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• PFOS and long chain PFCA (from 10 to
14) accumulate in Italian lake shad ﬁllets.
• PFOS presents the highest concentrations (range 0.9 to 16.6 ng g−1 ww) in
ﬁsh.
• Baseline PFOS ﬁllets concentration in
anthropized
lakes
is
3.1
±
1.9 ng g−1 ww.
• For PFAA monitoring, ﬁllet analysis is
not sufﬁcient to assess ecological risks.
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a b s t r a c t
Determination of 20 PFASs in a ﬁsh species (Alosa agone) of commercial interest has been carried out in ﬁve
Italian subalpine lakes to assess the risk for humans and predators for ﬁsh consumption. PFOS still presents
the highest concentrations (0.9–16.6 ng g −1 ww) among the analysed PFASs, in spite of its normative
restrictions. PFOS concentrations measured in all lakes, except in Lake Maggiore, are homogeneous with
an average of 3.1 ± 1.9 ng g−1 ww, which could be considered the “anthropogenic background concentration”
of PFOS in ﬁsh of lakes located in an industrialised and urbanised region but without point sources. In Lake
Maggiore, ﬁsh concentrations always exceed the EU EQSbiota (9.1 ng g−1 ww) based on human ﬁsh
consumption. Considering the effective consumption of ﬁsh in this area, an actual risk for ﬁsh consumption by
humans is not evidenced, while a moderate risk of secondary poisoning for predators is highlighted. PFOA has
been detected in signiﬁcant concentration only in one sample in Lake Maggiore, while long chain PFCAs have
been detected without signiﬁcant differences among the lakes (0.3 to 2.7 ng g−1 ww). The present study
demonstrates that biota monitoring of ﬁsh can be used as a valuable tool to classify the quality status of
water bodies regarding bioaccumulative PFAAs, even if the water concentrations are close to the reachable
detection limits.
© 2018 Published by Elsevier B.V.
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1. Introduction
Per- and polyﬂuoroalkyl substances (PFASs) are synthetic chemicals
applied in many industrial processes and consumer products for their exceptional thermal and chemical stability, which makes them unique
(Buck et al., 2011). PFASs are ubiquitous in the environment and globally
detected in human blood and all environmental matrices, such as groundwater, surface water, sediments, soils, wastewater efﬂuents and biota
(Ahrens and Bundschuh, 2014; Castiglioni et al., 2015; Houde et al.,
2011; Lu et al., 2018; Stahl et al., 2014; Valsecchi et al., 2015). PFASs
include thousands of chemicals but the environmental studies have
been concentrated mainly on perﬂuoroalkyl acids (PFAAs), such as
perﬂuorooctanesulfonic acid (PFOS), and perﬂuorooctanoic acid (PFOA).
PFOS and PFOA have been demonstrated to be persistent in the environment and bioaccumulative in trophic food chains (Conder et al., 2008),
raising concern about the risks for the end consumers, including humans
and top predators, even in remote areas (Lau et al., 2007).
PFOS meets the criteria for being included as a persistent organic pollutant (POP) in the Annex B list of the Stockholm Convention on Persistent Organic Pollutants in 2009. Restrictions on the marketing and use
of PFOS and its derivatives were stated in 2006 by Directive 2006/122/
UE and in 2011 by EU Regulation No 207/2011. As concerns the protection
and improvement of the quality of the aquatic environment, after a risk
assessment study (European Union, 2011a), the European Commission
included PFOS in the list of priority hazardous substances which must
be monitored in all EU water bodies. EU Water Framework Directive
(WFD) (Directive 2000/60/EC) claims biota monitoring as an alternative
to the measurement of bioaccumulable substances in water. According
to the Technical Guidance for EQS derivation (TGD) (European Union,
2011b), two different standards for biota must be derived, i.e., one
for the protection of top predators from secondary poisoning
(QSbiota, sec pois), and the second for the protection of human health
from consuming ﬁsheries products (QSbiota, hh); ﬁnally the lower one
has to be adopted as the overall environmental quality standard for
biota (EQSbiota). In the case of PFOS, the QSbiota, hh of 9.1 ng g−1 ww in
ﬁsh, derived from EFSA tolerable daily intake (TDI) (European Food
Safety Authority, 2008), has been adopted as overall EQSbiota (Directive
2013/39/EU), which should be compared with annual average of
concentrations in ﬁsh tissues for water body classiﬁcation.
PFAAs have been widely found in ﬁsh not only in freshwater ecosystems in Europe (Berger et al., 2009; Labadie and Chevreuil, 2011), but
also in other parts of the worlds, e.g. in South Africa (Bangma et al.,
2017) and Asia (Lam et al., 2014). Data on biota monitoring were collected and reviewed by Houde et al. (2011), who concluded that PFOS
concentrations were decreasing but PFOS was still the predominant
PFAAs detected, in addition to increasing concentrations of long-chain
perﬂuorocarboxylic acids (PFCA).
