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Abstract
Lake tributaries collect contaminants from the watershed, which may accumulate in lake sediments over time and may be removed
through the outlets. DDx, PCB, PAH, PBDE, and trace element (Hg, As, Cd, Ni, Cu, Pb) contamination was analyzed over 2001–
2018 period in sediments of the 5 main tributaries and of the outlet of Lake Maggiore (Northern Italy). Sediment cores were collected
in two points of the lake, covering 1995–2017 period. Concentrations were compared to Sediment Quality Guidelines (PECs),
potential sources and drivers (land use, population numbers, industrial activities, hydrology) were analyzed, and temporal trends were
calculated (Mann-Kendall test). PCB, PBDE, Pb, Cd, and Hg contamination derives mainly from heavy urbanization and industry.
Cu and Pb show a temporal decreasing trend in the basin, likely as result of improved wastewater treatments and change in use. A
recent PAH increase in the whole lake may derive from a single point source. A legacy DDx and Hg industrial pollution is still
present, due to high persistence in sediments. Values of DDx, Hg, Pb, and Cu above the PECs in lake sediments and/or in the outlet
show potential risk for aquatic organisms. Results highlight the key role of tributaries in driving contamination from the watershed to
the lake through sediment transport.
Keywords Organic micropollutants . Trace elements . Sediments . Lake Maggiore . Contamination trend . Ticino River

Introduction
Studying a wide lake basin can represent a great challenge
because anthropogenic sources of contamination, as well as
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hydro-geological factors, may influence pollutant diffusion
and dynamics. Lake Maggiore is a large subalpine lake located between Northern Italy and Switzerland. The lake catchment covers an area of about 6500 km2, comprising mainly
mountain areas, but also hosting more than 500,000 inhabitants. As most lakes in Italy and in Europe, Lake Maggiore has
been affected by a number of human pressures in the last two
centuries. Beside eutrophication, which was counteracted by
the improvement of wastewater treatment plant system in the
second half of the twentieth century, industrial activities have
severely affected the water ecosystem (Guilizzoni et al. 2012).
Since 1800, textile production and chemical industries led to
the discharge in the lake and in its tributaries of several pollutants, such as trace metals and organic compounds. A peculiar
example is the case of the Toce River, where DDT production
and a mercury-cell chlor-alkali plant caused an intense DDT
and mercury pollution in the last century (Marziali et al. 2017;
Guzzella et al. 2018). Pollutants were transported to the riverine
and lake ecosystems and were accumulated in sediments and
biota. Concentrations in sediments in the Pallanza basin
reached a peak of 13,000 μg kg−1 OC for total DDx in the
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1960s and of 26 mg kg−1 d.w. for total mercury in the 1940s.
Even if values in sediments are decreasing over time thank to
transport of pristine sediments from the upstream river section
and to potential (bio)transformation into mobile forms
(Quensen et al. 2001; Marziali and Valsecchi 2021), bioaccumulation in biota is still acting, with concentrations of mercury
in many fish species up to ten times above the European
Environmental Quality Standard (EQS of 0.02 mg kg−1 wet
weight according to EU Directive 2013/39/EU on priority substances) (Guzzella et al. 2018; Marziali and Valsecchi 2021).
As well, commercial fishing is still partially banned because
DDx values in some species exceed the threshold for human
consumption (up to 3 mg kg−1 w.w. DDx in whiteshad fillet;
Guzzella et al. 2018).
This example shows the key role of tributaries in transferring contamination from the watershed to the lake ecosystem.
While water quality of rivers is constantly monitored by the
Environmental Protection Agencies, sediment quality is rather
disregarded, since official EQSs for freshwater sediments are
still lacking in Italy. This hampers the identification of potential risk for the ecosystem deriving from contaminated sediments, via release of toxicants in the water column and/or
bioaccumulation in benthic organisms (Pisanello et al. 2016).
The International Commission for the Protection of the
Italian-Swiss Waters (CIPAIS) has been supporting a monitoring
program in Lake Maggiore and its tributaries from 1996 up to
date, with a particular focus on priority substances in sediments
according to EU Directive 2013/39/EU. To cover potential pollutants deriving from anthropogenic sources, organic chemicals
of industrial origin such as DDx, polychlorinated biphenyls
(PCBs) and polybrominated diphenyl ethers (PBDEs), and polycyclic aromatic hydrocarbons (PAHs) were included. As well,
the main trace elements potentially deriving from industrial and
diffuse contamination are considered, i.e., Hg, As, Pb, Cu, Ni,
and Cd. These contaminants are mainly bound to particulate
matter in the water column and at the bottom, thus the sediment
compartment acts as a sink for them, but, under certain hydrological and/or chemical conditions, or because of biotransformation processes, it may behave as a source (Quensen et al. 2001;
Grosbois et al. 2011; Baran et al. 2019; Marziali and Valsecchi
2021). Being toxic and persistent, these substances may have
harmful effects on human health and on aquatic environment
(Eljarrat and Barceló 2003; Ruiz-Fernandez et al. 2014;
Marziali et al. 2017; Ahmed et al. 2018). For a provisional
screening assessment, site-specific concentrations of toxicants
in sediments can be compared to benchmarks considered protective for aquatic organisms, such as threshold effect concentrations (TECs, i.e., concentrations below which effects are not
expected) and probable effect concentrations (PECs, i.e.,
values above which effects are likely to occur)
(MacDonald et al. 2000), even if they do not consider
interaction between toxicants, bioavailability, and background levels (Simpson et al. 2011).

An important factor when considering sediment contamination in riverine sediments is the strong spatial and temporal
variability of concentrations. This is mainly related to hydrological features, which determine depositional areas characterized by higher concentrations of toxicants due to accumulation of fine sediments, and temporal variations due to changes
in river discharge (Chiffoleau et al. 1994; Smolders et al.
2002; Grosbois et al. 2011). These factors may hamper the
analysis of contamination trends in riverine ecosystems.
However, long time series and sampling designs covering
different hydrological periods may help disentangling those
confounding effects.
In this framework, we focused on sediment contamination
of the main tributaries of Lake Maggiore, i.e., Boesio, Bardello,
Tresa, Margorabbia, and Toce rivers, as source of toxicants for
the lacustrine ecosystem and for the lake outlet (emissary), the
Ticino River, with the aim of analyzing temporal trends of
pollution over the last 20 years, their sources, and their relations
with natural (i.e., hydro-geochemical characters) and anthropic
factors (i.e., land use and population numbers).

