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Abstract: In regions where drought has become a common occurrence for most of the year and where
agriculture is the main economic activity, the development of hydro-agricultural systems has made
it possible to improve water management. Despite this, the intensification of agriculture combined
with climate change leads to a potential decrease in water quality and water management practices
are essential to improve agro-environmental sustainability. The aim of this study was to assess the
water quality for irrigation and potential ecological status of the reservoir (using support chemical
parameters). The results showed biological oxygen demand values above the maximum stipulated
for an excellent ecological potential in all sampling periods except April 2018 and December 2020
(with the highest values of 10 mg L~ O, in dry periods). Most of the total nitrogen concentrations
(TN) surpassed those stipulated for a good ecological potential (0.96 < TN < 2.44 mg L~! N). In fact,
TN and total suspended solids were the main parameters used for water classification. From the
perspective of irrigation and according to FAO guidelines regarding infiltration rate, these waters
presented light to moderate levels of restrictions. Thus, the results revealed that the decrease in the
water quality status and its possible impact on the soil infiltration rate can be related, in part, to the
meteorological conditions and to the intensive agricultural practices developed around the drainage
basin. Despite that, as the Lage reservoir is part of Brinches—Enxoé hydraulic circuit, the water
recirculation is also an important factor that may have affected the results obtained. Furthermore,
the experimental design, integrating ecological status, irrigation parameters, and the impact on soil
systems; using the same parameters from different perspectives; allowed us to have a global idea of
water contamination and its impact on agroecosystems, improving river basin management processes.

Keywords: Alqueva project; irrigation water; potential ecological status; soil impact

1. Introduction

Aware of the imperative need to stop and reverse the degradation of freshwaters, the
UN has announced 2021-2030 as the Decade for Ecosystems Restoration [1]. The Green Deal
is part of the EU strategy to achieve the UN Sustainable Development Goals, delivering
an action plan to restore biodiversity, diminish pollution, and improve the well-being and
health of citizens [2].

To meet the world’s future food security and sustainability needs, food production
must raise substantially, while at the same time, agriculture’s environmental footprint
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must decrease drastically. Adopting good agricultural practices, and a better assessment
of the occurrence of fertilizers and pesticides in freshwaters, is the basis for increasing
the environmental sustainability of agriculture. This environmental challenge is more
ambitious in regions where climate change is more severe, as it is in the Mediterranean.
In fact, the Mediterranean climate zone is one of the hotspots in future climate change
projections [3], with a decrease in precipitation of about 25-30% and an enhancement of
temperature and consequently of the evaporation processes [4]. The construction of large
hydro-agricultural systems with sufficient storage capacity to ensure water availability
during dry periods can increase the resilience to climate change and potentiates the im-
provement of water management practices. In fact, several researchers have reported the
degradation of water quality in reservoirs located in agricultural areas, due to intensive
agricultural practices [5-8], accelerated by extreme climate conditions [9,10].

Nowadays, climate change, water availability, water quality, and agricultural practices
are connected, with maintaining their balance being the main future challenge for produc-
tivity, environmentally friendly agriculture, and protection of ecosystem services [11,12].

In the case of Alentejo (South Portugal), although the main course of the Alqueva
reservoir has been the subject of several studies [6,13,14], the associated hydro-agricultural
areas (HAAs) also need to be monitored. Talking all this into consideration, the present
study aimed to evaluate the potential ecological status and quality of water for irrigation,
through auxiliary chemical parameters, in a small hydro-agricultural reservoir. This type
of assessment could prove to be essential for the agricultural sector and environmental
entities. In fact, in this type of system, the (re)circularity of the water may increase the
contamination of the reservoirs by agricultural activities and can contribute to the crop
fields’ contamination by the irrigation systems.

The water quality status of the reservoir on the hydro-agricultural system was an-
alyzed with: (1) physico-chemical parameters, allowing the assessment of the status of
the reservoir relative to oxygenation, acidification, and nutrient conditions in accordance
with the Water Framework Directive (WFD) [15] and described by the Portuguese Envi-
ronment Agency (APA) [16] and; (2) irrigation parameters assessment and the impact of
irrigation in agricultural soils using Portuguese legislation for irrigation water (Decree-Law
no. 236/98) [17] and the Food and Agriculture Organization of the United Nations (FAO)
guidelines [18]. The study was conducted as part of the GOFitoFarmGest Project for three
consecutive years, with the main goal of providing valuable information about the impact
of agricultural practices on the aquatic ecosystems in areas of intensive agriculture.

