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Abstract Water is a scarce resource in the Mediterra-
nean region where adverse climatic conditions promot-
ing water shortages tend to increase with climate
change. Under water scarcity conditions and high atmo-
sphere evaporative demand, the risks of decreased water
quality, and land salinization are major threats to the
sustainability of irrigated agriculture in this region. The
assessment of the quality of irrigation water is increas-
ingly important to ensure the maintenance of long-term
salt balance at a crop, farm, and regional scale. This
study is focused on the spatial and temporal variability
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of water quality for irrigation in the Alqueva reservoir
(Southern Portugal). The assessment was performed
every 2 months during a distinctive drought year
(2017) and included inorganic ions (Na*, Ca®*, Mg**,
K*, NH,*, CI", F, SO4*", NO; ", and NO, "), pH, and
electric conductivity (ECy) of water. Sodium adsorp-
tion ratio (SAR) was calculated, and potential soil per-
meability problems were estimated. The assessment
showed significantly higher values of the physicochem-
ical parameters in the most upstream sites, located near
tributaries inflows, and an upward trend in ion concen-
trations throughout the year, with significantly higher
concentrations of Na*, Mg?*, CI", and SO,?, registered
through May to November, reflecting the severe drought
felt in the summer, autumn, and winter. The evaluation
of water quality for irrigation indicated a slight to mod-
erate risk of reduced infiltration rates, which should be
considered whenever sprinkler irrigation is used, mainly
in fine-textured soils, which are prevalent in the irrigated
area. The multivariate statistical approach, using princi-
pal component analysis and factor analysis, identified
two principal components related to salinity and nutrient
concentrations. The cluster analysis revealed three
groups of similarity between samples pointing to a more
time- than space-controlled pattern. Overall, the tempo-
ral dynamics of the water physicochemical parameters
could indicate that an abnormal annual distribution of
precipitation and temperature may distort seasonal dif-
ferences. To prevent water and soil degradation, a more
frequent assessment of the water quality should be con-
sidered, allowing for the selection of appropriate soil
and water management measures in irrigated areas.
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Introduction

Pronounced seasonal and interannual variability in the
distribution of precipitation is a trait of the Mediterra-
nean climate. This variability can lead to long drought
periods whose severity has increased in the past decades
because of greater atmospheric evaporative demand
resulting from temperature rise caused by climate
change (EEA 2012; IPCC 2014; Vicente-Serrano et al.
2014). Increased climatic aridity is leading to higher
crop water requirements, making agriculture in many
Mediterranean regions more dependent on irrigation
networks to counteract low water availability. However,
the expansion of irrigation is usually accompanied by
agricultural intensification and large-scale changes in
land use, which are likely to increase soil degradation
processes (EC 2000; Valverde et al. 2015). The reduc-
tion in water quantity and quality and the development
of soil salinization induce deleterious and often irrepa-
rable impacts on crop production and soil quality, in-
creasing the risk of desertification (Iglesias et al. 2018;
Williams 1999; Zalidis et al. 2002). Scanlon et al. (2007)
refer that we are far from understanding the full impact
of land use changes in many areas, since there are long
time lags between land use changes and system re-
sponse. However, as stated by Hillel (2000), when re-
ferring to the processes of degradation that have threat-
ened the sustainability of irrigated agriculture since its
beginning in the Fertile Crescent, “the (salinization)
problem is age-old” and “continue to plague irrigation
districts today no less than in the past”. Several recent
studies focusing on the evaluation of drought impacts on
the degradation of water quality in rivers, lakes, and
reservoirs (e.g., Mosley et al. 2012; Mosley 2015; van
Vliet and Zwolsman, 2008), or on water and soil salinity
(e.g., Etteieb et al. 2017; Gkiougkis et al. 2015; Hu et al.
2019; Jones and van Vliet 2018; Merchan et al. 2013),
have exposed a global growing trend in regions with
water limitations and under climatic uncertainty
conditions.

In semiarid or Mediterranean-type climate regions, as
the Southern Portugal region of Alentejo, traditional
rainfed agriculture, conditioned by water availability
constraints, has been gradually replaced by irrigated
agriculture, whenever private or public investments
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have been made in the establishment of irrigation pro-
jects. In recent years, with the irrigation network of the
Alqueva Multi-Purpose Development Project (EFMA —
Emprendimanto de Fins Multiplos de Alqueva), farmers
in Alentejo are more and more resorting to the irrigation
of their crops, and the region is witnessing a profound
transformation of the agricultural landscape and of the
farming systems (Tomaz et al. 2018; Valverde et al.
2015). This large irrigation scheme started to operate
in 2002 and presently covers nearly 120,000 ha (EDIA
2017). The growing demand for irrigation water in the
region has been inevitably accompanied by an increase
in the use of additional inputs, like mineral fertilizers
and pesticides, which can be a cause of resource degra-
dation when unsuitable agronomic practices are used,
threatening the agroecosystems sustainability in the me-
dium to long term (Paranychianakis and Chartzoulakis
2005; Valverde et al. 2015; Zalidis et al. 2002).

