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Abstract

One of the most commonly used sensing technologies to characterize soil spatial variability is on-
the-go measurement of the apparent electrical conductivity (EC). When properly calibrated to con-
ventional soil properties, EC, measurements can help to create thematic soil maps that represent
the variability of soil characteristics. Then, these maps, after reclassification, can be used for the
creation of prescription maps for variable application of agricultural inputs, to increase their use
efficiency. In the absence of salinity, EC, is strongly responsive to soil texture (ST), which is more
stable over time than chemical soil properties. However, the temporal stability of soil EC, on com-
mercial fields has not been investigated in Poland, which has a wide representation of very light
and light soils. In our country, four soil agronomic categories (ACs) were distinguished, and they
are derived from information on the content of fine particles (FPs, <0.02 mm) in the soil. ACs have
been used for the formulation of lime and fertilizer recommendations in our country and they are
typically assigned through laboratory determinations of fine particle content or derived from soil
agricultural maps. But, none of these approaches allows for the delineation of soil ACs with high
spatial density required for the creation of maps for variable application of agricultural inputs. The
objectives of the study were to: i) evaluate spatial and temporal variability of relative EC, values
registered at two depths (EC,, - 0-30 and EC - 0-90 cm), during eight EC,_ surveys for a commercial
field of predominantly very light and light soils; ii) delineate soil ACs for this field based on the rela-
tionship between EC, values registered during two surveys done in a 10-year time interval, and fine
particle content. The production field was characterized by high EC, spatial variability and stable
temporal EC, patterns, suggesting that a single measurement of this soil property could be sufficient
to delineate maps of soil physical characteristics strongly related to EC, on very light and light soils.
A strong relationship between the relative EC, values from 2013 and 2023, and fine soil particles
allowed the creation of very similar maps of ACs, which may be used for formulating fertilizer
and lime recommendations on fields covered with the above-mentioned types of soils. The soil ACs
patterns were less repeatable across years (2013 vs. 2023), but acceptable for map generalization
when the EC, o values were used for the prediction of FPs content from a thicker soil layer (0-90 cm).
However, the wider application of achieved relationships may require field-specific calibrations of
EC, values to ensure better accuracy of the delineated AC maps because this study was performed
in a single production field.

attributes within a field is essential for the decision-making
process (Adamchuk et al., 2004), which is done by the farm-

Soil properties vary considerably over most fields, of- ers mainly through the more efficient use of inputs (nutrients,
ten leading to variable crop production (GRDC 2023). Thus, ameliorants, pesticides, and water). Proximal soil sensing (PSS)
the information about the spatial variability of different soil involves on-the-go (while travelling across the field) collection
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of information related to soil properties, often employing one
or more sensors. These sensors are integrated with positioning
information from global navigation satellite systems (GNSS),
that allow to produce geo-referenced maps showing variation
across the surveyed area (GRDC 2023). The PSS sensing systems
are based on diverse real-time or near real-time measurement
concepts, including electrical and electromagnetic, optical and
radiometric, mechanistic, and electrochemical (McKenzie et al.,
2003; Adamchuk et al., 2004). Recently, the Grains Research and
Development Corporation — GRDC (2023), published an over-
view describing the advantages and disadvantages of different
PSS available to farmers and summarized that among the com-
mercially available PSS on-the-go systems are: electromagnetic
induction (EMI) or electrical resistivity measurement, both
used to determine soil electrical conductivity (EC), gamma-ra-
diometer (passive), ion-selective electrode, visible/near infra-
red spectrometry (active). However, despite this great variety
of design concepts, most PSS being developed rely on measur-
ing the soil’s ability to reflect or emit electromagnetic energy
or quantify the amount of electrical charge that soil media can
conduct and/or accumulate (Adamchuk et al., 2011). Moreover,
georeferenced EC, measurements are well suited for character-
izing the spatial distribution of soil properties because they are
reliable, quick, and easy to take with commercial equipment
(Corwin and Scudiero, 2020). In agriculture, soil spatial varia-
bility has been characterized by the use of the apparent electri-
cal (EC,) conductivity for more than two decades (Corwin and
Lesch, 2003). There are two main methods applied to measure
soil EC,. A non-contact EMI and a contact method which uses
rotating metal discs as electrodes, which penetrate the soil sur-
face (Farahani and Buchleiter, 2004). The latter method does
not need calibration and the EC, measurements are not affect-
ed by power lines or nearby metal objects buried in the soil.
No single EMI survey or the relative difference in EC, of
repeated EMI surveys was sufficient to obtain the best pos-
sible soil map for the study area (Zhu et al., 2010). The more
EC, surveys carried out in a given area, the more information
collected about the spatial variation of soil properties (Pe-
drera-Parrilla et al., 2016). However, such an approach seems
only reasonable if at least some other soil characteristics af-
fecting EC, readings are also determined at the time of these
measurements, to calibrate EC, measurements to conventional
soil properties. Costly and time-consuming procedures of soil
analyses very often limit such extensive studies and are not
cost-effective beyond research activities. Nevertheless, infor-
mation from several EC, surveys is important because it allows
for checking if a particular soil under such a cropping system
and climatic conditions shows temporal stability of EC, values,
i.e. similar EC, patterns across the years. If delineated EC, zones
are to be used to manage agricultural inputs across the field for
multiple years, the spatial variability and temporal stability of
this soil property is of significant importance (Farahani and Bu-
chleiter, 2004). In the absence of salinity a dynamic property,
research results show that soil EC,, frequently responds well to
soil texture (ST), which is more stable over time than chemical
soil properties (Corwin and Scudiero, 2020). EC, is also a qual-
itative indicator in areas with high spatial variability in ST
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(Molin and Faulin, 2013). Research indicates that EC, is influ-
enced by various soil characteristics, including clay content and
moisture levels, which can vary significantly over time and lo-
cation (Molin and Faulin, 2013; Bottega et al., 2017; Atwell and
Wuddivira, 2019). In Poland, four groupings of ST classes called
soil agronomic categories (ACs), namely very light, light, medi-
um and heavy, have been used since 1986 for formulating lime
and fertilizer recommendations (Zalecenia nawozowe, 1990;
Jadczyszyn et al.,, 2010; Jadczyszyn et al., 2016) and are also one
of the main criteria used to delineate land suitability groups (In
Polish: “kompleks przydatnosci rolniczej gleby” Witek, 1973).
These land suitability groups or frequently also the ACs, deter-
mined to a depth of about 1 m, could be called “management
zones” (MZ) or zone boundaries which according to Adamchuk
et al. (2021), have distinct water and nutrient storage potential
and could be linked to changes in some chemical properties
caused by natural processes under uniform field management.
So far, the ACs are assigned to soils by laboratory determina-
tion of the amount of fine particles (FPs, <0.02 mm) in the soil or
are derived from soil agricultural maps (Stepien et al., 2024b).
Thus none of these approaches allows for the delineation of
soil ACs with high spatial density required for variable applica-
tion of agricultural inputs according to locally defined needs to
increase their use efficiency (Pierce and Nowak, 1999; Stepien
and Samborski, 2018). However, earlier findings show a strong
relationship between soil separates and EC, measured with the
non-contact EMI (Stepien et al., 2015) and contact EC, method
(Stepien et al., 2017) used in Poland. The stability of field-scale
EC, measured with the contact method over a few years on
fields exposed to different cultural and cropping practices has
not been examined in Poland, which has a wide representation
of very light (mainly sands according to USDA, 28% of the area
of agricultural land) and light (mainly loamy sands and some
sandy loams, 30%) soils (L.opatka, 2017). A higher stability of
EC, for soils with higher sand contents due to the lower interac-
tions of EC, with water content and soil chemical properties in
such soils compared with clay soils was suggested by Ahrends
et al,, (2023).