2. Materials and Methods
2.1. Study Area

The Alqueva reservoir is in the Alentejo region, a territory in the South of Portugal
bordered by Spain (Figure 1). It is part of the Guadiana basin with a total storage capacity of
4150 hm3 [19]. It was built to be a strategic water reserve that would allow the reinforcement
of water capacity, the supply to populations (drinking water), the irrigation of crops, and
the production of electricity (hydroelectric production) [20]. With the construction of
the Alqueva Multipurpose Development Project (AMDP), three subsystems for irrigation
(Alqueva, Ardila, and Pedrégao) constituting the Alqueva Global Irrigation System (AGIS)
were created [21].

The study was conducted downstream of the Alqueva basin, in the Lage reservoir,
which has an earth embankment dam (see Figure 1). It is a flow regulation reservoir, part of
the Brinches—Enxoé hydraulic circuit, which belongs to the primary network of the Ardila
subsystem. The Lage’s primary inflow is the Barranco da Lage, a small tributary stream
off the right bank of the Guadiana River, which flows from the Southeast to Northwest
direction. It presents strong seasonal variations, with a typical wet period within the
months of November to March, and a dry period between May and September. Its main
use is the irrigation of annual and perennial crops through a set of irrigated systems of
hydrants distributed over the projected areas. In Figure 1 the hypsometry and the drainage
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basin delineation with an area of approximately 13 km? was obtained from Shuttle Radar
Topography Mission (SRTM) elevation data at a resolution of 1 arc-second (30 m). In the
drainage basin of Lage reservoir the predominant soil types are Vertisols, Cambisols, and
Luvisols, presenting mainly medium to fine textures, a calcareous nature, and low organic
content [19,22].
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Figure 1. General location of the Lage reservoir and its hypsometric map with the red marks
illustrating the sampling points used for water quality assessment (L and LS; WGS84 coordinate
reference system/EPSG4326).

2.2. Climate and Meteorological Conditions

The Lage drainage basin is within a typical Mediterranean climate region, oscillating
between sub-humid to semi-arid regimes, with Csa classification according to Képpen’s [23];
having hot summers, with high atmospheric evaporative demand coupled with high level
of insolation, and mild winters. The region is characterized by an extremely irregular
spatial and seasonal distribution of precipitation, with considerable interannual variability;
exhibiting intense precipitation events, concentrated in only a few minutes or hours, but
also drought periods that can last months to years [24,25]. In the last available climatological
normal from the period 1981-2010 for the region [23], the average annual precipitation was
less than 600 mm, being less than 300 mm in dry years and rising to more than 900 mm in
wet years. The average annual temperature is about 17 °C, ranging from 9.7 °C to 24.8 °C.
In January, the coldest month, the mean daily minimum temperature is lower than 6 °C,
with frequent negative values. In the months of July and August, the mean daily maximum
temperature is above 30 °C, frequently achieving values near 40 °C or higher.

2.3. Land Use and Land Cover (LULC) Characterization and Agricultural Practices

Land use/land cover (LULC) for the Lage drainage basin is found in Figure 2, which
was obtained from the information supplied to the AGIS by farmers about the crop occupa-
tional areas in the year 2020, available from the EDIA Web service [21].
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Figure 2. Land use/land cover map of the Lage drainage basin in 2000 period (AGIS crop occupa-
tional areas).

Seven main categories describing typical agricultural LULC types in the drainage
basin were identified: Holm oak forest; Irrigated-Annual crops; Irrigated-Permanent crops;
Non-Irrigated—Annual crops; Set-aside land; Urban and Water bodies.

Further, to assess the agricultural impacts developed in the drainage basin area, the
practices on five farms were analyzed, with a total of 10 crops (annual and permanent
irrigated crops), for three consecutive years. The 10 farm fields with agricultural practices
described in the study were monitored during the FitoFarmGest project. The FitoFarmGest
Project’s main objective was to analyze agricultural practices in areas of irrigated /intensive
agriculture, to obtain the best options to improve the environmental sustainability of this
type of agricultural activity. The project partners included five farmers, whose farms belong
to the Brinches—Enxoé hydro-agricultural system and are irrigated by the Lage reservoir.
The permanent crops were olive and vineyard, and annual crops were onion, sunflower,
maize, and clover. In fact, in the farm fields with annual crops, crops occurred in the scheme
of a three-year succession timeframe. The succession was: H2: maize (2018)/sunflower
(2019) /maize (2020); H3: sunflower (2018)/clover (2019)/onion (2020); H5: sunflower
(2018) /maize (2019)/without plantation.

The information supplied by the farmers about the agriculture practices for each crop is
displayed in Table S1, which summarizes the identification of the irrigation supply systems
(hydrants), annual and permanent crops established in each farm, soil classification, and
the fertilizers applied during the irrigation campaigns of 2018, 2019, and 2020.

