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Abstract

This study analyzed the use of a toolbox to evaluate the impact of agricultural activity on
the water quality/status classification of a hydro-agricultural reservoir (Lage reservoir,
Southern Portugal). The framework integrated the quantification of a group of 51 pesticides
and ecotoxicological endpoints with organisms from different trophic categories (the bac-
terium Aliivibrio fischeri, the microalga Pseudokirchneriella subcapitata, and the crustaceans
Daphnia magna and Thamnocephalus platyurus) at two sampling points in the reservoir (Lage
(L) and Lage S (LS)) between 2018 and 2020. Over the three-year study, we quantified 36 of
the 51 pesticides analyzed in the Lage reservoir. Total concentrations increased successively
from 0.95 ug L~! to 1.99 and 2.66 pg L~!. Among these, the pesticides most frequently
detected were terbuthylazine (100% of detection) and metolachlor (83% of detection), with
maximum concentrations of 115.6 and 85.5 pg L~!, respectively. Samples from the LS
site showed higher toxicity, where A. fischeri presented 30 min ECsp values of 39-51%.
Microalgae growth was consistently inhibited, correlating with agricultural activity, mainly
the application of herbicides and insecticides, while D. magna feeding rates revealed no
inhibitory effects in the Lage samples. The results highlight that although the detected
pesticide levels were below regulatory limits, they still induced toxic effects in the tested
organisms. The potential ecological status of the reservoir was classified as moderate,
and the integration of the proposal toolbox allowed refinement of the classification of
water status. The results demonstrated that this integrated approach, combining multiple
assessment methods, establishes a more robust water quality evaluation methodology,
allowing it to be used as a tool complementary to the WFD methodology. This proposal not
only identified existing pollution impacts but also enabled (1) early detection of the toxic
effects of emerging contaminants to prevent ecological damage; (2) proactive management
through specific actions to restore water status; and (3) improved sustainable water use.

Keywords: Alqueva project; bioassays; irrigation agriculture; water status classification;
Water Framework Directive
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1. Introduction

Nowadays, achieving sustainable water resource management while maintaining
agricultural productivity represents a critical challenge worldwide, as recognized by the
United Nations [1]. In agricultural areas, aquatic ecosystems face a stress increment from
multiple factors, such as (1) extensive diversion of freshwater for irrigation [2]; (2) changes
in hydrological regimes due to climate change [3]; (3) land-use changes associated with agri-
cultural expansion that have substantially modified global hydrological systems, frequently
resulting in negative impacts on both water quality and availability [4]; and (4) the direct
input of agricultural runoff and untreated wastewaters [5]. In fact, current perspectives of
agricultural water have shifted from a narrow view focused only on irrigation to a holistic
paradigm that encompasses environmental functions, including sustaining ecological flows
and improving habitat quality [6]. Effective water management in hydro-agricultural
systems relies on the integration of sustainable farming practices with comprehensive
and robust water quality control programs [7]. However, with agricultural intensification,
irrigation water is increasingly exposed to contaminants such as pesticides, potentially
toxic metals, and emerging pollutants [8], which can accumulate in soils [9], crops [10], and
waters [11], posing risks to ecosystems and human health [12].

Aquatic ecosystems face continuous exposure to complex contaminant mixtures, re-
quiring advanced and integrative methodologies to evaluate bioavailable pollutants and
their interactions [13]. Chemical analyses provide an incomplete picture of water quality
due to some limitations, such as the inability to quantify all existing substances, the fre-
quent failure to detect hazardous compounds at trace concentrations, and the excessive
time required for processing [14,15]. To overcome these limitations, researchers advocate
the use of integrative toolboxes that combine chemical, ecological, and ecotoxicological
data [16-18]. In fact, detection of ecotoxicological effects provides rapid, real-time, sensitive,
and cost-effective water quality data, enabling rapid and targeted management responses.
Early biological assessments identify harmful samples even before chemical confirma-
tion, significantly reducing delays in interventions. Furthermore, the application of this
type of framework is particularly valuable for substances present in trace concentrations
that escape current analytical methods, but that (in mixtures) can cause negative effects
on the ecosystem’s trophic groups [13,19]. By linking chemical exposure to functional
ecological consequences [19], these tools bridge the gaps left by conventional monitor-
ing and can support a more robust water body classification, more comprehensive risk
assessments, and sustainable water management policies. In this study, we tested how
the use of a set of integrative tools, including hazardous substances, and rapid ecotoxi-
cological bioassays could refine knowledge about the impacts of intensive agriculture in
water bodies of agroecosystems. It examined how ecotoxicological variables can enhance
our comprehension of agriculture’s effects on reservoir ecosystems. To our knowledge,
this is the first study to relate agricultural practices to pesticide and nutrient levels in
water reservoirs in irrigated agroecosystems, employing a rapid ecotoxicological toolbox
based on multitrophic groups. Hence, the investigation focuses on three key objectives:
(1) analyze the correlation of pesticides with agricultural practices; (2) assess the aquatic
ecosystem impacts of hazardous substances through multi-trophic group ecotoxicological
bioassays; and (3) assess the feasibility of integrating ecotoxicological data to enhance
the potential ecological status classification framework for water bodies in agroecosys-
tems. This study focused on a reservoir within a hydro-agricultural system in a Mediter-
ranean climate, where seasonal water scarcity and agricultural pressures impact water qual-
ity [20], and assessed how these factors influence the selection of the most sensitive water
quality endpoints.
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2. Materials and Methods
2.1. Study Area

The study area is integrated into the Alqueva reservoir, Southern Alentejo (Portugal),
within the Guadiana basin. The Alentejo region comprises multiple sub-basins, with
the transboundary Guadiana River basin being the most extensive. The Guadiana basin
extends across 67,026 km?, distributed between Spain (55,492 km?, 83%) and Portugal
(11,534 km?, 17%), ranking among the five largest river systems on the Iberian Peninsula.
The hydrological regime of this region was significantly altered by the construction of
the Alqueva reservoir in Southern Portugal’s Alentejo region. As part of the Alqueva
Multipurpose Development Project (AMDP), this infrastructure gave rise to three irrigation
subsystems (Alqueva, Ardila, and Pedrogao), which together constitute the Alqueva Global
Irrigation System (AGIS) [21]. The Ardila irrigation subsystem, located downstream of the
Alqueva reservoir within the Brinches-Enxoé Hydroagricultural Area (BEHA), contains the
study site, the Lage reservoir (Figure 1: L; LS).

