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Abstract: The use of agricultural drainage water (ADW) in irrigation is a great challenge, improving
water use efficiency, nutrient circularity, and avoiding surface and ground-water contamination.
The objective of this study was to evaluate the chemical and ecotoxicological characteristics of an
ADW to analyze the safety of its reuse. An irrigated area with maize crops was selected (Tejo Basin,
Portugal), where a subsurface structure for the recovery of ADW was installed, collecting the drainage
in a pond and recycling it for crop irrigation. Water was collected monthly during the irrigation
campaign of 2021 (April to August). Three herbicides and two metabolites were quantified, reaching
a maximum concentration of 0.74 pg L~! for S-metolachlor and 0.48 ug L~! for terbuthylazine. The
lethal bioassays did not detect toxicity, except for the sample collected in August toward Vibrio fisheri
(ECsp = 25.2%). The samples were not toxic to Pseudokirchneriella subcapitata, with a growth inhibition
rate of less than 10%. The low lethal and sublethal effects may be ascribed to the high nutrient
concentration (e.g., 1.76 mg P L~! and 98.9 mg NO;~ L™}, in July) that could have masked toxic
effects. Ecotoxicological responses support the option of ADW reuse in irrigation, offering a safe and
sustainable solution for water and nutrient management.

Keywords: drainage water recycling; pesticides; nutrients; aquatic bioassays

1. Introduction

To meet the world’s future food security and sustainable needs, food production
must rise substantially while, at the same time, agriculture’s environmental footprint must
decrease drastically [1]. The footprint of agriculture ranges from the contamination of soil,
water, and food to the excessive use of water and the imbalance of ecosystem services.
One of the routes for agricultural contamination of natural water resources is through
runoff processes, which represent an important non-point source (NPS) of pollutants, such
as nutrients and pesticides [2,3]. Excessive amounts of nitrogen and phosphorus speed
up natural eutrophication processes, leading to the formation of algae blooms in surface
waters [2]. Further, the runoff of these nutrients also represents a loss of valuable resources
from the agricultural system. All these facts justify the importance of studying options to
recycle agricultural drainage water (ADW), and one option is its use in the irrigation of other
crops, avoiding runoff and improving the efficiency of the fertilization processes. Currently,
smart technological solutions are being adopted, which allow the capture, storage, and
reuse of ADW for irrigation purposes, increasing the efficiency of water management in a
scenario of water scarcity [4,5]. In fact, subsurface drainage systems (e.g., with perforated

Water 2023, 15, 2434. https:/ /doi.org/10.3390/w15132434

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15132434
https://doi.org/10.3390/w15132434
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-9719-079X
https://orcid.org/0000-0002-4792-3633
https://orcid.org/0000-0002-7498-8926
https://orcid.org/0000-0002-3225-3358
https://doi.org/10.3390/w15132434
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15132434?type=check_update&version=2

Water 2023, 15, 2434

2 of 14

plastic pipes) [6] are one of the most used water table management practices in floodplain
soils to remove excess water in the soil profile and maintain a sufficient water level in the
root zone, to maximize crop production [7].

This practice responds to the global challenges of increasing climate variability, the
objectives of the European Green Deal, and the United Nations Sustainable Development
Goals Agenda, providing an important solution that could cost-effectively recover nutrients
from ADW, based on a circular economy point of view [8,9].

With this ADW recycling strategy, it is possible to reduce the entrance of a set of
substances and chemicals into the downstream waterways. These substances can be
mineral and organic suspended solids, nutrients, pesticides, and metal(loid)s, which may
have a direct ecotoxicological effect on aquatic and benthic organics [3,9], compromising
the ecosystem’s balance. On the other hand, the toxicity of the recycled ADW may also
affect the organisms in the agroecosystem, which is important to assess. Notwithstanding,
the literature is scarce on this type of risk assessment, using real ADW samples and
standardized bioassays with aquatic organisms to evaluate their ecotoxicity. Therefore, it
would be important to make this type of assessment, confronting the expected toxicity from
the ADW chemical composition [10].

The use of ADW as irrigation water, recycling their nutrients back to the crop during
the growing season, will only be environmentally sustainable if this type of water does not
present environmental risk. This issue can only be properly addressed by linking chemical
and ecotoxicological assessment, allowing cause—effect relationships, improving risk assess-
ment results, and designing specific recovery strategies [11,12]. Hence, to obtain pertinent
outcomes at the ecosystem level, the assessed responses should have consequences on the
biological health of the species (e.g., mortality, growth, reproduction, and feeding rates) [13].
In fact, the use of the Ecotoxicological Line of Evidence (LoE) with a group of organisms of
taxonomic representative species sensitive to chemical substances will allow to assess the
impact of ADW in the terrestrial and aquatic ecosystems. The following steps are essential:
(i) to analyze the impact of ADW on the abiotic and biotic compartments (soil, water, plants,
organisms) when it enters the receptor medium; or (ii) to direct, whenever possible, its
reuse as a source of nutrients for local agricultural crops or for cultural growth media for
microalgae [12,14].

