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Abstract

:

In this paper, we present the results of our study on the operational application of the reflectance-based crop coefficient for assessing table grape irrigation requirements. The methodology was applied to provide irrigation advice and to assess the irrigation performance. The net irrigation water requirements (NIWR) simulated using the reflectance-based basal crop coefficient were provided to the farmer during the growing season and compared with the actual irrigation volumes applied. Two treatments were implemented in the field, increasing and reducing the irrigation doses by 25%, respectively, compared to the regular management. The experiment was carried out in a commercial orchard during three consecutive growing seasons in Northern Chile. The NIWR based on the model was approximately 900 mm per season for the orchard at tree maturity. The experimental results demonstrate that the regular irrigation applied covered only 76% of the NIWR for the whole season, and the analysis of monthly and weekly accumulated values indicates several periods of water shortage. The regular management system tended to underestimate the water requirements from October to January and overestimate the water requirements after harvest from February to April. The level of the deficit of water was quantified using such plant physiological parameters as stem water potential, vegetative development (coverage), and fruit productivity. The estimated NIWR was roughly covered in the treatment where the irrigation dose was increased, and the analyses of the crop production and fruit quality point to the relative advantage of this treatment. Finally, we conclude that the proposed approach allows the analysis of irrigation performance on the scale of commercial fields. These analytic capabilities are based on the well-demonstrated relationship of the crop evapotranspiration with the information provided by satellite images, and provide valuable information for irrigation management by identifying periods of water shortage and over-irrigation.
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1. Introduction


Table grape (Vitis vinifera L.) is the main commercial fruit grown in Chile and is highly economically important for both the country and the Coquimbo region. It is estimated that the national area cultivated with table grapes is approximately 49,000 ha, and 10,700 ha (22%) of this area is located in the Coquimbo region. The productivity is mainly oriented to exporting to foreign markets (80%); the annual export is approximately 730.264 tons, of which 115.809 tons are from Coquimbo [1]. In this area, agriculture is developed in arid and semi-arid conditions with a low availability of water resources, so table grapes and most fruit trees must be irrigated to produce at commercial production levels. The water scarcity and economic importance of the crop promotes the use of various methods to assess the water requirements and water stress conditions. In the same vein, several authors have proposed the use of water status indicators, such as pressure chambers [2,3,4], temperature indicators [5], or alternative physiological measurements, such as trunk shrinkage [3]. Although these approaches do provide valuable indicators of the water status of the individual vines, they do not provide an operational tool to assess the irrigation accounts.



Consequently, several authors propose the use of soil water balance models to assess table grape irrigation in accordance with the FAO-56 approach [6]. The application of these models requires the computation of the components of the water balance, including effective precipitation, run-off, deep percolation, capillarity rise, and crop evapotranspiration (ETc). ETc is the main component in the calculation of crop irrigation needs, and the routine measurement of this component is not commonly performed in commercial farms. An operational and accepted approach to estimate the ETc is based on the “two steps” of the crop coefficient (Kc)-reference evapotranspiration (ETo) method [6]. The knowledge of the actual Kc (in situ) value is not always available, even for this operational approach. For fruit trees including grape vines, Kc values vary between varieties, agronomical managements, crop growth stages, plant ages, and even between years in the same orchard. Thus, the use of fixed values or temporal evolutions of Kc based on calendar times is not recommended. An alternative approach is to determine the Kc values based on the measurements of biophysical parameters related to this coefficient. Most likely, the most extended and accepted approach is the relationship of Kc with the ground shaded area, which was proposed by Williams and Ayars [7] for table grapes and was later tested in several experiments [2,8]. However, the empirical measurement of these variables is expensive, time consuming (almost impossible in large fields), and requires specialized operators working in the field.



A possible alternative for the empirical determination of the Kc and its temporal evolution, adapted to the in situ crop development and field management, is the use of the relationship between Kc and the vegetation indices (VI) based on surface reflectance. These methods have been evaluated for assessing ETc in multiple crops ranging from the most traditional herbaceous crops to fruit trees. The advantage of using the Kc-VI relationship is recognized for the majority of crops [9,10,11]. However, applying these methods to fruit trees is of paramount importance [12,13] because the differences in local practices (planting densities, plant architecture, and the management of the crop understory) have a great effect on the actual value of the crop coefficient [14]. Successful evaluations of the estimated ETc using the Kc-VI relationship have been determined for pecan trees [15], vineyards [12,16], and apples [17]. Some of these authors already postulated the desirable use of these approaches for irrigation assessment in operative scenarios. However, there is very little literature on operational applications for satellite-based irrigation assessment, except for certain works such as that of Hunsaker [18]. These authors estimated the irrigation requirements for cotton based on the normalized differences vegetation index (NDVI) relationships, determined the necessity to adapt the Kc-NDVI relationship previously developed and demonstrated the feasibility of the proposed methods versus the traditional management.



The use of these methods in real-world applications will provide additional guidelines about the operative issues and can provide us guidance for extensive applications in vast areas. In this framework of practical applications, this paper describes our experiences applying the cited model to provide irrigation advice and to assess the irrigation performance at the scale of a commercial table grape orchard located in Vicuña (Elqui Valley), Coquimbo region, Chile. The irrigation performance was analyzed by comparing the regular irrigation management against target values (or benchmarks) estimated using the Kc-NDVI relationship. The specific objectives are: (i) to evaluate the performance of the actual irrigation management against the crop irrigation water requirements estimated by the Kc-NDVI relationship in terms of irrigation timing and amount; (ii) to analyze the plant water status and productivity (quality and quantity) in the current management conditions; and (iii) to analyze the possible limitations and the assumptions needed for the application of the proposed approach in irrigation advice in real-time. The wide use of these methodologies in irrigation advisory will lead to the development of new irrigation strategies, promoting more efficiency in the use of water in arid areas. In addition, the proposed approach could provide interesting guidelines for the design of deficit strategies during periods of low availability of water resources or low water necessities (post-harvest), as discussed in this study.




