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Abstract

:

Water supplies have been decreasing in several semi-arid regions, and it is therefore necessary to adopt irrigation strategies aimed at maximizing water use efficiency. In this paper, the effects of saline and deficit irrigation on water use efficiency and on potato crop response, based on observations of soil and plant water status, were investigated. Experiments were carried out in Central Tunisia, by monitoring potato crop growth during two seasons in four distinct treatments (T1–T4), represented by two different irrigation doses and two water qualities. For irrigation scheduling purposes, thresholds of soil matric potential, soil water content and Crop Water Stress Index (CWSI) were identified with the aim to quantify the effects of water and/or salinity stress on the achievable yield. Experiments allowed verifying that crop yield is strongly affected by the seasonal amount and quality of applied water. Despite differences of crop yield between treatments T2, T3 and T4 not being statistically significant (P < 0.05), crop yield varied between 26.3 t/ha (T3 in 2015) to 16.3 t/ha (T4 in 2015). However, crop yield decline of 17.0 t/ha and 12.0 t/ha per each 100 mm decrease of applied water were observed under the application of water electrical conductivity of 1.6 dS/m and 4.1 dS/m respectively. On the other hand, an increase of 1.0 dS/m in water electrical conductivity caused a yield decline rate of about 10%. The results achieved showed that under the semi-arid climate of Tunisia, potato crop irrigation should be scheduled to avoid water deficit; however, the possibility to reduce water supply can be envisaged when water availability is limited, but with the awareness to accept the shortage of production. Finally, when saline water is the only source available to the farm, it is necessary to avoid the reduction of irrigation doses, to prevent excessive salt accumulation in the root zone with unavoidable effects on crop yield.
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1. Introduction


In arid and semiarid regions, up to 70–80% of the total water resources are used for agriculture [1]. According to the climate change scenarios for the Mediterranean region, annual precipitation and the number of rainy days are expected to decrease so that the problem will be accentuated in the near future [2,3,4]. In Tunisia, the potato represents the second main crop, with a total surface of about 7% of irrigated lands and a production of 360,000 tons per year [5]. In the country, potatoes are usually grown in early season, from November to April to promote export towards northern European countries [6], or in the spring seasons, approximately from January to June. Under the semi-arid climate of Central Tunisia, winter and early spring rainfall usually provide part of the water needed to satisfy crop transpiration requirements. However, since the beginning of April, air temperature tends to increase and the amount of rainfall decreases. This is the period when plants achieve their full development stage, have the highest demand for water and are very sensitive to water deficit [7]. Therefore, potato crops have to be adequately irrigated to avoid the reduction of tuber growth or possible tuber malformation, with unavoidable effects on the marketable production [8]. Moreover, in regions where water is limited, farmers are obliged to use saline or treated wastewaters and/or to reduce the seasonal water amount [1,9,10]. When coping with water and saline stress, irrigation scheduling should account for the dependency of crop yield from water quality and quantity, in order to minimize water losses and to optimize irrigation water use efficiency (WUE) as well as to limit the salt build-up in the root zone [11].



In order to increase WUE it is necessary, on the one hand, to dispose of well-designed water distribution systems allowing to achieve high distribution uniformity [12,13,14] and, on the other, to adopt irrigation water saving strategies, like regulated deficit irrigation (RDI) or partial root drying (PRD). Application of such strategies requires the precise control of irrigation timing and applied water depth, which can be done by monitoring indicators of soil and plant water status. These investigations usually allow increasing the knowledge of the examined crop system, as well as identifying irrigation scheduling parameters aimed to avoid severe stress conditions that could determine significant loss of production [15,16]. However, under the semi-arid conditions of Tunisia, such strategies have not been widely experimented yet, so that any information is available in this direction.



Under subsurface drip irrigation (SDI) the monitoring of crop water status should be preferred, because of the quite high spatial variability of soil water contents and the consequent non-uniform root distribution [10]. Crop water stress index (CWSI), accounting for the differences between canopy and air temperatures (Tc–Ta) at a fixed air vapor pressure deficit (VPD), was found to be a promising indicator to quantify crop water stress [17,18,19]. However, the computation of CWSI requires the knowledge of two baselines: the first (lower limit) is obtained on a well-watered crop in the absence of stress, whereas the second (upper limit) is obtained under the maximum stress, corresponding to a non-transpiring crop [20]. The lower baseline decreases at increasing VPD, whereas the upper baseline is almost constant. At lower VPDs in fact, the rate of transpiration decreases, as the magnitude of the leaf cooling. Experiments carried out by Idso [20] on a number of crops and locations showed that the lower baseline is linearly correlated to VPD.