Portugal has around 3,641,592 ha of agricultural production, of which 14.3%
(2,146,508 ha) is in Alentejo (Southern Portugal) [22]. Land use/land cover (LULC) anal-
ysis of its drainage basin reveals the following distribution: holm oak forest (25.5%);
irrigated—annual crops (11.6%, with predominance of corn, sunflower, onion, and garlic);
irrigated—permanent crops (34.3%, with predominance of olive trees and vines); non-
irrigated—annual crops (12.7%, with the predominance of alfalfa and clover); set-aside land
(12%); and urban land (0.2%) [20].

The soils in the region are predominantly Vertisols, Cambisols, and Luvisols, with
medium to fine soil textures [23]. The study area presents a typical Mediterranean climate
(Koppen classification Csa), characterized by hot, dry summers and mild, wet winters [24].
The study analyzed the agricultural practices on six distinct farms with annual crops in
rotation: Al (sunflower—maize—sunflower), A2 (sunflower—clover—onion), and A3
(maize—sunflower—maize), and permanent crops: P1 and P3 (two different vineyards)
and P2 (olive grove) during three consecutive years (2018, 2019, and 2020) (Figure 1).
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Figure 1. Map of Portugal showing the location of Baixo Alentejo, the Lage reservoir, the sampling
points (Lage—L and Lage S—LS) (blue markers), and surrounding crops: permanent crops, where P1
and P3 are vineyards and P2 is an olive grove (green markers), and annual crops, where Al, A2, and
A3 have crop rotation (orange markers) (Source: Google Earth and adapted from EDIA (2017) [25]).

Figure 2 displays the interannual variability of precipitation, evapotranspiration, and
temperature from 2018 to 2020. The year 2018 exhibited classic Mediterranean climate
characteristics—hot, dry summers combined with mild winters and low precipitation.



Water 2025, 17, 2642

40f22

However, the following years showed clear deviations. Both 2019 and 2020 were warmer
than usual, but 2020 represented a significant climatic anomaly: Despite being the hottest
year on record with an average temperature of 17.3 °C, it also received 615 mm of rain—a
clear anomaly compared to the region’s typically dry summer conditions. As expected,

evapotranspiration followed the temperature trend [24].
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Figure 2. Variation in average monthly temperature (T; yellow line), evapotranspiration (ETy; orange
line), and average monthly precipitation (P; green bars) over the three years of study (2018-2020) in
the municipality of Serpa. (January(Jn); February(Fb); March(Mr); April (Ap); May(M); June (Jn); July
(J1); August(Ag); September (Sp); October(Oc); November(Nv); December (Dc)).

This study was developed within the scope of the GOFitoFarmGest project to in-
vestigate how agricultural practices related to irrigated systems, such as fertilization and
phytosanitary applications, influence water quality and the dynamics of aquatic ecosystems.
The study also aimed to determine the most sensitive indicators for assessing the status of
irrigated agroecosystems and the ecological condition of agricultural reservoirs.

2.2. Sampling Campaigns

Water sampling was conducted seasonally over a three-year period (2018-2020),
with four campaigns representing both wet (April, December) and dry (July, Septem-
ber) hydrological conditions. Samples were collected from two distinct sites in the Lage
reservoir: (1) at the middle of the reservoir: Lage (L: 37°58'12.64” N, 7°31'0.06” W); and
(2) near the reservoir bank: southern Lage (LS: 37°57'44.60" N, 7°30'26.10"” W) (WGS84
coordinate system).

At each sampling site, 3 L surface water samples were collected at 50 cm depth using
a Van Dorn water sampler. All samples were immediately placed in lightproof coolers
maintained at 4 °C during transport to the laboratory. Samples for physico-chemical
analysis were processed within 24 hours of collection, while those for ecotoxicological
testing were stored at —18 °C until analysis (maximum storage time: 1 month). Frozen
samples were gradually thawed at 4 °C for 24 hours prior to bioassay initiation. The
preservation of water samples for ecotoxicological analysis was based on the method used
for pesticide analysis [26], preventing the degradation of pesticides before bioassay tests.

2.2.1. Surface Water Physico-Chemical Variables

Physico-chemical analysis of the Lage reservoir based on the assessment of pH, electri-
cal conductivity, dissolved oxygen, biochemical oxygen demand, total suspended solids,
total phosphorus and nitrogen, ammoniacal nitrogen, nitrates, and nitrites during the study
period (2018-2020) was reported by Catarino et al. [20]. In sum, the water results revealed
the following (Table S1): (1) frequent deviations of pH levels from the recommended
range for irrigation water (6.5-8.4) [27] were observed, which can negatively affect soil
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structure and nutrient availability; (2) nutrient concentrations remained always below
the regulatory limits for irrigation water despite agricultural pressure [27]; and (3) water
quality-supporting variables such as total phosphorus and nitrogen, total suspended solids,
and biochemical oxygen demand consistently classified the reservoir with a moderate
ecological status according to the EU Water Framework Directive [20].

2.2.2. Pesticide Analysis

To reinforce our findings, the results incorporated pesticide quantification from
2018 to 2020. While pesticide dynamics during 2018-2019 were characterized by
Alves-Ferreira et al. [26], the current study expands this research by incorporating pesticide
quantification and dynamics of 2020. The analytical methodology used for the quantifi-
cation of the target pesticides in water was performed by on-line solid phase extraction-
liquid chromatography-tandem mass spectrometry (SPE-LC-MS/MS), as described by
Alves-Ferreira et al. [26]. Pesticides were selected through a three-tier process considering
(1) detection frequencies in regional water monitoring programs [26,28,29]; (2) information
on pesticides applied to crops, which was recorded in the farm'’s agricultural practice man-
agement books (Table S2a,b); and (3) pesticides used in water status classification: specific
(for the classification of potential ecological status (Directive 2000/60/EC) and priority
compounds used for the classification of chemical status (Directive 2013/39/EU). During
each year of the study, 51 pesticides belonging to the classes of herbicides, insecticides,
and fungicides were quantified. Each of these substances has corresponding regulatory
thresholds for water classification and analytical detection limits for each compound
(Table S3).

