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Abstract: This study was conducted in order to investigate possible quality changes in Cyprus
groundwater resources over a 10-year period of pumping and to check the suitability of primary
irrigation water. Water samples (n = 890) from private wells in agricultural areas were analyzed from
2009 to 2018 to determine various physicochemical properties. The sodium adsorption ratio (SAR)
and residual sodium carbonate (RSC) were also calculated to evaluate potential soil degradation
issues. Sodium, chloride and sulphate were found to be the predominant ions in groundwater.
Quality evaluation showed possible restrictions in groundwater use for irrigation in relation to its salt
content and the toxicity of specific ions having adverse effects on sensitive and several moderately
sensitive crops. In particular, an increasing trend was observed in pumped groundwater for boron
ion concentrations. Nevertheless, all samples evaluated were suitable for irrigation in terms of
soil sodicitation and soil infiltration rate. This study indicates that in order to maintain long-term
agricultural sustainability it is imperative to develop strategic plants to mitigate the adverse effects
of water-pumped quality deterioration on soils and crops. Precision agriculture techniques may be
adapted for better water and nutrient input/output management, thus protecting groundwater from
salinization in agricultural areas. These results, among others, may be a useful tool to enhance the
ability of Cyprus’s agricultural water sector to adapt to observed and anticipated climate impacts.

Keywords: Mediterranean Basin; semi-arid zone; electrical conductivity; sodium absorption ratio;
boron toxicity; sensitive crops

1. Introduction

Scarcity of water resources has always been a concern in arid and semi-arid regions, and threatens
the sustainability of agricultural crops [1]. In particular, the southern and eastern Mediterranean rim
are considered among the most water-scarce regions globally, and face significant temperature increases
and declines in precipitation rates [2—4]. In those areas, agriculture is highly dependent on water
availability, which often comes from overexploited aquifers [5,6]. The overexploitation of groundwater
resources has resulted in the lowering of the water levels, groundwater quality deterioration and/or
seawater intrusion [7-9]. About 10 million hectares worldwide are abandoned every year due to
soil salinization, and it is estimated that by 2050 more than 50% of arable land will potentially have
serious soil quality issues [10-12]. In the Mediterranean region, irrigated agriculture constitutes
the main water-consumption sector associated with land degradation, with soil salinization being
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a widespread problem [4,13]. In fact, groundwater quality has been shown to affect crop yield and
water productivity, and therefore is of great environmental and economical concern. Water containing
high concentrations of soluble salts can be absorbed and accumulated through leaves and different
plant organs, causing specific ion toxicities [14]. For example, water and nutrient balance is negatively
affected by root-zone salinity, resulting in water stress symptoms and nutrient deficiencies (e.g., tomato
blossom-end rot). Nevertheless, supplying nutrients along with irrigation water, which is of a common
agricultural practice (i.e., ferti-irrigation) should also take into consideration regional differences in
water quality characteristics [7,15,16]. Indeed, high concentrations of soluble salts and nutrients in
groundwater should be considered for optimizing fertigation management, with a special emphasis on
nitrate pollution in vulnerable zones (NVZs), and on cultivation of high-value sensitive crops Similarly,
high pH values may reduce micronutrient availability (e.g., iron, zinc, manganese) to crops [17].
Furthermore, precipitation or slime growth within an irrigation system is enhanced in calcium-,
bicarbonate- and sulphate-rich irrigation waters, thus increasing the possibility of emitter/trickle
clogging [18]. On the contrary, water salinity offers possibilities of controlling produce quality, yield
and resistance of crops to diseases [19]. For example, irrigation with seawater mixed with rainwater
improves the fruit quality of grapevines and increases soil pH in acidic vineyard soils [20]. Similarly,
irrigation with diluted seawater has been found to increase the nutritional value of various vegetables
such as cherry tomatoes [21,22].