2.4. Sampling Campaigns

The sampling campaign had 12 collections carried out during the years 2018, 2019,
and 2020. Samplings were carried out in four months of each year, covering the dry period
(July and September) and the wet period (April and December), at two different points
in the reservoir: (i) Lage (L: 7°31'0.06"” W; 37°58'12.64" N), at the middle of the reservoir
with 10 m of depth; and (2) Lage S (LS: 7°30'26.10"” W; 37°57'44.60" N), near the bank
(WGS84 coordinate system). These months were selected considering the time of the
crop’s irrigation, i.e., the irrigation campaign that, in general, started in April and ended in
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November. In each of the sampling points, 3L of surface water were collected at a depth of
0.5 m with a Van Dorn bottle. The sampling collection of 2020 was delayed to May due to
constraints related to the COVID-19 pandemic.

2.5. Water Status
2.5.1. General Physico-Chemical Parameters

In situ, vertical profiles of water temperature (T; °C), pH, electrical conductivity (EC;
uS cm 1) and dissolved oxygen (DO; mg L~ !) were measured using a multiparametric
probe YSI 6820 MPS probe®. The vertical profiles were analyzed in the sampling point
Lage, at the middle of the reservoir (the area with higher depth).

The transparency (Transp) was measured with a Secchi disc (Secchi depth (SD); m),
giving us an idea of the amounts of suspended particles and allowing the determination of
the euphotic zone (2.5 x SD).

The chemical parameters analyzed were determined using officially recommended
methods of analysis [26], reported by Palma et al. [27], and included: biochemical oxygen
demand (BODs; mg O, L™!; Respirometric method), total phosphorus (TP; mg P L~1;
Molecular absorption spectrometry), Kjedhal nitrogen (KN; mg N L~!, Kjedhal method),
ammonia (NH4; mg L~!; Molecular absorption spectrometry); nitrates (NO3; mg L~!; Tonic
chromatography), nitrites (NO,; mg L~!; Ionic chromatography), chlorides (Cl; mg L~};
Ionic chromatography), calcium (Ca; mg L~!; volumetric), magnesium (Mg; mg L1,
volumetric), sodium (Na; mg L% Photometry), potassium (K; mg L% Photometry), boron
(B; mg L~!; Molecular absorption spectrometry), total suspended solids (TSS; mg L~ };
Filtration), iron (Fe; mg Fe L1 Atomic Absorption), and manganese (Mn; mg L1 Atomic
Absorption). Total nitrogen (TN) was determined, using Equation (1) [26]:

TN (mg L™1) = 0.226 x [NO3; mg L™!]+ 0.304 x [NOz; mg L]+ [KN; mgL~!] (1)

For the analysis of these general physico-chemical parameters in the potential ecologi-
cal status of the reservoir, the guidelines for Water Bodies Classification Criteria, recently
proposed by the Portuguese Environment Agency (APA); [16]), were used. This docu-
ment includes the classification of all the general conditions represented in Annex V of
the WFD [15] and the limits for the Excellent and Good status for reservoirs of the South
of Portugal.

2.5.2. Irrigation Water Quality Parameters

The water from Lage reservoir is only used for irrigation, which justifies its analysis
from an agronomic point of view. So, to evaluate the irrigation water quality of the Lage
reservoir and its possible impact on the soil and crops, the Portuguese legislation for
irrigation water quality (Decree law no. 236/98) [17] and the FAO guidelines [18] were
used, respectively. FAO guidelines (Table S2) were organized considering four potential
irrigation problems:

(i) salinity, assessed from EC;

(if) water infiltration rate into the soil, assessed using EC and Sodium adsorption ratio
(SAR), given by Equation (2):

[Na']

[Ca2+} 4 [Mg2+]
2

SAR = )

with the ions concentrations in meq L™};

(iii) specific ion toxicity by Na, Cl, or B in sensitive crops;

(iv) miscellaneous effects on sensitive crops, regarding NO;3 (an excess of nitrates can
cause nutritional imbalances that influence yield or production quality) and pH.
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2.6. Statistical Treatment of Data

Water quality data was explored using descriptive statistics (range, mean, and standard
deviation) and multivariate statistical analysis, namely principal component analysis (PCA)
and cluster analysis (CA). Before the application of multivariate statistical analysis, data
were normalized (log x; x = mean value) [28,29]. Spearman’s rank correlation was used to
analyze the strength of linear associations between water physico-chemical parameters and
meteorological conditions for the years of the study (2018: normal; 2019: hot and dry; and
2020: very hot and dry).