Study area
Lake Maggiore is a large (surface area = 213 km2, volume =
38 km3), deep (maximum depth = 370 m), oligo-mesotrophic
lake, shared between Italy (about 80%) and Switzerland
(20%) (Fig. 1). The Lake is considered holo-oligomictic as it
rarely undergoes complete mixing (Guilizzoni et al. 2012;
Fenocchi et al. 2018). Mean theoretical lake water renewal
time was estimated as more than 4 years (Ambrosetti
et al. 2012).
The lake has a relatively large (6599 km2) watershed, with
a complex geological structure (Baudo 1989; Vignati and
Guilizzoni 2011). A peculiarity is the presence of arsenopyrite
veins, located in the Toce catchment and close to Lake
Lugano, which determine high background levels (Pfeifer
et al. 2000, 2004; Guzzella et al. 2018). The lake catchment
hosts several other lakes, among which Orta, Lugano, and
Varese. The basin is composed mainly of mountain areas with
very low population density, but the shores of the lakes host
medium-sized (30,000–80,000 inhabitants) towns like
Varese, Lugano, Bellinzona, Locarno, and Verbania. The basin is inhabited by more than 500,000 people. Moreover, seasonal tourism accounts for more than 300,000 additional
equivalent inhabitants. For industry, in the North
(Switzerland), the electronics and mechanical sectors deserve
particular attention. An important industrial area is located in
the eastern part of the watershed (Lombardy Region), around
Lake Varese, where electrical materials and domestic appliances have been produced since the 1930s. Smaller manufactures and tanneries are also located in this area. In the western
part of the basin (Piedmont Region), the production of
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Fig. 1 Lake Maggiore watershed area in Northern Italy. Sampling points and land cover are reported

domestic appliances has been replaced in recent decades by
floriculture and agri-food industry. Smaller manufactures and
tanneries are also located in this area, in particular in the Toce
and Ticino valleys and on the hills close to Lake Orta.
Due to the complex orography of the territory, a number of
waste water treatment plants (WWTPs) are operational, close
to the largest towns. Since the beginning of the 1980s, phosphorus concentrations have declined in Lago Maggiore, partly
due to the implementation of new WWTPs (Guilizzoni et al.
2012).
Lake Maggiore has many tributaries (Fig. 1): Toce River is
one of the most relevant, with a mean annual discharge of 62
m3 s−1. Other important inflows derive from Tresa River (20
m3 s−1), which flows out of Lake Lugano, Margorabbia (1.7
m3 s−1), Boesio (1.0 m3 s−1), and Bardello (1.6 m3 s−1) rivers
(Table 1; Figure S1.1 in Online Resources 1). Ticino Tributary
(62.3 m3 s−1), which flows into the Swiss portion of the lake
(i.e., in the northernmost part), was not considered in the present study, because previous research highlighted low anthropogenic inputs from this river (Guzzella et al. 1998). Toce and
Margorabbia catchments, followed by Tresa one, are characterized mainly by natural land use, while urban areas and
anthropic activities (industry, agriculture) are mainly located

in Bardello and Boesio basins (Fig. 1, Table 1). The outlet of
Maggiore Lake is Ticino Emissary, with a mean annual discharge of 248 m3 s−1.

Materials and methods
Sampling design
Sediments of the main tributaries, i.e., Toce, Tresa,
Margorabbia, Boesio, and Bardello (Fig. 1; Table S1.1
in Online Resources 1), were sampled at the rivers’
mouth in 2001–2018 period from 2 to 4 times a year,
according to different seasons and/or hydrological periods: mostly in April (mean precipitation: 150 ± 17
mm), July (140 ± 37 mm), and October (121 ± 33
mm), and in some cases in December, the driest period
of the year (90 ± 15 mm). The same sampling design
was used for Ticino Emissary, which was sampled some
kilometers downstream the lake outlet. The temporal
range of data and the number of analyses for each analyte in each river are reported in Table S1.2.
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Table 1 Concentrations of contaminants (mean ± standard deviation) in
each tributary of Lake Maggiore and in the emissary. Data on land cover,
population numbers, and annual cumulated precipitation in each
watershed, and mean discharge of each river (2001–2018 period) are

also reported (mean ± standard deviation). n.a. = not analyzed.
Threshold and probable effect concentrations (TEC and PEC,
respectively) are reported from MacDonald et al. (2000)

Pollutant

Unit

Bardello

Boesio

Margorabbia

Toce

Tresa

Ticino Emissary TEC PEC

DDx
DDx
PAHs
PAHs

μg kg−1 d.w.
μg kg−1 OC
μg kg−1 d.w.
μg kg−1 OC

3.5 ± 4.5
1.3 ± 1.5
478.5 ± 319.1
170.9 ± 104.5

7.3 ± 9.0
1.8 ± 2.7
1296.1 ± 2791.4
228.5 ± 528.6

3.7 ± 3.5
1.1 ± 1.0
422.7 ± 348.6
99.9 ± 84.5

31.9 ± 29.3
28.1 ± 40.0
145.7 ± 77.1
84.9 ± 41.7

3.6 ± 4.4
1.3 ± 1.4
4651.2 ± 22,198.3
1982.2 ± 9656.6

119.6 ± 663.4
29.3 ± 147.0
2574.1 ± 4245.3
547.1 ± 831.7

5.28
1610

572
22,800

PBDEs
PBDEs
PCBs
PCBs
As
Cd
Ni
Pb
Cu
Hg
OC
Urban
Industrial
Agricultural
Natural
Population
Discharge
Precipitation

μg kg−1 d.w.
μg kg−1 OC
μg kg−1 d.w.
μg kg−1 OC
mg kg−1 d.w.
mg kg−1 d.w.
mg kg−1 d.w.
mg kg−1 d.w.
mg kg−1 d.w.
mg kg−1 d.w.
%
%
%
%
%
n
m3 s−1
mm

84.7 ± 54.4
29.8 ± 18.1
16.9 ± 18.3
5.6 ± 5.0
7.2 ± 4.3
0.60 ± 0.35
29.2 ± 9.7
28 ± 9.1
53.6 ± 17.4
0.24 ± 0.11
2.9 ± 0.8
25.5 ± 1.7
3.1 ± 0.1
14.9 ± 0.3
56.5 ± 1.5
157,597
1.6 ± 1.0
1410 ± 258

136.3 ± 107.0
28.4 ± 26.2
15.2 ± 14.7
4.1 ± 7.4
6.0 ± 3.3
0.34 ± 0.13
27.1 ± 11.0
49.9 ± 20.2
76.3 ± 32
0.19 ± 0.08
5.3 ± 2.2
14.4 ± 0.5
2.8 ± 0.0
8.6 ± 0.4
74.2 ± 0.2
28,374
1.0 ± 0.7
1505 ± 307

22.8 ± 23.8
7.5 ± 13.7
7.1 ± 6.4
1.9 ± 2.0
12.4 ± 8.4
0.34 ± 0.11
25.1 ± 10.3
37.9 ± 13.6
35.8 ± 14.6
0.07 ± 0.03
4.4 ± 2.3
10.1 ± 0.0
1.3 ± 0.0
8.5 ± 0.0
80.2 ± 0.0
42,003
1.7 ± 1.3
1550 ± 154

12.1 ± 11.0
9.4 ± 12.9
5.5 ± 7.1
3.6 ± 3.5
21.2 ± 9.4
0.33 ± 0.17
39.5 ± 16.7
23.8 ± 17.1
47.8 ± 25.4
0.18 ± 0.20
1.7 ± 1.1
1.9 ± 0.0
0.4 ± 0.0
5.8 ± 0.0
91.9 ± 0.0
107,551
61.9 ± 28.4
1950 ± 304

15.9 ± 11.0
6.4 ± 6.6
7.7 ± 5.3
2.9 ± 2.4
37.1 ± 13.7
0.41 ± 0.29
33.3 ± 14.9
50.2 ± 42.6
61.4 ± 55.7
0.11 ± 0.07
3.3 ± 1.8
16.0 ± 0.0
0.5 ± 0.0
7.1 ± 0.0
76.3 ± 0.0
29,433
20.0 ± 13.2
1600 ± 128

45.7 ± 33.6
10.4 ± 6.9
39.8 ± 60.5
8.6 ± 11.2
19.4 ± 8.2
1.28 ± 1.1
57.0 ± 90.9
90.7 ± 42.9
253 ± 244.4
0.31 ± 0.26
4.6 ± 1.7
n.a.
n.a.
n.a.
n.a.
n.a.
248.1 ± 105.5
n.a.