The objective of this study was to evaluate the chemical composition and the aquatic
ecotoxicological effects of an ADW from a maize crop area, collected during a complete
growing season, to assess its impact on the natural waters and the safety of its reuse in the
irrigation of crops. The case study selected is in Rio Maior, sub-Basin (Tejo Basin, Portugal),
where this type of drainage collection/irrigation system is installed, providing a unique
opportunity to evaluate the potential risk to the aquatic system if this water was simply
discharged, as happens in most situations.

2. Materials and Methods
2.1. Site Description and Sampling Characterization

This study was performed in a maize crop field located near Sao Joao da Ribeira (Rio
Maior, Portugal) (Figure 1), in an area integrated with the Tejo Basin, sub-basin Maior
(Maior River). This sub-basin presents an area of 923 km? and is the delimitation of the
municipalities of Alcobaca, Azambuja, Cadaval, Cartaxo, Rio Maior, and Santarém. The
Tejo Basin is an international hydrographic region with a total area in Portuguese territory
of 30,502 km?. This Basin signs the climate transition in the national territory between the
North, temperate and humid, and the South, hot and dry. In general, the average annual
temperature in the basin is 14.9 °C, with air temperatures to the North of the Tejo River
being lower than those in the South. The average annual precipitation value over the Tejo
Basin is approximately 870 mm and 600 mm in areas located South of the river. Further,
the climate of Continental Portugal is marked by a seasonal irregularity, with about 75% of
precipitation occurring in the wet season from October to March and only 25% in the dry
season (from April to September) [15]. The irrigation in the area is mainly performed with
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surface water collected from Maior River or with groundwater, using wells and catchment
holes. This specific area was selected because it has a drainage water recycling system
comprising the capture, storage, and reuse of surface and subsurface drainage water, which
is used in the irrigation of the crop during part of the growing season.
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Figure 1. Map evidencing the sampling location, Sdo Jodo da Ribeira (39°17'13.6” N; 8°53/37.6” W),
close to Rio Maior (Portugal).

Considering the Portuguese Soil Classification System (1:25,000 (South); [16]), de-
scribing the soil morphology in the area, the Explanatory Note to the Portuguese Soil
Classification System [17], and selecting the correspondent classes of the WRB classifica-
tion [18], the soils in the area, affecting the draining system, are mainly Cambisols, Luvisols,
and Regosols. Soil samples (0-30 cm) were also collected in the center-pivots areas, and they
are characterized by circum-neutral to slightly alkaline pH (1:2.5 soil:water), ranging from
7.2 to 7.9, low organic matter content (14 to 18 g kg 1), very high level of fertility regarding
extractable P content (Egner-Rhiem; 272.2 to >500 mg P,Os kg~'), and high level of fertility
regarding extractable K content (Egner-Rhiem; 120 to 187 mg K,O kg~!). Considering
these soils analysis, the expected maize corn yield in this area is about 16 t ha~!, above the
reference production in Portugal [19].

An area of approximately 40 ha has a subsurface drainage system with perforated
pipes, which collects the subsurface drainage during the wet season. This water, plus the
surface runoff, are both conducted by gravity to the same discharge point in a drainage
pond located at a lower topographic level (39°17'13.6" N 8°53'37.6” W, Sao Joao da Ribeira,
Rio Maior (Portugal)). The center-pivot irrigation uses water directly pumped from the
drainage pond, which has an additional outlet (it can drain the surplus water to the river,
in periods of heavy precipitation, during part of the wet season), and inlet (the pond is
recharged with water pumped from the river when there is a water deficit). This system
improves water reuse, mitigating drought conditions, further allowing the recycling of
nutrients, and reducing non-point source pollution of the river with nutrients and, very
importantly, pesticides.

This system was selected as a case study because it is an example of a subsurface
water recycling system being used for irrigation and allowing the characterization of the
ADW that would be discharged into the receiving surface bodies if the system was not
installed. Therefore, this system provides a unique opportunity for the characterization
of the subsurface drainage and runoff from an intensive irrigated area, both for their
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physicochemical parameters, chemical substances, and ecotoxicological responses, allowing

the assessment of the risk of its discharge. In fact, to our best knowledge, this is the first

time that this type of water is fully characterized, considering these groups of parameters.
The production factors applied to the maize crop are displayed in Table 1.

Table 1. Production factors (fertilizers and pesticides) applied in the maize crop during the 2021
irrigation campaign.