A salinity-tolerance classification schema for agricultural crops and an anticipated percentage-yield
decrease per unit of salinity increase (above a threshold value) were proposed by Mass and Hoffman [23].
Actually, the salinity problem occurs when the concentration of salts in the soil solution exceeds the
crops’ minimum salt tolerance level, which varies by crop type [24]. For example, no yield decline is
expected for salt tolerant crops like barley (Hordeum vulgare) and cotton (Gossypium hirsutum) when the
irrigation water salinity increases up to 5 dS m~!. However, a 50% reduction in production is expected
for both crops when water salinity rises up to 12 dS m~!. Similarly, Ranatunga et al. [25] suggested
that water salinity levels up to 11 dS m™! could be applied to salt-tolerant crop; however, a higher
percentage of good quality water is needed for periodically leaching salts below the root zone in order
to maintain crop productivity. On the contrary, strawberry (Fragaria sp.) is considered a very sensitive
crop and the recommended irrigation water salinity for maximum production is set below 0.7 dSm™".
To cope with water scarcity and salinity problems, many irrigation districts have to make use of several
conventional and non-conventional water sources (e.g., desalinated, wastewater, brackish), adding a
higher level of water complexity management [26].

Cyprus faces the most severe water scarcity problem in Europe, and is exploiting groundwater
beyond what has been set as the ecological limit [27,28]. It is evident that Cyprus is expected to
experience the most adverse climate change effects of any Eastern Mediterranean country, including
temperature increases and changes in precipitation [3]. Irrigated agriculture is particularly vulnerable
to climate conditions due to its dependence on adequate quantities of good-quality water during a
significant portion of a year. However, groundwater resources in Cyprus, which in many cases are the
preliminary source of irrigation water, are overexploited by about 40% of sustainable extraction [29].
Under these conditions, groundwater quality deterioration may limit its suitability for specific crop
cultivations and could affect the physical properties of soil (e.g., soil degradation). To date, there has
been no satisfactory scientific evidence to support that the quality of groundwater is changing in relation
to its total salinity levels, specific ion toxicity, other specific water indices) (e.g., Sodium Adsorption
Ratio, SAR; Residual Sodium Carbonate, RSC) and other problems (e.g., nitrogen concentrations) in
relation to potential soil degradation issues and possible adverse effects on crops; however, Eleftheriou
et al. [28] evaluated 1200 groundwater samples in Cyprus and detected high boron values (i.e.,
9 to 12 ppm) that were geogenic, rather than resulting from wastewater applications or seawater
intrusion. According to Georgiou et al. [30], the increasing trend of boron, which has been observed in
groundwater concentrations in the country’s capital over the past three decades, is the result of over
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pumping; therefore, it was suggested that if water is intended to be used for the irrigation of sensitive
trees (e.g., fruit trees), it should be appropriately treated.

In view of the above, the aim of this study is to investigate possible quality deterioration issues
surrounding pumped groundwater used for irrigation purposes in a semi-arid zone over a 10-year
period of pumping. A second objective is to evaluate the suitability of groundwater relative to
its salt content, specific ion toxicity and hazard to crops, in order to avoid exacerbating water and
food shortages.

2. Materials and Methods

2.1. Study Area

Cyprus is located in the Northeastern end of the Mediterranean basin (Figure 1). It is the third
largest island in the Mediterranean Sea, with an average area of 9251 Km=2. The average annual
precipitation is 476 mm (no perennial flow) and evapotranspiration varies between 1243 and 1722 mm,
depending on the elevation, with 75% of evapotranspiration occurring from May to October [31].
The annual irrigation needs of the region have been estimated at 150 million m3, a third of which
is satisfied through governmental water works (surface dams and irrigation water networks) while
the rest is from private-owned water wells [32]. Cyprus has a total of 61 aquifers, with 44 of them
over-pumped [29]. It is estimated that there are more than 5000 wells in the region. Long-term
pumping (147 million m3 y=!) for irrigation and domestic water use has resulted in a continuous
reduction of underground water reserves and qualitative degradation and salination from seawater
intrusion [32]. Cyprus has defined one River Basin District (since 2006, under the implementation of
the Water Framework Directive (WFD)—Directive 2000/60/EC) in the study area.
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Figure 1. Study area.

A compact group of mountains called the Troodos Mountains are the predominant, NW-SE
topographic feature in the central part of the island. They are a part of an ancient oceanic crust
that was created 91.6 (+/—1.4) million years ago during the Cretaceous. Their uplifting during the
Plio-Pleistocene, caused substantial fracturing of the ophiolite, thus increasing secondary porosity
and facilitating groundwater percolation and recharge of the Troodos fractured aquifer. Surrounding
Troodos are the circum Troodos sediments, which consist mainly of semi-permeable chalks, marls and
limestones of the Lefkara Formation (Maastrichtian to Lower Miocene) and Pakhna Formation (Middle
to Upper Miocene). These sediments, along with the highly permeable sandstones, sands, silts, clays
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and gravels of the Pliocene to Quaternary deposits, host the most important sedimentary aquifers of
the island [33].

