

  agronomy-12-00354




agronomy-12-00354







Agronomy 2022, 12(2), 354; doi:10.3390/agronomy12020354




Article



Relationships between Soil Electrical Conductivity and Sentinel-2-Derived NDVI with pH and Content of Selected Nutrients



Piotr Mazur 1, Dariusz Gozdowski 2[image: Orcid] and Agnieszka Wnuk 2,*





1



Agrotechnology, Jagiellonów 4, 73-150 Łobez, Poland






2



Department of Biometry, Institute of Agriculture, Warsaw University of Life Sciences, Nowoursynowska 159, 02-776 Warsaw, Poland









*



Correspondence: agnieszka_wnuk@sggw.edu.pl; Tel.: +48-22-59-32-729







Academic Editor: Marco Acutis



Received: 27 December 2021 / Accepted: 27 January 2022 / Published: 31 January 2022



Abstract

:

Site-specific crop management demands maps which present the content of the main macronutrients. Such maps are prepared based on optimized soil sampling within management zones, which should be quite homogenous according to nutrient content, especially the content of potassium and phosphorus. Delineation of management zones is very often conducted using soil apparent electrical conductivity (EC) or other variables related to soil condition, including satellite-derived vegetation indices. In this study conducted in North-Western Poland, relationships between soil electrical conductivity and the satellite-derived normalized difference vegetation index (NDVI) of various crops (wheat, barley, and rapeseed) with soil pH and content of P, K, and Mg were evaluated. Strong relationships were observed between NDVI of cereals with potassium content in soil. Correlation coefficients for wheat ranged from 0.37 to 0.60 for average potassium content for three years and from 0.05 to 0.63 for barley. Stronger relationships were observed for the years 2018 and 2019 when NDVI was based on Sentinel-2 data, while weaker for year 2017 when Landsat 8 NDVI was used. Relationships between EC and macronutrients content were similar to those observed with NDVI. Satellite-derived NDVI of cereals can be used as a variable for the delineation of within-field management zones. The same relationships were much weaker and not consistent for winter rapeseed.
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1. Introduction


Evaluation of available nutrients content such as potassium, magnesium, and phosphorus as well soil pH is very important in crop production because it allows for the optimization of soil fertilization and liming. Soil sampling and chemical analysis demand expenses which are higher if such soil sampling is conducted frequently and at high spatial density. Accurate evaluation of soil physico-chemical properties is very important in site-specific crop management, where variable-rate fertilization is applied. Delineation of management zones allows obtaining more accurate soil maps because soil properties within such zones are more homogenous. One composite soil sample represents each management zone. Areas of such management zones should be homogenous according to the most important agronomical soil properties such as soil texture, content of soil organic carbon, pH, and content of the most important nutrients such as potassium, phosphorus, and magnesium. Delineation of management zones can be based on proximal sensing (e.g., evaluation of electrical conductivity—EC) or remote-sensing data (e.g., satellite-derived spectral indices). One of the most common spectral indices used for delineation of management zones is NDVI (Normalized Difference Vegetation Index) from satellite sensors of high or medium spatial resolutions such as, e.g., Sentinel-2 [1,2], Landsat 8 [3,4], or PlanetScope [5]. The main reason why NDVI is used for such a purpose is its strong positive relationship with grain yield, which was observed in many studies at different spatial scale on various crops including cereals, including wheat and barley [6,7,8,9,10], and rapeseed [10,11,12]. Usually, NDVI is more strongly correlated with yield in later growth stages, i.e., near to harvest, however some studies proved strong relationships in early crop stages which are observed in winter crops such as winter cereals [7,8]. In early crop stages, it is usually not a good indicator of yield potential. NDVI is not only correlated with grain yield, but also with soil properties, which are important in crop management, such as soil texture and content of nutrients [13,14,15,16]. Because of that, NDVI is not only an index which is related to current crop status, but it is a more complex measure of soil agronomical conditions. Another variable which is commonly used for the delineation of management zones is apparent electrical conductivity (EC) using the proximal sensing method [17,18,19,20,21,22,23]. Electrical conductivity is strongly correlated with soil moisture, which in turn is related to soil texture. Higher EC usually means higher content of clay and lower content of sand, which was proved in various studies [24,25,26]. The strength of the relationships between EC and soil fractions ranges from weak to very strong (coefficient of determination near 1). EC depends on soil moisture and soil temperature, and because of that it is variable in time. However, the relative differences for various areas within the field are quite stable in subsequent measurements for the same field. More comprehensive approaches used for the delineation of management zones use a set of variables which characterize both yield potential and soil agronomical properties, e.g., various satellite spectral indices (besides those of NDVI, e.g., RVI, SAVI, MSAVI, GEMI, IPVI) and electrical conductivity of soil [27,28,29,30]. The delineation of management zones is especially important in optimized stratified soil sampling and later in variable-rate fertilization [31,32,33,34]. Proper delineation of management zones allows obtaining more accurate soil maps which can be used for recommendation of fertilizer doses and the application of variable-rate fertilization.