2. Materials and Methods


2.1. Study Site


The study was conducted during three growing seasons (2014–2015, 2015–2016, and 2016–2017) in a drip-irrigated table grape vineyard (cv. Flame seedless) located in the Elqui Valley, Coquimbo region, Chile (30°02′20″S, 70°41′17″W, 673 m above sea level) (Figure 1). The climate of the area is arid [19] and has an annual rainfall of approximately 100 mm concentrated in the winter months. The dry season lasts approximately 10–12 months. Therefore, the main hydrological feature of the area is periodic water scarcity due to the high inter-annual variation of rainfall and runoff. These patterns are strongly related to the El Niño Southern Oscillation (ENSO) [20]. The landscape is composed of irrigated agriculture concentrated along the river and sparse vegetation in the arid surrounding areas. The water for irrigation comes from surface reservoirs managed by the river water authority (Junta de Vigilancia del Río Elqui, Coquimbo region). The water authority delivers a water flow according with the water rights of the end users. Under water scarcity conditions, the water authority can reduce the flow of water released with the consequent reduction of the water received by the end users.



The average mean, maximum, and minimum annual temperatures during the experimental seasons were 16 °C, 26.2 °C, and 7.5 °C, respectively. The mean daily temperature ranges from approximately 12 °C in July to 21 °C in January (summer), with absolute maximum temperatures above 30 °C during the summer. The annual reference evapotranspiration (ETo, Penman Monteith) values were 1409, 1427, and 1461 mm for the 2014–2015, 2015–2016, and 2016–2017 growing seasons, respectively. The highest daily values of ETo, ranging from 6.0 to 6.8 mm, occurred in the summer (December and January). The soil is classified as loamy alluvial Entisol with flat topography (<1%) and moderate depth (>50 cm) [21]. The soil texture is sandy loam at the surface, sandy clay loam from 10 to 40 cm, and medium loam at depths greater than 40 cm. There are no limits to root development.



The experimental field was a commercial plot of 2.5 ha planted in 2012 with “Flame seedless” table grape vines on Harmony rootstock. Plants were trained on an overhead trellis system (2 × 3 m spacing, 1667 plants per ha), with an average plant height of 2 m. The vineyard agronomic management described by Ibacache et al. [21] was oriented toward increasing the yield, fruit size, and quality. The yield data for the 2015–2016 and 2016–2017 seasons are presented in Table 1. The irrigation system was a surface drip line with two emitters spaced at 1 m per plant (4 L h−1 per emitter). There was one pipeline per plant row. The precipitation during the experimental seasons was 59, 115, and 1 mm, respectively, and the irrigation depths applied by the farmer for these seasons are shown in Table 2. The irrigation was managed by the farmer during the experimental period. The farmer received irrigation advice based on the proposed approach (weekly values of net irrigation water requirements), but the real amount of irrigation was based on the availability of water in the network of canals and the irrigation requirements of other sectors of the farm. In addition, two irrigation treatments were introduced into the field: Treatment T1, where the irrigation dose was reduced by 25% with respect to the farm management, and Treatment T2, where the irrigation dose was increased by 25% with respect to the farm management. The main purpose of the treatments was the analysis of a possible increase of the yield quality and quantity increasing the irrigation dose or, alternatively, the demonstration of a possible improvement of the water productivity reducing the water applied. The treatments were implemented by changing the emitters in blocks of nine plants (3 × 3 plant array) with six replicates of each treatment in the plot (54 plants per treatment). The farm management is named T0. The amount of irrigation applied in each season is indicated in Table 2.




2.2. Ground Data


The ground data analyzed in this work include meteorological values from an agrometeorological station, midday stem water potential, the fraction of photosynthetic active radiation intercepted by the vines (fPAR), soil humidity evolutions, crop phenology (main stages), and harvest quantity and quality. The reference evapotranspiration (ETo) and precipitation were obtained using meteorological data from an automatic weather station located 0.8 km away from the experimental site (30°02′17.79″S, 70°41′47.55″W) belonging to a regional network of meteorological stations [22]. The daily ETo was calculated using the FAO-56 Penman–Monteith equation [6]. To evaluate the internal water status of the vines, the midday stem water potential (Ψx) was measured using a Scholander pressure chamber (PMS600, PMS Instruments Company, Corvallis, OR, USA). The measures were taken close to the time of the daily maximum vapor pressure deficit on fully-expanded leaves located near the principal branches of the plants. Selected leaves were saved in plastic bags covered with aluminum foil for 2 h before the measurement. The measurements were taken weekly from October to March during the growing seasons.



The experimental values of fPAR were measured on a biweekly basis for all of the treatments. A hand-held ceptometer (ACCUPAR LP-80, Decagon Devices, Inc., Pullman, WA, USA) was located facing the sky above, and below, it faced the plant canopy in 10 randomized positions within each block of irrigation treatment. The fPAR was estimated as the ratio between intercepted radiation (PAR above the canopy minus PAR below the canopy) over incoming PAR. The soil humidity was monitored at a depth of 20 cm during the whole growing season. The probes (GS1, Decagon Devices, Inc.) were buried 15 cm from the emitters in the central plant of each irrigation treatment. At harvest time (Table 1), the yield was evaluated in the central plant of each block (in the 3 × 3 array) of each irrigation treatment and was expressed as kg fruit ha−1. The same number of plants was harvested in the orchard for comparison. Average yield and fruit quality parameters (berry weight and equatorial diameter) were measured in the orchard and in each treatment. The ground data analyzed in this work corresponded mostly to the growing seasons 2015–2016 and 2016–2017 since the plants were immature during the first experimental growing season (2014–2015). The crop phenology was determined by direct observation.