The utilized agricultural area consists of 116,000 ha, while the irrigated land is about 35,000 ha.
Modern, high water-application efficiency irrigation systems (e.g., mini sprinklers, drippers, low
capacity sprinklers) have been used for the last 40 years to an estimated proportion of 95% of the
total irrigated land and are ideally suited for combined irrigation and fertigation (ferti-irrigation) [34].
The major irrigated crops are citrus (2800 ha), fruit crops (e.g., apples, apricots, bananas; 3100 ha) and
vegetables (e.g., potatoes, water melon, eggplants, strawberries; 6400 ha). Olive trees, grapes and
forage crops are also cultivated and partly irrigated. Cotton was one of the oldest cultivated crops until
the 1950s, with a total cultivated area of 1400 ha, but this was gradually abandoned due to a reduced
availability of spring water for irrigation [35]. Similarly, tobacco was cultivated in a total area of 2400 ha
until the late 1960s. However, adverse climatic conditions and lack of adequate soil moisture causing
failures during transplanting led to an abandonment of crops [36]. Locally, irrigation requirements
are calculated based on a Class A evaporation-pan methodology adopted from Cyprus Agricultural
Research Institute [37] following Allen et al. [38]. For example, the mean yearly evapotranspiration
rate (i.e., crop water requirements) for high water-demanding crops such as bananas is estimated at
1255 mm, for citrus it is 846 mm and for olive trees (which is considered a low water-demanding crop)
it is 430 mm. The irrigation period usually starts in April or May and ends in October.

2.2. Groundwater Sampling and Analysis

A total of 890 groundwater samples were randomly collected from private wells operated in
agricultural irrigated land in the study area from 2009 to 2018. Each sample was collected in a
1-L polyethylene bottle after at least 20 min of pumping. Samples were kept cool and transferred
immediately to a laboratory to be analyzed. Physiochemical parameters such pH and electrical
conductivity (EC) were measured using a multimeter in the lab. Water cations and anions were
determined according to the common laboratory methods of titrimetry, flamephotometry and
ultraviolet-visible spectrophotometry [39].

2.3. Groundwater Quality Evaluation Indices

Guidelines for evaluating water quality were based on water-quality-related problems in irrigated
agriculture according to Food and Agricultural Organization-FAO [40] and, in particular: salinity,
water infiltration rate, specific ion toxicity (sodium, chloride and boron) and miscellaneous effects
(nitrates, bicarbonates, pH). The quality of pumped groundwater used for irrigation was evaluated
relative to its salt content expressed in units of electrical conductivity and hazard to crops (Table 1).
The guidelines of assessing permissible levels of electrical conductivity (EC; water salinity) and specific
water ion toxicity threshold values for several agricultural crops [23,40,41] are presented (Tables 2—4).
Selected crops were classified based on irrigation water relative salinity value without reduction in
yield, and the percentage of yield reduction per unit increase in salinity (Table 2). Maximum permissible
concentrations of chlorides in irrigation water of some crops are presented in Table 3. Accordingly, the
relative boron tolerance of selected crops is tabulated in Table 4.
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Table 1. Guidelines of irrigation water use relative to salt content and hazard to crops cited by Zaman

etal. [42].
Degree of Electrical Conductivity ..
Restriction on Use (dS m-1) Salinity Hazard to Crops

None 0.75 No negative effects will usually be noticed
Some 0.75-1.50 Sensitive crops may experience detrimental effects

Moderate 1.50-3.00 Adverse effects on many crops, tht}s requiring

careful management practices

Severe 3.00-7.00 For salt tolerance crops with specific management

practices on permeable soils

Table 2. Crop salt tolerance and yield potential as affected by irrigation water salinity (dS m~!), adapted
from [23]. Crop evapotranspiration (Etc; mm) and water economical productivity (WEP; € m™2) of the
main cultivated crops in Cyprus [43].

