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HIGHLIGHTS

GRAPHICAL ABSTRACT

Occurrence and seasonal distribution of
herbicides and insecticides in waters
were evaluated.

Most of the compounds were detected
at one or more of the samples during
four campaigns.

Terbuthylazine and its metabolite
desethylterbuthylazine were present in
>65% of the samples.

Insecticides were in a low number of
samples, pirimicarb was detected in
>25% of samples

The sum of compounds detected was
higher than 0.5 pg L™ in >50% of the
samples.
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Pesticides are needed to maintain high production in the vineyard area of La Rioja (Spain), and monitoring their spa-
tial distribution is a priority for preserving the quality of natural resources. Accordingly, the purpose of this work was
to conduct a study to evaluate the presence and seasonal distribution of herbicide and insecticide residues in ground
and surface waters in this region. The monitoring network comprised 12 surface waters and 78 groundwaters, cover-
ing the three subareas (63,593 ha) into which the vineyard region is divided. The quality of natural waters was exam-
ined through the analysis of twenty-two herbicides, eight of their main degradation products, and eight insecticides.
Pesticides were extracted by solid-phase extraction, and analysed by gas chromatography-mass spectrometry or by
liquid-chromatography-mass spectrometry. The results reveal the presence of most of the herbicides and insecticides
included in the study in one or more of the samples collected during the four campaigns. The herbicide terbuthylazine
and its metabolite desethylterbuthylazine were the compounds more frequently detected (present in >65% of the
samples across all the campaigns). Other compounds detected in >50% of the samples in one sampling campaign
were the herbicides fluometuron, metolachlor, alachlor and ethofumesate. Insecticides were present in a small num-
ber of samples, with only pirimicarb being detected in >25% of the samples in March and June campaigns. The results
reveal that the sum of compounds detected (mainly herbicides) was higher than 0.5 pg L~ in >50% of the samples,
especially in the campaigns with the highest application of these compounds. A possible recovery of the quality of the
waters was detected outside the periods of crop cultivation, although more monitoring programmes are needed to
confirm this trend with a view to preventing and/or maintaining the sustainability of natural resources.

© 2017 Elsevier B.V. All rights reserved.

* Corresponding author.

E-mail address: eliseo.herrero@irnasa.csic.es (E. Herrero-Herndndez).

http://dx.doi.org/10.1016/j.scitotenv.2017.07.113
0048-9697/© 2017 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.07.113&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2017.07.113
mailto:eliseo.herrero@irnasa.csic.es
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2017.07.113
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv

162 E. Herrero-Herndndez et al. / Science of the Total Environment 609 (2017) 161-171

1. Introduction

Water pollution due to the use of pesticides in agriculture is a prior-
ity issue that is currently a cause of global concern. Pesticides are needed
to prevent and combat different weeds, pests and diseases, and improve
crop quality and production. Their application in the environment may
contaminate water resources, especially those located in intensive agri-
cultural areas (Menezes Filho et al,, 2010). An increasing number of her-
bicides, insecticides and fungicides have been detected in different
watercourses (Masia et al., 2015; Cotton et al., 2016; Rousis et al.,
2017), some of which are destined for human consumption, so the pro-
tection of water quality has now become subject to more stringent leg-
islation. The European Union has introduced strict directives to protect
water quality, such as the REACH Regulation (EC, 2006) concerning
the Registration, Evaluation, Authorization and Restriction of Chemicals,
while Directive 2008/105/EC, on environmental quality standards in the
field of water policy, provides a detail of priority substances (33) to be
controlled in water, with pesticides making up a third of the list (EC,
2008). As regards the presence of these products in water, the maxi-
mum admissible concentration established by Directive 98/83/EC is
0.1 ug L~ ! for individual pesticides, and 0.5 pg L™ for the sum of pesti-
cide concentration in drinking water (EC, 1998).

The pollution of surface and groundwaters by pesticides is informed
by the compounds' physicochemical characteristics (solubility in water,
and their capacity to be retained by soil components and/or leached),
the properties of the medium in which they are applied, their biotic
(Barra Caracciolo et al., 2010) and abiotic degradation rate especially
in reducing environments (Zeng et al., 2012), and climate and applica-
tion technique as external factors.

Surface water contamination by pesticides is usually linked to the
farming season, and its effect could be more temporal than that of
groundwaters. Groundwater contamination by pesticides is more per-
sistent being its biodegradation slower, and this may have a continuous
toxicological effect on human health when used for public consumption
(Kim et al., 2017).

Monitoring studies across the five continents have drawn attention
to the potential that pesticides (herbicides, insecticides and fungicides)
have to contaminate natural waters. Water contamination at different
levels and by different compounds has been reported in several coun-
tries in Africa: Morocco (El Bakouri et al., 2008), Egypt (Nasr et al.,
2009), Ghana (Agyapong et al., 2013), and the Republic of Benin
(Pazou et al., 2014); the Americas: USA (Carriger et al., 2016), Costa
Rica (Echeverria-Saenz et al., 2012), Brazil (Milhome et al., 2015), and
Argentina (De Gerénimo et al., 2014); Asia: Japan (Afiasco et al.,
2010), China (Zheng et al., 2016), India (Rao and Wani, 2015), and
Vietnam (Van Toan et al., 2013); and Oceania: Australia (Allinson
etal,2015) and New Zealand (Steward et al,, 2014). In Europe, different
hydrogeological environments have been monitored in Germany
(Reemtsma et al., 2013), France (Lopez et al., 2015), Italy (Montuori
et al.,, 2016), Portugal (Cruzeiro et al., 2015), Denmark (Matamoros
etal, 2012), and Greece (Papadakis et al., 2015), and levels of pesticides
exceeding those permitted by EU legislation have been found to differ-
ent extents in water resources beside agricultural areas growing differ-
ent crops.

