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Abstract: Surface water pollution (as a result of pesticides) is a major problem, due to the negative
impact on human health and ecosystems. The excessive use and persistence of surface water pollution
in the environment may present a notable risk. In this article, DDT and its metabolite DDE hereafter,
DDT–DDE), and a commonly used pesticide (herbicide) glyphosate, were analyzed in agricultural
drainage waters; afterward, a spatial analysis was applied to identify potential areas of high pesticide
occurrence in an agricultural Mediterranean coastal floodplain. The spatial distribution of banned
(Directive 79/117/EEC), yet highly persistent pesticides in the environment, such as DDT (and
metabolites), was compared with the (currently and mostly used) glyphosate. A sequence of various
point patterns, spatial analysis methods, and non-parametric statistics, were computed to elucidate
the pesticide pollution hotspots. As a reference value, almost 70% of the water samples were above
the World Health Organization (WHO) guideline for DDT (and metabolites) for drinking water
(1 µg/L), with a maximum of 6.53 µg/L. Our spatial analysis approach revealed a significantly
high concentration of DDT–DDE clusters close to wetlands in natural parks, where mosquitos are
abundant, and pesticides persist and flow to the surface waters from soil and groundwater pools.
Conversely, glyphosate concentrations were below WHO guidelines; their spatial patterns were
related more toward current agricultural uses in the southern sector of the study area.

Keywords: irrigation systems; DDT; glyphosate; salinity; spatial autocorrelation

1. Introduction

Pesticides play an important role in agriculture, in preventing pests and improving
yields, as well as in public health management, in regard to controlling diseases transmitted
by insects (e.g., malaria) [1]. However, there has been public concern for decades about the
short- and long-term effects of the use (and abuse) of pesticides, regarding human health
(toxicity) and the protection of the environment (ecotoxicity). Thus, intense research was
conducted to evaluate the acute and chronic toxicological effects of pesticides in humans
and in other types of living organisms [2–5], their persistence in the environment, and their
bioaccumulation in trophic chains [2,6,7]. Based on this scientific knowledge, regulations
and agreements have proliferated, advocating for greater control of pesticide production
and use in order to minimize its present and future impacts [8,9].

One pesticide that the scientific community is focusing on is dichlorodiphenyltrichloro-
ethane (DDT), and its metabolites, e.g., dichlorodiphenyldichloroethylene (DDE), which is
formed by the loss of hydrogen chloride (dehydrohalogenation) from DDT. As an example,
more than 23,400 scientific documents related with DDT can be accessed through the
SCOPUS platform (www.scopus.com, accessed on September 2021). DDT is a very stable,
lipophilic, and persistent compound, which has been used widespread to control malaria,
typhus, and other diseases, and its residues can be found globally [10]. A great concern
about the negative effects of DDT dates back several decades, and its production and use are
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restricted. DDT is banned in most of the countries that signed the Stockholm Convention on
Persistent Organic Pollutants (POP). The signatory countries (e.g., Spain was incorporated
into the convention in 2001; entry enforced in 2004) should adopt measures to restrict its
production and use [11].

However, past restrictions on the use of certain pesticides do not mean that they are no
longer present in the environment. It is well known that DDT is still present in ocean and
inland waters, soils, sediments, and living organisms in countries whose commercialization
was prohibited decades ago, such as those belonging to the European Union (EU) [9,10,12].
If this pesticide is apparently no longer being used in many areas, the fact that it continues
to appear (even at low concentrations) implies that there is a huge storage in the soils
and sediments [13–16] that, little-by-little, is emerging into surface and groundwater, and
entering into the trophic chains.

Glyphosate is another widely employed herbicide that is generating great concern
(due to its possible effects on health and ecosystems). Glyphosate is a broad-spectrum
herbicide, in which worldwide usage (agricultural and non-agricultural) rose more than 12-
fold from 1995 to 2014 [17]. Although glyphosate was identified as “probably carcinogenic
to humans” [18], its commercialization and use is generalized worldwide. However,
research indicates that our current dependence (of its massive application) implies that,
without glyphosate, fundamental changes in farming practices should be adopted, with
huge economic costs, at least in the short-term [19].