% Yield Decreased

Salinity at . . o i Salt
Crop Initial Y};eld Per l{m.t Increase in 100% Yl.eld Tolerance ETc WEP
Decline Salinity Beyond Reduction Rating
Threshold
Almond 15 19 4.5 S 354 2.39
Apricot 1.6 24 3.8 S 682 6.98
Orange 1.8 16 54 S 846 1.57
Bean greenhouse 1.0 19 4.2 S 452 32.38
Carrot 1.0 14 5.4 S 424 478
Strawberry greenhouse 1.0 33 2.7 S 586 17.06
Strawberry open field 1.0 33 2.7 S 586 10.27
Alfalfa 2 7.3 10 MS 1276 0.56
Corn 1.7 12 10 MS 554 na
Cowpea 13 14 7.8 MS 449 1.61
Cucumber greenhouse 2.5 13 6.8 MS 585 30.52
Cucumber open field 2.5 13 6.8 MS 476 4.70
Cabbage 1.8 9.7 8.1 MS 537 na
Spinach 2.0 7.6 10 MS 371 7.56
Tomato greenhouse 2.5 9.9 8.4 MS 743 21.03
Sweet potato 15 11 7.1 MS na na
Brocolli 2.8 9.2 9.1 MT na na
Soybean 5.0 20 6.7 MT 449 1.61
Date palm 43 3.6 21 T na na
Cotton 7.7 52 18 T na na

Crop salinity tolerance rating: S, Sensitive crop; MS, Moderately Sensitive; MT, Moderately Tolerant; T, Tolerant; na;
not available.

Table 3. Maximum permissible concentrations of chlorides in irrigation water without yield losses
(mg L™1). Data adapted from [41].

Crop Cl-1 (mg L) Crop Cl-1 (mgL-1)
Bean 350 Spinach 700
Carrot 350 Alfalfa 700
Strawberry 350 Tomato 875
Onion 350 Cucumber 875
Potato 525 Brocolli 875
Corn 525 Squash, Scallop 1050
Cabbage 525 Sudan grass 1050
Celery 525 Squash, Zucchini 1575

Pepper 525 Cowpea 1750
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Table 4. Boron tolerance of selected crops (mg L1). Data adapted from [44].

VS S MS MT T VT
<0.5 0.5-0.75 0.75-1 1.0-2 24 4-6 6-15
Lemon Avocado Garlic Cucumber Lettuce Tomato Cotton
Blackberry Grapefruit Strawberry Radish Cabbage Alfalfa Asparagus
Orange Sweet potato Potato Oats Sugar beet

Apricot Peanut Carrot Muskmelon
Peach Pepper Tobacco
Cherry Maize
Plum Celery
Onion

Crop boron-tolerance rating: VS, Very Sensitive; S, Sensitive crop; MS, Moderately Sensitive; MT, Moderately
Tolerant; T, Tolerance; VT, Very Tolerant.

Potential soil sodicity risk and pore clogging estimates were based on calculation of the Sodium
Adsorption Ratio (SAR) and the Residual Sodium Carbonate (RSC), using the results of ions” chemical
analyses according to Equations (1) and (2) [44—46]. A value of the suitability of irrigation water based
on those indices is given in Table 5.

+
SAR = _ Na® )
CaH-&-MgH
2
RSC = [(HCO3™ + CO37) — (Ca®* + Mg*")] 2)

where SAR is the sodium absorption ratio, Na* is sodium concentration, Ca?* is calcium concentration,
Mg2+ is magnesium concentration, RSC is residual sodium carbonate; HCO3™ is bicarbonate
concentration, CO3~ is carbonate concentration and all concentrations are in meg 17!, The effects of EC
and SAR on the soil infiltration rate were evaluated as originally proposed by Richards [45] (Figure 2).

35
30+ Severe reduction in rate
of infiltration
Slight to moderate
25 reduction
in rate of infiltration
20

No reduction in rate

of infiltration
10—

Sodium Absorption Ratio (SAR)

Salinity of irrigation water (dS/m)

Figure 2. Reduction in soil infiltration rate as affected by the Sodium Absorption Ratio and salinity of
irrigation water.



Atmosphere 2020, 11, 302 7 of 15

Table 5. Water quality suitability based on Sodium Adsorption Ratio (SAR) and Residual Sodium
Carbonate (RSC) indices. Data adapted from [47,48].

