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Abstract

:

Soil properties show a high spatio-temporal variability, affecting productivity and crop quality within a given field. In new vineyard plantations, with changes in the initial topographic profile, this variability is exacerbated due to the incorporation of soil from different origins and qualities. The aim of the current study was to characterize the variability of soil properties in a newly established vineyard, and delineating zones for site-specific management of fertilization. For this purpose, the soil apparent electrical conductivity (ECa) in the first 150 cm was measured with an electromagnetic induction sensor. A soil sampling was performed following a regular grid (35 × 35 m, 149 samples), collecting samples down to 40 cm depth for determining soil chemical properties. Spatial variability was assessed through semivariogram calculation and ordinary kriging. The soil properties that better represent the variability in this newly established vineyard were pH, effective cation exchange capacity (ECEC), carbon content, clay and ECa. The ECa was homogeneous all over the vineyard, except for the area closer to the river where a greater human intervention had occurred, with contributions of external soil at a greater depth. Soil properties showed a great spatial variability. Interpolated maps allowed for detecting areas with a lack of nutrients in which a differential fertilization could be performed in search of a sustainable and balanced production. The information provided by the maps of pH, ECEC and carbon and potassium contents allow for performing a differential management of the vineyard in terms of fertilization. In addition, the results obtained suggest that the vineyard should be divided into two sectors for a differential irrigation management. The ECa was not significantly correlated to most of the soil properties determined in the current study; however, it allowed for a low-cost mapping of the vineyard soil and established large areas of management within the vineyard.






Keywords:


geostatistics; fertilization; kriging; site-specific management; soil apparent electrical conductivity; soil quality












1. Introduction


Soil properties vary considerably both in space and time due to regional differences such as climate, topography, vegetation and parent material [1]. In addition, other factors, including crops, tillage intensity and fertilization, modify soil properties. As a consequence, the management of soil variability is a great challenge to agricultural producers. Therefore, soil characterization is essential for understanding the effects of land management on soil attributes and optimize resource efficiencies, agrosystem sustainability and soil protection [2], especially in the implantation of new orchards and vineyards, with 20–30 year lifetimes.



In the case of crops with a high-added value, such as vineyards, the spatial variability of soil properties is of extraordinary relevance as it has been proven to significantly affect plant vigor, yield and fruit chemical composition [3,4]. Despite this, vineyard zoning has been mainly focused at the regional or Designation of Origin (DO) scales [5]; however, a detailed analysis at the plot level is required for assessing within-vineyard variability and, consequently, facilitating site-specific management [6]. Several authors highlighted the relevance of this site-specific management for increasing the efficiency in the use of agricultural inputs (fertilizers, irrigation, spraying, etc.) [7,8]. In this sense, the description of the spatial variability of soil properties through maps obtained by interpolation could be useful for site-specific management [9]. However, soil sampling is time-consuming and expensive; therefore, a suitable amount of data for obtaining these maps is difficult to obtain [10].



In this context, electromagnetic induction sensors may provide useful information on the spatial variability of certain soil properties within a given field [10]. Soil apparent electrical conductivity (ECa) measured using geophysical methods such as electromagnetic induction can be an indirect indicator of important soil physical and chemical properties, such as salinity, clay content, cation exchange capacity, organic matter and soil water content [11]. In fact, ECa has been used as a surrogate measure of soil texture [12] and clay content [13]. In vineyards, ECa values proved to be up to three-fold different in two contrasting Australian vineyards and correlate with petiole nutrient levels and yield [14]. Several authors have characterized vineyards using ECa measurements [15,16,17,18]. A recent study in a vineyard from NW Spain showed that ECa measurements improved the predictions of soil water content, vine stem water potential and grape composition (total soluble solids and pH), suggesting the usefulness of these measurements for delineating zones within the vineyard susceptible to a site-specific management [6]. However, these characterizations referred to established vineyards, while new plantations have been overlooked despite the fact that the management of a vineyard in its initial stages (plantation) is critical to obtain a homogeneous vine growth all over the field; this result is linked to soil fertility and plant nutrition.



In this context, the aim of the current work is to determine key variables for zoning a newly established vineyard located in Rías Baixas DO (NW Spain) through soil fertility analyses, ECa measurements and geostatistical techniques. The generated maps could be useful for delineating zones within the vineyard, allowing site-specific management of agricultural inputs.




2. Materials and Methods


2.1. Description of the Study Site


The experiment was conducted in a newly planted vineyard located in Ribadumia in NW Spain (42°32′37.65″ N, 8°44′03.91″ W; 28 m above sea level), within the Rías Baixas DO. The total study area was 17.5 ha. The plantation was performed in 2018–2019 after finishing the land movements required for adapting the area prior to the design of the new vineyard (Figure 1). The zone closer to the river has been previously used for agricultural purposes, whereas the rest of the surface of this new vineyard has been devoted to forest for the last 20 years (Figure 1).