The overall cultivated area is Spain is around 17 million ha, and it is
the second highest EU country in terms of agricultural activity by area
(MAGRAMA, 2016). As a result, pollution due to the use of pesticides
in agriculture merits special attention in different areas of the country.
Some studies in the east of Spain have reported the presence in over
70% of the samples analysed of simazine, diuron and atrazine in wells
used for providing irrigation and drinking waters (Postigo et al.,
2010). They have also reported the presence of the insecticide chlorpyr-
ifos and the herbicides terbuthylazine, and its degradation product
deethylterbuthylazine, and diuron in over 0.1 ug L™ in different river
basins, such as the rivers Llobregat (Masia et al., 2015), Turia and Jucar
(Ccanccapa et al., 2016a), Ebro (Ccanccapa et al., 2016b), and Guadal-
quivir (Hermosin et al., 2013), as well as in the Mar Menor lagoon

(Moreno-Gonzalez et al.,, 2013) and waters in the Canary Islands
(Estévez et al., 2012).

La Rioja (NW-Spain) is a region of extensive agricultural activity,
with areas dedicated mainly to cereals (40.4%), vineyards (34.6%) and
olive and fruit trees (15.7%). The economy based on this activity is
very important to this region, and in 2011 it was the sixth Spanish re-
gion with the highest investment per hectare in crop protection prod-
ucts, with a consumption of pesticides of 14 kg ha=! (MAGRAMA,
2016). Vineyards are the main activity across a wide area of La Rioja
classified as the Rioja Qualified Designation of Origen (DOCa Rioja). A
substantial number of pesticides (herbicides, fungicides and insecti-
cides) are being used in this wine-growing area in different quantities
depending on the weather. However, there are very few water monitor-
ing studies on this area, with only a handful of sampling points and few
compounds analysed (Navarro et al., 2010). Hildebrandt et al. (2008)
have studied the presence of three triazines and their desethyl degrada-
tion products, metolachlor and metalaxyl, in the area where vineyards
are the main crop, but the sampling points were too limited for a thor-
ough assessment of the spatial water conditions.

Previous studies by the authors of this paper in the DOCa Rioja area
have revealed the presence of herbicides, insecticides and fungicides in
surface and groundwaters (Herrero-Hernandez et al., 2012 and 2013)
and in soils (Pose-Juan et al.,, 2015) in a high percentage of the analysed
samples, even recording levels higher than permitted by EU legislation
for drinking water. In addition, a temporal evaluation of fungicides in
these waters has been carried out (Herrero-Hernandez et al., 2016),
reporting the presence of more than six fungicides in a third of the
ground and surface waters in all the sampling campaigns. This research
has flagged the need to evaluate the seasonal changes in other com-
pounds used in the area as herbicides and insecticides. There is a clear
lack of data regarding the presence of these compounds in the surface
waters and groundwaters in this region, although their use is recom-
mended in most of crops (herbicides) in farming or for pest control (in-
secticides) (MAPAMA, 2017).

Accordingly, the purpose of this work was to evaluate (i) the pres-
ence of twenty-two commonly used herbicides, eight of their main deg-
radation products, and eight insecticides in surface and groundwaters in
the vineyard areas of La Rioja (Spain), and (ii) the seasonal evolution of
total concentrations of these compounds in different subareas. This in-
volved monitoring 90 sampling points, including wells, springs, uptakes
and rivers. Four campaigns were conducted over one year (September
2010, March 2011, June 2011, and September 2011). The quality of
the waters was examined according to the levels permitted by EU legis-
lation for individual (0.1 pg L~") or total compounds (0.5 pg L~ '), and
the results could be useful for introducing strategic measures to main-
tain the sustainability of waters in this area.

2. Materials and methods
2.1. Chemicals

Standards of herbicides, their degradation products, and insecticides
were purchased from Riedel-de-Haén (Seelze-Hannover, Germany),
Fluka, and Dr. Ehrenstorfer (Augsburg, Germany) (purity >98%). These
compounds belong to different chemical families, and have variable
physicochemical properties (Table S1 in the Supplementary Material).
Individual stock standard solutions (500 or 1000 pug mL™") for each
one of the analytes were prepared in methanol, and then stored in the
dark at 4 °C. An intermediate working solution containing all the
analytes in the same concentration (10 pg mL™ ') was prepared in
methanol, and this mixture was used as spiking solution for the aqueous
calibration standards. The organic solvents used for handling the stan-
dards and extractions (HPLC grade), methanol, acetonitrile and acetone,
were obtained from Fisher Scientific (Loughborough, UK), being used as
received. Ultra-high quality (UHQ) water was obtained with a Milli-Q
water purification system (Millipore, Milford, MA, USA).
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2.2. Study area and sample collection

Water samples were collected in 2-L brown glass bottles and
transported to the laboratory in ice. Ninety sampling points were select-
ed in the DOCa Rioja wine region in northern Spain, straddling the River
Ebro (Fig. 1) and covering a total surface area of 63,593 ha. A description
of the area can be found in previous papers published by the authors
(Herrero-Hernandez et al., 2013, 2016; Pose-Juan et al., 2015), as this
work is part of a larger study conducted in this area to monitor the pres-
ence of pesticides and their seasonal changes in natural waters. Water
samples (360 in total) were collected over a year in four consecutive
campaigns: September 2010 (Sep-10), March 2011 (Mar-11), June
2011 (Jun-11) and September 2011 (Sep-11) from the three different
subareas of Rioja Alavesa (ALV, 15 points), Rioja Alta (ALT, 34 points),
and Rioja Baja (BAJ, 41 points). More detailed information about the
sample collection procedure and area characteristics or sampling sites
is included in the Supplementary Material (Table S2).