The objectives of this study were to: i) evaluate spatial and
temporal variability of relative soil shallow (EC,,) and deep (EC, o
measurements registered during eight EC, surveys for a produc-
tion field of predominantly very light and light ST; ii) determine
soil ACs for this field based on the relationship between soil EC
and EC, values, measured during two surveys done in a 10-year
time interval, and FP content.

2. Materials and methods
2.1. Location of the research area and weather conditions

The study was conducted between 2013 and 2023 on a pro-
duction field of 10.5 ha (Fig. 1), located in Obory, in Mazovia
region of Poland (52°4’54”N, 21°8’32”E), situated in the Central
Poland Lowland, code 318 (Solon et al., 2018). This region occu-
pies about 27% of the area of Poland (Richling et al., 2021) and
belongs to the Central European Lowland. The field is located in
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Fig. 1. Maps of the: a) field with a superimposed area (0.90 ha) of an experiment, soil texture sampling points in 2014, and altitude (m) model (source:
https://www.geoportal.gov.pl); b) distribution of the soil sampling points within the experimental area. Points only with numbers refer to areas
where samples were taken from a depth of 0-30 cm; points with a label of 90 cm, refer to areas where samples were taken to a depth of 90 cm

a former valley floor on the toeslope of the escarpment and has
a flat to gently undulated surface, with an altitude in the range
0f 89-91 m (Stepien et al., 2015). The soils of this field are formed
mainly from fluvial sands, gravels, and alluvial sediments,
according to the Detailed Geological Map of Poland (Sarnacka,
1976). The field is covered mainly by Arenosols (AR) and Luvi-
sols (LV) according to WRB (IUSS Working Group WRB, 2022)
and rusty soils (BV), clay-illuvial soils (PP) and arenosols (SN)
according to the 6" edition of Polish Soil Classification (Kabala
et al. 2019; Systematyka Gleb Polski, 2019). The main ST classes
found in this field are sand and loamy sand, although some ar-
eas of sandy loam are also present in the topsoil (Stepien et al.,
2015). Finer textured soils, namely sandy clay loams and clay
loams were found in some layers of the subsoil in some of the
field areas (Bioprodukty, 2013-15).

Weather data were acquired from the Warsaw-Okecie
weather station located approximately 13 km from the study
field (https://danepubliczne.imgw.pl). Mean annual precipita-
tion and air temperature varied from 390 mm to 705 mm and
from 8.91°C to 10.9°C, respectively, at the time of this study (Ta-
ble 1s and 2s, supplementary materials).

2.2. Management of the field and measurements of absolute
EC values

The basic information on the field management during the
study period of 2013-2023 is presented in table 1. At this time
all field operations and all production inputs were applied uni-
formly across the field. Measurements of EC (mS m™), were tak-
en using on-the-go Veris Mobile Sensor Platform — MSP3 (Veris
Technologies, Inc., Salina, Kansas, USA), mounted on an agricul-
tural tractor. The Veris is equipped with six coulter electrodes
mounted on an implement. One pair (emitters) of the coulters
induces an electrical current in the soil, while the other two

pairs of coulters (receivers) positioned at distances of 0.3 and
0.9 m from the inducing electrodes, measure the voltage drop
simultaneously. This voltage drop is expressed as EC, at two
depths: shallow (0-0.30 m) - EC_, and deep (0 to 0.90 m) - ECdp,
respectively, at a 1 Hz logging rate. The electrodes are inserted
a few centimeters into the soil to ensure their direct contact
with this medium. Field-scale EC mappings were conducted in
the fall after harvest and shallow tillage, with two exceptions.
Namely, in 2013, the EC, measurements were done five weeks
after sowing winter wheat, and in 2019 the EC, survey was done
in the spring (Table 1). To avoid the influence of more compact-
ed areas (tramlines) on the EC, readings, in all years the EC,
measurements were performed at a slight angle towards the
tramlines used during the cultivation of the previous or exist-
ing (in 2013) crops. On average, travel speeds through the field
ranged between 7.2 and 10.8 km h-! with measurements taken
every second, corresponding to 2 to 3 m spacing between meas-
urements in the direction of travel, respectively. The EC, meas-
urements were tagged with position information provided by
a GNSS unit (Garmin 19x%, Garmin International Inc., Olathe,
Kansas, USA). To guide parallel passes through the field at 7.5 m
or 15 m (only in 2013 and 2019), an Integra display connected
to another GNSS receiver — GPS 1600 (Ag Leader Technology,
Ames, Iowa, USA), mounted on the tractor’s roof was used.

2.3. Soil texture determination

The ST data come from a part of the field (~0.90 ha, Fig. 1),
where an experiment was conducted in 2014, to test the effect of
nitrogen and sulfur fertilization on yield, quality, and nitrogen
use efficiency of winter wheat. Soil sampling was performed on
two dates: March, 2014 (ten soil augerings to a depth of 30 cm,
four of the ten to a depth of 90 cm) and August, 2014 (four soil
profiles to a depth of 100 cm and five additional soil augerings to
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Basic management information regarding conditions of the EC measurements: dates, previous crop, field status at the time of the EC surveys

EC survey date Previous crop

Field status at the time of EC measurement or tillage equipment used 2-4 weeks before the EC survey*

FYM (30 tha™) mixed with soil using a spading harrow of Duro France Compil COM 710 (7 m*)

18.11.2013 Winter rape Growing winter wheat, BBCH 22-23
Brassica napus L.
07.11.2014 Winter wheat
Triticum aestivum L.
23.10.2015 Corn Stubble
Zea mays L.
04.11.2016 Potato Post-harvest field
Solanum tuberosum L.
13.10.2017 Winter wheat Disk harrow of Lemken Rubin 9/450 KUA (4.5 m)
Triticum aestivum L.
19.10.2018 Corn for silage Cultivator Amazone Cenius 3002 (3 m)
Zea mays L.
30.03.2019 Corn for silage Tillage unit of KLEIN U 429/3 (3.6 m)
Zea mays L.
27.10.2023 Winter rape Spading harrow of Duro France Compil COM 710 (7 m)

Brassica napus L.

* —in brackets, working width of the machinery,

a depth of 90 cm, but one of the samples to a depth of 90 cm was
missing). The soil samples from all kinds of samplings were air-
dried, sieved by a 2 mm diameter mesh size, and analyzed for the
particle size distribution using the sieve-hydrometric method of
Bouyoucos modified by Casagrande and Prészynski (Stepien et
al,, 2024a, 2024b). Then, the soil samples were classified accord-
ing to the most updated ST classification used in Poland - PTG
2008 (referred to as PTG 2008/USDA) — and BN 1978 which was
a base for the definition of ACs (Stepien et al., 2024a, 2024b). As
the soil horizons had different thicknesses, the weighted aver-
age values of the contents of soil separates for layers 0-30 cm
and 0-90 cm were calculated, based on 19 and 10 soil samples,
respectively.