The aim of this study was the evaluation of the relationship between soil electrical conductivity and satellite-derived NDVI with soil pH and content of P, K, and Mg at management zones level to evaluate the usefulness of NDVI and EC for the delineation of within-field management zones.




2. Materials and Methods


2.1. Area of Study


The study was conducted in a farm located in north-western Poland (53°56′ N 16°17′ E) in the years 2017–2019 comprising an area of about 871 ha (hectares), wherein 438 management zones were delineated (Figure 1). Area of individual management zones was about 2 ha and varied from 0.59 ha to 4.10 ha. The main criterion for the selection of the management zones was uniformity of soil within zones according to chemical and physical soil properties. The delineation of the zones was based on visual assessment of the EC maps of the fields. Areas of individual zones were similar to those which are used commonly in agronomical practice.



Prevailing soil classes according to the WRB classification in the studied fields were Luvisols and Cambisols [35,36]. The soil was characterized by a high content of sand (above 60%) and low content of clay.




2.2. Measurements of Soil Properties


EC scanning (soil scanning) has been surveyed in the summer of 2015 to allow the division into zones before soil sampling in subsequent years, following crop harvest, in the fields included in this study in conditions with relatively low soil moisture to better evaluate the differences between various soil textures and the relative relationships between EC and physico-chemical soil properties [37]. Fields were cultivated with disc harrow, and soil humidity was moderate. Geonics EM-38 (MK-1, first generation) was used in the vertical (ECL) mode, providing up to about 1 m soil penetration which was presented in mS/m (millisiemens per metre). Because the most important effect on the EC results has topsoil, the result of the measurement is mainly connected with the physico-chemical properties of the arable layer of soil [38]. The unit was calibrated before each new field according to the manufacturer’s procedures (Q and P zeroing). The scanner was installed on dielectric (polyethylene) sledge pulled by a pick-up truck in 15–20 m passages and with the speed of 15–20 km/h. EC values were recorded with 1 Hz frequency with geographical coordinates based on a DGPS receiver in a field computer with FarmWorks Mobile software.



After collecting data (ESRI SHP shapefile format), errors caused by abnormal measurements (values below zero) were filtered and cleaned in GIS software (FarmWorks Office) [39]. Proofed points were interpolated using the inverse distance weighting (IDW) method using squared-weighted interpolation where the power value was equal to 2 to create contour maps. Management zones were manually delineated based on EC values to obtain similar EC values within each zone.



One composite soil sample (consisting of 10–12 cores/subsamples) was collected from every management zone from a depth of 5–25 cm by automatic soil sampler Wintex 1000 [40] to provide the necessary quality of probes. Standard, “Z” shape of transects (zig-zag survey lines) was applied. Navigation inside zones was provided by a PC Tablet with a GPS receiver and FarmWorks Mobile software.



Sampling was repeated every season from 2017 to 2019 after the crop harvest, according to the time of harvesting particular crops, starting from the middle of July (winter barley), end of July (winter oil rapeseed), and beginning of August (winter wheat).



Four-hundred thirty-eight samples (each sample consisted of soil mixed from 10–12 cores) were tested for P2O5, K2O, Mg (available forms), and soil pH. Chemical analysis was performed according to standard procedures, i.e., pH was measured using the potentiometric method in potassium chloride solution (KCl) [41], available phosphorus and potassium were measured using the Egner-Riehm method [42], and the content was presented in mg of P2O5 and K2O per 100 g of soil. Content of available magnesium was measured using Schachtschabel methodology [43] and presented in mg Mg per 100 g of soil.




2.3. Crop Management


In the studied farmm three crops were planted, i.e., winter wheat, winter barley, and winter rapeseed. Figure 2 presents the fields with these crops in years 2017–2019. Fertilization applied was adjusted to nutrient requirements assuming expected grain yields of winter wheat and winter barley of 8 tons per hectare (t/ha) and 4.5 t/ha of winter rapeseed. Doses of phosphorus, potassium, and magnesium mineral fertilizers are presented in Table 1. For fields where pH was low and liming was required, calcium minerals containing about 34% of calcium carbonate (CaCO3) were applied at the rate of 1–1.5 t/ha.