The objective of the paper was to evaluate thresholds of soil and plant water status for irrigation scheduling of a potato crop irrigated with two water qualities provided by different natural sources. The interaction between water use and crop yield was also investigated to assess the irrigation performance and the ability to quantify crop water-salinity stress on the achievable crop yield.




2. Materials and Methods


2.1. Site Description, Experimental Design and Irrigation Management


Experiments were carried out in 2014 and 2015 at the High Agronomic Institute of Chott Mariem, Sousse, Tunisia (longitude 10.5632° W; latitude 35.9191° N, altitude 19 m a.s.l.). The area is characterized by a semi-arid climate, with hot and dry summers and mild-rainy winters, and with average annual precipitation of about 230 mm and evapotranspiration slightly higher than 1300 mm [21].



The experimental field, 50.0 m length and 15.0 m wide, was divided in four equal 25 m long and 7.5 m large plots (treatments T1, T2, T3 and T4). In 2014, potato (Solanum Tuberosum L., cv. Safran) tuber seeds were planted on January 15, whereas in 2015 they were planted on 22 January, at a distance of 0.40 m along the row and 0.80 m between the rows. Irrigation water was provided by means of drip laterals buried at 0.20 m depth in order to maximize root water uptake [2]. Co-extruded emitters, spaced 0.40 m discharged 3.5 l·h−1 at the nominal pressure of 100 kPa. All treatments followed the same management with the exception of water quality and irrigation doses. Two different water qualities were used for irrigation: the first, diverted by the pipe network fed by the Nebhana water reservoir was characterized by electrical conductivity, ECw, of about 1.6 dS m−1 and used for treatments T1 and T2, whereas the second, with ECw of about 4.1 dS m−1, was pumped from a well nearby the experimental area and used to irrigate treatments T3 and T4.



Regarding irrigation doses, treatments T1 and T3 received irrigation volumes corresponding to about the maximum crop evapotranspiration between consecutive watering (full irrigation, FI), whereas treatments T2 and T4 received approximately the half of irrigation volumes provided in T1 and T3 (deficit irrigation, DI). A weather station located about 300 m apart from the experimental field allowed the collection of standard agro-meteorological data (air temperature, relative air humidity, global solar radiation, wind speed at 2.0 m height and rainfall). These variables were used to estimate reference evapotranspiration, ET0, according to the FAO-56 Penman Monteith equation [22].



After calculating daily values of ET0, the dual crop coefficient approach proposed by Allen et al. [23] was applied to compute the daily maximum soil evaporation, Emax, and crop transpiration, Tmax. Based on the field observation, the lengths of crop development stages for potato crop were adapted from those proposed in Table 11 of FAO-56 manual for semiarid regions, whereas the values for single crop coefficient (Kc) and basal crop coefficient (Kcb) where assumed equal to those published in Tables 12 and 17 of the same manual [22]. On the other hand, evaporation coefficient (Ke) was estimated as differences between values of single crop coefficient, Kc, and basal crop coefficient, Kcb [23,24,25].




2.2. Soil Water Status, Soil Matric Potential and Electrical Conductivity


Spatial and temporal variability of soil water content around single emitters were monitored in 2014 with a Trime Time Domain Reflectometer, (IMKO TDR Micromodultechnik GmbH). Three 80 cm long access tubes were installed at distances of 5 cm, 15 cm and 40 cm from the emitter and perpendicularly to the plant row. The probe, after calibration, allowed measuring volumetric soil water contents every 10 cm depth, with a precision of ±0.03 cm3 cm−3 [26,27]. Soil matric potentials in the root zone, h, was indirectly estimated from soil water contents, based on the soil water retention curve (SWRC) previously determined [22]. Soil water contents at field capacity, θfc, and at wilting point, θwp, were estimated as corresponding to soil matric potentials equal to −33 kPa and −1500 kPa.



Soil electrical conductivity in treatments T3 and T4 was determined on saturated extract (ECe) approximately every 20–25 days on soil samples collected at distances of about 0 and 25 cm from the emitter and at three different depths (0–20 cm, 20–40 cm and 40–60 cm), by following the methodology suggested by the US Salinity Laboratory Staff [28]. Being that the method was destructive, the measurements were carried out around different emitters.