Multivariate statistical analyses were used with the following aims: (i) PCA: to assess
the patterns between parameters, identifying the most important ones to explain water
quality, and giving an easy summarization of the data, facilitating its comprehension; in
fact, the use of meteorological parameters in PCA had to be done to understand whether
parameters such as temperature or precipitation could be important in water quality
variability; and (ii) hierarchical CA: to group the sampling locations according to their
similarities in water quality characteristics. The Euclidean distance between samples was
used as a measurement of similarity [30,31].

The linkage distance was obtained through the following Equation (3):

Dlink/Dmax x 100 < 50 (3)

(Dlink: linkage distance for an individual case; Dmax: maximum linkage distance).
All statistical analyses were performed using the STATISTICA 7.0 (Software™ Inc.,
PA, USA, 2007).

3. Results and Discussion
3.1. Meteorological Conditions and LULC Characterization

The precipitation and temperature during the monitoring study period (2018-2020)
were obtained through the Copernicus Climate Change Service (C3S) program, operated by
the European Centre for Weather Forecasting (ECMWF). The product used was the “E-OBS
daily gridded meteorological data for Europe from 1950 to 2022”, being a daily product for
Europe obtained from observations at stations of the European National Meteorological
and Hydrological Services (NMHSs), available on a regular grid of 0.1° x 0.1° [32]. The
monthly time series needed to characterize the 2018-2020 period on the sampling site
area were generated from the closest grid center point, approximately 3 km to the Lage
reservoir. From the daily temperature and precipitation E-OBS dataset, the monthly time
series were obtained by averaging or aggregating daily data, respectively, for temperature
and precipitation.

Figure 3a shows that from 2018 to 2020 there is an increase in the mean annual
temperature of 1.2 °C in the Lage drainage basin, with positive temperature anomalies
in most of the months in 2020; October being the exception, with a negative anomaly
of —0.9 °C. Those positive anomalies were extremely evident in the months of February,
May, and June with +3 °C comparatively to the climate normal, which clearly contributed
to the increase of the mean annual value. This is particularly important because high
seasonal temperatures lead to deterioration of water quality in lentic systems, resulting in
lower dissolved oxygen, increased concentrations of algae, salinity, and pollutants, with
lower dilution capacity [33]. According to IPMA [23], the year of 2018 was considered
an average year with respect to temperature and precipitation values; but in the region
occurred an annual precipitation higher than average, with the month of March being
exceptionally rainy, with a positive anomaly of 150 mm when comparing with the climate
normal (Figure 3b). The year 2019 was considered hot and dry and 2020 very hot and dry,
but regarding precipitation (Figure 3b), and as a result of the high interannual variability
mentioned above, 2020 was almost twice as wet as 2019, with annual precipitation of
589.5 mm.
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Figure 3. Monthly series of (a) mean temperature (°C) and (b) precipitation (mm) (solid grey lines).
Positive (blue bars) and negative (red bars) anomalies with respect to the climate normal from 1981
to 2010. Mean annual temperatures and annual accumulated precipitation are at the top.

In general, water quality dynamics of reservoirs are affected by local and regional
drivers, including reservoir physical characteristics, hydrology and climate, geology and
LULC [34]. The water quality on the sampling points of the Lage reservoir could reflect
the hydrogeochemical reactions that occurred in the drainage basin. Therefore, this is an
appropriate area to analyze and relate land use and vegetation cover to chemical changes
in the reservoir, since they collect and drain off the surface and subsurface flow into the
water body, because of the precipitation-runoff processes.

Figure 2 shows that the main land uses surrounding the reservoir were “Irrigated—
Permanent crops” integrating Olive, Almond, Grape, and Orchard (34%), followed by
Holm Oak Forest (26%) in the headwaters of the drainage basin, a common Mediterranean
forest type in the south of Portugal. Further, with a percentage of 12% there were Irrigated—
Annual crops.

3.2. Physical Characteristics of the Reservoir

In a reservoir, wind currents, shading areas, and thermocline structure are essential
factors, controlling the vertical distribution of heat, oxygenation, and the main chemical
species that appear at different depths of the water column [35]. Temperature directly influ-
ences the kinetics of oxidative metabolic processes, acting directly on the water density and
indicating the presence or absence of thermal stratification. Figure 4 shows the temperature
profiles of the Lage reservoir during the period of analysis.

The Lage reservoir presents a thermic profile like other reservoirs in the Alentejo
region, with a monomictic regime [6,14] characterized by a period of mixed water in
December and three months of thermal variability (April, July, September). The mixed
water period corresponds to months where precipitation and strong winds occurred. The
stratification showed a small thermal gradient, being the differences between the epilimnion
(layer rich in O;) and the hypolimnion (layer poor in O,) of 1.0 °C to 4.0 °C. The higher
water temperature variability occurred in the hot and dry year of 2019. This type of pattern
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was replicated over the years of analysis. This slight thermal variability can be related to
the small dimensions and lower depth of the reservoir (—12 m).
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Figure 4. Temperature profiles (°C) at Lage reservoir in four samplings (Ap—April; M—May; JI—July;
Sp—September; and Dc—December) of the 3 years of study (2018, 2019 and 2020).