2.3. Analytical methodology

Collected samples were filtered and processed as previously report-
ed by Herrero-Hernandez et al. (2012 and 2013). Briefly, a sample vol-
ume of 500 mL was percolated through a previously conditioned
polymeric solid-phase extraction cartridge (Oasis HLB, 60 mg, Waters).
Elution was performed with 4 mL of acetonitrile and then 4 mL of ace-
tone. The organic phase obtained was evaporated to dryness, and the
dry residues obtained were re-dissolved and analysed by gas
chromatography-mass spectrometry (GC-MS) and by liquid-
chromatography-mass spectrometry (LC-MS). Chromatographic condi-
tions, data processing, and the validation of the methodology have

previously been described by the authors (Herrero-Hernandez et al.,
2012, 2013). Quantification was performed by external calibration
using matrix-matched standards (blank water samples spiked with
standard analyte solutions). Sample analyses were run in duplicate
and in most cases relative standard deviations of <10% were recorded.
The quality control parameters are shown in Tables S3 and S4 in the
Supplementary Material.

24. Data analysis

The data on the total concentrations of pesticides determined in
water samples of different areas and at different sampling times were
subjected to a two-way analysis of variance (ANOVA) to verify whether
the effects of sampling time or areas and their interactions were signif-
icant. The least significant difference (LSD) test at a confidence level of
95% was used to separate means. Pearson correlations were also used
to relate the concentrations of pesticides detected in waters. SPSS Statis-
tics v22.0 software for Windows (IBM Inc., Chicago, ILL, USA) was used.

3. Results and discussion

3.1. Presence of herbicides and insecticides in water samples from the DOCa
Rioja area

The residues of the herbicides and insecticides studied were evaluat-
ed in the water samples for each campaign, determining the ranges and
mean concentrations and the frequency of positive samples for each
compound (Tables 1-3). The results indicate that most of the herbicides
and insecticides included in the study were detected in one or more of
the samples in all four campaigns, although some herbicides
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Fig. 1. Lithologic map showing vineyard subareas in DOCa Rioja area and sampling points of ground and surface waters (taken from Geological and Mining Institute and Land Use
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Table 1
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Concentrations of herbicides and insecticides (ug L~ ') (range and mean values) and positive samples detection frequency (number/%) in the samples taken in La Rioja Alavesa area in the

different sampling periods.

Compounds Sep-10 (n = 15 samples) Mar-11 (n = 15 samples) Jun-11 (n = 15 samples) Sep-11 (n = 12 samples)
Range Mean FD (%) Range Mean FD (%) Range Mean FD (%) Range Mean FD (%)
Propazine 0.015/0.103 0.050 7/47 0.018/0.043 0.024 7/47 0.018/0.055 0.031 5/33 0.002/0.013 0.007 5/42
Terbuthylazine 0.003/5.387 0.737 13/87 0.025/12.60 2.386 12/80 0.021/6.829 0.812 15/100 0.007/1.448 0.232 12/100
Deethylterbuthylazine 0.017/4.360 0.630 13/87 0.013/1.385 0.289 13/87 0.022/1.891 0.347 14/93 0.015/2.209 0.456 11/92
Simazine 0.061/0.207 0.134 2/13 0.019/0.171 0.097 3/20 0.047/0.078 0.064 3/20 0.092 0.092 1/8
Atrazine 0.008/0.032 0.018 7/47 0.034/0.214 0.092 4/27 0.016/0.066 0.048 3/20 - - -
Deethylatrazine 0.008/0.019 0.014 3/20 0.032 0.032 1/7 0.009 0.009 1/7 0.007/0.017 0.012 2/17
Deisopropylatrazine 0.016/0.092 0.043 3/20 0.032/0.086 0.058 5/33 0.025/0.031 0.028 2/13 0.016 0.016 1/8
Terbutryn 0.024/2.749 0.480 7/47 0.037/0.665 0.173 5/33 0.017/0.587 0.173 4/27 0.014/0.701 0.262 3/25
Metribuzin 0.067 0.067 1/7 0.170 0.170 1/7 0.019/0.144 0.083 3/20 0.047/0.063 0.055 2/17
Fluometuron 0.027/0.522 0.172 9/60 0.035/12.72 0.999 15/100 0.015/2.601 0.496 7/47 0.043/0.772 0.274 5/42
Diuron 0.354/5.008 2.681 2/13 0.013/1.512 0.344 7/47 0.015/0.926 0.364 4/27 0.040/1.414 0.789 3/25
Linuron 0.047/0.074 0.056 3/20 0.034/0.118 0.080 4/27 0.103 1.103 1/7 - - -
Lenacil 0.012/4.005 0.960 5/33 0.013/1.612 0.367 8/53 0.082/1.046 0.301 9/60 0.018/1.432 0.653 4/33
Metobromuron 0.017/0.143 0.080 2/13 0.011/0.033 0.022 2/13 0.012/0.016 0.014 3/20 0.015/0.056 0.036 2/17
Acetochlor 0.003/0.084 0.036 3/20 0.064/0.195 0.129 8/53 0.048 0.048 1/7 0.019/0.076 0.052 4/33
Metolachlor 0.017/0.263 0.089 10/67 0.028/0.034 0.032 3/20 0.041/0.138 0.082 3/20 0.025/0.047 0.038 5/42
Ethofumesate 0.189 0.189 1/7 0.018/0.057 0.029 11/73 0.008/0.074 0.025 7/47 0.006/0.048 0.025 4/33
Chloridazon - - - - - - 0.024/0.028 0.026 2/13 - - -
Dichlofop-methyl 0.024/0.112 0.058 4/27 - - - - - - 0.022/0.093 0.053 4/33
Alachlor 0.039/0.193 0.114 4/27 - - - 0.019/8.928 1.269 13/87 0.034/1.628 0.650 4/33
Chlorotoluron - - - - - - - - - - - -
CMPU 0.218 0.218 1/7 - - - - - - - - -
Dimethoate - - - - - - 0.052/0.084 0.070 3/20 0.039 0.039 1/8
Pirimicarb 0.014/0.037 0.023 3/20 0.026/0.037 0.030 7/47 0.019/0.043 0.028 7/47 - - -
Imidacloprid 0.003 0.003 1/7 - - - 0.052/0.084 0.070 4/27 - - -
Chropyrifos - - - - - - - - - - - -
Methoxyfenozide 0.555/3.823 2.189 2/13 0.179/4.806 2.493 2/13 0.260/4.654 2457 2/13 0.010/2.979 1.520 2/17
Carbaryl 0.071/0.141 0.097 3/20 - - - 0.044/1.865 0.785 4/27 0.056/0.823 0.418 3/25