2.3. Ecotoxicological Analysis

The ecotoxicological assessment was conducted using a multi-trophic approach with
standardized bioassays: Aliivibrio fischeri luminescence inhibition (decomposer); Pseu-
dokirchneriella subcapitata growth inhibition (primary producer); Thamnocephalus platyurus
mortality; and Daphnia magna feeding rate inhibition (primary consumers). A. fischeri is
widely used in ecotoxicology due to its rapid, standardized, low-cost, and highly sensitive
bioassay, which detects contaminants (e.g., pesticides) effectively and complements results
from other organisms such as D. magna [3]. D. magna and T. platyurus were chosen for
their broad sensitivity to contaminants, standardized protocols, ecological relevance, and
regulatory acceptance [30]. D. magna, a keystone species, comprises 60% of zooplankton
biomass in temperate lakes and regulates algae through intense grazing (100-300% of body
weight daily) [31].

The P. subcapitata is a standard model due to its ecological importance as a primary pro-
ducer, global freshwater distribution, and role in the biomagnification of contaminants [32].

The temperature, pH, dissolved oxygen (DO), and electric conductivity (EC) of the
samples were measured and were in accordance with the standard protocols used. For
all bioassays, a test with a reference substance was performed as a positive control for
validating the bioassay: (i) A. fischeri—with potassium dichromate solution (K,Cr,O7) to
verify whether the bacteria were viable and metabolically active. Several dilutions, between
0.25 and 4 mg L~!, were prepared to verify if the toxic effect was within the optimal
range (0.4 < ECsp < 1.7 mg L= (ii) T. platyurus—with a potassium dichromate solution
(K2CrpO7) with concentrations between 0.25 and 4 mg L~ !to verify whether the LCs
obtained was between 0.2 and 0.6 mg L~!; (iii) P. subcapitata—with potassium dichromate
solution (KyCr,O7) (0.5 to 4 mg L Hto verify whether the ECs obtained was within the
range stipulated (0.5 to 3.0 mg L~1); and (iv) D. magna—with a potassium chloride (KCl)
solution to verify that the inhibition of feeding rates was greater than 50%.
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Therefore, the use of this group of bioassays is linked to the feasibility of using a
battery of rapid, easy-to-perform, and cost-effective bioassays to complement chemical
monitoring. Acute tests provide rapid, standardized, and reproducible results, allowing
the screening of many samples across different seasons and conditions. The use of this
ecotoxicological suite allows for the rapid separation of contaminated areas that induce
strong ecotoxicological effects, requiring more rapid intervention, from those that exhibit
less pronounced ecotoxicological responses. Furthermore, being more easily comparable
with the biotic indices that have been used to determine ecological status, these rapid
tests are more feasible for integration into the current water body classification framework
supported by the WFD.

For an integrated assessment of water potential ecological status using ecotoxicological
endpoints, we developed a toxicological classification system (TCS) based on Roig et al. [33],
which was later validated and detailed by Novais et al. [17] (Table 1).

Table 1. Ecotoxicological classification system based on toxic endpoints (ECsy and LCsp; growth and
feeding rate) for assessing water body status.

Classification ECs¢ and LCsg Growth and Feeding Rate Color Score
Class 1 Non-toxic ECsy/LCsy >100% GFR > 80% blue 0
Class 2 Slightly toxic 61% < ECgy/LCsp < 100% 50% < GFR < 80% green 1
Class 3 Marginally toxic 21% < ECsp/LCsp < 60% 20% < GFR < 50% yellow 2
Class 4 Moderately toxic 10% < ECs¢/LCs¢ < 20% 10% < GFR < 20% orange 3
Class 5 Highly toxic ECs9/LCsp < 10% GFR < 10% red 4

Notes: ECsp: concentration that promotes an effect in 50% of the population exposure; %, (v/v). LCsq: concentra-
tion that promotes lethality in 50% of the population exposure; %, (v/v).

2.3.1. Luminescence Inhibition of A. fisheri

The luminescence inhibition bioassay was performed using freeze-dried Aliivibrio
fischeri (strain NRRL B-11177) following the standardized DR LANGE LUMIStox proto-
col [34]. The reservoir water samples were diluted in 2% NaCl solution (v/v) to six test
concentrations (100%, 50%, 25%, 12.5%, 6.25%, and 3.125%), with duplicate measurements at
each concentration level. The test conditions were as follows: temperature of 15.0 + 0.5 °C,
exposure duration of 30 minutes, and a reference control non-toxic 2% NaCl solution (nega-
tive control). The 30 min ECs (concentration that promotes an effect in 50% of the bacterial
population exposure; %, v/v) was calculated.

2.3.2. Mortality Bioassay with T. platyurus

To determine the mortality of the crustacean T. platyurus, the standard operating
procedure provided in the THAMNOTOXKIT FIM kit [35] was followed. The first
24 hours of the test focused on the hatching of the crustacean cysts, which were sub-
sequently exposed to different concentrations of samples from the Lage reservoir (25, 50,
75, and 100%, v/v), with synthetic freshwater included in the test kit, in quadruplicate. At
the same time, a negative control was prepared using synthetic freshwater included in the
kit. The samples were then stored at 25 °C for 24 hours in the dark, and the organisms were
not fed during the test. Finally, the dead organisms in each dilution were quantified, and
the 24-hour LCs( (concentration that promotes lethality in 50% of the population exposure;
%, v/v) was calculated.

2.3.3. Growth Inhibition Bioassay with the Green Microalga P. subcapitata

To determine the growth inhibition of the microalga P. subcapitata, the 201 OECD
protocol was followed. Initially, samples from the Lage reservoir were diluted with MBL (25,
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50, 75 and 100%, v/v) and subsequently 900 uL of these and 100 uL of suspended microalgae
(prepared in laboratory) were transferred to a 24-well microplate, with 6 replicates for each
concentration and 8 replicates for the negative control (MBL).

The microplates were then placed on a reciprocating shaker under continuous light
for approximately 72 h. Finally, the microalgae were quantified in a Neubauer chamber,
and the growth rate was calculated.