SAR (meg L-1) RSC (meg L-1) Water Quality
<10 Excellent
10-18 <1.25 Good
18-26 1.25-2.5 Doubtful
>26 >2.5 Unsuitable

2.4. Statistical Analysis

Data were analyzed and comparisons of means were tested using ANOVA via a Statistical Package
for the Social Sciences (IBM Corp. Released 2011. IBM SPSS Statistics for Windows, Version 20.0. IBM
Corp, Armonk, NY, USA).

3. Results

Mean annual values of the groundwater salinity, alkalinity and sodicity indices for a period of 10
years from 2009 to 2018 are presented in Table 6 and plotted in Figure 3. Electrical conductivity (EC)
averaged 2.53 dS m~! with a minimum of 0.3 dS m~! and a maximum of 27.6 dS m~!. During 2009,
35% of samples analyzed were above the average EC value. Five years later, the percentage increased
to 40%, and by the year 2018 it was 46% (data not shown). Chloride and sulphate were found to be
the most predominant anions, with mean values of 438.83 mg L' and 395.86 mg L1, respectively.
Sodium was the predominant cation with an average value of 338.73 mg L~!, with the macronutrients
calcium, magnesium and nitrogen being of importance. The concentrations of ions contributing to
water salinity were found in the decreasing order of Na™, Ca?t, Mg2+ and K* for cations, and Cl-,
S0,42-, HCO3~, NO;3~ and CO;~ for anions. Groundwater nitrate-nitrogen, boron and pH showed
significant variations (p < 0.05) among years. However, an increasing trend was only detected for boron
concentrations (Figure 3). Yearly mean boron concentrations ranged from 0.83 to 1.29 mg L~!, with
an overall mean for the 10 years’ period of about 1.00 mg L™!. During the final year of the studying
period (i.e., 2018), 34% of samples were above the mean estimated value of boron (data not shown).
The mean value of 43.3 mg L~! determined for nitrates was below the maximum permissible nitrate
levels of 50 mg L~! according to the EU directives related to quality of water (Figure 3). The pH value
of groundwater samples indicated their alkaline nature with a mean estimated value of 7.59. Variations
in nutrient concentrations during the measurement period were observed for potassium, calcium
and magnesium, even though values in 2018 seem to be slightly increased from 2009 concentrations
(Figure 3). The mean estimated values were 13.37 mg L™! for potassium, 123.50 mg L! for calcium and
66.20 mg L~! for magnesium. Similar yearly concentration variations within the measurement period
were also identified for chloride and sulphate ions, as well as for nitrates and carbonates (Figure 3 and
Table 6). It should be pointed out that seasonality or monthly differences in ion concentrations were
not statistically significant, except for bicarbonate concentrations.
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Figure 3. Changes in the mean concentration values are shown for chloride and sulphate (A) and for

potassium, magnesium and sulphate ions (B). In the lower side, ion concentrations in water are plotted

for boron (C) and nitrate (D). The continuous black lines represent regression lines, with a positive

slope for boron and a negative slope for nitrate. The red dashed line represents the upper threshold

limit of boron concentrations for all sensitive and most moderately sensitive crops. The red dashed

line for nitrate represent the maximum established limits for nitrate according to the European Union

directives related to good groundwater status.

Table 6. Average annual and 10-year values (+ standard error) of groundwater salinity, alkalinity and

sodicity indices.