59.8
9.79
0.99
22.7
35.8
31.6
0.18

676
33.0
4.98
48.6
128
149
1.06

At each site, depositional areas were identified (i.e.,
pools) and different subsamples of freshly deposited
sediments (up to 5–10 cm depth) were collected along
the wadable portion of the river bank using a stainlesssteel spoon and mixed in order to obtain a 2-L representative sample. Those sediments are characterized by
finer grain size compared to erosional area (riffles) and
they may likely cover the temporal period after the last
rain events. The finest sediment fractions show the
highest pollutant accumulation, so they are mainly considered when the aim of the study is sediment contamination (Kersten and Smedes 2010). Sediments were
preserved in dark glass bottles at 4 °C until freezedrying (72 h at 0.1 atm). Dry sediments were sieved
to separate the finest fraction (< 63-μm grain size) for
chemical analyses.
In Lake Maggiore, several cores were collected using a noncommercial gravity corer composed by a steel cylinder
supporting a plastic tube, 63 mm in diameter. The steel cylinder
is closed at the top by a valve which closes after the supporting
rope leaves its tension. The corer can be charged with lead
dishes to increase its weight. Previous studies (e.g., Damiani
and Thomas 1974; Rossi et al. 1992) showed that larger size

sediments settle close to river mouths, while the accumulation
of finer sediments is located at larger distance. The selection of
coring sites considered both the areas of accumulation of fine
sediment and the need of finding areas with relatively undisturbed sedimentation. In fact, underwater landslides are frequent in Lake Maggiore due to the very steep slopes.
Among the examined cores, we report results for one
composite core collected in the Pallanza Basin (core 13,
sedimentation rate 3.9–10 mm year −1) and one in the
Southern part of the lake (core 28, sedimentation rate ca.
2.5–3.5 mm year−1) (details in Table S1.3). In particular,
in 2002–2017, short cores (28 to 77 cm long) were collected in each area and they were correlated among them.
As detailed in Marchetto et al. (2004), dating was carried
out by using marked changes in the diatom assemblages
(compared with the results of monthly phytoplankton
analysis), by considering the evidence of the 2000 flood,
and by comparison with previous cores dated with 210Pb
and 137 Cs profiles. Only results concerning the late
1990s–2017 period are considered here to compare with
data from tributaries collected in the same temporal range.
The whole profiles are reported in Guilizzoni et al. (2012)
and Guzzella et al. (2018).
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Target analytes
The list of pollutants of concern varied in agreement with each
tributary contamination history (Table S1.2). The investigation began in 2001 with the evaluation of DDx and PCBs,
which were the contaminants of concern in the lake, and in
2008, PBDE and PAH quantification was added to the list of
contaminants. For trace elements (As, Hg, Pb, Cu, Cd, Ni), the
investigation began in 2008 in all rivers.
Target analytes were PAHs divided into low molecular
weight (LMW-PAHs), composed by 2 to 4 molecular rings:
naphthalene (Na), acenaphthylene (Ayl), acenaphthene (Aen),
fluorene (F), phenanthrene (Pn), anthracene (An), fluoranthene (Fl), pyrene (Py); and high molecular weight (HMWPAHs), composed by 5 and 6 rings: benz[a]anthracene (BaA),
chrysene (Ch), benzo[b]fluoranthene (BbF), benzo[j + k]fluoranthene (BjkF), benzo[a]pyrene (BaP), perylene (Per),
indeno[1,2,3-cd]pyrene (InP), dibenz[a,h]anthracene (DhA),
and benzo[ghi]perylene(Bghi), 14 PCBs (PCB-18, -28, -31,
-44, -52, -101, -118, -138, -149, -153, -170, -180, -194, and 209), 6 DDx (o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p
′-DDT, and p,p′-DDT), and 8 PBDEs (BDE-28, -47, -99, 100, -153, -154, -183, and -209). Further details are reported
in Guzzella et al. (2018) and in Online Resources 1. Organic
micropollutant sums were calculated as sum of all congeners,
considering values below limits of detection (< LOD) as 0.
For trace elements, As, Hg, Pb, Cu, Cd, and Ni were analyzed as total element concentrations.

Sediment analysis
Regarding organic compounds, all samples were analyzed
according to Guzzella et al. (2016) (details in Online
Resources 1). Briefly, 0.5 g d.w. of freeze-dried sediments
was extracted in a hot-Soxhlet apparatus. The extracts were
concentrated, purified, and analyzed by GC-MS. The organic
carbon (OC) content of sediments was determined according
to Walkley-Black procedure (US-EPA 2002). Performances
of the methods were evaluated by analyzing different certificate reference materials (CRMs) (Tables S2.2–S2.6 in Online
Resources 2). The limits of detection (LODs) were estimated
as 0.02 ng g−1 d.w. for DDx, 0.1 ng g−1 d.w. for PCBs and
PBDE, and 1 ng g−1 d.w. for PAHs in sediment samples
(Table S2.1).
Trace element analysis was carried out on the finest sediment fraction (< 63-μm grain size) to reduce the variability
due to grain size composition (Suh and Birch 2005; Kersten
and Smedes 2010). For As, Ni, Cd, Cu, and Pb determination,
a microwave-assisted digestion (Preekem EU Excel 2000) of
freeze-dried samples (0.2 g) was performed, with concentrated
HNO3 and ultrapure water. Concentrations were measured
using atomic absorption spectrometry (AAS) with a Perkin
Elmer AAnalyst 600 with Zeeman correction, equipped with

a graphite atomization system (GF-AAS). Procedural blanks
were regularly checked for ambient or reagent contamination.
LOD values are reported in Table S2.1. For each sample,
analysis was run in duplicate and precision expressed as variation coefficient resulted as ≤ 5%. The accuracy of recovery
was estimated by analysis of different CRMs (Table S2.7),
among which GBW07305 stream sediment (National
Research Centre of Geoanalysis, Beijing, China) and BCR320R channel sediment (Institute for Reference Materials and
Measurements, Joint Research Centre, European
Commission, Belgium) best cover the 2008–2018 period.
For both materials and considering all elements, mean percent
recovery was 94 ± 11% (range between 72 and 112%)
(Table S2.7).
Total Hg concentrations in sediments were determined by
thermal decomposition, amalgamation, and atomic absorption
spectrometry according to the US-EPA method 7473 (USEPA 1998), using an Automated Mercury Analyzer
(AMA254, FKV, Bergamo, Italy). After freeze-drying and
homogenizing, each sample (0.1 g) was analyzed in triplicate,
obtaining ≤ 5% variation coefficients. Accuracy was checked
using different CRMs and resulted within ± 15% of certified
values (Table S2.7).

