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The organophosphate pesticides pollution in the Tiber River and its environmental impact on the Tyrrhenian Sea
(Central Mediterranean Sea) were estimated. Eight selected organophosphate pesticides (diazinon, dimethoate,
malathion, chlorpyrifos, pirimiphos-methyl, fenitrothion, methidathion, tolclofos-methyl) were determined in
the water dissolved phase, suspended particulate matter and sediment samples collected from 21 sites in differ-
ent seasons. Total organophosphate pesticides concentrations ranged from0.40 to 224.48 ng L−1 inwater (as the
sum of the water dissolved phase and suspended particulate matter) and from 1.42 to 68.46 ng g−1 in sediment
samples. Contaminant discharges of organophosphate pesticides into the sea were calculated in about
545.36 kg year−1 showing that this river should be consider as one of the main contribution sources of organo-
phosphate pesticides to the Tyrrhenian Sea. In relation to the eco-toxicological assessment, the concentrations of
most OPPs in the water and sediments from the Tiber River and its estuary were lower than guideline values.
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1. Introduction

During the last decades organophosphate pesticides (OPPs)
gained popularity worldwide compared to organochlorine pesticides.
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Organochlorine pesticides are persistent and damaging to the environ-
ment (Tankiewicz et al., 2011; Zheng et al., 2016; Yu et al., 2016),
instead the OPPs break down more rapidly in the environment, have a
milder impact and are safer and less persistent. It is estimated that
OPPs are worth nearly 40% of the global market and that they are
expected to maintain dominance for some time into the future.
They are the most popular pesticides and their usage is still growing,
mainly because of their low cost, reliability, wide spectrum of applica-
tions, multi-pest control capability and lack of pest resistance (Ma
et al., 2009; Dujaković et al., 2010; Li et al., 2010; Sapbamrer and
Hongsibsong, 2014).

The widespread application of the OPPs has been questioned as a
potential risk to human health: they can influence body glucose homeo-
stasis through several mechanisms including physiological stress,
allergies and nausea, adverse physiologic effects, oxidative stress, inhi-
bition of paraoxonase, nitrosative stress, pancreatitis, inhibition of cho-
linesterase, stimulation of the adrenal gland, and disturbance in the
metabolism of liver tryptophan (Badrane et al., 2014). Other risks of
organophosphate exposure include serious health consequences
such as neurobehavioral and cognitive abnormalities, teratogenicity,
endocrine modulation, immunotoxicity and compromised cognitive
development especially for infants and children reproductive effects,
spontaneous abortions, and fetal death. In fact the use of many organo-
phosphate insecticides has been restricted by the Environmental
Protection Agency (EPA) of the United States of America in order to pre-
vent health risks (Wang et al., 2009; Epstein, 2014;Ophir et al., 2014; Yu
et al., 2016).

As confirmed by numerous studies, the aquatic environment
appears to be one of the primary locations for OPPs (Wang et al.,
2009; González-Curbelo et al., 2013; Sangchan et al., 2014; Masiá
et al., 2015). They are carried from terrestrial sources through various
pathways, such as atmospheric and river transports. The input path-
ways of OPPs into aquatic environment include discharge of agricultural
sewage, runoff from non-point sources, and direct dumping of wastes
(Vryzas et al., 2009; Tankiewicz et al., 2010; Thomatou et al., 2013;
Poulier et al., 2014; Mamta et al., 2015). OPPs represent nowadays the
group of compound posing the highest risk for the ecosystem. They
are source of contaminants to aquatic biota, because a large portion of
the pesticides used in watersheds is rushed into river system and
carried into the estuaries. Thus, the assessment of OPPs in aquatic
environments is of primary importance as these areas could receive
considerable amounts of pollutant inputs from land-based sources
through coastal discharges,which could potentially threaten the biolog-
ical resources (De Lorenzo et al., 2001; Poulier et al., 2014; Dzul-Caamal
et al., 2014; Kuzmanović et al., 2015). Nevertheless, few studies evaluat-
ed the pollution from organophosphate pesticides in surface waters
compared to organochlorine pesticides (Zulin et al., 2002; Fadaei et al.,
2012; Assoumani et al., 2013).

Indeed, we chose the Tiber River, the second biggest river in Italy,
and its estuary as a case for total OPP pollution and risk evaluation.
The Tiber River is the most polluted river among the twenty longest
river in Italy (Legambiente, 2006). The Tiber Valley, with a catchment
area of 17,375 km2, is one of the most fertile in Italy thanks to the
high quality of the soil and Mediterranean climate. A large portion of
the Tiber Valley is devoted to agricultural use which might result in
water quality deterioration because of the input of pesticides and fertil-
izers. In an attempt to estimate the risk organisms and humans could
face when exposed to pesticides, the ecological risk assessment of this
river is carried out.

Ecological risk assessment is a technique applied to evaluate the
undesirable impacts caused by the environmental pollutants in an
ecological system; in particular, the Risk Quotient (RQ) is one general
assessment approach to characterize ecological risk from OPPs in
waters. RQ of selected pesticides is calculated using the ratio of themea-
sured environmental concentration (MEC) and the predicted no-effect
concentration (PNEC) (Palma et al., 2014).
This study is part of a large project aimed at contributing to the
knowledge of the pollution affecting the Tiber River and its environ-
mental impact on the Tyrrhenian Sea. The purpose of this project is to
assess the pollution due to effluents from local industries, agriculture
and the urban impact by identifying several groups of organic and
inorganic chemical and some indicators of microbial pollution in
water and sediments. This paper reports the data on the distribution
pattern and potential impact of OPPs in Tiber River system and its estu-
ary and assesses the ecological risk to human health risk.

2. Materials and methods

2.1. Study area

The Tiber River rises in the Apennine Mountains (Central Italy) and,
with a length of 409 km, passes through the city of Rome before flowing
into the Tyrrhenian Sea by two mouths, Fiumara Grande and Fiumicino
Canal, with an annual mean flow rate of 230m3 s−1. Rome, a city rich in
history with 2,863,322 inhabitants, has an ancient agricultural tradition
that is still the main resource for the socio-economic development.
Indeed, with 37,000 ha of Utilized Agricultural Surface (SAU), Rome is
the largest agricultural district in Europe (Minissi and Lombi, 1997;
ISTAT, 2014). The climate of the area is characterized by Mediterranean
climatewithwarmand dry summers (from July to August) and relative-
ly wet andmild winters. The rainy season is from autumn to spring. The
hydrology of the basin is highly influenced by the intense rainfall at the
upstream part that causes frequent floods in the downstream areas
(Fiseha et al., 2014).

2.2. Pesticides investigated

The last Italian agriculture census (Italian Statistical Institute, 2010,
ISTAT) reports that the main crops in the Tiber River basin are fruit
and vegetables (such as cereals and potatoes), vineyards, olive and
tobacco. The intensive agricultural activities might result in water
quality deterioration due to the usage of pesticides and fertilizers. In
particular, the most widely used pesticides in the Tiber flatland are or-
ganophosphate pesticides, such as chlorpyrifos and dimethoate, with
62.50 and 72.27 t annual sold (database of the National Agricultural
Information System, 2012, SIAN), which are consistent with the main
crops of the area. With the exception of chlorpyrifos and dimethoate,
in this study the others OPPs investigated (diazinon, malathion,
pirimiphos-methyl, fenitrothion, methidathion and tolclofos-methyl)
were selected according to the last Italian agriculture census by ISTAT
(2010) and the current EU regulations, such as the Water Framework
Directive (WFD) (EC, 2000). Also, the current literature was considered
to select the pesticides to be monitored (Bonansea et al., 2013; Kanzari
et al., 2014; Cruzeiro et al., 2015; Ccanccapa et al., 2016; Zheng et al.,
2016). Therefore, the distribution pattern and potential impact of the
following OPPs in Tiber River system and its estuary were investigated:
diazinon, dimethoate, malathion, chlorpyrifos, pirimiphos-methyl, feni-
trothion, methidathion and tolclofos-methyl.

2.3. Sampling

Considering the seasonal variations of the Tiber flow and in the
attempt to asses temporal trends of pollutants, four intensive sampling
campaigns have been conducted in the summer, autumn, winter and
spring of 2014–2015. In each campaign three locations were sampled
(before and after the fork in the river) in order to have a proper idea
of the evolution of the contamination downriver (Fig. 1). In addition,
nine points in the continental shelf around the Tiber artificial mouth
(Fiumicino canal) and other nine points in the continental shelf around
the Tiber natural mouth (Fiumara Grande)were sampled in each
campaign to assess the environmental impact of the Tiber River on the
Tyrrhenian Sea (Fig. 1). Three points were sampled 500 m from the



Fig. 1.Map of the study area and sampling sites in the Tiber River and Estuary, Central Italy.
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Tiber River mouths, another three points 1000 m away and, finally,
another three points 1500 m from the river mouths.

Precleaned 2.5 L glass amber bottles were deployed closed with a
homemade device (IOC, 1984; Gómez-Gutiérrez et al., 2006; Montuori
et al., 2015). This device consists in a stainless steel cage holding the
sampling bottle, which is submerged sealed with a PTFE stopper that
can be remotely opened at the desired sampling depth (in this case at
about 0.5 m depth). In each sampling point 2.5 L of water (one amber
bottles) were collected and transported refrigerated (4 °C) to the labo-
ratory. Water samples were filtered through a previously kiln-fired
(400 °C overnight) GF/F glass fiber filter (47 mm × 0.7 μm; Whatman,
Maidstone, UK). Filters (suspended particulate matter, SPM) were
kept in the dark at−20 °C until analysis. Dissolved phase refers to the
fraction of contaminants passing through the filter. This includes the
compounds that are both truly dissolved as well as those associated
with colloidal organic matter. These filtrates were kept in the dark at
4 °C and extracted within the same day of sampling (3–6 h from
sampling).

Surface sediment (0–5 cm) samples were collected by using a grab
sampler (Van Veen Bodemhappe 2 L capacity) and put in aluminium
containers. The sediments were transported refrigerated to the labora-
tory and kept at −20 °C before analysis.

2.4. OPPs extraction and analyses

2.4.1. Suspended particulate phase
Suspended particulate phase (SPM) content was gravimetrically

determined (filter weight), after drying the filter in an air-heated
oven (55 °C until constant weight) and equilibrated at room tempera-
ture in a desiccators (Montuori et al., 2015). Filters were spiked for
recovery calculations with a solution of 1,3-Dimethyl-2-nitrobenzene.
Spiked filters were extracted three times by sonication with 10 mL
of dichloromethane-methanol (1:1) (Carlo Erba, Milano, Italy) for
15 min. The pooled recovered extracts were dried on anhydrous
Na2SO4 (Carlo Erba), concentrated to 0.5 mL under vacuum and
solvent-exchanged to hexane (Carlo Erba). Extract fractionation was
carried out by open column chromatography (3 g of neutral alumina
Carlo Erba, deactivated with 3%w/wMilli-Qwater) and the compounds
were eluted with 5.5 ml of hexane (Merck) in fraction I and 6 mL of
hexane:ethyl acetate (9:1) (Merck) in fraction II. Lastly, the column
was eluted with 12 mL of ethyl acetate (fraction III) containing more
polar compounds.

2.4.2. Dissolved phase
The dissolved phase (DP) was spiked with a surrogate solution of

1,3-Dimethyl-2-nitrobenzene achieving a final concentration in water
of 5 ng L−1. Two liters of previously filtered water (DP, dissolved
phase) were preconcentrated by solid-phase extraction (SPE) using a
100 mg polymeric phase cartridge Strata X™ from Phenomenex
(Torrance, CA, USA). After eluting with 10 mL ethylacetate-hexane
(1:1), the extract was rotaevaporated to roughly 0.5 mL. The sample
was fractionated using an alumina open column chromatography as
indicated above for the particulate phase (Montuori et al., 2015).

2.4.3. Sediment
Sediments were oven dried at 60 °C and sieved at 250 μm. 5 g

aliquots were spiked with the surrogate mixture (2 ng of 1,3-Dimeth-
yl-2-nitrobenzene) and extracted three times by sonication using
15mLof DCM/methanol (1:1) for 15min. After centrifuging, the organic
extracts concentrated and fractionated as the water samples (Montuori
et al., 2015).