One underdeveloped aspect is the analysis of the regional spatial distribution of
pesticides, between measurements carried out in different locations and environmental
compartments, and the possible existence of storage hotspots in soils and sediments.
The use of pesticides did not have to follow a homogeneous spatial pattern because of
their preferential uses of combatting or mitigating different types of pests. The possible
existence of areas with higher levels of pesticide contaminations should be of concern, and
should involve an appropriate spatial analysis, in order to promote better monitoring and
management strategies for the territory [20].

In addition, the use of DDT, for instance, was very intense in wetland areas, some of
which are currently protected areas included in the RAMSAR sites and the Natura 2000
network of the EU. Thus, it is necessary to address the study of pesticides, not only from
the point of view from current, local sample points of water, soils, or living organisms,
but also from the point of view of the spatial contextualization of pesticides, and their
relationship with past and present land use.

The objective of this research involved the detection and location of pesticide sources
detected in drainage water, by employing a sequence of various point patterns, spatial
analysis methods, and non-parametric statistics. Two pesticides were determined in
the drainage network, one persistent insecticide and its metabolites compound (DDT
plus DDE), not used since the end of the past century in the 1970s (i.e., the Spanish
Ministerial Order of 22 March, 1971 restricted the use of insecticides containing DDT due
to their persistence and fat solubility), and a commonly used herbicide, glyphosate. This
agricultural area is delimited by Mediterranean wetlands and close to densely populated
urban areas and natural parks (protected areas).

2. Material and Methods

The study area is located in the southeast coast of Spain (province of Alicante), with an
approximate location at coordinates 38.14 N and 0.73 W (Figure 1). It comprises of a coastal
floodplain that, centuries ago, was a large coastal marsh and a lagoon (Elche lagoon) [21].
After the progressive implementation of drainage infrastructures for centuries, especially
in the 18th century, the current landscape developed a mixture of irrigated agricultural
areas and wetlands, with scattered urban areas.
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Figure 1. Descriptive maps of the study area: (upper) location of the study area showing the main populated areas (e.g., 
Almoradí); the digital elevation model (DEM), main water courses (natural and artificial, e.g., azarbes, which is the drain-
age network) and the location of the sampling points. (Lower) agricultural land covers at the study area; irrigation chan-
nels associated to each river are shown with different colors. 

The study area was developed over quaternary sediments, mainly transported by 
two rivers (Segura River in the south and Vinalopó River in the north), whose flow con-
verged into the ancient lagoon. That lagoon was separated from the sea by a sand dune 
barrier. The resulting topography of the study area is very flat (Figure 1, upper), with an 
altitude lower than 20 m a.s.l. (excluding El Molar hill with 76 m a.s.l.), with a median 
ground elevation of 6.8 m and average slope below 1%. Dominant soils were calcaric flu-
visols, although anthrosols, due to profoundly modifications through long-term cultiva-
tion (i.e., years), and Solonchaks, because of the high soil salinity, are well represented in 
the area [22]. In fact, previous edaphic research [23] evidenced large variability of soil 

Figure 1. Descriptive maps of the study area: (upper) location of the study area showing the main populated areas (e.g.,
Almoradí); the digital elevation model (DEM), main water courses (natural and artificial, e.g., azarbes, which is the drainage
network) and the location of the sampling points. (Lower) agricultural land covers at the study area; irrigation channels
associated to each river are shown with different colors.

The study area was developed over quaternary sediments, mainly transported by two
rivers (Segura River in the south and Vinalopó River in the north), whose flow converged
into the ancient lagoon. That lagoon was separated from the sea by a sand dune barrier. The
resulting topography of the study area is very flat (Figure 1, upper), with an altitude lower
than 20 m a.s.l. (excluding El Molar hill with 76 m a.s.l.), with a median ground elevation
of 6.8 m and average slope below 1%. Dominant soils were calcaric fluvisols, although
anthrosols, due to profoundly modifications through long-term cultivation (i.e., years),
and Solonchaks, because of the high soil salinity, are well represented in the area [22]. In
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fact, previous edaphic research [23] evidenced large variability of soil electrical conduc-
tivity values, from low average electrical conductivity values for permanent crops areas
(0.423 dS/m) to high values close to saltmarshes (4.5 dS/m). Homogeneous pH values
(from 8.1 to 8.4) and soil organic matter content (1.9 to 2.6%) were also observed in our
previous study [23].