Data analysis
Ecological risk
Concentrations of organics were normalized to 1% OC to
allow comparison with TECs and PECs (MacDonald et al.
2000) (Table 1).
To analyze the potential toxicity risk for aquatic organisms
deriving from metal mixtures in sediments, mean PEC
Quotients (PECQs) were calculated according to the following formula (Long et al. 2006):
PECQ ¼

∑ni ½Mei =PEC
n

where [Mei] is the concentration of the element i in the sample; PEC is the probable effect concentration according to
MacDonald et al. (2000), i.e., the concentration above which
adverse effects on benthic organisms are likely to occur; and n
is the total number of elements considered (i.e., Cd, Cu, Hg,
and Pb). PECQs are here calculated excluding Ni and As,
since our geoaccumulation index (Igeo) analysis (Table 2) confirmed dominant geochemical origin of these elements, while
our aim was to stress the ecotoxicological risk bound to
human-altered elements. According to Long et al. (2006),
PECQ values ≥ 0.34 may represent potential impact on native
benthic communities, values ≥ 0.5 corresponded to ≥ 15%
probability of toxicity for Hyalella azteca and Chironomus
dilutus in lab tests. It is generally accepted that PECQ values
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Table 2 Igeo and PECQ values (median and, in brackets, range)
calculated for each river. For Igeo, metal pollution intensities were
defined as in Barbieri (2016): Igeo ≤ 0 accounts for uncontaminated

Bardello
Boesio
Margorabbia
Toce
Tresa
Ticino Emissary

Igeo As

Igeo Cd

Igeo Ni

Igeo Pb

Igeo Cu

Igeo Hg

PECQ

− 0.6 (− 1.3/0.8)
− 0.7 (− 1.3/0.5)
− 0.4 (− 1.3/0.9)
− 0.9 (− 2.1/− 0.1)
− 0.7 (− 1.8/0.4)
0.4 (− 0.5/1.2)

0.0 (− 0.8/1.1)
− 0.4 (− 2.3/0.1)
− 0.5 (− 1.3/0.1)
− 0.5 (− 1.4/0.3)
− 0.6 (− 1.1/0.9)
0.6 (− 0.6/2.1)

− 1.3 (− 1.8/− 0.7)
− 1.3 (− 2.8/− 0.7)
− 1.4 (− 2.7/− 0.8)
− 1.0 (− 1.6/− 0.1)
− 1.1 (− 2.0/− 0.2)
− 1.0 (− 2.2/1.4)

− 0.6 (− 1.2/0.0)
0.0 (− 1.8/0.6)
− 0.2 (− 1.1/0.4)
− 0.6 (− 2.3/0.6)
− 0.6 (− 1.1/1.2)
0.6 (− 0.9/1.2)

0.3 (− 0.8/0.7)
0.6 (− 0.8/1.2)
− 0.1 (− 1.7/0.5)
0.0 (− 1.2/1.0)
0.1 (− 1.0/2.0)
1.4 (0.1/3.1)

0.9 (0.3/2.0)
0.7 (− 0.5/1.6)
− 0.2 (− 1.0/0.6)
0.3 (− 0.6/2.4)
0.2 (− 0.9/1.4)
1.1 (0.0/2.8)

0.22 (0.10/0.36)
0.28 (0.07/0.46)
0.14 (0.06/0.24)
0.17 (0.05/0.5)
0.23 (0.05/1.04)
0.69 (0.08/2.04)

> 1 represent a probable risk of detrimental biological effects.
The PECQ approach was not used with organics because the
set of target analytes was different for each river and/or sampling period.
Contamination sources and drivers
To assess potential contamination sources, different analytical
ratios were calculated. The diagnostic molecular ratios
(DMRs) were calculated to identify PAH pollution origin
and sources (Li et al. 2006; Yunker et al. 2002). According
to this index, PAHs may derive mainly from petroleum source
when Fl/(Fl + Pyr) ratio is < 0.4, while they are emitted mainly
from combustion of solid fuels (grass, wood, and coal) when
the ratio is > 0.5. Between these values (0.4 < Fl/(Fl + Pyr) <
0.5), PAH contamination could be derived from
bothcombustion of gasoline, diesel, fuel, and crude oil and
emissions from forest fires, cars, or diesel trucks.
Diagnostic ratios can be calculated also for BaA/(BaA
+ Chr) (Zhang et al. 2017): for values < 0.2, petroleum
sources prevail; for values > 0.35, combustion sources
are dominant; for 0.2 < BaA/(BaA + Chr) < 0.35,
mixed sources can be supposed.
For metals, to measure pollution intensity, the Igeo was
calculated for each river according to the following formula
(Barbieri 2016):
I geo¼ ln

sediments, 0 < Igeo ≤ 1 for uncontaminated/moderately contaminated
sediments, 1 < Igeo ≤ 2 for moderately contaminated sediments, 2 < Igeo
≤ 3 for moderately/heavily contaminated sediments

C sample
1:5 C background

where Csample is the concentration of the element in the sample, Cbackground is the background concentration in each river
derived from the Geochemical Atlas of Europe (http://weppi.
gtk.fi/publ/foregsatlas/) and from Vignati and Guilizzoni
(2011), and 1.5 is a factor accounting for natural fluctuations
in the content of the element in the environment. Igeo provides
a measure of metal pollution by comparing concentrations
to the local geochemical background. To evaluate pollution intensity, we adopted the classification reported
by Barbieri (2016).

To assess potential drivers bound to anthropogenic activities, percent land cover according to different land uses was
calculated in each river basin, except for Toce, for 2007, 2012,
and 2015 using the shapefiles derived from Database of Land
Use and Land Cover (DUSAF), published online by
Lombardy Region (http://www.geoportale.regione.
lombardia.it/); in Toce basin, which is located in Piedmont
Region, it was calculated for 2012 using Corine Land Cover
(CLC) shapefile, published online by the Italian Institute for
Environmental Protection and Research (ISPRA) (http://
www.sinanet.isprambiente.it/it). Land use categories
included in the DUSAF and CLC databases were grouped as
urban, agricultural, industrial, and natural land use.
Calculations were performed using the software QGIS 3.8.3
(QGIS Development Team 2010. QGIS Geographic
Information System. Open Source Geospatial Foundation
Project. http://qgis.osgeo.org). Since values were rather
constant in the study period, values calculated for 2012 were
considered for further analysis.
Numbers of total population in each tributary’s basin in
2008 and 2013 were derived from the National Institute of
Statistics (ISTAT) database (https://www.istat.it/). Values
were rather similar in the 2 years; thus, 2013 values were
considered for further analysis.
To evaluate the influence of river hydrology on contamination levels and transport, monthly discharges of
the tributaries and precipitation data were considered
for 2001–2018 period. Data were provided by the
CIPAIS (http://www.cipais.org/). For each river, mean
discharge and cumulated precipitation of the 3 months
preceding each sediment sampling were calculated and
used for further analyses. These aggregations covered
best the time lapse between sampling seasons.
However, similar results were obtained even
considering also the 2- or 1-month period before each
sediment sampling.
To find relations between contaminants in tributary
sediments and between contaminants and drivers of natural and anthropogenic sources, a principal component
analysis (PCA) was carried out considering 137 cases
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(samples collected in the five tributaries from 2008 to
2017 analyzed for both organics and trace elements) and
15 variables (PCBsum, PCB-138, PCB-153, PCB-180,
PBDE sum , BDE-209, PAH sum , LMW-PAHs, HMWPAHs, As, Cd, Ni, Pb, Cu, Hg). DDx data were excluded because the dataset was not complete for all tributaries (Table S1.2). For other organics, sums as well as
the m ain compounds/congeners were included.
Supplementary variables (i.e., which do not contribute
to principal component calculation but are plotted into
the resulting factorial plan to help interpretation of gradients) comprised geographical data (latitude, longitude),
land use (natural, urban, agricultural, and industrial percent land cover according to 2012 data), OC, hydrology
(discharge, rainfall), and total population (2013 data).
Kolmogorov-Smirnov test emphasized a non-normal distribution for most variables; thus, values were log10transformed before PCA analysis. Calculations were performed using STATISTICA 8.0 Software (StatSoft Inc.,
Tulsa, USA).