Figure 5 displays the variations of DO (mg O, L™') over the months of the study.
This parameter is directly related to the temperature of the reservoir and to the aquatic
biochemical processes, providing valuable information to analyze the changes on water
quality depth profiles. The dissolved oxygen profile in the reservoir was similar along the
three years of analysis. In general, the months of April and December had higher surface
dissolved oxygen levels due to the drop in water temperature, increasing oxygen solubility,
results highlighted by the negative Spearman correlation observed (R = —0.500; p < 0.05)
(see Table S3). December 2019 showed the highest concentrations of DO (14-15 mg O, L1,
approximately constant along the column, and surpassing the limits for the good quality
status of reservoirs in the Southern Portugal [16]. These high concentrations may be
correlated with the intensification of algae productivity, since in the case of 2019 (hot and
dry year), the high temperatures, as well as the low precipitation, may have contributed to
the speed-up of the algae growth [36].
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Figure 5. Dissolved oxygen (DO) (mg O, L) profiles at Lage reservoir in four samplings (Ap—April;
M—May; JI—July; Sp—September; and Dc—December) of the 3 years of study (2018, 2019 and 2020).

September and December 2019 and 2020 were months without marked changes in
oxygen levels along the water column, and April and July were those in which oxygen
levels were lowest. During 2020, oxygen depletion levels during the stratification period
were higher reaching concentrations of 0.5 to 2 mg O, L™! in the hypolimnion. This type of
limnological profile dynamics was already observed in the Alqueva reservoir, the mother
reservoir of the Alqueva hydro-agricultural system [6,14].
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Water transparency is an important parameter that can characterize the primary
production, as particles contamination in lentic water bodies. During the period of study,
the reservoir showed low levels of transparency, with values between 1.25 m (J1_2018) to
5m (Dc_2019). The lowest transparency occurred in the dry period, as observed in other
areas of the Mediterranean region [6,37] and in other regions [38,39]. The transparency
observed in the reservoir was always within the value stipulated by the APA guide [16] for
good ecological potential.

Several studies reported that values of low transparency can be caused by the presence
of high amounts of particles and solutes [40-43], which in the present study can be sup-
ported by the positive Spearman correlation with EC and Mg (EC: R = 0.537, p < 0.05; Mg;:
R =0.491, p < 0.05; see Table S3). These results agreed with a study carried out in 50 surface
waters in Greece, with the results showing that the lakes most impacted by agricultural
and urban activities (highest salt content) had the lowest transparency values [44].

3.3. General Chemical Parameters Used in the Water Status Classification

The temporal variability of the general chemical parameters, considered to classify the
status of the reservoir’s water quality, are presented in Figures 6 and 7. The classification
of the status of the reservoir’s ecological potential, using support chemical parameters,
was based on the WFD [15], complemented with the APA guide document [16], and is
presented in Table 1.

In general, pH was slightly alkaline, showing values between 7.03 (Lage; December
2018) and 8.65 (Lage S; July 2018) (Figure 6). With regard to EC, it varies between 495 uS
cm! (Lage S; September 2018) and 762 uS cm~! (Lage S; May 2020).

The trend of EC values was correlated with the rise of the concentrations of B, Mg,
Cl over time, supported by the correlations observed among EC and these parameters (B:
R =0.631, p <0.05; Mg: R =0.622, p < 0.05; Cl: R = 0.475, p < 0.05) and the decrease in SAR
(R =—0.463; p < 0.05) (see Table S3). Lindim et al. [45] obtained similar results in a study
developed in Alqueva Reservoir.

9.0 500.0
[ ]
e®® g0 e00qoe0 ®
go ® @ ® . s T o0 800.0
[ ]
A A -
-
7.0 Ao A 7000 E
A A A A Aa 2
A 3
T60 - A A A A 600.0 =
aQ A A " A 8
5.0 Al 500.0
epH 4AEC
4.0 400.0
Ap JI Sp Dc Ap JI Sp Dc M JI Sp Dc JI Sp Dc Ap JI Sp Dc M JI Sp Dc
2018 2019 2020 2018 2019 2020
Lage Lage S

Figure 6. Values of pH and electric conductivity (EC; uS/cm) in Lage reservoir, during the study
(Lage; Lage S).
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Table 1. Surface water potential ecological status classification based on the general support physico-chemical parameters, including color-coded classification
according to the existing legislation (APA) [16].