In regard to the climate, the Köppen-Geiger climate class is BSh (hot semi-arid climate),
with an annual average temperature reaching above 18 ◦C, and average precipitation lower
than 300 mm [24]. Additionally, high temporal variability in precipitation promotes periods
of severe drought, contrasting with periods of very intense and dramatic flood events.

The agriculture is possible due to the presence of a large network of drainage channels
(called azarbes) that allow draining the water, reducing groundwater level to desiccate
wetlands and marshes, increasing the arable land (Figure 1, lower). Based on the Corine
Land Cover 2018 cartography [25], 74% of the study area is agriculture land cover classes,
mainly permanently irrigated land (CLC2018 level 3 code 212 ; 39% of the study area),
and fruit trees and berry plantations (CLC2018 level 3 code 222 ; 21% of the study area.
However, some wetland areas persisted and were transformed into water reservoirs to
be used for irrigation and, nowadays, form the Natural Park of “El Hondo” [21]. Two
sectors within the irrigation systems can be distinguished: (a) the northern sector of the
Vinalopó river (pours its water into the channels instead of directly into the sea), and
associated channels that finally converge for a single water flow into the Mediterranean
Sea. (b) The southern sector of the Segura River (larger water flow than the Vinalopó River)
and associated channels (also converge for a single water flow into the Mediterranean Sea).

2.1. Water Samples Analyses

A total of 76 water samples (Figure 1) were collected during August 2017, distributed
across 15 watercourses, including the mouth of both rivers, and 13 drainage channels
(azarbes). Samples were collected with a sampling pole to avoid the removal of the bottom
and then immediately stored at 4 ◦C until their analysis in the laboratory.

Six water quality parameters were analyzed, namely: pH, electrical conductivity
(EC) at 25 ◦C, total suspended solids (TSS), nitrates, pesticides (DDT plus the metabolite
DDE), and glyphosate. The four first parameters were analyzed according to standard
methods [26], while pesticides were determined with an ELISA kit. In this sense, pH
was determined with a Crison pH meter GLP 21 and EC (at 25 ◦C) with a Crison conduc-
tometer GLP 31 (Crison Instruments, Barcelona, Spain), respectively. Then, water samples
were filtered in order to determine TSS and to obtain filtered water for further analyses.
Glass microfiber filters with 0.45 µm of pore diameter were employed (Whatman—Cytiva,
Marlborough, MA, USA). Filters with retained particles were dried in an oven (105 ◦C)
until constant weight and TSS were determined by gravimetry. Nitrates were determined
by the second derivative method with a PG Instruments T80 UV/VIS Spectrometer (PG
Instruments Limited, Alma Park, UK).

Both pesticides were analyzed via an enzyme-linked immunosorbent assays (ELISA)
technique, employing tests from Eurofins Abraxis (Warminster, PA USA). Firstly, DDT and
the metabolite DDE (DDT–DDE) were determined with a microtiter plate ELISA test kit
for DDT–DDE in water samples (Eurofins Abraxis product code 540041). In this test, both
pesticides (DDT and DDE) were quantified jointly (the resulting value is the sum of DDT
plus DDE). Concentrations of the samples were determined using the standard curve run
with each test, using seven standards (i.e., 0; 0.625; 1.25; 2.5; 5.0; 10.0; 25.0 ppb). Upper and
lower detections limits were 25.0 and 0.625, ppb respectively. Regarding the sensitivity
of the test, this DDE/DDT assay has an estimated minimum detectable concentration,
based on 90% B/B0 of 0.4 ng/mL. Secondly, glyphosate was determined with a microtiter
plate ELISA test kit for glyphosate in water samples (Eurofins Abraxis product code
500086). Concentrations of the samples were determined using the standard curve run
with each test, using six standards (i.e., 0, 0.075, 0.20, 0.5, 1.0, 4.0 ppb). Upper and lower
detections limits were 4.0 and 0.075 ppb, respectively. Regarding the sensitivity of the test,
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this glyphosate assay has an estimated minimum detectable concentration, based on 90%
B/B0 of 0.05 ng/mL. Samples with a value lower than the lower concentration standards
were removed; samples with higher glyphosate concentrations (>4.0 ppb) needed a 1:2
dilution. Finally, a HEALES MB-580 (Shenzhen Huisong Technology Development Co. Ltd.,
Shenzhen, China) microplate reader was used to obtain the results from the ELISA test.