Temporal trends of contamination
Temporal trends of contaminant concentrations were
evaluated with Mann-Kendall test in each river sediments and in lake sediment cores. Mann-Kendall test
is a nonparametric test which allows for the detection
of a monotone trend in temporal data series (Wang
et al. 2019). The Theil-Sen estimator can be used as
indication of the sign and slope of trends. In particular,
the Seasonal Kendall test (SKT) was performed using
data of each river separately (considering a single contaminant at each analysis): in this case, the sampling
month was considered as factor for intrablock correction
(Helsel and Frans 2006). The Regional Kendall test
(RKT) was performed using data of all rivers together
(considering a single contaminant at each analysis) and
considering the river as factor for intrablock correction
(Helsel and Frans 2006). The latter analysis allows for
the correction of temporal trends by potential correlation
between rivers, and it was performed to analyze the
overall temporal trends of contamination in the lake
basin. Calculations were performed with R software (R
Core Team 2020) using the “rkt” package authored by
A. Marchetto. For organics, the sums and the main congeners where analyzed (i.e., variables with most values
> LOD). A total of 137 analyses were performed. Pvalues were corrected according to false discovery rate
calculating Benjamini-Hochberg formula (Benjamini and
Hochberg 1995) and considering a tolerance ≤ 0.1 for q
values.

Results and discussion
Contamination levels and sources
Each tributary was characterized by a different contamination
pattern in sediments and contributed differently to lake pollution (Table 1, Fig. 2; Figures S1.2 and S1.3). On the other
hand, Ticino Emissary collects fine particles transported toward the outlet of the basin because of hydraulic paths and
bathymetry of the lake (Ambrosetti et al. 2012).
Concerning DDx, contamination was confirmed to derive
mainly from the Toce River. A concentration peak in the river
sediments was observed in October 2001 (147 μg kg−1, corresponding to 142 μg kg−1 OC after normalization to percent
organic carbon), as a consequence of a high-flow event which
occurred in October 2000 (Table 1, Fig. 2; Figures S1.1 and
S1.2). Ticino Emissary registered a DDx contamination peak
2 years later, in October 2003, suggesting that this time lapse
was needed to transport contamination from the Toce to lake
emissary. This is in agreement with Ambrosetti et al. (2012),
who used different tracers to determine the movements of the
Toce River water toward the lake outlet, finding a residence time from 1 to 3 years. Concentrations of DDx
sum (o,p- + p,p-DDE, DDD, and DDT) in Ticino
Emissary reached a concentration of 4786 μg kg−1, corresponding to 1040 μg kg−1 OC, i.e., almost twofold
the PEC value of 572 μg kg−1 OC, with potential toxic
effects for benthic organisms. The contamination peaks
in Toce and Ticino Emissary showed a peculiar DDx
profile considering percent distribution of compounds,
with 80–90% of o,p′-DDT + p,p′ DDT, in agreement
with the composition of the commercial technical mixture produced by the industrial site located along the
Toce River (Guzzella et al. 1998). This proves that the
point source of this pollutant was located along to Toce
River. In fact, the TEC value for DDx (5.28 μg kg−1
OC) generally exceeded in most sediment samples of
both Toce and Ticino Emissary (Table 1).
As well, mercury pollution is well-known for the Toce
River, as the chlor-alkali plant was completely stopped
only in 2018 and soil remediation is in progress in the
industrial area (Marziali et al. 2017). From this river, Hg
was transported into the Pallanza Basin and then to Ticino
Emissary. This transport toward South was proved by
analysis of Hg isotope ratios (d202Hg values) in sediment
core 13 (Pallanza Basin), and core 28 (southern part of the
lake): similar temporal trends of Hg concentrations and
comparable isotopic signatures were highlighted (Vignati
et al. 2014). Ticino Emissary showed the highest concentrations, up to 1.31 mg kg-1 d.w., exceeding the PEC
threshold of 1.06 mg kg-1 d.w. (Table 1). This peak was
reached in October 2011, after the abundant precipitation
of July 2011, which determined a high river discharge
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(475 m3 s−1) (Figure S1.1). In that period, in the Toce
River concentrations reached 0.73 mg kg−1 d.w., i.e., seven times the TEC value (Table 1, Fig. 2).
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Fig. 2 Temporal trends of the main pollutants in each tributary of Lake Maggiore and in Ticino emissary. a Tresa. b Margorabbia. c Boesio. d. Bardello.
e Toce. f Ticino Emissary. See axis legends for unit scale of each pollutant. Concentrations of organics are normalized to 1% OC

Boesio and Bardello basins are located in the most
anthropized area of the lake watershed (Fig. 1). Bardello
River is characterized by poor water quality: it is emissary of
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Lake Varese, which is a heavily anthropized and eutrophic
water body.Besides, it also receives both civil and industrial
wastewaters (Rossi et al. 1988). As well, Boesio is still characterized by high industrial load, despite a recent decrease of
urban wastewater load compared to the previous decades, as
proved from 27% decrease in chloride in the period 1990–
2010 (Rogora et al. 2015) and of TP values from around
400 μg L−1 in 2003–2007 (CIPAIS 2013) to about 200 μg
L−1 in 2008–2015 (CIPAIS 2016).
For PBDEs, the main inputs in the lake derive from those
rivers (Table 1, Fig. 2; Figure S1.2). Concentrations in Boesio
were very variable in time, with maximum values up to
445 μg kg−1 (corresponding to 100 μg kg−1 OC). PBDE contamination derives mainly from recent industrial production of
flame-retardant compounds (Liu et al. 2018). In fact, the prevalent congener was BDE-209 (90–96% of the total PDBEs),
which is the main component of the Deca-BDE commercial
mixtures, still available for limited applications, while the use
of Penta-BDE and Octa-BDE mixture was forbidden in Italy
in 2008, in agreement with Stockholm Convention. The
Canadian Environmental Quality Guideline for PBDEs in sediments (BDE-209 value of 19 μg kg −1 OC; Canadian
Environmental Protection Act 1999) generally exceeded in
Boesio and Bardello, and, in some cases, also in Ticino
Emissary, showing a potential risk for the aquatic ecosystem.
Concerning PCBs, Boesio and Bardello were the most polluted rivers in the 2001–2018 period, along with Ticino
Emissary (Fig. 2, Table 1; Figure S1.2). Maximum values
were observed in Ticino Emissary (up to 312.6 μg kg−1 and
55.8 μg kg−1 OC for PCBs), in Boesio (up to 85.5 μg kg−1 and
49.7 μg kg−1 OC), and in Bardello (up to 104.0 μg kg−1 and
20 μg kg−1 OC). However, concentrations remained below
the TEC value (59.80 μg kg−1 OC for PCBs) and may not
represent a risk for aquatic organisms. In those rivers, PCB
levels varied greatly in time (Table 1; Figure S1.2), highlighting that pollution sources are likely of multiple origin, deriving mainly from industrial diffuse contamination (Minh et al.
2007; Combi et al. 2016).
Regarding metals, sediments in Bardello showed moderate
Cd enrichment, even if concentrations were below the PEC
threshold (4.98 mg kg−1 d.w.) (Tables 1 and 2, Fig. 2;
Figure S1.3). Similar concentrations were observed in Ticino
Emissary. This metal may derive from phosphate fertilizers,
waste incineration, and metal production, as well as from atmospheric deposition (Roberts 2014). Also, Hg in Bardello
showed moderate enrichment, as well as in Boesio (Table 2,
Fig. 2; Figure S1.3). The presence of Hg-contaminated soil is
well-known in Lake Maggiore watershed, due to past industrial hat and leather productions, which used mercury compounds in the tannery process. In these rivers, Hg values were
generally above the TEC value (0.18 mg kg−1 d.w.) (Table 1).
Even if concentrations may be comparable to those found in
Toce, the contribution to lake contamination should be