The average growth rate for a specific period was determined from Equation (1):

Hi—j=(InB; —InB;)/t — i ()

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

The inhibition of algal growth was estimated from Equation (2):

%I = [(ne — ut)/pc] x 100 (2)

where %I is the mean percentage of inhibition for a specific growth rate; pic is the mean
value for the growth rate in the control; and pt is the mean for the growth rate in the Lage
water samples.

2.3.4. Feeding Rate Bioassay with D. magna

The organisms used for this bioassay were obtained through continuous laboratory
cultures contained in American Society for Testing and Materials hard water [36], enriched
with the organic additive Marine “25” (Pann Britannica Industries Ltd., Waltham Abbey,
UK), an extract from the alga Ascophyllum nodosum [37].

The methodology of Mcwilliam and Baird [38] was adapted to perform the feeding
rate bioassay with D. magna. Dilutions were started with samples from the Lage reservoir
(0 (control), 25, 50, 75 and3 100% (v/v)) in quadruplicate, with five newborns aged 4 or
5 days, born between the 3rd and the 5th L. A volume of algae (P. subcapitata) was added to
each 25 ml pot, corresponding to a density of 3.0 x 10° cells mL~! Daphnia~! (equivalent
to 2.65 C mL~1). In parallel, a comparative control (4 replicates) was prepared with the
samples and algae at a density of 3.0 x 10°, without organisms, to serve as a negative
control for the growth of algae under the test conditions. At the beginning of the test, the
number of algae in each dilution was quantified using a Neubaeur chamber. The pots were
then placed for 24 h at 20 °C in the dark to prevent algae growth. To finish the test, the
organisms were removed from the pots and the algae were quantified.

The feeding rate was calculated according to Equation (3), reported by Allen et al. [39]:

(FR =V x ((Co — Ca4))/1) )

where FR = feeding rate (cells *animal —1 X h™1); V = volume of the medium in the test pot
(mL); Cp = the initial cell concentration (numbers x mL~!); Cy4 = the final cell concentration
(numbers * mL~1); t = duration of the experiment (h).

2.4. Statistical Analysis of Data

Water quality data were analyzed through descriptive statistics. Physico-chemical
variables were expressed as median, minimum, and maximum values, while pesticide
levels were evaluated using mean concentration, detection frequency, and range. Seasonal
and annual variations were also examined.
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Data on ecotoxicological endpoints (growth inhibition and feeding rate) were checked
for homogeneity of variance using the Kolmogorov-Smirnov test and, when possible,
subjected to one-way analysis of variance (ANOVA). Data that did not satisfy the assump-
tions for ANOVA were analyzed using Kruskal-Wallis ANOVA by ranks test. Whenever
significant differences were found (p < 0.05), a post hoc Dunnett’s test was used to compare
treatments with the control, using a 0.05 significance level [40]. Spearman’s rank coeffi-
cients, as a non-parametric measure calculated on ranked data, for a confidence level of
p <0.05, were applied to assess the correlations of physico-chemical variables and pesticides
with the ecotoxicological endpoints.

These statistical analyses were performed using STATISTICA 7.0 (Software™ Inc.,
Chalfant, PA, USA, 2007). For the A. fischeri bioluminescence inhibition test, the ECsg
values were determined using LUMISsoft 4 Software™ (HACH-LANGE GmbH, Hersholm,
Denmark), while for the T. platyurus bioassay, the 24 h LCs) values were determined by
applying the Probit analysis [41], using SigmaPlot 12.0 software (Systat Software Inc.,
Chicago, IL, USA).

3. Results and Discussion
3.1. Pesticide Dynamics

In 2020, 26 of the 36 pesticides quantified over the study period were detected in the
Lage reservoir. Concentrations at both sites (L: 1.35 pg L1 1S:1.31 ng L~1) were 2.8 times
higher than in 2018 (L: 0.37 ug L~1;15:0.38 ng L~1)and 1.3 times higher than in 2019 (L: 1.44
ug L1 1S: 0.54 pg L~1). This peak was driven by high-concentration events in April 2020
(Figure 3; Table S4a,b). Temporally, pesticide levels peaked in April, followed by July. This
pattern reflects two key factors: (1) Agricultural practices: Increased pesticide application in
spring (particularly March-April; Table S2a,b); (2) Climatic conditions: higher precipitation
during March—April, with 270, 82.9, and 188 mm in 2018, 2019, and 2020, respectively
(Figure 2), promoting an increase in the carryover of substances [42], including those that
could be adsorbed to the soil [43]. Spatial analysis revealed that during 2020, the total
amount of pesticides was similar at both sampling sites (L: 1.35 ug L1, LS:1.30 ug L.
However, analysis over the three-year study period showed that Lage (L) presented higher
total pesticide concentrations than LS.
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Figure 3. Total pesticide concentrations (ug L~1) in the study during 2018 (yellow square), 2019
(orange triangle), and 2020 (green circle) (April (Ap); July (J1); September (Sp); December (Dc)) in L
(Lage) and LS (Lage S). n.d.: sample not collected.

Figure 4 displays the most representative pesticides detected in the reservoir during
2020. Quantification revealed 21 compounds at site L and 26 at site LS. Twenty-one
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pesticides were common on both sites, while five additional compounds were found at LS

in April.
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Figure 4. Concentration range (g L) of pesticides quantified in Lage (a) and Lage S (b) during 2020.
The pesticides displayed are the most representative of the study (straight line box: median values;
box: 25 % and 75 % cut of the values; whiskers: maximum and minimum. CFP: chlorfenvinphos;
MCPA: 2-methyl-4-chlorophenoxyace-tic acid.