The crop growth and development are presented in this work in terms of calendar dates and thermal time defined by the growing degree days (GDD). The GDD was calculated from 1 August based on the daily maximum and minimum air temperature and the function proposed by McMaster et al. [23]. The base temperature used in the formulation was 10 °C. The analyses of the significance of the differences for the parameters were based on ANOVA and Duncan tests.




2.3. Satellite Data


Irrigation performance was assessed using satellite images acquired by the Landsat 8 Operational Land Imager sensor (L8-OLI). The experimental plot is located in a two-path-row overlap zone (233-081 and 001-081), so the time series of satellite images acquired was useful in describing the temporal evolution of the canopy. The NDVI were calculated on a pixel-by-pixel basis from images provided by the USGS Global Visualization Viewer (https://glovis.usgs.gov/). The effect of the atmospheric distortion was compensated for by applying a normalization procedure based on pseudo-invariant surfaces [24]. The NDVI values obtained in each acquisition date were rescaled so the NDVI values obtained in the pseudo-invariant surfaces match the common values of NDVI in these areas. The pseudo-invariant surfaces were bare soil in agricultural plots and dense vegetation, like alfalfa; the known NDVI values for these surfaces are 0.18 and 0.91, based on field measurements in the area. If these surfaces were not available on a particular date, we applied a general equation derived for the previous time series. The NDVI was averaged for each acquisition date avoiding the pixels near the field edge. The selection of pixels avoiding the edge results in nine Landsat pixels (8100 m2). The effect of the treatments in the NDVI at field scale is reduced, considering the limited extension of the treatments (650 m2). A total number of 78 cloud-free images over the study area were used, with a minimum of 21 images per growing season and at least two images per month. The NDVI was linearly interpolated between the images acquisition dates to obtain daily values of the desired parameters in the analysis of irrigation performance. For the anticipation of the irrigation requirements, the NDVI data must be extrapolated as presented in Section 2.6.




2.4. Simplified Operational Approach to Net Irrigation Requirements


The net irrigation water requirement (NIWR) is the water that must be supplied by irrigation to satisfy the crop ET, leaching (if necessary), and miscellaneous water supply, such as run-off, that is not provided by water stored in the soil and precipitation that enters the soil [25]. Therefore, the calculation of NIWR requires the estimation of the components of the soil water balance (Equation (1)), where the negative terms refer to water inputs in the system (precipitation, P; variation of the soil water content, ΔS; and capillarity rise, CR) and the positive terms refer to water outputs (ETc; deep percolation, DP; and runoff, RO), all in mm:


   I = ETc + DP + RO − P − Δ S − CR   



(1)







For agricultural fields in the study area, CR can be assumed to be zero because of the depth of the water table. In addition, RO was also assumed to be zero because of the characteristics of the irrigation system (drip irrigation) and the scarce precipitation registered during the study period. In this approach, the soil drains when the soil water content in the root zone exceeds field capacity. As long as the soil water content in the root zone is below the field capacity, the soil will not drain and DP is equal to 0. The analysis performed indicates that the soil layer never drains during the analyzed period. The term ΔS can be important at the beginning of the growing periods in some crops and climatic conditions. However, in the current conditions, the water accumulated in the soil profile at the beginning of the growing season represents less than 5% of the NIWR during the entire growing seasons. The precipitation accumulated during the dormancy period (from May to August) was always lower than 45 mm and more that the 80% is evaporated according to the model presented below. During the irrigation campaign, the irrigation recommendation tried to maintain ΔS equal to 0. Thus, the crop requirements are entirely covered by the irrigation plus precipitation and we attempted to avoid the accumulation of water in the soil profile. For the reason exposed, in this study the NIWR was estimated to be equal to ETc − P.




2.5. Estimation of Crop Transpiration


In applications of crop irrigation management, the strength of the reflectance-based crop coefficient models is the capability to estimate the potential crop transpiration. The relationship is generally established in terms of the basal crop coefficient or transpiration coefficient (Kcb) and the selected VI. Then, the soil evaporation coefficient (Ke) must be calculated by separately applying a daily soil water balance in the soil top layer, as proposed by Allen et al. [6] and Torres and Calera [26] (Equation (2)):


   ETc = Kc × ETo =  (  Kcb + Ke  )  × ETo   



(2)







A controversial point for the application of the Kcb-VI model is the selection of the most adequate relationship for the crop analyzed. However, based on our experience and the references listed in the literature review, some Kcb-VI relationships exhibit very good agreement for different crops. Melton et al. [27] proposed the use of a generalized relationship for real-time and operational purposes that enables its applications to crop-specific relationships a posteriori when information about crop architecture is available. In agreement with this line of thinking, several authors [17,28,29] concluded that some relationships developed for different crops are valid for the assessment of ETc in different crops and areas. Therefore, the relationship used in this work was the Kcb-NDVI relationship developed by Campos et al. [13] in an irrigated vineyard managed in vertical shoot-positioned trellises (Equation (3)) in the West of Spain (semi-arid area). This relationship was demonstrated to be similar to the Kcb-NDVI described by Bausch and Neale [30] for corn, and the same relationship has been demonstrated valid for the assessment of crop transpiration in several canopies and various climate conditions. In this sense, Campos et al. [16,31] demonstrated the aptitude of this relationship to estimate crop transpiration in row-vines in central Portugal and bush-vines in the West of Spain. Campos et al. [32,33] evaluated this relationship in Mediterranean savanna (natural vegetation) in the East of Spain. Hornbuckle et al. [28] concluded that this relationship reproduces the Kcb behavior for wine-grapes in Australia. Finally, Odi-Lara et al. [17] concluded that the relationship between the Kcb and the soil adjusted vegetation index for apple trees in the south of Chile was very similar to the relationship described by Campos et al. [13] using the same index. While the Kcb-NDVI relationship should be evaluated in more canopies and climate conditions, the evidence provided let us use the proposed relationship for real-time and operational purposes. In addition, and considering that the selection of the most adequate equation in operational application is an open question, we analyzed the use of the Equation (4), developed by Trout and Johnson [34] and routinely used in the IrriSatSMS system (Irrigation Water Management by Satellite and SMS) developed in Australia by CSIRO (Commonwealth Scientific and Industrial Research Organization):


