainfall measured 72 h
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before samplings (r = —3723; p = 0.233) and in the previous 7 days (r =
0.0324; p = 0.920). From an ecotoxicological perspective, it is crucial to
assess the size of the detected plastic particles, as microplastics, along
with nanoplastics, are the fractions that can more easily penetrate the
tissues of organisms, resulting in several adverse effects. The heteroge-
neity of the annual contamination is also confirmed by Fig. 8C, illus-
trating that microplastics were the predominant category only in winter,
accounting for 58 %, compared to 36 % for large microplastics and just
over 5 % for macroplastics. In the other three seasons, large micro-
plastics were predominantly found, ranging from 50 % in spring to 74 %
in summer. The seasonal results obtained for the different polymers
constituting fibers and fragments in the transverse transects are partic-
ularly surprising. As depicted in Fig. 8D, the polymeric percentage
composition remains similar in winter, spring, and, to a lesser extent,
even in summer. However, a significant change occurs in autumn.
Specifically, while the first three seasons predominantly feature PE and
PP debris, constituting over 55 % of the total polymeric composition
(Fig. 8D), autumn presents almost exclusively PEST fibers (Fig. 8D).
While the latter serves as a typical marker for plastic sources derived
from clothes washing, textile industries and atmospheric transport, the
origin of PE and PP particles is more diverse. PE is widely utilized in
numerous objects for both common and technical purposes, such as old
shopping bags, protective packaging for transporting fragile items
(Pluriball), food films, water and gas pipes, toys. On the other hand, PP
is used for packaging in the food industry, sportswear, carpets, plates,
toys, and suitcases. The reason for the dramatic change in polymer
composition, particularly with regard to the fibers (Table S2), observed
in all three autumn months is currently unknown. It would certainly be
interesting to investigate this phenomenon in future studies.

Despite the significant variation in plastic contamination observed
over the 12 months, it does not seem sufficient to provide a compre-
hensive picture of lake pollution. However, our data can suggest, at
least, the season that may be most representative and informative about
the characteristics and origins of plastics. Based on the findings of this
study, we recommend winter as the optimal season for a potential single
sampling in Lake Maggiore for routine plastic pollution campaigns.
Primarily, winter was the only season during which we observed greater
quantitative homogeneity over the three sampled months, as indicated
by the very low standard deviation (Fig. 8A). In contrast, in the other
three seasons, notable differences were observed for certain months
(June, September, October) compared to the other two within the same
season (Fig. 2A, B). This suggests that the choice of the winter month for
a single sampling may not be critical, while in other seasons, there is a
risk of significant underestimation or overestimation of plastic pollu-
tion. Furthermore, even though it may not represent the worst
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contamination scenario, we contend that sampling during the winter
months provides a more representative view of the annual contamina-
tion trend. Despite a non-statistical difference in quantitative terms of
approximately 20 % compared to the highest contamination observed in
autumn (Fig. 8A), we believe that the qualitative data offers a more
comprehensive perspective for Ecological Risk Assessment (ERA) and
subsequent risk management. Specifically, winter is the season in which
we observed greater homogeneity in plastic shapes, with percentages of
synthetic fragments and fibers being more similar compared to the other
seasons (Fig. 8B). If the characteristic related to plastic size does not
serve as a discriminator, as all three categories of plastics were detected
in each of the four seasons (Fig. 8C), we believe that the observed
variation in the polymer component is crucial for determining the
optimal season for sampling. In autumn, the dominant polymer was
PEST, constituting 83 % of the total, while the other six polymers were
detected with percentages <5 %. In contrast, during winter, the polymer
percentages were more uniform, and, most importantly, the contami-
nation footprint was much more similar to that observed in spring and
summer (Fig. 8D). In conclusion, while it would be ideal to conduct at
least four samplings, one per season, to obtain the most comprehensive
understanding of plastic contamination in L. Maggiore, if environmental
management and control agencies will opt for a single annual sampling
for routine monitoring, we recommend conducting it during the winter
months for the reasons outlined above.