2.3. Root Length and Crop Yield and Water Use Efficiency


During both growth seasons, temporal patterns of the root system measured on three different plants were collected from random locations of each treatment, on different days after planting (DAP 24, 78 and 109 in 2014 and DAP 29, 83 and 113 in 2015). After cleaning the roots with water, the maximum rooting depth, the maximum root radius and the depth of maximum density were measured with a tape. At the end of each season, crop yield was determined in each treatment by weighting the total mass (balance precision of 0.01 g) produced by nine plants chosen at the beginning, center and end of the central row. The corresponding average and standard deviation were then evaluated and compared. The performance of water application was evaluated based on the water use efficiency (WUE), evaluated as ratio between crop yield and the total volume applied (P + I), and irrigation water use efficiency (IWUE), obtained by dividing crop yield by the applied seasonal water.




2.4. Water Status Using Thermal Indicators


In 2015, the thermal crop response to soil water deficit and salinity stress was monitored based on thermal infrared images acquired with a Wahl Heat Spy HSI3000 thermal camera (Palmer Wahl Instruments Inc., Asheville, NC, USA), characterized by a spatial resolution of 0.4 × 0.4 mm at distance of 0.3 m and temperature accuracy, under the examined conditions, ranging between ±2 °C.



Seven acquisitions of leaf temperature were carried out in each treatment, the first of which was 15 days after plant emergence and the last seven days before harvesting. Two measurements were acquired during the initiation phase, three at the full development stage and two before harvesting.



In each treatment, only during clear days, thermal images were acquired at midday in the same plant in which TDR probes were installed. The camera was fixed at 1.8 m in height, with the axes directed along the vertical direction. The images acquired, characterized by a bi-modal distribution of retrieved temperatures, were then processed in order to separate soil from vegetation.



For each crop development stage, a threshold value was chosen to categorize the only region related to vegetation in which analyzing the variability of leaf temperature and computing the corresponding weighted-average; for the latter, the number of pixels characterizing each temperature was assumed as weight. The procedure proposed by Idso et al. [29] finally allowed assessing the dependency between upper and lower baselines and vapor pressure deficit, VPD, used to determine the crop water stress index (CWSI).




2.5. Statistical Analysis


Comparison among the treatments examined was carried out by means of analysis of variance (ANOVA) carried out by using the IBM SPSS Statistics software (release 20 for Windows). Mean values were compared according to the Student t-test and a level of significance (p) equal to 0.05.





3. Results


3.1. Agro-Climatic Characterization of the Study Area


Figure 1 shows the temporal trends of daily reference evapotranspiration, ET0 and precipitation, P, registered during the growth seasons 2014 and 2015, whereas Figure 2 shows the dynamic of daily maximum crop transpiration, Tmax, and soil evaporation, Emax, as well as the basal crop coefficient, Kcb, and the evaporation coefficient, Ke, for the examined growth seasons.



In both years the length of the growth season was similar, lasting 110 days in 2014 (from 15 January to 6 May) and 115 days in 2015 (from 21 January–May 16). Plant emergence was registered four weeks after sowing, the full development stage started on 11 March in 2014 and 21 March in 2015 for a total of 31 days, and finally harvesting occurred after 110 days from the planting date in 2014 and 115 in 2015.




3.2. Physical Characterization of Soil and Root System


Table 1 summarizes the percentages of clay, silt and sand in the three layers (0–20 cm, 20–40 cm and 40–60 cm) of the investigated soil profile, as well as the soil bulk density and the van Genuchten parameters of the soil water retention curve. Certain homogeneity of soil particles along the soil profile can be observed with percentages of clay, silt and sand equal to 17.6, 14.7 and 67.7 respectively. According to the United States Department of Agriculture (USDA) textural classification system, the samples fall in the class of sandy loam soils. Figure 3 shows the values of matric potential, h, versus the volumetric soil water contents in the layers 0–20, 20–40 and 40–60 cm. The very little differences between the data at the different soil layers allowed the consideration of a single SWRC for the whole soil profile. Experimental values were then fitted by the van Genuchten model [30], whose parameters were estimated with the non-linear fitting software SWRC-Fit [31].