   Kcb = 1.44 × NDVI − 0.1   



(3)






   Kcb = 1.37 × NDVI − 0.086   



(4)







As indicated above, the soil evaporation should be considered when estimating ETc. However, the estimation of this parameter requires a knowledge of the characteristic of the irrigation system and soil properties, as well as the irrigation frequency and doses on a daily scale, and these parameters are not always available in field applications. Considering the uncertainties estimating this coefficient, the NIWR analyzed in this work was based on the product of Kcb × ETo following other operative approaches, such as the Terrestrial Observation and Prediction System-Satellite Irrigation Management Support supported by NASA (TOP-SIMS, https://ecocast.arc.nasa.gov/simsi/about/). This formulation accounts for the plant transpiration and the residual soil evaporation [6]. However, the evaporation from the wet soil surface was estimated for the field monitored and the results were conveniently discussed. For a broad description of the soil evaporation model used in this work, the reader is referred to the FAO-56 Manual [6] and further modifications proposed by Torres and Calera [26]. The adaptation of this model using information derived from satellite images is described by Campos et al. [13]. Finally, the parameters needed for the application of this model in the analyzed field are the size of the wet bulb (30% of the surface), the depth of the soil layer where the evaporation occurs (0.05 m), and the soil texture in the top layer (sandy loam).




2.6. Application of the Model in Real-Time Irrigation Advice


The methodology is applied in real-time during the current campaign, providing irrigation advice in the study field. The information about crop transpiration is delivered weekly to the farmer so the irrigation schedule can be planned a week ahead. The information is provided in terms of “recommended time of irrigation” for the convenience of the end-user, and the farmer is advised about the necessity to discount the eventual precipitation from the estimated transpiration. The workflow basically consists of four simple steps: (1) The satellite images are downloaded and processed on the acquisition date. Landsat 8 images are downloaded from the Global Visualization System from the United States Geological Survey (GLOVIS-USGS, https://glovis.usgs.gov/). Although the analysis performed was mainly based on Landsat, the temporal evolution of the NDVI based on Sentinel was also considered since 2016. However, the density of Landsat images from 2016 and the low availability of cloud-free images from Sentinel prevent to the inclusion of these images in the present study. Sentinel 2 images are downloaded from the Copernicus Open Access Hub (https://scihub.copernicus.eu/); (2) The information is uploaded in Spider Web GIS (http://maps.spiderwebgis.org/login/?custom=default) for the visualization and the analysis of temporal series of satellite images [14]. The Spider Web GIS is updated after each image acquisition and contains the time series of color combinations and NDVI; (3) The temporal evolution of the NDVI for the study field is gathered from the system by specialized personnel and the Kcb values are computed; (4) Finally, the crop transpiration is estimated a week ahead based on the linear extrapolation of the Kcb based on the previous 3–4 images and the average ETo calculated for the same week during the previous growing seasons (three campaigns). The values derived from the linear extrapolation are limited to the maximum NDVI value obtained for the same crop in previous campaigns. The extrapolation and the use of historical ETo data could incur in deviations with respect to the measured data, as analyzed in this work. The current developments of the system include simpler approaches for the distribution of the estimated variables, including continuous maps of crop transpiration. However, the information is processed and analyzed manually in this case due to the importance of the experiment.




2.7. Estimation of Water Deficit


As presented in the introduction, a specific objective in this work is to evaluate the performance of the actual irrigation management against the NIWR estimated by the product Kcb × ETo minus the precipitation actually registered. This evaluation was performed at three time scales: weekly, monthly, and for the whole growing season. Consequently, the water deficit was estimated as the difference between NIWR and the irrigation actually applied. By the same definition, the deficit will be greater than 0 when the irrigation applied did not fulfill the crop requirements, and deficit values lower than 0 can be interpreted as an accumulation of water in the soil profile.





3. Results


3.1. Characterization of Crop Growth, Yield, and Development


The evolution of the values of satellite NDVI clearly indicate up to four different growth phases for the growing seasons analyzed (Figure 2). These phases are similar to the crop development stages described in the FAO-56 manual for multiple crops [6]. The initial phase or stage corresponds to the bare soil conditions registered during July and the beginning of August, with NDVI values approximately 0.2 at the beginning of August. The second phase corresponds with the development stage and it is characterized by a fast increase in the NDVI, up to maximum values close to 0.85. The duration of this phase is approximately 500 GDD and occurred from August to November, depending on the analyzed campaign. The third phase corresponds to the mid stage and is a plateau period characterized by the relative stability of the NDVI around the maximum values. The length of the plateau is slightly lower than 500 GDD and, as indicated before, the exact dates and the duration in days depend on the analyzed growing season. In the analyzed campaigns this phase finished immediately after the harvest (December). The harvest dates and the average yield for the analyzed orchard and the treatments are presented in Table 1. The fourth phase corresponds with the maturity stage and was characterized by a slightly decreasing trend, followed by the senescence of the crop. The duration of this phase was different for each campaign monitored and the last phase finished after 2250 or 2500 GDD, depending on the analyzed campaign. In the analyzed campaigns, the crop reached bare soil values during late June. During the 2014–2015 season, the plants in the orchard were considered immature; consequently, the maximum NDVI values were substantially lower during the peak cover. Based on Equation (3), the minimum Kcb value estimated during the growing season was approximately 0.19, and the maximum Kcb, corresponding to the peak cover, was approximately 1.12 for the orchard at tree maturity. Based on Equation (4), the minimum and maximum Kcb values were 0.19 and 1.09.