(metamitron, isoproturon, chlorsulfuron, flazasulfuron, and the hydrox-
ylated metabolites of triazines) and some insecticides (acephate and
cypermethrin) were not detected in any one of the four campaigns.
Other compounds, such as the herbicides chloridazon, diclofop-
methyl, chlorotoluron and its metabolite CMPU, alachlor, linuron, atra-
zine and the insecticides carbaryl, dimethoate, imidacloprid and

Table 2

methoxyfenozide, were detected only in certain areas or sampling cam-
paigns. Fig. 2 shows the distribution of the total samples collected from
the three subareas and in each sampling period according to the per-
centages of samples with non-detected pesticides, or with pesticides
detected below or over the legally established limit for drinking water
(0.1 ug L™ 1) for triazine herbicides and some of their degradation

Concentrations of herbicides and insecticides (ug L™ ') (range and mean values) and positive samples detection frequency (number/%) in the samples taken in La Rioja Alta area in the

different sampling periods.

Compounds Sep-10 (n = 34 samples) Mar-11 (n = 34 samples) Jun-11 (n = 34 samples) Sep-11 (n = 30 samples)

Range Mean FD (%) Range Mean FD (%) Range Mean FD (%) Range Mean FD (%)
Propazine 0.012/0.182 0.046 21/62 0.019/0.081 0.032 12/35 0.010/0.648 0.162 5/15 0.009/0.063 0.031 14/47
Terbuthylazine 0.003/1.899 0.256 27/79 0.028/6.118 0.527 22/65 0.027/0.438 0.109 31/91 0.008/0.242 0.062 29/97
Deethylterbuthylazine 0.009/1.839 0.125 29/85 0.012/0.203 0.049 28/82 0.009/0.143 0.047 27/79 0.015/0.146 0.044 21/70
Simazine 0.069/0.114 0.092 2/6 0.045/0.067 0.054 4/12 0.066/0.069 0.067 2/6 0.019/0.043 0.031 2/7
Atrazine 0.007/0.055 0.020 14/41 0.030/0.110 0.053 10/29 0.028/0.065 0.043 6/18 0.006/0.028 0.018 5/17
Deethylatrazine 0.011/0.022 0.017 6/15 0.013/0.106 0.055 5/15 0.101 0.101 1/3 0.005/0.046 0.016 4/13
Deisopropylatrazine 0.014/0.033 0.024 2/6 0.056/0.145 0.101 2/6 0.132 0.132 1/3 0.156 0.156 1/3
Terbutryn 0.006/0.164 0.064 15/44 0.037/0.042 0.040 3/9 0.024/0.025 0.025 2/6 0.006/0.055 0.023 10/33
Metribuzin 0.017/0.026 0.021 2/6 0.044/0.059 0.051 2/6 0.018/0.074 0.056 4/12 0.036/0.098 0.058 3/10
Fluometuron 0.005/0.489 0.099 13/38 0.031/3.599 0.326 28/82 0.009/0.694 0.113 17/50 0.012/0.216 0.065 5/17
Diuron 0.051/0.607 0.329 2/6 0.009/0.110 0.046 5/15 0.018/0.192 0.065 5/15 0.017/0.153 0.070 3/10
Linuron 0.043/0.101 0.073 6/18 0.022/0.153 0.070 12/35 0.107/0.277 0.192 2/6 0.022/0.031 0.026 3/10
Lenacil 0.016/0.669 0.144 8/24 0.015/0.303 0.099 9/26 0.030/0.380 0.113 13/38 0.013/0.726 0.133 9/30
Metobromuron 0.011/0.290 0.142 5/15 0.019/0.086 0.052 2/6 0.008/0.082 0.032 9/26 0.019/0.092 0.051 4/13
Acetochlor 0.014/0.113 0.053 8/24 0.022/0.183 0.108 14/41 0.010/0.084 0.033 7/21 0.011/0.043 0.025 4/13
Metolachlor 0.022/0.276 0.075 23/68 0.024/0.068 0.039 4/12 0.010/0.076 0.043 9/26 0.027/0.105 0.066 10/33
Ethofumesate 0.031/0.211 0.095 8/24 0.013/0.061 0.026 20/59 0.013/0.168 0.050 10/29 0.004/0.161 0.071 4/13
Chloridazon - - - - - - 0.027/0.039 0.033 7/21 0.020 0.020 1/3
Dichlofop-methyl 0.017/0.203 0.110 2/6 - - - - - - - - -
Alachlor 0.077/0.297 0.142 7/21 0.029/0.031 0.030 2/6 0.019/0.648 0.108 24/71 0.062/0.476 0.232 4/13
Chlorotoluron - - - - - - 0.022 0.022 1/3 - - -
CMPU - - - - - - - - - 0.045/0.119 0.082 2/7
Dimethoate - - - - - - 0.024/0.089 0.057 6/17 0.019 0.019 1/3
Pirimicarb 0.023/0.065 0.046 7/20 0.019/0.031 0.028 12/35 0.009/0.041 0.027 13/37 0.029 0.029 1/3
Imidacloprid 0.033 0.033 1/3 0.043/0.656 0.350 2/6 0.047/0.074 0.056 4/11 0.252 0.252 1/3
Chlorpyrifos - - - 0.015/0.128 0.072 3/9 - - - - - -
Methoxyfenozide - - - 0.036/0.132 0.084 2/6 0.054/0.108 0.081 2/6 - - -
Carbaryl 0.014/0.082 0.057 3/9 - - - 0.045/0.503 0.166 6/17 0.080/0.091 0.087 3/10