Figure 4 shows the maximum rooting depths measured for treatments T1, T2, T3 and T4 in 2014 and 2015 and at three different dates corresponding to different development stages (vegetative growth, full development stage and harvesting).




3.3. Soil and Crop Water Status Monitoring to Define Thresholds for Irrigation Scheduling


3.3.1. Soil Water Status and Soil Electrical Conductivity


Figure 5a,b shows the temporal patterns of rainfall and irrigation registered in 2014 in treatments T1–T2 and T3–T4 respectively, whereas Figure 5c,d indicates the patterns of average soil water content during the season. The period of full development stage, as well as soil water contents at field capacity, θfc, and at permanent wilting point, θwp, are also indicated.



Similar graphs are presented for the season 2015 (Figure 5e,h). As expected, when comparing treatments receiving different irrigation depths but similar water quality (T1–T2, T3–T4), soil water content in the root zone resulted higher in treatments T1 and T3 than in T2 and T4 respectively, as a consequence of the greater irrigation volumes and the limited variability of soil hydraulic characteristics (Table 2).



Figure 6a,b shows the values of average soil electrical conductivity of the saturated extract measured at different dates on growth seasons 2014 and 2015, as well as the threshold of ECe = 1.7 dS m−1, as proposed by Maas and Hoffman [32], according to which reductions of crop yield due to the soil salinity are generally observed.




3.3.2. Analysis of Thermal Data and Patterns of Crop Water Status


In 2015, thermal measurements were acquired in the field to identify, in the different treatments, the patterns of crop water status based on the Crop Water Stress Index (CWSI). Evaluation of such an index required to estimate the differences between canopy and air temperature under well-watered and stressed conditions as a function of vapor pressure deficit, VPD, in order to construct the empirical upper and lower baseline.



Figure 7 shows the differences between canopy and air temperature as a function of vapor pressure deficit (VPD) measured during the growth season 2015, as well as the upper and lower baselines obtained by following the procedure proposed by Idso et al. (1981), with the related equations used to estimate the CWSI. Figure 8 illustrates the values of CWSI [–] as a function of soil matric potential, h [kPa], as well as the corresponding regression lines obtained by separating the treatments characterized by different water quality.





3.4. Crop Yield Response to Irrigation Management and Water Quality


In order to assess the distinct or combined effects of the examined treatments on crop yield and water use efficiency, the values of two efficiency indices (IWUE and TWUE) were evaluated as summarized in Table 2 in which, the total amount of irrigation and precipitation are also shown.



As can be easily verified, potato crop yield varied in the four treatments, from a maximum of 39.1 ± 8.3 t/ha, in treatment T1 in which soil matric potentials was always higher than or equal to 65.6 kPa and CWSI equal to 0.3 to a minimum of 16.3 ± 2.4 t/ha in treatment T4 in which soil matric potential reached the value of 174.5 kPa and CWSI equal to 0.8. The high variability on crop yield observed within the treatments were associated to the variability of emitters’ flow rate mainly due to possible clogging phenomena, rather than their quality or deficiency in field distribution uniformity [33,34]. When considering the effects of water stress on crop yield, by comparing treatments T1 and T2, as well as treatments T3 and T4 during the growth seasons 2014 and 2015, it is possible to notice that in both years the average yields in treatments T1 and T3 were higher than in T2 and T4. However, from a statistical point of view, the differences in crop yield were significant only between T1 and the other treatments (P < 0.05) and not between T2, T3 and T4. The latter result is due to the high yield variability of crop yield generally observed in both years.



When separating the treatments in terms of water quality, Figure 9a,b illustrates potato crop yield as a function of the seasonal irrigation depth (I) as well as the total amount of water applied, (P+I) for treatments T1 + T4. When analyzing the water use efficiency, Figure 10a,b shows the values of IWUE and TWUE as a function of irrigation depth, I and total amount of applied water, P + I.