A fertigation system, using surface drip irrigation, was installed in 2019, allowing the application of water and nutrients through twelve irrigation sectors (Figure 1). Soil sample collection in this study was performed before the installation of the fertigation system. Climate at this site is Atlantic, with 14.3 °C of annual average temperature and 1432 mm of annual rainfall, as recorded in the nearest weather station (5 km) during the period from 2003 to 2017. The soil at this site is developed upon granite bedrocks and is classified as an Anthrosol [19].




2.2. Soil Sampling and Analysis


Soil samples were taken from the surface horizon (0–40 cm depth) following a 35 × 35 m grid (n = 149) for physico-chemical analysis. Samples were air-dried and sieved to 2.00 mm. Soil physical and chemical properties were determined according to standard methods [20]. Particle size analysis (coarse and fine fractions as well as the contents in sand, silt and clay) was conducted after organic matter destruction with H2O2, elimination of Fe and Al oxihydroxides with HCl and dispersion with hexametaphosphate and sodium carbonate. Particles >50 mm were separated by wet sieving, while those <50 mm were separated through the pipette method. Soil pH was determined in water and 1 M KCl (soil: solution 1:2.5) using a pH-meter (Multimeter MM41, Crison, L’Hospitalet de Llobregat, Barcelona, Spain). Total organic carbon and nitrogen contents were measured with an elemental analyzer (TruSpec-CHNS, LECO Corporation, St. Joseph, MI, USA). From the content in organic carbon, the value of organic matter was computed. Exchangeable Ca, Mg, Na, K, Al and effective cation exchange capacity (ECEC) were determined following extraction with 1 M ammonium chloride, using atomic absorption and emission spectroscopy (Optima 4300 DV, Perkin Elmer, Boston, MA, USA) [21]. The ECEC was computed as the sum of Ca, Na, Mg, K and Al cations [22]. Available P was extracted in 0.5 M NaHCO3 and determined colorimetrically using UV-visible spectroscopy (Jenway 6300, Cole-Parmer Ltd., Staffordshire, UK) [23]. From these data, soil hydraulic properties (permanent wilting point, field capacity and soil water holding capacity) were calculated employing pedotransfer functions developed for soils of the region [24].


PWP = 0.376 × Clay + 6.39



(1)






FC = 0.33 × Clay + 0.15 × Silt + 1.54 × OC + 17.3



(2)




where: PWP is permanent wilting point (mm), Clay is the clay content (%), FC is field capacity (mm), Silt is silt content (%) and OC is the organic carbon content (%).



Apparent electrical conductivity (ECa) data were collected during the dry season using an electromagnetic induction sensor (EM-38DD, Geonics Ltd., Mississauga, ON, Canada). This device consists of a transmitter and a receiver coil installed 1.0 m apart at the opposite ends of a nonconductive bar. The system runs on a 9 V battery and operates at a frequency of 14.6 kHz. The obtained measurement is not only a function of the different conductivities in the subsoil but also of other factors such as the orientation (vertical or horizontal) of the coils, the operating frequency and the magnetic susceptibility. A comprehensive description of the EM-38 equipment can be found elsewhere [25].



The depth range of the measurements depends on the orientation of the coils. According to Heil and Schmidhalter [26], the sensitivity in the vertical mode is maximum at 40 cm below the instrument, while the sensitivity in the horizontal mode is the highest directly below the instrument. Usually, it is considered that the depth range is, respectively, 1.5 and 0.75 m when using the vertical or the horizontal dipole.



The EM-38 was transported manually over the vineyard. ECa measurements were made on 29 May 2020. The intensity of the collected data was 0.03 measurements m−2. The distance between transects was around 35 m. A global positioning system (GPS-RTK) was used to determine the geographical coordinates of the ECa measurements. In this research, two dipoles (vertical, ECa-V, and horizontal, ECa-H) of EM-38 were used. The interpolation of these measurements to obtain a continuous surface of the ECa over the vineyard was made by the regression kriging method [27].




2.3. Statistical Characterization of the Data


Several indicators, generally accepted for assessing central trend and data spread (mean, median, standard deviation, coefficient of variation (CV), minimum, maximum, skewness and kurtosis), were used for describing the data set. The Shapiro–Wilk test was used to determine whether or not data followed a normal distribution. The relationships between ECa (both ECa-H and ECa-V), topographic features (elevation and slope) and soil physico-chemical properties were assessed through the Spearman correlation coefficient, rho, in order to discern if ECa could be a useful ancillary variable for estimating the spatial distribution of soil properties through geostatistical interpolations. This coefficient was employed instead of that by Pearson because of the absence of normality in the dataset. Data were not transformed to normal distribution to avoid complex back transformations that often confer little benefit and, sometimes, exaggerate interpolation errors [28].