Since the study was conducted in a young vineyard it was not possible to find significant differences among treatments for every evaluated parameter in the first season. However, from the second evaluating season (2015–2016), a clear influence of irrigation treatments (T0: regular management, T1: under-irrigation, and T2: over-irrigation) was found on vine vigor, measured as pruning weight (Table 1) and fPAR. The crop yield average obtained during two seasons did not register significant differences, but a significant negative effect of water restriction was found on yields in the second campaign. Compared to wine grape varieties, it is more difficult to have yield differences among irrigation treatments in table grape varieties because, in the last case, a crop adjustment is used to improve the fruit quality. The quality parameters (berry diameter and berry weight) obtained during the first and second analyzed campaigns (2014–2015 and 2015–2016) indicate a positive correlation with the water applied. The effect of the treatments in the quality parameters was not clear during the last analyzed campaign. The differences in the quality parameters were statistically significant for the average values obtained in each treatment during the whole study period (see Table 1).




3.2. Comparison of NIWR Based on Predicted and Measured Values of NDVI and ETo


The results of the model working in real-time indicated that the anticipation of the crop transpiration based on the average ETo from previous seasons and the extrapolation of the NDVI values could provide a precise estimation of the NIWR. Using Equation (3), the seasonal NIWR based on the extrapolated value was 669 mm in the 2014–2015 season, 940 mm in the 2015–2016 season, and 912 mm in the 2016–2017 season, without considering the precipitation. Using the same relationship, the seasonal NIWR based on the measured values of NDVI and ETo was 700 mm in the 2014–2015 season, 939 in the 2015–2016 season, and 925 mm in the 2016–2017 season. The root mean square error (RMSE) comparing the NIWR based on predicted and measured values was lower than 3.0 mm/week for every analyzed growing season. The maximum differences (7.7 mm/week) were obtained during late December and the beginning of January. The estimated values of the NIWR based on the extrapolated data of NDVI and the average ETo from previous seasons were provided to the farmer every week during the analyzed campaigns. However, the farmer followed the regular management based on the experience and the water availability as described before, incurring several periods of water shortage and over-irrigation, as analyzed in the next sub-section.




3.3. Comparison of Net Irrigation Water Requirements and Irrigation Applied


The irrigation volumes applied and the net irrigation water requirements are presented in Table 2 in terms of the values accumulated monthly. The NIWR simulated by the model based on Equation (3) is approximately 930 mm per growing season, without considering the precipitation registered during this period. The weekly values ranged from 5 to 42 mm/week, with December being the month with higher demand (40 mm/week on average). The total irrigation applied by the farmer (T0) is lower than the recommended volumes, with an average difference of about 200 mm during all of the campaigns analyzed. The precipitation registered during the seasons analyzed was important only during the 2014–2015 (59 mm) and 2015–2016 (115 mm) seasons. Then, the irrigation applied during the whole campaign (from August to April) for the regular management of the orchard (T0) is around 76% of the NIWR during all of the campaigns analyzed. For the analyzed field, the soil evaporation was estimated in 115 mm on average during all analyzed campaigns (less than 3.5 mm/week). The water used in evaporation should also be covered by the irrigation, so the regular management in the orchard is actually covering less than the 76% of the NIWR. However, the uncertainties of the soil evaporation model and the impossibility to estimate this variable in real time applications prevent the use of this coefficient as discussed below.



In addition to the differences observed in terms of the total amounts, the analysis of the monthly volumes of irrigation revealed several periods of water shortage. During all of the campaigns analyzed, the irrigation applied fit the NIWR well only from August to September. From October to January, the NIWR were not satisfied in any of the campaigns analyzed. Finally, the farmer tended to over-irrigate from February to March. Therefore, the deficit of water from October to January resulted in a plant water deficit, although the precipitation registered during the second growing season (2015–2016) could attenuate the deficit on this campaign. These deficits were corroborated through the stem water potential measurements presented in the next subsection.



The analysis of the water deficit at weekly time-scale corroborates the differences found for the monthly accumulated values. The periods with continuous deficits occurred from late October to late January during the 2015–2016 season and from mid-October to mid-February during the next growing season (Figure 3). The precipitation registered during the spring and winter of 2015 resulted in a negative deficit that can be interpreted as the recharge of the soil profile. The recharge was estimated to be approximately 110 mm and could be stored in the soil profile, thus providing additional resources for the plants during this growing season. The regular management resulted in negative deficits during the period when the vegetation vigor decreased (after harvest) during the 2016–2017 season. In general terms, the deficit was zero or greater during the crop senescence.