2.4. Transformation of absolute EC_ values

In some years, a western part of the field, located close to
the escarpment, was inaccessible because of wet spots, and thus,
EC, readings from this part of the field were missing. Moreover,
three out of four edges of the field are affected by trees. There-
fore, to avoid field edge effects (Corwin and Scudiero 2020), the
whole field boundary was cropped by a 15-meter buffer zone,
and as a result, the whole field investigated area was reduced
to 8.63 ha (Fig. 1). EC, data from each survey were interpolated
using an ordinary kriging method supported by a plug-in Smart-
Map, version 1.4.2 installed in QGIS.org. Spherical semivario-
grams were fitted to both EC, and EC, 0 for each EC survey as
recommended by Bohling (2005), because spherical models ex-
hibit linear behavior at the origin and are appropriate for repre-
senting properties with a higher level of short-range variability.

208825

To ensure the same number of the same points for each year, the
interpolation grid size, to which an average EC, or EC, value
was assigned, was set to 10 m x 10 m. The total number of points
for each year was 863. In order to extract the pixel values from
the raster layers of EC, and EC, o from 2013, at the nineteenth ST
sampling points, the sample raster values functionality available
in QGIS was used.

2.5. Descriptive statistics and regression analysis

The mean, minimum, maximum, standard deviation (Std),
and percent of coefficient of variance (CV) were calculated for
raw (non-interpolated) and interpolated EC data. The whole set
of EC,, data collected in November 2014 included a significant
number of spurious (negative) values. Therefore, these data
were not used in further analyses. The possible explanations
for such a phenomenon could be the spreading of farmyard
manure and mixing with very dry soil soon before the EC sur-
vey in 2014 (Table 1). We supposed that in such conditions,
the coulters penetration was deteriorated, resulting in loss of
physical contact between the coulter electrodes and soil, which
caused the registration of the negative EC, , values. A close con-
tact between the electrodes and soil can only be attained when
the soil surface is moist (Corwin and Scudiero, 2020).

The same number of points for the interpolated EC, and
EC, data for each year, allowed us to perform regression analy-
sis of the relathionship between the EC data registered at dif-
ferent dates and calculate the Pearson correlation coefficients
(r) using Microsoft® Excel (Microsoft Corporation, Redmond,
Washington, United States).
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2.6. Normalization of the absolute EC values

To overcome the effect of different soil conditions (soil
moisture, field status), during EC, surveys, the values of the
interpolated EC,, and EC,, were divided by the average value
of EC, and EC,, of the whole-field set of EC data, respectively.
This approach to EC, data normalization was applied by Ser-
rano et al.,, (2017), and it allows very simple calculation and
interpretation. The purpose of this procedure was to transform
the absolute EC and EC,, values into relative values. The sets
of relative EC; and EC,, values from each EC, survey were
divided into three classes: 0-1, 1-2, and 2-3. Relative EC, val-
ues equal to 1 or below one mean that the absolute EC, value
equaled the whole-field average EC, or was below this value.
Normalized EC  and EC, values in the ranges from 1 to 2 and
from 2 to 3 mean that the absolute EC, value was from 1 to
2, and from 2 to 3 times higher than the whole-field average
EC,, respectively. Using the same three classes of relative EC_,
and EC, values, made visually comparing the spatial EC, vari-
ability within years easier. Different approaches to EC, data
normalization have been used in the scientific literature. For
example, Serrano et al., (2017) used the average value of EC, of
the whole set of data, Farahani and Buchleiter (2004) applied
EC, .. Badewa et al., (2019) used the standard deviation of the
relative differences. Recently, Gongalves et al. (2025) compared
three methods of EC, data normalization, namely - range, aver-
age, and standard score.

2.7. Principal component analysis and time series analysis
of the EC, values

To identify which particle size fraction has the greatest im-
pact on EC, values the principal component analysis (PCA) was
performed using StatSoft, Inc. STATISTICA (data analysis soft-
ware system), version 13. www.statsoft.com.

Time series analysis was used to identify long-term changes
in EC, values for the same areas of the field within years. For
this purpose, an analysis of regression was performed in Micro-
soft® Excel, where EC, was treated as the dependent variable,
and years of EC, measurements as the independent variable.
The slope value of the regression line was used to describe the
rate of change in the dependent variable for a one-unit change
in the independent variable.

2.8. Temporal stability analysis and creation of ACs maps

This analysis of the relative EC, data was determined by
calculating the coefficient of variance for each of the 863 points
over the eight (EC,) and seven (EC, ) years of evaluation (Black-
more, 2000). The CV was classified according to Gongalves et al.
(2025), who used the classification of CV into: low — CV <10%,
medium - 10% < CV < 20%, high - 20% < CV <30%, and very high
— CV >30%, originally proposed by Pimentel-Gomes (2023).

The strength of the relationship between the relative EC,
values and the soil separates (sand, silt, clay according to PTG
2008/USDA and FPs according to BN 1978) was evaluated us-
ing the determination coefficient (R?) of the best-fitted equa-

Use of soil electrical conductivity for delineation of agronomic categories

tion. Mean absolute error (MAE), was used to measure the
prediction error of FPs content using the relative values of EC,
and the best-fitted regression model.

MAE = Z‘L(l=1|yi—Xi|

n
where y, was the predicted FPs content and x; was the true (mea-
sured) value of FPs content.

Relative EC; and EC, values were used to create spatial
maps of soil ACs based on predicted FPs content using the best-
fitted equation. To derive the soil ACs, the following content of
predicted FPs was used: below 10% — very light, between 10 and
20% - light, and between 20 and 35% — medium (Zalecenia na-
wozowe, 1990).

3. Results and discussion

3.1. The content of soil separates in soil layers of 0-30
and 0-90 cm, sampled in 2014

The soil of the area of the experiment was classified, on
average, as loamy sand (PTG 2008/USDA) in the topsoil (0-30
cm) and the 0-90 cm layer and as strong loamy sand in the
topsoil and light loamy sand (pgm and pgl, respectively, ac-
cording to BN 1978 and PTG 1956 — ST classifications, Stepien
et al., 2024b) in the thicker layer (Table 2). These data indicate
that the same prevailing ST classes were found on this field (re-
ferred to as field C) during the previous soil studies conducted
in 2009 (Stepien et al., 2015; Stepien et al., 2016), when the top-
soil was sampled at 21 soil sampling points distributed evenly
across the whole field area. This shows that the topsoil of the
experimental area (~0.9 ha) in 2014 was representative of the
entire field (8.63 ha). Based on this, we assumed that the labo-
ratory-determined content of soil separates could be utilized to
develop calibration models of the EC, values using regression
equations.