Salinity Alkalinity Sodicity

Year n EC Na* CO3~ HCO3~ pH SAR RSC
2009 69 2.42(0.24) 353.86 (45.29) 1.51 (0.55) 293.29 (22.96) 7.54 (0.05) 8.60 (1.02) 0.15 (0.59)
2010 120 2.38(0.17) 318.19 (32.06) 2.10 (0.58) 314.86 (13.41) 7.45 (0.07) 8.09 (0.72) -0.22 (0.51)
2011 97 2.41(0.17) 321.01 (32.79) 5.11 (1.50) 327.15 (22.47) 7.76 (0.10) 7.86 (0.84) 0.10 (0.57)
2012 111 2.49 (0.16) 312.48 (27.02) 2.21(0.51) 341.50 (12.37) 7.65 (0.04) 7.13 (0.66) —0.36 (0.49)
2013 85 2.75(0.27) 380.14 (48.19) 3.59 (0.81) 368.39 (23.08) 7.74 (0.06) 8.52 (0.90) 0.59 (0.66)
2014 87 2.45(0.18) 300.48 (27.12) 4.63 (1.59) 330.97 (15.98) 7.63 (0.05) 7.086 (0.65) -0.90 (0.66)
2015 97 2.26 (0.14) 295.00 (26.32) 3.53 (0.79) 335.99 (15.14) 7.47 (0.08) 7.75(0.79) 0.01 (0.53)
2016 93 2.60 (0.33) 355.44 (66.00) 4.18 (0.88) 318.52 (15.43) 7.64 (0.04) 7.42 (0.98) -1.67 (1.00)
2017 63 2.72 (0.34) 424.86 (76.77) 3.97 (1.56) 324.21 (21.87) 7.59 (0.12) 10.25 (1.48) 0.55 (0.61)
2018 68 3.14 (0.41) 384.66 (68.30) 3.54 (1.04) 320.47 (19.89) 7.37 (0.07) 7.48 (0.72) -1.92 (0.90)

2.53 (0.07) 338.73 (13.97) 3.40(0.32) 328.31 (5.67) 7.59 (0.02) 7.93(0.27) -0.36 (0.21)

Water electrical conductivity, EC (dS m™!); Sodium, Na* (mg L1); Carbonates, CO3~ (mg L1); Bicarbonates HCO3~
(mg L™Y); Hydrogen exponent (pH; scale ranges from 0 to 14); Sodium Absorption Ratio, SAR (dimless); Residual
Sodium Carbonate, RSC (meg L71).
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A linear regression analysis was developed with electrical conductivity as a dependent variable
and specific water ions as predictors. The correlation coefficient of determination (R?) for a number of
observations (n = 890) was relatively high and accounted for chloride 0.89, sodium 0.83, sulphate 0.67

and potassium 0.57 (Figure 4).

A

O Observed
— Linear

EC (dS m™)

| T T T T T T
200 400 600 800 1000 1200 1400

T T T T T T
200 400 600 800 1000 1200 1400
CI" (mg 1) Na* (mg1™?)
= S o R*-0,67 | © Gl o o R*-0,57
7| o = o o ©5
66— o
o (e
—_ 2 =
. 5 {4
= o ° =
w = o B o 6 90}
Z O % o 8 i o © =
@) 8 ooo © ® =} & o of &)
= °©go o s o /m
o ® 2
O

T T T T T
0 50 100 150 200 250 300 350 400 450 500

S04 27 (mg 171) K+ (mgl1™)

Figure 4. Linear regression modeling and coefficients (R?) between different ions (Chloride, CI~, (A);
Sodium, Na*, (B); Sulphate, 50427, (C); Potassium, K*, (D)) and water electrical conductivity (EC).

Mean values of the Sodium Absorption Ratio (SAR) and Residual Sodium Carbonate (RSC)
indicate that all the samples tested were suitable for irrigation (Table 6). Negative value numbers
of RSC resulted from relatively high concentrations of calcium and magnesium ions as opposed to
bicarbonates. The influence of water salinity and the SAR did not pose a problem to the soil infiltration

rate (Figure 2).

4. Discussion

Based on the proposed guidelines for assessing permissible levels of salinity, it is clear from
the results that there was a moderate degree of restricting groundwater for irrigation due to its