3.4. Evaluation of the Internal Plant Water Status


The analysis of the stem water potential (Ψx) measured during the 2015–2016 season did not reveal any significant trend. However, the Ψx values indicate a period of water shortage during December reaching minimum values of approximately −1.3 MPa on 22 December 2015 (Figure 4). During the next growing season, 2016–2017, the Ψx values indicate that the three phases were clearly differentiated (Figure 4). During October and the beginning of November, the values of Ψx remained relatively stable with the minimum value being approximately −0.9 MPa. The second phase, from November to February, was characterized by a clear decreasing trend with the minimum values lower than −1.3 MPa on 18 January 2017. After this period, the increase in the irrigation applied promoted the accumulation of water in the soil profile (Figure 4), and the plants reached the same values of Ψx that were registered at the beginning of the growing season. The plant’s internal turgor was higher during the 2015–2016 season, although the soil humidity at 20 cm was lower during this campaign (Figure 4). This apparent discordance could be explained by the accumulation of water in the deepest soil layers as analyzed in the discussion section. The stem water potential (Ψx) for the 2015–2016 and 2016–2017 seasons are presented in Table 3.





4. Discussion


The phases described for the NDVI curves in this experiment were similar to the stages described by Er-Raki et al. [12] for Kc and NDVI curves for table grapes cv. Superior and cv. Perlet in Mexico. The main difference in the NDVI curves reported by these authors is the maximum NDVI obtained in both experiments (0.7 versus 0.85). The maximum Kcb obtained in this work is greater than the Kcb proposed in the FAO-56 manual [6] for table grape (Kcb = 0.8). The shape of the curve and the maximum Kcb value reported in this study were similar to the Kc curve reported by Vanino et al. [35] from bud-break to harvest in table grape vineyards trained on an overhead trellis system, called “tendone” in Italy. The differences in the maximum values of NDVI or Kcb obtained in the different experiments, as well as the multiannual variability described in this work, reinforce the necessity of feasible approaches based on field data to describe the actual crop coefficient (in situ) and the water requirements for the crop analyzed. In the same vein, the proposed approach could provide valuable information for the assessment of irrigation necessities as proposed in previous experiments [10,17,29]. In addition, the availability of satellite images and the accessibility of using the most recent developments [14] allow operative applications, as presented in this study. The routine use of Sentinel 2A and Sentinel 2B increments the temporal and spatial resolutions providing up to two images per week in the study area with a spatial resolution greater than 100 m2 (0.01 ha). In addition to this, the compatibility of the NDVI derived from Landsat 8 and Sentinel 2 [36] simplified the calculation procedures. A virtual constellation based on Landsat 8 and Sentinel 2 is being applied during the current campaign of irrigation advice.



The analysis provided demonstrated the possibility to anticipate the NIWR based on the extrapolation of the NDVI values and the average ETo from previous season. The methodology is subjected to the obvious uncertainty of the extrapolation approach and the variability in the weather conditions. However, the differences obtained were lower than 8 mm/week, and the greater differences were registered during late December and the beginning of January. During these dates, the NIWR were estimated at about 40 mm/week, so the maximum difference corresponded to 19% of NIWR. The maximum differences were obtained for the weeks when the ETo presented sudden variations with respect to the average values. These differences point to the necessity to consider the actual weather conditions, including prognostic values, such as the maximum and minimum temperatures forecast provided by several agencies at various scales. In addition, the possible deviations can be detected and mitigated during the next irrigation event, but this strategy was not followed in this experiment considering the contrasted differences between the NIWR recommendation and the farmer management.



According to the water deficit analysis, the irrigation applied in the analyzed seasons was insufficient to satisfy the plant’s requirements, and the deficit periods coincided with low values of stem water potentials and decreases in soil moisture measurements. These results point to the necessity to increase the total volumes applied and the improvement of the temporal distribution of the irrigation applied. The stem water potential measured at the beginning of the growing season was within the ranges of well-irrigated table grapes obtained by Mabrouk [4] and Conesa et al. [3], but these values descend to the minimum values that have been described as an indicator of water stress by these authors. In contrast, the irrigation applied in the treatment T2 roughly match the NIWR simulated by the model from bud-break to harvest during both analyzed campaigns. This increment in the irrigation doses increased the yield (Kg/ha) by 11% and quality (2% berry diameter and 6% berry weight) in T2 with respect to T0 (Table 1). The field data suggested a positive trend comparing yield and quality data with respect to the water applied. However, the differences in grape quality were not statistically significant for every single analyzed campaign. During the 2016–2017 season, the berry diameter and weight were lower in the treatment T0 in comparison with the treatment T1. We interpret that the low production registered in the T1 during this campaign improved the grape quality in comparison with the treatment T1. The berry diameters obtained in the treatment T2 were similar to, or even greater than, the diameters reported by Ruiz et al. [37], using different mulch treatments, and Ibacache et al. [21], who selected different rootstocks in the same region for cv. Flame.



The increment of irrigation also positively influences the canopy development by 7% in the maximum cover (see the fPAR column in Table 1). We hypothesized that these differences were more evident during the last season analyzed, because the precipitation registered during the winter (69 mm) and spring (45 mm) of 2015–2016 recharged the soil profile, maintaining the soil humidity in the deepest layers. The water accumulated on these layers moderated the differences in water availability between the treatments, reduced the difference in the maximum fPAR values and delayed the descending trend of Ψx. Despite the fact that opposing relationships between canopy growth (related with pruning weight) and yield have been described in previous experiments for table grape [38], we did not identify these effects in the present study. These considerations reinforce the necessity to increase the irrigation doses, primarily during the period from bud-break to harvest.