The data revealed an increasing trend in pesticide water contamination, driven by in-
creasing concentrations of the herbicides terbuthylazine, simazine, metolachlor, and MCPA,
as well as the organophosphate fenthion sulfoxide. Terbuthylazine was the most consis-
tently detected pesticide [26,44], appearing in 100% of the 2020 samples (Figure 4), with
an increase over time (2018: L—0.073, L5—0.056 ug L—1.2019: L—0.11, LS—0.086 ug L1
2020: L—0.34, LS—0.31 pug L~!). Furthermore, the presence of this herbicide in the reser-
voir followed a seasonal pattern, with peak concentrations occurring during dry periods,
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reaching the highest concentration in the reservoir of 0.12 ug L~! in April 2020 at the Lage
sampling point. Terbuthylazine is commonly applied to annual crops like maize [29]. The
farmers’ records (from agricultural practice registers) confirm its use on maize crops in
2020 (Table S2b). The concentrations of metolachlor, MCPA, and terbutryn increased over
the three years, being detected in 100% of the samples from 2020, with total concentrations
of 0.12, 0.39, and 0.05 ug L™, respectively. In general, our results are in line with those
of Mugudamani et al.’s study [45] conducted in Southern Africa (Mediterranean climate),
reporting (1) 100% detection of terbuthylazine and metolachlor, (2) the highest concentra-
tions of terbuthylazine and simazine, and (3) the greater concentration observed in the
dry season. MCPA and metolachlor are predominantly used in soybean, potato, cotton,
and maize crops [26], in the present study reports indicated their application in maize
(Table S2b). Terbutryn, an herbicide of the triazine class, has been banned in the Euro-
pean Union since 2003 (Regulation EC no 2076/2002). However, its detection in hydro-
agricultural water reservoirs persists, which can be attributed to its high affinity for organic
carbon particles (Koc = 2432 mg L), facilitating strong adsorption in soil and aligning
with its prolonged half-life in soil (DTsp_soil = 74 days) [46]. Despite that, the concentra-
tions in the water reservoir were always below the maximum allowable Environmental
Quality Standards (EQS) levels (EQS: 0.34 ug L~!; Directive 2013/39/EU). In contrast to
the consistently detected pesticides, several compounds punctually exhibited elevated
concentrations in 2020, namely, (i) diflufenican (L_Ap: 0.085 ng Lt LS_Ap: 0.075 ug LY,
with levels similar to those in surface waters influenced by agriculture activities (Ger-
many [47]); (ii) fenthion sulfoxide (L_Ap: 0.080 pg L=!; LS_Ap: 0.050 ug L~'), consis-
tent with findings in rivers of agricultural fields [48]; (iii) quinoxyfen (L_Ap and L_JI:
0.066 ng L1, LS_M: 0.030 ug L~1), similar to concentrations reported in Germany vine-
yards streams [49]; and (iv) simazine (L_Ap and L_]JI: 0.31 ug L~1; 1LS_M: 0.082 ug LY,
aligning with the data of water reservoirs with agricultural influence in Southern Africa [45].
The occasional detection of these pesticides may be correlated with a group of factors, such
as their historical application, their properties, and the specific meteorological conditions of
2020. Agricultural records indicate that none of them were applied during the study period
(diflufenican and quinoxyfen remain permitted; otherwise, fenthion sulfoxide (a metabolite
of fenthion) and simazine are prohibited [26]. These compounds are characterized by high
soil half-life (DT5p-Soil (days): diflufenican = 94.5; quinoxyfen = 308; simazine = 60) [46]
and high organic carbon partition coefficient (Ko (mg L~!): diflufenican = 5504;
quinoxyfen = 23; fenthion sulfoxide = 183; simazine = 130) [46], factors that promote
a high tendency to persist in and adsorb to soil, limiting the leaching processes. Conse-
quently, their transport into surface water can be dependent on high-intensity precipitation
events that facilitate the desorption process and transport. This mechanism explains their
detection following the short-duration, high-intensity rainfall that occurred in March and
April 2020 (Figure 2).

In addition to terbutryn, a group of 10 banned pesticides and their metabolites were
quantified during the study. These compounds, whose use is prohibited by various EU
regulations, include atrazine, simazine, diazinon, malaoxone, diuron, isoproturon, alachlor,
CFP, irgarol, and propanil. Their maximum detected concentrations are listed below, along
with the EU legislation that withdrew their authorization: CFP: 49.9 ug L~! (Regulation
1107/2009/EU); Irgarol: 28.4 ug L~! (Regulation 2016/107/EU); Propanil: 18.9 ug L~!
(Decision No. 2008/769/EC); Simazine: 0.39 ug L~! (Decision No. 2004/247/EC); Di-
azinon: 0.046 pg L~! (Decision No. 2007/393/EC); Isoproturon: 0.027 ug Lt (Regu-
lation 2016/872/EU); Atrazine: 0.026 ug L~! (Decision No. 2004/248/EC); Malaoxone:
0.016 pg L~! (Decision No. 2007/389/EC); Diuron: 0.016 ug L~! (Regulation 2019/707/EU);
and Alachlor: 0.014 pg L~! (Decision No. 2006/966/EC).
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The continued detection of banned pesticides has been frequently reported in other
Mediterranean studies [50,51]. Despite regulatory bans, these pesticides persist in hydro-
agricultural reservoirs at detectable concentrations. This phenomenon can be attributed to
their environmental persistence (e.g., diuron with a DT in soil = 146.6 days [46] exceeding
the European Union regulatory limit of 100 days for persistent organic pollutant classifica-
tion (POPs) [46], their lipophilic properties (log Kow > 3; e.g., alachlor, CFP, diazinon, irgarol,
and terbutryn), and historical accumulation in watersheds. Furthermore, the results also
suggest ongoing contamination, either through illegal use or through the remobilization of
residues from soil during extreme hydrological events [26,29].

Among the analyzed pesticides, five (2,4-D, bentazone, linuron, mecoprop, and
terbuthylazine) were used to classify the potential ecological status of the reservoir, as
they are integrated in the group of specific pollutants (Figure 5). 2.4-D (LS_]J1 2019 with
0.0125 pg L~1) and mecoprop (LS_Ap 2020 with 0.025 ug L~!) were detected punctually.
The concentrations quantified in the Lage reservoir were all below the threshold, contribut-
ing to the potential ecological status classification of the Lage reservoir as “Good” (Table S3;
Annex VII; Directive 2000/60/EC). Despite regulatory compliance, the ubiquitous detection
of terbuthylazine (100% detection frequency) and bentazone (70% detection frequency)
suggests continuous input from agricultural runoff [20].