2.4. Geostatistical Analysis


Spatial variability was assessed through semivariogram calculation, graphing and model fitting for each soil property following the assumptions of stationarity in accordance with the intrinsic hypothesis [29,30]. Because of the limited number of data, the omnidirectional semivariogram was calculated, and spatial variability was assumed to be identical in all directions.



The following semivariogram parameters were defined: (a) nugget effect (C0), which is the value of the semivariogram when distance is 0; (b) range of spatial dependence (d), which is the distance at which a semivariogram remains approximately constant, after increasing with distance; (c) threshold (C0 + C1), which is the sill value approaching the data variance. In addition, the dependence ratio (DR) was computed [31]. The DR represents the percentage of the nugget effect in relation to the sill. The values of this ratio can be ranked as follows: strong (<25%), moderate (25%–75%) and weak dependence (>75%). Furthermore, the mean correlation distance (MCD) was calculated to estimate the distance over which the data have a high spatial dependence [32].



Model performance was checked through the leave-one-out cross-validation technique [33]. Three criteria were used to determine the goodness-of-fit of the models [34]: (a) the coefficient of correlation (r) between measured and estimated values; (b) the mean error (ME); and (c) the mean square prediction error (MSPE). For an unbiased prediction, centered on the true values, ME and MSPE should be close to zero.



Geostatistical interpolation of the soil properties over the experimental vineyard was performed using ordinary kriging (OK). This is a standard technique for spatial interpolation and provides each cell with a local, optimal prediction and an estimation of the error that depends on the semivariogram and the spatial configuration of the data [35]. The OK weights minimize the variance of the estimation [29].



The calculation of the semivariograms and the spatial distribution of the measured soil properties over the experimental vineyard was performed through OK using the gstat package [36,37] for the R v3.6.2 environment [38].





3. Results


3.1. Statistical Characterization of Soil Properties in the Experimental Vineyard


In the studied vineyard, soil was acid and pH in water averaged 5.1, whereas pH in KCl was 4.35 on average. Both pH in water and in KCl showed a low variability, with CV values of 6.3% and 4.2%, respectively (Table 1). The components of the exchange complex showed a high spatial variability within the experimental vineyard, and their CV values ranged from 32.9% for aluminum to 105.2% for calcium (Table 1). In contrast, the variability of the ECEC was lower (CV = 23.7%), ranging from 1.84 to 7.0 cmol(+) kg−1 (Table 1). As expected in acid soils, the content of aluminum at saturation was high on average (63.28%), although it oscillated between 4.81% and 88.54%.



In the studied vineyard, P content averaged 11.67 mg kg−1, although ranging from 3.34 to 25.73 mg kg−1, showing a moderately high CV of 45.2% (Table 1). Organic matter ranged from 1.28% to 7.96%, and averaged 3.88%, presenting a relatively high CV (35.6%). On average, soil carbon content was moderately high (2.25%), ranging from 0.74% to 4.62%; whereas nitrogen content varied between 0.04% and 0.41% (Table 1). This led to a similar CV, around 35%, for both C and N contents. The C/N ratio varied between 9.71 and 29.47. Soil samples in the studied vineyard presented loam, sandy-loam and clay-sandy-loam textures (Figure 2). The CV of the sand, silt and clay fractions was 8.4%, 23.1% and 14.1%, respectively (Table 1). Soil water holding capacity over the study vineyard varied between 128.8 and 228.0 mm m−1, showing a low CV, less than 10% (Table 1).



Concerning the ECa measurements, a buffer area of 5 m diameter around each soil sample location was built using a geographical information system (QGIS v3.8, https://qgis.org). Figure 3 displays the ECa maps for both the horizontal (ECa-H) and vertical (ECa-V) dipoles. The ECa-H map is rather homogeneous, although an area with values close to 1 mS m−1 is clearly observed. The ECa-V shows a high spatial variability, with areas in which ECa is less than 10 mS m−1 while most of the vineyard soil had ECa greater than 45 mS m−1. From the ECa (vertical and horizontal dipoles) measurements and topographical parameter maps, and considering the buffer areas, median, minimum and maximum values were extracted from these maps. In the case of the horizontal dipole, ECa was about 10 mS m−1, whereas in the case of the vertical dipole, ECa values were around 45 mS m−1 (Table 1).



Means and medians of the studied properties were rather similar; however, skewness and kurtosis coefficients were highly variable (Table 1). Shapiro–Wilk’s test confirmed the absence of normality in the data distributions for all properties, with the exception of sand content, and fine and coarse fractions (data not shown). Despite this, data were not transformed for conducting the geostatistical analysis.



