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• The first study is about atrazine and its
metabolites in South Italy.
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time.

• Atrazine and its metabolites levels were
higher southward in the winter period.
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The present study assesses the spatial distribution and temporal trends of the water dissolved phase (WDP),
suspended particulate matter (SPM) and sediment partitioning of atrazine (ATR) and its metabolites in the Vol-
turno River estuary. The load contribution of ATR and its metabolites in this river to the Central Mediterranean
Sea was estimated. Samples were collected in 10 sampling sites during the four seasons. The total concentrations
of ATR andDPs detected ranged from18.1 to 105.5 ng L−1 inWDP, from4.5 to 63.2 ng L−1 in SPM, and from4.6 to
18.6 ng g-1 in sediment samples, indicating high levels of these pollutants. Structural equation model and the
ratio study indicated that the relationship between sediment and WDP pollutants occurred through the SPM.
The pollutants load at the Volturno River in its mouth was evaluated in about 30.4 kg year-1, showing that this
river is an important source of these analytes through discharge into Central Mediterranean Sea. Principal com-
ponent analysis indicated that ATR and its metabolites pollution moves from Volturno River mouth southward
and increased in the rainy season. The desethylatrazine-to-atrazine ratio was higher than 0.5 for all samples an-
alyzed, indicating an historical discharge and a long residence timeof ATR in sediment about two decades after its
ban, and classifying ATR as a nonpoint source contaminant. This study makes up the first record of ATR and its
metabolites in superficial water of Southern Italy and provides helpful data as starting point for future studies.
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1. Introduction

In the last few decades, many concerns have been raised about the
use of pesticides in agriculture, associatedmainly to the negative effects
they can exert both on terrestrial and aquatic environments, as well as
on human health (Corcoran et al., 2020; Cui et al., 2019; Ghirardelli
et al., 2020).

The threat of pesticides is due to their persistence and chemical and
physical characteristics and, above all, their ability to metabolize, giving
place to new degradation products (DPs) (Climent et al., 2019; Della
Flora et al., 2019; Ouyang et al., 2019; Qu et al., 2018; Sun et al., 2019).
DPs are formed through chemical degradation (e.g. photolysis, oxida-
tion and reduction reactions) or biological degradation through the ac-
tion of microorganisms usually distributed in the first few centimetres
of the soil (Cardeal et al., 2011). Usually, the formed DPs are at least as
toxic as the parent compounds, and due highly polar and hydrophilic
characteristics they can easily reach aquatic environments through
leaching from the soil (Farlin et al., 2013; Sun et al., 2019). Thesemetab-
olites represent a serious risk to human health; indeed, they could cause
the onset of diseases affecting dermatological, gastrointestinal, neuro-
logical, immune, respiratory, reproductive and endocrine systems (De
Geronimo et al., 2014; Montiel-León et al., 2019; Sun et al., 2019;
Wang et al., 2019; Yu et al., 2018).

Atrazine (ATR) is among the most used pesticides with its high
amount applied annually all over the world. The main ATR metab-
olites are desethylatrazine (DEA), desisopropylatrazine (DIA),
hydroxyatrazine (HA), desethylhydroxyatrazine (DEHA) and
desisopropylhydroxyatrazine (DIHA) (Fig. 1). ATR may be found
in the soil-water environment because of its high mobility
(Benvenuto et al., 2010; Montiel-León et al., 2019) and high envi-
ronmental persistence with consequent pollution of both surface
water and sediment (Battaglin et al., 2018; Gonsioroski et al., 2020). The
half-life of ATR varies from several weeks to about two years in different
environmental matrices (Gilliom et al., 2006), mainly because its non-
biodegradable properties (Jiang et al., 2020; Liu et al., 2020; Singh et al.,
2020) and their resistance to microbiological degradation in aquatic sys-
tems (Barchanska et al., 2017; Cruzeiro et al., 2016). ATR is classified in
Group III as a possible carcinogenic to humans and it may cause adverse
Fig. 1. Major metabolic path
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effects onhumanhealth including acute and chronic toxicity, genotoxicity
and reproductive toxicity. Moreover, it acts as an endocrine disruptor and
it has been reported that exerts an estrogen-like activity in ovarian cancer
cells (Yin et al., 2020).

The presence of ATR and its metabolites in water has been reported
in countries where this herbicide is still used, as in Iran, USA, South
Africa, China and Canada (Almasi et al., 2020; Ali et al., 2018; Farounbi
and Ngqwala, 2020; Montiel-León et al., 2019) but also in countries
where ATR has been banned for years (Barchanska et al., 2017;
Benvenuto et al., 2010; Carafa et al., 2007). In Europe, ATR was finally
banned in 2004 (Commission Decision 2004/248/EC, 2004) and it is
still regularly detected in across surface water and sediment (Caquet
et al., 2013; Masiá et al., 2015; Rodríguez-González et al., 2016). More-
over, it is still found in Canadian (Montiel-León et al., 2019) and French
drinking water (Le Coadou et al., 2017). The European Directive
(Directive, 2013/39/EU) establishes Environmental Quality Standards
of 0.6 μg/L as annual average and 2.0 μg/L as maximum allowable con-
centration of ATR for fresh waters.

Among the 20 European Union (EU) member states for which com-
plete data are available, Italy is the third EU state for the sale of pesti-
cides in 2016 with nearly 60 million kg sold each year (EUROSTAT,
2018). Indeed, recent studies reported the presence of ATR and its DPs
in water of Italy (Ghirardelli et al., 2020; Hakoun et al., 2017; Lerch
et al., 2018; Sassine et al., 2017; Vonberg et al., 2014a). In the Campania
region, southern Italy, thanks to the high fertility of the territory due to
the large presence of volcanic soils distributed throughout the region,
agricultural activity is highly developed since ancient Roman times. In
particular, Piana del Volturno represents an area of intensive agriculture
crossed by the Volturno River, that receives high quantity of different
contaminants from farms, chemical factory discharges, urban sewages
and agricultural run-off (Isidori et al., 2004; Triassi et al., 2019).