E. Herrero-Herndndez et al. / Science of the Total Environment 609 (2017) 161-171

Table 3

165

Concentrations of herbicides and insecticides (ug L™") (range and mean values) and positive samples detection frequency (number/%) in the samples taken in La Rioja Baja area in the

different sampling periods.

Compounds Sep-10 (n = 41 samples) Mar-11 (n = 41 samples) Jun-11 (n = 41 samples) Sep-11 (n = 40 samples)

Range Mean FD (%) Range Mean FD (%) Range Mean FD (%) Range Mean FD (%)
Propazine 0.014/0.112 0.047 14/33 0.020/0.194 0.075 14/33 0.008/0.156 0.042 6/14 0.006/0.043 0.021 11/27
Terbuthylazine 0.006/34.04 1.205 32/76 0.011/9.900 0.948 24/56 0.028/6.174 0.251 38/88 0.005/1.322 0.084 31/76
Deethylterbuthylazine 0.007/30.48 0.993 34/81 0.011/5.192 0.232 32/74 0.012/1.625 0.113 29/67 0.016/2.193 0.138 24/59
Simazine 0.085 0.085 1/2 0.021/0.082 0.055 5/12 0.040/0.075 0.055 5/12 0.017 0.017 1/2
Atrazine 0.007/0.028 0.015 12/29 0.014/0.333 0.075 13/30 0.031/0.136 0.056 14/33 0.005/0.015 0.009 3/7
Deethylatrazine 0.012/0.068 0.040 4/10 0.016/0.092 0.048 5/12 0.382/2.469 1.426 2/5 0.004/0.031 0.011 5/12
Deisopropylatrazine 0.023/0.539 0.281 2/5 0.042/0.642 0.342 2/5 1.045 1.045 1/2 0.147 0.147 1/2
Terbutryn 0.006/0.107 0.054 13/31 0.036/0.042 0.038 7/16 0.024/0.034 0.029 2/5 0.002/0.025 0.014 15/37
Metribuzin 0.062/0.159 0.111 2/5 - - - 0.039/0.082 0.060 2/5 0.045 0.045 1/2
Fluometuron 0.004/16.13 1.189 14/33 0.045/18.36 1.672 25/58 0.009/2.473 0.449 10/23 0.014/0.256 0.069 717
Diuron 0.015/0.036 0.026 3/7 0.005/0.247 0.062 11/26 0.019/0.046 0.032 4/9 0.024/0.036 0.031 3/7
Linuron 0.061/0.143 0.102 2/5 0.017/0.198 0.060 12/28 0.042/0.217 0.091 4/9 0.021/0.032 0.027 3/7
Lenacil 0.007/0.388 0.107 9/21 0.058/0.541 0.172 10/23 0.046/0.293 0.097 16/37 0.004/0.133 0.059 8/20
Metobromuron 0.022/0.139 0.088 4/10 0.003/0.116 0.036 8/19 0.002/0.089 0.028 10/23 0.011/0.227 0.079 8/20
Acetochlor 0.021/0.077 0.055 4/10 0.093/0.224 0.149 5/12 0.018/0.099 0.063 3/7 0.024/0.055 0.039 6/15
Metolachlor 0.012/1.106 0.104 20/48 0.025/0.163 0.083 3/7 0.017/0.144 0.054 14/33 0.000/0.085 0.032 22/54
Ethofumesate 0.002/0.159 0.085 7/17 0.017/0.058 0.030 22/51 0.005/0.128 0.044 13/30 0.001/0.115 0.048 8/20
Chloridazon - - - - - - 0.034 0.034 1/2 0.007 0.007 1/2
Dichlofop-methyl 0.025/0.037 0.031 5/12 - - - - - - 0.016/0.039 0.027 3/7
Alachlor 0.034/0.138 0.099 3/7 0.030 0.030 1/2 0.013/11.98 0.619 24/56 0.013/0.520 0.139 6/15
Chlorotoluron - - - - - - 0.015 0.015 1/2 - - -
CMPU - - - - - - - - - - - -
Dimethoate - - - 0.018/0.054 0.031 4/10 0.043/0.071 0.057 5/12 - - -
Pirimicarb 0.018/0.061 0.042 8/19 0.025/0.036 0.029 12/29 0.013/0.036 0.027 18/43 - - -
Imidacloprid 0.0080.216 0.057 5/12 0.025/0.052 0.037 4/10 0.015/0.204 0.086 8/19 0.039/0.076 0.058 2/5
Chlorpyrifos - - - - - - 0.117 0.117 1/2 - - -
Methoxyfenocide - - - - - - - - - - - -
Carbaryl 0.084/0.298 0.151 5/12 - - - 0.017/0.450 0.197 7717 0.026/0.139 0.074 6/15

products (a) phenylurea and chloroacetanilide herbicides (b) and insec-
ticides (c).