The EFMA is centered on the Alqueva reservoir, the
largest artificial lake in the Iberian Peninsula, which
provides water for public supply, irrigation, industry
uses, energy production, and tourism. In fact, it consti-
tutes the most important water supply source in South-
ern Portugal, so its sustainability is essential to meet the
problems of water scarcity in this region. Studies carried
out in this reservoir during its filling period, by Serafim
et al. (2006), report a spatial and temporal heterogeneity
of water quality, determined by stratification/mixture
processes, inorganic (mineral) content, and
oxygenation. Based on the total phosphorus and
chlorophyll content in its early years, Morais et al.
(2007) classified the Alqueva reservoir as an eutrophic
system. Palma et al. (2010, 2014a, 2014b, 2015) found
results that showed a heavily modified water body, with
ecotoxicological risk to aquatic organisms induced
mainly by pesticide and metal pollution. Furthermore,
the results highlighted an increment over time of organic
matter and nutrients in the water body and of trace
elements in the sediments. The results from these stud-
ies, although very important as an alert for the need to a
continuous assessment of the chemical and ecological
status of the system, did not focus on the water quality
for irrigation and did not account for the possible re-
strictions in its use when considering agricultural pro-
ductivity and impacts on soil properties, namely, soil
structure deterioration resulting from an excess of sodi-
um (Na*) in the soil. The knowledge of water chemical
composition, and of its spatial and temporal trends, is
required to (i) evaluate water suitability for irrigation;
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(ii) define the appropriate criteria for water quality eval-
uation; (iii) outline tools for water and soils manage-
ment; and (iv) implement appropriate irrigation and
drainage practices (Beltran 1999; Hillel 2000; Lutz
et al. 2016; Machado and Serralheiro 2017;
Paranychianakis and Chartzoulakis 2005; Zalidis et al.
2002). All these endpoints are useful to increase the
environmental sustainability of agricultural soils and of
surface and groundwater, in irrigated lands of the Med-
iterranean basin.

Taking the above into consideration, this study aimed
to contribute to the implementation of sustainable re-
sources management strategies in regions affected by
water scarcity. For this purpose, the objectives of this
study were (i) to assess the Alqueva reservoir water
quality for irrigation; (ii) to understand spatial and/or
temporal patterns in a drought year using multivariate
statistical analyses; (iii) to support the design of strate-
gies for an effective sampling and assessment of water
quality for irrigation; and (iv) to indicate water resources
and agricultural water management adaptations to cope
with salinization processes in the Mediterranean region
when intensive agricultural practices supported by irri-
gation are used.

Materials and methods
Study area

The study area is the Alqueva reservoir, located
along the main course of the Guadiana River, in
the Portuguese southern region of Alentejo (Fig. 1).
The lithology of the Guadiana Basin is dominated
by greywacke, schist, and a volcano—sedimentary
complex with polymetallic sulfide complexes of
Cu, Pb, and Fe-Mn and carbonate rocks (Mil-
Homens et al. 2007). The reservoir, with a total
storage capacity of 4150 hm?, is the center of the
EFMA, providing water for public supply, irriga-
tion, industry uses, energy production, and tourism.
The global irrigation plan benefits a total area of
120,000 ha, of which about 70,000 ha were in
operation in 2017 with a total water supply of over
245 hm® per year (EDIA 2017). Predominant soils
in the irrigation area are Luvisols (orthic, calcic,
vertic, and gleyic), Vertisols (chromic and pelic),
and Cambisols (calcic and chromic) where the main
parent materials are intermediate or basic igneous

rocks (diorite and gabbro), limestone, and schist
(GPAa 2005; TUSS Working Group WRB 2014).
According to EDIA (2017), the main crops grown
in the area during 2017 were olive (Olea europaea
L.), occupying more than half of the irrigated area
(56% in 2017); maize (Zea mays L.), the second
most important crop, occupying 10% of the area;
grapevine (Vitis vinifera L.) in 7% of the area;
almond (Prunus dulcis (Mill.) D. A. Webb), in
5% of the area; forage crops in 5% of the area;
wheat (Triticum aestivum L. and Triticum durum
Desf.), and barley (Hordeum vulgare L.), in 3% of
the area. The remaining area is mainly occupied by
open-field horticultural crops, like melon (Cucumis
melo L.) and tomato (Solanum lycopersicum L.).

Climate conditions and meteorological data

The meteorological data used in this study were record-
ed in seven automatic weather stations, belonging to
IPMA, the Portuguese Institute for Sea and Atmosphere
(Beja and Evora); to SAGRA, the Agro-meteorological
network support service to farmers in the Alentejo re-
gion (Beja) (COTR 2017); and to ICT, Earth Sciences
Institute (Mitra, Portel, Barbosa and Cid Almeida) (ICT
2019). The latter two (Barbosa and Cid Almeida) are
installed close to the Alqueva reservoir, in order to
characterize the climate near the reservoir and the im-
pact of the water mass on the atmosphere (some results
using data from these stations can be found in Potes
et al. 2017 and Iakunin et al. 2018). The locations of the
stations are indicated in Fig. 1.

In the region, climate is predominantly Mediterra-
nean, or temperate with hot and dry summer (Csa, in
Koppen classification), with a small area of midlatitude
steppe (Bsk, in Kdppen classification). According to
IPMA (2018), the 1981-2010 climatological normal
for annual rainfall, in the two main towns in the area,
Beja and Evora (stations No 562 and No 588 of the
Portuguese synoptic network), is 558 and 585 mm, re-
spectively (Table 1), and for average temperature is
16.9 °C in Beja and 16.5 °C in Evora. The year 2017,
in Portugal, was classified as extremely hot and dry,
being the third-driest and the second-warmest year since
routine observations were established in 1931. The pe-
riod from April to December, with persistently negative
precipitation anomalies (except August, in the region
under study), was the driest of the last 87 years IPMA
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Fig. 1 Map showing the location of the Alqueva irrigation area,
the sampling sites in floating platforms at the Alqueva reservoir
(Alamos-Captagao (Al), Alqueva-Montante (Mn), Alqueva-

(2017). Daily precipitation registered at the automatic
weather station in Beja (COTR) is presented in Fig. S1.