Type of Product Dose Composition
Basal 300 kg ha=! Phosphorus/ Potassium binary fertilizer (ON-12P-30K)
asa
Fertilizers 200 kg ha~! Nitrogen/Phosphorus binary fertilizer (15N-35P-0K)
Top-dressing 850 kg ha~! Liquid Nitrogen (32%; w/v)
A suspo-emulsion containing;:
4T ha-1 Mesotrione: 37.5 g L™ (3.39%; w/w)
a S-metolachlor: 312.5 g L1 (28.2%; w/w)
Terbuthylazine: 187.5 g L~ (16.9%; w/w)
Herbicides An oil dispersion containing;:
2Lha"! Isoxadifen-ethyl: 22 g L~1
Tembotrione: 44 g L1
1.5Lha™1 Pyridate: 600 g L~
Insecticides 0.75 L ha™! Lambda-cyhalothrin: 100 g L1 or 9.5% (w/w)

Five samples (5 L each) were collected directly from the drainage pond, all at the
same sampling location (Figure 1; Sao Joao da Ribeira, 39°17'13.6” N; 8°53'37.6" W),
monthly, during the 2021 agricultural irrigation campaign, starting on 19 April, before maize
sowing, and ending in August. Table 2 presents the meteorological conditions registered
during that period in the nearest meteorological station (Fonte Boa e Estagdo Zootécnica,
Santarém), available online on the site of the Portuguese Meteorological Institute [20]. The
water samples were collected from the pond at a point close to the water inlet, stored in
polyethylene bottles, and transported to the lab in a portable cooler with ice packs, where
they were stored and preserved, following the indications for water conservation [21].
The sample used for physicochemical characterization was kept refrigerated at 4 °C until
analyses (maximum one-month storage), while two subsamples were kept deep frozen at
—20 °C to be used for the ecotoxicological characterization and the pesticides analysis.

Table 2. Temperatures (minimum and maximum) and accumulated precipitation registered in the
nearest meteorological station (Fonte Boa e Estacao Zootécnica, Santarém). Data collected at IPMA,
Instituto Portugués do Mar e da Atmosfera [20].

Month T min. (°C) T max. (°C) Acummulated Precipitation (mm)
March 4.6 29.1 522

April 6.7 27.2 111.5

May 6.1 30.9 233

June 10.8 394 12.6

July 12.8 419 0.3
August 12.1 38.8 0.3

2.2. Physicochemical Parameters and Pesticides Analysis

The ADW characterization considered (i) physicochemical parameters: pH (by poten-
tiometry, with a Thermo ScientificTM OrionTM 3-STAR Benchtop pH Meter); electrical
conductivity (ECy,; by conductimetry, with a Thermo Scientific™ Orion STAR™ A212
Benchtop Conductivity Meter); nitrates (NO3 ~) and ammonium (NH;*), which sum repre-
sents the mineral N, with a Continuous Flow Analyzer with a UV detector (Skalar, San plus
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System); total concentrations of important elements as macro and micronutrients (P, K, S,
Na, Ca, Mg, B, Fe, Mn, Cu, and Zn), by inductively coupled plasma—optical emission spec-
trometry, ICP-OES, using an iCAP 7000 Series ICP Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA), on samples digested in a hot plate with concentrated nitric acid; chem-
ical oxygen demand (COD; by acid digestion with potassium dichromate and titration with
ammonium iron (II) sulfate); chloride (Cl~; by titration with silver nitrate, using Mohr’s
method). Analytical-grade chemicals were used for general procedures, while calibrations
were made with standards with Reagent-grade specifications. Standard methods were
used, following the indications of the American Public Health Association [21]. All the
analyses were performed in triplicate, and quality control procedures were adopted, which
are routinely used in the laboratory, analyzing blanks, independent standard solutions, and
calculating limits of detection (LOD) and quantification (LOQ). Results were only reported
if above LOQ thresholds.

Pesticides approved for use in maize in Portugal [22] and applied in the studied
area were selected, along with other pesticides detected in a large screening performed
during a preliminary ADW assessment. Concentrations of these pesticides were measured
through LC-MS/MS (liquid chromatography—tandem mass spectrometry) by Eurofins
SOFIA GmbH, an external accredited laboratory (DIN EN ISO/IEC 17025:2018 DAKKS
D-PL-19579-02-00), following a German standard method (DIN 38407-F36, 2014-09) [23],
and an internal method for glyphosate and AMPA. All calibrations were performed with
pesticide Analytical Standard Grade chemicals, and quality control procedures were per-
formed routinely. The lowest concentration of the analyzed pesticides that can be measured
with certainty (LOQ) is 0.05 ug/L.

Table 3 presents data on the chemical and physical properties of the pesticides analyzed
in the ADW samples collected from the Pesticide Properties Database [24].

Table 3. Selected information on the physical and chemical properties of the pesticides analyzed in
the ADW samples [24].