The most ubiquitous compounds among the herbicides in all the
sampling campaigns were terbuthylazine and its metabolite DET.
These compounds were detected in >65% of the samples in each cam-
paign, with terbuthylazine appearing in 95% of the samples in Jun-11.
Other compounds were detected in >50% of the samples in a campaign
(metolachlor in Sep-10, fluometuron and ethofumesate in Mar-11, and
alachlor in Jun-11), and in >25% of the samples in one or more sampling
campaigns (propazine, atrazine and terbutryn, diuron, linuron,
metobromuron, lenacil and acetochlor) (Fig. 2a,b). These results are
consistent with the widespread application of these herbicides due to
the intensive agriculture in the area studied. Moreover, different
herbicides could be applied simultaneously in most crops in the area,
as significant correlation coefficients (p < 0.05) were found between
the concentrations of some compounds, i.e., between triazine com-
pounds (propazine, atrazine, terbuthylazine and terbutryn) and urea
derivatives (diuron, linuron, metobromuron and fluometuron) or
chloroacetamide (alachlor). It is assumed that these compounds were
used at the recommended rates, although water contamination may
occur due to their regular use in local crops, considering that the appli-
cation of herbicides is part of normal agronomic practices for eliminat-
ing weeds in pre- or post-emergence.

The presence of the most ubiquitous compound, terbuthylazine, in-
dicates its increased use in recent years. This herbicide behaves differ-
ently here than in previous studies (Hildebrandt et al., 2008; Postigo
et al,, 2010), where terbuthylazine concentrations were lower than
those recorded here. This herbicide has been used to replace other tri-
azines, such as atrazine and propazine, which were banned in the EU
in 2004, and finally withdrawn from the market in Spain and Portugal
in 2007 (EC, 2004). However, several years after this ban, atrazine and
propazine were still being detected in water samples, together with
the degradation products DEA and DIA. They were over 0.1 ug L™ ! al-
though their concentrations were always very low and appeared only
in a few samples. The results on detections of atrazine in this work
(~30% of samples), and detected concentrations >0.1 pug L~ (~5% of

samples), together with the increase in its maximum concentrations
in Mar-11 (Tables 1-3) and the higher concentration of its degradation
products DEA and DIA in Jun-11 (Table 3), indicates that this herbicide
was still being used. Triazines and their degradation products have
been found in groundwaters in different areas of Spain. Atrazine,
propazine, simazine and two degradation products of terbuthylazine
have been found in the Llobregat river basin, where the main agricultur-
al activities are vineyards and other crops such as artichokes, lettuce,
and tomatoes, with the mean concentrations found in 2011 being
higher than in 2010 for most of them (Masia et al., 2015). Elsewhere,
terbuthylazine and simazine have been found in the Guadalquivir
river basin, where olive groves are the main crop (Hermosin et al.,
2013). Atrazine, DEA, DIA, simazine, propazine, terbuthylazine and
DET have also been detected in water samples from the Turia river
basin (Ccanccapa et al., 2016a). In other European countries, triazines
have frequently been detected in groundwater (atrazine, DEA and
DIA) (Vryzas et al.,2012) and in surface waters (atrazine, DEA and sima-
zine) (Thomatou et al., 2013) in Greece, in most of the tap water sam-
ples collected around Paris in France (atrazine, DEA and DIA, simazine,
propazine, terbuthylazine and DET) (Cotton et al., 2016), and in drink-
ing and groundwaters (atrazine, terbuthylazine, DEA, DIA and DET)
around Zagreb in Croatia (Fingler et al,, 2017).

The insecticides included in this study were detected in a smaller
number of samples (including surface waters and groundwaters)
(Tables 1-3 and Fig. 2c). Only pirimicarb was detected in >30-40% of
the samples in Mar-11 and Jun-11, but it was not detected in concentra-
tions over 0.1 pg L™, The rest of the insecticides included in the study
were found in fewer than 20% of the samples, and only imidacloprid
and methoxyfenozide were found in all the campaigns. The highest con-
centrations were found for methoxyfenozide, although the highest per-
centage of samples with concentrations >0.1 pug L~! was found for
carbaryl (Fig. 2c). Significant correlations (p < 0.05) were found be-
tween the concentrations of some insecticides, i.e., imidacloprid and
pirimicarb or chlorpyrifos, indicating their simultaneously application.
These compounds are applied for tackling ad hoc plagues in the differ-
ent areas, and the simultaneous or repeated application of different
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Fig. 2. Variation of the percentage of samples with no detected herbicides or detected in concentrations below or over the limit established by European Directive for human consumption
(0.1 ug L) in the four sampling campaigns: Sept-2010 (1), Mar-11 (2), Jun-11 (3) and Sep-11 (4). Plots correspond to triazine herbicides (a), other herbicides (b) and insecticides (c).

compounds in similar crops in the area was possibly due to the recom-
mendations made by the regional authorities and experts (Government
of La Rioja, 2016). The insecticides found here were generally detected
in other studies monitoring pesticide pollution caused by agricultural
activities (Cruzeiro et al.,, 2015; Papadakis et al., 2015; Ccanccapa et al.,
2016b), with the exception of carbaryl, which was scarcely monitored
or detected.

In addition, it should be noted that the compounds found mainly in
waters are characterized with GUS index values generally >2 or even
>3, such as imidacloprid and methoxyfenozide or triazines (Table S1).
Compounds with GUS index values >2.8 are classified as potential
leachers, and this could explain their presence in waters, together
with their specific and widespread use in local crops.