On the basis of data, in Table 1, and on the informa-
tion of the National Climatological Bulletin (IPMA
2017), the main characteristics of the weather in the
EFMA area during 2017 were the: (i) from January to
March, the values of precipitation and temperature were
close to the climatological normal; (ii) from April to
December, the precipitation was below the normal, par-
ticularly in April, June, July, September, and October;
(iii) in April and May, temperatures were higher than the
normal; and (iv) in June and October, temperatures were
exceptionally high, with several heat waves and temper-
ature records. These long periods of high temperatures
and low precipitation gave rise to increased aridity, so
that by the end of October the whole EFMA area was
under extreme drought, the severest class according to
the PDSI index (Palmer drought severity Index; Palmer
1965).

Sampling and water physicochemical analyses
Four sampling sites in floating platforms were
established at the Alqueva reservoir (Fig. 1): Alamos-

Captagdo (Al; 38°20'30.00"N, 7°34'40.00"W),
Alqueva-Montante (Mn; 38°12'55”N, 7°29'28”W),
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Mourdo (Mr), and Lucefécit (Lf)), and the automatic weather
stations (Beja, Beja-COTR, Evora, Mitra, Portel, Barbosa, and
Cid Almeida)

Alqueva-Mourdo (Mr; 38°23'60.00"N, 7°23'25.80"W),
and Lucefécit (Lf; 38°33'6.32"N, 7°17'52.86"W). The
Al site was chosen because it is near the Alamos
pumping station, an inlet where water is elevated to
the conveyance network of the Alqueva subsystem,
one of the three irrigation subsystems in the plan. The
Mn site was selected to ensure representativeness of the
reservoir area. Mr and Lf sites were chosen considering
previous results for the reservoir water quality assess-
ment, which indicated these sites among those with
worst water quality (Morais et al. 2007; Palma et al.
2010, 2014a; Serafim et al. 2006).

The study comprised six sampling campaigns dur-
ing 2017, performed in January (Jan), March (Mar),
May, July (Jul), September (Sept), and November
(Nov) (Fig. S1). The months of Jan, Mar, and Nov
are included in the wet season, and the dry season
includes May, Jul, and Sept, according to the Portu-
guese Environment Agency (APA — Agéncia
Portuguesa de Ambiente), for the Alentejo region.
This hydrological permanence classification (perma-
nent or intermittent streams) takes into account the
importance of the variability of the tributary’s hydro-
logical regimes for water quality, especially in the
southern regions of Portugal, reflecting the regional
expression of the Mediterranean climate, which is
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Table 1 1981-2010 Climatological normal for Beja and Evora synoptic stations (Portuguese network from IPMA) and meteorological data
from 2017, registered in automatic weather stations located in the region

1981-2010 Climatological normal

2017 Meteorological data

Beja Evora Beja IPMA) Beja (COTR) Evora (IPMA) Mitra Portel Barbosa  Cid Almeida

a) Monthly and annual mean temperatures (°C)
Jan 9.7 9.6 8.7 8.9 8.2 8.3 8.0 - -
Feb 10.8 10.7 11.2 11.6 11.0 11.0 106 - 11.4
Mar 13.4 133 12.7 12.9 12.2 122 121 127 12.4
Apr 14.6 14.3 16.9 16.8 16.5 16.6 167 173 16.6
May 17.7 17.1 19.6 19.8 19.4 192 197 205 20.0
Jun 22.0 21.4 24.0 243 24.0 240 248 254 252
Jul 24.6 239 24.3 24.4 24.5 243 253 258 25.5
Aug 2438 24.1 24.6 24.6 248 246 255 260 25.6
Sept 224 21.9 21.4 21.7 21.7 217 224 227 22.4
Oct 18.2 17.7 21.5 21.5 20.8 20.8 207 215 204
Nov  13.6 134 14.2 14.3 132 131 129 14.1 13.4
Dec 10.7 10.5 10.0 10.1 9.3 9.2 9.0 10.0 9.3
Year 169 16.5 17.5 17.6 17.2 171 174 - -

b) Monthly and annual accumulated precipitation (mm)
Jan 66 61 65 62 39 33 58 - -
Feb 55 52 58 45 50 43 64 - -
Mar 41 44 84 79 78 71 89 - 51
Apr 59 55 5 7 1 5 3 - 8
May 43 47 17 20 44 44 23 - 23
Jun 13 17 8 5 - 2
Jul 2 4 0 0 - 0
Aug 4 8 22 17 8 5 - 0
Sep 30 32 0 0 - 0
Oct 72 84 18 22 21 19 14 - 33
Nov 77 88 64 63 45 32 43 - 30
Dec 98 95 40 52 45 54 60 - 48
Year 558 585 376 363 348 312 363

—no record available. (a) Monthly and annual mean temperatures (°C); (b) monthly and annual accumulated precipitation (mm)

characterized by dry and hot summers and mild and
wet winters with concentrated rains (ARH Alentejo
2011).

At each sampling location, 2 L of surface water were
collected, at a depth of 50 cm, using a Van Dorn bottle.
The water samples were stored in polyethylene bottles
and transported to the laboratory, in a cooler at 4 °C,
where they were conserved and stored, following the
requisites for water conservation for each parameter
(APHA 1998). The major inorganic ions, decisive in
the evaluation of water quality for irrigation, were

determined using the officially recommended methods
of analysis (APHA 1998), namely, ionic chromatogra-
phy: sodium (Na*), calcium (Ca**), magnesium (Mg**),
potassium (K*), ammonium (NH,*), nitrate (NO5"),
nitrite (NO, ), chloride (C1"), fluoride (F), and sulfate
(SO,%), all in mg L' Water pH and water electrical
conductivity (ECw; dS cm ") were measured in situ at a
50-cm depth using a multiparametric probe YSI 6820
MPS probe®.