significantly lower, due to discharge values 50 times lower
(Table 1; Figure S1.1). Conversely, Pb in sediments proved
to be mainly geogenic in the lake basin, with some values
exceeding the PEC threshold (128 mg kg−1 d.w.) only in the
Ticino Emissary, e.g., with 160 mg kg−1 d.w. in April 2013
(Table 1). In this river, Igeo showed the presence of moderate
anthropic enrichment for this element (Table 2, Figure S1.3).
However, data from official monitoring highlighted some
values in water of Boesio and Bardello exceeding the
Environmental Quality Standard (ARPA Lombardia 2014).
Thus, anthropogenic inputs may derive mainly from those
rivers. Past mining activities, atmospheric pollution, and metal
industry may be the main sources. Considering the overall risk
deriving from metal mixtures in sediments, the PECQ approach shows that potential alteration of benthic communities
could be likely in Bardello and Boesio, where the highest
values were > 0.34 threshold and, most of all, Toce, Tresa,
and Ticino Emissary, where values were > 0.5 (Table 2)
(Long et al. 2006). For Toce, in a previous study (Marziali
et al. 2017), we highlighted that 5% of total variation of invertebrate community was bound to sediment contamination.
For Tresa River, a strong increase for trace elements
such as Hg, Cu, and Pb in 2015–2016 was shown, with
values twofold higher than in the previous period (Fig. 2).
As well, PAH analysis showed that Tresa was the most
polluted river of the basin, along with Ticino Emissary
(Fig. 2; Figure S1.2). Also, PAH levels in recent years
showed a strong increase, with a peak in July 2015
(122,133 μg kg−1, corresponding to 53,102 μg kg−1 OC)
exceeding thirtyfold the TEC value (1610 μg kg−1 OC for
total PAHs), probably due to a local point source. This
general increase of pollution levels may derive from
leaching or combustion of mixed contaminated materials.
Recent data (2014–2017) on Tresa sediments showed an
average of 59% of LMW-PAHs (Na, Ace, Acy, Fl, Phe,
An) to the total PAHs, while the mean percentage of
HMW-PAH (> C4) was 41%. DMR calculation was used
to identify PAH pollution origin, showing a Fl/(Fl + Pyr)
ratio mean value of 0.52 ± 0.09; thus, contamination could
derive mainly from combustion of solid fuels (grass,
wood, and coal). The mean BaA/(BaA + Chr) ratio was
0.52 ± 0.08, confirming that combustion sources are dominant. Similarly, the analysis of recent PAH distribution in
Ticino Emissary (2014–2018) evidenced a prevalence of
LMW-PAHs (74% of the total amount) in comparison to
HMW-PAHs (26%); therefore, a main contribution from
combustion of solid fuels and/or atmospheric transport of
contaminated particles can be supposed. Here also, Fl/(Fl
+ Pyr) and BaA/(BaA + Chr) ratio values resulted in > 0.5
in recent years (0.53 ± 0.06 and 0.53 ± 0.07, respectively), confirming a main origin from combustion. On the
contrary, direct petrogenic sources seem to be limited or
absent in Lake Maggiore basin.
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Contamination drivers
To summarize the contamination patterns of tributaries and
relate them to potential drivers, PCA was carried out (Fig.
3). The first component accounted for 29.8% of total variability and represented a gradient of anthropization level in the
watersheds. Axis 1 was inversely related to population numbers and urban land use and positively to natural land use. The
most anthropized watershed was represented by Bardello; the
most natural one was Margorabbia basin, as shown by percent
urban and industrial land use (Table 1). While arsenic was
mostly related to natural land use, PCBs (and main congeners)
and Cd were likely bound to urban land use and to population
numbers, proving that their origin may be multiple and generally bound to diffuse contamination. PBDE, Hg, Cu, and,

with minor extent, Pb levels were higher where industrial land
use showed the highest numbers. Their origin is likely bound
to specific industrial processes or products.
The second axis accounted for 18.5% of total variability
and represented a gradient bound to natural factors, such as
hydrology and, at the opposite, sediment fine fractions (TOC)
(Fig. 3). Toce and Tresa were characterized by the highest
discharge and precipitation, Boesio by the lowest ones
(Table 1). PAHs and As were positively related to precipitation and river discharge. This confirmed for PAHs a potential
contribution from atmospheric transport of LMW-PAHs, but
also the key role of hydrological factors in driving contaminated particles to the lake. For As, the positive correlation with
discharge (Pearson’s correlation coefficient r = 0.68, p < 0.05)
emphasized the role of solid fractions, e.g., amorphous Al,
Mn, and Fe oxides, hydroxides, and oxyhydroxides, as absorbent and carriers of As derived from natural weathering
(Pfeifer et al. 2004; Grosbois et al. 2011). On the contrary,
Pb was correlated with TOC, i.e., with the finest solid fractions, being likely bound onto suspended and colloidal particles (Rothwell et al. 2007).