Sources of PFAAs for human population exposure are multiple, including drinking water; dietary intake (Schwanz et al., 2016); furniture, carpets and other consumer products (e.g. foodpackaging, cleaning agents,
textiles) that can release PFASs, resulting in wide occurrence of these
compounds in indoor dust and air (Jian et al., 2018; Karásková et al.,
2016). Diet has been suggested as the main route of exposure to PFAAs
in the human population, with ﬁsh and other seafood being considered
the major contributors (Ahrens et al., 2016). The European Food Safety
Authority (EFSA) Panel on Contaminants in the Food Chain set a tolerable
daily intake (TDI) of 150 ng kg−1 body weight (bw) per day for PFOS and
1500 ng kg−1 bw per day for PFOA (European Food Safety Authority,
2008). Considering a person of 70 kg, the threshold dose is 105 μg per
day for PFOA and 10.5 μg per day for PFOS, based on daily per capita consumption (Estimated Daily Intake, EDI) of 115 g of ﬁsh (European Union,
2011a). Applying the following Eq. (1),
h
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Biota quality standards for human ﬁsh consumption (QSbiota,hh) for
PFOS and PFOA of 9.1 and 91 ng g−1 ww, respectively, are obtained.
Exposure scenarios and the consequent EDIs for PFAAs are based
on limited available monitoring data on food which allow only for a
limited exposure assessment. EFSA recommended upgrading the
database, improving measurements and monitoring of PFAAs in
food in order to improve the accuracy of the chronic dietary exposure
risk to the European populations (European Food Safety Authority,
2012). Therefore, high-sensitivity analytical methods that increase the
quantiﬁed data are required, improving the reliability of the exposure
assessments of PFAAs contamination (Chiesa et al., 2018; Valsecchi
et al., 2013).
The aim of the present research is the determination of the PFAAs
contamination in a ﬁsh species representative of the Italian subalpine lacustrine ﬁsh communities, in the context of ﬁsh monitoring within the
European Union. Monitoring data are used to assess both a possible
human health risk due to the consumption of ﬁsh and the secondary
poisoning of predators.
2. Material and methods
2.1. Study area
Located in the pre-alpine area within the River Po basin, the deep
lakes Maggiore, Como, Iseo and Garda form the subalpine Italian lacustrine district (Fig. 1) and constitute about 70% of all freshwater Italian
resources. They share the same origin (in fact, they occupy valleys dug
by rivers and remodelled by the action of glaciers), so they have some
morphological common features: they are narrow, elongated in a
north-south direction, delimited by steep shores and their current backdrop is generally ﬂat and in crypto-depression (Mosello et al., 2010).
Lake Mergozzo is a deep lake despite its small area. It is located near
Lake Maggiore from which it originated about ﬁve centuries ago, due
to the accumulation of sediments carried out by Toce river (Fig. 1).
The characteristics of the lakes are reported in Table S1.
The deep subalpine lakes should belong to the warm monomictic
type; however, their depth is such that the complete homogenization
is not frequent, showing long periods of incomplete spring mixing,
interrupted by occasional and irregular complete overturns after harsh
and windy winters, hence they are classiﬁed as olo-oligomictic lakes.
In recent years, following climate changes, the complete homogenization of their waters seems destined to become rare and irregular
(Mosello et al., 2010).
Lake Como is characterized by an “upside-down Y” shape (Fig. 1); in
the southern part a bathymetric ridge separates two branches: the deep
western branch (Como branch) and the more open eastern branch
(Lecco branch). Como branch has no outﬂow and its deep basin is hydrologically closed determining a longer water renewal time. In contrast, the Lecco branch has an emissary, is shallower and has a more
regular bathymetry (Fanetti et al., 2008). In this study we consider the
two branches separately.
All lakes represent an important water source for drinking, agricultural and industrial purposes in Northern Italy and are a resource for
ﬁshery and for recreational-touristic use. To our knowledge there are
no signiﬁcant industrial point sources of PFASs in these sites, but lakes
are impacted by efﬂuents of wastewater treatment plants and diffuse
pollution due to the atmospheric transport. Table S1 reports some information on the catchment pressures.
2.2. Study species
Alosa agone (Scopoli 1786) is an endemic shad of deep subalpine
Italian lakes (Kottelat and Freyhof, 2007). It is a pelagic non-migratory
species. Fish begin to reproduce at 2 years, and most of them reproduce
only once or twice. The spawning period ranges from June to August,
along the shores near the surface at nights with bright moonlights.
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Fig. 1. Study area. A: Lake Mergozzo; B: Lake Maggiore; C: Lake Como, D: Lake Iseo, E: Lake Garda.