To assess the potential impact of water on aggregates
dispersion and soil structure due to an excess of sodium
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present on the soil-exchange complex (US Salinity
Laboratory Staff 1954), the sodium adsorption ratio
(SAR) was calculated using Eq. (1) (ions concentrations
in meq L™):

[Na]

\/ [Ca>"] + [Mg™']

2

SAR =

(1)

Assessment of water quality for irrigation

The evaluation of water quality for irrigation was
performed using both the Portuguese legislation
(Law-Decree No 236/1998 1998; which establishes
quality standards, criteria and objectives with the
purpose of protecting the aquatic environment and
improving water quality according to its main
uses) and the Food and Agriculture Organization
of the United Nations (FAO) guidelines (Ayers and
Westcot 1985) (Tables 2 and 3).

The FAO guidelines are based in the quality stan-
dards reported by Ayers and Westcot (1985), con-
sidering a “potential problem” approach assessed by
three degrees of restriction on uses: none, slight to
moderate, and severe (Table 3). The potential irriga-
tion problems addressed are as follows: (i) salinity,
assessed from ECw; (ii) infiltration rate of water into
the soil, assessed using ECw and SAR, together; (iii)

Table 2 Portuguese quality standards of water intended for irri-
gation (Decree-Law No 236/1998, 1998)

Parameter Units MRV " MPV?
pH 6.5-84 4590
Electric conductivity (ECw) 3 dSm?! 1 —
Chloride (CI') mgL' 70 -
Fluoride (F") mg L' 1 15
Nitrate (NO3 ) mg L' 50 —
Sulfate (SO4%) mgL' 575

Sodium adsorption Ratio (SAR) Y 8

D MRV, maximum recommended value (or interval)
Y MPV, maximum permissible value (or interval)

¥ For ECw, there is a remark: “It depends heavily on the resistance
of crops to salinity, as well as the irrigation method and soil
texture”; however, no detailed criterion is established

“In the case of SAR, the observation says: “It depends on the
water salinity, the characteristics of the soil and the type of crop to
be irrigated.” Again, no detailed criterion is established
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specific ion toxicity by Na*, CI", or boron (B) in
sensitive crops; and (iv) miscellaneous effects on
sensitive crops, regarding NO5; (an excess of ni-
trates can cause nutritional imbalances that influence
yield or production quality) and bicarbonate
(HCO3 ) concentrations (an excess of bicarbonate
can corrode irrigation equipment, increasing mainte-
nance and repair costs) and pH.

Ayers and Westcot (1985) systematized and updated
work previously developed by the US Salinity Labora-
tory Staff (1954), Wilcox (1955), Maas and Hoffman
(1977), Rhoades (1977), or Oster and Schroer (1979). It
establishes general standards for the assessment of the
water quality for agricultural purposes to be used as a
management tool, particularly at farm level, considering
the specific local conditions of use. The proposed guide-
lines emphasize the long-term influence of water quality
on crop production, soil conditions, and farm manage-
ment and are intended for a wide range of conditions
encountered in irrigated agriculture. Their range of us-
ability is defined by the following basic assumptions: (i)
a restriction on use does not indicate that the water is
unsuitable for use, it indicates that there may be a
limitation in choice of crop, or special management
may be needed to achieve full productivity; (ii) the soil
texture ranges from sandy loam to clay loam with good
internal drainage; (iii) the climate is semiarid to arid and
rainfall is low; (iv) the soil drainage is good, with no
uncontrolled shallow water table present within 2 m of
the surface; (v) surface or sprinkler irrigation methods
(infrequent irrigation) are used, with at least 15% of
percolation of the applied water below the root zone
(the guidelines are too restrictive for drip irrigation,
more frequent and efficient); (vi) the water uptake pat-
tern by the crops in each quarter of the soil profile is
40%—-30%—-20%—10%, so salinity increases with depth
and is greatest in the lower part of the root zone; and
(vii) the division between the three degrees of restriction
on use (none, slight to moderate, and severe) are grad-
ual, and there is no clear-cut breaking point (Ayers and
Westcot, 1985).

Statistical analyses

All statistical analyses were carried out with the
software Statistica 7 (StatSoft, Inc. 2004). Mean and
standard deviation of ion concentrations and SAR
(three repetitions), and in situ measurements of
ECw and pH, were plotted using graphical tools.
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Table 3 FAO guidelines for interpretation of water quality for irrigation (adapted from Ayers and Westcot, 1985).

Potential irrigation problem Units Degree of restriction on use
None Slight to moderate % Severe »
Salinity ¥
ECw dSm <0.7 0.7-3.0 >3.0
Infiltration > ©
SAR 0 — 3 and ECw dSm™ >0.7 0.7-0.2 <02
SAR 3 - 6 and ECw >1.2 1.2-0.3 <0.3
SAR 6 — 12and ECw >19 19-05 <05
SAR 12 — 20 and ECw >29 29-13 <13
SAR 20 — 40 and ECw >5.0 50-29 <29
Specific ion toxicity 7
Sodium (Na*)
Surface irrigation SAR <3 3-9 >9
Sprinkler irrigation mg L <69 > 69 -
Chloride (CI)
Surface irrigation mg L' <142 143 — 355 > 355
Sprinkler irrigation mg L' < 106 > 106
Miscellaneous effects ¥
Nitrate (NO5") mg L’ <5 5-30 >30

pH -

Normal range: 6.5 — 8.4

D None - no soil or cropping problems are experienced. » Slight to moderate - gradually increasing care in selection of crop and management
alternatives is required if full yield potential is to be achieved. ¥ Severe — there will be soil and cropping problems or reduced yields, but even
with cropping management designed especially to cope with poor quality water, a high level of management skill is essential for acceptable
production. * Affects crop water availability; > Affects infiltration rate of water into the soil. ® Evaluated using ECw and SAR together; "

Affects sensitive crops; ¥ Affects susceptible crops.