Correlation coefficients between ECa and the measured soil properties were low, although significant in some cases such as the pairs: K/ECa-H min (rho = −0.222; p-value = 0.007), fine fraction/ECa-V max (rho = 0.295; p-value < 0.001) or ECEC/ECa-H min (rho = −0.228; p-value = 0.005). Topographical features (elevation and slope) showed weak correlations with soil attributes, being Na/elevation (rho = −0.495; p-value < 0.001), P/elevation (rho = −0.377; p-value < 0.001) and coarse fraction/slope (rho = 0.265; p-value = 0.001) the pairs with the strongest correlation coefficients. The Spearman correlation coefficients between soil water retention capacity and ECa measurements were negative and did not surpass 0.18. Due to these weak correlations, ECa and topographical features were not used as ancillary information for improving ordinary kriging interpolations of soil properties.




3.2. Spatial Dependence Analysis


Spatial dependence was observed in all soil properties except for Ca content and the C/N ratio, which did not show a spatial structure and were modelled by a pure nugget effect (Table 2). Spherical functions with variable nugget effects depending on the analyzed soil property were fitted to experimental data (Table 2). In the case of Mg and Na, the nugget effect was nul. As an example, the experimental semivariogram of soil C content and its fitted model are shown in Figure 4.



The range of the fitted models varied between 29.6 (Aluminum at saturation) and 287.5 m (P content). Ranges were lower than 50 m on 2 occasions, between 50 and 100 m in 9 cases and higher than 100 m 13 times (Table 2). Due to this short spatial dependence range, kriging interpolation results showed high kriging estimation errors as the distance to the sampling point increased.



Most soil properties presented a strong spatial dependence since DR values were less than or equal to 25% in 11 of the properties studied; a moderate dependence was observed for 11 soil properties, whereas a weak spatial dependence was observed only for ECEC (Table 2). The MCD values confirmed these outcomes, and pH in water, soil P content and ECa were over the distance among nodes of the sampling grid (35 m), whereas the rest of the soil properties considered showed smaller MCD values (Table 2).



Cross-validation indicators showed that, in most cases, the theoretical structures adequately described the spatial dependence of the studied soil properties (Table 2). Mean error was close to the value considered a good fit in all cases, except for aluminum at saturation, fine and coarse fractions, sand content, and ECa-V (both median, max and min) (Table 2). In contrast, MSPE values were far from the optimal threshold for a good fit in most cases (Table 2). Correlation coefficients between measured and predicted values varied between 0.30 and 0.77, depending on the soil property considered (Table 2). Higher values were observed for ECa, suggesting a greater homogeneity for this variable.




3.3. Kriging Interpolation


Ordinary kriging interpolation allowed for obtaining smooth surface maps of the determined soil properties, showing, in general, high and uniform uncertainty patterns; namely, errors were high in most of the study area except close to the sampling points. However, due to the low ME and MSPE values obtained in the cross-validation, OK produced useful maps for several soil properties including pH, clay content, soil water holding capacity, ECEC, organic matter, C, K, N, Na and Mg. In the case of pH in water (Figure 5a), a smooth surface with smaller values (between 4.6 and 4.8) in the area close to the river and in the middle of the vineyard was produced. A small area with pH close to 5.5 was observed. Moreover, interpolation errors were low (less than 0.08) in most of the vineyard area (Figure 5b).



Soil C content map obtained through OK (Figure 6a) shows a more heterogenous pattern than that for pH. Soil C contents were low (less than 2%) near the river and greater than 3.5% in some areas located far from the river, although patches of high and low soil C contents were estimated all over the vineyard surface. The estimation error map displayed a uniform pattern, with low values (less than 0.35%) for almost the entire vineyard surface (Figure 6b). Soil organic matter showed an equal distribution pattern to that of C in the studied vineyard.



The estimation map for ECEC displayed an area, in the center of the vineyard, with values lower than 3.2 cmol(+) kg−1, while some patches with higher values (up to 4.4 cmol(+) kg−1) were estimated in the south part of the vineyard (Figure 7a). The estimation error map displayed a uniform pattern, with low values (less than 0.55 cmol(+) kg−1) for almost the entire vineyard surface (Figure 7b). It must be noted that the maps for soil C content and ECEC showed a certain resemblance to those maps of ECa due to the significant, although weak (rho between −0.15 and −0.22), correlation among these variables.



Figure 8a shows the OK maps for clay content. The estimation map shows a clear pattern with clay contents lower than 20% in the central part of the vineyard and values higher than 23% in the extremes (East and West areas). The estimation error map displayed a uniform pattern, with errors lower than 8% for almost the entire vineyard surface (Figure 8b). A certain resemblance between the estimation map of clay content and the ECa maps must be noted.