2.4.4. Analytical determination of OPPs
Cleaned extracts of fractions II and III were analyzed by GC-NPD

using a GC-2014 Shimadzu (Kyoto, Japan) equipped with a AOC-20i
Shimadzu (Kyoto, Japan) autosampler. Samples were injected in the
splitless mode at 250 °C and the detector was held at 280 °C. Helium
gas was used as a carrier with a flow rate of 25 cm/s at constant flow
mode. The hydrogen and air had a flow rate of 4 and 60mL/min, respec-
tively. Themake-up gas (nitrogen) had a flow rate of 3mL/min, and the
detector temperature was 330 °C. Chromatographic separation was
achieved by using a 30 m × 0.25 mm ID × 0.25 μm Rxi-17 column for
pesticides and herbicides (Restek, Bellefonte, PA 16823) with a temper-
ature program of 40 °C (1 min) to 280 °C at 8 °C min−1 (30 min),
holding it for 15 min. The presence of OPPs was confirmed by means
of GC–MS using a GC–MS 2010Plus Shimadzu (Kyoto, Japan) working



Table 1
Description of the sampling sites and concentration (ng L−1) of organophosphate pesticides in the water samples (as the sum of the DP and SPM) of the Tiber River and the continental shelf, Central Italy.

Sampling location Organophosphate pesticides Total

Site number
identification

Site characteristics Site location Campaigns Diazinon Dimethoate Malathion Chlorpyrifos
Pirimiphos
methyl

Fenitrothion Methidathion
Tolclofos
methyl

DP + SPM DP SPM SPM (ng g−1)

1 (river water)
Upstream Tiber
River fork

41°46′40.65″N
12°16′45.62″E

Aug 42.10 88.74 32.27 21.83 8.27 12.81 11.75 6.70 224.48 204.37 19.88 49.19
Nov 15.95 33.61 12.22 4.48 3.18 4.85 4.45 2.02 80.77 77.41 1.91 38.08
Feb 12.64 26.65 9.69 3.55 2.13 3.85 3.53 1.72 63.76 60.63 0.82 6.21
May 34.72 73.18 26.61 16.76 6.84 10.57 9.69 5.23 183.60 168.54 14.87 29.67

2 (river water)
Tiber River mouth
Fiumicino Canal

41°46′17.34″N
12°13′06.37″E

Aug 18.06 51.09 14.84 14.35 3.78 8.59 6.39 3.41 120.52 107.79 12.27 32.41
Nov 3.96 10.92 3.17 6.57 3.90 1.84 1.37 1.01 32.74 25.75 5.78 66.00
Feb 5.98 16.92 4.91 2.44 0.93 2.84 2.12 1.07 37.21 35.25 0.56 2.78
May 26.64 39.37 10.64 18.79 3.57 11.35 2.42 2.61 115.40 104.81 9.93 22.26

3 (river water)
Tiber River mouth
Fiumara Grande

41°44′24.50″N
12°13′58.73″E

Aug 26.32 38.82 11.76 11.34 5.17 5.62 7.20 4.25 110.47 102.76 7.61 25.81
Nov 10.29 29.18 7.79 2.21 1.42 2.34 1.70 0.89 55.82 53.80 0.91 20.33
Feb 7.41 10.94 3.31 2.63 1.46 1.58 1.03 1.04 29.40 27.36 0.61 8.60
May 19.31 43.47 14.09 6.54 5.19 3.97 4.50 2.86 99.95 93.66 4.74 21.73

4 (sea water)
River mouth Fiumicino
Canal at 500 m south

41°46′01.74″N
12°12′56.67″E

Aug 5.08 11.36 5.18 7.41 1.41 0.93 1.93 2.47 35.76 27.72 6.89 38.33
Nov 3.67 3.62 1.65 0.45 0.87 0.63 2.64 0.93 14.46 14.10 ND 6.75
Feb 4.71 6.81 1.74 0.48 0.47 0.92 0.65 ND 15.77 15.43 ND 4.60
May 18.41 22.89 6.32 2.66 1.36 2.26 ND 1.47 55.37 52.18 1.38 16.54

5 (sea water)
River mouth Fiumicino
Canal at 500 m central

41°46′17.84″N
12°12′44.76″E

Aug 7.08 12.41 1.14 6.01 0.31 0.72 1.34 0.84 29.85 25.21 3.69 23.33
Nov 1.57 1.48 1.03 0.84 0.28 0.82 ND ND 6.02 5.76 ND 5.61
Feb 1.80 4.08 1.07 0.99 0.27 0.67 1.44 ND 10.33 10.06 ND 7.02
May 2.41 7.87 ND 1.21 0.24 0.94 1.18 0.98 14.84 12.35 1.05 26.62

6 (sea water)
River mouth Fiumicino
Canal at 500 m north

41°46′31.73″N
12°12′53.50″E

Aug 11.56 37.69 9.12 14.59 4.59 5.19 3.20 1.96 87.91 76.04 10.45 135.43
Nov 2.88 9.24 2.24 3.61 2.19 1.27 1.79 ND 23.21 22.37 0.37 12.82
Feb 3.33 13.86 2.63 1.90 1.15 1.50 0.92 0.97 26.26 24.67 0.44 12.63
May 14.22 16.36 11.22 6.21 1.83 6.39 1.93 1.89 60.04 55.33 2.97 13.01

7 (sea water)
River mouth Fiumicino
Canal at 1000 m South

41°45′47.87″N
12°12′53.50″E

Aug 12.78 8.97 1.31 2.21 1.54 3.65 4.93 ND 35.39 33.89 1.28 23.23
Nov 1.88 1.12 ND 2.42 1.52 0.67 0.66 ND 8.26 8.12 ND 3.02
Feb 1.09 2.52 ND 1.12 0.57 0.83 ND ND 6.13 5.84 ND 11.30
May 1.92 7.21 2.91 1.43 1.04 1.81 ND ND 16.32 15.42 0.79 33.12

8 (sea water)
River mouth Fiumicino
Canal at 1000 m central

41°46′17.30″N
12°12′20.34″E

Aug 2.21 7.66 ND 0.47 0.28 0.63 0.66 0.95 12.86 11.68 ND 53.46
Nov 0.55 2.38 ND 0.27 0.22 ND 0.92 ND 4.34 4.08 ND 0.58
Feb 0.78 2.70 ND 0.22 0.23 ND 0.63 ND 4.55 4.32 ND 1.87
May 1.23 0.44 1.18 0.21 0.61 0.61 ND ND 4.28 4.04 ND 6.98

9 (sea water)
River mouth Fiumicino
Canal at 1000 m north

41°46′46.51″N
12°12′41.74″E

Aug 8.85 22.71 4.20 3.83 1.10 1.07 1.11 1.99 44.85 41.05 2.79 10.92
Nov 6.82 5.73 1.13 1.49 0.85 0.61 0.67 ND 17.30 17.06 ND 8.03
Feb 1.21 7.87 1.35 0.59 0.76 0.65 ND ND 12.43 12.24 ND 3.39
May 9.88 11.08 3.09 2.85 0.82 2.81 0.81 0.93 32.28 30.17 0.81 8.87

10 (sea water)
River mouth Fiumicino
Canal at 1500 m south

41°45′33.77″N
12°12′40.43″E

Aug 1.26 5.19 ND 0.25 0.22 ND 0.69 ND 7.61 7.13 ND 2.31
Nov 0.26 0.81 1.11 0.21 0.31 ND ND ND 2.70 2.68 ND 0.93
Feb 0.63 1.17 ND 1.21 ND ND ND ND 3.01 2.98 ND 2.02

(continued on next page)
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Table 1 (continued)

Sampling location Organophosphate pesticides Total

Site number
identification

Site characteristics Site location Campaigns Diazinon Dimethoate Malathion Chlorpyrifos
Pirimiphos
methyl

Fenitrothion Methidathion
Tolclofos
methyl

DP + SPM DP SPM SPM (ng g−1)

May 2.64 3.31 1.71 0.27 0.22 ND ND ND 8.15 7.84 ND 1.62

11 (sea water)
River mouth Fiumicino
Canal at 1500 m central

41°46′16.33″N
12°12′01.41″E

Aug 0.22 3.18 ND 0.22 ND ND ND ND 3.62 3.40 ND 1.16
Nov ND 0.40 ND ND ND ND ND ND 0.40 0.40 ND 0.14
Feb ND 1.08 ND 0.20 ND ND ND ND 1.28 1.08 ND 0.08
May ND 1.25 ND ND ND ND ND ND 1.25 1.25 ND 0.06

12 (sea water)
River mouth Fiumicino
Canal at 1500 m north

41°46′58.36″N
12°12′29.55″E

Aug 1.08 9.66 1.19 1.94 0.27 0.66 0.73 ND 15.53 14.29 0.93 11.27
Nov 0.33 1.80 ND 0.97 0.37 ND ND ND 3.47 3.45 ND 0.58
Feb 0.91 0.90 ND ND ND ND ND ND 1.81 1.81 ND 2.22
May 8.26 6.33 1.08 0.22 ND 1.19 ND ND 17.08 16.79 ND 2.73

13 (sea water)
River mouth Fiumara
Grande at 500 m south

41°44′08.68″N
12°14′07.38″E

Aug 14.53 27.92 10.75 7.44 2.22 3.40 4.07 3.00 73.32 68.20 4.80 91.79
Nov 7.72 16.92 3.70 1.61 0.56 1.86 1.02 ND 33.40 32.79 ND 6.67
Feb 4.32 8.31 1.20 1.92 1.06 1.07 1.21 0.94 20.02 19.22 0.44 17.13
May 9.17 32.95 16.68 7.59 3.62 1.99 2.15 2.26 76.42 72.00 3.28 13.07

14 (sea water)
River mouth Fiumara
Grande at 500 m central

41°44′14.43″N
12°13′40.05″E

Aug 4.77 8.36 2.66 1.39 0.97 1.19 0.73 ND 20.08 19.62 0.32 6.65
Nov 1.54 2.75 ND 1.46 0.32 0.66 0.62 ND 7.34 7.20 ND 1.81
Feb 1.61 2.81 ND 0.47 0.33 0.69 ND ND 5.90 5.75 ND 0.76
May 3.78 6.62 3.11 1.10 1.52 0.72 0.92 ND 17.78 16.67 0.78 5.68

15 (sea water)
River mouth Fiumara
Grande at 500 m north

41°44′27.27″N
12°13′36.50″E

Aug 10.52 12.28 6.27 2.20 3.76 0.69 2.33 1.10 39.16 36.58 1.28 12.30
Nov 8.91 8.14 2.12 0.41 0.26 0.97 0.79 ND 21.59 21.42 ND 3.62
Feb 2.92 4.21 2.15 1.19 0.56 0.71 0.80 ND 12.53 12.19 ND 7.00
May 6.65 10.78 ND 2.68 1.67 1.04 1.15 1.74 25.70 23.49 1.24 25.10

16 (sea water)
River mouth Fiumara
Grande at 1000 m south

41°43′52.67″N
12°14′13.37″E

Aug 2.36 2.93 1.09 3.35 1.67 0.84 1.19 1.48 14.90 11.52 1.54 6.77
Nov 1.98 10.92 1.36 0.75 0.22 0.61 ND ND 15.84 15.31 ND 7.42
Feb 1.79 2.97 ND 0.77 0.42 0.88 0.97 ND 7.81 7.48 ND 7.46
May 3.72 2.58 5.97 2.07 0.68 0.74 1.05 1.22 18.03 15.59 1.20 10.63

17 (sea water)
River mouth Fiumara
Grande at 1000 m central

41°44′06.84″N
12°13′20.15″E

Aug 1.35 5.55 1.93 0.22 0.28 0.62 ND ND 9.95 9.70 ND 2.05
Nov 0.69 11.25 ND 0.42 0.29 ND ND ND 12.65 12.62 ND 0.60
Feb 0.47 1.93 ND 0.38 0.24 0.66 ND ND 3.69 3.66 ND 1.17
May 0.91 3.74 1.62 0.38 0.36 0.66 0.67 ND 8.34 8.21 ND 0.35