expected adverse effects on many crops, thus requiring careful management practices (Table 2). Salinity
(in waters or soils) reduces water availability to the crops, and thus yield is affected. Taking into
consideration the mean measured electrical conductivity value at present (averaging 2.53 dS m™}),
restrictions of maximum growth and production are expected for all sensitive and several moderately
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sensitive crops (Table 2). It is worth nothing that irrigation water concentrates approximately three
times as it becomes soil water. Thus, the salinity of the soil saturation extract is 1.5x higher than
that of irrigation water salinity. In such irrigated soils, the concentration of soluble salts increases
the soil solution’s osmotic pressure, leading to the condition of physiological drought in a crop [42].
According to the literature [41]. In addition to irrigation groundwater quality, another important
issue that should be taken into consideration is the economic productivity of water, measuring of
the economic value generated by a unit of water consumption. For example, citrus is one of the
major irrigated crops classified as a “salt-sensitive” crop, and high concentrations of salts seriously
affect its productivity. Taking into account the expected yield reduction for each unit of electrical
conductivity that increases beyond the threshold value, it is estimated that citrus’ economic water
productivity is expected to decline 25% [43], resulting in export revenue losses. Indeed, a decline
in orange yield was observed during the study period based on relevant data from FAO Statistical
Databases, FAOSTAT [49], although a combination of problems may affect crop production more
severely in some cases than just water quality problems. The concentration of salts in soil increases
with higher water application rates directly related to crop evapotranspiration. It is to be expected that
as irrigation water is increasingly removed by crop transpiration and soil evaporation, more salts are
left behind [38]. Taking into account the mean measured electrical conductivity values of water, we can
conclude that for a high water demanding crop like alfalfa (1200 mm), almost 20 metric tons of salts
are added to 1 ha of soil during the irrigation period, with chloride, sodium and sulphate being the
predominant ions. For this reason, evaluation of the problem and its solution must be implemented in
most cases according to specific local conditions (e.g., irrigation timing, leaching etc.).

The results presented in this study imply that over a 10-year period of pumping, significant quality
changes regarding boron ion concentrations were detected in pumped groundwater. The average
value for boron within the 10-year study period increased to 1 mg L1, which is considered to be
the maximum permissible threshold value for all crops categorized as “sensitive” such as citrus
fruits, deciduous trees, strawberries and sweet potatoes. Of these crops, trees are the more sensitive,
and damage often occurs at low ion concentrations because of the higher amount of water uptake.
Like salinity, high quantities of boron adversely affect sensitive crops in many arid and semiarid
regions [50]. Usually, small concentrations of boron are necessary for optimal plant growth; however,
slightly elevated values negatively affect crop growth, and beyond this range boron becomes toxic [51].
Interestingly, boron tends to accumulate in soils to a greater extent than do other soluble salts, and
thus irrigation water can produce toxic effects even at low concentrations if accumulation of boron
occurs. On the other hand, higher levels of boron may be tolerated by plants grown in soils that are
high in lime (as opposed to those grown in non-calcareous soils) [50], and negative impacts on crops
may be ameliorated in the presence of chlorides and sulphate salts in some cases [52]. Furthermore,
it should be ruled out that interactions between salinity and boron toxicity adversely affect sensitive
crops in many arid and semiarid climates [50].

In addition to boron, sodium and chloride in groundwater should also be taken into consideration,
as high concentrations can cause restrictions on optimal growth and production, especially for sensitive
crops such as citrus. In addition, high sodium water content weakens soil structure, affecting the
porosity of soil. In this study, chlorides in groundwater averaged 450 mg L~!, a concentration that is
above the maximum permissible level recommended without yield loss for several crops like beans,
carrots and onions (Table 3). Similarly, the effect of high sulphate concentrations in water has frequently
been associated with negative impacts of increased potassium and sodium absorption due to the
tendency of high sulphate concentrations to limit the uptake of calcium by plants [45]. However,
Metochis [53] evaluated the effects of applying high-sulphate water to grapefruit trees during a six-year
period under local conditions, which supported a claim that this is not actually a serious problem.
Beside the fact that trees have a tendency to be smaller, the yield per tree was similar to those irrigated
with lower salinity water in the absence of sulphate, although this was not the case when greenhouse
tomato crops were irrigated with sulphate water [54]. The constant non-leachable salinity created
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was rather low, as the accumulation of calcium and sulphate above gypsum solubility products was
prevented via precipitation.

Another factor to be taken into account is the nitrates” appearance in the groundwater. Indeed,
the main source of nitrates in groundwater is chemical fertilizers and treated wastewater in irrigated
agricultural areas [55]. Analyses have also demonstrated that nitrates in aquifers are a worldwide
environmental problem contributing to water scarcity [56] and that, in particular, the risk of nitrates
leaching into deep unsaturated zones increases with extensive fertilizer applications to vegetables
with shallow root developments, even though nitro-pollution is more likely to occur under traditional
surface irrigation method systems as opposed to new improved irrigation systems [57]. There is also a
controversy in the literature that the extended use of highly efficiency irrigation systems could potentially
lead to an increase in total irrigated areas and enhance extraction of groundwater resources [58]. In any
case, real-time in situ nitrate measurements with optical sensors can re-adjust fertilizer-application
regimes and have been shown to minimize the potential of groundwater contamination [56]. In this

2+), while

study, the dominant nutrients in tested samples were calcium (Ca?*) and magnesium (Mg
potassium (K*) was very low. However, extreme ratios of Na*/Ca2* in the root environment may
adversely affect crops in a manner that would not occur otherwise under normal saline conditions.