4.1. Comparisons with other lakes worldwide

Comparing plastic contamination levels among lakes worldwide is
challenging due to the absence of guidelines standardizing the various
variables that can alter plastic densities. Consequently, such compari-
sons can be easily distorted. The primary parameters influencing the
monitoring of these physical contaminants include the sampling method
(net, sieves, or pump) and type (one or few single points, or trawl), mesh
of nets, plastic separation methodology, size classification, and the
analysis system used to discriminate natural particles from those made
of synthetic polymers. The results obtained from our study have intro-
duced an additional variable linked to the sampling period, which, in
our case, influenced plastics’ density by more than one order of
magnitude (Fig. 2). Therefore, it is crucial to specify all these parame-
ters, some of which are not reported or clearly described in certain pa-
pers, rendering any comparison with other aquatic environments
impossible. Neglecting to account for all these variables, Table 1 dis-
plays the most recent monitoring data detected in numerous lakes
worldwide, categorized by continents. It places particular emphasis on
data available for the large Italian subalpine lakes, which, owing to their
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hydro-morphological characteristics and anthropic presence, bear
resemblance to Lake Maggiore. The contamination identified in Lake
Maggiore through monthly sampling in 2022 consistently exhibits lower
or comparable plastic concentrations compared to most other sampled
lakes (Table 1). Among the considered data, the Asian continent appears
to be the most affected by plastic pollution, with 5000-34,000 plastics/
m® reported in Lake Poyang (China; Yuan et al., 2019), and an average
density of 291 + 252 plastics/m® in 7 sampling points in Lake Baikal
(Siberia, Russia; Moore et al., 2022). These values are approximately
more than 6 and 4 orders of magnitude higher than the highest data
recorded in Lake Maggiore (0.29 plastics/m® in December 2022).
Several lakes in South America also exhibit higher pollution levels than
those observed in Lake Maggiore: Alfonso et al. (2020a) measured a
plastic concentration of 143.3 + 40.4 plastics/m® in Lake La Salada
(Argentina), approximately 500 times higher than our worst case, while
Lake Vintter (Argentina; Alfonso et al., 2020b) demonstrated a
contamination more than 6 times higher. Contamination levels found in
North America seem to be closer to those detected in Lake Maggiore; for
instance, Lake Erie reported a value (45,000 plastics/km?) precisely
comparable to the highest levels measured in some months of our
sampling, while Lake Ontario (Canada; Mason et al., 2020) and Lake
Flathead (USA; Xiong et al., 2022) exhibited contamination 4 and 3
times greater than the highest level recorded in Lake Maggiore,
respectively. In the European context, the highest contamination levels
recorded in Lake Maggiore are approximately 40 times lower than the
concentration measured in Lake Lugano (11.5 plastics/m?; Nava et al.,
2023) and even over 6 x 10° times lower than the alarming contami-
nation level (1812 plastics/mg) identified in Lake Tollense (Germany). It
is essential to note that Lake Tollense is the only one where the Nile Red
dye was utilized to characterize polymeric particles, with only 2 % of
them verified by p-Raman (Tamminga et al., 2022). Conversely, the
contamination identified in Lake Maggiore aligns well with the levels