4. Discussion and Conclusions


When water saving strategies are advocated to increase water use efficiency, it is crucial to control specific indicators related to soil and plant water status and to know how these indicators are associated with the functions governing the soil plant atmosphere continuum (soil water retentivity and conductivity functions, root distribution, root water uptake). Monitoring soil and/or plant water status allows the accurate evaluation of irrigation timing and doses according to specific objectives in terms of quality and quantity of the productions and to prevent severe stress conditions that could cause irreversible effects on plant growth and on productions. However, under localized irrigation, the gradients of soil water content and active roots are quite high, and therefore in order to monitor soil water status it is necessary to identify where to place the sensors in order to detect values of soil water contents representative of the whole root zone. Moreover, the presence of potato tubers in the soil can affect the speed wave of the signals generated by the TDR sensors. In addition, when irrigating with saline water, the plant may be subject to additional osmotic potential that could reduce the water availability. Monitoring crop water status overcomes the problems related to the gradients of soil water contents, salt concentration and root distribution, and also the problems associated with the presence of tubers; in fact, measurements of the crop are the result of the combined effects of atmospheric demand, soil water potential, rooting density and distribution as well as other crop features. During the two seasons investigated, cumulative rainfall totaled 108.6 mm in 2014 and 73.6 mm in 2015, when precipitation events occurred on a lower number of rainy days; on the other hand, the trends of reference evapotranspiration revealed that after a first phase, lasting about 40 days in which ET0 ranged between 1.0 and 2.0 mm d−1, the values of ET0 in 2015 resulted sensibly higher than in 2014 as a consequence of the generally higher daily temperature, solar radiation and wind speed (Figure 1). According to the temporal dynamic of ET0, Tmax tended to increase during the crop development stage, to stabilize around a value of about 2.8 mm d−1 in 2014 and 3.2 mm d−1 in 2015 (Figure 2). At the end of the seasons, Tmax declined as a consequence of the reductions of Kcb values.



When examining the data of maximum rooting depth, it was observed that Zmax increased during the whole growth season up to values of about 50 cm (Figure 4). Similar results were presented by Boone et al. [35] in a young alluvial loamy sandy soil; these authors observed that the growing rate of Zmax is not constant during all the phenological stages, but increased more rapidly during the vegetative stage than in the full development stage. Even if the observed differences of Zmax between treatments receiving different irrigation doses (T1–T2) and between (T3–T4) were in general statistically not significant, it can be noticed that lower irrigation volumes correspond to slightly longer roots, which extend into deeper soil layers. In fact, Zmax resulted in both years generally higher in T2 compared to T1, as well as in T4 compared to T3. Moreover, despite the different climatic conditions over the two years (Figure 1), similar rooting depths between treatments were identified. This result can be attributed to the dripline installation depth, which represents the most determinant factor on root development, more than the climatic variables. Drip installation depth affects the wetted soil volumes in which roots can develop. In this direction, Patel and Rajput [36], after testing five different drip lateral installation depths, demonstrated that in light soils, keeping drip laterals within the root zone and sufficiently below the soil surface allows effective replenishment of the root zone due to gravity flow and simultaneous reduction of evaporation losses due to minor upward capillary flow. However, when examining the effects of water quality (T1–T3 and T2–T4) on rooting depth, it was verified that differences in Zmax, according to the Student’s t-test, was not significant (P < 0.05). This outcome is in agreement with the results of Maas and Hoffman [32], who found that rooting depth is not sensitive to salinity.