2.2. Statistical Methods

Basic descriptive statistics, such as minimum, maximum, mean, and standard devia-
tion, were firstly computed. Additionally, the relative standard deviation (or coefficient of
variation) was computed. The Shapiro–Wilk test of normality was applied to determine
which variables adjusted to a normal distribution, to properly select further statistical
methods. Based on the results of the test of normality, we adopted the non-parametric
Spearman rank correlation test for the quantification of the correlation among the variables.

Different spatial statistics were computed in order to assess the spatial distribution
of the water characteristics. Spatial analysis was done with GeoDa software (Center
for Spatial Data Sciences at The University of Chicago, Chicago, IL, USA; URL: https:
//geodacenter.github.io/, accessed on 30 September 2021). Firstly, a non-parametric spatial
correlogram was computed as a measure of global spatial autocorrelation. This procedure
does not imply the specification of a spatial weight matrix. It is based on a local regression
fitted to the covariances or correlations computed for all pairs of observations, as a function
of the distance between them [27]. Standardized variables (z) were employed, and the
correlogram was computed as a local regression [28]:

zi·zj = f
(
dij

)
+ u (1)

where dij is the distance between a pair of locations i-j, u is an error term, and f is the
non-parametric function to be determined from the data. Spatial correlograms allowed the
identification of the (first) distance at which spatial autocorrelation ceased. This distance
was specific for each parameter analyzed, and was then employed for their respective
spatial weight’s matrix for further analysis. This strategy, of computing a global statistic to
assess the distance threshold, and then employing this information for further local spatial
statistics, was successfully applied by Luković et al. [29].

The second stage of the spatial analysis was the computation of the Moran’s I statis-
tic [30,31]. It is computed as a cross-product between a variable and its spatial lag, with the
variable expressed in deviations from its mean [28]. For an observation at location i, this is
expressed as:

zi = xi − x (2)

where x is the mean of variable x. The computation of Moran’s I statistic is done with the
following expression

I =
∑i ∑j wijzi·zj/S0

∑i z2
i /n

(3)

with wij as the elements of the spatial weights’ matrix, S0 = ∑
i

∑
j

wij as the sum of all

the weights, and n as the number of observations. Moran’s I provided a measure of
global spatial autocorrelation within the distance threshold specified for each water quality
parameter by the respective spatial weights matrix. Values may range from −1 (perfectly
sparse values) to 1 (the largest spatial autocorrelation). A value equal to zero indicates a
random pattern.

Finally, a point pattern analysis was done by computing the Getis–Ord (G∗
i ) statis-

tic [32]. It compares the values for a given location, respecting the values at neighboring
locations. The distance threshold is determined by the previously defined spatial weights

https://geodacenter.github.io/
https://geodacenter.github.io/
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matrix. The row standardized G∗
i statistic was computed according to the following

expression [28]:

G∗
i =

∑j wijxj

∑j xj
(4)

This statistic was employed to detect local focus of spatial dependence for each water
quality parameter. The interpretation of the results is that, for a value larger than the mean,
the G∗

i statistic suggests a high–high cluster or hotspot, while a value smaller than the
mean indicates a low–low cluster or cold spot.

Clusters resulting from the Getis–Ord statistic were employed for an additional sta-
tistical analysis. High correlation and low correlation clusters, as well as non-significant
locations for each parameter, were converted to factors for the application of the Kruskal–
Wallis test, and the creation of boxplots for each variable. Significant differences among the
three factor levels were determined by the Kruskal–Wallis test [33], with Dunn’s test [34]
for a post hoc analysis, with a significant level of p < 0.05.

Descriptive statistics, Spearman rank correlation test, Kruskal–Wallis test, Dunn’s test,
and boxplots were conducted in R [35]. The geographical information system QGIS [36]
was employed to process geographical information and create cartographic products.

3. Results

Descriptive statistics (Table 1) provided information about the main characteristics
of the water parameters measured. A summary of the main characteristics for each water
course is also include in the Supplementary Materials (Table S1). The number of samples
employed in the analyses was 76, except for DDT–DDE (n = 69), due to the existence of
some samples with very low concentrations.