This species is mainly zooplanktivorous, but adult specimens of greater
size feed on small ﬁsh. Usually they have a high fat content (N5% on wet
weight).
This ﬁsh species was selected for monitoring because of its abundance in the study area and it is caught in all lakes both by professional
and amateur ﬁshermen. Only in the Italian part of Lake Maggiore the
ﬁshery of shad is forbidden because DDT concentrations in ﬁllets exceed
the Italian legal threshold for human consumption (100 ng g−1 ww)
(Provincia Verbano-Cusio-Ossola, 2018). Shad represents a good portion of annual catch, for example in Lake Como it covers approximately
18% of the total catch (i.e. 35 t, (Quadroni and Bettinetti, 2017)) and is
widely consumed both fresh and preserved.
Finally, according to the EU TGD (European Union, 2011b) the optimum ﬁsh species for WFD biota monitoring and classiﬁcation should be
a predator of trophic level (TL) 4, and Alosa agone is classiﬁed of trophic
level 3.8 ± 0.4, according to the database FishBase (www.ﬁshbase.org),
which is used also for all the TL attribution in the following text.
2.3. Sample collection and preparation
Water was sampled by a bucket from the superﬁcial layer, collected
in polypropylene (PP) centrifuge tubes and refrigerated at 4 °C until
analysis.
Shad specimens (about two years old) were caught by professional
ﬁshermen by drifting gill nets (i.e. pendent), usually nightly, in the
most superﬁcial layer (i.e. epilimnion) of the lakes. The ﬁsh were seasonally collected from 2016 to 2017, whenever possible, because of
the local restrictions and the adverse climatic conditions. Fish specimens were weighed and their lengths were measured. A summary