18 (sea water)
River mouth Fiumara
Grande at 1000 m north

41°44′28.80″N
12°13′12.00″E

Aug 7.49 8.08 3.45 1.30 1.33 0.63 1.19 1.18 24.66 22.11 0.97 30.54
Nov 4.07 3.17 ND 1.22 0.27 ND 0.61 ND 9.34 9.00 ND 5.51
Feb 2.90 3.13 ND 0.26 0.23 0.61 ND ND 7.14 6.81 ND 4.82
May 20.36 8.28 4.03 0.25 0.28 0.95 ND ND 34.15 33.40 ND 39.42

19 (sea water)
River mouth Fiumara
Grande at 1500 m south

41°43′38.09″N
12°14′18.04″E

Aug 1.47 4.09 3.79 0.71 0.35 ND 0.97 ND 11.38 10.67 0.70 18.70
Nov 0.62 1.45 ND 0.53 ND ND ND ND 2.60 2.59 ND 1.68
Feb 0.72 1.43 ND ND ND ND ND ND 2.15 2.14 ND 0.64
May 1.25 2.37 2.21 1.13 0.23 ND ND ND 7.19 6.83 ND 10.05

20 (sea water)
River mouth Fiumara
Grande at 1500 m central

41°43′59.84″N
12°13′01.01″E

Aug 0.22 1.33 1.09 0.23 ND ND ND ND 2.87 2.86 ND 0.98
Nov 0.23 0.79 ND ND ND ND ND ND 1.02 1.02 ND 0.05
Feb 0.66 0.55 ND ND ND ND ND ND 1.21 1.20 ND 0.23
May 0.25 0.31 ND ND ND ND ND ND 0.56 0.55 ND 2.00

21 (sea water)
River mouth Fiumara
Grande at 1500 m north

41°44′32.41″N
12°12′52.76″E

Aug 3.36 3.67 1.36 ND 0.51 ND 1.24 ND 10.14 10.13 ND 8.64
Nov 1.23 2.37 ND 0.99 ND ND ND ND 4.59 4.58 ND 0.54
Feb 1.04 1.71 ND ND ND ND ND ND 2.75 2.72 ND 1.43
May 3.66 1.09 1.18 0.95 ND ND ND ND 6.88 6.63 ND 10.70

ND: not detectable.
DP: water dissolved phase.
SPM: suspended particulate matter.
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Table 2
Concentration ranges and mean value of organophosphate pesticides in the water (ng L−1) and in sediments (ng g−1 dw) from recent studies of different rivers, estuaries and coasts in the world.

Area References
Organophosphate pesticides

Diazinon Dimethoate Malathion Chlorpyrifos Pirimiphos methyl Fenitrothion Methidathion Tolclofos methyl

Asia
Yongding River, China Yao et al. (2001) NDa NDa

Tama River, Japan Nakamura and Daishima (2005) 8.1a 8.8a 12a

Tehran, Iran Berijani et al. (2006) 21.8a NDa 17.7a

Songhuajiang River, China

Gao et al. (2009)

1.3–180a 0.8–1070a

Liaohe River, China 1.3–480a 0.8–180a

Haihe River, China 1.3–220a 10–130a

Yellow River, China 1.3–2660a 10–1290a

Yangtse River, China 1.3–16a 0.8–540a

Huaihe River, China 1.3–280a 0.8–229a

Pearl River, China 1.3–28.8a 0.8–216a

Zhujiang River, China Li et al. (2010) NDa NDa NDa NDa NDa

Babolrood River, Iran Fadaei et al. (2012) 4970–768,910a 4590–503,580a

Shahrood River, Iran Karyab et al. (2013) 4120a 2200a

Guan River, China He et al. (2014) 0.0–2.18 (OPPs sum)b

Major rivers, South Korea Cho et al. (2014) 1.34–10.9a

Tighra Reservoir, India Mamta et al. (2015) 0–16.2a 0.68–36.24a 0–12.27a

Kurose River, Japan Kaonga et al. (2015) ND–370.0a

Africa

Zio River, Togo Mawussi et al. (2014)
NDa NDa NDa NDa NDa NDa

NDb NDb NDb 0.82–26.93b NDb NDb

America
Atoya River, Nicaragua Castilho et al. (2000) 346
San Joaquin River, California Ensminger et al. (2011) ND–912a ND–190a NDa ND–79a

Santa Maria River, California Phillips et al. (2012) ND–66.3a ND–80.7a ND–2930a ND–1874a

Suquia River, Argentina Bonansea et al. (2013) ND–7.1a

Lake Zumpango, Mexico Dzul-Caamal et al. (2014)
4.1a 25.2a

110.0b 5120.0b

(continued on next page)

223
P.M

ontuorietal./Science
ofthe

TotalEnvironm
ent

559
(2016)

218–231



Table 2 (continued)

Area References
Organophosphate pesticides

Diazinon Dimethoate Malathion Chlorpyrifos Pirimiphos methyl Fenitrothion Methidathion Tolclofos methyl

Europe
Portuguese rivers Villaverde et al. (2008) 11.5–19.2b 17.0–55.0b

Guadiana River, Portugal Palma et al. (2009) 0.68–9.47a 0.05–2.8a 1.23–3.34a

Arc River, France Kanzari et al. (2012) 0.01 (0.01–0.02)b

Guadalquivir River, Spain Masiá et al. (2013)
1.18–456.72a 2.7–69.26a 0.67–14.8a

0.2–175.5b 0.7–15.9b

North Sea, Germany Mai et al. (2013) ND–0.046a ND–0.045a NDa

Amvrakia Lake, Greece Thomatou et al. (2013) ND–52.6a ND–68.5a ND–10.9a ND–29.2a ND–48.4a ND–20.8a

Guadiana River, Portugal Palma et al. (2014) 0.54–4.25a 0.50–14.81a NDa NDa

Guadalquivir River, Spain Robles-Molina et al. (2014) 234.5a 5166.9a

Ria Formosa Lagoon, Portugal Cruzeiro et al. (2015) 26.8–139.2a 7.2–202.1a 6.0–13.1a 15.6–22.0a 5.3a

Mediterranean Sea
Kalamas River, Greece Lambropoulou et al. (2002) 40–250a

Damietta Canal, Egypt Abdel-Halim et al. (2006)
705,000.0a 466,000.0a 139,000.0a 23,300.0a

279.0b 5.12b 303.8b NDb

Ebro River, Spain Claver et al. (2006) 78.0–182.0a 15–312a

Ebro River, Spain Gómez-Gutiérrez et al. (2006) 0.2–1.7a ND–42.5a

Ebro River, Spain Terrado et al. (2007) 0.04–44a NDa 14–680a

Llobregat River, Spain Terrado et al. (2009) 5.0–376a 5.0–1085a

Ebro River, Spain Navarro et al. (2010) 5–256a 16–259a 46–60a 10–71a 13–29a

Llobregat and Anoia River, Spain Ricart et al. (2010)
0.83–785a 0.65–87.8a NDa 0.9–3.43a

0.09–1.29b NDb NDb 1.51–3.0b

Litani River, Lebanon Kouzayha et al. (2013) 2.8–9.7a 0.00–7.1a

Mar Menor, Spain Moreno-González et al. (2013) ND–5.4a ND–45.8a

Jucar River, Spain Belenguer et al. (2014) 0.44–11.94a 1.64a 8.75–12.62a 2.23–36.23a 12.63–28.64a

Huveaune River, France Kanzari et al. (2014) NDb

Llobregat River, Spain Masiá et al. (2015)
0.47–35.77a 5.08–71.91a 3.01–320.35a 0.22–13.65a 35–47.39a

0.04–2.53b 0.39–130.97b

Berre Lagoon, France Kanzari et al. (2015) NDb

Asopos River, Greece Charalampous et al. (2015) 0.01–0.04a

Lake Vistonis basin, Greece Papadakis et al. (2015) 376.0a 419.0a NDa

Turia and Jucar rivers, Spain Ccanccapa et al. (2016)
6.57–37.00a 6.15–97.39a NDa 6.07–30.75a 0.63–17.96a 0.27–7.76a

NDb NDb NDb 4.51–55.95b

This study (mean + Sd)
DP + SPM

0.22–42.10
(6.22 ± 7.97)

0.31–88.74
(11.35 ± 15.7)

1.03–32.27
(5.32 ± 6.28)

0.20–21.83
(3.01 ± 4.47)

0.22–8.27
(1.41 ± 1.67)

0.61–12.81
(2.24 ± 2.77)

0.61–11.75
(2.13 ± 2.31)

0.84–6.70
(1.97 ± 1.37)

Sediment
0.18–0.54
(0.35 ± 0.18)

ND ND
0.26–32.85
(6.75 ± 8.67)

0.18–8.69
(2.38 ± 2.39)

ND ND
0.28–26.37
(5.63 ± 6.53)

ND: not detectable.
a Water.
b Sediment.
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Table 3
Description of the sampling sites and concentration of organophosphate pesticides in the sediment samples (ng g−1 dw) samples of the Tiber River and the continental shelf, Central Italy.

Sampling location Organophosphate pesticides

Site number
identification

Site characteristics Site location Diazinon Dimethoate Malathion Chlorpyrifos
Pirimiphos
methyl

Fenitrothion Methidathion
Tolclofos
methyl

Total

1 (river water)
Upstream Tiber
River fork

41°46′40.65″N
12°16′45.62″E

0.54 ND ND 32.85 8.69 ND ND 26.37 68.46

2 (river water)
Tiber River mouth
Fiumicino Canal

41°46′17.34″N
12°13′06.37″E

ND ND ND 9.92 3.19 ND ND 15.78 28.89

3 (river water)
Tiber River mouth
Fiumara Grande

41°44′24.50″N
12°13′58.73″E

0.49 ND ND 25.55 6.36 ND ND 13.09 45.49

4 (sea water)
River mouth Fiumicino
Canal at 500 m south

41°46′01.74″N
12°12′56.67″E

0.21 ND ND 3.34 3.67 ND ND 5.14 12.36

5 (sea water)
River mouth Fiumicino
Canal at 500 m central

41°46′17.84″N
12°12′44.76″E

ND ND ND 1.23 1.54 ND ND 1.95 4.72

6 (sea water)
River mouth Fiumicino
Canal at 500 m north

41°46′31.73″N
12°12′53.50″E

0.18 ND ND 7.76 5.18 ND ND 4.48 17.60

7 (sea water)
River mouth Fiumicino
Canal at 1000 m south

41°45′47.87″N
12°12′53.50″E

ND ND ND 1.51 1.08 ND ND 3.53 6.12

8 (sea water)
River mouth Fiumicino
Canal at 1000 m central

41°46′17.30″N
12°12′20.34″E

ND ND ND 0.67 0.43 ND ND 1.82 2.91

9 (sea water)
River mouth Fiumicino
Canal at 1000 m north

41°46′46.51″N
12°12′41.74″E

ND ND ND 1.22 2.85 ND ND 5.92 9.99

10 (sea water)
River mouth Fiumicino
Canal at 1500 m south

41°45′33.77″N
12°12′40.43″E

ND ND ND 0.55 0.49 ND ND 0.54 1.59

11 (sea water)
River mouth Fiumicino
Canal at 1500 m central

41°46′16.33″N
12°12′01.41″E

ND ND ND 0.26 1.16 ND ND ND 1.42

12 (sea water)
River mouth Fiumicino
Canal at 1500 m north

41°46′58.36″N
12°12′29.55″E

ND ND ND 0.72 2.02 ND ND 1.82 4.56

13 (sea water)
River mouth Fiumara
Grande at 500 m south

41°44′08.68″N
12°14′07.38″E

0.37 ND ND 14.32 2.47 ND ND 8.10 25.26

14 (sea water)
River mouth Fiumara
Grande at 500 m central

41°44′14.43″N
12°13′40.05″E

ND ND ND 11.32 0.38 ND ND 2.93 14.63

15 (sea water)
River mouth Fiumara
Grande at 500 m north

41°44′27.27″N
12°13′36.50″E

0.29 ND ND 9.94 6.19 ND ND 9.68 26.10

16 (sea water)
River mouth Fiumara
Grande at 1000 m south

41°43′52.67″N
12°14′13.37″E

ND ND ND 9.19 1.09 ND ND 2.60 12.88

17 (sea water)
River mouth Fiumara
Grande at 1000 m central

41°44′06.84″N
12°13′20.15″E

ND ND ND 2.51 0.18 ND ND 0.48 3.17

18 (sea water)
River mouth Fiumara
Grande at 1000 m north

41°44′28.80″N
12°13′12.00″E

ND ND ND 3.33 0.25 ND ND 1.94 5.52

19 (sea water)
River mouth Fiumara
Grande at 1500 m south

41°43′38.09″N
12°14′18.04″E

ND ND ND 3.73 1.36 ND ND 0.49 5.58

20 (sea water)
River mouth Fiumara
Grande at 1500 m central

41°43′59.84″N
12°13′01.01″E

ND ND ND 1.17 0.21 ND ND 0.28 1.66

21 (sea water)
River mouth Fiumara
Grande at 1500 m north

41°44′32.41″N
12°12′52.76″E

ND ND ND 0.63 1.11 ND ND ND 1.74

ND: not detectable.
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in the electron impact mode and operating at 70 eV. Compound identi-
fication was carried out by comparing retention times with standards
and using the characteristic ions and their ratio for each target analyte,
confirming, for the higher concentrated samples, the identification of
target analytes in full-scan mode. The concentrations were calculated
from the calibration curves for the OPPs (AccuStandard Inc., CT 06513,
USA) (r2 N 0.99). Triphenyl phosphate was used as an internal standard
to compensate for the sensitivity variation of the NPD detector, and
triphenylamine of the MS detector. In each sample of SPM, DP and
sediment the concentration of following OPPs were measured:
diazinon, dimethoate, malathion, chlorpyrifos, pirimiphos-methyl,
fenitrothion, methidathion and tolclofos-methyl.