Table 1. Descriptive statistics of the water characteristics of the drainage channels: minimum and maximum values, arith-
metic mean, standard deviation (SD), and relative standard deviation (RSD). Shapiro–Wilk test of normality was included.

Variables Min. Max. Mean SD RSD (%) Shapiro–Wilk

pH 7.4 8.4 7.9 0.2 2.4 0.345
EC (mS/cm) 2.30 18.16 5.63 3.07 54.6 <0.001
TSS (mg/L) 2.40 538.80 68.76 73.70 107.2 <0.001

Nitrates (mg/L) 0.54 49.87 22.13 13.34 60.3 0.024
DDT–DDE (µg/L) 0.70 6.53 1.45 0.87 60.2 <0.001
Glyphosate (µg/L) 0.12 6.24 2.04 1.32 64.6 0.004

Mean pH was 7.9 and exhibited low variability as denoted by a relatively low stan-
dard deviation of only 0.2. Electrical conductivity ranged from 2.3 to 18.2 mS/cm. These
medium–high EC values are characteristic of the area, where the geological factors, along
with a semiarid climate and intensive agriculture practices, promote high salinity in sur-
face water and groundwater [37]. Mean TSS was 68.8 mg/L and the standard deviation
was quite high (73.7 mg/L). We found a high variability of TSS values, from very low
(minimum = 2.4 mg/L) to quite high values (maximum = 538.8 mg/L). The mean nitrate
concentration was 22.1 mg/L with a maximum of 49.9 mg/L (RSD = 60.3%). The last two
water quality parameters were DDT–DDE and glyphosate. Seven of the 76 water samples
exhibited DDT–DDE concentrations lower than the lower detection limit (0.625 µg/L),
and were discarded for further analysis. Mean values were 1.45 µg/L for DDT–DDE
and 2.04 µg/L for glyphosate. DDT–DDE and glyphosate had similar relative standard
deviation values (60.2% and 64.6%, respectively). The highest concentration for DDT–DDE
was 6.5 µg/L, while the highest concentration for glyphosate was 6.2 µg/L. Based on the
Shapiro–Wilk test, we evidence that all variables—except pH—does not adjust to a normal
distribution (p-value < 0.05). This result was considered for further statistical analyses;
thus, limiting the employment of a parametric test.
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Bivariate correlations among water quality parameters were assessed with the non-
parametric Spearman rank correlation test (Table 2). We focused our attention on the
significant correlations among pesticides and the other water parameters. A significant
and negative correlation between glyphosate and DDT–DDE was found. Moreover, both
pesticides were significantly correlated with EC, but in different ways. In this sense, EC
was positively correlated with DDT–DDE, and negatively correlated with glyphosate.
Additionally, EC was negatively correlated with pH and positively correlated with TSS.
Finally, we found that nitrates were only negatively correlated with TSS.

Table 2. Spearman rank correlation test results. Significant correlations are highlighted in bold.

pH EC TSS Nitrates DDT–DDE Glyphosate

pH 1 - - - - -
EC −0.455 *** 1 - - - -
TSS −0.077 0.248 * 1 - - -

Nitrates 0.053 −0.185 −0.298 ** 1 - -
DDT–DDE −0.194 0.392 ** 0.011 −0.154 1 -
Glyphosate 0.398 *** −0.563 *** −0.121 0.227 −0.420 *** 1

Significance levels: (*) = p < 0.05; (**) = p < 0.01; (***) = p < 0.001.

After the computation of descriptive statistics and correlations among variables,
several spatial analyses were developed in order to consider the water parameters and the
relation with their environments.

Spatial Analyses

Spatial correlograms were used to estimate the distance at which spatial correlation
ceases (equals zero). The maximum distance between a pair of points was 12,009 m, but
we observed that the distance at which autocorrelation ceased was much lower in any case
(Table 3), ranging from 2 to 4.5 km. These distances were employed for the definition of the
spatial weight’s matrix for further spatial analyses.

Table 3. Results from the spatial correlogram, local Moran’s I, and Kruskal–Wallis test.

Variables Distance for Autocorrelation = 0 Moran’s I Kruskal–Wallis for G*
i Groups

pH 3412 m 0.100 0.005 **
EC 4546 m 0.171 <0.001 ***
TSS 2509 m 0.033 0.074 n.s.