scheme of the catches and the dimension of the specimens is reported
in Table S2.
The muscle was removed from the dorsal ﬁn to the head and separated from the skin. The muscle tissues of about six ﬁsh were pooled
for following analysis according to European Union (2014).
Some selected ﬁsh samples were subsequently dissected to separate
ﬁllet from the rest of the body separately. Muscle samples (pooled
sample consisting of 6 specimens) were homogenized in 50 mL polypropylene (PP) vials by Ultra-Turrax T25 (Janke & Kunnel, IKA®Labortechnik), whereas the rest of the body was frozen at −18 °C and
crumbled with an ice crusher before the extraction.
The samples were dried in oven at 105 °C overnight to measure the
dry weight. The whole ﬁsh data were obtained as the sum of ﬁllet and
the rest of the body concentrations.
2.4. PFASs chemical analysis
2.4.1. Chemicals and standards
A full list of chemicals and solvents is provided in the Supporting
Information. Certiﬁed PFASs native compounds and isotope-labelled internal standards (ISs) were purchased from Wellington Laboratories,
Inc. (Guelph, Ontario, Canada). PFAC-MXC Stock Solution containing
21 native PFCAs and PFASs was diluted in acetonitrile to prepare calibration standard solutions. Mass-labelled MPFAC-MXA and mass-labelled
M3PFPeA solutions were diluted in acetonitrile (40 μg L−1) for the preparation of the stable isotope labelled solution used as internal standard
mixture (SIL-IS).
Details on the analyte names, abbreviations and corresponding IS are
reported in Table S3.
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2.4.2. Analysis
Extraction and analysis of PFASs in water samples were carried out
following the on-line SPE-HPLC-MS method described in Mazzoni
et al. (2015).
For the analysis of ﬁsh, few grams of pooled and homogenized samples were weighed (muscle: 10 g; rest of the body: 8 g) into a 50 mL PP
centrifuge tube and spiked with 100 μL of SIL-IS solution (40 μg L−1)
before extraction. The extraction was carried out using the method
described in Mazzoni et al. (2016). Brieﬂy, samples were extracted by
sonication in an acidiﬁed water and acetonitrile 10:90 v/v solution
(1.5 mL of water and acetonitrile solution per gram of fresh sample)
and subsequent puriﬁcation on MgSO4/NaCl. To remove phospholipids,
partially evaporated extracts were ﬁltered through HybridSPE®Phospholipid Ultra cartridges, previously cleaned with 3 mL of acetonitrile and 50 μL of formic acid (1 cartridge for carcass and muscle extract
and 2 cartridges for viscera extracts). PFASs in the ﬁnal extract were
determined by liquid chromatography tandem mass spectrometry
(UHPLC-MS/MS) coupled to a turbulent ﬂow chromatography (TFC)
for the online puriﬁcation of the extracts (Mazzoni et al., 2016). A procedural blank was run every extraction batch. Full validation data are
shown in Mazzoni et al. (2016).
Table S3 lists the MS/MS transitions and collision energies applied
for the different target analytes and isotope labelled standards. For all
the analytes, one precursor and two product ions were monitored.
Calibration curves were prepared using mixed standard solutions in
acetonitrile, which were acidiﬁed to pH 3 and spiked with SIL-IS by
adding 50 μL of concentrated formic acid and 100 μL of the diluted SILIS solution (40 μg L−1) to 0.9 mL of native standard solution before injection. Quantiﬁcation was performed by using the isotopic dilution
method and calibration curves were acquired before each analytical run.
Limits of detection (LOD) and limits of quantiﬁcation (LOQ) in ﬁsh
tissue and water were estimated, according to the ISO Standard
6107–2: 2006, as respectively, three-fold and tenfold the standard deviation of an extract of biological tissue fortiﬁed at 1 g L−1. For ﬁsh, LODs
and LOQs ranged from 0.03 to 0.4 and from 0.1 to 1.2 ng g−1 ww respectively (Table S4). LODs of water are reported in the last row of Table S7.
Additional method performance characteristics are reported in Mazzoni
et al. (2015, 2016).
2.5. Statistical analysis
One-way ANOVA was used to detect signiﬁcant differences in mean
PFOS concentrations among lakes, after the log-normalization of data.
Data met the assumptions (homogeneity of variances and normality
of the distribution of the dependent variable) for this analysis. The signiﬁcance level was set at p b 0.05. Mann-Whitney-Wilcoxon test was
performed to detect differences between PFOS and the sum of PFCAs
concentrations (signiﬁcance level: p b 0.05). Statistical analysis was performed by STATISTICA 12 software.
3. Results and discussion
3.1. PFASs concentrations in lake ﬁsh and waters
The occurrence of 13 perﬂuoroalkyl acids (PFAAs) has been surveyed in ﬁsh caught from ﬁve subalpine Italian lakes. In Table 1 the concentrations of PFOA, PFOS and PFCAs ranging from 5 to 14 atoms of
carbon, expressed as sums of short chain (bC8), and long chain (NC8)
congeners, measured in every pooled ﬁllet of sampled ﬁsh, are reported.
Detailed data sets for each analysed compound are given in Tables S5
and S6. PFHxDA, PFODA and perﬂuoroalkyl sulfonates (PFSAs) other
than PFOS were never detected. PFOS concentrations were the highest
of all PFAAs in almost all samples, apart in Lake Iseo in December
where the sum of long chain-PFAAs was slightly higher (0.9 and
1.3 ng g−1 ww respectively). However, the difference between PFOS