The main aim of this study was to assess the concentrations of ATR
and itsmetabolites in the VolturnoRiver estuary, and their environmen-
tal impact on Central Mediterranean Sea. Particularly, the present study
aims to i) assess their concentration levels; ii) estimate their inputs into
the Central Mediterranean Sea; iii) evaluate their water and sediment
partitioning; and iv) define the spatial distribution and temporal trends
in the Volturno River estuary.
ways of atrazine (ATR).
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2. Materials and methods

2.1. Study area

TheVolturnoRiver is oneof themost important rivers in the Southof
Italy (Fig. 2), with a length of 175 Kmand an annual flow of 82.1m3/s. It
crosses a huge area of Campania region, once called Campania Felix by
the ancient Romans, indicating high productivity of the region, due to
the fertile volcanic soils. The temperate and pleasant climate made
this territory famous and renowned also for thewoods and the extraor-
dinary landscape with historical, cultural and agri-food traditions
unique in the world. Today as in the past, an important agricultural ac-
tivity has developed in this land which represents one of the main pri-
mary sectors of the Campania region. Several agricultural products are
grown in these territories such as apples, tomatoes, lemons. The huge
spread of agri-food sector in Campania lead to water quality deteriora-
tion because of the input of pesticides and fertilizers (Esposito et al.,
2018), which are among themain factors of chemical and biological pol-
lution (Verde et al., 2013).

2.2. Sampling

Between 2017 and 2018, water and sediment samples were col-
lected to assess the presence of ATR and its metabolites. The sampling
was carried out during four seasons, in November 2017 and February,
April and July 2018. Regarding the sediments, the samples were taken
only during the spring campaign, at 10 different sampling points. One
sample was collected at the mouth of the river and in other nine sam-
pling points at different distances (i.e., 500 m, 1000 m and 1500 m) at
north, south and west estuary directions (Fig. 2), in order to have a
proper idea of the evolution of the contamination downriver. In each
site, surface water samples were takenwith pre-cleaned 2.5 L glass bot-
tles, transferred to the laboratory and stored at 4 °C until analysis.Water
sampleswerefiltered through a previously kiln-fired (400 °Covernight)
GF/F glass fiber filter (47 mm× 0.7 μm;Whatman, Maidstone, UK): the
Fig. 2. Map of the study areas and sampling sites
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filtrate corresponds to the dissolved phase (WDP), while the solids
retained on thefilter represent the suspended particulatematter (SPM).

Filters were kept in the dark at -20 °C until analysis, while for fil-
trates, preserved in the dark at 4 °C, the analysis was performed about
3-6 h from sampling. Surface sediment (0-5 cm) sampleswere collected
and placed in aluminium containers by a grab sampler (Van Veen
Bodemhappe 2 L capacity), then theywere transferred to the laboratory
and stored at -20 °C before analysis.

2.3. Extraction of water and sediment samples

Amulti-residuemethod proposed by Climent et al. (2018) was used
for ATR determination. Briefly, water samples (500 mL) were filtrated
with glass fiber filters (0.45 μm) and the filtrates were preconcentrated
with a peristaltic pump at a constant flow of 7 mL min-1 by SPE Oasis
HLB cartridges, preconditioned with 5 mL of acetone, 5 mL of acetoni-
trile and 10 mL of Milli-Q water. After this loading step the cartridges
were dried for 5min under air stream, and elutionwith 4mL of acetone
and 4 mL of acetonitrile was performed. The samples were dried under
nitrogen stream and redissolved in 500 μL of methanol/water (1:1) for
analysis by LC-MS/MS.

The suspended particulate matter was gravimetrically determined,
after drying thefilter in an air-heated oven (55 °C until constantweight)
and equilibrated at room temperature in a desiccator. Filters were
extracted three times by sonication with 10 mL of methanol/acetone
(1:1) for 15 min. The extracts were evaporated to dryness under a
gentle nitrogen flow and reconstituted with 500 μL of methanol/water
(1:1) for analysis by LC-MS/MS (Pose-Juan et al., 2014; Cruzeiro et al.,
2016).

For sediment, 10 mL of methanol/acetone (1:1) were added to 5.0 g
of sample for ultrasonic extraction, followed by centrifugation for
15min at 3000 rpm (Pose-Juan et al., 2014). The supernatantwas trans-
ferred into a glass vial and solvents were evaporated until dryness
under nitrogen stream. The dried extract was redissolved in 500 μL of
methanol/water (1:1) for its analysis by LC-MS/MS.
in the Volturno River estuary, southern Italy.
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2.4. Analytical determination of atrazine and its degradation products

To evaluate ATR and its DPs concentrations, extracts were analyzed
by LC-MS/MS. Analyses were performed using Thermo Scientific™
UltiMate™ 3000UHPLC coupled to TSQ Fortis Triple Quadrupole MS.
Analytes separation was achieved by a reversed phase Acclaim C18 col-
umn (4 μm particle size, 250 × 4.6 mm). The mobile phase contains
water/methanol (95:5) (LC-MS grade) as eluent A and methanol/
water (95:5) (LC-MS grade) as eluent B, each with 0.1% formic acid/
5 mM ammonium formate. The column temperature was set to
+25 °C, the flow rate to 300 μL min-1 and the injection volume was
2 μL. A gradient elutionwas performed by varying the proportion of sol-
vent A to solvent B: 0 min 2.0% B, 1 min 2% B, 2 min 50% B, 9 min 98% B,
12 min 98% B and 12.1 min 2% B. Total analysis time per sample was
17min. Ionization and fragmentation settings were optimized by direct
injection of pesticide standard solutions. MS/MS was performed in the
selected reaction monitoring mode (SRM) with electrospray ionization
(ESI) in positive mode. For each compound, two characteristic product
ions of the protonated molecule [M + H]+ were monitored, the first
and most abundant one was used for quantification (SRM1), while the
second one was used as a qualifier (SRM2). LC-MS/MS conditions are
shown in detail in Tables S1 and S2.

2.5. Quality control and quality assurance

Method validationwas performed in order to evaluate the data qual-
ity through the determination of precision, accuracy, linearity, limit of
detection (LOD), limit of quantification (LOQ) and uncertainty. The
same extraction procedures were applied to standards, blanks and sam-
ples to check for interfering substances, moreover for each batch of 10
samples analyzed, certified reference materials were run in the same
way as samples. The surrogate standard used for the LC-MS/MS analysis
was Terbuthylazine (Dr. Ehrenstorfen). This standard was added to the
samples before extraction tomonitor the efficiency of the analytical pro-
cedure. The LODs and LOQswere estimated as 3 and 10 times the signal/
noise ratio for each analyte; in particular, for WDP and SPM the LODs
and LOQs ranges were 0.000375-0.000615 ng L-1 and 0.00125-
0.00205 ng L-1, respectively. In sediment samples the values range
were 0.000875-0.00121 ng g-1 and 0.00292-0.00403 ng g-1, respec-
tively.

The surrogate averaged recoveries were 92.5 ± 7.2% in the WDP,
90.1 ± 6.8% in the SPM, and 91.1 ± 4.0% in the sediment samples.
Resulting data for ATR and DPs were corrected for surrogate recoveries.