Multivariate statistical analyses, namely, factor anal-
ysis (FA), including principal components analysis
(PCA) for factor extraction, and cluster analysis
(CA), were performed after methodologies described
in Simeonov et al. (2003) and Palma et al. (2010,
2014a). Factor analysis tests latent factors causing
observed variables; PCA extracts these factors by
reducing correlated observed variables; CA assem-
bles objects or cases into groups called clusters based
on characteristics they possess (Shrestha and
Kazama, 2007; Simeonov et al. 2003). The applica-
tion of these multivariate statistical methods supports
the interpretation of complex datasets, allowing the
identification of possible factors or sources that in-
fluence the status of the water systems and offering
valuable tools for the management of water resources
(Muangthong and Shrestha 2015; Shrestha and
Kazama, 2007; Simeonov et al. 2003; Li et al. 2018).

To sort the relative importance of time and site
on the water physicochemical parameters, a

preliminary analysis was performed using repeated
measures ANOVA with two factors (month and
site). One-way ANOVA was performed in the case
of ECw and pH, given their single “in situ” mea-
surements and the resulting degrees of freedom.
Differences between means were compared using
Tukey’s test (p <0.05).

FA and PCA were made on normalized data (log x;
x =mean value) to avoid misclassification due to the
wide differences in data dimensionality (Liu et al. 2003).
The FA/PCA approach aimed to understand the data
structure, to find the most meaningful parameters, and
to reduce de number of variables into a small number of
independent variables (principal components). The prin-
cipal components were retained after applying the Scree
test (Cattell 1966), considering principal components
with eigenvalues > 1 that accounted for a proportion of
variance > 10%. The factor loadings, representing the
correlation between the factors and the variables, were
classified as “strong,” “moderate,” and “weak,”

EEINT3
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corresponding to absolute loading values of >0.75,
0.75-0.50, and 0.50-0.30, respectively (Liu et al. 2003).

Hierarchical agglomerative CA was performed
with the factor scores of the two-component model
to detect similarity groups between sites and/or
dates that could indicate spatial and/or temporal
patterns in the data. The resulting clusters should
exhibit high within-cluster homogeneity and high
between-clusters heterogeneity (Shrestha and
Kazama, 2007; Muangthong and Shrestha, 2015).
The distance between clusters was evaluated using
the Ward’s method (Ward 1963) for the amalgam-
ation (linkage) rule. The Euclidean distance for
similarity measures was used as linkage distance
(dlink), expressed as the percentage of the range
from the maximum to the minimum distance
(dmax) in the data, dlink/dmax*100 (Muangthong
and Shrestha 2015; Shrestha and Kazama, 2007;
Simeonov et al. 2003). Statistically significant
clusters were first identified in a tree diagram
considering a Euclidean distance of dlink/
dmax*100< or =to 60% (Muangthong and
Shrestha 2015; Shrestha and Kazama, 2007) and
then plotted in a two-dimensional plane defined by
the two principle components model.

Results and discussion
Water physicochemical assessment

The temporal and spatial variability of the cation and
anion concentrations was characterized by their mean
and standard deviation, represented by columns and
whiskers (Figs. 2 and 3). In general, the dominant ion
in most samples was CI~, followed by SO,*~ and Na*.
The order of cation abundance was Na*>Ca”* >
Mg®* > K*>NH,". Concerning the anion chemistry,
the order of anion abundance was CI” >S0,> >NO; >
F> NOzi.

The main water chemistry of the reservoir may reflect
the geology of the area, and its weathering dynamics, as
reported by Etteieb et al. (2017) that, in a study for the
assessment of the suitability of surface water for irriga-
tion in Northern Tunisia, found the main chemistry of
the river system controlled by the dissolution of gypsum
and halite. However, several studies have described the
influence of farming, both in rainfed and irrigated agri-
culture, and its contribution for salt leaching through
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deep percolation and runoff, and of nutrient-rich dis-
charges resulting from other human activities, e.g., in an
8-year study to evaluate the impact of the introduction of
irrigation in a hydrological basin in Spain, Merchan
et al. (2013) reported an increase in the annual loads of
salts, mainly NOs ; Chotpantarat and Boonkaewwan
(2018) observed a duplication in NO5 ™ loads in a basin
in Thailand affected by agriculture intensification and
land use change; on a study to evaluate the effects of
recent agricultural practices on drainage water quantity
and quality in arid basins in Northwest China, Hu et al.
(2019) found that the quality of drainage water deterio-
rated mainly due to expansion of new farmlands; Yang
et al. (2019) reported that the fast development of agri-
culture and urbanization in the Hai He basin, in the
North China plain, has resulted in discharging nutrient-
rich wastewater into lakes and reservoirs, leading to
eutrophication and water scarcity. Concentrations of
Na*, Mg®*, NH,*, CI", SO, NO;, and F~ were sig-
nificantly higher (p <0.05) in Lf (Figs. 2 and 3;
Table S1). Overall, and in accordance with Morais
et al. (2007) and Palma et al. (2010, 2014a), ion con-
centrations were higher in Lf, followed by Mr, the most
upstream sites, both located near tributary inflows, near
the border, and more permeable to the influence of the
input flux from Spain. There was an upward trend in
ions concentrations throughout the year, with signifi-
cantly higher concentrations of Na*, Mg**, CI", and
SO,*", registered through May to Nov (Figs. 2 and 3;
Table S1). Except for SO427, NO;3;, and NO, , ion
concentrations occurred in the samples collected in
Nov were significantly higher, which may reflect the
severe drought felt in the summer and begin of autumn
months. Nitrate is present in nitrogen fertilizers, strongly
applied in annual spring—summer and permanent irri-
gated crops, but also in annual autumn-winter rainfed
crops. Thus, the higher concentrations found in the
water for NO;  during the wet period could be due to
agricultural drainage and runoff. Although K™ leaching
losses are less frequent, due to its tendency to be
retained in the structure of clay minerals, it is an impor-
tant plant nutrient commonly present in mineral fertil-
izers (usually combined with phosphorus and nitrogen
forms), which are applied during the sowing of autumn—
winter crops or in post-harvest of olives and other fruit
trees. An excessive fertilization or irrigation can explain
the K* concentrations found in Al at Nov (Fig. 1).
While ECw is a measure of the total dissolved salts
and their potential effect on the soil osmotic potential
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Fig. 2 Spatial and temporal variation of cations concentrations
and SAR, during 2017, at the Alqueva reservoir. Bars represent the
mean and whiskers represent the standard deviation for three