Table 1
Concentrations of PFOA, PFOS and PFCAs (ng g−1 ww) of pooled ﬁsh ﬁllets (A. agone), as
sum of short-chain compounds (C5–C7) and long-chain compounds (C9–C14).
Lake

Data

PFOA

Sum C5-C7-PFCA

Sum C9-C14-PFCA

PFOS

Mergozzo
Maggiore
Maggiore
Maggiore
b. Como
b. Como
b. Como
b. Lecco
b. Lecco
b. Lecco
Iseo
Iseo
Iseo
Iseo
Garda
Garda

October 2016
October 2016
August 2017
October 2017
March 2017
July 2017
October 2017
November 2016
March 2017
July 2017
December 2016
May 2017
June 2017
September 2017
October 2017
December 2017

bLOD
1.2
bLOD
bLOD
bLOD
0.1
bLOD
bLOD
bLOD
0.1
bLOD
bLOD
0.3
bLOD
bLOD
bLOD

0.2
0.2
bLOD
bLOD
bLOD
0.4
bLOD
bLOD
bLOD
0.6
bLOD
bLOD
1.3
bLOD
0.8
bLOD

2.7
0.9
0.7
1.3
3.1
1.4
0.5
2.1
0.4
0.7
1.3
0.3
0.5
0.3
0.7
0.8

5.7
16.6
11.7
10.6
4.2
6.0
4.9
2.8
1.6
4.3
0.9
1.0
2.5
0.4
1.7
4.8

and the total sum of PFCA concentrations for all samples analysed is statistically signiﬁcant (Mann-Whitney-Wilcoxon test, p b 0.003).
PFOS was detected in all the samples, with concentrations ranging
from 0.4 to 16.6 ng g−1 ww and a mean value of 5.0 ng g−1 ww. PFOS
concentrations of pooled ﬁsh from different lakes are plotted in Fig. 2.
Lake Maggiore showed signiﬁcantly higher PFOS concentrations
(ANOVA, p b 0.05), with a mean of 13.0 ± 3.2 ng g−1 ww, which
exceeded the European EQSbiota (9.1 ng g−1ww), plotted as a horizontal
line in Fig. 2. Remaining lakes were not statistically different from each
other, with an overall average of 3.1 ± 1.9 ng g−1ww. Differences
among lakes are not attributable to signiﬁcant differences in ﬁsh
weight and lengths (Table S2). The weight average of full ﬁsh
dataset was 119 ± 34.6 (CV = 29%) and length average was 20.4 ±
2.5 (CV = 12%).
Concentrations measured in this study in shad of Lake Maggiore
were slightly lower than those reported by Squadrone et al. (2014),
who measured an average of 20 and 22 ng g−1 ww in muscle of lake
whiteﬁsh (TL = 3.2 ± 0.2) and European perch (TL = 4.4 ± 0.0) respectively, caught in Lake Maggiore in 2012. Fillets of perch and shad sampled in Lake Lugano, and analysed by our group in 2015, showed
mean values of 23.2 and 13.5 ng g−1 ww respectively (Commissione
internazionale per la protezione delle acque italo-svizzere, 2016), and
the latter was very similar to that measured in shad from Lake Maggiore
in the present study. This evidence suggests that a possible source of
PFOS for Lake Maggiore is Lake Lugano which is connected to Lake
Maggiore by its outﬂowing stream, Tresa River. This river enters in
Lake Maggiore close to the town of Luino, right where Squadrone collected their ﬁsh samples (Squadrone et al., 2014). Lake Lugano with
the capital city Lugano is an important lake for both commercial and
recreational ﬁshing and receives wastewater of anthropic and industrial
sources (Commissione internazionale per la protezione delle acque
italo-svizzere, 2016).
Fish in the other subalpine lakes, even Lake Mergozzo, that is very
close to Lake Maggiore, had lower PFOS concentrations, and their overall mean concentration (3.1 ± 1.9 ng g−1 ww) could be considered as
the “anthropogenic background concentration” (i.e. not inﬂuenced by
speciﬁc releases) of PFOS in ﬁsh of lakes located in an industrialised
and urbanised region but without point sources of chemical plants. Indeed, the Lombardy region (where the lakes Como, Iseo and Garda are
located) is densely populated (420 inhab. km−2 for the whole region).
In Lake Garda similar mean PFOS concentration was measured in
eels (2.2 ± 1.7 ng g−1 ww) (Chiesa et al., 2018), which is a species
with a similar trophic level (TL eels = 3.6 ± 0.3). A PFOS average concentration of 9.6 ± 3.8 ng g−1 ww has been measured in European
perch in Lake Varese, a small lake located between Lake Maggiore and
Lake Como (Squadrone et al., 2015). The last highest value cannot be
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Fig. 2. PFOS concentrations (ng g−1 ww) in the different lakes. Dotted line represents EQS (9.1 ng g−1 ww).

explained only by the slightly higher TL of European perch (4.4 ± 0.0),
but also by the different characteristics and pressures of this small and
shallow lake which has been historically impacted by high load of domestic organic pollution (Agenzia Regionale per la Protezione
dell'Ambiente della Lombardia, 2013).
There are few other studies on PFASs in lake ecosystems in Europe.
Some of them reported data of ﬁsh caught before the restrictions on
PFOS use, reaching maximum values up to 225.4 ng g−1 ww in Lake
Griebnitzsee, in Germany (Berger et al., 2009; Schuetze et al., 2010).
Other researches focused on lakes in alpine area and pristine zones
(Ahrens et al., 2010; Åkerblom et al., 2017). Ahrens et al. (2010) reported
PFOS concentrations of ﬁsh liver in four lakes in French Alps ranging from
3.61 to 4.24 ng g−1 ww. It is well known that PFOS accumulates more in
liver than in the muscle tissue (Labadie and Chevreuil, 2011), so PFOS
concentrations in ﬁllets at this high altitude area might be of the same
order of magnitude of those measured in pristine and remote lakes in
Sweden (0.01–0.93 ng g−1 ww) (Åkerblom et al., 2017). These PFOS
ﬁsh levels should represent the range of background European concentration attributable only to atmospheric transport, as demonstrated by the
good correlation with total Hg (Ahrens et al., 2010).
Concentrations recently measured in ﬁsh in signiﬁcant European rivers are more variable, ranging from 2.6 to 14 ng g−1 ww in Rhône River
(Babut et al., 2017), 17.9–39 ng g−1 ww in Loire River and estuary
(Couderc et al., 2015), bLOD-154 ng g−1 ww in Ebro River (Pignotti
et al., 2017) and 0.58–61.3 ng g−1 ww in Vltava and Labe rivers
(Svihlikova et al., 2015). The concentration range is very wide and