2.4. Satellite Data


Mean values of normalized difference vegetation index (NDVI) were calculated using data acquired by Landsat 8 (for year 2017) and Sentinel-2 (for years 2018 and 2019) satellites for areas of management zones using zonal statistics in QGIS software. For the analyses, satellite imagery (C2 Level 2 product for Landsat-8 and Level-2A product for Sentinel-2) from the following dates: 19 May 2017, 3 June 2018, and 5 June 2019 was used. Such dates were selected because all three crops (winter wheat, winter barley, and winter rapeseed) were, in the region of study, during intensive growth stages (winter cereals are after anthesis or during milk maturity while winter rapeseed is in the end of flowering or during the pod-filling stage). NDVI was calculated based on red (central wavelength 655 nm for Landsat 8 and 665 nm for Sentinel-2) and near-infrared (central wavelength 865 nm for Landsat 8 and 833 nm for Sentinel-2) bands with spatial resolution 30 m for Landsat 8 and 10 m for Sentinel-2 [44]. Pixels located at the borders of the management zones were excluded from the analyses. Because NDVI for various crops cannot be compared, for the analyses for all crops together, the standardized value of NDVI was used. Standardization was performed for each crop separately, i.e., from each value mean NDVI for each crop was subtracted and then divided by the standard deviation.




2.5. Statistical Analysis


Descriptive statistics such as means, standard deviations (SD), and coefficients of variations (CV) were calculated for the variables in the study. Relationships between pairs of variables were calculated using Pearson’s correlation coefficients and for selected pairs of variables linear regression was applied. Statistical analyses were preformed using Statistica 13.3 program [45]. Significance level for all the analyses was set at 0.05 probability level.





3. Results


3.1. Characteristics of Chemical Soil Properties


Soil reaction as well content of available forms of phosphorus, potassium, and magnesium in most of the studied area was favorable for crops because the content of available nutrients (P, K, and Mg) in the soil was sufficient for most of the area (Table 2). In most of the studied fields, soil reaction was optimal or near to optimal for crops, i.e., soil reaction was from moderately acidic to neutral. Such a soil reaction was characterized by 91.6% of all management zones included in the study. For only six management zones (1.4%), a strong acidic soil reaction was observed and for 31 management zones (7.1%), the soil reaction was slightly alkaline. Content of phosphorus was, for almost the entire studied area, from medium to very high according to the recommendations for Poland [46]. Only 19 management zones (4.3%) were characterized by low phosphorus content in soil. Potassium content was from medium to very high for 90% of the management zones and only for 10% (44 of 438) was low and very low. In the case of magnesium, only 15 (3.4%) management zones showed low content and for the rest of the area the content of magnesium was from medium to very high according to the recommendations for Poland [47].



The studied fields were characterized by a near-to-optimal value of pH (means about 6.2–6.4) and relatively low variability of pH (CV about 8%) (Table 3). Mean content of available phosphorus (in mg P2O5 per 100 g of soil) for all three years of the study (2017–2019) was equal to 17.2 mg, which means a high content according to the recommendations for agricultural crops [46,47]. Mean content of available potassium (in mg K2O per 100 g of soil) was equal to 18.14 mg, which means medium content according to the recommendations for agricultural crops. In the case of magnesium, average content was equal to 10.45 mg/100 g of soil, which means very high content for agricultural crops. Variability of the content of P, K, and Mg was similar and much higher in comparison with the variability of pH. Coefficients of variations ranged from 25.3% to 28.5% for these three nutrients (P, K, and Mg).




3.2. Relationship between pH and Nutrients


Relationships between pH and each nutrient in subsequent years were positive and strong (Table 4), which means that these soil-chemical properties were quite stable during the period of the study.



Significant relationships were observed between all of the pairs of chemical soil properties. pH of soil was correlated positively with content of phosphorus and negatively correlated with content of potassium and magnesium. Moreover, content of phosphorus was negatively correlated with content of potassium and magnesium. Potassium and magnesium were positively correlated. The relationships were similar for each year separately as well for average values for all years (2017–2019).




3.3. Relationships between NDVI and EC with pH and Content of Nutrients


Because various crops (wheat, barley, and rapeseed) were cultivated in each year, standardized NDVI (standard score) was used for calculation of correlation coefficients between NDVI for all crops together with pH and content of nutrients in soil. Standardization was performed separately for each crop based on mean NDVI and standard deviation. The results presented in Table 5 proved a strong positive correlation between NDVI in the year 2019 and average potassium content for years 2017–2019 (r = 0.562). Positive but weaker correlations (r = 0.228 in 2017 and 0.332 in 2018) were observed between NDVI for other years. A positive but slightly weaker correlation was found between NDVI in 2019 with magnesium content (r = 0.455). For the other two years (2017 and 2018), the correlations were very weak (−0.124 for 2017 and 0.083 for 2028). Negative correlations were observed between NDVI and phosphorus content, the strongest in year 2019, i.e., r = −0.411, for average content of phosphorus for the years 2017–2019. For the other two years, the correlations between NDVI and average content of phosphorus were weaker (r = −0.063 in 2017 and −0.202 in 2018). Very weak negative correlations were found between NDVI and average pH for years 2017–2019 (r = −0.004 in 2017, r = −0.189 in 2018, and r = −0.176 in 2019). Positive correlations observed between EC with average (for 2017–2019) macronutrients content were with magnesium (r = 0.518) and potassium (r = 0.286) and negative between EC with phosphorus and pH (r = −0.358 and r = 0.057). The direction of the relationships was similar for both NDVI and EC, which confirmed that these two variables are positively correlated (the strongest positive correlation between EC and NDVI was observed in 2019, r = 0.287).