Nitrates 4497 m 0.295 0.002 **
DDT–DDE 3810 m 0.193 0.009 **
Glyphosate 2133 m 0.114 0.795 n.s.

Significance levels: (n.s.) = non-significant; (**) = p < 0.01; (***) = p < 0.001.

Maximum Moran’s I values obtained for nitrates and DDT–DDE indicates a higher
spatial autocorrelation. Oppositely, total suspended solids had a Moran’s I value close to
zero, which is related with a random pattern. Then, clusters of high or low correlation were
obtained by using the Getis–Ord (G∗

i ) statistic (Figure 2). The Vinalopó River mouth seems
to agglutinate several clusters of hot–cold spots for different water parameters. The outlet
of the river is a drainage channel (Azarbe de Dalt) instead of a direct river discharge on the
coastline, and this area is very prone to inundation. High–high clusters were observed
for EC (Figure 2b) and DDT–DDE (Figure 2e); a clear low–low cluster for pH (Figure 2a)
was evident. The floodplains of the Segura River (south and southwest of the study area)
were associated with a low–low cluster for EC values (Figure 2b). An extensive hotspot
for nitrates was evident in the middle west of the study area (Figure 2d). This portion of
the study area is more densely populated than the Vinalopó river mouth (see urban areas
indicated in Figure 1).
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ciated with significant differences between clusters. Besides, box-plots for each parameter 
were also computed (Figure 3). Significance letters from Dunn’s test (p < 0.05) are included 
in the boxplots. 

Figure 2. Getis–Ord (G∗
i ) statistic results for: (a) pH; (b) EC; (c) TSS; (d) nitrates; (e) DDT–DDE; and (f) glyphosate. Red

triangles represent high–high clusters (hotspots), blue circles represent low–low clusters (cold spots), and yellow dots
represent non-significant points. The hotspot area of DDT is highlighted with a red ellipse (e).

The categorization of the points obtained from the Getis–Ord (G∗
i ) statistic (i.e., high–

high, low–low, non-significant) was incorporated into the database of the water parameters
and used as factors for a Kruskal–Wallis test (Table 3) [33], which could be associated
with significant differences between clusters. Besides, box-plots for each parameter were
also computed (Figure 3). Significance letters from Dunn’s test (p < 0.05) are included in
the boxplots.
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pH, EC, nitrates, and DDT–DDE. Dunn’s test completed and confirmed these results with 
a post hoc analysis. For pH and nitrates, low–low clusters were significantly different to 
the other two categories (i.e., high–high clusters and non-significant points). For EC vari-
ables, all levels were significantly different. Finally, we observed that the DDT–DDE high–
high cluster was significantly different from the others. 

  

Figure 3. Box plots of the water quality parameters. The x-axis categories were obtained from the Getis–Ord (G∗
i ) statistic

results. Dashed brown lines represent the mean values of each water quality parameter. The color code of the boxplots
is the same of the Getis–Ord maps. Different letters above the boxplots denote subgroups, according to Dunn’s test post
hoc analysis.

Significant differences for the Kruskal–Wallis (p-value < 0.05) test were obtained for
pH, EC, nitrates, and DDT–DDE. Dunn’s test completed and confirmed these results with a
post hoc analysis. For pH and nitrates, low–low clusters were significantly different to the
other two categories (i.e., high–high clusters and non-significant points). For EC variables,
all levels were significantly different. Finally, we observed that the DDT–DDE high–high
cluster was significantly different from the others.
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4. Discussion