3.2. Variation of absolute raw EC_, and EC, values
within a field at subsequent EC surveys

During all eight EC surveys low and very low absolute EC
values were registered (Table 3), which indicates coarse ST.
The general range for EC, and EC,, values registered across
all years was from 0.39 to 15.9 mS m, and from 0.01 to 13.3
mS m, respectively. The ranges of the absolute EC, values ob-
tained at different dates also varied, as in many previous stud-
ies on multiple EC, measurements, done using mainly EMI (Zhu
et al., 2010; De Caires et al., 2014; Pedrera-Parrilla et al., 2016;
Serrano et al,, 2017; Gongalves et al., 2025) but also with a con-
tact method (Terrén et al.,, 2013; NyéKki et al., 2022). In the case
of EC, measurements at both depths, the highest average EC,
values were registered on March 30" of 2019 - during the only
spring EC, survey (Table 1), while the lowest were in 2013 for
EC, and in 2023 for EC,,. This may suggest higher soil mois-
ture at the spring EC, measurement than during the all autumn
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Table 2
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Descriptive statistics of soil separates in soil layers of 0-30 and 0-90 cm sampled in 2014

Soil texture Soil fraction (diameter)

classification

Soil layer
(number of soil

The content of soil separates (%)

evaluation points) Min Max Mean Std v
(median)
0-30 cm PTG 2008/USDA Sand 64.0 91.0 76.4 7.7 10.0
(19) 2.0-0.05 mm (75.0)
Silt 6.0 26.0 17.5 6.2 35.5
0.05-0.002 mm (18.0)
Clay 3.0 11.0 6.1 2.5 40.8
<0.002 mm (5.1)
PTG 1956 Sand 55.8 85.5 67.6 9.1 134
1.0-0.1 mm (67.0)
Silt 7.0 231 16.2 4.7 28.9
0.1-0.02 mm (17.0)
Fine particles (<0.02 mm) 6.0 22.1 16.2 4.9 30.7
(17.1)
0-90 cm PTG 2008/USDA Sand 66.0 94.0 80.2 11.0 13.7
(10)* 2.0-0.05 mm (80.8)
Silt 4.2 22.0 12.7 6.9 54.4
0.05-0.002 mm (12.9)
Clay 1.7 14.6 7.1 4.7 65.9
<0.002 mm (6.5)
PTG 1956 Sand 56.9 90.1 72.5 13.0 18.0
1.0-0.1 mm (70.7)
Silt 5.2 21.7 13.4 6.0 44.9
0.1-0.02 mm (13.2)
Fine particles (<0.02 mm) 4.7 24.7 14.2 7.7 54.3
(14.2)

* — for this layer, the weighted average values of soil separates from different layers were calculated

EC, surveys. Nevertheless, at none of the eight soil EC surveys,
soil moisture was registered, and the total amount of rainfall
in March 2019 was only 27.9 mm in the nearest meteorologi-
cal station in Warsaw-Okecie (Table 1s, supplementary mate-
rials), but the soil could have accumulated some more water.
This is because since the beginning of November 2018, the
soil has not been disturbed by tillage, and the air temperature
during the winter did not favor transpiration. Additionally,
a fertilizer Super Kali (37% of K,0, 7% of CaO, 3% of MgO, 21%
of SO,) was spread a month before the EC, survey in March
2019, which could have elevated the soil solution concentra-
tion, thus increasing EC; and EC,, values. A stronger effect of
potassium fertilizer than phosphorus and nitrogen fertilizers
on EC values in a laboratory and in field experiments was re-
ported by Lueck (2015), and the effect of increasing doses of
potassium fertilizers on soil EC, was also observed by de Farias
et al. (2018). In the other years of our research, the time gap be-
tween the application of fertilizers and EC, surveys was much
longer than in 2019. On average, the effect of the accumulated
rainfall obtained in the month before the EC, measurements
seems to be very weak. This is because in the years when the
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precipitation in the above period was the highest, i.e., 2016,
2017, and 2018 (Table 1s, supplementary materials), the mean
values of the EC, measurements at both depths were not the
highest but relatively low (Table 3). One of the explanations of
this phenomenon is that the sandy soil of this field (Table 2),
are characterized by low water holding capacity. Our EC, meas-
urements were done in conditions when the soil temperature
did not change significantly. This is because these measure-
ments took place in autumn and spring (2019), on days when
cloudiness limited strong sun operation (Table 1). Moreover,
Mat Su and Adamchuk (2023), observed that EC, measurements
done with Veris Quad EC 1000 (a set of contact electrodes), simi-
lar to MSP3, were relatively immune to long-term data drifts
- soil conditions, and ambient temperatures. Despite the fact
that it has been widely known that soil moisture at the time of
EC, survey affects EC, values, few papers provide more exact
information on the effect of this soil characteristic on EC, val-
ues in non-saline soils. Brevik et al. (2006) observed at four of
the five sites a linear relationship of EC, (measured indirectly
by EMI) with volumetric soil water content of fine-loamy soil
samples collected in 0.15 m intervals to a depth of 0.9 m. The
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Table 3

Use of soil electrical conductivity for delineation of agronomic categories

Descriptive statistics of absolute raw shallow (EC,) and deep (EC,) soil electrical conductivity

data, respectively for eight and seven soil surveys

Sampling Year Min Max Mean Std cv
2013 EC,, 0.39 9.42 2.02 1.33 65.9
2014 (mS m™) 0.39 12.3 2.60 1.56 60.1
2015 0.65 15.9 3.12 1.57 50.2
2016 0.73 8.17 2.42 1.16 48.0
2017 0.58 9.91 2.84 1.53 53.9
2018 0.67 9.67 2.52 1.38 55.0
2019 1.61 12.6 452 1.77 39.1
2023 0.59 15.9 3.04 1.55 51.0
2013 EC,, 0.01 115 3.03 1.95 64.4
2014 (mS m?) % _ _ ~ ~
2015 0.80 11.7 2.46 1.2 48.6
2016 0.61 12.7 3.26 1.82 55.9
2017 0.53 13.0 343 2.02 59.0
2018 0.83 11.2 3.20 1.55 485
2019 1.93 13.3 5.40 1.68 31.0
2023 0.80 11.7 2.44 118 482

* — the EC,, was measured, but the whole set of data contained quite a large amount of spurious

(negative) EC, values; therefore, it was not used for further processing

authors found out that EC, has its greatest potential to differ-
entiate between soils when the soils are moist. McCutcheon
et al. (2006), measured EC, of mainly loamy soils in semi-arid
eastern Colorado using Veris 3100 equipment and found higher
correlations (higher r values) of EC, with volumetric soil water
content (0.37-0.76), than with other soil properties, including
soil separates. It was concluded that in dryland conditions, the
EC, measurements had limited utility for delineation of EC,
maps for variable rate application, but offer a potential method
of mapping the relative spatial patterns of soil water content.
According to the study done by Smagin (2006) in a laboratory
on soil solution separated by centrifugation, the relationship
between soil moisture and EC of soil solution was curvilinear.
Maximum value of EC was obtained for soil moisture of 13%
for light loams (according to Russian classification of ST), and
16%, and 18% for medium loams and heavy loams, respective-
ly. In this study, soil moisture contents were probably calcu-
lated on mass basis. The averaged across all years, coefficient
of variance of the absolute raw EC values was 52.9% and 50.8%
for the shallow and deep EC, measurements, respectively (un-
presented data). The lowest and the highest variability for both
- EC,, and EC,, values was registered at the same EC surveys,
i.e. March 2019 and November 2013, respectively (Table 3). The
high CV values of EC, also indicate the high spatial variability
of this soil property, which is necessary to develop MZs to vary
the doses of agricultural inputs. In general, EC, measured at
both depths showed very similar spatial variability (CV values)
when comparing results from the same EC survey. This is in

contrast to the observations of Farahani and Buchleiter (2004),
who found EC,, to be more temporally stable than the corre-
sponding EC, even though major part of their fields had simi-
lar sandy and loamy sandy ST to our study. However, the study
of Farahani and Buchleiter (2004) was conducted on pivot-ir-
rigated fields, and this could have caused greater soil moisture
changes in shallow soil layers than in the subsoil when com-
pared to our rain-fed field.