2.6. Statistical analysis and calculation of the pollutant inputs

The statistical software SPSS, version 22 for Windows (SPSS Inc.,
Chicago, IL, USA) was used to perform results analysis, expressed as
the pesticide average concentration ± standard deviation (SD). A p
value ≤0.05was considered statistically significant. The annual pollutant
load was evaluated according to the UNEP guidelines (UNEP and MAP,
2004), widely approved (HELCOM, 1993; Steen et al., 2001). A flow-
averaged mean amount was obtained as the product of instantaneous
concentration and the daily averaged water flow discharge for each
sampling event and corrected by the total water load for the sampling
period (November 2017 – July 2018) (Montuori and Triassi, 2012).
River flow data were found in database of the Autorità di Bacino
Nazionale dei Fiumi Liri-Garigliano e Volturno (Piano di gestione
acque, ciclo 2015-2021, 2018).

Structural EquationModel (SEM) has become a useful research tech-
nique to analyze the relationships between latent variables. The
covariance-based SEM (Jöreskog, 1970) and the variance-basedmethod
(Wold, 1975) are two approaches to estimating the relationships in a
SEM. In this paper, it was chosen the partial least squares (PLS) ap-
proach, performed by Smart-PLS (Version 3), because it has less
4

stringent assumptions for the distribution of variables and error terms
(Wold, 1975).

Principal component analysis (PCA) is a multivariate technique for
examining relationships among several quantitative variables (Pearson,
1901 and Hotelling, 1933). The PCA decreases the dimensionality of a
set of data and provides to preserve the structure. The first principal
component is the linear combination of the original variables that ac-
counts for the greatest possible variance. Each subsequent principal
component is the linear combination of the original variables that has
the greatest possible variance and is uncorrelated with the previously
defined components. In the PCA there are three main criteria to select
the components to retain: Eigenvalue one criterion (the first compo-
nents with Eigenvalues higher than 1 will be chosen); Amount of
explained variance (the chosen factors should explain 70 to 80% of
your variance at least); Scree plot.

3. Results and discussion

3.1. Occurrence of atrazine and its degradation products

ATR and its DPs were detected in all water and sediment samples
and the data obtained were shown in Tables 1a, 1b and 2. The concen-
trations of ATR and DPs found in WDP (Table 1a), ranged from 0.13 to
8.22 ng L−1 with a mean value of 3.42 ng L−1 for ATR, from 1.26 to
9.35 ng L−1 with a mean value of 5.01 ng L−1 for DIHA, from 1.12 to
13.18 ng L−1 with a mean value of 6.46 ng L−1 for DEHA, from 2.31 to
10.79 ng L−1 with a mean value of 6.63 ng L−1 for DIA, from 0.77 to
6.34 ng L−1 with a mean value of 2.37 ng L−1 for DEA and from 12.07
to 59.32 ng L−1 with a mean value of 30.48 ng L−1 for HA. The concen-
trations of ATR and DPs found in SPM (Table 1b), ranged from 0.57 to
44.28 ng g−1 with a mean value of 14.93 ng g−1 for ATR, from 0.44 to
59.40 ng g−1 with a mean value of 22.24 ng g−1 for DIHA, from 5.49
to 74.92 ng g−1 with a mean value of 28.52 ng g−1 for DEHA, from
5.05 to 83.21 ng g−1 with a mean value of 33.48 ng g−1 for DIA, from
0.29 to 21.14 ng g−1 with a mean value of 6.48 ng g−1 for DEA and
from 11.10 to 332.17 ng g−1 with amean value of 132.06 ng g−1 for HA.

A review of the literature (Table 3) suggests that ATR and some of its
DPs (mainly DEA and DIA) are widespread in waters around the world.
Compared to aquatic environments from Europe (Table 3), the levels
found in WDP in our study were higher than those found in rivers
such as Danube River in Hungary (Takáts et al., 2001) and Serbia
(Radovic et al., 2015), in Ebro Delta (Benvenuto et al., 2010) and
Llobregat River (Masiá et al., 2015) from Spain, in Brittany River,
France (Gervais et al., 2008); and Italian rivers such as the Arno River
(Bono and Magi, 2013), and likewise in the Baltic Sea (Germany) and
Northern Aegean Sea (Italy) (Nödler et al., 2013). On contrary, the con-
centrations of ATR and its DPs were lower than those reported in
Klodnica River (Poland) (Barchanska et al., 2017), in Billiers River
(Caquet et al., 2013) and Vannetin River from France (Irace-Guigand
et al., 2004), in Spanish Duero River, Miño River and Ebro River
(Hildebrandt et al., 2008; Gòmez-Gutiérrez et al., 2006; Claver et al.,
2006; Navarro et al., 2010), in Scheldt River in Netherlands (Steen
et al., 2001) and Belgium (Noppe et al., 2007), in Tagus River
(Portugal) (Cruzeiro et al., 2016; Silva et al., 2015), as well as in Italian
Po River (Ghirardelli et al., 2020). Finally, similar levels were found in
Sacca di Goro (Italy) by Carafa et al. (2007) and in Ebro River (Spain)
by Benvenuto et al. (2010), except for DEA and HA, whose concentra-
tions were higher than those found in Volturno River.

The total concentrations of ATR and DPs inWDP ranged from 18.1 to
105.5 ng L−1withmean value of 54.4 ng L−1 and from 4.5 to 63.2 ng L−1

withmean value of 28.4 ng L−1 (237.7 ng g-1) in SPM. The data obtained
showed that the highest concentrations were found in WDP. Currently,
there are few studies that have evaluated the presence of ATR and its
DPs both in WDP and SPM samples, making it difficult to compare the
results of this study with those in the literature. In particular, Darwano
et al. (2014) and Cruzeiro et al. (2016) reported DEA levels in SPM of



Table 1a
Description of the sampling sites and mean concentrations (± standard deviations) of ATR and its metabolites in the water dissolved phase (WDP) of the Volturno River, southern Italy.