Soil Sorption

S e DI LogKows % DTy (Soil®  poUs Leaching,
Herbicide
Glyphosate 100,000 nd —6.28 1424 16.11 0.21
Nicosulfuron 7500 nd 0.61 30 26 3.44
S-metolachlor 480 9.9 3.05 - 51.8 2.32
Tembotrione 71,000 88 —1.09 - 145 0.95
Terbuthylazine 6.6 65 3.4 - 72 2.19
Herbicide metabolite
(iﬂgggﬁ;};ﬁggﬁ?ﬁzgﬁ ;‘lclt‘:) 1,466,561 Stable -1.63 2002 234 0.04
(rerbuthyngine metabolite) 3271 6 23 : 54 307
Pyridafol (pyridate metabolite) 23.80 nd 0.56 104 22 473
Insecticide
Lambda-cyalothryn 0.005 9.9 5.5 283,707 175 —2.09

Note(s): The PPDB, Pesticide Properties Database [24]. ? Solubility in water (mg L1): <50 = Low;
50-500 = Moderate; >500 = High. b DTy water phase (water-phase degradation expressed as half-life in days):
<1 = Fast; 1-14 = Moderately fast; 14-30 = Slow; >30 = Stable. ¢ Octanol-water partition coefficient (Log Kow):
<2.7 = Low bioaccumulation; 2.7-3 = Moderate; >3.0 = High. d Normalized organic carbon to water partition
coefficient (Koc) (mL g~1) <15 = Very mobile; 15-75 = Mobile; 75-500 = Moderately mobile; 500-4000 = Slightly
mobile; >4000 = Non-mobile. € Soil degradation (days): <30 = Non-persistent; 30-100 = Moderately persis-
tent; 100-365 = Persistent; >365 = Very persistent. f GUS leaching potential index: >2.8 = High leachability;
2.8-1.8 = Transition state; <1.8 = Low leachability.
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2.3. Assessment of AWD Quality for Irrigation

As this water is recycled for irrigation, it is important to evaluate its quality considering
that specific use. In Portugal, the quality of water for irrigation is regulated by Law Decree
No. 236/98 from 1 August [25] (except the treated urban wastewater, which is specifically
regulated by more recent legislation Law Decree No. 119/2019, 21 August [26]), which
establishes quality standards, criteria, and quality objectives, with the aim of protecting the
aquatic environment and improving the quality of water according to its main uses. This
legislation provides Maximum Recommended Values (MRV) and Maximum Permissible
Values (MPV) or intervals, in the case of pH, for some parameters, which are critical to
evaluating its quality for irrigation. On the other hand, internationally accepted guidelines
can be used for assessing the quality of water for irrigation, such as those from the Food
and Agriculture Organization of the United Nations (FAO), based on the quality standards
reported by Ayers and Westcot [27]. In these guidelines, specific water characteristics are
addressed, classifying the restrictions to its use into three levels: no restrictions; slight
to moderate restrictions; and severe restrictions [27,28]. The main characteristics to be
evaluated, considering the risks to the soil or to the crop, are as follows: (i) water salinity,
assessed from the water electrical conductivity (ECy); (ii) problems with the infiltration
rate of water in the soil, assessed using, simultaneously, EC,, and the sodium adsorption
rate (SAR; calculated using Equation (1) and concentrations in meq L~1); (iii) specific ions,
which frequently achieve concentrations that may induce toxicity problems in sensitive
crops, namely, sodium (Na™), chloride (C17), and boron (B); and (iv) other problems, such
as an excess of nitrates, which may cause adverse effects on the environment [27].

[Na']

SAR=——-~“~J1
[Ca2 |+ Mg?"]
[e ]+ [Ms™)

M

2.4. Ecotoxicological Assessment

Ecotoxicological assays were performed with a set of representative bioindicators at
different trophic levels. The responses analyzed are essential for the life cycle of species
whose dysfunction can deal with a decrease in population density and, in the long term,
disturb the aquatic ecosystem. Hence, the bioassays developed, and the responses analyzed
were as follows: (i) light inhibition of the bacteria Vibrio fisheri; (ii) growth inhibition
of the green microalgae Pseudokirchneriella subcapitata; (iii) mortality of the crustacean
Thamnocephalus platyurus; and (iv) feeding rate of the crustacean Daphnia magna. For all
bioassays, a test with a reference substance was performed as a positive control. The
sensitivity of the organisms was in accordance with the followed protocols.

2.4.1. Luminescence Inhibition of V. fisheri

The luminescence inhibition of the bacteria V. fisheri (NRRL B-11177) was assessed
following the protocol of the “DR LANGE luminescent bacteria test” [29]. Tests were
carried out using the dilutions of ADW with a 2% NaCl solution (50, 25, 12.5, 6.25, and
3.125%; v/v), with two replicates per treatment. The light emission was measured against
a nontoxic control (2% NaCl solution), at a temperature of 15 £ 0.5 °C, with a period
of exposure of 30 min. The concentration that induced 50% of bacterial light inhibition
(30 min-ECsp; % v/v) was determined, comparing with the control non-toxic.

2.4.2. Growth Inhibition of the Green Microalgae P. subcapitata

Green microalgae were exposed to five dilutions of ADW samples (12.5, 25, 50, 75,
100%; v/v, with negative control of MBL medium) over a 72 h period, following the OCDE
protocol [30]. The tests started with a biomass of algae inoculum of 3-5 x 10* cells ml~!; six
replicates per dilution were incubated in an orbital shaker at 21 4= 2 °C and with a constant
luminous intensity (60-120 pE m2g 1 equivalent to 6000-10,000 1x). The concentration of
the algae biomass was determined by counting the number of cells in a Neubauer chamber.
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The average specific growth rate, determined during a specific period, was calculated
using Equation (2):
Hi—j = (nBj — In Bi)/tj — ti 2)

where y;_j is an average specific growth rate for the specific time interval, i to j; ti is the
time for the start of the exposure period; tj is the time for the end of the exposure period; Bi
is the biomass concentration at the time I, and Bj is a biomass concentration at time j.