The drainage water of the study area was characterized by its low quality, mainly
due to the high presence of salts. This water is commonly reused for irrigation based
on an ancient system of water distribution and scarce resources. A severe water deficit
in late summer implies that farmers reuse the drainage water to irrigate their crops. It
produces salt enrichment, and other compounds, as they continuously recirculate and
lixiviate thought the soil (and evaporating water too). According to the irrigation water
quality criteria developed by Ayers and Westcot [38], about 85% of our water samples
have a severe degree of restriction for use (EC > 3.0 mS/cm). This fact greatly explains
the selection and spatial distribution of crops in the study area. For example, in Figure 1,
lower citrus crops (CLC2018 level 3, code 222, fruit trees and berry plantations) surround
lower salinity drainage channels in the Segura River channels, while tolerant plants, e.g.,
melon or date palms, are irrigated with higher salinity water, mainly proceeding from the
Vinalopó River channels. This spatial pattern is also coherent with the spatial pattern of soil
electrical conductivity, which we previously found in the study area [23,39]. Secondary soil
and water salinization is widespread through intensive agriculture irrigated floodplains of
southeast Spain, where solute inputs from irrigation and rainfall are much higher than the
solute outputs of plant uptake or leaching down the soil [40]. Additionally, the Vinalopó
River (EC = 18.2 µS/cm) transports high amounts of soluble salt from upstream Triassic
Keuper deposits [41]. It is artificially drained from the flooding area, where the wetlands of
the ancient lagoon and marshes were almost completely desiccated for agriculture [21]. All
of these factors might explain the spatial distribution of water EC values and the location
of the high–high cluster of salinized water; and it was found for soils [23,39].

The presence of wetlands in the study area represent highly valuable environmental
and socioeconomic resources. Unfortunately, they were traditional hotspots for malaria,
and the employment of DDT and other insecticides was very intense for several decades
of the 20th century [42]. Current employment of DDT should be null, due to the fact
that DDT in the EU was banned in 1978 (Directive 79/117/EEC). However, residual DDT
presence is widespread and has been repeatedly found in marine sediment, seawater, or
even seabirds [43,44]. We reported a DDT–DDE mean value in the study area of 1.45 µg/L
with a standard deviation of 0.87 µg/L and a maximum of 6.53 µg/L. DDT–DDE was
detected in 69 of the 76 water samples (90.8%), suggesting that its current presence is
ubiquitous through the study area. As a reference of the importance of this pollution, the
WHO guidelines for drinking water provide guideline values of DDT and metabolites,
of 1 µg/L [45]. In this sense, 69.6% of our water samples (48 out of 69) were above this
guideline value. Concerning glyphosate, this herbicide is currently commercialized and
its use for weed control is approved in the European Union until 15 December 2022 [46].
We reported an average glyphosate value in the study area of 2.04 µg/L, with a standard
deviation of 1.32 µg/L and a maximum of 6.24 µg/L. The WHO provides a guideline
value for glyphosate, along with its metabolite aminomethylphosphonic acid (AMPA) [45].
A health-based value of 0.9 mg/L (equivalent to 900 µg/L) can be derived based on
the acceptable daily intake (ADI) of 0.3 mg/kg of body weight, assuming a 60-kg adult
consuming 2 L of drinking water per day, and allocating 10% of the ADI to drinking
water [47]. Not one of our water samples was above this guideline value.

Our selection of the ELISA test for the quantification of pesticides in water sam-
ples was based on previous evidence about its suitability for efficient and cost-effective
monitoring of water pollutants. In this sense, previous studies have demonstrated that
employment of the ELISA test for the detection of DDT and glyphosate in water samples
is a feasible technique [48,49], and provides results comparable to other methods. For
example, Amitarani et al. [50] assessed DDT pollution in water samples from different
sources (i.e., channels, borewell, and lake) in southern India, by employing ELISA and gas
chromatography (GC) techniques, concluding that statistically comparable results were
obtained with both techniques. Byer et al. [51] compared the performance of the ELISA
test and liquid chromatography tandem mass spectrometry (LC/MS/MS) for glyphosate
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quantification in more than 700 water samples across Ontario (Canada), concluding that
the ELISA test was a cost-effective approach to enhance the spatial and temporal resolution
of a water quality monitoring surveys. Rubio et al. [52] compared the performance of the
ELISA test and high-pressure liquid chromatography (HPLC) for glyphosate quantification
in different types of water samples (i.e., nanopure, tap, and river water), concluding that,
regardless of the water type, there was no statistical difference between the two methods.
Both pesticides have very different chemical properties (e.g., DDT is less soluble in water
than glyphosate, and their half-lives in soil are different too; see fact sheets in PubChem [53]
and Wauchope et al. [5]), and their spatial distribution pattern was also very different. Its
spatial distribution is a consequence of the environmental characteristics of each river basin
and associated channel, as well as past and present land use and management practices.
Negative correlation between glyphosate and DDT–DDE, and the significant correlation
with EC for both pesticides, was observed (Table 2). Inverse correlation among pesticides
concentration for the whole study area seems to be more related with local land use and
management than a potential interaction between both pesticides. As spatial analyses will
reveal, this inverse correlation may denote differences in the past and present application
(and environmental availability) of each pesticide. Additionally, significant correlations
of EC with pesticides (positive for DDT–DDE and negative for glyphosate) is due to the
characteristics of river basins and associated channels instead of a cause–effect relation-
ship. These results suggest that different spatial patterns could be found and need to
be investigated.