The estimation map for K displayed areas, mainly in the center of the vineyard, with values lower than 0.15 cmol(+) kg−1, while some areas with higher values (up to 0.26 cmol(+) kg−1) were also estimated (Figure 9a). The estimation error map displayed a uniform pattern, with low values (less than 0.0035 cmol(+) kg−1) for almost the entire vineyard surface (Figure 9b). It must be noted that the map of K showed a certain resemblance to those maps of ECa due to the significant, although weak (rho between −0.14 and −0.22; p-values ranging between 0.006 and 0.071), correlation among these variables.



The estimation map for Al displayed areas with values lower than 1.5 cmol(+) kg−1, close to the river; while some areas with high values (up to 3 cmol(+) kg−1) were estimated in the South of the vineyard (Figure 10a). The estimation error map displayed a uniform pattern, with high values (approximately 0.4 cmol(+) kg−1) for almost the entire vineyard surface (Figure 10b).



The estimation map for soil water holding capacity displayed areas with values greater than 190 mm m−1, while some areas with values lower than 150 mm m−1 were also estimated, mainly in the surroundings of the water reservoir for irrigation (Figure 11a). The estimation error map displayed a uniform pattern, with very high values (more than 150 mm m−1) for almost the entire vineyard surface (Figure 11b). No clear resemblance between the map of soil water holding capacity and those maps of ECa was observed, likely due to the weak and not significant (rho between −0.06 and −0.18; p-value > 0.05) correlation among these variables. Despite this, high ECa measurements (Figure 1) tended to occur in areas of the vineyard with low water holding capacities.





4. Discussion


The current study characterized the soil in a newly established vineyard and statistical indicators showed that most of the soil properties determined in the experimental vineyard had a high spatial variability, suggesting the convenience of site-specific management [39]. Soil texture in the studied vineyard varied from sandy-loam to clay-sandy-loam, with a fine fraction greater than 60% on average. When comparing the nutrient contents of the studied soil with those considered optimal [40], important deficits are detected for Ca, Mg and K, as well as unbalances for the K/Mg ratio over the whole vineyard. In contrast, organic matter was close to the optimal values for acid soils. However, nitrogen contents vary from very low to very high within the experimental vineyard. In view of these results, a uniform management of fertilization could lead to over- and under-fertilized zones over this vineyard, as reported in other studies [41], leading to a wide heterogeneity in vine development [16] and grape composition [4].



The spatial variability of the determined soil properties was characterized by spherical structures, in contrast to the most common exponential models [42,43]. In the current study, all soil attributes showed a pattern of spatial dependence except for Ca and C/N ratio. As shown in Table 2, the experimental semivariograms were best fitted to theoretical models without nugget effect only on 2 occasions (Mg and Na) and by a nugget effect plus a structure in the remaining datasets. Range values of the theoretical structures varied between 29.6 and 245.9 m. This fact might not only have consequences in kriging interpolations, but also, it could be pointing to the need for a denser sampling grid to capture the spatial variability patterns of all the variables over the experimental vineyard. In fact, it is well-known that the sampling network has a major role in the spatial dependence structure [35].



The current study was carried out in a nonsaline area of the humid zone of Europe; therefore, ECa measurements were not affected by salts, and so they might be useful for assessing other soil properties and to delineate zones within the experimental vineyard, as reported in previous studies carried out in nonsaline areas [27,44,45]. Despite being significant on some occasions, correlation coefficients among ECa and soil properties were low (never greater than 0.27) and, usually, negative. In nonsaline soils, significant correlations between ECa and soil texture are common [46]; however, in the current study, the correlation coefficients between ECa and sand, silt and clay contents were less than 0.1 for the vertical dipole and less than 0.2 for the horizontal dipole. This contrasts with the observations made on a grassland area in the same region of NW Spain [43], where significant correlations were detected between ECa and soil textural fractions, with correlation coefficients up to 0.48 for the case of sand. This points out the fact that the relationships between a given soil property and ECa might be site-specific and have to be determined on a field-by-field basis [10]. This site-specificity of the relationships between ECa measurements and soil properties can be explained by (i) the complex interaction of soil properties, (ii) a temporal component of variability that is weakly reflected by an expected constant variable such as the ECa and (iii) variable climatic factors [26,47]. Despite the lower correlation coefficients observed between ECa and soil textural fractions, the spatial variability patterns of both variables within the studied vineyard had a reasonable similarity, especially for clay and fine and coarse fractions, which makes them useful for delineating zones with similar soil texture.



Since no direct measurements of soil hydrologic properties could be performed, we employed data on texture and organic matter content to estimate soil water holding capacity through statistical correlations among these variables, which are known to provide sufficiently accurate estimates for taking decisions [48]. The equations employed were developed for a wide representation of soils from NW Spain [24], in order to reduce the discrepancies often reported for the use of this methodology [48,49]. In fact, a comparative study on several pedotransfer functions reported that the efficiency of these methods is highly variable [50]. However, despite the uncertainties regarding the accuracy of the estimates obtained, the soil water holding capacity map could provide relevant information for planning irrigation since it was able to capture the spatial variability of this property over the vineyard.