The surrogate averaged recoveries in the dissolved phase were
96.6 ± 7.8% for 1,3-Dimethyl-2-nitrobenzene. In the SPM and sediment
samples, recoveries for 1,3-Dimethyl-2-nitrobenzene were 92.3 ± 5.3%
and 91.5 ± 8.8%, respectively. Resulting data for OPPs pesticides were
corrected for surrogate recoveries. Procedural blanks were processed
in the same manner as real samples and evaluated with each set of
water samples. Limits of detection (LODs) were calculated as the
average blank value plus three times the standard deviation of the
blanks and ranged from 0.20 (chlorpyrifos) to 1.00 ng L−1 (malathion)
in the dissolved phase. In the particulate phase the values ranged from
0.30 to 1.50 ng L−1 and from 0.15 to 0.8 ng g−1 in the sediment.
2.5. Statistical analysis and calculation of the pollutant inputs

Data analysis was performed with the statistical software SPSS,
version 14.01 for Windows (SPSS Inc., Chicago, IL, USA). All data were
presented as the mean ± standard deviation (SD). The level of signifi-
cance was set at p ≤ 0.05.

The method used to estimate the annual contaminant discharges
(Fannual) was based on the UNEP guidelines (UNEP/MAP, 2004) and
has been widely accepted (Walling and Webb, 1985; HELCOM, 1993;
Steen et al., 2001). A flow-averaged mean concentration (Caw) was
calculated for the available data, which was corrected by the total
water discharge in the sampled period. The equations used were the
following:

Caw ¼ ∑n
i¼1CiQi

∑n
i¼1Qi

ð1Þ

Fannual ¼ CawQT ð2Þ

where Ci and Qi are the instantaneous concentration and water flow,
calculated by means of a daily averaged water flow, respectively for
each sampling event. QT represents the total water flow for the period
considered (August 2014–May2015), calculated by adding themonthly
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averaged water flow (Gómez-Gutiérrez et al., 2006; Montuori et al.,
2015). River flow data was collected from the register of the Autorità
di Bacino del Tevere to http://www.abtevere.it (Lazio Government for
the Environment). Furthermore, to study the temporal contaminant
discharge variation, Ci and Qi were considered for each campaign and
expressed as kg year−1.

Principal component analysis (PCA) is a multivariate statistical
method that allows developing a smaller number of artificial variables
(called principal components) from a typically large number of
variables in which there is some redundancy. In this case, redundancy
means that some of the variables are correlated with one another,
possibly because they are measuring the same construct. For this rea-
son, it is possible to reduce the observed variables into a smaller number
of principal components thatwill account formost of the variance in the
observed variables. Technically, a principal component can be defined
as a linear combination of optimally-weighted observed variables.
PCA, performed using SPAD (Systeme Portable pour l'Analyse des
Données), summarizes the variables as a set of new orthogonal
variables called principal components and displays the pattern of simi-
larity of the observations (sampling sites) and of the variables as points.
In the PCA, when concentrationswere below the LOD, a value of half the
LOD was used.

2.6. Risk assessment

The risk assessment was performed on the basis of the Risk
Quotient Index (RQ) (Vryzas et al., 2009; Thomatou et al., 2013). The
risk quotient of a single pesticide was calculated by using the following
equation:

RQ ¼ MEC
PNEC

ð3Þ

where, MEC is the mean or maximum concentration of pesticides
detected in the water samples and PNEC is the predicted no-effect
concentration. The mean and maximum detected concentrations
were, respectively, used as measured mean and maximum environ-
mental concentrations (MECs) for the general case (RQm) and the
worst case (RQex) scenarios, respectively (Thomatou et al., 2013).
PNEC can be calculated for acute or chronic toxicity, by dividing the
lowest short-term L(E)C50 or long-term No-Observed Effect Concentra-
tion (NOEC) values respectively by an assessment factor (AF). The AF
is an arbitrary factor to consider the inherent uncertainty in the
obtained laboratory toxicity data (Palma et al., 2014; Papadakis et al.,
2015; Zheng et al., 2016). Thus, we determined the ecological risk of
each pesticide for the ecosystem in each water sample, as well as
the ecological risk of the water sample, using the maximum and the
mean detected concentrations of the pesticides. If the value of RQ
index is higher than one (RQ N 1), harmful effects could be expected
due to the presence of the pollutant in water. On the contrary, if the
value of RQ index is less than zero point one (RQ b 0.1), the
environmental risk is low. The intermediate situation in which the RQ
index is between 0.1 and 1 (0.1 b RQ b 1) involves medium risk
(Palma et al., 2014).

3. Results and discussions

3.1. OPPs in the water dissolved phase, suspended particulate matter and
sediment samples

As shown in Table 1, the concentrations of total OPPs obtained
in the dissolved phase (DP) ranged from 0.40 (site 11) to 204.37 (site
1) ng L−1 with a mean value of 26.15 ± 36.01 ng L−1. In detail, they
ranged from 0.22 to 41.36 ng L−1 with a mean value of 6.12 ±
7.84 ng L−1 for diazinon, from 0.31 to 88.74 ng L−1 for dimethoate,
from 1.03 to 32.22 ng L−1 for malathion, from 0.20 to 12.15 ng L−1 for
chlorpyrifos, from 0.23 to 6.09 ng L−1 for pirimiphos-methyl, from
0.60 to 12.66 ng L−1 for fenitrothion, from 0.61 to 11.73 ng L−1 for
methidathion and from 0.80 to 2.47 ng L−1 for tolclofos-methyl.

Compared with other polluted rivers, estuaries and coasts in the
world (Table 2), the concentrations of total OPPs in the dissolved
phase from the Tiber River and Estuary (0.40–204.37 ng L−1) were
much higher than those found in the Tama River (Japan), by
Nakamura and Daishima (2005), in the Tighra Reservoir (India), by
Mamta et al. (2015), in the Suquia River (Argentina), by Bonansea
et al. (2013) in the Guadiana River (Portugal), by Palma et al. (2014)
and in Greece, in the Asopos River by Charalampous et al. (2015); but
lower than those reported in the China, by Gao et al. (2009), in the
Llobregat River (Spain), by Terrado et al. (2009), in the Santa Maria
River, (California), by Phillips et al. (2012) and in the Guadalquivir
River (Spain), by Robles-Molina et al. (2014). Based on these results,
the levels of OPPs in the dissolved phase in the Tiber River and Estuary
are comparable to those found in Portugal and Spain (Cruzeiro et al.,
2015; Masiá et al., 2015; Ccanccapa et al., 2016).

The compositional profiles of OPPs in the dissolved phase indicate
that dimethoate was abundant in all sampling sites, representing on
average over 43.4% of all OPPs. Dimethoate, one of the most used insec-
ticides in agriculture, has a relatively high mobility because of its high
solubility and low stability; indeed it was not detected in SPM and
sediment samples (SIAN, 2012; Palma et al., 2014; Poulier et al., 2014;
Sangchan et al., 2014). In addition, diazinon and malathion were
present in high concentrations, accounting respectively for 22.6% and
13.3% of total OPPs. These compounds have historically been used for
pest control on a wide variety of crops (Thomatou et al., 2013; Ryberg
and Gilliom, 2015). Fenitrothion, chlorpyrifos, methidathion and
pirimiphos-methyl were present in medium/low concentrations,
accounting respectively for 5.8%, 5.7%, 4.9% and 3.4% of total OPPs.
Tolclofos-methyl was present in very low concentrations, representing
only 0.9% of total OPPs.

In the suspended particulate matter (SPM), chlorpyrifos, pirimiphos-
methyl, tolclofos-methyl and diazinon were the only OPPs detected.
The cumulative concentrations on dry weight (dw) ranged from
0.32 ng L−1 (6.65 ng g−1) in site 14 to 19.88 ng L−1 (49.19 ng g−1) in
site 1 (mean value of 3.53 ± 4.60 ng L−1) (Table 1). Chlorpyrifos was
the most abundant in all sampling sites, accounting for 73.7% of ∑OPPs
in SPMs. The prevalence of chlorpyrifos, one of the most used pesticides
worldwide, could be explained by the higher concentrations of this
compound utilized in agriculture, representing the best selling insecti-
cide in the area (Claver et al., 2006; Eaton et al., 2008; Angioni et al.,
2011; SIAN, 2012; ISPRA, 2014; Dinh Van et al., 2014; Papadakis et al.,
2015). It is especially used as substitute of other organophosphate
pesticides (such as azinphos-methyl, azinphos-ethyl, chlorfenvinphos,
diazinon, ethion, fenitrothion, fenthion, omethoate, parathion-methyl
and parathion-ethyl) banned by EU (Regulation EC No 2009/1107)
(Terrado et al., 2009;Masiá et al., 2015). Many studies, and in particular
the most recent, reported concentrations of OPPs found in the water as
the sum of the DP and SPM, and not separately. Therefore, it is difficult
to make a proper comparison between the concentrations of OPPs in
SPM samples found in this study and those from other polluted aquatic
environments.

As shown in Table 3, the concentrations of total OPPs obtained in the
sediment samples ranged from 1.42 (site 11) to 68.46 (site 1) ng L−1

with a mean value of 14.32 ± 16.91 ng L−1. Also in sediment samples,
chlorpyrifos, pirimiphos-methyl, tolclofos-methyl and diazinon were
the only OPPs detected, probably because these compounds are
considered pseudo-persistent organic pollutants, due to their extensive
usage and continuous introduction into the environment (Barceló and
Hennion, 1997; Bonansea et al., 2013; Li et al., 2014).