The inhibition of the algal growth was estimated from Equation (3):

% I=[(ue — ut)/uc] x 100 3)

where % I is the mean percentage of inhibition for specific growth rate; Lic is the mean value
for the growth rate in control; ut is the mean value for the growth rate in the ADW samples.

2.4.3. Mortality Test with T. platyurus

The test with T. platyurus was developed using the THAMNOTOXKIT FTM Kkit,
adapted from Persoone [31]. Larvae of shrimp T. platyurus (<24 h, obtained by the hatching
of cysts) were exposed to different dilutions of ADW samples (12.5, 25, 50, 75, and 100%,
v/v), diluted with synthetic freshwater—water included in the test kit, which was also used
as a nontoxic control. Four replicates for each of the five concentrations were incubated at
25 °C for 24 h in the dark. The number of dead shrimps after 24 h of exposure was used as
the toxic response, and the 24 h-ECsj (%) was calculated.

2.4.4. Feeding Assay with D. magna

The feeding rate assay with D. magna was adapted from the methodology reported by
McWilliam and Baird [32]. Groups of five neonates (4 or 5 days old born between the 3rd
to 5th broods) were exposed to the solutions of ADW samples (100 mL of total volume).
To each solution, a volume of algae, corresponding to a density of 3.0 x 10° cells mL~!
Daphnia~! (equivalent to 2.65 mg C mL~!), was added. At the beginning of the test, the
algae biomass was determined in each solution using a Neubauer chamber, after which the
organisms were added to each vessel. Five replicates per dilution and a negative control
test (with ASTM) were prepared. The test took place for 24 h at a temperature of 20 °C in
the dark to avoid algae growth. At the end of the test, the organisms were removed from
each vessel, the solution was shaken to resuspend the algae, and the number of algae cells
was counted. The feeding rate was calculated according to Equation (4) [33]:

FZVX(CO—C24)/t (4)

where F is a feeding rate (cells x animal™! x h™!); V is a volume of medium in the
test vessel (mL); Cp is an initial cell concentration (number x mL~1); Coy is a final cell
concentration (number x mL~1); t is a duration of the experiment (h).

2.5. Statistical Analysis

The results of the physicochemical parameters were analyzed using descriptive statis-
tics (mean and standard deviation (SD), n = 3). Differences among results obtained in
different months were evaluated using a one-way ANOVA analysis of variance. Whenever
significant differences were found, a post hoc Tukey Honest Significant Difference (HSD)
test was used to further elucidate differences among means at a p-level of 0.05.

The 30 min-ECsg (% v/v) of V. fischeri bioluminescence inhibition test was determined
using LUMISsoft 4 Software™. The ECsg (% v/v) values for the T. platyurus mortality were
determined using the probit analysis [34]. Results of sublethal endpoints (growth inhibition
and feeding rate) were checked for homogeneity of variance by the Kolmogorov-Smirnov
test and, when possible, subjected to a one-way analysis of variance (ANOVA). Data that do
not satisfy the assumption for ANOVA were analyzed non-parametrically using Kruskal—-
Wallis ANOVA by ranks test. Whenever significant differences were found (p < 0.05), a post
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hoc Dunnett’s test was used to compare treatments with the control, for a p-value of 0.05 as
the significant level [35].

The statistical analyses were performed with the STATISTICA 7.0 (Software™ Inc.,
Peachtree Corners, PA, USA, 2007).

3. Results and Discussion
3.1. Physicochemical Characterization, Pesticides Analysis, and Quality of ADW Samples
for Irrigation

Physicochemical characteristics of the drainage water were influenced by different
factors, which is important to refer to understand the chemical variability observed during
this study. The 20/21 winter was characterized by scarce precipitation until March, and
even in March, the accumulated precipitation was low (Table 2). April registered higher
precipitation and, therefore, a higher volume of drainage collected at the pond, which
occurred after the sampling (about 70% of the April precipitation occurred after the 25th,
and the sample was collected on the 19th). In addition, the evaporation process from the
pond due to the increase in the temperatures from April to July (Table 2) may also be
responsible for the observed rise in the concentration of physical-chemical parameters over
the months of this study. Thus, the sample collected in April was not so influenced by the
drainage of the soil resulting from the runoff (one of the most important ways of water
contamination by pesticides and fertilizers) as the sample collected in May [36]. On the
other hand, the sample collected in August was influenced by a dilution effect from the
water pumped from river Maior to recharge the pond, whose level was lowering.