(0.27 £ 0.18 plastics/ms) recently reported in Lake Kallavesi (Finland;
Uurasjarvi et al., 2020). The low plastic contamination observed in Lake
Maggiore is corroborated by data collected both within the same lake
basin and in the other large Italian subalpine lakes. Notably, two pre-
vious monitoring campaigns conducted in Lake Maggiore reported a
density of polymer particles that is directly comparable to the maximum
value recorded in 2022 by our study (Table 1). These values ranged
between 29,000 + 17,000 plastics/km2 and 45,000 + 13,000 plastics/
km? (Sighicelli et al., 2018) and an average of 100,000 + 35,000 plas-
tics/km? (Binelli et al., 2020; Galafassi et al., 2021). Our findings align
with those obtained for other large subalpine lakes within the Po River
catchment basin (Table 1). The only data contradicting this trend is
presented by Nava et al. (2023), where a value of 8.24 plastics/m> was
recorded in Lake Maggiore in 2021. This concentration is almost 30
times higher than our maximum density detected in 2022, but over 400
times greater than our minimum value (Table 1). Considering this data
anomaly, especially given that the sampled area is the same as that of
Sighicelli et al. (2018), it is plausible to hypothesize an overestimation in
the average plastic concentration in Lake Maggiore, likely attributed to
the chosen sampling period. This elevated contamination level might
depict the aftermath of the extraordinary flood event in three major
tributaries of Lake Maggiore (Rivers Ticino, Maggia, and Toce) on 2 and
3 October 2020. This event led to an exceptional increase in the lake
hydrometric level by 2.18 m in just 37 h and could have resulted in the
transport of a substantial quantity of plastic materials from the basin.
This further underscore the importance of considering the temporal
parameter as a potential variable in lake basin contamination. It em-
phasizes the necessity for increasing the frequency of samplings to
enable better comparisons across different aquatic ecosystems and to
provide more accurate data for environmental management agencies.
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Table 1
Most recent monitoring data of plastic pollution in lakes worldwide.
Lake Country Sampling type Sampling Mesh Plastic concentration Characterization method References
method (pm)
Americas
LaSalada  Argentina One point Net 38 143.3 + 40.4 plastics/m® Visual Alfonso et al.,
2020a
Vintter Argentina Trawl Net 38 1.9 plastics/m® Raman (15 % of particles) Alfonso et al.,
2020b
Erie Canada Trawl Manta-net 355 45,000 plastics/km? (mean) FTIR Mason et al., 2020
Ontario Canada Trawl Manta-net 355 230,000 plastics/km2 (mean) FTIR Mason et al., 2020
Flathead USA Trawl (n = 12) Manta-net 330 189,000 plastics/km2 (mean) Raman (12.5 % of particles) Xiong et al., 2022
Asia
Hong China One point Net 74 1800 plastics/m> Raman (total particles) Li et al.,, 2019
Poyang China Some points Sieve 50 5000-34,000 plastics/m> Raman (100 particles) Yuan et al., 2019
Hovsgol Mongolia Trawl (n = 9) Manta-net 333 20,264 plastics/km2 (mean) optical microscope Free et al., 2014
Rawal Pakistan Trawl (n = 3) Net 100 from 6.4 + 0.5 to 8.8 + 0.5 plastics/m> FTIR (total particles) Bashir and
Hashmi, 2022
Baikal Russia 7 points Pump+net 20 291 + 252 plastics/m> (mean) WFTIR (~30 % filter area) Moore et al., 2022
Africa
Victoria Tanzania Trawl (n = 8) Manta-net 300 0.73 plas'(ics/m3 (mean) 120,588 plastics/ FTIR (~20 % of particles) Egessa et al., 2020
km? (mean)
Europe
Kallavesi Finland Trawl Manta-net 333 0.27 + 0.18 plastics/m* FTIR (total particles) Uurasjarvi et al.,
2020
Lugano Switzerland ~ Trawl (3 Manta-net 300 11.50 plastics/m® Raman (~25 % of particles) Nava et al., 2023
replicates)
Tisza Hungary One point Pump 100 23.12 plastics/m* FTIR (total particles) Bordos et al., 2019
Tollense Germany One point Pump/ 20 1812 plastics/m> Nile Red/pRaman (~2 % of Tamminga et al.,
filtration particles) 2022
Italy
Garda Italy Trawl (n = 3) Manta-net 300 From 4000 + 2700 plastics/km? to 55,000 FTIR (total particles) Sighicelli et al.,
+ 29,000 plastics/km? 2018
Iseo Italy Trawl (n = 3) Manta-net 300 From 15,000 + 11,000 plastics/krn2 to FTIR (total particles) Sighicelli et al.,
57,000 + 36,000 plastics/km?> 2018
Maggiore Italy Trawl (n = 3) Manta-net 300 From 29,000 + 17,000 plastics/km? to FTIR (total particles) Sighicelli et al.,
45,000 + 13,000 plastics/km? 2018
Garda Italy Trawl (n = 7) Manta-net 300 36,000 + 28,000 plastics/km2 (mean) FTIR (total particles) Galafassi et al.,
2021
Orta Italy Trawl (n=n.a.) Manta-net 300 63,000 + 25,000 plastics/km2 (mean) FTIR (total particles) Galafassi et al.,
2021
Como Italy Trawl (n = 5) Manta-net 300 29,000 + 14,000 plastics/km? (mean) FTIR (total particles) Galafassi et al.,
2021
Maggiore Italy Trawl (n = 6) Manta-net 300 100,000 + 35,000 plastics/km2 (mean) FTIR (total particles) Galafassi et al.,
2021
Maggiore Italy Trawl (3 Net 200 8.24 plastics/m® Raman (~25 % of particles) Nava et al., 2023
replicates)
Maggiore  Italy Trawl Manta-net 100 From 0.02 to 0.29 plastics/m® from 4375 to WFTIR (total particles) Present study

57,692 plastics/km?

“Total particles” indicates the instrumental analysis of the particles selected through visual sorting.

5. Conclusions

To the best of our knowledge, this study represents the first inves-
tigation into plastic monitoring in a lake through monthly samplings
spanning an entire year. Our data illustrates the marked heterogeneity of
plastic contamination in Lake Maggiore, although the overall levels
remain comparatively low when compared with recent studies. The
origin of plastics released at least in the central-northern part of the
catchment basin appears to be predominantly secondary. Conversely,
we can rule out a significant primary source, as evidenced by the
negligible percentage of pellets detected, which typically serve as
markers for such contamination.

Our observations are largely centered on the identification of PEST
fibers, released from the washing of synthetic clothing, textile industries,
and atmospheric transport, or the presence of PE and PP particles,
indicative of plastic object fragmentation released directly into the lake
or originating from the catchment basin. Consequently, interventions to

mitigate the presence of plastics in Lake Maggiore should primarily
target these sources. From a broader perspective, our monthly sampling
has unveiled an additional variable in the assessment of plastic pollution
in aquatic environments. Not only did we observe a disparity of over an
order of magnitude between the maximum and minimum plastic density
recorded throughout the year, but we also discerned significant quali-
tative discrepancies from one month to another. This underscores the
inadequacy of a single sampling, especially in expansive lakes with
intricate catchment basins like Lake Maggiore, for obtaining a compre-
hensive understanding of the pollution caused by these emerging con-
taminants. Such nuanced insights are crucial not only for effective
environmental management but also for furnishing precise information
to an increasingly vigilant and conscientious civil society.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.170740.
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