Compared with other polluted rivers, estuaries and coasts in the
world (Table 2), the concentrations of OPPs in the sediment samples
from the Tiber River and Estuary (1.42–68.46 ng g−1) were much
higher than those found in the Anoia River (Spain), by Ricart et al.

http://www.abtevere.it


Fig. 2. a. Spatial and temporal concentration of organophosphate pesticides in thewater dissolved phase (DP, ng L−1), the suspended particulate matter (SPM, ng L−1) and the sediments
(ng g−1 dry wt) of the Fiumicino Canal mouth and the continental shelf, Central Italy. b. Spatial and temporal concentration of organophosphate pesticides in the water dissolved phase
(DP, ng L−1), the suspended particulate matter (SPM, ng L−1) and the sediments (ng g−1 dry wt) of the Fiumara Grande mouth and the continental shelf, Central Italy.
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(2010) and in the Arc River–Berre Lagoon (France), by Kanzari et al.
(2012); but lower than those reported in the Lake Zumpango
(Mexico), by Dzul-Caamal et al. (2014), in the Guadalquivir River
(Spain), by Masiá et al. (2013) and in the Llobregat River (Spain), by
Masiá et al. (2015). Based on these results, the levels of OPPs in the sed-
iment samples in the Tiber River and Estuary are comparable to those
found in the Portuguese River (Portugal), by Villaverde et al. (2008)
and in Spain (Turia and Jucar rivers), by Ccanccapa et al. (2016).
Nevertheless, Europe, Asia, America and Africa are extremely different
regions, both culturally and geographically, but the studies analyzed
show minimal differences between developed and developing coun-
tries in the use of pesticides, possibly due to globalization. In particular,
the rivers of theMediterranean area present similar concentrations and
types of pesticides, probably because there are similar cultivations in all
theMediterranean (Villaverde et al., 2008;Masiá et al., 2015; Ccanccapa
et al., 2016).
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3.2. OPPs distribution between water DP, SPM and sediment samples

Chlorpyrifos, pirimiphos-methyl, tolclofos-methyl and diazinon
were the only OPPs detected in SPM samples. The cumulative
concentration ratios of these pesticides in DP samples to those in SPM
(ng L−1) were N1 in most sampling sites (average 8.80; range 1.21–
25.02; SD ± 6.73). These results lead us to consider that the total
amount of selected OPPs in DP samples was more abundant than in
SPM samples for each site and season. With some exception, the
amount of these pesticides in sediment samples was more abundant
than their corresponding water bodies (DP and SPM samples). In fact,
the ratio of the concentration of these pesticides in water bodies (DP
and SPM samples) compared to that in the corresponding sediment
samples was b1 in most sampling sites and for each season. These
results show that higher levels of these pesticides, found in sediment
samples than DP and SPM samples, are indicators of no fresh inputs of
these pesticides in the Tiber. In addition, the higher levels of these
pesticides detected in sediments samples compared to the ones detect-
ed in their corresponding of water bodies (DP samples and SPM), indi-
cate that the processes of gravitational sedimentation and suspension
are mainly in this area with the subsequent transfer of these pesticides
between sediments and water bodies. This is also confirmed that OPPs
found in water bodies, generally reflected a similar quantitative pattern
detected in sediment samples.
Fig. 3. a. Principal component analysis (PCA) of the data of the Tiber River. Loading plot for the
component (PC) of the organophosphate pesticides in water samples (as the sum of the water
3.3. Spatial and seasonal distribution of OPPs

The spatial distribution of OPPs concentrations is useful aid to assess
the possible source of enrichment and to identify hotspots with high
OPPs concentration. The spatial distribution of selected pesticides in
DP, SPM and sediment samples from the Tiber River and its estuary
were studied by comparing the concentrations of OPPs in different
sampling sites in dry and rainy seasons, respectively. The results, sum-
marized in Fig. 2a and b, show a similar trend. Indeed, the OPPs contam-
ination levels in the Tiber decrease clearly from locations 1 to 2 and 3.
The total OPPs concentrations decreased to 138.15 ng L−1 (DP + SPM
mean values of four seasons) at location 1 (Upstream Tiber River fork)
to 76.47 ng L−1 (DP + SPM mean values of four seasons) at location 2
(Tiber River Mouth Fiumicino Canal) and to 73.91 ng L−1 (DP + SPM
mean values of four seasons) at location 3 (Tiber River Mouth Fiumara
Grande). This decrease in total OPPs concentrations is due to the split-
ting of the river in its two mouths, before flowing into the Tyrrhenian
Sea (Fig. 2a and b). In the Tyrrhenian Sea, around the two mouths of
the Tiber, OPPs concentrations range in general from very high in the
vicinity of the river outflows to very low in offshore areas (Fig. 2a and
b). At 500 m of river outflow, the concentration of OPPs was close to
those of the Tibermouths (Fig. 2a and b). The concentrations at the sam-
pling sites then decreased at 1000 m and more at 1500 m of the river
outflows. Particularly, at the Fiumicino mouth the OPPs loads move
first and second principal component (PC). b. Score plot for the first and second principal
dissolved phase and the suspended particulate matter) from the Tiber River.



Table 4
Ecotoxicity endpointsa forfish, aquatic invertebrates and algae, related PNEC values (μg L−1) and RiskQuotient (MEC/PNEC) for organophosphate pesticides detected in the TiberRiver and
Estuary.

OPPs Fish Aquatic invertebrates Algae Critical concentration Assessment factor PNEC RQm RQex

Diazinon 700 0.6 10,000 NOEC: 0.56 10 0.056 0.052 0.7518
Dimethoate 400 40.0 32,000 NOEC: 40.0 10 4.0 0.0015 0.0222
Malathion 91.0 0.06 1200 NOEC: 0.06 10 0.006 0.4850 5.3781
Chlorpyrifos 0.14 4.6 43 NOEC: 0.14 10 0.014 0.0874 1.5593
Pirimiphos-methyl 23.0 0.08 1000 (EC50) NOEC: 0.08 50 0.0016 0.4914 5.1688
Fenitrothion 88.0 0.087 100 NOEC: 0.087 10 0.0087 0.1103 1.4726
Methidathion 6.1 0.66 22,000 NOEC: 0.66 50 0.0132 0.0903 0.8904

MEC:mean ormaximumvalues; NOEC: no-observed effect concentration values; PNEC: predicted no-effect concentration; RQm: Risk Quotient based onmean values; RQex: Risk Quotient
based on maximum values.

a Thomatou et al. (2013) and Palma et al. (2014).

229P. Montuori et al. / Science of the Total Environment 559 (2016) 218–231
into the Tyrrhenian Sea northward (Fig. 2). On the contrary, at the
Fiumara Grande mouth the OPPs loads move into the Tyrrhenian Sea
southward (Fig. 2b).

The OPPs inputs mainly occurred in the final part of the river by
diffuse surface or subsurface hydrological pathways, including storm
water runoff, tributary inflow, or due to industrial effluent discharge,
atmospheric deposition and bad agricultural practices. The total load
of OPPs released by Tiber River to the Tyrrhenian Sea was estimated to
be at 545.36 kg year−1. This high load of pesticides, even in periods of
low pesticide concentration, could have impact on the biota andmarine
ecosystems (Ccanccapa et al., 2016). The occurrence of OPPs in surface
waters is typically a consequence of seasonal agriculture practice with
episodic peaks correlating withmeteorological and hydrological events.
The highest levels of pesticide residues are in accordance with the
pesticide application events. (Thomatou et al., 2013; Köck-Schulmeyer
et al., 2014). Lower concentrations were observed during the autumn
and winter months because of dilution effects owing to high-rainfall
events and the increased degradation of pesticides after their applica-
tion (Schäfer et al., 2011; Thomatou et al., 2013).

The PCA was also employed to conduct quantitative assessment.
PCAwas conducted for the eight OPPs in 21 water samples of four sam-
pling campaigns (Fig. 3a and b). The eigenvalues and the cumulative
proportions of the explained variance suggest that it is reasonable to re-
tain the first two PCs. In fact, the first 2 PCs explain up to 70.5% of the
total variability. The plot of the first two PCs against each other
(Fig. 3) enhances visual interpretation. First of all, the first component
(Factor 1) could be interpreted as the concentration of OPPs detected
while the second component (Factor 2) is linked to the filter weight.
In fact when all loadings are positive, as the case of the first component,
the PC is a weighted average of the variables therefore a measure of
overall pollution rate; likewise, the positive and negative coefficients
in the second component may be regarded the weight of each OPP.
Moreover, Fig. 3 shows that the filter weights are substantially indepen-
dent from the concentrations of OPPs detected. The highest filter
weightswere found in February, which is attributable to thewet season
floods. This suggests that part of these suspended materials could come
from the remobilization of polluted sediments. In the score plot
(Fig. 3b), the data are distributed in a limited region of space spanned
by the two factor well-defined axes. Since OPPs have higher positive
loadings, samples loaded with these compounds are distributed along
a straight diagonal line drawn from the axes origin through the right
upper quadrant, tending towards the Factor 1 axis. These samples corre-
spond to waters collected in the Tiber River in the period May–August,
following application period. Their presence and trends could be more
associated to their agricultural application and weather conditions.
This is in part due to the physicochemical properties because they are
more associated with the dissolved than with the particulate phase
and are less persistent in the environment. The same occurs in the
lower left quadrant where the data points correspond to the contribu-
tion by OPPs detected in autumn and winter, with negative loadings
for Factor 1 (right quadrant) and positive loadings for Factor 2 (lower
quadrant).
3.4. Eco-toxicity and risk assessment of OPPs in the Tiber River and Estuary

Many countries have developed Environmental Quality Standards
(EQS) for priority substances and other pollutants in inland surface wa-
ters and coastal waters. Guidelines derived in one regionwill not be rel-
evant for all regions, because, for example, biochemical reaction rates
and biological activity increase exponentially with temperature
(Belenguer et al., 2014; Dinh Van et al., 2014; Ccanccapa et al., 2016).
Regionally developed EQS may be less relevant in other regions with
different contaminant mixtures. The concentrations of OPPs found in
the water of the Tiber River and its estuary as the sum of the DP and
SPMwere significantly lower than the Criterion Continuous Concentra-
tion (CCC) for water quality recommended by US-EPA Agency (0.041,
0.17, and 0.1 μg L−1 respectively for chlorpyrifos, diazinon andmalathi-
on) (USEPA, 2010).

Although compliance with EC-EQS in surface waters is checked
using an annual average of monthly whole water (DP + SPM)
concentrations (Directive 2008/105/EC, 2008), our data show that
the mean concentrations of chlorpyrifos (3.01 ng L−1) in the Tiber
River and its estuary were lower than the EQS value of 30 ng L−1

showing that the ecological integrity of the river watercourse is
possibly at risk.

In order to evaluate negative impact of OPPs on Tiber River
ecosystem, an environmental risk assessment was performed
employing the NOEC values obtained from chronic toxicity tests for
producing the corresponding PNECs. Table 4 reported the results ob-
tained for all the detected compounds exhibiting low to high risk at
either average or extreme conditions, as calculated from their corre-
sponding mean and maximum concentrations. No OPPs presented
RQm higher than unit when using mean MECs. Malathion, chlorpyri-
fos, pirimiphos-methyl and fenitrothion would be present in some
samples at levels that are representatively high risk (RQex N 1)
using maximum MEC values. Medium risk (RQex between 0.1 and
1) was associated with diazinon andmethidathion in few case. Final-
ly, dimethoate exhibited no risk. However, considering the large
mass loads for these pesticides in the river, potential negative im-
pacts on aquatic ecosystems should not be neglected at the current
situations.

In the long term, this high aquatic risk caused by pesticidesmay lead
to changes in the fish and invertebrate communities, following a
decrease of the most sensitive species and an increase of the most
resistant ones, with a consequent loss of biodiversity (Palma et al.,
2014; Kuzmanović et al., 2015; Zheng et al., 2016). The application of
the RQ method in the present study showed that although all
pesticide concentrations complied with the EQS, the potential risk
associated with the pesticides should not be neglected. Therefore
the sustainable use of pesticides and their substitution by com-
pounds with more favourable physico-chemical properties and
lower toxicity, taking into account both abiotic and biotic factors,
must be considered as important mitigation measures to reduce in-
puts into surface water and to protect the aquatic ecosystem from
further contamination.
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4. Conclusions

This study is the first documenting a comprehensive analysis of OPPs
levels in the Tiber River and its estuary; it has provided very useful
information for the evaluation of trace OPPs levels in this river and its
input into the Tyrrhenian Sea (Mediterranean Sea). The results show
that higher levels of OPPs were found in sediment than DP samples
and SPM samples, which are indicators of no fresh inputs of these com-
pounds. Moreover, the higher levels of OPPs found in water bodies than
in their corresponding sediment samples indicate that the gravitational
sedimentation and suspension processes are mainly in this area with
subsequent transfer of OPPs particularly less polar, from water bodies
to sediments. In relation to the eco-toxicological assessment, the
concentrations of most OPPs in the water and sediments from the
Tiber River and its estuary were lower than guideline values. Neverthe-
less,we suggest that the Tiberwaters should be continuouslymonitored
since OPPs may cause potential damage to aquatic biota animals.