Correlation coefficients were calculated not only for total area of the study (all fields together), but also separately for each crop, for all fields with the same crop species (Table 6, Table 7 and Table 8).



The results proved moderate or strong positive correlations between NDVI (depending on the year) and EC with content of potassium and magnesium for winter wheat (Table 6). Most of the correlation coefficients with NDVI ranged from 0.36 to 0.63 for fields with winter wheat while with EC ranged from 0.63 to 0.70.



Most of the correlations observed between NDVI and EC with pH and phosphorus content in soil were negative (for NDVI for years 2018 and 2018) or positive but very weak (for NDVI for year 2017). These correlations for all winter wheat fields between NDVI and pH for years 2017–2019 ranged from −0.45 to 0.28, while between NDVI and phosphorus ranged −0.75 to 0.23. The correlation coefficient between EC with average pH for years 2017–2019 was equal to −0.29 and between EC and phosphorus equal to −0.68.



Correlation coefficients between NDVI and EC with content of potassium and magnesium for barley for all fields together (Table 7) proved similar relationships to those observed for winter wheat. Positive correlations were observed between NDVI and EC with potassium and magnesium in 2018 and 2019; negative or very weak correlations were observed between NDVI and EC with pH and phosphorus content in soil. The correlations for all barley fields and average content of K and Mg for years 2017–2019 were stronger between potassium with NDVI (r = 0.63 for year 2019 and 0.23 for 2018 and very weak in 2017, r = 0.05) than between magnesium with NDVI (r = 0.40 in 2019, 0.11 in 2018 and negative in 2017, r = −0.35). Correlations between EC with K and Mg were positive, respectively r = 0.18 and 0.40. Correlations between NDVI and EC with pH and P were rather weak. For all barley fields and average content P in soil for years 2017–2019, the strongest correlation was with NDVI in 2019 (r = −0.33), and for years 2017 and 2018 they were weaker (−0.18 and −0.16 respectively). The correlations for content of nutrients for individual years were quite consistent with these, which were observed for average content of nutrients, i.e., correlations between NDVI and EC with K and Mg were positive and significant, while between NDVI and EC with pH and P were negative or very weak. Stronger correlations were observed for NDVI in comparison with correlations with EC, but only for the year 2019, while for the other two years they were weaker.



Correlation coefficients between NDVI and EC with content of potassium and magnesium for winter rapeseed for all fields together (Table 8) proved similar relationships (positive correlations) to these observed for winter wheat and barley; however, the correlations were slightly weaker. The correlations for all rapeseed fields and average content of K for years 2017–2019 were the strongest between potassium with NDVI for the year 2019 (r = 0.53) and in the same year the strongest between magnesium with NDVI (r = 0.32). For other years were weaker. Correlations between EC with K and Mg were positive but weaker (respectively r = 0.23 and 0.17). Correlations between NDVI and EC with pH and P were weaker. For all rapeseed fields and average P for years 2017–2019, positive but weak correlations were observed between phosphorus with EC (r = 0.18). The correlations between nutrients and NDVI and EC for years were similar to those which were observed for average content of nutrients.



The relationships are presented in graphical form in Figure 3 and Figure 4 with regression equations and coefficients of determination. Increase of potassium content by 1 unit (mg of K2O per 100 g of soil) was related to an increase of the standardized NDVI for all crops together by about 0.08 units. In case of magnesium, an increase of magnesium content by 1 unit (mg of Mg per 100 g of soil) was related to increase of the standardized NDVI by about 0.05 units. Increase of phosphorus content by 1 unit (mg of P2O5 per 100 g of soil) was related to an decrease of standardized NDVI of winter wheat by about 0.05 units. A negative relationship between pH and NDVI based on linear regression proved that an increase of pH by one unit was related to the decrease of the standardized NDVI by about 0.25 units. Moreover, an increase of potassium by 1 unit (mg K2O per 100 g of soil) for fields with winter wheat was related to an increase of EC by about 0.24 units. For magnesium, an increase of content by 1 unit (mg of Mg per 100 g of soil) was related to an increase of EC by 0.68 units. An increase of phosphorus by one unit (mg of P2O5 per 100 g of soil) was related to a decrease of EC by 0.3 units. The relationship between EC and pH was negative but very weak.