3.2. Spatial and temporal evaluation of herbicides and insecticides in water
samples from the DOCa Rioja area

The total concentration of herbicides (Fig. 3a,b) and insecticides
(Fig. 3c,d) was determined in ground and surface waters in the different
subareas of La Rioja (ALV, ALT, and BAJ) and for each sampling period
(Sep-10, Mar-11, Jun-11, and Sep-11). The herbicide concentration in
groundwater was as follows: BAJ (2143 ug L™') > ALV (142.1ug L™ 1)
> ALT (64.21 pug L™ 1). In turn, in surface waters it was as follows: ALV

(1227 pg L= 1) > BAJ (8.68 ug L~ 1) > ALT (8.337 ug L~ !). These concen-
trations were generally higher in Mar-11 (ALV and ALT) and in Sep-10
(BAJ) for groundwaters, and in Mar-11 (ALV and ALT) and in Jun-11
(BAJ) for surface waters. However, the ANOVA for comparing the
means in different areas and sampling times recorded only a significant
difference between total herbicide concentration in the groundwaters
of BA] and ALT (LSD = 31.84), and between the concentrations in
Sep-10 or Mar-11 and Sep-11 (LSD = 36.76), but the effect of both fac-
tors was not significant on the total herbicides at a 95% confidence level
(areap = 0.072, and sampling time p = 0.121). However, area and sam-
pling time had a significant effect in the total insecticide concentration
in groundwaters, recording a peak concentration in ALV (LSD = 1.415,
p = 0.0003) and in Jun-11 (LSD = 1.624, p = 0.0328) (Fig. 3c). No sig-
nificant differences were found in total herbicide or insecticide concen-
trations in surface waters. It should be noted that the total amount of
herbicides and insecticides peaks in the usual period of application of
herbicides (March) and insecticides (June) in the three subareas. Only
in BAJ were herbicide amounts higher in Sept-10, and this was due to
the high degree of pollution of one of the samples in that period. The
mishandling of products could be the cause of a point contamination de-
tected at one site in this area.

The pollution in ALV was recorded in a lower number of waters (12
ground and three surface waters) than in BAJ (35 ground and six surface
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waters) or ALT (31 ground and three surface waters). The results show
that herbicides were detected in all the water samples in all the cam-
paigns in ALV (Table 1), while this did not occur in ALT or in BAJ, and
no herbicides were detected in some waters samples in the four cam-
paigns (Tables 2 and 3). In the case of insecticides, no sample was de-
tected without any in Jun-11 in surface waters from ALV and ALT
(Fig. 3d). ALV could therefore be considered the most polluted area in
the DOCa Rioja, despite being the smallest of the three areas in question.
ALV accounts for 20.8% of the total area (63,593 ha), with vineyards
being the main crop (11,500 ha). ALT and BA] are larger, accounting
for 30.3% and 35.7%, respectively, and they include other crops apart
from vineyards, such as cereals, and olive and fruit trees (Fig. 1).

The higher pollution in ALV may be due to the application of a great-
er amount of pesticides, although this information is not available. Fur-
thermore, the vulnerability of soils to pollution could be a factor, as the
mobility and/or persistence of these compounds in soils depend on their
properties and soil characteristics (Marin-Benito et al., 2009;
Rodriguez-Cruz et al.,, 2012). Soil texture and composition were gener-
ally similar in the DOCa Rioja area, although a greater or lesser percent-
age of porous lithology might characterise the different subareas (Fig. 1)
and affect the potential persistence of herbicides and insecticides and
their mobility to waters (Pose-Juan et al., 2015).

Box and whisker plots (Figs. 4 and 5) were obtained for the disper-
sion of the total concentrations of herbicides or insecticides in ground
and surface waters for each area and sampling period. These plots rep-
resent the 25th, 50th and 75th percentiles (horizontal lines in the
box), the minimum and maximum values, but no >1.5 times the dis-
tance of the box (its whiskers), the outliers or values less than or
equal to 3, and >1.5 times the distance of the box outside the quartile

(O) and the extremes or values more than three times the distance of
the box outside the quartile (.). The dispersion of the herbicide and in-
secticide concentrations found in between 25% and 50% of the samples
was lower than in 50% to 75%, of the samples, with a lower dispersion
of concentrations in 25% of the samples with the lowest concentrations
than in 25% of the samples with the highest concentrations. These plots
for samples from three areas and for all four campaigns also indicate
that, in general, the peak values of the medians of total concentration
without considering the outlier values correspond to the samples col-
lected in the three areas in Mar-11 (herbicides) (Fig. 4) and Jun-11 (in-
secticides) (Fig. 5). This median is especially high in the case of ALV,
0.853 g L™ ! for groundwaters, and in ALT or BA] for surface waters
(Fig. 4), although the number of samples here was very low, with this
value exceeding the limit for the total amount of pesticides (0.5
ug L~ 1) permitted by EU legislation. In the case of insecticides (Fig. 5),
these median values are considerably lower, peaking in the Jun-11 sam-
pling campaign in the three areas for both ground and surface waters.

In addition, the samples with the highest values of herbicides
corresponded to groundwaters (Fig. 4 a—c) collected from Rioja Baja
(BAJ-G16) in Sep-10 (81.72 ug L™ 1), Mar-11 (20.42 ug L™ 1), and Jun-
11 (23.74 pg L™ 1), and BAJ-G28 in Mar-11 (25.60 pg L™ !); from Rioja
Alavesa (ALV-G11 in Mar-11 (27.79 ug L™ ') and in Jun-11 (20.87
ug L™1), ALV-G2 in Sep-10 (19.17 pug L™!) and in Sept-10 ALV-G1
(10.98 pg L™ 1)), and from Rioja Alta (ALT-G20) in Mar-11 (9.912
ug L=1). These high concentrations were provided by terbuthylazine,
DET and fluometuron (especially in BAJ-G16 in Sep-10), and to a lesser
extent by diuron (Sep-10) and alachlor (Jun-11).