The NIWR simulated by the model based on the Equation (3) is approximately 930 mm per growing season, without considering the precipitation registered during this period. The total seasonal transpiration based on the Equation (4) was 911 mm during the 2015–2016 season and 918 mm during the season 2016–2017. The RMSE comparing the NIWR based on the Equations (3) and (4) was lower than 1.6 mm/week, demonstrating the similitude between both approaches. The modeled NIWR is within the range of irrigation requirements estimated by Zuñiga et al. [8], who measured the shaded area beneath the canopy in the same table grape variety in central Chile, but it is slightly lower than the irrigation requirements estimated by Er-Raki et al. [12] for different varieties in Northern Mexico (1100 mm). However, and as indicated in the methodology, this estimation of NIWR only considers plant transpiration, so it should be increased for the evaporation component depending on the soil type, irrigation frequency, and characteristics of the irrigation system. The soil evaporation was estimated in about 115 mm per growing season in the study field, equivalent to a 15% of the NIWR. This value was not included in the NIWR since the irrigation frequency and doses must be considered unknown in real-time applications, providing irrigation advice a week ahead. In addition, several authors were alerted about the partitioning between crop transpiration and soil evaporation based on the FAO-56 approach since the Kcb-NDVI relationship already includes a residual soil evaporation [29], and the depth of the evaporative soil layer could be overestimated [26].



As indicated in the description of the study site description, the study area and the whole northern part of Chile are subjected to long periods of low availability of water resources (drought). During these periods, irrigation cannot adequately cover the NIWR. Under these conditions, the proposed methodology can provide a quantitative guideline for the design of deficit irrigation strategies. The possible alternatives of deficit irrigation are the induction of water stress at different phenological stages before harvest or the application of deficit irrigation after harvest. In the table grape crops, the application of deficit irrigation before harvest could result in a reduction of the yield quantity and quality [4,39] if the extent and the intensity of the water deficit is not controlled. Conversely, the effects of postharvest irrigation deficit have not been extensively analyzed in table grapes, but the application of this strategy shows beneficial effects [40] in wine grapes. In the same vein, Myburg [41] reported that the water deficits during the postharvest period have no significant effect on cane starch content, considered as an indicator or reserve accumulation, after four years of deficit treatment in raisin grapes (cv. Sultanina). Based on these findings, we propose a pre-season irrigation guidance based on the model and considering three levels of deficit irrigation after harvest (Figure 5). The results modeled indicate that the irrigation should decrease from 930 mm to 835 mm for the reduction to 80%, 743 mm for the reduction to 60%, and to 630 mm for the most restrictive scenario. These scenarios did not consider the eventual precipitation, which should be discounted from NIWR, and the general guidance should be revised in real-time with actual NDVI and ETo data. However, the effects of these strategies in the reserve accumulation on roots should also be analyzed. Very restrictive schemes, such as the replacement of the 25% of ETc after harvest, have been shown to deleteriously affect yield and yield quality in other species, such as peach trees [42].




5. Conclusions


The information provided by the proposed approach can improve the regular management of crop irrigation based on the experience of the farmer and the water availability. This methodology is based exclusively on satellite and meteorological records, and both datasets are currently available in the area from open sources. The availability of the data and the robustness of the methodology applied allow the analysis of the irrigation performance at the scale of a commercial field, providing quantitative valuable information for irrigation management, such as identifying the periods of water shortage and over-irrigation.



The data analyzed in this work indicate that the irrigation timing should be improved in the field studied, mostly before harvest. The analysis of the ground data for different irrigation treatments (internal plant water status, vegetative development, productivity) corroborates this conclusion and indicates that an adequate distribution of the irrigation, following the proposed approach, can promote the crop’s productivity in terms of yield quantity and quality.



It is important to note that the proposed approach can be used to design irrigation strategies to improve the yield and yield quality, but, in addition, this method can be used to define deficit strategies in times of low water availability. The application of this irrigation strategy will be evaluated in future growing seasons and we will analyze the impact of the deficit irrigation in the plant longevity in a long-term experiment. The irrigation advice, independent of the strategy selected, can be based on a standardized approach adapted to the actual crop growth and meteorological conditions.



The proposed methodology allows an initial diagnosis of irrigation performance before approaching the real conditions in the field. For this reason, because remote sensing can be utilized to widely view the area, it is an ideal method for institutions to use to provide advice on irrigation over a large territory. We strongly recommend the definition of general pre-season guidance and the estimation of field-based weekly advice.
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Figure 1. Experimental plot with irrigation treatments distribution, boundary of Landsat pixels, and overview of the plants in the field. 
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Figure 2. Evolution of the satellite normalized differences vegetation index (NDVI) values with respect to the calendar dates (upper graph). The accumulated value of growing degree-days (GDD) at the beginning of each month are presented for the monitored growing seasons (lower axis). The GDDs were calculated for a base temperature of 10 °C. The arrows indicate the main phenological stages. 
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Figure 3. Weekly evolution of the water deficit estimated by the difference between farmer irrigation management and the modeled net irrigation water requirements (NIWR). A water deficit lower than 0 indicates over-irrigation and a water deficit greater than 0 indicates under-irrigation. 
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Figure 4. Temporal evolution of soil water content (θv) measured at a depth of 20 cm and stem water potential (Ψx) in farmer irrigation treatment (T0). Absolute values below −0.9 MPa and descending trends in Ψx indicate water deficit conditions. 
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Figure 5. Temporal evolution of the net irrigation water requirements (NIWR) and seasonal accumulated values based on three strategies of deficit irrigation after harvest. 
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Table 1. Harvest date (HD), yield data (Y), berry diameter (BD), berry weight (BW), maximum fraction of photosynthetic active radiation intercepted by the vines (fPAR), and pruning weight per plant (PW) for the orchard monitored and the treatments induced in the field (T0, regular management of the orchard; T1, under-irrigation; and T2, over-irrigation). The significance of the differences (Sig.) was analyzed for each monitored campaign and for the average data. ND denotes “No Data”.
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2014–2015

HD: 15 December 2014

	
2015–2016

HD: 22 December 2015

	
2016–2017

HD: 6 December 2016

	
Average






	

	
T1

	
T0

	
T2

	
Sig.