The sequence of spatial analyses developed in this research (see Table 3, Figures 2 and 3)
was needed to elucidate the spatial pattern of both pesticides. They provided valuable
information about the expected autocorrelation range for each variable. The Getis–Ord
statistic results revealed a clear high–high cluster of DDT–DDE located close to the artificial
mouth the Vinalopó River, between both protected wetlands (Figure 2e). As previously
noted, this region of southeast Spain had endemic malaria until 1960s [54]. The presence of
large wetlands and irrigation channels, where Anopheles mosquitoes may have reproduced
led to the intensive use of insecticides (especially DDT, in the past). Wetlands comprised of a
large reservoir of mosquitoes, and efforts to combat malaria must have focused particularly
on them. This may explain the higher abundance of residual DDT–DDE. The current
presence of remarkably high concentrations of DDT and metabolites in surface waters is
frequent in areas where malaria was endemic, as our study area or locations were as remote
as South Africa [55]. Although DDT could be currently banned (or strictly regulated),
extensive history of DDT application has left a permanent mark on the environment [55].

Glyphosate is an herbicide used in many environments, not only in rural areas, but
also in urban and peri-urban areas to control weeds (e.g., roadsides). This could explain
the fact that we did not find a clear pattern for its spatial distribution, influenced by the
great presence of urban settlements and disperse houses. It is possible that the presence of
this herbicide throughout the area will change in time, after the limitation of its use in 2022,
and it is expected that glyphosate concentration will drop, as it tends to degrade relatively
rapidly in soils under most conditions, presumably by microbial processes [56]. However,
great attention should be focused on the employment of postemergence herbicides, such
as glyphosate, because recent studies suggest that they may maximize land degradation
processes (e.g., soil erosion) and promote release back to the environment of banned
remnant pesticides (such as DDT) that are stored in the soil [57].

Form the point of view of a spatial analysis, the significant correlations of EC with
pesticides could be explained by the north–south water salinity gradient found in the study
area. A high–high cluster for EC was located close to the artificial mouth the Vinalopó River
(Figure 2b). This spatial pattern, coincident with the spatial distribution of DDT–DDE, may
explain the significant positive correlation of EC and DDT–DDE (Table 2). Conversely, the
northern sector of the study area is a cold spot for glyphosate, where its presence is more
reduced than in the southern Segura River channels.
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Future research (including seasonal trends and soil and sediments analyses) may help
to elucidate the magnitude and dynamics of residual pesticide pools in groundwater, soil,
and surface waters, and the effectiveness of the next limitation, on the use of glyphosate
and the control of the slow degradation of DDT [58].

5. Conclusions

This study combined spatial correlograms, Moran’s I, Getis–Ord (G∗
i ) statistic, Kruskal–

Wallis test, and Dunn’s test to identify significantly high/low concentrations of pesticides
in the surface water of an agricultural coastal floodplain, and the relations with certain
water parameters.

High concentration clusters of EC and DDT–DDE were identified in the same area,
close to the outflow of a river (the artificial mouth of the Vinalopó River), in a prone to
inundation area between two large wetlands. In this sense, previous works have shown that
soils of that area have high salinity [23] and are a preferably area to combat mosquitoes [42].
The proposed methodology provided insight into the processes that may have occurred in
recent years. Secondary salinization of the soil and remote transport of soluble salt (e.g.,
through the Vinalopó River) might explain the electrical conductivity cluster, while the
past fight against malaria should be the underlying cause of the high concentration cluster
for DDT–DDE. The widespread use and diffuse pollution of a currently commercialized
pesticide (glyphosate) was also revealed, as it is present throughout the whole area.

The proposed methodology will help researchers as they conduct further research
in significant locations, by optimizing research efforts, promoting strategies for better
management (or even restoration) of soil and water resources, by detecting pollution
hotspots that could be sources of toxicity.
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