In order to maintain optimum crop productivity levels and avoid soil salinization, there is a need
for regular soil electrical conductivity measurements and frequent salt-leaching programs based on
irrigation water salinity and crop specific salt tolerance. In any case, the drainage fraction of leaching
should be maintained to the absolute necessary amount for minimizing water waste and fertilizer,
nitrate and phosphate washout to the environment [59]. Nevertheless, salt leaching is not always
a case with respect to boron, which may accumulate undissolved in soil rather than remaining in a
solution to drain [45]. Indeed, boron is considered one of the micronutrients that causes a serious
problem in soil management [51]. Secondary soil salinization due to the upward movement of poor
quality groundwater did not seem to represent a problem in our study, but is expected to occur when a
groundwater “critical depth” table is shallower than 1.5 m [60].

Besides leaching, several other management options are available for controlling excess salinity
and the toxicity of specific ions. Indeed, the appropriate selection of an irrigation method, the timing of
irrigation and crop rotation seem to enhance the use of saline water substantially [40]. Drip irrigation
combined with higher irrigation frequency improves water efficiency and potential crop benefits
under saline conditions. In-line mixing of different proportions and water qualities (i.e., a saline
and a non-saline water; blended water) is of a common agricultural practice [61,62]. Beyond that,
a water of good quality can be used only under specific circumstances at critical crop stages during a
cultivating season. In the case of high concentrations of boron, excess nitrogen is used to stimulate
new growth in citrus trees, as boron has a tendency to accumulate in older leaves. In any case, under
low-evapotranspiration demands (e.g., mulching, screen-houses) crops have indicated higher tolerance
to soil salinity [62].

Groundwater salinization due to irrigated agriculture could be an issue in the future, especially
in intensive agricultural areas. In fact, there is a direct link between increasing nitrate and sulphate
concentrations in groundwater and excessive fertilizer use [48]. Even if groundwater is of a higher
salinity than the recharging water, long-term adverse effects may still occur; however, the observable
effects may be delayed for quite a few years due to the long travel times of salt in groundwater through
unsaturated zones [8]. In any case, the application of subsurface and surface drainage networks
safeguard soil and groundwater aquifers from salinization [63]. Overall, the adaptation of smart
farming techniques (i.e., precision agriculture) such as Internet of Things (IoT) applications will
reduce production costs and improve yields through the efficient use of resources such as water and
fertilizers [64,65].

Finally yet importantly, the sources and mechanisms behind such increases in salinity or
salinity-boron interactions were not investigated further. It is acknowledged that groundwater
salinization may be the result of seawater intrusion into coastal aquifers, of increased contributions
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of connate water in over-pumped aquifers, or simply the effect of returning irrigation. Furthermore,
the ion trends that were identified were not based on continuous groundwater monitoring from a
dedicated monitoring network, but rather on sampled private boreholes in cultivated areas, as pointed
out elsewhere. Nonetheless, the extent and sources of potential groundwater deterioration is beyond
the scope of this paper; rather, the suitability of the de facto irrigation water was the main focus.

5. Conclusions

In the present study, we evaluated the suitability of groundwater used for irrigation and
investigated possible quality deterioration issues over a 10-year period of pumping. Groundwater
quality evaluation showed that potential risks/hazards can be expected for many sensitive and
moderately sensitive irrigated crops. For this reason, careful management practices selecting suitable
alternatives to cope with water-related problems are required at the farm level to maintain acceptable
crop yields. A tendency of increasing groundwater boron concentrations emphasizes the long-term
potential problems for optimum production of the majority of the crops. The information presented
herein highlights the importance of agricultural production restructuring (i.e., limitations in choice of
crop to maintain full production capability) based on water availability and quality. Precision agriculture
and multi-criteria decision support systems for optimizing water productivity and minimizing outflow
should be adapted at the farm level. The findings of the study could contribute to targeted measures
under the Cyprus National Adaptation Action Plan, where water management plays a central and
crucial role.
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