	
T1

	
T0

	
T2

	
Sig.

	
T1

	
T0

	
T2

	
Sig.

	
T1

	
T0

	
T2

	
Sig.




	
Y (Ton/ha)

	
ND

	
ND

	
ND

	
ND

	
22.3

	
20.5

	
22.5

	
NS

	
17.7b

	
21.8a

	
24.5a

	
5%

	
20.0

	
21.2

	
23.5

	
NS




	
BD (cm)

	
18.5

	
18.8

	
18.9

	
NS

	
18.9

	
19.1

	
19.7

	
NS

	
19.9

	
19.8

	
20.1

	
NS

	
19.1b

	
19.2ab

	
19.6a

	
5%




	
BW (g)

	
3.3

	
3.5

	
3.6

	
NS

	
3.4

	
3.7

	
3.9

	
NS

	
4.1

	
4.0

	
4.2

	
NS

	
3.6b

	
3.7a

	
3.9a

	
1%




	
fPAR

	
ND

	
ND

	
ND

	
ND

	
0.77

	
0.80

	
0.85

	
ND

	
0.61

	
0.78

	
0.85

	
ND

	
0.69

	
0.79

	
0.85

	
ND




	
PW (Kg)

	
1.6

	
2.1

	
2.7

	
NS

	
2.4b

	
3.2ab

	
3.8a

	
5%

	
1.5c

	
3.0b

	
3.9a

	
1%

	
1.8c

	
2.8b

	
3.4a

	
1%
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Table 2. Monthly accumulated values of the net irrigation water requirements (NIWR), precipitation (P), and irrigation applied by the farmer for the whole field (T0) and the treatments established (T1 and T2).
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Month

	
2014–2015

	
2015–2016

	
2016–2017




	
Irrigation

(T1; T0; T2) mm/month

	
NIWR (P)

mm/month

	
Irrigation

(T1; T0; T2) mm/month

	
NIWR (P)

mm/month

	
Irrigation

(T1; T0; T2) mm/month

	
NIWR (P)

mm/month






	
August

	
13; 17; 21

	
11

	
27; 36; 45

	
−49 (69)

	
7; 10; 12

	
21




	
September

	
18; 24; 30

	
11 (19)

	
35; 47; 59

	
46

	
45; 60; 75

	
59




	
October

	
33; 44; 55

	
69

	
35; 47; 59

	
54 (45)

	
60; 80; 100

	
125




	
November

	
39; 52; 65

	
117

	
57; 76; 95

	
150

	
86; 114; 143

	
158




	
December

	
56; 74; 93

	
146

	
91; 121; 152

	
185

	
74; 98; 123

	
175 (1.3)




	
January

	
72; 96; 120

	
128

	
68; 91; 114

	
169 (0.4)

	
62; 83; 103

	
149




	
February

	
79; 106; 132

	
89

	
76; 101; 126

	
122

	
86; 115; 144

	
105




	
March

	
47; 62; 78

	
30 (40)

	
49; 65; 82

	
96

	
79; 105; 132

	
85




	
April

	
5; 6; 8

	
40

	
15; 20; 25

	
51 (0.6)

	
30; 39; 49

	
47




	
Total (mm)

	
361; 481; 601

	
642

	
453; 603; 754

	
824

	
529; 705; 882

	
924
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Table 3. Stem water potential (Ψx) and standard deviation values (SD) measured before harvest (T0, regular management of the orchard; T1, under-irrigation; T2, over-irrigation).
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Growing Season

	
Stem Water Potential, Ψx

MPa (DS)




	
Date

	
T1

	
T0

	
T2






	
2015–2016

	
30 October 2015

	
−0.82 (0.19)

	
−0.81 (0.09)

	
−0.83 (0.15)




	
6 November 2015

	
−0.62 (0.08)

	
−0.80 (0.18)

	
−0.70 (0.13)




	
11 November 2015

	
−0.77 (0.08)

	
−0.68 (0.05)

	
−0.68 (0.09)




	
18 November 2015

	
−0.92 (0.06)

	
−0.85 (0.17)

	
−0.77 (0.10)




	
25 November 2015

	
−0.85 (0.10)

	
−0.71 (0.16)

	
−0.87 (0.16)




	
1 December 2015

	
−0.92 (0.18)

	
−0.77 (0.20)

	
−0.82 (0.10)




	
9 December 2015

	
−1.02 (0.28)

	
−0.90 (0.15)

	
−0.78 (0.17)




	
16 December 2015

	
−1.20 (0.17)

	
−1.00 (0.11)

	
−1.02 (0.04)




	
22 December 2015

	
−1.42 (0.10)

	
−1.30 (0.06)

	
−1.18 (0.13)




	
2016–2017

	
13 October 2016

	
−1.03 (0.13)

	
−0.90 (0.07)

	
−0.87 (0.09)




	
20 October 2016

	
−1.05 (0.11)

	
−0.83 (0.13)

	
−0.86 (0.08)




	
25 October 2016

	
−0.98 (0.04)

	
−0.89 (0.09)

	
−0.85 (0.05)




	
3 November 2016

	
−1.02 (0.04)

	
−0.82 (0.13)

	
−0.79 (0.05)




	
10 November 2016

	
−1.05 (0.06)

	
−0.93 (0.08)

	
−0.81 (0.17)




	
16 November 2016

	
−1.02 (0.11)

	
−0.93 (0.09)

	
−0.86 (0.08)




	
24 November 2016

	
−1.04 (0.09)

	
−1.00 (0.09)

	
−0.89 (0.06)




	
30 November 2016

	
−1.05 (0.08)

	
−1.05 (0.06)

	
−0.95 (0.08)
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