concentrations sometimes reach very high peaks largely exceeding the
EU EQSbiota for PFOS.
Considering the PFCA group, there were no signiﬁcant differences
among lakes for every compound (Fig. 3). These substances seem to
follow the same pattern of distribution in all lakes, being long-chain
compound concentrations generally higher than their short-chain homologues. PFPeA and PFHpA were detected only in 13% of the samples,
followed by PFOA and PFHxA, with 25% and 31% respectively. Also, PFNA
was found only in 5 ﬁllet pools. Conversely, substances with 10 to 14
atoms of carbon were detected in N75% of the samples, with PFDoDA
and PFTrDA always above the detection limits.
The mean values for PFCAs ranged from bLOD to 0.27 ng g−1 ww
(Fig. 3). It is possible to identify two groups of perﬂuoroalkyl carboxylic
acids: compounds with 5 to 9 carbons and with 10 to 14. The statistical
analysis conﬁrmed that the differences between the two groups were
statistically signiﬁcant (t-test p b 0.05). PFOA has been measured in a
signiﬁcant amount only in the sample of October 2016 in Lake Maggiore
(1.2 ng g−1 ww), while all remaining samples were close or below the
detection limit (0.1 ng g−1 ww).
In freshwaters, concentrations of short chain PFCAs with 5 to 7 carbon atoms were often below the detection limits in ﬁsh tissues (Babut
et al., 2017; Couderc et al., 2015; Svihlikova et al., 2015) or detected
only in sporadic samples (Stahl et al., 2014). PFOA was never detected
above LOD in Italian lake shads (Squadrone et al., 2015, 2014), while it
was detected in 77% of the samples, with an average of
0.2 ng g−1 ww, in Lake Garda eels (Chiesa et al., 2018).

Fig. 3. PFCA concentrations (for compounds ranging from 5 to 14 carbon atoms).
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The concentrations of long chain compounds detected in this study
are usually lower than those reported in other studies conducted on
European freshwaters, which reported a wide range of concentrations
within the same ecosystem, from parts of nanograms to tens of nanograms per gram (Babut et al., 2017; Couderc et al., 2015; Pignotti
et al., 2017).
In Como and Maggiore lakes we determined PFAAs also in water
(Table S7), but the concentrations were generally below the detection
limits for most of the compounds, particularly long-chain PFCAs. The
most frequently measured compounds were PFBS (b1–6.1 ng L−1),
which does not bioaccumulate in ﬁsh, and PFOS (b2.5–3.3 ng L−1),
whose measured concentrations exceeded the EU EQSwater
(0.65 ng L−1) even if they were close to the detection limit. PFOS concentrations were lower than those measured in Lake Maggiore in
2006 (Loos et al., 2007), indicating a reduction in PFOS emission because
of the EU restrictions. The results of this study conﬁrm that PFOS and the
long chain PFCAs are the most bioaccumulative substances among the
PFASs group, while the short chain PFCAs have a very low or negligible
bioaccumulation potential (Conder et al., 2008; Valsecchi et al., 2017).
3.2. PFAAs risks derived from ﬁsh consumption for humans and top
predators
Risk assessment requires the knowledge of the toxicity of the compounds and the exposure scenarios of the different human categories
and animal or vegetal species. Toxicity data for the most frequently
found PFAAs, such as PFOS and PFOA, are nowadays available
(European Union, 2011a; Valsecchi et al., 2017), while data on exposure
scenarios are very complex and variable, depending on local habits
(Trudel et al., 2008). The most general approach is to compare monitoring data with threshold limits or quality standards derived from large
scale (national or international) conventional exposure scenarios,
usually considering the most sensitive human categories. As regards
human food consumption, biota standards or thresholds are usually
derived from PFOS and PFOA tolerable daily intakes (TDI) stated by different institutions around the world. Table 2 collects and compares the
limits and TDIs for PFOS and PFOA in the different countries. No ﬁsh
limits are available for any other PFAAs, at the best of our knowledge.