Acknowledgments

This research received no specific grant from any funding agency in
the public, commercial, or not-for-profit sectors.

References

Abdel-Halim, K.Y., Salama, A.K., El-khateeb, E.N., Bakry, N.M., 2006. Organophosphorus
pollutants (OPP) in aquatic environment at Damietta Governorate, Egypt: implica-
tions for monitoring and biomarker responses. Chemosphere 63, 1491–1498.
http://dx.doi.org/10.1016/j.chemosphere.2005.09.019.

Angioni, A., Dedola, F., Garau, A., Sarais, G., Cabras, P., Caboni, P., 2011. Chlorpyrifos
residues levels in fruits and vegetables after field treatment. J. Environ. Sci. Health B
46, 544–554. http://dx.doi.org/10.1080/03601234.2011.583880.

Assoumani, A., Lissalde, S., Margoum, C., Mazzella, N., Coquery, M., 2013. In situ applica-
tion of stir bar sorptive extraction as a passive sampling technique for themonitoring
of agricultural pesticides in surface waters. Sci. Total Environ. 463-464, 829–835.
http://dx.doi.org/10.1016/j.scitotenv.2013.06.025.

Badrane, N., Askour, M., Berechid, K., Abidi, K., Dendane, T., Zeggwagh, A.A., 2014. Severe
oral and intravenous insecticide mixture poisoning with diabetic ketoacidosis: a case
report. BMC Res. Notes 7, 485. http://dx.doi.org/10.1186/1756-0500-7-485.

Barceló, D., Hennion, M.C., 1997. Trace determination of pesticides and their degradation
products in water. Techniques and Instrumentation in Analytical Chemistry. Elsevier,
Amsterdam.

Belenguer, V., Martinez-Capela, F., Masiá, A., Picó, Y., 2014. Patterns of presence and
concentration of pesticides in fish and waters of the Júcar River (Eastern Spain).
J. Hazard. Mater. 265, 271–279. http://dx.doi.org/10.1016/j.jhazmat.2013.11.016.

Berijani, S., Assadi, Y., Anbia, M., Milani Hosseini, M.R., Aghaee, E., 2006. Dispersive liquid–
liquid microextraction combined with gas chromatography-flame photometric
detection: very simple, rapid and sensitive method for the determination of organo-
phosphorus pesticides in water. J. Chromatogr. A 1123, 1–9. http://dx.doi.org/10.
1016/j.chroma.2006.05.010.

Bonansea, R.I., Amé, M.V., Wunderlin, D.A., 2013. Determination of priority pesticides in
water samples combining SPE and SPME coupled to GC–MS. A case study: Suquía
River basin (Argentina). Chemosphere 90 (6), 1860–1869. http://dx.doi.org/10.
1016/j.chemosphere.2012.10.007.

Castilho, J.A.A., Fenzl, N., Guillen, S.M., Nascimento, F.S., 2000. Organochlorine and
organophosphorus pesticide residues in the Atoya River basin, Chinandega,
Nicaragua. Environ. Pollut. 110, 523–533. http://dx.doi.org/10.1016/S0269-
7491(99)00277-8.

Ccanccapa, A., Masiá, A., Andreu, V., Picó, Y., 2016. Spatio-temporal patterns of pesticide
residues in the Turia and Júcar rivers (Spain). Sci. Total Environ. 540, 200–210.
http://dx.doi.org/10.1016/j.scitotenv.2015.06.063.

Charalampous, N., Kindou, A., Vlastos, D., Tsarpali, V., Antonopoulou, M., Konstantinou, I.,
Dailianis, S., 2015. A multidisciplinary assessment of river surface water quality in
areas heavily influenced by human activities. Arch. Environ. Contam. Toxicol. 69
(2), 208–222. http://dx.doi.org/10.1007/s00244-015-0152-9.

Cho, E., Khim, J., Chung, S., Seo, D., Son, Y., 2014. Occurrence of micropollutants in four
major rivers in Korea. Sci. Total Environ. 491–492, 138–147. http://dx.doi.org/10.
1016/j.scitotenv.2014.03.025.

Claver, A., Ormad, P., Rodríguez, L., Ovelleiro, J.L., 2006. Study of the presence of pesticides
in surface waters in the Ebro River basin (Spain). Chemosphere 64, 1437–1443.
http://dx.doi.org/10.1016/j.chemosphere.2006.02.034.

Cruzeiro, C., Pardal, M.Â., Rocha, E., Rocha, M.J., 2015. Occurrence and seasonal loads of
pesticides in surface water and suspended particulate matter from a wet land of
worldwide interest-the Ria Formosa Lagoon, Portugal. Environ. Monit. Assess. 187
(11), 669. http://dx.doi.org/10.1007/s10661-015-4824-8.

De Lorenzo, M.E., Scott, G.I., Ross, P.E., 2001. Toxicity of pesticides to aquatic microorgan-
isms: a review. Environ. Toxicol. Chem. 20 (1), 84–98. http://dx.doi.org/10.1002/etc.
5620200108.
Dinh Van, K., Janssens, L., Debecker, S., Stoks, R., 2014. Warming increases chlorpyrifos
effects on predator but not anti-predator behaviours. Aquat. Toxicol. 152, 215–221.
http://dx.doi.org/10.1016/j.aquatox.2014.04.011.

Directive 2008/105/EC of the European Parliament and of the Council of 16 December
2008 on environmental quality standards in the field of water policy, amending
and subsequently repealing Council Directives 82/176/EEC, 83/513/EEC, 84/156/
EEC, 84/491/EEC, 86/280/EEC and amending Directive 2000/60/EC of the European
Parliament and of the Council. Off. J. Eur. Union 348:84–97.

Dujaković, N., Grujić, S., Radisić, M., Vasiljević, T., Lausević, M., 2010. Determination of pes-
ticides in surface and ground waters by liquid chromatography-electrospray-tandem
mass spectrometry. Anal. Chim. Acta 678 (1), 63–72. http://dx.doi.org/10.1016/j.aca.
2010.08.016.

Dzul-Caamal, R., Domínguez-Lòpez, M.L., Olivares-Rubio, H.F., García-Latorre, E., Vega-
López, A., 2014. The relationship between the bioactivation and detoxification of
diazinon and chlorpyrifos, and the inhibition of acetylcholinesterase activity in
Chirostoma jordani from three lakes with low to high organophosphate pesticides
contamination. Ecotoxicology 23 (5), 779–790. http://dx.doi.org/10.1007/s10646-
014-1216-8.

Eaton, D.L., Daroff, R.B., Autrup, H., Bridges, J., Buffler, P., Costa, L.G., Coyle, J., McKhann, G.,
Mobley, W.C., Nadel, L., Neubert, D., Schulte-Hermann, R., Spencer, P.S., 2008. Review
of the toxicology of chlorpyrifos with an emphasis on human exposure and
neurodevelopment. Crit. Rev. Toxicol. 38, 1–125. http://dx.doi.org/10.1080/
10408440802272158.

EC, 2000. Directive 2000/60/EC of the European Parliament and of the Council of 23 Octo-
ber 2000 Establishing a Framework for Community Action in the Field ofWater Policy
(L 37: 1e72).

Ensminger, M., Bergin, R., Spurlock, F., Goh, K.S., 2011. Pesticide concentrations in water
and sediment and associated invertebrate toxicity in Del Puerto and Orestimba
Creeks, California, 2007–2008. Environ. Monit. Assess. 175, 573–587. http://dx.doi.
org/10.1007/s10661-010-1552-y.

Epstein, L., 2014. Fifty years since silent spring. Annu. Rev. Phytopathol. 52, 377–402.
http://dx.doi.org/10.1146/annurev-phyto-102313-045900.

Fadaei, A., Dehghani, M.H., Nasseri, S., Mahvi, A.H., Rastkari, N., Shayeghi, M., 2012. Organ-
ophosphorous pesticides in surface water of Iran. Bull. Environ. Contam. Toxicol. 88,
867–869. http://dx.doi.org/10.1007/s00128-012-0568-0.

Fiseha, B.M., Setegn, S.G., Melesse, A.M., Volpi, E., Fiori, A., 2014. Impact of climate change
on the hydrology of upper Tiber River basin using bias corrected regional climate
model. Water Resour. Manag. 28, 1327–1343. http://dx.doi.org/10.1007/s11269-
014-0546-x.

Gao, J., Liu, L., Liu, X., Zhou, H., Lu, J., Huang, S., Wang, Z., 2009. The occurrence and spatial
distribution of organophosphorous pesticides in Chinese surface water. Bull. Environ.
Contam. Toxicol. 82, 223–229. http://dx.doi.org/10.1007/s00128-008-9618-z.

Gómez-Gutiérrez, A.I., Jover, E., Bodineau, L., Albaigés, J., Bayona, J.M., 2006. Organic con-
taminant loads into the Western Mediterranean Sea: estimate of Ebro River inputs.
Chemosphere 65, 224–236. http://dx.doi.org/10.1016/j.chemosphere.2006.02.058.

González-Curbelo, M.A., Herrera-Herrera, A.V., Hernández-Borges, J., Rodríguez-Delgado,
M.A., 2013. Analysis of pesticides residues in environmental water samples using
multiwalled carbon nanotubes dispersive solid-phase extraction. J. Sep. Sci. 36 (3),
556–563. http://dx.doi.org/10.1002/jssc.201200782.

He, X., Song, X., Pang, Y., Li, Y., Chen, B., Feng, Z., 2014. Distribution, sources, and ecological
risk assessment of SVOCs in surface sediments from Guan River estuary, China.
Environ. Monit. Assess. 186 (7), 4001–4012. http://dx.doi.org/10.1007/s10661-014-
3675-z.

HELCOM, 1993. Second Baltic Sea Pollution Load Compilation Balt Sea Environ Proc No 45
Baltic Marine Environment Protection Commission, Helsinki, Finland.

IOC, 1984. Manual for monitoring oil and dissolved/dispersed petroleum hydrocarbons in
marine waters and on beaches. Manuals and Guides No 13. UNESCO, Paris.

ISPRA, 2014. Rapporto nazionale pesticidi nelle acque (Dati 2011-2012. ISPRA 208/2014
ISBN 978-88-448-0681-1).

ISTAT, 2010. 6° Censimento Nazionale dell'Agricoltura. Istituto Nazionale di Statistica
(Available at 02/02/2016 to: http://censimentoagricoltura.istat.it/).

ISTAT, 2014. National Institute of Statistics, Population Housing Census. Available at 12/
06/2015 to: http://dati.istat.it.

Kanzari, F., Syakti, A.D., Asia, L., Malleret, L., Mille, G., Jamoussi, B., Abderrabba, M.,
Doumenq, P., 2012. Aliphatic hydrocarbons, polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, organochlorine, and organophosphorous pesticides in
surface sediments from the Arc River and the Berre Lagoon, France. Environ. Sci.
Pollut. Res. Int. 19 (2), 559–576. http://dx.doi.org/10.1007/s11356-011-0582-5.

Kanzari, F., Syakti, A.D., Asia, L., Malleret, L., Piram, A., Mille, G., Doumenq, P., 2014. Distri-
butions and sources of persistent organic pollutants (aliphatic hydrocarbons, PAHs,
PCBs and pesticides) in surface sediments of an industrialized urban river
(Huveaune), France. Sci. Total Environ. 478, 141–151. http://dx.doi.org/10.1016/j.
scitotenv.2014.01.065.

Kanzari, F., Asia, L., Syakti, A.D., Piram, A., Malleret, L., Mille, G., Doumenq, P., 2015.
Distribution and risk assessment of hydrocarbons (aliphatic and PAHs), polychlorinated
biphenyls (PCBs), and pesticides in surface sediments from an agricultural river (Du-
rance) and an industrialized urban lagoon (Berre Lagoon), France. Environ. Monit. As-
sess. 187 (9), 591. http://dx.doi.org/10.1007/s10661-015-4823-9.

Kaonga, C.C., Takeda, K., Sakugawa, H., 2015. Diuron, irgarol 1051 and fenitrothion
contamination for a river passing through an agricultural and urban area in Higashi
Hiroshima City, Japan. Sci. Total Environ. 518-519, 450–458. http://dx.doi.org/10.
1016/j.scitotenv.2015.03.022.