4. Discussion


The results obtained in this study proved positive significant relationships between potassium and magnesium content in soil with NDVI and EC. Stronger relationships in this study were observed for cereals (winter wheat and winter barley) than for rapeseed. Since NDVI is strongly correlated with grain yield, we can conclude that the content of potassium and magnesium have a strong positive effect on the grain yield of winter wheat and winter barley. In this study, stronger relationships were observed between content of macronutrients with NDVI in the year 2019 than with EC, but for the other two years (2017 and 2018) the relationships were weaker. This means that delineation of management zones for stratified soil sampling can be efficient based on EC, which is directly connected with soil properties as well as based on NDVI, which is indirectly (by crop status) related to soil properties. EC is variable and can be used for the delineation management zones for site-specific crop management as a sole attribute or together with other auxiliary variables [17,18,19,20,21]. Such an approach demands proximal soil sensing using special equipment as well performing mapping of the fields at an appropriate time (very often after the crop harvest). Instead of EC maps, it is possible to use other mapping techniques of the field, including satellite remote sensing. Satellite remote-sensing data are available for free from, e.g., Sentinel and Landsat satellites. It allows the use of such data for the delineation of management zones without any additional measurements [48]. However, we should notice that cereals like winter wheat or barley are better crops for NDVI-based delineation of management zones in comparison with rapeseed because of stronger relationships with the contents of nutrients in soil. Moreover, the relationships between NDVI and soil properties can vary in different years.



In this study, negative significant relationships were observed between pH and phosphorus content in soil with NDVI and EC. Especially strong relationships were observed for winter wheat. The results were opposite to the expected because they mean that the higher pH and phosphorus content, the lower NDVI, and as a result the lower the grain yield. However, we should notice that negative correlations between potassium and magnesium content with phosphorus content were observed. Moreover, high phosphorus content in soil was related with high pH. High pH can cause lower ability for uptake by plants of phosphorus because of phosphorus fixation by calcium (precipitation of Ca phosphate minerals) [49,50,51]. Negative correlations between content of phosphorus content in soil with yields of various crops, including cereals, were found in some previous studies [27,52]. Similar results, i.e., a negative relation between NDVI with content of phosphorus in soil and pH, were observed in the study of Serrano et al. [27]. The highest phosphorus content (more than 50 mg P per kg) and the highest pH (5.6) were observed for the within-field management zone where NDVI as well yield potential was the lowest in comparison with medium- and high-potential management zones (P in the range of 20–30 mg per kg and pH in the range of 5.4–5.5). Another study [16] which presented relationships between soil properties with NDVI and grain yield of cereals (wheat and barley) proved a positive correlation between content of potassium with NDVI and grain yield (positive values of regression coefficients in multivariate model), but the relationship with content of phosphorus was not consistent, relatively weak, but in some cases positive and in some cases negative. A study on the delineation of management zones for a cotton field in Eastern China [53] proved negative relations between content of potassium as well pH with NDVI and cotton yield. The lowest pH (7.56) and content of available potassium (96 mg per kg) was observed for the management zone with the highest productivity, while the highest values (pH = 7.90 and 14 mg K per kg) were observed for the zone with the lowest productivity. Other factors such as content of nitrogen and organic matter were positively correlated with grain yield and NDVI. The results prove that potassium and phosphorus are not crucial for obtaining high yields. We should notice that usage of NDVI have some limitations including lack of availability of satellite images because of cloud cover [54], atmospheric effects, sensor factors, the saturation phenomenon [55], or other problems such as the existence of weeds which affect the value of the spectral index [56]. These problems should be avoided, e.g., by using multi-temporal satellite data.




5. Conclusions


Relationships between NDVI of cereals with macronutrients content in soil and pH were similar to relationships between EC and soil chemical properties. Because of this, both satellite-derived NDVI and EC are variables of similar usefulness for the delineation of within field management zones. The same relationships were much weaker and not consistent for winter rapeseed and because of that NDVI for rapeseed should, rather, not be used as a variable for the delineation of management zones for precision agriculture. Other spectral vegetation indices should be tested in future research on management zones delineation. In the case of EC, measurements at various soil moisture should be tested to find the optimal soil conditions for EC measurement for management zones delineation. Soil chemical properties such as pH and content of P, K, and Mg are quite stable in recent years and because of that delineated management zones can be used for stratified soil sampling in a period of about 5 years when these properties are quite stable in time.
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Figure 1. Location of the study area and management zones with average EC (in mS/m) within crop fields which were included in the study. 
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Figure 2. Fields included in the study with crops in subsequent years (2017–2019). 
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Figure 3. Relationships between EC versus pH and content of macronutrients. 
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Figure 4. Relationships between NDVI versus pH and content of macronutrients. 
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Table 1. Mineral fertilization (P, K, and Mg) applied for the studied crops.
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Crop

	
Winter Wheat

	
Winter Barley

	
Winter Rapeseed






	
Expected seed yield (tons per hectare)

	
8

	
8

	
4.5




	
Doses of mineral fertilization (kg per hectare)