Sampling location Compound in WDP ng L-1

Site number
identification

Site
characteristics

Site location Campaigns ATR DIHA DEHA DIA DEA HA Sum
ATR and its
DPs

1
(river water)

Volturno River
mouth

41°01′19”N
13°55′26″E

November 6.70 ± 0.12 7.53 ± 0.13 8.91 ± 0.14 9.75 ± 0.10 4.16 ± 0.13 37.48 ± 0.52 74.53 ± 0.56
February 8.22 ± 0.17 9.35 ± 0.14 13.18 ± 0.14 10.79 ± 0.44 6.34 ± 0.07 57.68 ± 0.82 105.55 ± 1.08
April 4.47 ± 0.13 5.43 ± 0.24 9.34 ± 0.08 8.43 ± 0.10 4.62 ± 0.12 38.69 ± 0.35 70.98 ± 0.33
July 4.26 ± 0.12 5.21 ± 0.09 7.91 ± 0.15 7.98 ± 0.14 3.16 ± 0.16 25.83 ± 0.18 54.35 ± 0.71

2
(sea water)

River mouth
500 m north

41°01′05”N
13°55′38″E

November 3.65 ± 0.09 5.46 ± 0.09 6.76 ± 0.37 6.88 ± 0.11 1.07 ± 0.27 27.44 ± 0.77 51.28 ± 0.52
February 4.96 ± 0.13 8.23 ± 0.14 8.14 ± 0.17 7.36 ± 0.31 3.11 ± 0.20 46.88 ± 0.21 78.69 ± 0.38
April 3.60 ± 0.12 3.44 ± 0.63 5.02 ± 0.52 4.59 ± 0.12 2.47 ± 0.52 22.65 ± 0.10 41.79 ± 1.76
July 1.38 ± 0.11 2.85 ± 0.09 3.89 ± 0.28 4.82 ± 0.15 0.95 ± 0.26 17.20 ± 0.21 31.11 ± 0.41

3
(sea water)

River mouth
1000 m north

41°00′51”N
13°55′48″E

November 1.35 ± 0.09 5.26 ± 0.42 4.23 ± 0.49 7.61 ± 0.14 1.17 ± 0.30 21.67 ± 0.14 41.32 ± 1.11
February 3.59 ± 0.29 6.85 ± 0.15 8.06 ± 0.13 6.84 ± 0.21 2.82 ± 0.22 44.55 ± 0.37 72.73 ± 0.27
April 1.21 ± 0.08 2.55 ± 0.10 4.07 ± 0.21 4.10 ± 0.25 1.01 ± 0.21 19.98 ± 0.41 32.95 ± 0.68
July 0.41 ± 0.12 2.12 ± 0.16 3.13 ± 0.16 5.02 ± 0.10 1.76 ± 0.11 16.16 ± 0.16 28.62 ± 0.50

4
(sea water)

River mouth
1500 m north

41°00′33”N
13°55′49″E

November 1.67 ± 0.14 3.04 ± 0.24 3.42 ± 0.48 6.82 ± 0.48 0.93 ± 0.19 20.46 ± 0.09 36.36 ± 0.77
February 3.21 ± 0.07 5.87 ± 0.20 7.47 ± 0.26 6.36 ± 0.18 3.31 ± 0.13 42.12 ± 0.01 68.35 ± 0.52
April 1.16 ± 0.10 2.46 ± 0.60 2.48 ± 0.12 4.26 ± 0.09 0.83 ± 0.54 16.14 ± 0.29 27.37 ± 1.21
July 0.13 ± 0.02 1.26 ± 0.12 1.12 ± 0.19 2.31 ± 0.14 1.19 ± 0.71 12.07 ± 0.36 18.11 ± 0.10

5
(sea water)

River mouth
500 m west

41°01′25”N
13°55′56″E

November 4.25 ± 0.09 9.04 ± 0.18 9.57 ± 0.13 8.93 ± 0.35 3.70 ± 0.19 26.27 ± 0.15 61.78 ± 0.48
February 5.73 ± 0.10 5.81 ± 0.09 6.74 ± 0.09 8.85 ± 0.85 1.69 ± 0.02 59.32 ± 0.37 88.15 ± 1.17
April 3.64 ± 0.12 3.33 ± 0.09 5.61 ± 0.09 5.21 ± 0.09 1.62 ± 0.45 30.88 ± 0.12 50.30 ± 0.71
July 3.28 ± 0.10 3.73 ± 0.44 5.05 ± 0.25 6.19 ± 0.22 2.04 ± 0.10 18.45 ± 0.24 38.76 ± 0.56

6
(sea water)

River mouth
1000 m west

41°01′00”N
13°54′52″E

November 3.92 ± 0.17 5.37 ± 0.25 6.34 ± 0.08 8.48 ± 0.09 1.42 ± 0.37 26.31 ± 0.24 51.86 ± 0.63
February 4.92 ± 0.08 8.12 ± 0.26 9.87 ± 0.14 6.34 ± 0.18 1.16 ± 0.19 49.93 ± 0.62 80.38 ± 0.49
April 2.93 ± 0.09 3.55 ± 0.13 5.07 ± 0.21 4.01 ± 0.19 1.42 ± 0.10 29.50 ± 0.13 46.50 ± 0.33
July 2.25 ± 0.09 3.28 ± 0.13 4.06 ± 0.19 5.17 ± 0.26 0.77 ± 0.30 14.67 ± 0.85 30.22 ± 0.90

7
(sea water)

River mouth
1500 m west

41°00′45”N
13°54′40″E

November 3.76 ± 0.12 5.16 ± 0.13 4.50 ± 0.75 7.91 ± 0.59 1.06 ± 0.20 19.25 ± 0.07 41.67 ± 1.40
February 4.47 ± 0.11 7.04 ± 0.11 10.51 ± 0.10 5.55 ± 0.63 2.54 ± 0.18 46.90 ± 0.75 77.02 ± 0.99
April 2.23 ± 0.10 2.61 ± 0.11 4.60 ± 0.12 3.93 ± 0.13 1.06 ± 0.39 26.65 ± 0.71 41.10 ± 0.64
July 1.68 ± 0.13 2.15 ± 0.26 3.14 ± 0.18 5.20 ± 0.50 1.54 ± 0.18 12.25 ± 0.10 25.98 ± 1.02

8
(sea water)

River mouth
500 m south

41°01′30”N
13°55′10″E

November 5.62 ± 0.15 6.07 ± 0.26 8.08 ± 0.48 9.29 ± 0.10 3.93 ± 0.33 34.56 ± 0.31 67.59 ± 0.87
February 6.58 ± 0.11 8.86 ± 0.09 11.33 ± 0.11 9.32 ± 0.43 5.49 ± 0.11 54.50 ± 0.11 96.09 ± 0.93
April 4.08 ± 0.22 4.19 ± 0.10 5.94 ± 0.10 5.99 ± 0.22 2.98 ± 0.23 33.55 ± 0.26 56.75 ± 0.49
July 3.39 ± 0.23 4.21 ± 0.21 6.38 ± 0.49 6.74 ± 0.41 4.49 ± 0.26 20.96 ± 0.36 46.20 ± 1.51