and on water stress in plants, SAR is related to the
exchangeable sodium percentage, a soil property deci-
sive in aggregate stability and soil permeability. Hence,
SAR is considered an important indicator to predict the
negative effects of Na* excess on soil physical proper-
ties (Ayers and Westcot 1985; Hanson 2006a; Rhoades
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et al. 1992; Tanji and Kielen 2002; U.S. Salinity
Laboratory Staff 1954; Wilcox 1955). As expected, the
patterns of temporal and spatial variation observed for
Na* were also found for SAR (Fig. 2; Table S1). The
same pattern can be observed for ECw (Fig. 4;
Table S1), with spatial and temporal dynamics similar
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Fig. 3 Spatial and temporal variation of anions concentrations
and SAR, during 2017, at the Alqueva reservoir. Bars represent the
mean and whiskers represent the standard deviation for three

to Na* or CI', two of the most abundant ions in the
Alqueva reservoir. Considering the Portuguese or the
FAO standards, the maximum recommended values for
SAR and ECw were never surpassed. The pH values
increased from March to September, reaching an aver-
age value outside the allowed range (6.5 to 8.4) in July.
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Although with no statistically significant differences,
the highest pH values occurred in the most upstream
sites (Mr and Lf) (Fig. 4; Table S1); the maximum value
(9.1) was registered at September in Lf (Fig. 4).
Opverall, the temporal dynamics of the water physi-
cochemical parameters during the year 2017 could
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Fig. 4 Spatial and temporal variation of ECw and pH, during
2017, at the Alqueva reservoir. Dots correspond to single in situ
measurements. Full lines correspond to maximum recommended
values from water quality standards. Dashed lines correspond to
minimum recommended values from water quality standards. Max
FAO and Min FAO, maximum and minimum
recommended values from the FAO guidelines, respectively;

indicate that an abnormal annual distribution of precip-
itation and temperature may distort seasonal differences,
and a more frequent assessment of the water quality
should be considered.

Table 4 Parameters and potential risks found in noncompliance
or with some degree of restriction on use, at the four sites during
the six campaigns of the study, according to the Portuguese

Max PS, maximum recommended value from the Portuguese
standards; Min, minimum recommended value both from the
FAO guidelines and from the Portuguese standards; Max, maxi-
mum recommended value both from the FAO guidelines and from
the Portuguese standards. Al, Alamos; Mn, Montante; Mr,
Mourdo; Lf, Lucefécit. Jan, January; Mar, March; Jul, July; Sept,
September; Nov, November

Assessment of water quality for irrigation

Table 4 summarizes the potential risks obtained for the ions
analyzed, identifying the parameters in noncompliance or

legislation (Law-Decree No 236/1998, 1998) and the FAO guide-
lines (Ayers and Westcot, 1985)

Parameter/potential problem  Site  Portuguese legislation FAO guidelines
Jan Mar May Jul Sep Nov Jan Mar  May Jul Sep  Nov
Chloride Al NC
Mn
Mr
Lf NC NC NC
pH Al NC NC NC NC NC NC
Mn NC NC NC NC
Mr NC NC NC NC
Lf NC NC NC NC NC NC NC NC
Soil infiltration rate Al - - - - - - SM SM SM SM SM SM
Mn - - - - - - SM SM SM SM SM SM
Mr - - - - - - SM  SM SM SM  SM SM
Lf - - - - - - SM  SM SM SM  SM SM
Al Alamos; Mn, Montante; Mr, Mourdo; Lf, Lucefécit. NC, noncompliance; SM, slight to moderate degree of restriction
— not classified in these standards
@ Springer
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with some degree of restriction on use, considering both
the Portuguese legislation (Law-Decree No 236/1998
1998) and the FAO guidelines (Ayers and Westcot 1985).
According to the Portuguese legislation, the only two
parameters in noncompliance at some months and sites
were CI and pH. In the case of CI, it exceeded the
maximum recommended value of 70 mg L™ in Al
(Nov) and Lf (Mar, Jul and Sep). As for pH, in almost
every site, from Jan to Sep, it exceeded 8.4, the upper limit
of the allowed range. Considering the FAO standards, Cl
concentrations would not constitute any degree of restric-
tion, both for surface (with little relevance in the area) or
sprinkler (most commonly used method in field crops)
irrigation systems. When classified separately, in both the
Portuguese and FAO recommended criteria, ECw and
SAR values were not excessive. However, these parame-
ters must be evaluated together to estimate possible soil
infiltration rate decline and surface crust formation prob-
lems, because of the dispersing effect of an excess of
sodium on the soil exchange complex (Hanson 2006a).
This combined assessment showed a slight to moderate
degree of restriction of use in all water samples analyzed.
In fact, low-salt water can reduce infiltration even for a low
SAR, that is, the effects of increasing sodium adsorption
ratio grow as the salinity of the water decreases (Ayers and
Westcot 1985; Compton 2011, Hanson 2006a; Rhoades
et al. 1992). This outcome occurs when the salinity of the
soil water or applied water is insufficient to counteract the
negative effects of adsorbed sodium on soil structure.