All these factors had an impact on the physicochemical characteristics of the samples:
the sample collected in April had statistically lower values for some parameters (e.g., ECy,
Na, K, Mg, P, S, CI7, and NO3 ™), which increased during the campaign to reach a maximum
in July, with the highest concentrations for some nutrients (e.g., 1.76 mg P L~! and 98.9 mg
NO;~ L), while the August sample presented lower concentration for some parameters
(e.g., ECyw, K, P, and NO3 ™), due to the referred dilution effect (Table 4).

Table 4. Physicochemical characterization of the agricultural drainage water (mean + standard
deviation, n = 3). Values in a raw marked with the same letter are not significantly different (p > 0.05);

Tukey HSD test.
Parameters April May June July August
pH 770 £0.07b 796 £0.01a 7.62+0.02b 7.65+0.01b 722 +£0.05c
ECw (uScm™1) 813.0£01e 1042.7 £25a 1014.0 £ 0.2Db 9450 =04 c 843.5+03d
Na (mg L~1) 479+12d 59.5£13¢c 69.5+04a 59.5+04c 63.0+0.5b
K (mg L~1) 73+02c 76+0.1c 137+19b 23.6+02a 6.7 +03¢c
Ca(mgL™1 952+21b 1125+ 28a 84.1+10c 1155+ 15a 989+0.1b
Mg (mg L1 128 £03d 178 £04c 18.0+0.1c 189+0.1b 19.7+01a
P (mgL1) 0.31+0.01b,c 0.33£0.02b 0.23 £0.06 c 1.76 = 0.02 a 0.27 £0.01 b,c
S(mgL™1) 9.40 £ 0.06 ¢ 13.62 £ 0.08 a 11.50 £ 041 b 1426 £1.57a 1549+ 021a
Fe (mgL~1) 0.83 £ 0.04b 1.85+0.05a 0.01 +£0.00d 0.02 +£0.00d 0.11+0.01c¢
Cu(mgL™1 0.020 £ 0.001 a 0.010 £ 0.001 b 0.009 + 0.001 b 0.009 £ 0.001 b 0.010 £ 0.002 b
Zn (mg L) 0.047 £ 0.006 b 0.013 £ 0.006 ¢ <0.010 <0.010 0.080 £ 0.001 a
Mn (mg L) 0.267 £ 0.023 b 0.757 £ 0.006 a 0.003 4= 0.000 ¢ 0.006 £ 0.001 ¢ 0.010 £ 0.000 ¢
B(mgL™1) 0.027 £ 0.006 b,c 0.020 £ 0.002 ¢ 0.036 £ 0.003 a 0.035 £ 0.000 a,b 0.042 £+ 0.001 a
Cl_(mgL_l) 74+4d 113 +4a 118 £2a 91+t1c 105+4b
COD (mg O, L7 223+01a 126 £0.1a 198+0.1a 198+ 02a 149+ 03a
NO;~ (mg NO;~ L~1) 25.6+04d 26+17b 39.6 +0.5¢ 989+1.1a 265+04d
NHy* (mg NHy* L) 1.36 £ 0.03b 1.40 £ 0.05ab 143 £0.01ab 143 +0.02a 0.35+£0.02c
SAR 1.2 1.4 1.8 1.4 1.5

Relatively to the quality of the ADW for irrigation, and taking into account the EC,y,
values, all water samples are classified as having a “slight to moderate degree of restric-
tion” for their use, with values ranging in the interval 0.7-3.0 mS cm~!, and two of the
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samples (May and June) surpassed the MRV recommended in the Portuguese Legislation
(1 mS cm™!) (Table 4). Considering the infiltration rate, although the SAR values also
surpass the MRV of the Portuguese Legislation (MRV (SAR) = 1) in all the samples (Table 4),
FAO guidelines allow its classification in the lower class of risk (SAR in the range 0-3
and EC,, > 0.7 dS m~!). Therefore, the use of this type of water, stored in the drainage
pond, should reflect that its salinity may not allow its recycling to irrigate all types of crops,
only those with moderate resistance to salinity [37], but that practice will not contribute to
infiltration problems of the soil in the future.

The analysis of specific ions that may lead to toxicity problems in the irrigated crops
showed that all the samples have a CI~ content that surpasses the MRV of the Portuguese
Legislation (70 mg L~1), however, with no risk to irrigation, according to the FAO guideline
values [27].

As for NO3 7, it is a critical parameter in irrigation water, mostly because of the risk of
surface waters’ eutrophication. The NO3~ concentration in the July sample almost doubled
the MRV of the Portuguese Legislation, which is set at 50 mg L~1. Of course, that does not
mean the water should not be used for irrigation; rather, it should be used with caution,
accounting for the total N carried out by the irrigation water, which must be estimated
and considered in the crop fertilization plan. FAO is more precautionary, establishing at 30
mg NO; ~ L™! of the cut-off value that, when surpassed, implies that the water should be
used with “severe” restrictions. That value was surpassed in May, June, and July samples,
those with higher NO3™ concentrations, which indicates a high risk of contamination to
the receiving surface waters with this type of drainage/irrigation water. Its recycling is,
therefore, strongly recommended, but the N provided in the irrigation water must be
accounted for to avoid excess fertilization and NO3; ™ NPS pollution.