9
(sea water)

River mouth
1000 m south

41°01′47”N
13°55′05″E

November 3.89 ± 0.26 6.10 ± 0.46 7.66 ± 0.47 8.03 ± 0.19 1.7 ± 0.20 27.48 ± 0.17 54.93 ± 0.94
February 4.25 ± 0.10 7.78 ± 0.12 10.84 ± 0.43 8.49 ± 0.12 3.86 ± 0.19 51.72 ± 0.28 86.97 ± 0.30
April 3.21 ± 0.14 3.99 ± 0.20 5.28 ± 0.15 4.96 ± 0.26 1.19 ± 0.14 31.02 ± 0.22 49.67 ± 0.50
July 2.16 ± 0.36 4.01 ± 0.07 4.16 ± 0.28 6.36 ± 0.13 4.15 ± 0.21 18.63 ± 0.30 39.52 ± 0.73

10
(sea water)

River mouth
1500 m south

41°02′02”N
13°54′56″E

November 2.24 ± 0.23 5.31 ± 0.26 7.00 ± 0.36 8.76 ± 0.10 1.09 ± 0.25 24.94 ± 0.45 49.37 ± 1.38
February 3.86 ± 0.14 7.36 ± 0.09 10.45 ± 0.66 8.16 ± 0.11 2.49 ± 0.02 48.22 ± 0.22 80.57 ± 0.57
April 2.52 ± 0.11 3.15 ± 0.24 4.85 ± 0.10 4.20 ± 0.22 1.34 ± 0.20 29.02 ± 0.23 45.10 ± 0.52
July 1.86 ± 0.10 3.14 ± 0.13 3.91 ± 0.26 5.04 ± 0.33 2.91 ± 0.15 16.98 ± 0.86 33.86 ± 0.49

ATR: atrazine; DIHA: desisopropylhydroxyatrazine; DEHA: desethylhydroxyatrazine; DIA: desisopropylatrazine; DEA: desethylatrazine; HA: hydroxyatrazine.
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9 μg/kg (mean value) in the Des Prairies River (Canada) and above
300 μg/kg in the Tagus River estuary (Portugal), respectively. However,
Climent et al. (2019) studied some of the most used pesticides in both
WDP and SPM in Cachapoal River basin (Central Chile). The most fre-
quently DPs found with the highest concentrations in the SPM were
DIHA and HA (maximum 1123 μg/kg and 1195 μg/kg, respectively).
Comparing these data with the values of our study, the high concentra-
tions found in SPM could be justified by the continuous application of
ATR, which is still widely used for agriculture in Chile (Climent et al.,
2019).

The higher concentrations in WDP were probably due to
chlorotriazines (ATR, DIA, DEA) that are relatively polar compounds
(logkow values between 1 and 3) (Barchanska et al., 2017; Noppe
et al., 2007), while the presence of hydroxyatrazines (HA, DIHA,
DEHA) is presumably due to hydrolysis occurring in water (Takáts
et al., 2001). The main products in water via biotic mechanisms are
DEA and DIA, but the highest concentrations are related to HA, DIHA
and DEHA, because in water ATR is subjected to degradation processes
such as hydrolysis, leading to dealkylation of the amino-groups, dechlo-
rination and subsequent hydroxylation (Benvenuto et al., 2010), and
also because mainly hydroxylated triazines are retained and accumu-
lated both in water and sediment (Carafa et al., 2007). The presence of
ATR in water samples could be due to its moderate solubility in water
(33 mg/L at 20 °C) (Toledo-Jaldin et al., 2018) and because it is not
5

strongly adsorbed to sediment particles (Singh et al., 2018; Toledo-
Jaldin et al., 2018).

In sediment, adsorption is the main process that controls the degra-
dation and the mobility of an herbicide. Microbial degradation of ATR,
which occurs by microorganisms, results in N-dealkylation to form pri-
marily DEA and DIA. DEA is formed in higher concentrations than DIA
probably because of 2-3 times faster removal of the ethyl group from
DEA than the isopropyl group of DIA (Vonberg et al., 2014b). Moreover,
DEA is less adsorbed, aswell as DIA, onto sediment probably due to their
less strongly sorption and higher mobility than ATR (Climent et al.,
2019; Vonberg et al., 2014b).

The results showed mean concentrations of total ATR and
DPs (Table 2) in the order following: HA (3.33 ng g−1) > ATR
(3.26 ng g−1) > DEA (1.93 ng g−1) > DEHA (1.75 ng g−1) > DIA
(0.81 ng g−1) > DIHA (0.62 ng g−1).

Compared with other studies, the concentrations of ATR and its DPs
in the sediment samples from the Volturno River and estuary were
higher than those found in Sacca di Goro by Carafa et al. (2007) and
lower than those found for ATR in Danube River, Sava River andMorava
River (Serbia) (Radovic et al., 2015), and for DIA in Guadalquivir River
and Llobregat River (Spain) (Köck-Schulmeyer et al., 2013).

ATR and its metabolites concentrations in both water and sediment
are shown in Fig. 3a and b. The ratios of total concentrations found in
WDP and SPM ([WDP]/[SPM]), as well as those of the total
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Table 2
Description of the sampling sites andmean concentrations (± standard deviations) of ATR and itsmetabolites in the April 2018 sediment sampling campaign of the Volturno River, south-
ern Italy.

Sampling location Compound (ng g-1 dw)

Site number
identification

Site characteristics Site location ATR DIHA DEHA DIA DEA HA Total

1
(river water)

Volturno River mouth 41°01′19”N 13°55′26″E 4.25 ± 0.29 1.57 ± 0.31 2.93 ± 0.19 1.36 ± 0.32 3.12 ± 0.23 5.11 ± 0.17 18.59 ± 0.46

2
(seawater)

River mouth 500 m north 41°01′05”N 13°55′38″E 3.37 ± 0.28 0.57 ± 0.12 1.75 ± 0.31 0.83 ± 0.19 1.91 ± 0.16 3.68 ± 0.24 12.50 ± 0.65

3
(seawater)

River mouth 1000 m north 41°00′51”N 13°55′48″E 2.26 ± 0.16 0.26 ± 0.08 1.39 ± 0.19 0.70 ± 0.17 0.93 ± 0.10 2.09 ± 0.12 7.73 ± 0.16

4
(seawater)

River mouth 1500 m north 41°00′33”N 13°55′49″E 1.53 ± 0.03 nd 1.07 ± 0.04 0.11 ± 0.00 0.75 ± 0.12 1.16 ± 0.03 4.61 ± 0.13