3.3. Variation of interpolated (10 m x 10 m grid), EC_,
and EC, values with a field at subsequent EC surveys

As given in table 4, whole-field mean EC, values showed
variations over 10 years, ranging from 1.89 to 4.45 mS m™ for
shallow and from 2.40 to 5.07 mS m™ for deep EC, measure-
ments. Since the interpolated EC, values are generated using
the absolute EC values, the former exhibited the same trends
of variations as the original EC, data. However, the range of
both shallow and deep EC, values was always, as expected, nar-
rower for the interpolated EC, values than for the original EC,
values.

The parameters (nugget, sill, and range) of the spherical
semivariograms were, for the majority of the EC, surveys, similar
(Table 3s, supplementary materials). The main differences are
visible for EC, measurements done in 2015 and 2019, when the
range of the variograms was shorter in comparison to the other
years, indicating higher EC, variability over shorter distances.
At and beyond these distances, the EC, values were not related.
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Descriptive statistics of interpolated shallow (EC,) and deep (EC,) soil electrical conductivity

data, respectively for eight and seven soil surveys

Sampling Year Min Max Mean Std Ccv
2013 EC,, 0.45 493 1.89 1.02 54.0
2014 (mS m) 051 6.30 2.49 1.33 534
2015 0.96 6.60 3.04 1.25 411
2016 0.86 5.04 2.39 0.98 412
2017 0.65 6.26 2.76 1.29 46.8
2018 0.74 5.75 2.47 117 473
2019 1.80 8.45 445 1.40 314
2023 0.87 7.08 3.18 134 42.0
2013 EC,, 0.48 7.34 2.84 1.63 57.4
2014 (mS m™?) x _ B B ~
2015 0.93 5.15 2.41 0.97 40.4
2016 0.79 6.90 3.20 1.51 472
2017 0.68 7.96 3.30 1.64 49.9
2018 0.91 6.81 3.07 131 427
2019 1.96 9.11 5.07 1.43 28.2
2023 0.93 5.07 2.40 0.97 40.2

*—the EC,, was measured, but the whole set of data contained quite alarge amount of spurious

(negative) EC, values; therefore, it was not used for further processing

The values of the nugget effect, which refers to the short-scale
variability of EC, (at distances smaller than the measurement
intervals), were low and accounted for only 5.31-19.8% and
9.18-20% of the sill values for EC, and EC, o (data not presented),
respectively. Sill value reflects the maximum EC, variability be-
tween points when they are far apart. However, the values of
the nugget effect and sill in 2015 and 2019 were not specific and
do not seem to be related to the amount of precipitation before
the EC, survey, because this was the highest in the above period
in 2016, 2017, and 2018 (Table 1s, supplementary materials).

Table 5

3.4. Relationship between interpolated EC, values measured
at different dates

The interpolated EC, data derived for a 10 x 10 m grid were
used to evaluate the variability of EC values across measure-
ment days. The values of the correlation coefficients are given in
Table 5 for EC; and in Table 6 for EC, data.

The correlations were generally high and very similar for
both depths of EC, measurements. The lowest correlations were
obtained for EC, values measured in October 2015 and EC

Pearson correlation coefficients for shallow soil electrical conductivity (EC) data

EC,,
2013 2014 2015 2016 2017 2018 2019 2023

2013 1.00

2014 0.92 1.00

2015 0.79 0.75 1.00

2016 0.96 0.92 0.76 1.00

2017 0.90 0.86 0.67 0.93 1.00

2018 0.95 0.91 0.75 0.96 0.93 1.00

2019 0.84 0.84 0.67 0.86 0.84 0.86 1.00

2023 0.92 0.87 0.68 0.94 0.95 0.94 0.85 1.00

* — a critical value of r=0.067 at a=0.05, n=863
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Table 6

Use of soil electrical conductivity for delineation of agronomic categories

Pearson correlation coefficients for deep soil electrical conductivity (EC, ) data

EC,,
2013 2015 2016 2017 2018 2019 2023
2013 1.00
2015 0.86 1.00
2016 0.96 0.84 1.00
2017 0.92 0.78 0.94 1.00
2018 0.95 0.85 0.94 0.94 1.00
2019 0.85 0.73 0.83 0.84 0.87 1.00
2023 0.86 1.00 0.84 0.79 0.85 0.74 1

* — a critical value of r=0.067 at a=0.05, n=863

values registered during the other EC surveys. The same was
not fully confirmed for EC,, measured in 2015 as EC,, values
obtained at that time showed even perfect correlation (r=0.998)
with EC values obtained in October 2023.

These high correlations between EC, values registered at
both depths and across different years suggest that patterns
of EC,low, medium, and high values could be very similar and
independent of measurement time. Similar observations were
reported by Farahani and Buchleiter (2004), for EC, , measure-
ments performed on two mainly sandy fields and one loamy
field in eastern Colorado, and one more loamy field (average
clay content — 32%) located in SW Spain (Terrén et al., 2013; Ter-
ron Lopez, 2013) using the same Veris 3100 equipment both in
Colorado and Spain. Out of the studies on temporal EC, stabil-
ity done with a non-contact EMI, high correlation values (from
0.78 to 0.96), between EC, measurements performed at different
dates were reported by De Caires et al. (2014).

3.5. Spatial (within a field) and temporal (across years)
variability of relative EC values

Figures 2 and 3 show the ranges of low (zero to 1), medi-
um (from 1 to 2), and high (greather than 3) relative ECsh and
ECdp values, across all measurement dates. An analysis of the
distribution of relative EC, values within the field for a single
EC, survey, allows for evaluating the within field EC, variability.
A comparison of this variability across EC, measurement dates
permits the evaluation of how relative EC values for a particular
part of the field change from one EC, survey to another.

Independently of the EC, measurement date, a significant
part of the field (from 55.4 to 62.8%, data not presented) was
characterized by relative EC, values equal to or lower than
the whole-field average EC, over the eight EC, measurements.
Between 29.2 and 44.6% of the field area showed relative EC_,
values in the range of 1 and 2. A very small field area (between 0

13/10/2017

o]:z
©2-3

19/10/2018
0-1
°]-2

Fig. 2. Spatial (within a field) and temporal (across years) variability of relative EC,, values registered during eight EC, surveys from 2013 to 2023.

The exact dates of the EC, surveys are given next to each map
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Fig. 3. Spatial (within a field) and temporal (across years) variability of relative EC,, values registered during seven EC, surveys from 2013 to 2023. The

exact dates of the EC, surveys are given next to each map

and 8.0%) was covered by relative EC,, values above 2. In March
2019 the field was characterized by the lowest spatial EC vari-
ation (Table 3). Therefore, the spatial variability of relative EC,
values was also the lowest during this EC survey.