When analyzing the patterns of rainfall, soil water contents and irrigation distribution in both years (Figure 5a–h), it can be remarked that rainfall events occurred only during the first period of the crop cycle, till roughly 11 March in 2014 (Figure 5a,b), and 21 March 2015 (Figure 5e,f). The occurrence of precipitation allowed keeping the soil water contents close to field capacity, especially in 2014 when precipitation events were higher in volume and number. However, after mid-March of both years, atmospheric water demand increased (Figure 1) and the amount of rainfall decreased. This last period corresponded to the full development stage (Figure 2), during which tuber formation and bulking occurred, and it was therefore necessary to shorten the period between consecutive watering. Moreover, the greater irrigation doses supplied in treatments T1 and T3, compared to T2 and T4, corresponded to the constantly higher soil water contents in the root zone. Values of soil water content resulted always higher than about 0.20 cm3 21 cm−3, to which correspond a matric potential of 65.6 kPa (Figure 3) and a water depletion of about 33% of total available water, TAW, with the exception of a very short period in 2015, around the end of crop development stage. According to FAO-56 Manual (Allen et al., 1998), for a potato crop readily available water (RAW) should varied between 40 and 60% of total available water. This circumstance showed that during the whole crop cycle, treatments T1 and T3 were, in general, not subjected to water deficit conditions, so that the adverse effects on crop yield observed in T3 only depended on the water electrical conductivity. On the contrary, during both seasons soil water contents in treatments T2 and T4 were lower than 0.20 cm3 cm−3 for long periods, reaching the minimum of about 0.15 cm3 cm−3 (corresponding to a matric potential of 175.5 kPa) at the end of the full development stage. In the latter two treatments, therefore, based on the temporal dynamic of soil water contents or matric potentials, as well as on water quality, the crop was subjected to a certain level of water and/or salinity stress mainly during the full development stage. However, due to the generally high variability of crop yield observed in both the treatments, differences of crop yield were not statistically significant (P < 0.05). Experiments carried out by Shock et al. [8] aimed to investigate potato crop response to deficit irrigation, showed that deficit conditions may cause drastic reduction of total yield and affects the quality of production, even if occurring for very short periods. These authors also underlined that the effects of water stress also depend on the growth stages in which they occur, being tuber initiation and bulking stages more sensitive than plant initiation, early crop development and harvesting stages. On the other hand, Iqbal et al. [37] found that the timing and the duration of water stress affect crop yield. Conditions of water stress during the growth development stage are responsible for greater yield reductions than those occurring during the tuber formation phase. Hence, according to these authors, the crop is more sensitive to water deficit in the early development stage compared to tuber formation and flowering. Moreover, for both years, soil electrical conductivity of treatments T3 and T4 drastically increased when the crop was at full development stage, with higher values in 2015 than in 2014, as a result of antecedent rainfall events, which could have shifted the salts outside the soil volume occupied by roots. Moreover, soil electrical conductivity values in treatment T4 were generally higher than the corresponding observed in T3. The higher soil salinity can be attributed to the lower soil water contents observed. In line with this result, Schoups et al. [38] reported that when applying deficit irrigation, there is the risk to increase soil salinity due to the reduced leaching. The differences between treatments in terms of ECe, observed during the full development stage, may be responsible of the observed differences in crop yield. Heuer and Nadler [39] in fact, showed that the full development is the most sensible stage for soil salinity, because in this phase tuber initiation and building occur. According to the threshold value of salt tolerance defined by Maas and Hoffman [32], treatments T3 and T4 in 2014 and 2015 were subjected to salt stress, even if in different periods of vegetative growth. Considering that soil salinity on saturated extract (ECe) is always lower than the salinity of circulating soil solution (ECw) (moisture content of the saturated soil paste is usually two-to-four times greater than that in the field as stated by Smedema and Rycroft [40]), under the examined field conditions the crop could have been subjected to high levels of saline stress. Therefore, when using saline waters to irrigate short-cycle crops like the potato, it is better to anticipate the sowing time, to take advantage of the beneficial effect of winter rainfall in terms of reduction of soil salinity. Moreover, when using saline water for irrigation, irrigation doses must fully replenish the crop’s water requirement to avoid water deficit conditions, as well as to ensure salt leaching.