Lage Lage S
Water Samples 2018 2019 2020 2018 2019 2020
Ap J1 Sp Dc ApJl Sp Dc M Jl1 Sp Dc J1 Sp Dc ApJl Sp Dc M J1 Sp Dc

Total Phosphorus (Excellent: <0.05 mg P L~'; Good: <0.07 mg P L~ 1)
Total Nitrogen (Excellent: <1 mg NL~!; Good: <1.5mgN L)
Ammoniacal nitrogen (Excellent: <0.2 mg NHy L~1; Good: <0.4 mg NHy LD
Nitrate (Excellent: <3 mg NOj3; L~1; Good: <5 mg NOj3 LD
Nitrite (Excellent: <0.03 mg NO, L~1; Good: <0.05 mg NO, LD
Total Suspended Solids (Excellent: <12.5 mg L. Good: <25 mg LD
BODs (Excellent: <3 mg O, L~1; Good: <5 mg O, LD
DO (% sat.) (Excellent: 70-115%; Good: 60-125%)
pH (Sorensen scale) (Maximum: 6.5-8.5; Good: 6-9)
Temperature (Good: 10.0-27.0 °C)
Conductivity (Good: <1000 mS/cm)
Transparency (Good: 1 m)
General Physico-Chemical Classification MMMMMMMMMMM

Notes: Color-coded classification of water samples following the APA [16]: Blue: excellent ecological potential (E); Green: good ecological potential (G); Yellow: moderate ecological
potential (M); nd: not determined.
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Figure 7. Spatial and temporal variations of the general support chemical parameters analyzed in
Lage reservoir (L; LS): 5-day biochemical oxygen demand (BODs) (mg L), total nitrogen (TN)
(mg L~1), ammonia (NH,) (mg L~1), nitrates (NO3) (mg L1, total phosphorus (TP) (mg L 1) and
total suspended solids (TSS) (mg L~1). The wet period included the months of December and April
(Dc and Ap) and the dry period July and September (J1 and Sp).

The BODs exceeded the limit of 3 mg O, L~ (limit for maximum /excellent water
status) in most of the analyzed samples, except for April 2018 and December 2020 (Figure 7,
Table 1). The highest values were detected during the dry period in the three years of
sampling, reaching concentrations of 10 mg O, L~! in September 2018 (Figure 7). This
parameter is positively correlated with SAR, Fe and Mn (R = 0.699, p < 0.05; Fe: R = 0.699,
p < 0.05; Mn: R = 0.633, p < 0.05) and negatively correlated with NH4, NO,, Ca, Mg
and Cl (NH4: R = —0.562, p < 0.05; NO;: R = —0.596, p < 0.05; Ca: R = —0.416, p < 0.05;
Mg: R = —0.601, p < 0.05; Cl: R = —0.477, p < 0.05; see Table S3). As reported in other
studies, BODs is one of the parameters that is often responsible for surface waters not
reaching the good potential ecological status [6,14,46,47]. In this study, high BODs levels
may be mainly correlated with the runoff of organic materials (vegetable matter), from
intensive crops, which constitute almost 50% of land use around the basin (Figure 2).
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This fact is also supported by the lack of urban municipalities around the basin, whose
wastewater treatment plants may constitute another important source of organic matter in
water systems (see Figure 2).

Total nitrogen exceeded the maximum/excellent status limit (TN < 1.0 mg L™1),
in most of the analyzed samples, classifying the reservoir most of the time with a good
status, excepting in Lage (July_2018, September_2019 and July_2020), and Lage S (July_2018,
July_2019, September and December_2020), with TN values that classified the water body as
moderate status (Figure 7; Table 1). The highest TN values were detected in water samples
from the dry period (July and September). The agricultural activities in the drainage basin
could justify, in part, the presence of nutrients in the reservoir. However, as the Lage
reservoir is part of the Brinches-Enxoé hydro-agricultural system, it presents an important
degree of mixing due to water recirculation, especially in the dry season where it presents
a continuous flow of water from the Ardila primary network subsystem, a factor which
may also have contributed to water quality [48].

Regarding agricultural practices, nitrogen, phosphate, and potassium fertilizers were
applied at the beginning of spring (namely in March and April) (see Table S1), months in
which the first spring rains also occur (see Figure 3), contributing to the flow of nutrients
into the water. The positive correlations observed among TN and TP (R = 0.565; p < 0.05;
Table S3); and K (R = 0.669; p < 0.05; Table S3), support this remark. Generally, the remaining
forms of nitrogen (NH4, NO3, NO;) occurred in the reservoir in very low concentrations
allowing the classification as maximum/excellent status.