3.6. Spatial (within a field) and temporal (across years)
variability of relative EC , values

Very similar patterns of relative EC, , values were observed
in subsequent EC,, surveys (Fig. 3), as well as when comparing
the distribution of relative EC, and EC, values within the field
on the same measurement date (Fig. 2 and 3). Similar to the EC,
measurements, the majority of the field (from 54.9 to 61.5%, data
not presented) was characterized by relative EC; values that
were lower than or equal to the whole-field average EC, ,- This is
because the deeper EC, measurement integrates over the entire
0-90 cm layer, and is influenced by properties in the top 30 cm
(Veris Technologies, Pub. #AN 1CM02-5).

Relative EC, values between 1 and 2 covered 34.5 to 45.1%
of the field area over the seven EC, , measurements. And a very
small part of the field (from 0 to 8,69%), was covered by relative
EC,,values above 2. These areas of the field could be characterized
by finer ST and may require a different management. A previous
study performed in the same field produced very similar patterns
of ST, when this property was also indirectly assessed using the
non-contact EMI method (Stepien et al,, 2015). In other studies,
similar spatial patterns for soil EC, measurements done across dif-
ferent dates were obtained by Terrén Lépez (2013) and Nyéki et
al. (2022), who also used a contact method for EC, measurements
and by De Caires (2014), Liao et al. (2014), Serrano et al. (2017)
and Badewa et al. (2019), who applied a non-contact EMI method.
Serrano et al. (2024) obtained moderate correlation coefficients
(from 0.449 to 0.618) between EC, measurements done almost
two years apart using the contact method and the EMI method.
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3.7. Temporal variability of relative EC, and EC,, values

After the evaluation of the EC, variability over the years
(expressed by CV values), the whole field area was divided into
four classes of EC, temporal variability, originally proposed by
Pimentel-Gomes (2023). The following percentage of shallow rel-
ative EC, values show CV values of below 10% - 10.08 (class 1),
in the range of 10-20% — 65.93 (class 2), in the range of 20-30%
—19.35 (class 3) and above 30% — 4.64 (class 4); (Fig. 4a). In the
case of the deep relative EC, values, 16.34% (class 1) had CV be-
low 10%, 54.35% (class 2 ) had CV in the range of 10-20%, 19.70%
(class 3) had CV in the range of 20-30%, and 9.61% (class 4) was
characterized by CV above 30% (Fig. 4b). In general, a significant
part of the field (in total about 76% of EC, values and 70% of
EC,, values) was characterized by temporal stability because the
CV value was below 20%. Similarly, to the results obtained by Fa-
rahani and Buchleiter (2004), who also used the contact method
for EC, measurements, we conclude that a single survey of this
soil property should thus suffice to define stable zones without
a need for remapping of non-saline and sandy soil. Otherwise, a
lack of temporal stability in EC, maps would dictate a need for
repeated mappings that increase cost and complicate manage-
ment (Farahani and Buchleiter, 2004).

Out of the 863 points, 57.8% did not change the CV class
when comparing the temporal variability of the EC and EC, o
measurements (Fig. 4c). No class change means that a particular
point belonged to the same CV class range for example, 10-20%
at both soil depths. Thirty-nine percent of the points changed
the CV class by one class, and 3.13% changed the CV class by
two classes. The results of the CV class comparison across the
two soil depths indicate that soil EC, on a significant part of this
field shows similar temporal changes at both soil layers.

Farahani and Buchleiter (2004) performed a detailed analy-
sis of the percent matching between individual EC, delineations
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Fig. 4. Temporal variability (coefficient of variance, %) of relative: a) EC, values over eight years and b) EC,, values over seven years and c) change
of CV class for the above relative EC, values. Consequently, null means no class change, 1 - change by one CV class, 2 — change by two CV classes

a)
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»
‘:( X
$38
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2
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000
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ECsh relative values in 2013 versus in 2023 ([ECdp relative values in 2013 versus in 2023
© unchanged © unchanged
 change e change

Fig. 5. Maps of stability of relative EC, values (classes) over 10-year
time: a) EC_, b) ECdp

sh?

of low, medium, and high for all combinations of EC, maps, i.e.
coming from different EC, measurement dates. This approach is
only possible for scientific purposes, but a farmer interested in
using an EC, survey for MZ delineation will have these measure-
ments usually done once in many years, as frequent EC, surveys
are not cost-effective. In this study, we follow the farmer’s ap-
proach to some extent, namely assuming that crop rotation and
field management after ten years might have affected the spa-
tial EC, patterns. Thus, we analyzed the matching of just two EC,
maps done in 2013 and 2023. In the case of the EC; and EC, rela-
tive values, only 14.4% and 22.6% (data not presented) of points
changed the class of the relative EC, values after this time in-
terval, respectively (Fig. 5a and 5b). Therefore, due to the small
changes described above, we entitled these figures as maps of
stability of relative EC, values but not maps of variability of rela-
tive EC, values.

3.8. Identification of long-term trends of EC, value changes

The time series analysis allowed us to detect patterns of
change in EC, values over the years. Generally, the slope values
of the regression line, used to indicate the rate of change of EC,
value over the years, were low and very close to zero (Fig. 6a
and 6b). Thus, these slight changes in EC, values over the years
could only indicate tendencies of this change. A positive slope
value means that in these areas of the field, both EC_ and ECdp
values increased over the years of EC, measurements, while
a negative slope means the opposite. The patterns of change

b)

Slope value

5 -0.096 - -0.024
© -0.024 - 0.008
© 0.008 - 0.057

Slope value

0 -0.069 - -0.021
© -0.021 - 0.009
© 0.009 - 0.059

Fig. 6. Spatial variability of slope values of the regression line, used to
indicate the rate of change of EC, value over eight and seven years, re-
spectively, for: a) EC_, and b) ECdp

sh’

in EC, values over the years are different for EC and EC,,
values.

3.9. Relationship between EC and EC, measured in 2013
or 2023, and ST and fine particles determined in 2014

Consequently, following the farmer’s approach described
in the above section, the relationships between EC data regis-
tered only in 2013 and 2023 and soil separates determined in
2014 were evaluated. In both years the relationship between EC,
measured at 30 cm, and sand, silt, and clay content was very
strong, moderately strong, and medium, respectively (Table 7).
In both years, the relationships between EC, measured at 90 cm,
and sand, silt, and clay content were medium and, very simi-
lar in both years for all soil separates. In contrast, McCutcheon
et al. (2006), who measured EC, on four dates for mainly loamy
soils, found low correlations (r values), between EC, and clay
(0.01-0.34), silt (0.05-0.32), and sand contents (between -0.36
and -0.04).