Compton (2011) named it “the rainfall effect,” refer-
ring that the leaching of salts from precipitation or
excess irrigation water will reduce the salinity of the
soil solution, while the reduction in SAR will be far
smaller due to a buffer effect, performed by the ex-
changeable cations (Ca®*, Mg?*, Na*, and K%),
adsorbed in the soil matrix, on the ions dissolved in
the soil solution. Therefore, leaching, as a result of a
rainfall event or an irrigation, can cause infiltration
reduction in the surface soil because the stabilizing
effects of salinity on aggregate stability is lost when
the EC of the water is reduced.

Soils most likely to show reduced infiltration and
crusting are fine-textured soils, like those containing
more than 30% expansive clay (smectite) in the profile
or in some argic or natric subsurface horizons, as is the
case of Luvissols and Vertissols, prevalent in the
Alqueva irrigation area (GPAa 2005). Tanji and Kielen
(2002) stated that at lower SAR levels, when chemical
bonding is weakened, but no spontaneous dispersion
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takes place, inputs of energy are required for actual
dispersion, and the use of sprinkler irrigation can in-
crease the probability of surface crusting due to the
physical disruption caused by the water drops as they
impact the soil surface aggregates.

It should be noted that the institution responsible for
the EFMA management uses the Portuguese legislation,
not the FAO guidelines, to provide to irrigators bi-
annual water quality bulletins with the results of moni-
toring performed in superficial water samples collected
in January and May, near two of the water conveyance
systems inlets (Alamos and Pedrégao). Hence, these
bulletins do not include the joint evaluation of water
EC and SAR to predict potential soil infiltration and
permeability problems. These results and considerations
highlight the need of introducing an assessment of po-
tential infiltration problems caused by Na* and salinity
together in the water quality for irrigation monitoring
programs of the Alqueva reservoir. The potential soil
salinization or sodification caused by irrigation with
low-quality water depends not only on the water char-
acteristics but also on other factors, such as soil texture,
climatic conditions, soil drainage, irrigation method,
and irrigation schedule. Therefore, early warning sys-
tems can contribute to the adoption of control measures
and management changes required for long-term pro-
ductivity (Bauder et al. 2014; Hillel 2000; Lutz et al.
2016; Machado and Serralheiro 2017; Paranychianakis
and Chartzoulakis 2005).

Multivariate statistical analysis

Three principal components (PC1, PC2, and PC3) ex-
plained about 73.9% of the total variance (Table 5).
Following Liu et al. (2003) classification, PCI1,
which explained 44.6% of total variance, was strongly
correlated with Na*, Mg?*, SAR, and ECw and moder-
ately correlated with Ca**, SO,%~, K*, pH, and C1 ; PC2
accounted for 17.0% of total variance and was mainly
correlated with NO;™ (strong correlation) but also NO,
and Cl; PC3 explained 12.3% of total variance and
showed moderate participation of NH4*. Given the
highest correlations obtained, PC1 was mainly a “salin-
ity” component and PC2 a “nutrient” component. That
is, PC1 denotes the influence of two of the most abun-
dant cations in Alqueva water samples, Na* and Mg?*,
and of the water salinity parameters, ECw and SAR.
PC2 represents influences from nonpoint sources such
as agricultural runoff, given its primary correlation with
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Table 5 Loadings of principal components (PC), eigenvalues,
percentage of variance, and cumulative percentage of total vari-
ance for 13 water physicochemical parameters during 2017 at the
Alqueva reservoir

PC1 PC2 PC3

Na* —0.960096 —0.135086 —0.105107
NH,* —0.467300 —0.020882  0.669443
K* —0.575927  0.072992  0.400283
Ca** —0.718910 —0.194439  0.487443
Mg** —0.918220 -0.045624  0.185715
F —0.259387 —0.289497  0.346247
Cl = 0.532594  0.673994 —0.003300
NO, 0.412487  0.699674  0.382078
NOs 0.477753  0.820020  0.214723
S0 —0.636368  0.487257 —0.302760
pH —0.543419  0.265721 —0.442329
ECw —0.839021 0.365434 —0.087922
SAR —0.899493 —0.095039 —0.316255
Eigenvalue 5.794446  2.214555 1.598573
% total variance 0.445727 0.170350 0.122967
Cumulative % variance 5.794446  61.60770  73.90442

Classification after Liu et al. (2003): bold values, strong correla-
tion (absolute values > 0.75); italic values, moderate correlation
(absolute values in the range 0.75-0.50)

water-soluble nitrogen forms. Although in this assess-
ment, NH4* was independent from other nitrogen forms,
Simeonov et al. (2003) and Palma et al. (2014a) found
correlation between NO;~, NO,, and NH,* in their
studies reporting, respectively, a monitoring program
of surface waters in Northern Greece and the spatial
and temporal variability of the water and sediments
quality in the Alqueva reservoir. Contrary to the present
study, where Cl" is in PC2, Liu et al. (2003) found
strong correlation between ClI, ECw, TDS (total dis-
solved salts), Na*, K*, Mg", and SO, in groundwater
samples collected in a coastal area in Taiwan.