Karyab, H., Mahvi, A.H., Nazmara, S., Bahojb, A., 2013. Determination of water sources
contamination to diazinon and malathion and spatial pollution patterns in Qazvin,
Iran. Bull. Environ. Contam. Toxicol. 90, 126–131. http://dx.doi.org/10.1007/s00128-
012-0880-8.

http://dx.doi.org/10.1016/j.chemosphere.2005.09.019
http://dx.doi.org/10.1080/03601234.2011.583880
http://dx.doi.org/10.1016/j.scitotenv.2013.06.025
http://dx.doi.org/10.1186/1756-0500-7-485
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0025
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0025
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0025
http://dx.doi.org/10.1016/j.jhazmat.2013.11.016
http://dx.doi.org/10.1016/j.chroma.2006.05.010
http://dx.doi.org/10.1016/j.chroma.2006.05.010
http://dx.doi.org/10.1016/j.chemosphere.2012.10.007
http://dx.doi.org/10.1016/j.chemosphere.2012.10.007
http://dx.doi.org/10.1016/S0269-7491(99)00277-8
http://dx.doi.org/10.1016/S0269-7491(99)00277-8
http://dx.doi.org/10.1016/j.scitotenv.2015.06.063
http://dx.doi.org/10.1007/s00244-015-0152-9
http://dx.doi.org/10.1016/j.scitotenv.2014.03.025
http://dx.doi.org/10.1016/j.scitotenv.2014.03.025
http://dx.doi.org/10.1016/j.chemosphere.2006.02.034
http://dx.doi.org/10.1007/s10661-015-4824-8
http://dx.doi.org/10.1002/etc.5620200108
http://dx.doi.org/10.1002/etc.5620200108
http://dx.doi.org/10.1016/j.aquatox.2014.04.011
http://dx.doi.org/10.1016/j.aca.2010.08.016
http://dx.doi.org/10.1016/j.aca.2010.08.016
http://dx.doi.org/10.1007/s10646-014-1216-8
http://dx.doi.org/10.1007/s10646-014-1216-8
http://dx.doi.org/10.1080/10408440802272158
http://dx.doi.org/10.1080/10408440802272158
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0100
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0100
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0100
http://dx.doi.org/10.1007/s10661-010-1552-y
http://dx.doi.org/10.1146/annurev-phyto-102313-045900
http://dx.doi.org/10.1007/s00128-012-0568-0
http://dx.doi.org/10.1007/s11269-014-0546-x
http://dx.doi.org/10.1007/s11269-014-0546-x
http://dx.doi.org/10.1007/s00128-008-9618-z
http://dx.doi.org/10.1016/j.chemosphere.2006.02.058
http://dx.doi.org/10.1002/jssc.201200782
http://dx.doi.org/10.1007/s10661-014-3675-z
http://dx.doi.org/10.1007/s10661-014-3675-z
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0145
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0145
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0150
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0150
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0155
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0155
http://censimentoagricoltura.istat.it/
http://dati.istat.it
http://dx.doi.org/10.1007/s11356-011-0582-5
http://dx.doi.org/10.1016/j.scitotenv.2014.01.065
http://dx.doi.org/10.1016/j.scitotenv.2014.01.065
http://dx.doi.org/10.1007/s10661-015-4823-9
http://dx.doi.org/10.1016/j.scitotenv.2015.03.022
http://dx.doi.org/10.1016/j.scitotenv.2015.03.022
http://dx.doi.org/10.1007/s00128-012-0880-8
http://dx.doi.org/10.1007/s00128-012-0880-8


231P. Montuori et al. / Science of the Total Environment 559 (2016) 218–231
Köck-Schulmeyer, M., Ginebreda, A., Postigo, C., Garrido, T., Fraile, J., López de Alda, M.,
Barceló, D., 2014. Four-year advanced monitoring program of polar pesticides in
groundwater of Catalonia (NE-Spain). Sci. Total Environ. 470-471, 1087–1098.
http://dx.doi.org/10.1016/j.scitotenv.2013.10.079.

Kouzayha, A., Al Ashi, A., Al Akoum, R., Al Iskandarani, M., Budzinski, H., Jaber, F., 2013.
Occurrence of pesticide residues in Lebanon's water resources. Bull. Environ. Contam.
Toxicol. 91, 503–509. http://dx.doi.org/10.1007/s00128-013-1071-y.

Kuzmanović, M., Ginebreda, A., Petrović, M., Barceló, D., 2015. Risk assessment based
prioritization of 200 organic micropollutants in 4 Iberian rivers. Sci. Total Environ.
503-504, 289–299. http://dx.doi.org/10.1016/j.scitotenv.2014.06.056.

Lambropoulou, D.A., Sakkas, V.A., Hela, D.G., Albanis, T.A., 2002. Application of solid-phase
microextraction in the monitoring of priority pesticides in the Kalamas River (N.W.
Greece). J. Chromatogr. A 963, 107–116. http://dx.doi.org/10.1016/S0021-
9673(02)00173-5.

Legambiente, 2006. Monitoraggio sull'illegalità e sullo stato di salute dei fiumi italiani.
Available at 30/09/2015 to: http://www.legambiente.it/contenuti/dossier/fiumi-e-
legalit%C3%A0.

Li, X., Gan, P., Peng, R., Huang, C., Yu, H., 2010. Determination of 23 organophosphorous
pesticides in surface water using SPME followed by GC–MS. J. Chromatogr. Sci. 48
(3), 183–187.

Li, H., Wei, Y., Lydy, M.J., You, J., 2014. Inter-compartmental transport of organophosphate
and pyrethroid pesticides in South China: implications for a regional risk assessment.
Environ. Pollut. 190, 19–26. http://dx.doi.org/10.1016/j.envpol.2014.03.013.

Ma, J., Xiao, R., Li, J., Zhao, X., Shi, B., Li, S., 2009. Determination of organophosphorus pes-
ticides in underground water by SPE-GC–MS. J. Chromatogr. Sci. 47 (2), 110–115.
http://dx.doi.org/10.1093/chromsci/47.2.110.

Mai, C., Theobald, N., Lammel, G., Hühnerfuss, H., 2013. Spatial, seasonal and vertical
distributions of currently-used pesticides in the marine boundary layer of the North
Sea. Atmos. Environ. 75, 92–102. http://dx.doi.org/10.1016/j.atmosenv.2013.04.027.

Mamta, Rao, R.J., Wani, K.A., 2015. Monitoring of organochlorine and organophosphorus
pesticide residues in water during different seasons of Tighra reservoir Gwalior,
Madhya Pradesh, India. Environ. Monit. Assess. 187 (11), 684. http://dx.doi.org/10.
1007/s10661-015-4889-4.

Masiá, A., Campo, J., Vázquez-Roig, P., Blasco, C., Picó, Y., 2013. Screening of currently used
pesticides in water, sediments and biota of the Guadalquivir River Basin (Spain).
J. Hazard. Mater. 263, 95–104. http://dx.doi.org/10.1016/j.jhazmat.2013.09.035.

Masiá, A., Campo, J., Navarro-Ortega, A., Barceló, D., Picó, Y., 2015. Pesticide monitoring in
the basin of Llobregat River (Catalonia, Spain) and comparison with historical data.
Sci. Total Environ. 503-504, 58–68. http://dx.doi.org/10.1016/j.scitotenv.2014.06.095.

Mawussi, G., Scorza, J.R.P., Dossa, E.L., Alaté, K.K., 2014. Insecticide residues in soil and
water in coastal areas of vegetable production in Togo. Environ. Monit. Assess. 186
(11), 7379–7385. http://dx.doi.org/10.1007/s10661-014-3934-z.

Minissi, S., Lombi, E., 1997. Heavy metal content and mutagenic activity, evaluated by
Vicia faba micronucleus test, of Tiber River sediments. Mutat. Res. 393 (1–2),
17–21. http://dx.doi.org/10.1016/S1383-5718(97)00093-4.

Montuori, P., Aurino, S., Nardone, A., Cirillo, T., Triassi, M., 2015. Spatial distribution and
partitioning of organophosphates pesticide in water and sediment from Sarno River
and Estuary, Southern Italy. Environ. Sci. Pollut. Res. Int. 22 (11), 8629–8642.
http://dx.doi.org/10.1007/s11356-014-4016-z.

Moreno-González, R., Campillo, J.A., León, V.M., 2013. Influence of an intensive agricultur-
al drainage basin on the seasonal distribution of organic pollutants in seawater from a
Mediterranean coastal lagoon (Mar Menor, SE Spain). Mar. Pollut. Bull. 77, 400–411.
http://dx.doi.org/10.1016/j.marpolbul.2013.09.040.

Nakamura, S., Daishima, S., 2005. Simultaneous determination of 64 pesticides in river water by
stir bar sorptive extraction and thermal desorption-gas chromatography–mass spectrometry.
Anal. Bioanal. Chem. 382, 99–107. http://dx.doi.org/10.1007/s00216-005-3158-8.

Navarro, A., Tauler, R., Lacorte, S., Barceló, D., 2010. Occurrence and transport of pesticides
and alkylphenols in water samples along the Ebro River basin. J. Hydrol. 383, 18–29.
http://dx.doi.org/10.1016/j.jhydrol.2009.06.039.

Ophir, A., Karakis, I., Richter, E.D., Abarbanel, J.M., Wormser, U., Aschner, M., Finkelstein,
Y., 2014. An uncommon pattern of polyneuropathy induced by lifetime exposures
to drift containing organophosphate pesticides. Neurotoxicology 45, 338–346.
http://dx.doi.org/10.1016/j.neuro.2014.08.004.

Palma, P., Kuster, M., Alvarenga, P., Palma, V.L., Fernandes, R.M., Soares, A.M., López de Alda,
M.J., Barceló, D., Barbosa, I.R., 2009. Risk assessment of representative and priority pes-
ticides, in surface water of the Alqueva Reservoir (South of Portugal) using on-line solid
phase extraction-liquid chromatography-tandem mass spectrometry. Environ. Int. 35
(3), 545–551. http://dx.doi.org/10.1016/j.envint.2008.09.015.

Palma, P., Köck-Schulmeyer, M., Alvarenga, P., Ledo, L., Barbosa, I.R., López de Alda, M.,
Barceló, D., 2014. Risk assessment of pesticides detected in surface water of the
Alqueva Reservoir (Guadiana basin, southern of Portugal). Sci. Total Environ.
488–489, 208–219. http://dx.doi.org/10.1016/j.scitotenv.2014.04.088.

Papadakis, E.N., Tsaboula, A., Kotopoulou, A., Kintzikoglou, K., Vryzas, Z., Papadopoulou-
Mourkidou, E., 2015. Pesticides in the surface waters of Lake Vistonis Basin, Greece:
occurrence and environmental risk assessment. Sci. Total Environ. 536, 793–802.
http://dx.doi.org/10.1016/j.scitotenv.2015.07.099.

Phillips, B.M., Anderson, B.S., Hunt, J.W., Siegler, K., Voorhees, J.P., Tjeerdema, R.S., McNeill,
K., 2012. Pyrethroid and organophosphate pesticide-associated toxicity in two coastal
watersheds (California, USA). Environ. Toxicol. Chem. 31 (7), 1595–1603. http://dx.
doi.org/10.1002/etc.1860.

Poulier, G., Lissalde, S., Charriau, A., Buzier, R., Cleries, K., Delmas, F., Mazzella, N., Guibaud,
G., 2014. Estimates of pesticide concentrations and fluxes in two rivers of an
extensive French multi-agricultural watershed: application of the passive sampling
strategy. Environ. Sci. Pollut. Res. Int. http://dx.doi.org/10.1007/s11356-014-2814-y.

Regulation (EC) No 2009/1107 of the European Parliament and of the Council of 21
October 2009 Concerning the Placing of Plant Protection Products on the Market
and Repealing Council Directives 79/117/EEC and 91/414/EEC. Off. J. Eur. Union
309, 1–50.

Ricart, M., Guasch, H., Barceló, D., Brix, R., Conceição, M.H., Geiszinger, A., López de Alda,
M.J., López-Doval, J.C., Muñoz, I., Postigo, C., Romaní, A.M., Villagrasa, M., Sabater, S.,
2010. Primary and complex stressors in polluted Mediterranean rivers: pesticide ef-
fects on biological communities. J. Hydrol. 383, 52–61. http://dx.doi.org/10.1016/j.
jhydrol.2009.08.014.