5
(seawater)

River mouth 500 m west 41°01′25”N 13°55′56″E 3.96 ± 0.17 0.62 ± 0.30 1.96 ± 0.12 1.04 ± 0.08 2.40 ± 0.21 3.94 ± 0.18 13.93 ± 0.53

6
(seawater)

River mouth 1000 m west 41°01′00”N 13°54′52″E 2.95 ± 0.10 0.41 ± 0.21 1.52 ± 0.53 0.70 ± 0.27 1.23 ± 0.23 3.46 ± 0.56 10.28 ± 0.77

7
(seawater)

River mouth 1500 m west 41°00′45”N 13°54′40″E 2.52 ± 0.54 0.27 ± 0.07 1.29 ± 0.19 0.14 ± 0.03 2.01 ± 0.16 2.51 ± 0.61 8.75 ± 1.20

8
(seawater)

River mouth 500 m south 41°01′30”N 13°55′10″E 4.14 ± 0.16 1.19 ± 0.20 2.10 ± 0.14 1.28 ± 0.48 2.94 ± 0.46 4.47 ± 1.04 16.11 ± 1.10

9
(seawater)

River mouth 1000 m south 41°01′47”N 13°55′05″E 3.95 ± 0.48 0.76 ± 0.25 1.81 ± 0.47 1.18 ± 0.06 2.45 ± 0.49 3.53 ± 0.63 13.69 ± 1.79

10
(seawater)

River mouth 1500 m south 41°02′02”N 13°54′56″E 3.68 ± 0.71 0.54 ± 0.20 1.76 ± 0.25 0.75 ± 0.45 1.65 ± 0.16 3.30 ± 0.62 11.67 ± 0.57

ATR: atrazine; DIHA: desisopropylhydroxyatrazine; DEHA: desethylhydroxyatrazine; DIA: desisopropylatrazine; DEA: desethylatrazine; HA: hydroxyatrazine; nd: Not detected.
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concentrations detected in SPM and SED ([SPM]/[SED])were evaluated.
In both cases, the ratios were > 1, for all sites and for all sampling sea-
sons. Therefore, the concentrations of these pollutants decreased from
WDP to SPM andmore to SED. In sediment samples the highest concen-
trationswere related toHA, which ismore adsorbed than othersmetab-
olites because of its relatively lowwater solubility (3.9mg/L), its longest
half-life in soil (164 days) and its high adsorption coefficient (Kf =
25 μmol L-1Kg-1), followed by ATR with a lower coefficient (Kf =
3.7 μmol L-1 kg-1) (Barchanska et al., 2017; Mersie and Seybold, 1996).
The persistence of ATR could be due both to the high amount applied
annually in the past and to the ability to establish strong bonds with
the organic colloids present in the clayey fraction of the soil. This deter-
mines the slow and continuous release of the herbicide and its presence
has even been detected in waters even after years of its use. Another
reason that contributes to increasing the environmental persistence of
ATR is due to the difficulty of organisms in metabolizing these
substances. Some studies showed that Pseudomonas sp. strain ADP is
able to metabolize ATR and this led to the use of this organism in pro-
grams of decontamination of ATR-polluted sites (Govantes et al.,
2010; Jablonowski et al., 2011). Compared to concentrations found in
other countries (Table 3), in some of which the ATR is still sold and
used, the concentrations obtained for ATR and its metabolites in the
Volturno River estuary are significantly low for both water and sedi-
ment samples.

To study the relationship between WDP, SPM and sediment a SEM
has been constructed. Through this model, two hypotheses were pro-
posed: hypothesis H1, the pollution contained in the sediment was
transmitted directly to the WDP; hypothesis H2, the pollution of the
sediment is transmitted to the WDP through the SPM. Starting from
this consideration, it has been hypothesized that sediment and SPM
were exogenous latent variables (LVs) while WDP was an endogenous
LV. Following the criteria summarized in Sarnacchiaro and Boccia
(2018), it was supposed that all latent variables were reflective. The re-
sults of the PLS estimations on themodel are presented in Fig. 4. Regard-
ing the relationship among sediment, SPM and WDP we pointed out
that the coefficient between sediment and SPM and between SPM and
WDP were statistically significant. On the other side the coefficient be-
tween sediment andWDPwas not statistically significant. Thus, the hy-
pothesis H2was confirmed and the relationship between sediment and
WDP pollutants occurs through the SPM. These results suggest that SPM
8

presumably acts as a carrier of ATR and itsmetabolites from sediment to
WDP.

3.2. Spatial-temporal distribution and load into the Mediterranean Sea

The total load contribution of ATR and metabolites to the central
Mediterranean Sea from the Volturno River mouth was determined by
the product of the flow-averaged mean concentration and the total
river discharge. The flow-averaged mean concentrations were calcu-
lated as the sum of the products between the instantaneous total con-
centrations and water flow discharges, calculated by means of daily
averaged water flow. The total load contribution was calculated in
about 30.4 kg year−1.

The inputs mainly occurred at the river mouth by diffuse surface or
subsurface hydrological pathways, including storm water runoff and
tributary inflow. In detail, the load was about 2.52 kg year-1 for ATR,
2.72 kg year-1 for DIHA, 3.98 kg year-1 for DEHA, 3.80 kg year-1 for
DIA, 1.57 kg year-1 for DEA, 15.84 kg year-1 for HA. These results suggest
that although the concentrations of individual analytes are relatively
low, the Volturno River certainly represented an important point source
discharge of these pollutants into Central Mediterranean Sea.

The ATR and metabolites load in the Volturno River were compared
with other riversworldwide. The loads in theVolturnoRiverwere lower
than Yangtze River (China) by Qi et al., 2014 for ATR, DEA DIA and HA
(10,000, 2600, 4800 and 25,400 kg year-1 respectively), St. Lawrence
River (Canada) by Montiel-León et al., 2019 and Elbe River (Europe)
by Karlsson et al., 2020 for ATR (3000 and 73.2 kg year-1 respectively).
It should be highlighted that this study is the first to evaluate the ATR
and metabolites discharge in the Central Mediterranean Sea from the
VolturnoRiver and for this reason it is not possible to comparewith pre-
vious data in the same research area.

The spatial distribution of ATR and DPs from the Volturno River was
evaluated by comparing the amount of the samples collected in 10 sam-
pling sites and in four seasons, with rain and without rain. The results
are shown in Fig. 5 where it could be observed that the highest concen-
trations levels were found forWDP at the rivermouth (105.55 ng L−1 in
February) and gradually decreased from 59.04 ng L−1 (mean value of
four seasons) at 500 m, to 51.31 ng L−1 (mean value of four seasons)
at 1000 m and 45.41 ng L−1 (mean value of four seasons) at 1500 m
southward, probably because of a dilution effect by marine waters.