	
Kieserite (magnesium sulfate—MgSO4·H2O) applied before sowing

	
100

	
100

	
200




	
Korn-Kali (40% K2O and 6% MgO, 12.5% SO3) applied before sowing

	
308

	
308

	
445




	
Korn-Kali (40% K2O and 6% MgO, 12.5% SO3) applied in spring

	
100

	
100

	
200




	
Polidap (Ammonium phosphate—(NH4)3PO4, i.e., 46% P2O5 and 18% N)

	
145

	
145

	
120
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Table 2. Number and percentage of managements zones for different classes of soil pH and content of nutrients [46,47] (available forms of phosphorus, potassium, and magnesium) based on averaged data for all three years of study (2017–2019).
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pH




	
Soil Reaction Range

	
Range (pH Units)

	
Number of Management Zones

	
Percent of Management Zones




	
Very strongly acidic

	
to 5.00

	
0

	
0.0%




	
Strongly acidic

	
5.01–5.50

	
6

	
1.4%




	
Moderately acidic

	
5.51–6.00

	
99

	
22.6%




	
Slightly acidic

	
6.01–6.50

	
223

	
50.9%




	
Neutral

	
6.51–7.30

	
79

	
18.0%




	
Slightly alkaline

	
7.31–7.80

	
31

	
7.1%




	
Phosphorus




	
Content Class

	
Range (mg P2O5 per 100 g of Soil)

	
Number of Management Zones

	
Percent of Management Zones




	
Very low

	
to 5.0

	
0

	
0.0%




	
Low

	
5.01–10.00

	
19

	
4.3%




	
Medium

	
10.01–15.00

	
123

	
28.1%




	
High

	
15.01–20.00

	
205

	
46.8%




	
Very high

	
from 20.1

	
91

	
20.8%




	
Potassium




	
Content Class

	
Range (mg K2O per 100 g of Soil)

	
Number of Management Zones

	
Percent of Management Zones




	
Very low

	
to 7.50

	
1

	
0.2%




	
Low

	
7.51–12.50

	
43

	
9.8%




	
Medium

	
12.51–20.00

	
273

	
62.3%




	
High

	
20.01–25.00

	
94

	
21.5%




	
Very high

	
from 25.01

	
27

	
6.2%




	
Magnessium




	
Content Class

	
Range (mg Mg per 100 g of Soil)

	
Number of Management Zones

	
Percent of Management Zones




	
Very low

	
to 3.00

	
0

	
0.0%




	
Low

	
3.01–5.00

	
15

	
3.4%




	
Medium

	
5.01–7.00

	
32

	
7.3%




	
High

	
7.01–9.00

	
99

	
22.6%




	
Very high

	
od 9.01

	
292

	
66.7%











[image: Table] 





Table 3. Means, standard deviations (SD), ranges (min-max), and coefficients of variation (CV) for the studied variables.
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	Mean
	Min
	Max
	SD
	CV (%)





	pH 2017
	6.38
	5.31
	7.60
	0.48
	7.45



	Phosphorus 2017
	15.31
	3.00
	37.80
	5.05
	33.01



	Potassium 2017
	16.42
	5.00
	36.00
	4.80
	29.23



	Magnesium 2017
	10.07
	2.60
	19.50
	2.75
	27.30



	pH 2018
	6.23
	4.80
	7.70
	0.55
	8.84



	Phosphorus 2018
	19.89
	8.50
	46.20
	5.33
	26.78



	Potassium 2018
	17.43
	5.00
	38.00
	5.51
	31.60



	Magnesium 2018
	10.53
	3.20
	23.70
	3.40
	32.33



	pH 2019
	6.35
	5.00
	7.70
	0.51
	8.05



	Phosphorus 2019
	16.39
	5.20
	41.60
	5.53
	33.75



	Potassium 2019
	20.56
	8.00
	44.00
	5.16
	25.10



	Magnesium 2019
	10.74
	3.30
	22.90
	3.22
	30.01



	pH avg. 2017–2019
	6.32
	5.13
	7.65
	0.48
	7.60



	Phosphorus avg. 2017–2019
	17.20
	6.73
	37.47
	4.69
	27.25



	Potassium avg. 2017–2019
	18.14
	7.00
	38.00
	4.60
	25.34



	Magnesium avg. 2017–2019
	10.45
	3.23
	22.03
	2.98
	28.54



	Soil EC
	13.60
	2.01
	43.84
	3.89
	28.56



	NDVI 2017-05-19—Landsat 8
	0.50
	0.23
	0.60
	0.06
	11.68



	NDVI 2018-06-03—Sentinel-2
	0.75
	0.45
	0.90
	0.08
	10.02



	NDVI 2019-06-05—Sentinel-2
	0.82
	0.37
	0.90
	0.05
	6.27
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Table 4. Correlation coefficients between pH and content of macronutrients in subsequent years of the study and averages for three years (significant correlations at 0.05 significance level are in bold).
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	pH 2017
	P 2017
	K 2017
	Mg 2017
	pH 2018
	P 2018
	K 2018
	Mg 2018
	pH 2019
	P 2019
	K 2019
	Mg 2019
	pH Avg 2017 2019
	P Avg 2017 2019
	K Avg 2017 2019
	Mg Avg 2017 2019





	pH 2017
	
	0.40
	−0.23
	−0.34
	0.82
	0.36
	−0.23
	−0.10
	0.78
	0.34
	−0.26
	−0.16
	0.92
	0.42
	−0.27
	−0.20