The results of PCA showed that the first two components ex-
plained between 93.7% and 96.4% of the variation of the soil data
set (Fig. 7a—d). The patterns of correlations between EC, meas-
ured at the same depth and all soil separates were very consist-
ent in 2013 and 2023. A stronger negative impact of sand content
on EC, values was observed at the shallower layer than in the
deeper layer. The EC, values were correlated with silt and clay
content to a similar extent in 2013 and 2023. But, the EC, o val-
ues correlated stronger with clay content than with silt content.
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Table 7

The determination coefficients (R?) of the best-fitted polynomial functions between interpolated and then normalized shallow

and deep soil electrical conductivity measured in November 2013 or in October 2023 and soil separates, including fine particles
determined in 2014

Soil layer Sand Silt Clay Fine particles
(0.05-2 mm) (0.002-0.05 mm) (<0.002 mm) (<0.02 mm)
2013
ECa,, 0-30 cm 0.80 0.72 0.47 0.80
ECa,, 0-90 cm 0.73 0.66 0.70 0.75
2023
ECa,, 0-30 cm 0.76 0.65 0.50 0.76
ECa,, 0-90 cm 0.71 0.64 0.69 0.71
Loading plot Loading plot
1 1
S 05| syl S 0s
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: =
& & Sand
: AL CSE N
g 0 &y 2 0
g Sand{ £
it d
g i il
< “
= £
= -0.5 133 £ -0.5
a) b)
-1 -1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Principal component 1: 79.06% Principal component 1: 86.71%
Loading plot Loading plot

1 1
EC
0.5 Silt 0.5
3 Sand
lay
R — Sahd
a
il
-0.5

-1 -1

Principal component 2: 14.76%
Principal component 2: 15.32%

-1 -0.5 0 0.5

=

-1 -0.5 0 0.5
Principal component 1: 79.42% Principal component 1: 81.08%

-

Fig. 7. Principal component analysis graphs explaining the impact of soil separates on EC, values: a) EC, in 2013, b) EC,, in 2013, c) EC_, in 2023, and
d) EC,, in 2023
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In our study, FPs content in both years was strongly related
to EC;, and EC,, using a second-order polynomial regression,
with R? values of 0.80 and 0.75 in 2013 and R? values of 0.76 and
0.71 in 2023, respectively in the shallow and deeper soil layer
(Table 7). In the previous studies carried out in Poland by Stepien
et al. (2015, 2017), a negative correlation between EC, and sand
content, and a positive correlation between EC, and FPs, silt, and
clay was observed.

The high R?values indicate that the EC, patterns are mainly
attributed to soil separates in non-saline and sandy soils. Thus,
on such type of soils, ground-truth soil samples should be col-
lected to calibrate EC, to the soil separates, which mainly influ-
ence EC, (Corwin and Scudiero, 2020). Since 1986 the ACs have
been used in Poland for formulating fertilizer recommendations
(Zalecenia nawozowe, 1990; Jadczyszyn et al., 2010; Jadczyszyn
et al., 2016). These categories are derived using the information

Use of soil electrical conductivity for delineation of agronomic categories

on soil separates determined directly by means of a laboratory
(pipette and hydrometer), method, or the texture by feel test.
Because we found strong and significant correlations between
the content of FPs, and EC, measured at both depths (Table 7,
Fig. 8a, 8b, 9a, and 9b), an approach that allows for determin-
ing ACs directly using the relative values of EC, measurements
is proposed. The MAE of the predicted FPs content using relative
values of EC_ from 2013 was 1.87 and 4.38 for EC,, and EC,, meas-
urements (Fig. 8a and 9a), respectively.

In 2023 the MAE value was 2.02 and 4.54 for EC, measure-
ments done at the same layers as above (Fig. 8b and 9b). The
relationships between FP (%) and relative EC and EC, o values,
expressed by the quadratic models from figures 8a and 8b, and
9a and 9b were used to recalculate the relative EC; and EC, val-
ues to the percent of FPs and create maps of soil ACs (Fig. 10a,
10b, 11a and 11b).

25 25
. 9 b)
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ative EC,, values measured in: a) E ;‘ ) R2=0.8045 E ,y= -4.2808x2 + 18.264x + 0.8736
November 2013 and b) October 3 MAE =1.87 5 Rz = 0;726%3;
2023, and fine soil particles (%) 0 o MAE =2.
determined in 2014, and mean 0.00 0.50 1.00 1.50 250 3.00 0 05 1 15 2 25
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Fig. 10. Map showing the precentage of soil agro-
nomic categories to a depth of 0-30 cm, when the
relative EC, values from: a) November of 2013 and
b) October of 2023 were used to predict the fine par-
ticles content, with the experimental area of 0.90 ha
in 2014, superimposed

23 Area of the experiment in 2014

Soil agronomic category for the depth of 0-30 cm
very light (13.1%)

® light (76.9%)

® medium (10.0%)

23 Arca of the experiment in 2014

Soil agronomic category for the depth of 0-30 cm
© very light (14.9%)

* light (80.0%)

® medium (5.10%)
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23 Arca of the experiment in 2014

Soil agronomic category for the depth of 0-90 cm
very light g28.0%)

® light (69.4

® medium (2.60%)

very light (17.4%)
%) ® light (65.7%)
® medium (16.9%)

123 Area of the experiment in 2014
Soil agronomic category for the depth of 0-90 cm

Fig. 11. Map showing the precentage of soil agro-
nomic categories to a depth of 0-90 cm, when the
relative EC,  values from: a) November of 2013 and
b) October of 2023 were used to predict the fine
particles content, with the experimental area of

3.10. Maps of soil agronomic categories based on predicted
FPs content using relative EC, and EC, values

It was observed that when using EC, data from both years
for the creation of ACs a significant part (76.9% in 2013, and
80.0% in 2023) of the field area was covered by light soils in the
shallow layer of 30 cm; the remaining part of the field was cov-
ered by very light soil (13.1% in 2013 and 14.9% in 2023), and me-
dium soil (10.0% in 2013 and 5.10% in 2023), figures 10a and 10b.

The areas of these three ACs occur, independently of the
year from which the EC, data were used, in well-defined and
relatively extensive areas that can be sampled separately to de-
termine accurately liming needs and K and Mg availability in
soil (Zalecenia nawozowe, 1990) and then use these results for
the variable application of lime, potassium, and magnesium fer-
tilizers (Stepieni and Samborski, 2018) which are recommended
mainly on the base of ACs (lime and K, Mg fertilizers) and ex-
pected yields (K fertilizers).

In the layer of 90 cm, the soil was more variable and con-
sisted of three ACs: very light (28.0%), light (69.4%), and medium
(2.60%) soils, when EC, relative data from 2013 were used for the
creation of the ACs maps. When the relative EC, ,data from 2023
were used for the delineation of ACs maps, a higher area of medi-
um soils (16.9%) and a lower area of very light soils (17.4%) were
calculated in comparison when EC, data from 2013 were applied
(Fig. 11a and 11b). However, when the EC; o data from 2013 were
used, medium soils occurred in very small areas and in 2023 the
latter AC, occurred in greater but most frequently long and nar-
row areas scattered over the field, that are rather difficult to be
considered during the variable application of fertilizers. On the
contrary, main areas of very light and light soils might be delin-
eated much more easily on this field, independently of the year
from which the EC, data were used, and thus considered in the
application of variable input (N, P and K fertilizers, seeds) rates,
which doses are based in a great part on expected yields (Stepienh
and Samborski, 2018). Crop yields depend not only on the ST of
the topsoil but also on the ST of deeper layers that could be indi-
rectly determined by measuring EC, . Moreover, the information
soil AC for layers 0-30 cm and 30-60 cm is taken into account
when the amount of mineral nitrogen (N_, ) in very early spring
is calculated using the methodology developed by Fotyma et al.
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0.90 ha in 2014, superimposed