Additionally, an analysis of the possible effects of this AWD on the ecological status of
the waters of Rio Maior was carried out, comparing the measured concentrations with the
limit values proposed for the water classification as with reasonable or good status [38].
The results showed that this type of water could contribute to worsening the classification
of the waters of the Tejo Basin due to the concentrations of P, NO3;~ and NHy*, which
surpassed the limits proposed for a reasonable status classification for all the samples
(P=0.13mg L1, NO;~ =10 mg L=, NH;* =05 mg L1 [38]). Thus, these results support
the proposal to reuse this type of water, improving the efficiency of water management,
contributing to solving the problem of water scarcity, and avoiding further contamination
and degradation of the ecological and chemical status of surface waters.

The concentrations of pesticides in the ADW sampled during the irrigation campaign
of 2021 are displayed in Table 5. The herbicides S-metolachlor, tembotrione, terbuthylazine,
and the metabolites AMPA and pyridafol were detected in the ADW samples at different
times during the maize crop season (Table 5). Although the herbicides glyphosate and
nicosulfuron were detected in the screening made in one ADW sample, which justified its
monitoring during this study, none of the samples subsequently collected and analyzed
in the irrigation campaign showed detectable concentrations for these herbicides (concen-
trations < 0.05 g L™1). The insecticide lambda-cyhalothrin, despite being applied to the
maize crop, was not detected in these samples (concentrations < 0.05 ug L~1), which can be
explained by its low solubility in water and high partition coefficient organic carbon for
water (Koc), indicating its possible adsorption to soil particles (Table 3).
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Table 5. Pesticides quantified in the ADW samples (mean =+ standard deviation, n = 3) during the
irrigation campaign of 2021.

Concentration (ug L—1)

Active Substance April May June July August
Herbicide

S-metolachlor 0.05 £ 0.03 0.19 £+ 0.10 0.74 £ 0.37 0.33 +£0.17 0.65 + 0.33

Tembotrione <0.05 <0.05 0.19 £0.10 <0.05 <0.05

Terbuthylazine <0.05 <0.05 048 +0.24 0.07 £+ 0.04 <0.05

Herbicide metabolite

AMPA 0.11 £+ 0.06 <0.05 0.15 £ 0.08 0.36 £0.18 <0.05

Pyridafol <0.05 <0.05 <0.05 0.14 + 0.07 0.22 +0.11

S-Metolachlor was the herbicide quantified in the highest total concentration, reaching
a value of 1.964 pg L~1. This herbicide was quantified in all analyzed AWD samples, being
one of the most used herbicides in maize, which, combined with its high stability in water
(DTs59_water: 88 days; Table 3), may be the reason for the observed results. Further, the
octanol-water partition coefficient higher than 3 indicated that this herbicide presents a
tendency to be bioaccumulated. Terbuthylazine was quantified in June and July ADW
samples, with a maximum concentration of 0.48 ug L~!. Concerning the metabolites,
AMPA was quantified in most of the samples, with the highest total concentration observed
in the July sample, 0.36 ug L~!. As glyphosate was not applied to the maize crop (Table 1),
AMPA concentrations in the ADW may be explained by the high persistence of AMPA
in the soil compartment (DTsp_soil = 234 days). The June 2021 ADW sample showed the
highest total concentration of herbicides of 1.56 g L~!. Measured concentrations were
compared with environmental quality standards for specific pollutants in river basins [38]
and priority substances applicable to surface water under the European Water Framework
Directive [39]. The herbicides quantified in the ADW are not considered priority substances
in the surface waters of the European Union. However, terbuthylazine and its metabolite,
desethyl-terbuthylazine, are classified as river basin-specific pollutants in Portugal by the
National Environmental Protection Agency [38].

For the reported pesticides, limit of quantification (LOQ) = 0.05 ug L™1).

3.2. Ecotoxicological Analysis

The ecotoxicological analysis provided information on the effects of reusing this type
of water, ensuring environmental sustainability, and improving chemical results, being
the bridge to the risk assessment at the ecosystem level. The ecotoxicological results are
displayed in Table 6 and Figures 2 and 3. In general, the acute ecotoxicological bioassays
showed that the ADWs were not toxic to the bioindicators used; only the sample from
August 2021 induced a considerable decrease in luminescence of the bacterial V. fisheri
with a 30 min-ECsy of 25%. The V. fisheri bioassay is mainly sensitive to wastewater,
samples contaminated with potentially toxic metals (PTM) [40], or with chlorides and
ammonia [41,42]; but in the present study, the very low PTM concentrations, and the
ammonia and chloride concentrations similar to the other samples, do not justify this
observed toxicity. In fact, the August ADW sample had the highest concentrations of
pyridafol (0.22 ug L~1; pyridate metabolite) and s-metolachlor (0.65 pg L), which may
indicate that these herbicides, singly or in the mixture, may have influenced the observed
toxic effect. There is no literature on the toxicity of pyridafol to the luminescent bacteria (this
being the first study with results about it), but regarding s-metolachlor, studies indicated
toxicity toward V. fisheri only at higher concentrations (178.4 mg L~1) [43].
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Table 6. ECs (%) values calculated for V. fisheri (mean + SD; n = 2) and T. platyurus (mean =+ SD;
n = 4) bioassays after exposure to ADW samples.