0.14
0.12 +

0.1
0.08
0.06

0.04

Concentrations (pug L™2)

0.02

H24D ®Bentazone Linuron Mecoprop M Terbuthylazine

Figure 5. Total pesticide concentrations (ug L1 of quantified specific pollutants in the Lage reservoir
during the study (2018, 2019, and 2020) at Lage (L) and Lage S (LS). April (Ap); July (J1); September
(Sp); December (Dc).

Alachlor, atrazine, CFP, diuron, and simazine were analyzed for chemical status classi-
fication. These compounds are classified as hazardous under EU Directive 2013/39/EU and
were selected based on their (1) banned status, (2) environmental persistence, (3) toxicity,
and (4) historical detection patterns in the study region. Several studies reported that
these compounds represent key pollutants of concern for Mediterranean agricultural water-
sheds [29,50]. The present results consistently measured concentrations below regulatory
thresholds (MAC, Table S3; Figure 6), supporting the classification of the reservoir with a
“Good Chemical Status”. Although the detected pesticide concentrations did not affect the
classification of the reservoir’s chemical status, they can still be toxic to aquatic species and
harm ecosystem functioning [52]. This finding suggests that current classifications of water
ecological status should be based on more robust tools incorporating indicators capable
of assessing sub-lethal toxicological effects or the disruption of interspecific interactions
within the ecosystem.
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Figure 6. Total pesticide concentrations (g L™!) of quantified priority substances in the Lage
reservoir during the study (2018, 2019 and 2020) at Lage (L) and Lage S (LS). April (Ap); July (J1);
September (Sp); December (Dc).

3.2. Ecotoxicological Analysis

For the Lage reservoir, ecotoxicological risk was screened through bioassays using
bacterial, algae, and crustacean species. The results showed that the Lage water samples
did not induce toxicity in T. platyurus. The observed response differs from the recognized
sensitivity of this species to water reservoirs [53]; however, it agrees with Szklarek et al. [54],
who reported no toxicity detected in the Pilica River (Poland). Furthermore, T. platyurus
has demonstrated sensitivity to contaminants present in eluates of sediments [28] and in
soil leachates [55]. Additionally, studies have highlighted its sensitivity in reservoirs with
bentazone, dimetoathe, linuron, mecoprop, and terbuthylazine [56] and in a temporary
stream with bentazone, mecoprop, metolachlor, MCPA, and terbuthylazine [57]. These
previous works suggest that the current results likely reflect key differences in contaminant
concentrations, bioavailability, and environmental matrices. These results highlight the
critical importance of matrix-specific considerations when employing bioindicators for
environmental assessments.

The A. fischeri bioluminescence inhibition assay evidenced a higher sensitivity in
detecting toxicity in 11% of samples (4 out of 36), with ECs( values ranging from 39% (v/v)
to 51% (v/v) (Table S5). Notably, 75% of toxic events occurred during the spring-summer
period, which may be correlated with the reduction of water volume, lower dilution
capacity, and increased agricultural runoff. The Spearman correlation analysis revealed
that the toxicity of the bacteria is mostly correlated with nutrients and ions, showing
significant associations with NH4* (R = 0.466, p < 0.05), C1~ (R = 0.538, p < 0.05), and
NO;™ (R =0.537, p < 0.05) (Table S6). Studies suggest that NH,4* itself has minimal toxicity
to A. fischeri, implying that its correlation may stem from co-occurring pesticides [57].
Similarly, studies have reported that CI” toxicity typically occurs at concentrations higher
than 500 mg L~! [58], the maximum level detected in the Lage reservoir being 95.66 mg
L1, suggesting an indirect link to other contaminants or ionic compounds. The observed
negative correlation between manganese and A. fischeri toxicity (R = —0.486) suggests a
protective effect. This effect can be attributed to the biological functions of manganese; it
acts as an essential cofactor for microbial enzymes [59], and at low concentrations, it exhibits
antioxidant properties that can neutralize contaminant-induced oxidative stress [60]. These
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results are consistent with previous studies on manganese’s protective capacity in aquatic
systems [58].

Figure 7 shows the growth rates of the microalga P. subcapitata when exposed to the
Lage samples. A significant reduction in the growth rate of P. subcapitata was observed in
89% of the samples. The green microalgae demonstrated greater sensitivity than A. fischeri
in detecting toxicity in 89% vs. 11% of the samples analyzed, in accordance with Canova
et al.’s study [61].
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Figure 7. Growth rate (d~1) of the microalga P. subcapitata after 72 h exposure to water samples
(100% of water sample) from the Lage reservoir: Lage (L, (a)) and Lage S (LS, (b)) in April (Ap), July
(), September (Sp), and December (Dc) 2018, 2019, and 2020. Mean =+ standard deviation (1 = 6),
* p < 0.05, using the Dunnet post hoc comparison test with the control MBL test.

Microalgae growth inhibition is positively correlated with precipitation (R = 0.457,
p < 0.05), EC (R = 0.495, p < 0.05), and atrazine (R = 0.428, p < 0.05) (see Table S6). The
correlation with precipitation may reflect the effects of first rains, runoff dynamics, and
particle-facilitated transport [62]. The correlation with EC indicates co-transport mecha-
nisms [63].
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The significant positive correlation between microalgae growth inhibition and atrazine
(R =0.4276, p < 0.05) confirms its direct phytotoxic effect on P. subcapitata. The results
are in agreement with previous studies conducted in Dutch surface waters [64] and in
Mediterranean reservoirs [65]. The consistent sensitivity of P. subcapitata across diverse
ecosystems [18], its reliability in complementing physico-chemical analysis [17], and its
usefulness as an early warning indicator for herbicide impacts are well established. It
is important to emphasize that even if the correlations obtained in the present study are
not strong enough to demonstrate associations with other pesticides, several studies have
reported toxicity to microalgae of other pesticides, such as diuron [66], terbuthylazine and
metolachlor [67], and bentazone [68].