Temporal trends of contaminants in sediments
Temporal trends of pollutant concentrations in sediments were
evaluated for each river and sediment core (SKT analysis) and
in the whole lake basin, considering all river data together
(RKT analysis) (Tables S1.4–S1.6). River sediment trends
Projection of the variables on the factor-plane (1 x 2)
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Another pollutant of concern in the lake basin was Cu,
showing in Ticino Emissary moderate/heavy enrichment and
exceeding the PEC of 149 mg kg−1 d.w. (Tables 1 and 2; Fig.
2; Figure S1.3). The main contributors were Boesio, Tresa,
and Toce, where electric production industry, wastewaters,
agriculture, and floriculture could likely be the main sources.
As for Hg, the highest concentrations were reached in those
rivers in 2010–2011, in correspondence to high-flow conditions. Soil leaching and remobilization of contaminated sediments may be the main mechanisms. In April 2010, a peak in
Ticino Emissary reached 949 mg kg−1 d.w., i.e., sixfold the
PEC threshold. Higher sediment inputs from the lake during
high-flow events may explain the observed peaks in the outlet.
For what concerns other trace elements, arsenic showed the
highest values in Tresa (up to 74.6 mg kg−1 d.w.) and Toce (up
to 48.4 mg kg−1 d.w.), with concentrations exceeding the PEC
threshold (33 mg kg−1 d.w.) (Table 1). However, this element
derives mainly from natural weathering of As-rich rocks, i.e.,
containing arsenopyrite and calchopyrite minerals, even if a
slight anthropic contribution was reported for Toce River
(Pfeifer et al. 2004; Marziali et al. 2017). Normalizing concentrations to background levels (Igeo) (Table 2, Figure S1.3),
moderate enrichment was found only in Ticino Emissary,
which receives fine sediments from the lake (Ambrosetti
et al. 2012) and where values reach the PEC threshold.
Similarly, nickel in the lake watershed is bound mainly to
local geochemistry, i.e., mafic and ultramafic rocks (Amorosi
et al. 2002), as confirmed by Igeo values and by similar concentrations in all tributaries (Tables 1 and 2; Figure S1.3).
However, strong variability in Ticino Emissary (Table 1) led
to exceedance of PEC threshold (48.6 mg kg−1 d.w.). The
highest values were 103.5 mg kg−1 d.w. in April 2010 and
412.2 in October 2011 mg kg−1 d.w., corresponding to twoand fourfold the PEC concentration, respectively. A similar
increase was highlighted also in Tresa in the same period, up
to 80.6 mg kg−1 d.w. in October 2010. In both rivers, these
peaks corresponded to high hydrological conditions.
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high levels ofmany contaminants potentially affecting microbial communities (Quensen et al. 2001; Ahmed et al. 2018).
Surprisingly, Hg in Toce did not show a clear decreasing
trend, with a low slope of − 0.01, not significant according to
FDR analysis (Tables S1.4 and S1.6). The result was confirmed by core 13 analysis. Notwithstanding the efforts made
in stabilizing contaminated soils and groundwater close to the
chlor-alkali industrial area (Marziali et al. 2017), concentrations in sediments downstream the factory remained stable
over the last decade. This means that active contribution of
Hg is still present, at least until 2018, and buffered the remediation effect due to natural capping of contaminated sediments with pristine sediments transported from upstream. As
for DDx, a Hg decontamination process in Ticino Emissary
was not observed between 2008 and 2018. A slight reduction
in time was found in core 28, which comprised a longer time

were compared to those of lake sediments (cores 13 and 28),
to assess the impact of tributary inputs on the lake ecosystem.
Core 13 was sampled near the Toce mouth, and it was directly
influenced by inputs deriving from this river (Figs. 1 and 4).
Core 28 was collected in the southern part of the lake, and it
was composed mainly of fine particles potentially deriving
from the whole basin (Figs. 1 and 5). The latter can be compared with sediments of Ticino Emissary.
DDx showed a strong decreasing trend in Toce River between 2001 and 2018 (Theil-Sen’s slope = − 205.3, p <
0.001), as mirrored in core 13 (slope = − 304.3, p < 0.05)
(Tables S1.4 and S1.5). This decrease was not significant in
core 28 and in Ticino Emissary, showing that DDx removal
from the lake may be slower, due to trapping of fine contaminated sediments into the lake cuvette (Ambrosetti et al. 2012).
Moreover, biodegradation may show low efficiency due to
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lapse, covering about 20 years (1995–2017), even if the slope
was low (slope = − 0.19, p < 0.05, however not significant
according to FDR; Tables S1.4 and S1.6).
On the contrary, Cu and Pb showed negative trends in Toce
(slopes = − 3.84 and − 3.00, respectively, p = 0.008)
(Tables S1.4 and S1.6). A significant decreasing trend for
Cu could be likely in Ticino Emissary as well (slope = −
14.82, p < 0.05), and for the whole lake basin (slope = −
3.33, p < 0.001). Pb showed a reduction in time in core 28
(slope = − 3.66, p < 0.05). This trend may follow a general Pb
decontamination pattern of the basin, as proved for Toce and
for Bardello in 2001–2017 (slopes = − 3.00 and − 1.54, respectively, p ≤ 0.01). These results may be bound to lower Cu
and Pb inputs from the whole catchment, and from Toce in
particular. A clear explanation in relation to local sources was
not found. However, similar Cu and Pb decontamination pattern were observed in other rivers, as result of stricter environmental regulations but also for local changes in the use, for Cu
in particular (e.g., Sharley et al. 2016).
Concerning PAHs, LMW compounds showed a
strong increasing trend (slope = 443.9, p < 0.001) in

Margorabbia and in Ticino Emissary (slope = 636.6, p
< 0.001), as well as in lake basin (slope = 3.86, p <
0.001) (Tables S1.4 and S1.5). These patterns could be
bound to an increased anthropic contribution in recent
time, which influenced the whole lake. On the contrary,
no temporal trends were evidenced for HMW-PAHs.
PCBs proved to be increasing in Bardello (for PCB52, PCB-138 and for PCB-180, p < 0.001) and in
Tresa (for PCB-138, p < 0.001, even if concentrations
remained low in the latter river). Considering PCBs in
sediment cores, values did not show any tendency and
were comparable to those of Ticino Emissary (Figs. 4
and 5).
PBDEs (composed by more than 95% of BDE-209
congener) and Cd did not show clear trends in rivers
since concentrations, even if high in Bardello e Boesio,
were very variable in time. However, levels in lake
sediments showed the highest contamination in the
oldest layers of both cores (Fig. 4 and 5). Lastly, arsenic and Ni, as expected, did not show any significant
trend, deriving mainly from geogenic origin.
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Comparison with other case studies
Results for Lake Maggiore and its main tributaries can be
compared with other case studies, to evaluate contamination
levels and temporal trends.
Papers published on Chinese lakes and rivers regarding
micropollutants in sediments are very numerous. For example,
DDx contamination in sediments of Yangtze River was analyzed in the lower stretch of the river, located in one of China’s
most economically developed areas, and resultedup to 8.97 ±
11.1 ng g−1 d.w. (Tang et al. 2013). In comparison, levels in
Toce River and Ticino Emissary in the same period (2010)
were generally much higher (Figure S1.2), but it must be
considered that Lake Maggiore contamination was caused
by direct DDT industrial discharges. Yang et al. (2009) analyzed trace element contamination in Yangtze River, its tributaries, and lakes in Wuhan catchment. Mercury was one pollutant of concern, with concentrations up to 1.93 mg kg−1
d.w., potentially deriving from fuel and coal combustion.
Speciation partitioning highlighted limited bioavailability for
this metal, with a residual fraction > 95%. As well, in Lake
Maggiore, we analyzed MeHg fractions in sediments of the
Pallanza Basin, finding a maximum of 2.6% on total mercury,
even if most samples showed MeHg values below the LOD
(0.7 μg kg−1, Valsecchi et al. 2020). In Toce sediments, where
the point source is located, a maximum fraction of 3.8%
MeHg was found, with resulting significant bioaccumulation
in benthic invertebrates and potential risk of secondary poisoning in top predators (Pisanello et al. 2016; Marziali and
Valsecchi 2021).
As regards PBDEs, Liu et al. (2018) reported contamination in sediments of the Chinese Chaohu Lake in its tributaries, located in a heavily urbanized catchment. As in our
study, the congener profile was dominated by BDE-209, and
values, up to 4.95 ng g−1, were significantly lower than levels
found in lakes of the provinces of Guangdong, Jiangsu, and
Zhejiang with rapid industrial and economic levels (Yu et al.
2016). Bardello and Boesio rivers showed concentrations similar to those reported in these latter areas, with levels up to one
hundredfold higher than those of Chaohu Lake. Similarly,
PCB contamination in sediments of Bardello, Boesio, and
Ticino Emissary are in the same order of magnitude than
values in the Yangtze River Estuary (Chen et al. 2017).
Also, Pb and Cd in Boesio, Bardello, and Ticino Emissary
showed values comparable to the industrial area of the
Yangtze, where these elements were proved to be mostly in
bioavailable forms (Yang et al. 2009). Here we did not analyze chemical speciation. However, exceedance of EQS for Pb
in both tributaries’ water, as well as for Cd in Ticino Emissary
water (ARPA Lombardia 2014), may point out a similar scenario. On the contrary, Cu showed low bioavailability in
Yangtze River (Yang et al. 2009). As well, in Lake
Maggiore, Cu may be mostly in non-bioavailable forms, since