Cluster analysis gave three statistically significant
groups from the 24 water samples collected during
2017 (Fig. S2; Fig. 5). The higher positive factor scores
in PC1 were linked to season (Mar) and location (Al).
Cluster 1 included all samples collected in Jan, except
the ones from Lf. Cluster 2 grouped the largest number
of samples, collected in Jul, Sept, and Nov, also includ-
ing Lf samples collected in Jan (Lf/Jan). Due to the
significantly higher concentrations found in Lf, when
comparing with the other three sites, samples collected
at this site during the wet season (Jan and Mar) were

normally grouped with samples from other sites and
driest months. Also, the drought levels felt during the
autumn months are probably responsible for grouping
the Nov samples along with samples collected during
the typical dry season, in Jul and Sept. Cluster 3, with
the higher positive scores in the “nutrient”-related prin-
cipal component (PC2), groups water samples with
higher NO; and NO, concentrations, collected in
March (wet season) and May (dry season). Therefore,
both clusters 2 and 3 grouped samples collected in all
the sites but in different months, pointing to a homoge-
neity within clusters mainly due to the sampling date.
This pattern indicates that the similarity between groups
was more time-controlled than space-controlled, an im-
portant feature for the design of sampling strategies,
especially in drought years.

Implications for monitoring programs and management
adaptations

Taking the above into consideration, water quality mon-
itoring and assessment programs in the Alqueva irriga-
tion area should be long term and include not only
sampling campaigns in January (winter) and May
(spring) but also at the end of summer (September)
and, when drought conditions set in, at the beginning
of autumn (October), covering different periods in the
wet and dry seasons. For an effective evaluation and
mitigation of potential soil salinization processes (in-
cluding soil sodicity), the combined evaluation of salin-
ity and SAR in irrigation water should be introduced,
following the FAO guidelines.

The effects of the reduction in osmotic and matric
soil potential are additive, and soil salinity influences the
range of available water for plants (Rengasamy 2010),
thus influencing their water uptake and productivity.
From a simple point of view, to achieve the salt balance
in soil, the amount of salt coming in must be
counterbalanced by the amount of salt being removed
(Weil and Brady, 2016) in order to achieve a long-term
“salt” sustainability of an irrigated field or an irrigation
plan. Thereby, the monitoring and assessment of water
quality for irrigation should be complemented with the
recommendation of appropriate agricultural water man-
agement options for preventing those impacts, e.g., (i)
leaching, the basic management tool for salinity control,
refers to water that is purposely applied in excess to keep
the salts in solution and transport them below the root
zone; (ii) subsurface drainage systems to provide a
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Fig. 5 Scores of the water
samples on the two-dimensional
plane defined by the two principle 2
components model. Each point

corresponds to a sample, repre-

sented by the combination
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desirable root zone environment, by lessening the root
zone waterlogging and improving salinity control by
leaching; (iii) improved irrigation timing to help main-
tain more favorable moisture content in the soil, aiding
the leaching process and avoiding ascending capillary
flow from saline water tables; (iv) fertilizer management
in order to avoid excessive nutrient application rates, a
source of many soluble salts; (v) the use of more salt
tolerant crops; (vi) the use of precision agriculture tech-
nologies, like variable rate irrigation (VRI) with salt-
sensing devices, to increase irrigation uniformity and
efficiency; and (vii) the use of soil chemical amend-
ments, like the application of gypsum (CaSO,4.2H,0),
for sodicity control, to remove Na* ions from the ex-
change complex, replacing them with Ca** (Ayers and
Westcot 1985; Hanson 2006b; Lutz et al. 2016;
Machado and Serralheiro 2017; Tanji and Kielen 2002).

Conclusions
Physicochemical parameters showed significantly
higher values in the most upstream sites, Mr and, espe-

cially, Lf. Agricultural runoff or leaching losses through
irrigation return flows may be the cause for anomalous
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concentrations of salts, commonly present in N or K
fertilizers formulations. There was an upward trend in
ion concentrations throughout the year, with significant-
ly higher concentrations of Na*, Mg*, CI", and SO, ,
registered through May to Nov, which may reflect the
severe drought felt in the summer and beginning of
autumn months. Significantly higher NO;~ concentra-
tions were found in samples collected in March, a result
that can be related to agricultural activities, namely,
nitrogen fertilizations in the irrigation area.

The combined assessment of ECw and SAR showed
a slight to moderate risk regarding soil infiltration rate
decline and surface crust formation, in all water samples
collected. These results should be considered whenever
surface or sprinkler irrigation systems are used, particu-
larly in fine-textured and poorly structured soils.

The multivariate approach with FA/PCA identified a
“salinity”-related component, influencing Na*, Mg**,
ECw, and SAR, and a “nutrient”-related component,
highly correlated with NO3;~ and NO, . The CA meth-
odology revealed three groups of similarity between
samples, denoting a more time-controlled than space-
controlled pattern, which can be an important feature for
the design of water sampling and assessment strategies
in irrigation areas located in regions conditioned by
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seasonal and inter-annual climatic variability, especially
under drought conditions.

Overall, these results could indicate that an abnormal
annual distribution of precipitation and temperature may
distort seasonal differences, and a more frequent assess-
ment of the water quality should be considered.

The characteristics of the irrigation water can have a
major role in the appearance or augmentation of soil
secondary salinization and in the development of damag-
ing effects of soil salinity on crops production, especially
under climatic adverse conditions. In Mediterranean irri-
gation areas, water quality monitoring programs should be
designed with sampling campaigns covering different wet
and dry periods. In addition, the combined assessment of
salinity and SAR should be introduced to evaluate poten-
tial infiltration problems, according to the FAO guidelines.

The assessment of water quality for irrigation should
be complemented with guidance concerning the selec-
tion of appropriate management strategies for
preventing those impacts. Further, it is also essential to
conduct applied research, both in risk assessment stud-
ies and in ways to address the problems of soil and water
degradation and resilience, especially under land use
changes and climatic uncertainty.
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