Total phosphorus concentrations increased during the dry months (Figure 7), exceed-
ing the limit of good ecological potential during 2020 (TP > 0.07 mg L~!). Although this
type of temporal profile is not usual, since in the dry period the increase in algal produc-
tivity leads to an increase in nutrient consumption, it has already been observed in the
Alqueva system and in other Mediterranean reservoirs [6,44,49]. Some hypotheses can
justify this observation, such as: (i) internal source of phosphorus from sediments, very
important in anoxic periods and in areas of low depth [6]; or (ii) increase in water nutrients
after spring rains, due to runoff after application of P, N and SO4>~ fertilizers through
irrigation water during the crop sowing period (April-May; see Figure 3b, Table S1).

Regarding TSS, the limit for a maximum quality status (TSS < 12.5mg L~!) is exceeded
in most samples, being higher in samples from Lage S (Figure 7), an area with shallower
depth and where the turbulence of the water mass and the resuspension of particulate
matter from the bottom are easier.

According to the temporal results, TSS values showed an increase after precipitation
events (Figure 3b; Figure 7), which influence the sediment transport [50,51].

The potential ecological status of the reservoir, evaluated with resource to general
support physico-chemical parameters, showed that 91% of the samples presented a mod-
erate state, 87% in Lage and 100% in Lage S. The samples that presented a good status
corresponded to 13% of the total, all from December. The main parameters responsible for
the water moderate status classification were BODs (in 52% of the samples), TP (48%), TSS
(43%) and TN (30%).

3.4. Assessment of Water Quality for Irrigation

As the purpose of the Lage reservoir is irrigation, with regard to the analysis of
trace elements in the perspective of water irrigation quality, the Portuguese legislation
(Decree-Law No 236/98) [17] was followed. Iron and manganese concentrations were
always below the maximum stipulated in Decree-Law No 236/98 (5.0 and 0.2 mg L~;
respectively; Table S4). The presence of both compounds may come from the geological
structure of the area, which is very rich in these elements, as was observed in sediments
from other reservoirs of the Alqueva hydro-agricultural system [52]. However, the observed
concentrations may also be related with agricultural activity. In fact, Table S1 shows that
these elements were applied as fertilizers during the three years of the study, in vineyard,
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olive, and onion crops showing positive correlations with TP (Mn: R = 0.489; p < 0.05;
Table S3), a fact that supports this statement.

Considering the Portuguese legislation, it could be said that the water from the Lage
reservoir would be suitable for use as irrigation water without compromising crops growth
and yield. However, according to the FAO guidelines [18] it is necessary to consider
other parameters such as salinity, infiltration rate of water into the soil, concentration of
specific toxic ions to crops, and miscellaneous effects on sensitive crops. Table 2 shows
the degree of restriction of each parameter described in Ayers and Westcot [18] for each of
the collections carried out over the three years of the study. The most important potential
problem is the reduction of soil infiltration rates caused by excessive Na, with a slight to
moderate degree of restriction of use in almost all water samples. Low-salt water can reduce
infiltration even for a low SAR; that is, the overall salinity of the applied water can be
insufficient to counteract the negative effects of sodium on soil structure with the risk of soil
sodification [8,18,19,53]. Considering the FAO standards, Na, B, and NOj3 concentrations
would not constitute any degree of restriction of use in sprinkler irrigation, (the most
commonly used method in field crops). In the L location, pH exceeded 8.4, the higher limit
of the allowed range, on every date of 2019 and June of 2020. In LS, the pH values were
outside the normal range in July of 2018 and September of 2020. It can then be said that,
other than soil infiltration rate, it is only the pH that requires additional restrictions, as the
other parameters analyzed will not compromise the quality of the water and, subsequently,
the soil health and crop productivity.

Table 2. Degree of restriction at the two sites during the 12 campaigns of the study, according to the
FAQO guidelines [18] for potential problems derived from water quality for agriculture.

L Toxicity Other

Location Year Month Salinity Infiltration Rate Na a B NO; pH

Ap ] LMR ] ] ] ] ]

i - LMR - - - - -

2018 5 MR ) ) ) ] ) )

De ; LMR ; ; ; - -

Ap - LMR - - - - R

N - LMR - - - - R

L 2019 5p ] MR ) ] ] ) R
Dc - LMR - - - - R

M LMR ] ] ] ] - R

Il ; LMR ; ; ; ; -

2020 5p ) MR ) ) ) ) )

Dec - LMR ; ; ; - -

1 ] LMR ] ] ] ] R

2018 Sp - LMR - - - - -

Dec - LMR ; ; ; - -

Ap ] LMR ] ] ] ] ]