When analyzing the differences between canopy and air temperature, Tc-Ta, as a function of vapor pressure deficit (VPD), it was observed that in treatment T1, at any fixed VPD, the value of (Tc-Ta) were slightly higher than that of the lower baseline, whereas for treatment T4 were slightly lower than that corresponding to the upper baseline; this result indicates that T4 was subject to the highest stress level, due to the combination of water and saline stress, being T2 and T3 at intermediate levels. Erdem et al. [41], based on experiments carried out a semiarid region of Turkey on potato crop maintained in the absence of water stress, found two different lower baselines for furrow and drip irrigation systems, respectively characterized by intercept and slope equal to −0.068 and −1.24 (furrow) and to 1.75 and −1.84 (drip). Despite the slope of the lower baseline for drip irrigation resulted similar to that found in Tunisia for subsurface drip irrigation, the different intercept could be consequent to the diverse climate conditions characterizing the investigated environments. In fact, according to Idso et al. [17], the lower baseline may differ based on the agro-climatic zone where the crop is grown. With reference to the upper baseline Erdem et al. [41], on an additional non-irrigated plot in Turkey, found differences between canopy and air temperatures ranging between −0.30 to 0.63 °C. However, these rather lower differences compared to those theoretically obtained in Tunisia, are probably due to the higher range of VPD investigated. Crop water stress index was then evaluated based on Idso et al. [29], by considering the upper and lower baselines. The higher the absolute value of soil matric potentials, the higher the CWSI, as a result of the growing stress level achieved by the plant (Figure 8). For a fixed soil matric potential, the value of CWSI associated to treatments T3 and T4 (dotted line) was greater than the corresponding in T1 and T2 (continuous line). Moreover, the increasing differences between CWSIs with soil matric potentials are a consequence of the increasing concentration of salt in the soil solution that, as the soil dries, further limits the plant access to soil water. This result suggests that CWSI based on thermal imaging should be considered a more effective water stress indicator than the soil matric potential, especially when saline water is used for irrigation; this indicator, in fact, allows accounting for both water and saline stress. In the same direction, Autovino et al. [25] found for olive trees that monitoring transpiration fluxes with sap flow sensors provides correct measurements of root water uptake, avoiding the problems related to the active root characterization and gradient of water in the soil. Therefore, the critical threshold value of soil matric potential, hc, previously suggested as 65.6 kPa (corresponding to RAW = 60% TAW), could be assumed to define irrigation timing only under application of good quality water. In particular, for a hc = 65.6 kPa, CWSI was equal to 0.3 under the application of good quality water and equal to 0.4 when saline water is used. When using saline water, the threshold of soil matric potential should be reduced to 43.7 kPa (matric potential corresponding to CWSI equal to 0.3), and consequently soil water contents should be maintained at values of about 0.22 cm3 cm−3, slightly higher than those corresponding to the application of good quality water (0.20 cm3 cm−3), to minimize the crop water stress and the possible deleterious effects on crop yield. Moreover, for treatments T2 and T4 the matric potential values of 174.5 kPa observed at the end of full development stage, corresponded to a CWSI equal to 0.55 and 0.82, respectively. Feng-Xin et al. [42], examined the effects of five soil matric potentials (15 kPa, 25 kPa, 35 kPa, 45 kPa and 55 kPa) on potato crop under drip irrigation conditions in the North China Plain. Authors found that a soil matric potential of 25 kPa was the most favorable for potato production, while 15 kPa was too high and 45 kPa led to severe water stress. The lower threshold suggested by Feng-Xin et al. [42] could be attributed to the irrigation system used for the experiment, which was placed on the soil surface. In fact, according to Ghazouani et al. [22], subsurface drip irrigation, SDI, presents better performance, compared to drip irrigation, DI, due to the minor evaporation losses from the soil surface and the consequently higher irrigation water use efficiency. Moreover, when the drip laterals are buried, the soil wetted bulbs increase the concentration of roots in the soil volume around the emitter.



When examining crop yield as a function of the seasonal volume (Figure 9a,b), it was evident that for a fixed water quality, crop yield was affected either by the irrigation amount (I), as well as by the total amount of water supplied (P + I). In particular, during the investigated seasons, crop yield decline resulted equal to 17.0 t/ha and 12.0 t/ha per each 100 mm decrease of applied water, respectively in treatments T1 and T2, and in treatments T3 and T4. Even Shock et al. [8], in Eastern Oregon, found that total tuber yield decreases significantly under deficit irrigation and, based on an economic analysis, suggested that deficit irrigation cannot be considered a viable management option for potato crop production. Moreover, reductions of crop yield in T3 and T4 were consequent of the combined effects of salt and water stress. As discussed in fact, the soil electrical conductivity above the threshold value of salt tolerance of 1.7 dS m−1 since the beginning of the full development stage, was responsible for the saline stress conditions and the associated yield reductions. For any fixed amount of water applied during the growth season (P + I), important relative yield reductions, quantified at about 26% of the corresponding maximum achievable, were associated with the lower water quality. Moreover, the results achieved showed that increasing the water electrical conductivity of 1.0 dS m−1 determined a yield decline rate of about 10%.