Table 3
Concentration ranges of ATR and itsmetabolites inwater dissolvedphaseWDP (ng L-1) and suspendedparticulatematter SPM(ng g-1), from recent studies of different rivers, estuaries and
coasts in the world.

Area ATR DEA DIA DEHA DIHA HA References

Water dissolved phase (WDP)
Asia
Liao River system, China 65.5-1513 ND-47.1 ND-85.2 Gfrerer et al. (2002)
Jelum River, Pakistan 146-150.3 Maqbool et al. (2008)
Ravi River, Pakistan ND-14.3 Maqbool et al. (2008)
Chenab River, Pakistan ND-9.3 Maqbool et al. (2008)
Henan Province, China 10-8060 10-2300 ND 50-3400 Yu et al. (2018)
Baima River, China 10-1120 1960-2330 260 Sun et al. (2019)
Liaodong Peninsula, China 8.7-64.8 Xie et al. (2019)
Hong Kong, China 5.73 2.06 0.70 1.04 Wang et al. (2020)

America
Mundaù-Manguba, Brazil 0.7-3.1 Azevedo et al. (2010)
Lucas do Rio Verde, Brazil ND-4920 ND-1260 Nogueira et al. (2012)
Potomac River, USA 71 81 Kolpin et al. (2013)
Mista stream basin, Argentina 88-324 De Geronimo et al. (2014)
Pardo River, Brazil 160-180 Machado et al. (2017)
Elkhorn River, USA 1990 220 30 Ali et al. (2018)
Cachapoal River, Chile ND-149 ND-48 ND-154 ND-485 ND-803 ND-84 Climent et al. (2019)
Paranà Basin, Brazil ND-2890 ND-800 ND-1120 Della Flora et al. (2019)

Africa
Mefou River, Cameroon ND-460.7 ND ND-4.5 Branchet et al. (2018)
Crocodile River, South Africa 483-940 106-184 10-22 2-4 Rimayi et al. (2018)
Magalies River, South Africa 234-830 19-162 2-14 1-4 Rimayi et al. (2018)

Australia
Mary River, Australia ND-110 McMahon et al. (2005)
Barratta Creek River, Australia 13,000 Wood et al. (2017)

Europe
Scheldt River, Netherlands 750 100-200 Steen et al. (2001)
Danube River, Hungary 0.4 ND ND 0.35 Takáts et al. (2001)
Scheldt River, Belgium ND-626 Noppe et al. (2007)
Duero River, Spain 10-630 10-120 Hildebrandt et al. (2008)
Mino River, Spain 20-70 Hildebrandt et al. (2008)
Billiers River, France 440 890 550 Caquet et al. (2013)
Baltic Sea, Germany ND-2.1 ND-2.0 ND Nödler et al. (2013)
Vannetin River, France 10-5200 50-2100 100-2800 Irace-Guigand et al. (2004)
Tejo River, Portugal 240 ND ND Silva et al. (2015)
Ria Formosa Lagoon, Portugal ND-3.7 8.3-12.5 Cruzeiro et al. (2015)
Danube River, Serbia 4 Radović et al. (2015)
Tagus River, Portugal 382-550 14-101 Cruzeiro et al. (2016)
Klodnica River, Poland ND ND ND-11000 ND-35000 Barchanska et al. (2017)
Stream system, Germany 21 118 20 Weber et al. (2018)
Brittany River, France ND ND-51 ND Gervais et al. (2008)

Mediterranean Sea
Ebro River, Spain 12-170 Gòmez-Gutiérrez et al. (2006)
Ebro River, Spain 194.9 160.9 Claver et al. (2006)
Sacca di Goro Lagoon, Italy 2.3-8.2 ND-4.1 ND-11.2 ND-14.9 ND-193.2 Carafa et al. (2007)
Ebro River, Spain 10-410 10-600 Hildebrandt et al. (2008)
Llobregat River, Spain 2.63-6.44 Masiá et al. (2015)
Ebro River, Spain 9 80 17 95 Benvenuto et al. (2010)
Ebro Delta, Spain ND ND 8 151 Benvenuto et al. (2010)
Verd River, Spain 4 9 10 ND Benvenuto et al. (2010)
Ebro River, Spain 6-825 16-377 Navarro et al. (2010)
Northern Aegean Sea, Italy 1.6-15 ND-1.8 ND Nödler et al. (2013)
Arno River, Italy 1.18 Bono and Magi (2013)
Po River, Italy ND-90 ND-330 Ghirardelli et al. (2020)
Volturno River, Italy 0.13-8.22 0.77-6.34 2.31-10.79 1.12-13.18 1.26-9.35 12.07-59.32 This study

Suspended particulate matter (SPM)
America
Des Prairies River, Canada 55 9 Darwano et al. (2014)
Cachapoal River, Chile ND ND-5.67 ND ND-425.1 ND-1123 58.5-1195 Climent et al. (2019)

Mediterranean Sea
Volturno River, Italy 0.57-44.28 0.29-21.14 5.05-83.21 5.49-74.92 0.44-59.40 11.10-332.17 This study

ND: Not detected.
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Considering period and sampling sites, an increase in the total con-
centration was observed in February, with the occurrence of precipita-
tion and flooding events. This increase could be explained probably
9

due to ATR capability to remain in the sediment for a long time and re-
mobilize through resuspension events and runoff (Carafa et al., 2007;
Climent et al., 2019; Vonberg et al., 2014b). The results obtained are in



Fig. 3. a)Concentration of atrazine and itsmetabolites (ng L-1) detected a) inwater (WDP+SPM) of theVolturnoRiver estuary in four seasons (February, April, July andNovember) andb)
in sediment samples (ng g−1 dry wt) in April in 10 sampling sites (1: River Mouth; 2: North estuary at 500m; 3: North estuary at 1000m; 4: North estuary at 1500m; 5:West estuary at
500 m; 6: West estuary at 1000 m; 7: West estuary at 1500 m; 8: South estuary at 500 m; 9: South estuary at 1000 m; 10: South estuary at 1500 m).
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agreement with those found by Carafa et al. (2007) in Sacca di Goro
(Italy) observing a random distribution of analytes concentrations
with a peak of HA amount during thewinter campaign. Likewise, our re-
sults match with those found at the Mato Grosso (Brazil) (Dores et al.,
2008) and in the Hohra basin (France) (Grégoire et al., 2010), with the
highest amount during the rainy season and during extreme rainfall-
runoff episodes, respectively.