Camusso and Gasparella (2006) reported concentration in
pore water < 5 μg L−1 Cu in Toce, Tresa, and Boesio and up
to 35 μg L−1 Cu in Pallanza Basin, with even lower bioavailable fractions (< 0.1 μg L−1, as estimated using DGT passive
samplers), thus posing a low environmental risk (Simpson
et al. 2011). However, in our case study, bioavailability should
be further assessed in Ticino Emissary, where concentrations
in sediments largely exceed the PEC threshold. Here, changing redox conditions and sediment characteristics (OC, % silt,
AVS) in the shift from lake to river dynamics may alter chemical speciation, with potential release from the solid phase
(Simpson et al. 2011).
The comparison with Lake Chapala, Mexico, is reported in
Online Resources 1.
Considering some case studies in Europe, a sediment core
was sampled downstream from the heavily urbanized and industrialized area of Paris, dating 1950–2005 (Lorgeoux et al.
2016). Considering only the most recent period (1995–2005),
PAH (10–20 mg kg−1 d.w.) and PBDE (0.02–0.04 mg kg−1
d.w.) levels were similar to those found in Tresa and Ticino
sediments, respectively, while PCBs (0.5–1 mg kg−1 d.w.)
were 1–2 order of magnitude higher than our data. A sediment
core collected in Greifensee, a small eutrophic lake close to
Zürich (Switzerland) (Kohler et al. 2008), confirmed for
PBDEs, as in Lake Maggiore, a decreasing pattern of technical
Penta-BDE and Octa-BDE mixtures until the mid-1990s, and
increasing concentrations of Deca-BDE until 2000 (7.6 μg
g−1) Values were lower than those registered in core 28 (up
to 45 μg g−1). The PCB vertical profile evidenced high concentration peaks in the 1960s–1970s, followed by a decreasing trend to a few micrograms per gram, i.e., comparable to
levels found in Lake Maggiore (Figure S1.2).
Data on trace element contamination in different European
rivers show a general decreasing sediment contamination
from the 1970s-1980s up to date, thanks to change in industrial processes, development of more restrictive environmental
regulations and of wastewater collection and treatment systems (e.g., Meybeck et al. 2007; Grosbois et al. 2012).
Considering only the last 10–15 years, to compare with our
results, concentrations seem generally to further decrease. For
example, Igeo data on Pb, Cu, and Cd in French rivers (Seine,
Loire, and Rhône) after 2000 show a lowering trend toward
moderately polluted or unpolluted sediments, while Hg seems
more persistent, showing high-to-moderate sediment contamination (Meybeck et al. 2007; Grosbois et al. 2012). In Lake
Maggiore tributaries, Igeo values for Pb in the last decade are
generally below 1, as well as for Loire and Rhône (Grosbois
et al. 2012) and show a general decreasing trend toward values
below 0, corresponding to unpolluted sediments
(Figure S1.3). This may be attributed to significant changes
in environmental policies and to elimination of lead products.
A different situation is observed for Hg in Toce and in the
southern part of Lake Maggiore, where decontamination is
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very slow, with Igeo values up to 2.4 in Toce and 2.8 in Ticino
Emissary after decades from the peak of industrial production
(Figure S1.3). For this metal, several works emphasized high
geochemical persistence in the sediment compartment, even if
industrial uses have been drastically reduced after the 1960s
(Meybeck et al. 2007). For example, sediments in Loire River
in the last decade show Igeo values around 2.5 (Grosbois et al.
2012), close to those found in Toce. Also, the other tributaries
of Lake Maggiore do not show any significant decreasing Hg
trend in one decade, and only Margorabbia shows Igeo values
generally below 0 (Figure S1.3). On the contrary, fast Cu
decontamination has been reported in several case studies after the removal of the pollution source (Sharley et al. 2016;
Gardes et al. 2020; Meybeck et al. 2007), as observed also in
Ticino Emissary and in most tributaries, showing Igeo values
mostly below 0 (Figure S1.3). Lower inputs may result mostly
from improved wastewater treatments, better fume
trapping, and, potentially, reduced use in local agricultural
applications. Sequential extraction would help understanding
the mechanisms which drive a faster decontamination than
observed for other elements.

relation to the persistence capacity of each compound
in the sediment compartment.

Conclusions

Declarations

The sediment compartment plays a crucial role as an accumulation site for toxicants with high affinity for the solid phase
and may determine a risk for aquatic ecosystems. The comparative assessment of some persistent organic
micropollutants and trace elements in the sediments of the
main tributaries of Lake Maggiore in 2001–2008 period confirmed a DDx and Hg residual contamination in the
basin, which isof the highest concern due to very slow decontamination processes and high toxicity and biomagnification
potential. Moreover, increasing concentrations of LMWPAHs in the whole basin, potentially bound to local point
sources, would deserve a deeper investigation because of the
strong impact on the whole lake basin. Urbanization and industrial activities, especially in Bardello and Boesio basins,
resulted as the main pollution sources for the lake for PCBs,
PBDEs, and Cd, while a general Pb and Cu decreasing pattern
seems likely, as potential effect of lower inputs and improved
wastewater treatment systems.
Results highlight the key role of tributaries in driving contamination from the watershed to the lake through sediment
transport and the strong influence of river hydrology in determining remobilization of contaminated sediments. The comparison with other water bodies in Asia and Europe evidenced significant contamination levels for DDx, Hg,
Cd, PBDEs, and LMW-PAHs in Lake Maggiore.
Temporal trends seem comparable to those described
in other European aquatic ecosystems, as result of common environmental regulation and uses, but also in
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