On the one hand, for any fixed seasonal volume, the values of IWUE tend to decrease when the seasonal irrigation depth decreases and lower IWUEs are associated with those treatments irrigated with worse quality water (Figure 10a). On the other hand, when considering the TWUE, the corresponding values are independent of the seasonal volumes of water applied and only depends on the quality of irrigation water (Figure 10b). TWUE values resulted, on average, equal to 15.5 kg m−3 and 10.9 kg m−3 for water electrical conductivity of 1.6 dS m−1 and 4.2 dS m−1, respectively. This outcome is consequent of the compensatory effect exerted by irrigation; yield rise is proportional to the amount of applied water, so that the TWUE remains constant, being the values only depending on the quality of irrigation water. El Mokh et al. [43], based on experiments carried out in southern Tunisia, found that higher IWUE values are associated to deficit irrigation, even if the high efficiencies connected to the water restricted regimes are counterbalanced by reduced yield and quality. However, if from one side limiting irrigation depth determines a certain increase of IWUE, from the other side produces a reduction of crop yield, with unavoidable effects on the farmer’s gross revenues. For this reason, in order to identify irrigation scheduling strategies, it is necessary to monitor the climatic variables, but also to make economic analysis aimed to compare the costs associated to irrigation and the benefits corresponding to the higher productions. In line with El Mock et al. [43], full irrigation strategies could be recommended for irrigation of potato crops under the semi-arid climate of Tunisia, even if the possibility to reduce water supply can be envisaged when water availability is limited, but with the awareness to accept the consequent reduction in production. Finally, when saline waters are the only source available to the farm, it is necessary to avoid the adoption of strategies involving the application of water deficit, to prevent excessive salt accumulation in the root zone and unacceptable effects on crop yield.



Further investigation should be carried out with the aim to investigate the effects of the application of the suggested thresholds on crop yield components (caliber, starch and dry mass).
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Figure 1. (a,b)—Temporal patterns of daily reference evapotranspiration, ET0, and precipitation, P, during growth seasons 2014 (a) and 2015 (b). 
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Figure 2. Daily maximum crop transpiration, Tmax, and soil evaporation, Emax, during growth seasons 2014 (a) and 2015 (b). Basal crop coefficient, Kcb, and evaporation coefficient, Ke, are indicated in the secondary axes. 






Figure 2. Daily maximum crop transpiration, Tmax, and soil evaporation, Emax, during growth seasons 2014 (a) and 2015 (b). Basal crop coefficient, Kcb, and evaporation coefficient, Ke, are indicated in the secondary axes.



[image: Sustainability 11 02706 g002]







[image: Sustainability 11 02706 g003 550]





Figure 3. Experimental values of matric potential versus soil water content for the three soil layers investigated. The fitting curve, valid for all the layers (0–60 cm), is also shown. 
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Figure 4. Maximum rooting depth, Zmax, observed in 2014 (a) and 2015 (b). 
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Figure 5. Comparison between temporal variability of soil water content in the root zone for treatments receiving different irrigation depths for 2014 (c,d) and 2014 (g,h). Irrigation timing and rainfall events are also indicated in 2014 (a,b) and 2015 (e,f). The red box shows the period of the full development stage. 
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Figure 6. Temporal variability of average soil electrical conductivity, ECe, in 2014 (a) and 2015 (b). The threshold of ECe proposed by Maas and Hoffman (1977) for potatoes crop is also shown. 
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Figure 7. Difference between canopy and air temperature, (Ta–Tc), versus the vapor pressure deficit (VDP). Equations of upper and lower baselines under are also shown. 
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Figure 8. Values of CWSI vs soil matric potentials and regression lines obtained for treatments with different water quality. The critical threshold of soil matric potential, hc, is also indicated. 
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Figure 9. Potato crop yield as a function of seasonal irrigation depth (I) (a), and total amount of water applied (P+I) (b), for treatments irrigated with waters withdrawn from Nebhana reservoir (T1–T2) and from the well (T3–T4). 
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Figure 10. IWUE (a) and TWUE (b) versus the seasonal irrigation depth (I), for treatments irrigated with waters withdrawn from Nebhana reservoir (T1–T2) and from the well (T3–T4). 
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Table 1. Percentages of clay (Cl), silt (Si) sand (Sa), bulk density (ρb), saturated hydraulic conductivity (Ks) and van Genuchten parameters of the soil water retention curve (SWRC) for the three investigated layers and average values for the whole profile. Water content at field capacity, θfc, is also indicated.
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Depth

	
Cl

	
Si

	
Sa

	
ρb

	
Ks

	
θs

	
θr

	
α

	
n




	
[cm]

	
[%]

	
[%]

	
[%]

	
[g cm−3]

	
[cm h−1]

	
[cm3cm−3]

	
[cm3cm−3]

	
[-]

	
[-]






	
0–20

	
17.3

	
14.6

	
68.1

	
1.27

	
11.00

	
0.41

	
0.08

	
0.01

	
1.83




	
20–40

	
17.6

	
15.1

	
67.3

	
1.43

	
6.40

	
0.37

	
0.07

	
0.01

	
1.49




	
40–60

	
17.9

	
14.3

	
66