The FR results of D. magna showed a general increase in crustacean feeding when ex-
posed to Lage water samples (non-filtered) during the study period (Figure 8). Furthermore,
crustacean feeding rates reached their highest levels in the July samples at both sampling
sites. The results corroborate the low sensitivity of this bioassay to water samples from
Lage, contrasting with the results reported by Pinto et al. [69] for the Aguieira reservoir (Por-
tugal). Otherwise, these results are consistent with those reported by Rodrigues et al. [70]
for unfiltered water samples from the Pocinho reservoir and for filtered samples from the
Miranda reservoir (Portugal). The observed results may indicate low contamination in
the Lage water samples; however, other factors may also play a role. These include the
influence of planktonic communities on D. magna’s feeding (since some species are more
palatable than others) [70], phosphorus (P) concentrations in both phytoplankton and water
samples [70], and potential dynamics related to the homeostatic P requirements of D. magna.
Indeed, the significant increase in FR compared to the control highlights that water samples
may present more palatable phytoplankton species with higher phosphorus concentrations
than the control, which may mask the effect induced by hazardous substances. This finding
can be supported by Spearman correlations, which reveal that all tested pesticides negatively
affect the feeding rate of the crustacean (Table S6), with a significant effect observed for the
herbicides chlortoluron (R = —0.501, p < 0.05), diuron (R = —0.467, p < 0.05), and propanyl
(R = —0.427, p < 0.05) and insecticides diazinon (R = —0.426, p < 0.05) and thiacloprid
(R = —0.415, p < 0.05). Although the results did not show a decrease in feeding rate, an
effect likely masked by the levels of nutrients and organic matter in the reservoir water, as
previously reported by us, the variability of this toxicological outcome is clearly associated
with the presence of pesticides. Feeding rates showed significant spatial and temporal vari-
ations between sampling sites and months, highlighting the sensitivity of feeding behavior
assays as a diagnostic tool to detect water quality degradation. These results demonstrate
that assessment of D. magna feeding activity can effectively discriminate between indirect
and site-specific ecological impacts [70]. Furthermore, daphnia populations in aquatic
ecosystems exhibit seasonal peaks, reaching the highest densities in early spring and late
winter. These fluctuations are driven by increased light availability and nutrient levels,
which boost phytoplankton growth and subsequently enhance herbivorous zooplankton
productivity, as demonstrated by Castro & Gongalves [71]. Recent studies in a Portuguese
reservoir reported comparable results, demonstrating that increasing abiotic factors (e.g.,
temperature and organic matter) reduces the sensitivity of bioassays, as observed by Pinto
et al. [69] and Rodrigues et al. [70]. This trend may be linked to elevated levels of organic
matter (in this case, measured in the form of BODs, which reached its maximum in Sp_18,
with 9.3 mg O, L~ in L and 10 mg O, L~! in LS, and temperature, with 26 and 28 °C in L
and LS_J119 (Table S1)), which often contribute to the moderate water quality classification
of the reservoir.
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Figure 8. D. magna feeding rate after 24 h exposure to water samples (100% of water sample) from
the Lage reservoir: Lage (L, (a)) and Lage S (LS, (b)) in April (Ap), July (J1), September (Sp), and
December (Dc) 2018, 2019, and 2020. Mean =+ standard deviation (1 = 6), * p < 0.05, Dunnett’s post hoc
comparison test with the control ASTM.

Integration of Ecotoxicological Bioassays in the Assessment of Water Quality Status

After using the specific chemical and ecotoxicological effects to analyze the status of
the water reservoir, we integrated these results with the ecological potential assessed by
Catarino et al. [20] to develop a more integrative classification of the reservoir.

As shown in Table 2 (using the scoring system from Table 1), the ecotoxicological
assessment classified the samples as follows: 4.4% as non-toxic, 34.8% as marginally toxic,
and 60.9% as slightly toxic. The classification as marginally toxic was mainly driven by
responses from A. fischeri (samples L_Ap18, L_Dc18, L_J120, and LS_Ap20) and P. subcapitata
(samples L_Sp18, L_Ap20, LS_Dc19, and LS_Sp20). Despite these findings, the chemical
status of the reservoir remained “Good” throughout the three-year study period, as con-
centrations of specific pollutants and priority substances (Table S3) remained consistently
below regulatory thresholds. Consequently, while chemical monitoring indicated compli-
ance with water quality standards, ecotoxicological assessments revealed some biological
impacts, reinforcing the need to integrate a greater number of biological approaches into
environmental assessments.
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The previous study classified the status of the Lage reservoir as “Moderate”, mainly
due to elevated levels of nutrients (nitrogen and phosphorus), organic matter (BODs),
and suspended solids (S5T), which affected 91% of all samples [20]. Table 2 presents the
classification of the reservoir considering the ecotoxicological outcomes, with 35% of the
samples being classified as marginally toxic and 65% as slightly toxic. The integrative
analysis (Table 3) allowed refinement of the classification, demonstrating that (i) the ecotox-
icological component provides important complementary information to the traditional
water status classification, and (ii) its integration can improve, in some situations, the
accuracy of the potential ecological status classification, as reported in previous studies
developed in Alqueva, with an improvement in classification sensitivity of around 20% [57].
The study highlights how the sensitivity of ecotoxicological tools can vary, along with the
presence of confounding factors, emphasizing the importance of repeated testing to obtain
a reliable water quality classification. This reinforces the idea that when chemical stressors
affect aquatic life, appropriately chosen ecotoxicological tools can accurately detect these
effects [72].

A well-designed set of ecotoxicological tests offers direct information on how organ-
isms respond functionally, providing decision-makers with more actionable insights than
relying solely on chemical thresholds or physicochemical variables [33]. For example,
functional-based tools have been particularly useful in detecting subtle but ecologically
relevant impacts, supporting the objectives of the Water Framework Directive (WFD), as
compounds below regulated limits in composite samples can still promote toxicity.
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Table 2. Table with the ecotoxicological final classification, according to Roig et al. [33] and Novais et al. [17], for Lage (L) and Lage S (LS) during the three years of
study (2018-2020).