As described in the Introduction section, in the European Union
PFOA and PFOS QSbiota,hh have been derived by TDIs established by the
European Food Safety Agency (EFSA) considering a person of 70 kg
(European Food Safety Authority, 2008). Nevertheless, PFOS EU quality
standard for biota for the protection of human consumption of ﬁsh
(QSbiota, hh: 9.1 ng g−1) has been derived considering a European daily
ﬁsh consumption of 115 g, which is much higher than the Italian ﬁsh
daily intakes (38.8 g d−1 for general population and 71.0 g d−1 for
high ﬁsh consumers), estimated by the Italian National Institute for Research on Food and Nutrition (INRAN) (Leclercq et al., 2009). By
inserting Italian daily intakes in Eq. (1), we obtained QSbiota,hh for
PFOS equaling 27.6 ng g−1 ww and 14.8 ng g−1 ww for Italian general
population and high ﬁsh consumers respectively. These limits are
more representative for comparison with the concentrations measured
in the Italian lakes.
Australia and New Zealand proposed TDIs (20 ng kg−1 bw per day
and 160 ng kg−1 bw per day, per PFOS and PFOA respectively) which
are ten-fold lower than EFSA ones. These discrepancies may be due to
updated toxicological datasets which drastically grew in the last
ten years. TDIs have been used to derive trigger points of veriﬁcation
(5.2 and 41 ng g−1 ww, for PFOS and PFOA respectively), which are
the maximum concentrations of these chemicals to be tolerated in individual foodstuffs or food groups to protect high consumers of these
foods with dietary exposures exceeding the relevant TDI (Food
Standards Australia New Zealand-FSANZ, 2017). Maximum concentrations were selected to ensure protection of all population groups,
according to a range of consumption scenarios: in the case of PFOS
and PFOA the reference population is 2–6 years old children.
If we compare ﬁllet concentrations in the studied lakes (Table 1)
with limits for ﬁsh human consumption (Table 2), we can conclude
that no samples exceed any proposed limits for PFOA.
In the case of PFOS, whereas all samples from Lake Iseo are lower
than any food criteria for PFOS, many samples from lakes Mergozzo,
Lecco, Como and Garda are in the range of the PFOS Australian trigger
point (5.2 ng g−1 ww), while Lake Maggiore shows concentrations
even higher than the EU QSbiota,hh 9.1 ng g−1. But, applying the speciﬁc
Italian daily ﬁsh intakes, only one sample from Lake Maggiore (October
2016) is slightly higher than the QSbiota,hh (14.8 ng g−1 ww) calculated

Table 2
PFOS and PFOA limits and tolerable daily intakes (TDI) for ﬁsh in worldwide regulation according to the protection goals.
Protection goal

State or country

PFOS
Human health via consumption of
ﬁshery products

EU
EU
Australia-New Zealand
Minnesota (USA)

Predators from secondary poisoning

Canada
EU
Canada

PFOA
Human health via consumption of
ﬁshery products

EU
Italy
Australia-New Zealand

Predators from secondary poisoning

Italy

Limits
ng g−1 ww ﬁsh

9.1
(QSbiota, hh)
5.2
(trigger points)
b40
(no limits of consumption)
40–800
(restrictions)
N800
(eating forbidden)

TDI
ng kg−1 bw per day

Reference

150

European Food Safety Authority, 2008
Directive 2013/39/EU; European Union,
2011a, 2011b
Food Standards Australia New
Zealand-FSANZ, 2017
Minnesota Department of Health MNDOH, 2008

20
80

60
33
(QSbiota, sec pois)
4.6–8.2
(Federal Environmental Quality Guidelines
for mammalian and avian species)

91
(QSbiota, hh)
41
(trigger points)
0.9
(QSbiota, sec pois)

Health Canada, 2016
European Union, 2011a, 2011b
Environment and Climate Change
Canada, 2017