Furthermore, other soil properties showed spatial variability patterns similar to those of ECa in the studied vineyard, despite the low correlation coefficients detected among soil attributes. In particular, the soil properties with the most similar spatial patterns to those of ECa were the following: pH in water, C and N contents, ECEC (including its components, K, Mg and Na), available P and aluminum at saturation. Previous works in NW Spain reported a correspondence between ECa and soil organic matter maps [22]; however, this relationship seemed to be noncausal [51,52]. This can be extended to the rest of the soil properties determined in the current study. Rodríguez-Pérez et al. [53] did not find significant relations between ECa measurements and extractable potassium contents; meanwhile, K/ECa-H relations were significant in our study, pointing out the fact that the relationships between ECa and soil properties are highly variable [10] and, when significant, ECa has been reported useful for providing secondary information that allows for enhancing the interpolations [54]. Unfortunately, weak correlations were detected in the current study, and ECa could not be used as an ancillary variable for improving the maps of soil chemical properties. It must be taken into account that the soil in the vineyard is anthropic (land movements were required), and an organic soil layer was used to fill the original soil, so the ECa measurements were able to indicate that the subsoil is not homogeneous over the vineyard. The zone closer to the river, with lower ECa values, had been previously used for agricultural purposes, whereas the rest of the surface of this new vineyard had been devoted to forest for the last 20 years (as depicted in Figure 1).



The low correlation coefficients observed in the current study pointed out that the sampling grid should have been denser in order to capture possible correlations between ECa measurements and the determined soil properties, in accordance with the outputs of the spatial dependence analysis. This reduces the capacity of ECa measurements to obtain quantitative information of soil chemical properties; however, advantages over traditional methods, such as ease of use and low cost, being less invasive and allowing a high volume of data to be collected, make this technique a very useful approach for mapping soils and aiding in delineating management zones [55]. Nevertheless, the maps resulting from the current study may help to develop fertilization practices adapted to the spatial variability of soil chemical properties within the studied vineyard, allowing for site-specific management depending on the spatial distribution of soil nutrients (N, P, K and Mg). The fertigation system installed in this vineyard would allow for a differential supply of nutrients to each of the sectors, according to the results obtained in the current study regarding ECa and soil chemical properties. Furthermore, ECa can allow for a low-cost monitoring of the evolution of the nutrient contents in the soil, supported by a reduced soil sampling following an irregular grid that would enhance the correlations between this indirect measurement and the soil chemical properties.



Finally, the studied vineyard will face several limitations that include the lack of nutrients typical in granite-derived soils, reflected in the low ECEC, and insufficient soil water holding capacity due to low clay contents and high Al mobility that may be toxic to grapevines. The information derived from the current study provides a basis for making decisions on the management techniques to apply in order to cope with the aforementioned limitations and favor the expression of the terroir in the wines produced [56].




5. Conclusions


Since a vineyard has an estimated lifespan of 20–40 years, decisions made in its establishment are crucial for its sustainability in the future. The current study indicates that soil characterization is essential for delineating site-specific management zones in a newly planted vineyard. Using ECa as a noninvasive technique might provide useful information for vineyard zoning at acceptable costs to be obtained. Overall, the studied vineyard showed low contents in essential nutrients (Ca, K, Mg and P), so they must be applied differently according to the zones defined by the maps obtained in the current study. The balances among antagonist nutrients must be considered. Actual irrigation sectors are not coincident with the spatial variability detected for soil water holding capacity and ECa, consequently, vineyard owners must make adaptations in order to carry out an efficient irrigation (or fertigation), accounting for the variability detected in the study plot.
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Figure 1. Study area before and after the works of land movement for the establishment of the vineyard: (a) 27 June 2007; (b) 19 August 2018 (Source: Google Earth). Polygons in red indicate the 12 sectors in which the vineyard has been divided. 
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Figure 2. Soil textural triangle displaying each sample (red dots) from the experimental vineyard. The triangle shows the textural classification of the International Union of Soil Sciences [19]. 
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Figure 3. Soil apparent electrical conductivity (ECa) maps of the experimental vineyard obtained with the horizontal (a) and vertical (b) dipoles of the EM-38 equipment and interpolated through regression kriging on 29 May 2020. 
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Figure 4. Experimental semivariogram for soil carbon (C) content in the studied vineyard. The theoretical model fitted to this semivariogram is shown along with the values of its parameters (Nug = Nugget effect). 
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Figure 5. Estimation (a) and error (b) maps of pH in water over the experimental vineyard generated by ordinary kriging. This variable is dimensionless. 
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Figure 6. Estimation (a) and error (b) maps of soil C content over the experimental vineyard generated by ordinary kriging. 
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Figure 7. Estimation (a) and error (b) maps of effective cation exchange capacity (ECEC) over the experimental vineyard generated by ordinary kriging. 