Months V. fisheri 30 min-ECsyq (%; v/v) T. platyurus 24 h-ECsg (%; v/v)
April n.t. n.t.
May n.t n.t.
June n.t. n.t.
July n.t n.t.
August 2524+ 0.3 n.t.

* x X
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Figure 2. Growth rate (d~') of algae P. subcapitata after 72-h exposure to several dilutions of AWD
samples during the irrigation campaign of 2021. Mean =+ standard deviation (n = 6), * p < 0.05,
Dunnett’s post hoc comparison test with the control MBL.

100,000
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*
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Figure 3. Results of feeding rate of D. magna, after 24 h exposed to ADW samples. Mean =+ standard
deviation (n = 6), * p < 0.05, Dunnett’s post hoc comparison test with the control ASTM.

The sublethal bioassay with the green microalgae did not reveal toxicity. The re-
sults indicated a slight decrease in the microalgae growth rate when exposed to the July
(statistically validated by the One-Way ANOVA when comparing with the control MBL:
F53, = 187.71; p < 0.00005) and to the August AWDs (statistically validated by the One-Way
ANOVA when comparing with the control MBL: F5 3, = 429.55; p < 0.00002; Figure 2).
The herbicides present in these samples were in much lower concentrations than those
that induce the inhibition of algal growth (AMPA: 191 mg L~!; pyridafol: 493 mg L~};
s-metolachlor: 0.017 mg L~; terbuthylazine: 0.012 mg L~ [24]), justifying the obtained
results. In fact, the possible toxicity of the samples may have been masked, due to the high
concentrations of nutrients, mainly phosphorus (limiting nutrient for microalgae growth),
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such as those from April and May, stimulating the growth rate of the microalgae [44]. In fact,
as demonstrated in the study of Polazzo et al. [45], this could be a key factor influencing
the resilience of freshwater ecosystems to multiple stressors.

The results of the behavioral bioassay with D. magna showed no relevant toxicity, with
an increase in the feeding rate of the crustacean when exposed to most of the ADW samples
and a significant decrease in that performance only in the August samples (Figure 3).
Previous studies carried out in surface waters highlighted the loss of sensitivity of this
bioassay with the increment of nutrients and organic matter [46,47]. In fact, this behavior
may also be ascribed to the high concentration of total phosphorus present in the ADWs.

The reuse of ADW as agricultural irrigation water has several advantages, such as
the improvement of water use efficiency, the reduction in excess water in the downstream
watercourses, and the reduction in the amount of phosphorus, suspended solids, and
nitrogen carried out by the runoff to the freshwater systems [4,48]. At the same time, this
water recycling system helps to close the nutrient cycles, putting them back where they
belong, in the growing crop [49], avoiding their loss from the system. Results indicated that
the ADW from the maize field showed low toxicity, a condition that must exist to allow its
reuse in multiple uses. As for the use of ADW for crop irrigation, non-toxicity guarantees
the protection of the agroecosystems’ organisms, protecting biodiversity, and evidences the
low risk to the aquatic organisms of this type of irrigation water in case of a runoff.

4. Conclusions

The reuse of AWD for irrigation can be one important water management technique
to cope with the growing water scarcity problems and the quantification of hazardous
substances, namely, pesticides, plus the results from ecotoxicological bioassays, makes it
possible to determine the potential risk to agroecosystem’s organisms. This set of results
also makes it possible to assess the impact on the ecological and chemical status of receiving
surface waters if drainage should occur.

In this study, the AWD samples showed some parameters above the proposed limit
value for irrigation purposes, namely, EC,,, NO3;~, and Cl~, which indicated that this
water must be used with caution, and a regular monitoring process must be implemented.
Notwithstanding, the controlled reuse of this water in agricultural activities is probably
a better option than its return to the hydrographic basin, as it could contribute to the
reduction in the ecological status of river Tejo. The ecotoxicological evaluation, using a
battery of bioassays, indicated that these ADW presented low toxicity, which is important
for its reuse. However, these results must be considered with caution, and further analyses
must be carried out to determine the real influence of the nutrient concentrations on the
ecotoxicological results obtained. Furthermore, attention should always be paid to heavy
metals, disinfection by-products, and pharmaceuticals, considered as requirements for
water quality, which should be monitored when necessary and appropriate to ensure
adequate protection of the environment and of human and animal health.

The low toxicity of the ADW, including toward the microalgae, evidenced other
possibilities for its reuse, allowing water and nutrient recycling.
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