1 - LMR - - - - -

LS 2019 5p ) MR ) ) ) ) )
De ; LMR ; ; ; - -

M LMR - - - - - -

! - LMR ; - ; - -

2020 Sp - LMR - - - - R

Dec - LMR ; ; - - -

Notes: Month: Ap—April; M—May; JI—July; Sp—September; Dc—December; Parameters: Na—Sodium; Cl—
Chlorides; B—Boron; NOs—nitrates; Restrictions: LMR—Light to Moderate restriction; R—With restriction.
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PC2 (16 %)

3.5. Multivariate Statistical Analysis

The PCA on the water matrix was used to identify the most important factors in the
system that explain the variability observed in the reservoir, regarding the potential ecolog-
ical status and the possible impact of irrigation water in the agroecosystem. The PCA /FA
analysis was applied to normalized data and allowed for the identification of seven prin-
cipal components (PCs) using the Kaiser criterion [54] (Table S5). Results highlighted the
nutrients’ and ions’ parameters’ importance on the observed water variability. In fact, the
first component (PC1) was explained mainly by parameters linked to fertilization (positive
quadrant), NO3, NO, and Mg (factor loading: 0.728, 0.771 and 0.892, respectively), and irri-
gation (negative quadrant) as SAR (factor loading: —0.857) (see Figure 8), generating 29%
of the total variance. PC2 is explained mainly by meteorological conditions and nutrients
corresponding to 16% of the variance, with a positive participation of TP (factor loading:
0.889) and temperature (factor loading: 0.664) and a negative participation of precipitation
(factor loading: —0.628).

LS_J118
L_JIT8
& Ls]J19
i
LS8 120
LS_sp18 LS_M20 LS_Dc20
L_Dc20
g LS_Dc18 L_Dc19
=
©
e
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[
|
o
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BOD;, SAR, Mn NO,, NO,, Mg
-2 -1 0 1 2 3

PC1 (29 %)

Figure 8. PCA plot showing the distribution of the climate factors and physico-chemical parameters
of the Lage reservoir water samples on the bidimensional plane defined by the first two principal
components (PC). In the figure are displayed the statistically significant clusters obtained through the
Square Euclidean distance (Dlink/Dmax x 100 < 50). Samples were collected at Lage (L) and Lage_S
(LS) in the months of April (Ap), May (M), July (J1), September (Sp), and December (Dc), during the
years of 2018, 2019, and 2020.
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The score of the water samples more influenced by the parameters that explained the
two first PCs were represented in Figure 8, as were the two statistically significant group
obtained through the cluster analysis (Dlink/Dmax x 100 < 50). Positive scores on PC1
and PC2 indicate samples highly influenced by nutrients, being the most impacted by the
fertilizers applied in the crops. The samples with these characteristics were included in the
Cluster 1, belonging to the dry period of 2019 and 2020. The samples located in the negative
quadrant of PC1 and the positive ones of PC2 were mainly influenced by temperature and
TP, integrating Cluster 2. These samples were the most influenced by the meteorological
conditions that occurred in the drainage basin of the reservoir.

4. Conclusions

After analyzing the water quality of the Lage reservoir for three years, the results
show a reservoir of moderate quality, very sensitive to the contamination sources of the
drainage basin, generated mainly by intensive agriculture. The results showed that the
use of general parameters can give an effective answer to the classification of water status.
Although the status of water to the aquatic ecosystem may be compromised, the quality
of water for irrigation is within the limits permitted by Portuguese legislation. However,
there should be some concerns regarding the impact of reservoir water on agricultural soils,
mainly due to infiltration rate, with most samples showing a mild to moderate restriction,
and some samples showing restriction related to pH (mainly in 2019, considered a hot and
dry year).

In fact, in small reservoirs, the framework used to analyze water quality, integrating
the assessment of ecological status with general physico-chemical parameters, irrigation
parameters, and impact on soil systems, allowed us to have a general idea of water con-
tamination and of its impact on agroecosystems. This type of strategy, using the same
parameters from different perspectives, increases knowledge of the hydro-agricultural sys-
tem, using the same economic resources, and can make river basin management processes
more sustainable.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16040514 /s1, Table S1: Irrigation systems and crops fertilizers
management during the irrigation campaigns of 2018-2019-2020 (EDIA [21] and Data sourced from
farmers); Table S2: FAO guidelines for interpretation of water quality for irrigation (adapted from
Ayers and Westcot [18]); Table S3: Spearman correlation coefficients between the climate conditions
and water physico-chemical parameters in the Lage reservoir: significant at p < 0.05; Table S4: Physico-
chemical parameters analysed during the study (average values + standard error; n = 3); Table S5:
Loadings of 22 physico-chemical parameters represented on the seven principal components (PC) for
surface samples from Lage reservoir. Bold values correspond to the higher factor loadings (>0.70) of
the variables in each PC [28].
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