Figure 7. Estimation (a) and error (b) maps of effective cation exchange capacity (ECEC) over the experimental vineyard generated by ordinary kriging.



[image: Soilsystems 04 00062 g007]







[image: Soilsystems 04 00062 g008 550] 





Figure 8. Estimation (a) and error (b) maps of clay content over the experimental vineyard generated by ordinary kriging. 
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Figure 9. Estimation (a) and error (b) maps of potassium content over the experimental vineyard generated by ordinary kriging. 
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Figure 10. Estimation (a) and error (b) maps of aluminum content over the experimental vineyard generated by ordinary kriging. 
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Figure 11. Estimation (a) and error (b) maps of soil water holding capacity over the experimental vineyard generated by ordinary kriging. The light blue dots represent the sampling points. 
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Table 1. Statistical summary of the soil properties studied in the experimental vineyard.
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Variable

	
Units

	
Mean

	
Median

	
SD 1

	
CV

	
Min.

	
Max.

	
Skewness

	
Kurtosis






	
pH (H2O)

	

	
5.10

	
5.08

	
0.32

	
6.3

	
4.45

	
6.21

	
0.48

	
0.57




	
pH (KCl)

	
4.35

	
4.34

	
0.18

	
4.2

	
4.08

	
5.48

	
2.40

	
10.79




	
Ca

	
cmol(+) kg−1

	
0.78

	
0.46

	
0.82

	
105.2

	
0.04

	
5.88

	
2.62

	
10.46




	
Mg

	
0.28

	
0.20

	
0.25

	
91.2

	
0.01

	
1.29

	
1.95

	
3.77




	
Na

	
0.12

	
0.11

	
0.05

	
43.5

	
0.04

	
0.31

	
1.10

	
1.37




	
K

	
0.17

	
0.17

	
0.06

	
37.6

	
0.07

	
0.37

	
0.71

	
0.40




	
Al

	
2.06

	
2.09

	
0.68

	
32.9

	
0.24

	
4.09

	
−0.13

	
0.59




	
ECEC

	
3.41

	
3.24

	
0.81

	
23.7

	
1.84

	
7.00

	
0.95

	
1.80




	
Al Sat.

	
%

	
63.28

	
70.55

	
20.67

	
32.7

	
4.81

	
88.54

	
−0.99

	
0.18




	
P

	
mg kg−1

	
11.67

	
10.35

	
5.27

	
45.2

	
3.34

	
25.73

	
0.70

	
−0.25




	
Organic matter

	
%

	
3.88

	
3.69

	
1.38

	
35.6

	
1.28

	
7.96

	
0.61

	
−0.01




	
C

	
2.25

	
2.14

	
0.80

	
35.6

	
0.74

	
4.62

	
0.61

	
−0.01




	
N

	
0.16

	
0.15

	
0.06

	
35.9

	
0.04

	
0.41

	
0.78

	
1.60




	
C/N

	
14.24

	
13.89

	
2.68

	
18.8

	
9.71

	
29.47

	
2.67

	
10.52




	
Fine Fraction

	
62.60

	
63.70

	
9.79

	
15.6

	
37.44

	
84.66

	
−0.28

	
−0.22




	
Coarse Fraction

	
37.40

	
36.30

	
9.79

	
26.2

	
15.34

	
62.56

	
0.28

	
−0.22




	
Sand

	
58.41

	
59.12

	
4.89

	
8.4

	
42.00

	
71.12

	
−0.26

	
0.43




	
Silt

	
20.27

	
20.00

	
4.68

	
23.1

	
9.93

	
38.00

	
0.49

	
0.75




	
Clay

	
21.32

	
21.60

	
3.02

	
14.1

	
15.28

	
30.88

	
0.40

	
0.29




	
Soil water holding capacity

	
mm m−1

	
164.34

	
163.81

	
15.86

	
9.7

	
128.81

	
228.03

	
0.49

	
1.10




	
ECa-H median

	
mS m−1

	
9.59

	
9.63

	
2.38

	
24.9

	
1.79

	
15.84

	
−0.45

	
1.60




	
ECa-H min

	
8.99

	
9.16

	
2.34

	
26.1

	
1.52

	
14.44

	
−0.69

	
1.14




	
ECa-H max

	
10.24

	
10.10

	
2.62

	
25.6

	
2.29

	
20.90

	
0.23

	
3.16




	
ECa-V median

	
45.62

	
48.87

	
9.97

	
21.8

	
10.07

	
64.12

	
−1.59

	
2.45




	
ECa-V min

	
42.81

	
46.28

	
10.11

	
23.6

	
9.77

	
58.46

	
−1.47

	
1.70




	
ECa-V max

	
48.88

	
51.28

	
9.89

	
20.2

	
11.89

	
69.69

	
−1.50

	
2.57








1 SD: Standard Deviation; CV: Coefficient of Variation; Min.: Minimum; Max.: Maximum; ECEC: Effective Cation Exchange Capacity; Al Sat.: Aluminum at saturation; ECa-H: soil apparent electrical conductivity in the horizontal dipole; ECa-V: soil apparent electrical conductivity in the vertical dipole.
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Table 2. Theoretical model parameters fitted to experimental semivariograms of the studied soil properties. All the fitted models corresponded to spherical structures. Cross-validation indicators are also shown.
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Variable