In the case of insecticides (Fig. 5 a-c), the samples with the highest
concentrations were ALV-G1 with methoxyfenozide in all four sampling
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Fig. 3. Distribution of the total amount of herbicides (a,b) and insecticides (c,d) in ground and surface waters of the three subareas in the four sampling campaigns.
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Rioja Alavesa; ALT = Rioja Alta and BA] = Rioja Baja) in the four sampling campaigns.

periods and ALT-G11, ALT-G15, and BAJ-G31 with concentrations of
carbaryl or imidacloprid over the limit established by EU legislation
for individual pesticides, although the concentrations were always
lower than for herbicides. These samples were generally from wells
<5 m in depth close to vineyards, cereal crops and fruit tree orchards.
These water sources were not used for human consumption, but mostly
for irrigation.

3.3. Evaluation of the quality of water samples from the DOCa Rioja area ac-
cording to European legislation

A different number of herbicides or insecticides were detected in
each water sample, with the total concentration of all of them being
the indicator for evaluating water quality. Fig. 6 shows the co-
occurrence of different herbicides or insecticides in the water samples
collected in the four campaigns. Between eleven and fifteen herbicides
were detected in several samples in the four campaigns, while only
two insecticides were detected in Sept-10, three in Mar-11 and Sept-
11, and more than four in Jun-11. The results indicate that no herbicides

were detected in 8% (Sept-10), 6% (Mar-11), 1% (Jun-11) and 6% (Sept-
11) of the samples. However, more than five herbicides were detected
in 40% (Sept-10), 45% (Mar-11), 48% (Jun-11) and 35% (Sept-11) of
samples. More than fifteen herbicides were detected in 1% of the sam-
ples (Sep-11) (Fig. 6). In the case of insecticides, the results indicate
that no insecticides were detected in 63% (Sept-10), 61% (Mar-11),
42% (Jun-11) and 80% (Sept-11) of the samples, while two or more in-
secticides were detected in 7% (Sept-10), 10% (Mar-11), 27% (Jun-11)
(including 1% of samples with more than four insecticides), and 3%
(Sept-11) (Fig. 6).

According to the number and concentration of each herbicide and
insecticide, an evaluation of the quality of the water samples was car-
ried out for each area of DOCa Rioja in accordance with the European Di-
rective (EC, 2008), which sets a limit of 0.1 ug L™ for the individual
concentration of pesticides, or of 0.5 pg L™ ! for the total concentration
of pesticides in drinking water. Table 4 shows the number of water sam-
ples (ground and surface waters) with no pesticides detected, and the
number of water samples that meet one or other of the criteria laid
down in EU legislation or both of them in the three subareas in DOCa
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Fig. 5. Box and whisker plots of the range of total concentration of insecticides detected in each sample of ground (—G) and surface (—S) waters of the three subareas of DOCa
Rioja (ALV = Rioja Alavesa; ALT = Rioja Alta and BA] = Rioja Baja) in the four sampling campaigns.

Rioja for different sampling periods. The number of samples meeting
both criteria and an individual one was the same. However, the number
of samples that meet the criterion for total concentration was always
higher. This indicates that although the number of pesticides (mainly
herbicides) was high, most of them were present in low concentrations.
It should be noted that the number of samples complying with EU leg-
islation in 2011 decreases in the March and June campaigns, being
higher in the September ones. Comparing both September campaigns,
an increase in the number of samples complying with EU legislation
was observed in the three subareas in 2011, indicating a possible recov-
ery of water quality. However, seasonal rainfall or other weather condi-
tions might be involved in this improvement, and more monitoring
programmes with an adequately designed monitoring well network
would be needed to confirm this trend.

4. Conclusions

This study reports the evolution of herbicide and insecticide concen-
trations in ground and surface waters in the DOCa Rioja vineyard region

over the course of a year. All the samples collected contained some of
the herbicides or insecticides studied in one or more of the four cam-
paigns (Sept-10, Mar-11, June-11, and Sept-11). The significant correla-
tion coefficients (p < 0.05) found between the concentrations of some
herbicides evidence the simultaneous application of different chemicals
in most of the crops in the area under study. In addition, all the samples
collected in Rioja Alavesa were contaminated with some herbicides
and/or insecticides in all four campaigns, and this is the most contami-
nated area, while in the case of Rioja Alta and Rioja Baja some samples
were not contaminated with any pesticides at all. The percentage of
samples with a high number of pesticides is consistent with the wide-
spread use of herbicides and a less extended use of insecticides. Further-
more, the increase in the detection of herbicides and insecticides
corresponded with their application period (herbicides in March and in-
secticides in June). The number of samples complying with European
legislation in both the individual and total concentration of pesticides
increased over the sampling periods. This could indicate a possible
recovery of water quality outside the periods of crop growth,
although more monitoring programmes are needed to confirm this


Image of Fig. 5

170 E. Herrero-Herndndez et al. / Science of the Total Environment 609 (2017) 161-171

Sept-10

Mar-11

Jun-11 Sept-11

Herbicides

200

HOE1-586-10

11-15m > 15

Insecticides

0IO

mo Wmq W2

3 W>4
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improvement. The findings in this study provide valuable information,
highlighting the need to carry out additional biotic and abiotic degrada-
tion studies and to implement strategies for effective water protection.
On the other hand future studies should also be expanded to degrada-
tion products of these compounds, less considered in these evaluations,
in order to reach a more real risk assessment as a result of the use of pes-
ticides in agriculture.
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