Robles-Molina, J., Gilbert-López, B., García-Reyes, J.F., Molina-Díaz, A., 2014. Monitoring of
selected priority and emerging contaminants in the Guadalquivir River and other
related surface waters in the province of Jaén, South East Spain. Sci. Total Environ.
479–480, 247–257. http://dx.doi.org/10.1016/j.scitotenv.2014.01.121.

Ryberg, K.R., Gilliom, R.J., 2015. Trends in pesticide concentrations and use for major
rivers of the United States. Sci. Total Environ. 538, 431–444. http://dx.doi.org/10.
1016/j.scitotenv.2015.06.095.

Sangchan, W., Bannwarth, M., Ingwersen, J., Hugenschmidt, C., Schwadorf, K.,
Thavornyutikarn, P., Pansombat, K., Streck, T., 2014. Monitoring and risk assessment
of pesticides in a tropical river of an agricultural watershed in northern Thailand. En-
viron. Monit. Assess. 186, 1083–1099. http://dx.doi.org/10.1007/s10661-013-3440-8.

Sapbamrer, R., Hongsibsong, S., 2014. Organophosphorus pesticide residues in vegetables
from farms, markets, and a supermarket around Kwan Phayao Lake of northern
Thailand. Arch. Environ. Contam. Toxicol. 67 (1), 60–67. http://dx.doi.org/10.1007/
s00244-014-0014-x.

Schäfer, R.B., von der Ohe, P.C., Kühne, R., Schuüuürmann, G., Liess, M., 2011. Occurrence
and toxicity of 331 organic pollutants in large rivers of North Germany over a decade
(1994 to 2004). Environ. Sci. Technol. 45 (14), 6167–6174. http://dx.doi.org/10.1021/
es2013006.

SIAN, 2012. Riepiloghi dichiarazioni di vendita dei prodotti fitosanitari. Elenco dei report
Regione Lazio (Available at 10/03/2015 to: http://www.sian.it/farmaven/jsp/
selezionaRegione.do?prompt=null;lazio;null).

Steen, R.J.C.A., van der Baart, M., Hiep, B., van Hattum, W.P., Cono, W.P., Brinkman,
U.A.T., 2001. Gross fluxes and estuarine behaviour of pesticides in the Scheldt
Estuary (1995–1997). Environ. Pollut. 115, 65–79. http://dx.doi.org/10.1016/
S0269-7491(01)00085-9.

Tankiewicz, M., Fenik, J., Biziuk, M., 2010. Determination of organophosphorus and
organonitrogen pesticides in water sample. Trends Anal. Chem. 29, 1050–1063.
http://dx.doi.org/10.1016/j.trac.2010.05.008.

Tankiewicz, M., Fenik, J., Biziuk, M., 2011. Solventless and solvent-minimized sample
preparation techniques for determining currently used pesticides in water samples:
a review. Talanta 86, 8–22. http://dx.doi.org/10.1016/j.talanta.2011.08.056.

Terrado, M., Kuster, M., Raldúa, D., Lopez de Alda, M., Barceló, D., Tauler, R., 2007. Use of
chemometric and geostatistical methods to evaluate pesticide pollution in the
irrigation and drainage channels of the Ebro River delta during the rice-growing sea-
son. Anal. Bioanal. Chem. 387, 1479–1488. http://dx.doi.org/10.1007/s00216-006-
1038-5.

Terrado, M., Lavigne, M.P., Tremblay, S., Duchesne, S., Villeneuve, J.P., Rousseau, A.N.,
Barceló, D., Tauler, R., 2009. Distribution and assessment of surface water contamina-
tion by application of chemometric and deterministic models. J. Hydrol. 369,
416–426. http://dx.doi.org/10.1016/j.jhydrol.2009.02.030.

Thomatou, A.A., Ierotheos, Z., Hela, D., Konstantinou, I., 2013. Determination and risk as-
sessment of pesticide residues in Lake Amvrakia (W. Greece) after agricultural land
use changes in the lake's drainage basin. Int. J. Environ. Anal. Chem. 93 (7), 1–20.
http://dx.doi.org/10.1080/03067319.2012.656099.

UNEP/MAP, 2004. Guidelines for River (including estuaries) Pollution Monitoring Pro-
gramme for the Mediterranean Region MAP Technical Reports Series No 151 UNEP/
MAP, Athens.

USEPA, 2010. National Recommended Water Quality Criteria. United States Environmen-
tal Protection Agency (Available at 03/05/2015 to: http://water.epa.gov/scitech/
swguidance/standards/criteria/current/index.cfm).

Villaverde, J., Hildebrandt, A., Martínez, E., Lacorte, S., Morillo, E., Maqueda, C., Viana, P.,
Barceló, D., 2008. Priority pesticides and their degradation products in river
sediments from Portugal. Sci. Total Environ. 390, 507–513. http://dx.doi.org/10.
1016/j.scitotenv.2007.10.034.

Vryzas, Z., Vassiliou, G., Alexoudis, C., Papadopoulou-Mourkidou, E., 2009. Spatial
and temporal distribution of pesticide residues in surface waters in northeastern
Greece. Water Res. 43 (1), 1–10. http://dx.doi.org/10.1016/j.watres.2008.09.021.

Walling, D.E., Webb, B.W., 1985. Estimating the discharge of contaminants to coastal wa-
ters by rivers: some cautionary comments. Mar. Pollut. Bull. 16, 488–492. http://dx.
doi.org/10.1016/0025-326X(85)90382-0.

Wang, D., Weston, D.P., Lydy, M.J., 2009. Method development for the analysis of organ-
ophosphate and pyrethroid insecticides at low parts per trillion levels in water.
Talanta 78, 1345–1351. http://dx.doi.org/10.1016/j.talanta.2009.02.012.

Yao, Z., Jiang, G., Liu, J., Cheng,W., 2001. Application of solid-phasemicroextraction for the
determination of organophosphorous pesticides in aqueous samples by gas chroma-
tography with flame photometric detector. Talanta 55, 807–817. http://dx.doi.org/10.
1016/S0039-9140(01)00504-5.

Yu, R., Liu, Q., Liu, J., Wang, Q., Wang, Y., 2016. Concentrations of organophosphorus pesticides in
fresh vegetables and related human health risk assessment in Changchun, Northeast China.
Food Control 60, 353–360. http://dx.doi.org/10.1016/j.food cont.2015.08.013.

Zheng, S., Chen, B., Qiu, X., Chen, M., Ma, Z., Yu, X., 2016. Distribution and risk assessment
of 82 pesticides in Jiulong River and estuary in South China. Chemosphere 144,
1177–1192. http://dx.doi.org/10.1016/j.chemosphere.2015.09.050.

Zulin, Z., Huasheng, H., Xinhong, W., Jianqing, L., Weiqi, C., Li, X., 2002. Determination and
load of organophosphorus and organochlorine pesticides at water from Jiulong River
Estuary, China. Mar. Pollut. Bull. 45, 397–402. http://dx.doi.org/10.1016/S0025-
326X(02)00094-2.

http://dx.doi.org/10.1016/j.scitotenv.2013.10.079
http://dx.doi.org/10.1007/s00128-013-1071-y
http://dx.doi.org/10.1016/j.scitotenv.2014.06.056
http://dx.doi.org/10.1016/S0021-9673(02)00173-5
http://dx.doi.org/10.1016/S0021-9673(02)00173-5
http://www.legambiente.it/contenuti/dossier/fiumi-e-legalit%C3%A0
http://www.legambiente.it/contenuti/dossier/fiumi-e-legalit%C3%A0
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0220
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0220
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0220
http://dx.doi.org/10.1016/j.envpol.2014.03.013
http://dx.doi.org/10.1093/chromsci/47.2.110
http://dx.doi.org/10.1016/j.atmosenv.2013.04.027
http://dx.doi.org/10.1007/s10661-015-4889-4
http://dx.doi.org/10.1007/s10661-015-4889-4
http://dx.doi.org/10.1016/j.jhazmat.2013.09.035
http://dx.doi.org/10.1016/j.scitotenv.2014.06.095
http://dx.doi.org/10.1007/s10661-014-3934-z
http://dx.doi.org/10.1016/S1383-5718(97)00093-4
http://dx.doi.org/10.1007/s11356-014-4016-z
http://dx.doi.org/10.1016/j.marpolbul.2013.09.040
http://dx.doi.org/10.1007/s00216-005-3158-8
http://dx.doi.org/10.1016/j.jhydrol.2009.06.039
http://dx.doi.org/10.1016/j.neuro.2014.08.004
http://dx.doi.org/10.1016/j.envint.2008.09.015
http://dx.doi.org/10.1016/j.scitotenv.2014.04.088
http://dx.doi.org/10.1016/j.scitotenv.2015.07.099
http://dx.doi.org/10.1002/etc.1860
http://dx.doi.org/10.1007/s11356-014-2814-y
http://dx.doi.org/10.1016/j.jhydrol.2009.08.014
http://dx.doi.org/10.1016/j.jhydrol.2009.08.014
http://dx.doi.org/10.1016/j.scitotenv.2014.01.121
http://dx.doi.org/10.1016/j.scitotenv.2015.06.095
http://dx.doi.org/10.1016/j.scitotenv.2015.06.095
http://dx.doi.org/10.1007/s10661-013-3440-8
http://dx.doi.org/10.1007/s00244-014-0014-x
http://dx.doi.org/10.1007/s00244-014-0014-x
http://dx.doi.org/10.1021/es2013006
http://dx.doi.org/10.1021/es2013006
http://www.sian.it/farmaven/jsp/selezionaRegione.do?promptull;lazio;null
http://www.sian.it/farmaven/jsp/selezionaRegione.do?promptull;lazio;null
http://dx.doi.org/10.1016/S0269-7491(01)00085-9
http://dx.doi.org/10.1016/S0269-7491(01)00085-9
http://dx.doi.org/10.1016/j.trac.2010.05.008
http://dx.doi.org/10.1016/j.talanta.2011.08.056
http://dx.doi.org/10.1007/s00216-006-1038-5
http://dx.doi.org/10.1007/s00216-006-1038-5
http://dx.doi.org/10.1016/j.jhydrol.2009.02.030
http://dx.doi.org/10.1080/03067319.2012.656099
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0380
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0380
http://refhub.elsevier.com/S0048-9697(16)30580-0/rf0380
http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm
http://water.epa.gov/scitech/swguidance/standards/criteria/current/index.cfm
http://dx.doi.org/10.1016/j.scitotenv.2007.10.034
http://dx.doi.org/10.1016/j.scitotenv.2007.10.034
http://dx.doi.org/10.1016/j.watres.2008.09.021
http://dx.doi.org/10.1016/0025-326X(85)90382-0
http://dx.doi.org/10.1016/j.talanta.2009.02.012
http://dx.doi.org/10.1016/S0039-9140(01)00504-5
http://dx.doi.org/10.1016/S0039-9140(01)00504-5
http://dx.doi.org/10.1016/j.food cont.2015.08.013
http://dx.doi.org/10.1016/j.chemosphere.2015.09.050
http://dx.doi.org/10.1016/S0025-326X(02)00094-2
http://dx.doi.org/10.1016/S0025-326X(02)00094-2

	Estimates of Tiber River organophosphate pesticide loads to the Tyrrhenian Sea and ecological risk
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Pesticides investigated
	2.3. Sampling
	2.4. OPPs extraction and analyses
	2.4.1. Suspended particulate phase
	2.4.2. Dissolved phase
	2.4.3. Sediment
	2.4.4. Analytical determination of OPPs

	2.5. Statistical analysis and calculation of the pollutant inputs
	2.6. Risk assessment

	3. Results and discussions
	3.1. OPPs in the water dissolved phase, suspended particulate matter and sediment samples
	3.2. OPPs distribution between water DP, SPM and sediment samples
	3.3. Spatial and seasonal distribution of OPPs
	3.4. Eco-toxicity and risk assessment of OPPs in the Tiber River and Estuary

	4. Conclusions
	Acknowledgments
	References