	Phosphorus 2017
	
	
	−0.21
	−0.44
	0.35
	0.66
	−0.30
	−0.36
	0.34
	0.65
	−0.23
	−0.36
	0.39
	0.87
	−0.28
	−0.40



	Potassium 2017
	
	
	
	0.55
	−0.17
	−0.16
	0.74
	0.39
	−0.17
	−0.11
	0.69
	0.37
	−0.20
	−0.17
	0.90
	0.45



	Magnesium 2017
	
	
	
	
	−0.26
	−0.38
	0.56
	0.83
	−0.27
	−0.41
	0.43
	0.85
	−0.31
	−0.47
	0.57
	0.93



	pH 2018
	
	
	
	
	
	0.45
	−0.16
	−0.04
	0.84
	0.40
	−0.20
	−0.11
	0.95
	0.45
	−0.20
	−0.13



	Phosphorus 2018
	
	
	
	
	
	
	−0.19
	−0.24
	0.37
	0.70
	−0.16
	−0.28
	0.42
	0.89
	−0.19
	−0.31



	Potassium 2018
	
	
	
	
	
	
	
	0.50
	−0.22
	−0.27
	0.65
	0.49
	−0.22
	−0.29
	0.90
	0.54



	Magnesium 2018
	
	
	
	
	
	
	
	
	−0.11
	−0.39
	0.30
	0.90
	−0.09
	−0.37
	0.45
	0.96



	pH 2019
	
	
	
	
	
	
	
	
	
	0.48
	−0.26
	−0.16
	0.93
	0.45
	−0.25
	−0.18



	Phosphorus 2019
	
	
	
	
	
	
	
	
	
	
	−0.11
	−0.44
	0.44
	0.89
	−0.19
	−0.43



	Potassium 2019
	
	
	
	
	
	
	
	
	
	
	
	0.30
	−0.25
	−0.19
	0.87
	0.36



	Magnesium 2019
	
	
	
	
	
	
	
	
	
	
	
	
	−0.15
	−0.41
	0.44
	0.97



	pH avg. 2017–2019
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.47
	−0.25
	−0.18



	Phosphorus avg. 2017–2019
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.24
	−0.43



	Potassium avg. 2017–2019
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.50



	Magnesium avg. 2017–2019
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	







Color scale for correlation coefficients (the same for Table 5, Table 6 and Table 7): [image: Agronomy 12 00354 i001].













[image: Table] 





Table 5. Correlation coefficients between EC and standardized NDVI versus soil pH and nutrients content (significant correlations at 0.05 significance level are in bold; color background scale for correlations the same as in Table 4).
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	Standardized NDVI

19 May 2017—Landsat 8
	Standardized NDVI

3 June 2018—Sentinel-2
	Standardized NDVI

5 June 2019—Sentinel-2
	Soil EC





	pH 2017
	0.067
	−0.156
	−0.153
	−0.039



	Phosphorus 2017
	−0.048
	−0.145
	−0.397
	−0.284



	Potassium 2017
	0.189
	0.291
	0.500
	0.240



	Magnesium 2017
	−0.100
	0.109
	0.481
	0.448



	pH 2018
	−0.001
	−0.190
	−0.149
	−0.048



	Phosphorus 2018
	−0.088
	−0.190
	−0.308
	−0.329



	Potassium 2018
	0.256
	0.284
	0.521
	0.371



	Magnesium 2018
	−0.091
	0.069
	0.413
	0.497



	pH 2019
	−0.070
	−0.182
	−0.191
	−0.074



	Phosphorus 2019
	−0.031
	−0.199
	−0.384
	−0.333



	Potassium 2019
	0.162
	0.313
	0.480
	0.145



	Magnesium 2019
	−0.162
	0.064
	0.416
	0.530



	pH avg. 2017–2019
	−0.004
	−0.189
	−0.176
	−0.057



	Phosphorus avg. 2017–2019
	−0.063
	−0.202
	−0.411
	−0.358



	Potassium avg. 2017–2019
	0.228
	0.332
	0.562
	0.286



	Magnesium avg. 2017–2019
	−0.124
	0.083
	0.455
	0.518



	Soil EC
	−0.070
	0.112
	0.283
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Table 6. Correlation coefficients between EC and standardized NDVI with soil pH and nutrients content for winter wheat (significant correlations at 0.05 significance level are in bold; color background scale for correlations the same as in Table 4).
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	Standardized NDVI