L LS
Water Sample 2018 2019 2020 2018 2019 2020
Ap J1 Sp Dc Ap J1 Sp Dc Ap J1 Sp Dc J1 Sp Dc Ap J1 Sp Dc Ap J1 Sp Dc
A. fisheri (ECsp %) 39 51 46 41
T. platyurus (ECso %)
P. subcapitata (% Growth) 21 42 29 44
D. magna (% feeding)
Ecotoxmo!o‘glc?l Final M M M M M M M M
Classification
Note: Ap—April; Jl—July; Sp—September; Dc—December. Ecotoxicological Final Classification: M—Marginally toxic (yellow); S—Slightly toxic (green); NT—Non-toxic (blue).
Table 3. Tables with the surface water status classification based on the WFD parameters (including the ecological and chemical status) and the ecotoxicological
classification in Lage (L) and Lage S (LS).
L LS
Water Sample 2018 2019 2020 2018 2019 2020
Ap | N1 | Sp | Dc Ap | J1 | Sp | Dc M | J1 | Sp | Dc J. | Sp | Dc Ap | 1 | Sp | Dc M | J1 | Sp | Dc

Potential Ecological status

GPC
SP \
Chemical Status
PS
Ecotoxicological Classification
| [ ] [ [ ] [ ] [ ] |

WED Classification

M M M M M M M M M M M M M M M M M M M M

M M M M M M M M M M M M M M M M M M M M M

Notes: GPQ: General chemical and physico-chemical elements; SP: Specific pollutants; PS: Priority substances; WFD: Water Framework Directive. General physico-chemical classification
(GPC): Moderate (yellow) and Good (green); Specific pollutants (SP) and chemical status (PS): Good (blue); Ecotoxicological classification: Marginally toxic (yellow); Non-toxic (blue);
Slightly toxic (green); WFD classification: Moderate (yellow) and G—Good (green); WFD + Ecotoxicological classification: Moderate (yellow) and G—Good (green). Ap: April; J1: July;
Sp: September; Dc: December; 1 cases where the final classification was influenced by the ecotoxicological classification.
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4. Conclusions

The main source of contamination in the Lage reservoir is linked to intensive agricul-
tural practices in the surrounding watershed, particularly the widespread use of fertilizers
and pesticides in olive groves, vineyards, and annual crops such as sunflower, maize, and
onion. Herbicides were the most prevalent pesticides in the Lage reservoir in 2020, with
metolachlor, terbuthylazine, and MCPA showing 100% detection frequency.

In the present study, a group of 11 banned pesticides was quantified: terbutryn,
atrazine, simazine, diazinon, malaoxone, diuron, isoproturon, alachlor, CFP, irgarol, and
propanil. Concentrations of specific pollutants (2,4-D, bentazone, linuron, mecoprop, and
terbuthylazine) below the MAC contributed to the classification of the potential ecological
status of the Lage reservoir as “Good”.

Furthermore, the quantified priority pollutants in the Lage reservoir allow the reservoir
to be classified as having “Good chemical status”. Although pesticide concentrations do not
affect the reservoir’s chemical status, ecotoxicological results showed that they can be toxic
to aquatic species and impair ecosystem functioning. This finding suggests that the current
water status classification, based on the WFD, should be strengthened by incorporating
indicators capable of assessing toxicological effects.

This conclusion was reached through a tiered assessment framework that integrated
potential ecological status classification, chemical analysis, and the development of eco-
toxicological endpoints. A multi-trophic bioassay system was implemented using species
representing various functional groups. Although A. fischeri bioluminescence inhibition
was most strongly associated with nutrients (nitrogen forms) and ions, the inhibition of mi-
croalgae growth and D. magna feeding rate (FR) were primarily correlated with phosphorus
and herbicide concentrations. Among these, P. subcapitata emerged as the most sensitive
bioindicator, exhibiting significant growth inhibition. Notably, atrazine was identified as
a particularly impactful herbicide, strongly correlating with reduced algal growth. These
results highlight the broad scope of the selected ecotoxicological set, detecting toxic effects
induced by fertilizers and pesticides (the most important contaminants in reservoirs of
hydro-agricultural systems).

Furthermore, the ecotoxicological analysis led to the reclassification of sample LDc_18,
highlighting the complementary value of this approach to conventional classification meth-
ods. Our results demonstrate that rapid and cost-effective bioassays using standard test
species offer considerable advantages in reservoir monitoring. These methods can detect
synergistic toxic effects not detected by chemical analyses alone, provide early warnings of
ecosystem disturbances, and exhibit strong concordance (82%) with the ecological potential
assessments required by the Water Framework Directive (WFD).

Hence, the results obtained allow us to support the complementary use of this type of
strategy to fill some existing gaps in the classification of water bodies related to reservoirs
(due to the lack of control of this type of system), namely reservoirs integrated into hydro-
agricultural systems influenced by agricultural practices.

Considering these results, we propose an integrated monitoring framework that com-
bines WFD-compliant biological and physico-chemical assessments with ecotoxicological
tools for early contamination detection and a multi-metric assessment of ecosystem integrity.
This synergistic approach addresses existing gaps in water quality assessment by providing
a more comprehensive assessment of pollution impacts, enabling proactive management,
supporting the sustainable use of water resources, and improving the detection of emerging
contaminants before irreversible ecological damage occurs.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/w17172642/s1: Table S1. Physico-chemical parameters obtained
during the three-year study period (2018 —-2020) in the Lage reservoir (L—Lage and LS—Lage S)
(median (minimum—maximum); n = 3) (adapted from Catarino et al. [20]); Table S2a. Active sub-
stances applied to permanent crop (vineyard and olive grove) for the 2018-2020 irrigation campaigns
(data sourced from farmers, adapted from Alves Ferreira et al. [26]); Table S2b. Active substances
applied to annual crops (sunflower, maize, clover, and onion) for the 2018-2020 irrigation campaigns
(data sourced from farmers, adapted from Alves Ferreira et al. [26]); Table S3. Specific pollutants
and priority substances used to classify the Lage reservoir and their limits for correct classification;
Table S4a. Concentrations (jg L) of pesticides quantified for 3 years (2018, 2019, and 2020) in Lage
(L); Table S4b. Concentrations (ug L1 of pesticides quantified for 3 years (2018, 2019, and 2020)
in Lage S (LS); Table S5. ECs; (%) values calculated for A. fisheri (mean %+ SD; n = 2) bioassay after
exposure to L (Lage) and LS (Lage S) samples in April (Ap) (April), July (J1), (September (Sp), and
December (Dc); Table S6. Spearman correlation coefficients between the meteorological parameters,
physico-chemical variables, pesticide concentrations (ug L™'), and ecotoxicological bioassays; blue
bold values indicated to be significant at p < 0.05.
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