1500

European Food Safety Authority, 2008
Valsecchi et al., 2017

160

Food Standards Australia New
Zealand-FSANZ, 2017
Valsecchi et al., 2017
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for a high consumer scenario. These data show that for a local risk assessment the choice of the realistic exposure scenario is crucial. In the
case of Italian part of Lake Maggiore, we need also to mention that
shad ﬁshing for commercial uses is already forbidden because of the historical DDT pollution in this lake.
Ecological risk evaluation for predators in the studied lakes is even
more complex, because we must know local scenarios for each predator
species. A general risk assessment can be carried out by comparing
measured ﬁsh concentrations with quality standards for the protection
of predators from secondary poisoning (QSbiota, sec pois). Few limits are
available for this kind of protection goal: Canadian Environmental
Quality Guidelines for PFOS (4.6–8.2 ng g−1 ww), EU quality standard
for PFOS (33 ng g−1 ww) and Italian quality standard for PFOA
(0.9 ng g−1 ww), derived following the prescriptions of the Technical
Guidance for Deriving EQS (TGD) (European Union, 2011b) (Table 2).
All concentrations measured in shad ﬁllets in the present work
(Table 1) are lower than any PFOA and PFOS limits, apart from a single
sample collected on October 2016 in Lake Maggiore which exceeds
the QSbiota,sec.pois for PFOA (1.2 ng g−1 ww).
But we have to underline that the assessment of the risk for predators in lacustrine environment should require that concentrations
are measured in whole ﬁsh and not in the ﬁllet, even if the latter is
the most common procedure in most of the monitoring programs.
This crucial point for monitoring programs is discussed in the following
section.
3.3. Implication for monitoring programs
Determination of hazardous substances in aquatic biota is included
in surface water monitoring programs with a two-fold aim of protecting
top predators from secondary poisoning and human health from the
ﬁsh consumption. Most of the monitoring programs are focused on
the protection of human health from deleterious effects resulting from
the consumption of food (ﬁsh, molluscs, crustaceans, etc.) contaminated by chemicals and therefore the chemical contaminants are measured in edible parts such as the ﬁsh ﬁllets.
The second aim, i.e. protecting top predators such as piscivorous
birds or mammals from secondary poisoning by consumption of
contaminated preys, would require the analysis of whole ﬁsh.
The concept that every protection goal requires its own biota
monitoring strategy caused difﬁculties in the implementation of biota
monitoring in WFD monitoring plans. CIS-WFD Guidance on Biota
Monitoring (European Union, 2014) concluded, for example, that the
use of whole-ﬁsh concentrations for PFOS monitoring may overestimate
the risk toward human health, and conversely, the use of ﬁllet concentrations may underestimate the risk toward top predators.
In our campaign, we were able to analyse separately both ﬁllets and
whole ﬁsh for a limited set of samples (Table S8) and veriﬁed that the
PFOS amount in ﬁllets represented only from 5 to 28% (mean percentage 15%) of the PFOS accumulated in whole ﬁsh, because muscle is not
the preferential tissue for PFOS accumulation in ﬁsh, as already demonstrated in the literature (Conder et al., 2008; Loos et al., 2017; Martin
et al., 2003). The ratio between ﬁllet and whole-body concentrations
(Table S8) ranged between 1.2 and 6.5 and was consistent with previous observations (Vos et al., 2008; Munoz et al., 2017).
With the collected data, a log-log regression between PFOS concentrations in ﬁllet vs whole ﬁsh has been derived (Fig. S1), as recommended by the Guidance on Biota Monitoring (European Union,
2014). Using this empirical regression, we estimated the PFOS concentrations in whole ﬁsh in all the samples (Table S8), in order to compare
them with the EU QSbiota,sec.pois (33 ng g−1 ww). While concentrations in
the other lakes are signiﬁcantly lower than the quality standard, most of
the estimated concentrations for Lake Maggiore were close to the limit,
conﬁrming that in this lake there is a moderate risk from PFOS bioaccumulation. Comparing our analytical results with the Canadian Environmental Quality Guidelines for mammals and birds that consume aquatic
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biota (4.6–8.2 ng g−1 ww; Environment and Climate Change Canada,
2017), not only the possible contamination threat in Lake Maggiore
was conﬁrmed, but even the other deep lakes were potentially hazardous to top predators. Further analyses on aquatic birds and mammals
are needed for a better deﬁnition of ecological risks.
Our results showed that, in the case of PFAAs monitoring campaign,
it is strongly necessary to analyse both ﬁllets and whole ﬁsh if monitoring aim is to evaluate risks for both human and top predators, because
the simple ﬁllet analysis is not sufﬁcient to give information on ecological risks.
4. Conclusions
Notwithstanding the normative restrictions on PFOS, this compound
still presented the highest concentrations among the analysed PFAAs
and concentrations in ﬁsh caught in Lake Maggiore always exceeded
the EU EQSbiota.. We suppose that the main contamination source is
Lake Lugano, because the two lakes are connected by river Tresa, but,
to conﬁrm this hypothesis, a complete survey of PFASs losses and
sources should be carried out in these lakes. However, considering the
national consumption of ﬁsh, we don't evidence an actual risk for ﬁsh
consumption by humans, while a moderate risk of secondary poisoning
for predators is highlighted. It is important to stress that the evaluation
of the ecological risk for this class of compounds is possible only when
concentrations in whole ﬁsh are measured.
Finally, with the present study we demonstrate that biota monitoring on ﬁsh can be used as a valuable tool to classify the quality status
of water bodies regarding bioaccumulative PFAAs, even if the water
concentrations are lower than the limits of detection of available instrumentations and methods.
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