	
C0 1

	
C0 + C1

	
Range

(m)

	
DR

(%)

	
MCD

(m)

	
Cross-Validation




	
r

	
ME

	
MSPE






	
pH (H2O)

	
0.06

	
0.115

	
197.2

	
52.6

	
35.1

	
0.488

	
0.001

	
0.079




	
pH (KCl)

	
0.02

	
0.034

	
182.7

	
70.5

	
20.2

	
0.442

	
−0.001

	
0.027




	
Ca

	
Pure Nugget Effect




	
Mg

	
0

	
0.063

	
53.0

	
0

	
19.9

	
0.347

	
0.001

	
0.055




	
Na

	
0

	
0.002

	
57.0

	
0

	
21.4

	
0.558

	
0.001

	
0.002




	
K

	
0.002

	
0.004

	
89.8

	
60.9

	
13.2

	
0.345

	
0.001

	
0.004




	
Al

	
0.29

	
0.430

	
78.4

	
67.9

	
9.4

	
0.357

	
0.026

	
0.399




	
ECEC

	
0.45

	
0.580

	
93.1

	
77.3

	
7.9

	
0.438

	
0.028

	
0.528




	
Al Sat.

	
204.4

	
373.8

	
29.6

	
54.7

	
5.0

	
0.357

	
0.299

	
370.5




	
P

	
15.6

	
28.8

	
287.5

	
54.0

	
49.6

	
0.529

	
−0.019

	
19.9




	
Organic matter

	
0.43

	
1.85

	
96.6

	
23.4

	
27.8

	
0.605

	
0.024

	
1.21




	
C

	
0.15

	
0.62

	
96.6

	
23.5

	
27.7

	
0.604

	
0.014

	
0.407




	
N

	
0.0006

	
0.003

	
94.2

	
18.3

	
28.9

	
0.638

	
0.001

	
0.002




	
C/N

	
Pure Nugget Effect




	
Fine Fraction

	
24.9

	
85.9

	
111.1

	
29.0

	
29.6

	
0.578

	
−0.247

	
63.6




	
Coarse Fraction

	
24.9

	
85.9

	
111.1

	
29.0

	
29.6

	
0.578

	
0.247

	
63.6




	
Sand

	
1.3

	
22.5

	
47.8

	
5.8

	
16.9

	
0.305

	
−0.130

	
21.6




	
Silt

	
6.82

	
19.8

	
54.8

	
34.4

	
13.5

	
0.298

	
0.024

	
19.8




	
Clay

	
6.97

	
10.1

	
245.9

	
69.4

	
28.3

	
0.369

	
0.017

	
7.8




	
Soil water holding capacity

	
117.32

	
228.79

	
114.16

	
51.3

	
20.9

	
0.491

	
0.309

	
190.4




	
ECa-H median

	
0.99

	
5.4

	
165.9

	
18.2

	
50.9

	
0.772

	
−0.031

	
2.3




	
ECa-H min

	
1.08

	
5.2

	
177.2

	
21.0

	
52.5

	
0.752

	
−0.031

	
2.4




	
ECa-H max

	
1.12

	
6.9

	
146.1

	
16.1

	
45.9

	
0.739

	
−0.051

	
3.1




	
ECa-V median

	
19.8

	
94.4

	
185.5

	
20.9

	
55.0

	
0.768

	
−0.132

	
41.1




	
ECa-V min

	
22.1

	
96.2

	
177.2

	
23.0

	
51.2

	
0.741

	
−0.143

	
46.2




	
ECa-V max

	
23.2

	
95.4

	
193.0

	
24.3

	
54.8

	
0.753

	
−0.129

	
42.8








1 C0: Nugget Effect; C0 + C1: Sill; DR: Dependence Ratio; MCD: Mean Correlation Distance; r: Correlation Coefficient between measured and estimated values; ME: Mean Error; MSPE: Mean Square Prediction Error; ECEC: Effective Cation Exchange Capacity; Al Sat.: Aluminum at saturation; ECa-H: soil apparent electrical conductivity in the horizontal dipole; ECa-V: soil apparent electrical conductivity in the vertical dipole.
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