(1998) and described in fertilizer recommendations for Polish
farmers by Jadczyszyn et al. (2010). The AC of heavy soils (FP
content above 35%) does not appear on the investigated field.
However, some layers of heavy soils were detected in small areas
of the field during soil sampling, but after calculation of the aver-
aged contents of FPs to a depth of 90 cm, the areas of heavy soils
were not delineated within the field. In general, the AC maps de-
lineated using the EC, obtained in 2013 and 2023 look very simi-
lar. Less consistency of the ACs maps could be observed when the
EC,, data were used for their delineation and compared for 2013
and 2023. The differences in the ACs maps (Fig. 11a and 11b), are
due to different patterns of the relative EC, values in 2013 and
2023 (Fig. 3), and various shapes of the polynomial functions in
figures 9a and 9b used to calibrate the EC, , values against FPs.
The latter differences were caused because some out of the ten
soil samples used for the calibration were assigned significantly
different relative EC, values in 2013 and 2023. The use of rela-
tive EC, values calculated using the absolute EC, values and soil
sampling to determine soil separates, including FPs content, ex-
actly at the points when the ECa was registered with the use of
GNSS-RTK receiver can increase the EC, values calibration accu-
racy. Since our relationship between the content of FPs and EC,
readings was limited to a set of these particular field conditions,
wider applications of calibration relations or models, as suggest-
ed by Adamchuk et al. (2021), might not always be appropriate,
because soil predictions are site-specific and, according to our
results, even date-specific (Fig. 8 and 9). Our previous research
results show that the relationships between the content of sand,
silt, clay and EC, values are field-specific and produce different
regression equations, which could be applied for ST or AC de-
lineation on the field (Stepien et al., 2015; Stepien et al., 2017;
Stepient and Samborski, 2018). For this reason, we suggest using
the same set of soil samples of various ST taken once to calibrate
EC, measurements across years, separately for each field and
each EC, survey. Unless the fields for which ECa calibration is
going to be done are of similar ST, and status at the time of ECa
mapping, e.g. stubble. Then the same set of soil samples can be
used to calibrate ECa data for more fields.

The number of soil samples used for EC, calibration should
be reduced in comparison to our study, but still representative
for a particular field, to make this method applicable to farm
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conditions (Stepienn and Samborski, 2018). On the other hand,
the use of the PSS offers growers and their advisers also tools
which help assessing where to take soil samples (GRDC 2023).

4. Conclusions

1. The production field was characterized by high spatial vari-
ability of ECj and EC, values during each of the EC, measure-
ments and also by stable patterns compared over eight and
seven EC, surveys, respectively. This means that a single EC_,
and EC, measurement should be sufficient to delineate maps
of soil physical properties strongly related to soil electrical
conductivity such as ST in non-saline and sandy soils.

2. A strong relationship between the relative EC; and EC
values and fine soil particles (<0.02 mm) allowed the crea-
tion of maps of soil ACs in non-saline and sandy soils. The
patterns of soil ACs were repeatable across years (2013 vs.
2023), but more acceptable for map generalization when
the EC values were used to predict FPs content. However,
a wider application of these relationships for formulating
fertilizer recommendations may require field-specific cali-
brations to ensure AC delineation accuracy.
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Slowa kluczowe

Uziarnienie gleby

Kategoria agronomiczna

Gleba lekka i bardzo lekka
Pozorna przewodno$¢ elektryczna
Stabilno$¢ czasowa

Studium przypadku stabilnosci czasowej przewodnosci elektrycznej gleby,
na polu o glebie piaszczystej oraz przydatnos¢ jej pomiaru do przygotowania
map kategorii agronomicznych

Streszczenie

Jednym z najczesciej uzywanych sposobéw oceny przestrzennej zmiennos$ci gleby jest pomiar
pozornej przewodnosci elektrycznej gleby (ang. apparent electrical conductivity — EC,), podczas
przejazdu urzadzenia z zamontowanym czujnikiem, po polu. Jesli wartosci EC, zostang poprawnie
skalibrowane wzgledem innych wlasciwosci gleby ocenianych laboratoryjnie, pomiar EC, gleby
moze pomoéc stworzy¢ mapy glebowe, ktére przedstawiaja zréznicowanie tych wlasciwosci. Na-
stepnie mapy te, po reklasyfikacji, moga zosta¢ uzyte do stworzenia map stosowania zmiennej
dawki Srodkow produkcji, aby zwigkszy¢ efektywno$¢ ich wykorzystania. Jesli zasolenie gleby nie
wystepuje, EC, jest silnie zalezna od uziarnienia gleby, ktore jest bardziej stabilne w czasie niz
wlasciwos$ci chemiczne gleby. Jednakze, stabilno$¢ wynikéw pomiaréw EC, w czasie nie byla ba-
dana w Polsce, gdzie wystepuja znaczne powierzchnie gleb bardzo lekkich i lekkich. W naszym
kraju wyré6zniono cztery kategorie agronomiczne gleb (KAG), wydzielane na podstawie zawartos$ci
czesci sptawialnych (<0.02mm) w glebie. KAG wykorzystywane do formulowania zalecenn wapno-
wania i nawozenia, sa zwykle wydzielane za pomoca laboratoryjnego okreslenia udziatu czesci
ziemistych lub odczytywane z map glebowo-rolniczych. Ale zaden z tych sposobéw nie pozwala
na wydzielanie KAG z duza gestoscia przestrzenng, wymagana do wykonania map stosowania
zmiennej dawki srodkéw produkcji. Celem badan bylo: i) oszacowanie przestrzennej i czasowej
zmiennosci wzglednych wartosci EC, zarejestrowanych na dwoch glebokosciach (0-30 and 0-90
cm), w trakcie o$miu pomiaréw EC, w obrebie pola produkcyjnego, gdzie dominujg gleby bardzo
lekkie i lekkie; ii) okreslenie KAG dla tego pola, w oparciu o zalezno$ci migdzy wartosciami EC,,
zarejestrowanymi podczas dwu pomiaréw, ktére wykonano w 10-letnim odstepie czasu, a ilo$-
cig czedci ziemistych. Wyniki badan wykazaly, ze pole produkcyjne charakteryzowatlo sie duza
zmiennoscig przestrzenng EC, i stabilno$cig czasowa wydzielonych obszaréw EC,, co sugeruje ze
pojedynczy pomiar tej wiasciwosci gleby moze by¢ wystarczajacy do wyrysowania map fizycznych
wlasciwosci gleby silnie zwigzanych z EC, na glebach bardzo lekkich i lekkich. Silna zaleznosc¢
miedzy wzglednymi warto$ciami EC, zarejestrowanymi 2013 i 2023 roku i zawarto$cig czesci zie-
mistych pozwolila na narysowanie bardzo podobnych map KAG, ktére moga by¢ wykorzystane
do formulowania zalecenn wapnowania i nawozenia na ww. glebach. Uklad KAG byl mniej powta-
rzalny w latach (2013 i 2023), ale akceptowalny do celéw generalizacji tych map, gdy do przewi-
dywania zawartosci cze$ci spltawialnych wykorzystano dane EC z grubszej warstwy gleby (0-90
cm). Jednakze, szersze zastosowanie uzyskanych zaleznosci moze wymagac kalibracji danych EC,
dla danego pola, aby zapewni¢ lepsza dokladno$¢ wykonania map KAG, gdyz badania te zostaly
przeprowadzone na jednym polu produkcyjnym.
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