These results are also confirmed by the PCA, as observed in Fig. 6.
PCA was conducted for the twelve variables in 10 water samples of
four sampling campaigns. The Eigenvalues and the cumulative propor-
tions of the explained variance suggest that it is reasonable to retain
the first two PCs. In fact, the first 2 PCs explain up to 81.5% of the total
variability. The plot of the first two PCs against each other (Fig. 6a) en-
hances visual interpretation. The first factor (PC1, 64,2%) represents
mainly the variables of WDP, the second (PC2, 17,3%) represents the
variables of SPM. Looking at the plot of the first two principal compo-
nents, it was observed that thefirst component points out a greater con-
centration of the WDP variables in all the sites during the month of
February, in particular at the sites Volturno River mouth (1feb) and at
500 m South (8feb). The second component highlights higher concen-
tration of SPM variables during November, also in this case the most
10
polluted sites are Volturno River mouth (1nov) and at 500 m South
(8nov) (Fig. 6b).

The concentrations of ATR and its DPs found in the present study are
in accordance with those reported by other studies carried out in
Europe after ATR was finally banned in 2004. Caquet et al. (2013) esti-
mated the amount of this herbicide in France and they confirm that
these compounds were frequently found in surface water, while
Vonberg et al. (2014b) explained that although ATR was banned in
1991 in Germany, the concentrations of these pesticides exceed thresh-
old values. The presence of ATR and its DPs were investigated in several
studies in Italy. Guzzella et al. (2006) and Loos et al. (2007) evaluated
the presence of these analytes in Northern Italy and DEA and DIA
were found in most of the samples analyzed. Carafa et al. (2007) esti-
mated ATR and metabolites in surface water and in sediment samples
collected in Sacca di Goro coastal lagoon, located in the Southern part
of the Po River Delta and connected to the Northern Adriatic Sea. Ac-
cording to their study, ATR and its DPs were detected in many water
samples, with a predominance of HA due to the release of herbicide re-
sidual from sediment. Previous studies in water samples from Italy and
Spain (Benvenuto et al., 2010; Rousis et al., 2017) indicated thepresence
of herbicides in quantifiable concentrations. Cruzeiro et al. (2016)



Fig. 5. Spatial and temporal concentration of atrazine and its metabolites in the water dissolved phase (WDP, ng L−1), the suspended particulate matter (SPM, ng L−1) and the sediments
(SED, ng g−1 dry wt) of the Volturno River, southern Italy.

Fig. 4. Structural equation model: path coefficients and p-values (Latent constructs are shown with a circle and measured variables are shown with a rectangle).
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Fig. 6. Principal Component Analysis (PCA) of thewater dissolved phase (WDP) and suspended particulatematter (SPM) data of the Volturno River a) Loading plot of the two components
influencing atrazine and its metabolites in the aquatic environment; b) Score plot for the first and second principal component.
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determined DEA in the Mondego River estuary (Portugal) in surface
water samples and the concentrations were always above the limits
established by the European Directive 98/83/EC (European Commission
Council Directive 98/83/EC). Barchanska et al. (2017) assessed the be-
havior of these pesticides in water and sediment from Klodnika River
(Poland), observing that in all samples ATR was not present while
DEA, DIA and HAwere found in water and sediment samples. However,
the concentrations of these compounds were significantly higher than
in the present report.

3.3. Metabolite to parent ratio

Some ATR metabolites were studied in this paper and among these
DEA, DIA and HA are identified as key metabolites. In particular, Direc-
tive 91/414/EEC (Directive, C., 1991) classified DEA and DIA as “rele-
vant” metabolites of ATR (Vonberg et al., 2014a). In fact, DEA and DIA
have a chemical structure and a toxicological profile similar to that of
ATR (Ralston-Hooper et al., 2009), while HA has a different action
mode than the parental compound and it is toxic mainly to the kidneys
(Krutz et al., 2010). Moreover, chlorinated DPs are formed in the sedi-
ment only if ATR has sufficient residence time to be N-dealkylated by
microbial activity, however HA can form in the sediment both in abiotic
andbiotic conditions and therefore its presence could not be interpreted
unambiguously.

The desethylatrazine-to-atrazine ratio (DAR) is used to assess the
slow rate of ATR mobility from sediment to water and it may be useful
for characterizing point and nonpoint- source contamination of ATR
(Ghirardelli et al., 2020). The DAR was determined using:

DAR ¼ DEA½ �= ATR½ � ð3Þ

DAR values <0.5 indicate a point-source contamination and a rela-
tively short contact time between ATR and the sediment microorgan-
isms, while DAR values >0.5 suggest a longer residence time of ATR in
sediment and exclude external point sources (Lerch and Willett, 2019;
Ghirardelli et al., 2020).

The results in the Volturno River showed values >0.5 for all samples
analyzed and this suggest that ATR was derived from historical
discharge, indicating a long persistence in the environment and a
nonpoint-source contamination. The results of this study are consistent
with Vonberg et al. (2014a) and Ghirardelli et al. (2020), which evalu-
ated the trends in ATR and DEA concentrations in aquifers over several
years and observed constant values of DAR.
12
4. Conclusions

The intensive use of pesticides has caused concern among authori-
ties in different countries, as many of them are not easily degradable
and remain unchanged for a long time, consequently threatening envi-
ronmental sustainability. In view of this, monitoring programmes are
needed in order to assess the environmental impact and protect the
quality ofwater and land resources. This study is thefirst to offer helpful
information about the levels regarding ATR and its DPs contamination
in the Volturno River estuary. The results indicate that higher levels of
ATR and its DPs were found in water (as sum of WDP + SPM) than in
sediment samples, due to their physico-chemical properties such as rel-
atively high solubility in water, low adsorption to sediment and high
persistence in the environment. The data regarding the spatial and sea-
sonal distribution showed higher pollution levels near the river mouth,
in particular at 500 m southward and in the winter period due to in-
creased rainfall. The findings also suggested that the contaminants
load was heading South into the Mediterranean Sea. The DAR ratio be-
tween DEA and ATR was always ˃0.5 suggesting an historical discharge
and classifies ATR as a nonpoint source contaminant. This study is the
first to investigate the levels of ATR in water and sediments of southern
Italy, despite being banned many years ago. Besides providing the state
of pollution of this river, this research shows its environmental impact
on the Mediterranean Sea and offers useful data for national legislation
and standards on water contaminants.
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