19 May 2017—Landsat 8
	Standardized NDVI

3 June 2018—Sentinel-2
	Standardized NDVI

5 June 2019—Sentinel-2
	EC





	pH 2017
	0.417
	−0.121
	−0.478
	−0.356



	Phosphorus 2017
	0.276
	−0.339
	−0.699
	−0.697



	Potassium 2017
	0.373
	0.506
	0.560
	0.608



	Magnesium 2017
	0.309
	0.509
	0.653
	0.675



	pH 2018
	0.299
	−0.148
	−0.397
	−0.218



	Phosphorus 2018
	0.242
	−0.396
	−0.713
	−0.564



	Potassium 2018
	0.505
	0.510
	0.597
	0.651



	Magnesium 2018
	0.391
	0.512
	0.591
	0.672



	pH 2019
	0.028
	−0.181
	−0.422
	−0.286



	Phosphorus 2019
	0.066
	−0.451
	−0.713
	−0.649



	Potassium 2019
	0.057
	0.520
	0.475
	0.443



	Magnesium 2019
	0.344
	0.484
	0.611
	0.696



	pH avg. 2017–2019
	0.284
	−0.158
	−0.446
	−0.293



	Phosphorus avg. 2017–2019
	0.226
	−0.460
	−0.749
	−0.678



	Potassium avg. 2017–2019
	0.365
	0.549
	0.599
	0.630



	Magnesium avg. 2017–2019
	0.377
	0.530
	0.632
	0.699
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Table 7. Correlation coefficients between EC and standardized NDVI with soil pH and nutrients content for barley (significant correlations at 0.05 significance level are in bold; color background scale for correlations the same as in Table 4).
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	Standardized NDVI

19 May 2017—Landsat 8
	Standardized NDVI

3 June 2018— Sentinel-2
	Standardized NDVI

5 June 2019—Sentinel-2
	EC





	pH 2017
	0.042
	−0.247
	−0.039
	−0.138



	Phosphorus 2017
	−0.121
	−0.163
	−0.383
	0.026



	Potassium 2017
	0.016
	0.193
	0.558
	0.179



	Magnesium 2017
	−0.309
	0.126
	0.375
	0.376



	pH 2018
	−0.081
	−0.159
	0.012
	−0.044



	Phosphorus 2018
	−0.347
	−0.167
	−0.167
	−0.136



	Potassium 2018
	0.067
	0.211
	0.611
	0.169



	Magnesium 2018
	−0.340
	0.055
	0.402
	0.358



	pH 2019
	−0.027
	−0.027
	−0.123
	0.003



	Phosphorus 2019
	−0.032
	−0.097
	−0.326
	−0.094



	Potassium 2019
	0.025
	0.141
	0.595
	0.143



	Magnesium 2019
	−0.357
	0.137
	0.367
	0.407



	pH avg. 2017–2019
	−0.028
	−0.166
	−0.049
	−0.061



	Phosphorus avg. 2017–2019
	−0.180
	−0.160
	−0.332
	−0.087



	Potassium avg. 2017–2019
	0.045
	0.232
	0.632
	0.175



	Magnesium avg. 2017–2019
	−0.347
	0.108
	0.403
	0.400
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Table 8. Correlation coefficients between EC and standardized NDVI with soil pH and nutrients content for winter rapeseed (significant correlations at 0.05 significance level are in bold; color background scale for correlations the same as in Table 4).
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	Standardized NDVI

19 May 2017—Landsat 8
	Standardized NDVI

3 June 2018—Sentinel-2
	Standardized NDVI

5 June 2019—Sentinel-2
	EC





	pH 2017
	−0.089
	−0.162
	0.078
	0.073



	Phosphorus 2017
	−0.211
	0.017
	−0.101
	0.177



	Potassium 2017
	0.281
	0.159
	0.489
	0.183



	Magnesium 2017
	−0.026
	−0.192
	0.424
	0.131



	pH 2018
	−0.085
	−0.266
	−0.026
	0.064



	Phosphorus 2018
	−0.023
	−0.015
	−0.142
	0.120



	Potassium 2018
	0.395
	0.146
	0.350
	0.174



	Magnesium 2018
	−0.022
	−0.184
	0.238
	0.118



	pH 2019
	−0.209
	−0.303
	0.034
	0.103



	Phosphorus 2019
	−0.098
	−0.044
	−0.155
	0.184



	Potassium 2019
	0.360
	0.238
	0.387
	0.163



	Magnesium 2019
	−0.200
	−0.209
	0.293
	0.240



	pH avg. 2017–2019
	−0.132
	−0.260
	0.029
	0.090



	Phosphorus avg. 2017–2019
	−0.120
	−0.014
	−0.146
	0.176



	Potassium avg. 2017–2019
	0.372
	0.192
	0.533
	0.225



	Magnesium avg. 2017–2019
	−0.084
	−0.200
	0.324
	0.172
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