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Abstract. The present paper verifies the efficiency of thehoe for electrical conductivity (EC)
measurement for the assessment of spatial vayiabfii soil properties in precision agriculture. The
verification was carried out in a 53-ha experimeighl situated in South Moravia, Czech RepultiC. was
measured using the EM-38 (Geonics Ltd, Canad&)dd and 2005. At the same time, topsoil samples wer
taken for agrochemical analyses of P, K, Mg, Ceyusicontent and pH value, and for soil textureyaizal
A strong correlation between years of EC measureni@r 0.936) was found, which confirms the stability
of EC measurement from a short-time point of vi8wong relationships between EC and clay content
(*=0.548) as well as sand conteAt=(F0.406) confirm the influence of soil texture BE. Furthermore,
almost all examined agrochemical characteristick (R1g content and pH value) and humus contenvsho
relatively balanced, moderately strong correlatieits EC. It indicates that the soil EC measureneat
suitable tool for mapping field spatial variabild soil conditions. This information can be useainty for
directed sampling when locations of soil samplinps are determined by preliminary knowledge eitffi
heterogeneity — EC maps. In contrast to traditigriel sampling, reduction in soil samples and atstime
time keeping the level of soil maps details caspected.
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INTRODUCTION

Knowledge of soil properties is one of precondgifor good agronomic decision
making. In traditional agriculture, the most comnpoactice is to get this information
by soil sampling, but the use of this method irtigien agriculture is much more cost

*This work was supported by the Ministry of EdueafiYouth and Sports of the Czech Republic as giroje
No. 2B06124 "Reducing of impacts and risks on enwrent and information acquisition for qualified
decision-making by methods of precision agricultteed by Research plan No. MSM6215648905
“Biological and technological aspects of sustaiitatnf controlled ecosystems and their adaptafbttit
climate change”.
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and technology consuming. This is the reason why methods are still required.
They enable mapping spatial variability of soil ditions with adequate spatial
distribution, measurement accuracy, high interpiktia of measured values, and
they are less cost and labour consuming than itaadit methods. One of these
methods is the measurement of soil electrical ottiviy (EC).

The measurement of the EC enables quick and miatxact identification of
differences in soil substrate using geophysicdlmoperties. This is a technique that
has become an essential tool for identifying sdilysrochemical properties
influencing crop yield patterns and for establighihe spatial variation of these soil
properties (Corwin and Lesch 2003). Using a dewiogking on an electromagnetic
induction (EMI) principle is a non-invasive measuent (e.g. Geonics EM-38,
Canada, used in this study). Conversely, the meamnt of EC based on electrical
resistance (ER) principle is an invasive methagl ERIS device, USA).

Geoelectrical methods began to be used in the 2889s in geology (McNeil
1980 in Dobers 2002). The first application of E agriculture was for
measurement of soil salinity in the late 1970shim YSA. Today, this method is
one of the most frequently used tools in precisigmiculture research. It is
employed for spatio-temporal characterisation ofpéic and anthropogenic
properties that influence crop yield (Corwin andtle 2005a).

In the present study, the EM-38 device was uset rtfeasures EC on EMI
principle. It is equipped with two spools at exaalkfined distance between them
being 1 m. The first spool induces a primary etentignetic field which goes into the
sail. In the soil environment, a secondary elecagnetic field is created based on
physicochemical soil properties. The second spasdsures the response of both
fields and the resultant EC of soil is estimatemmfrtheir comparison (Lckt al.
2000), and therefore it is called apparent eledtgonductivity, EG The measured
values are in mS thunit. The EM-38 is designed for measurement in dipoles,
horizontal and vertical. In a homogeneous soililerahe signal of the vertical dipole
penetrates to the depth of 1.5-2 m, and that dfidnizontal dipole to 0.75-1 m.

The soil EC is influenced by a lot of soil paramsteCorwin and Lesch
(2005a) consider soil salinity, saturation percgatéSP), water content and bulk
density ) as the most important ones. Additional factordude soil texture,
organic matter (these two factors directly influenSP andpy,) and cation
exchange capacity (CEC). The effect of all thesofa is possible to find in most
mentioned studies. They differ only in their releew in relation to specific field
conditions. The detailed overview of studies on é¢fiiect of soil environment
components on EC is given by Corwin and Lesch (BR05

The objective of this study was to compare traditionethods for the assessment
of soil environment properties and techniques @ir EC measurement. The main
goal was to verify the efficiency of this indireaethod for the assessment of spatial
variability of soil properties in precision agriture.
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Fig. 1. Principle of EM-38 operation (Lesehal. 2005, modified)

MATERIALS AND METHODS

The investigation was conducted in an experimdiehd (53 ha — see Fig. 2)
situated in South Moravia at the altitude of 175 im,a region with annual
precipitation of 483 mm and annual mean temperatfi®e2°C. The soil is pedo-
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Fig. 2. Aerial images of the field — bare soil (2007) amoter wheat (2006 - source:
http://geoportal.cenia.cz)
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logically classified as chernozem on sandy loegh #ie dominant sandy loam
texture. Crop rotation: winter wheat (2004), maf2805), winter wheat (2006)
and poppy (2007).

M easurement of soil electrical conductivity

EC was measured using the EM-38 in the spring 6fiZ0ataset EC_04) and
in the autumn of 2005 (dataset EC_05). In the fitdd device was drawn by an
off-road vehicle along wheel tracks over the distanf 18 m in the horizontal
dipole of the measurement. The actual data weredsavgether with DPGS
location and then corrected to a constant temperafi20°C.

Fig. 3. EM-38 device and the off-road vehicle with EM-38unted on a wooden sledge
Soil sampling

The topsoil (0-30 cm) samples for agrochemical ywislof nutrient (P, K,
Mg, Ca) and humus x 1.724) content and R value were taken in the
spring of 2004 in a regular grid of 50 x 50 m (XZanples, 4 samples per ha —
Fig. 5). The laboratory analysis was performed etiog to the Mehlich Il
methodology (Zbiral 2002) valid in the Czech Rejubl

In 2005, 40 topsoil samples were taken for soituiexanalysis (clay, silt and
sand content) in an irregular grid based on EC_#&4 (®o-called directed sampling).

Point data processing

Continuous maps were generated from EC and soipl#agndatasets. An
ordinary kriging technique with nugget variancecoddtion was used. The maps
were converted to the raster with spatial resatutb5 m per pixel, which gave
a total number of 21,032 pixels for the whole fielthe comparison of soil
characteristics was made with these maps usingpteutegression analysis. The
spatial data processing and their analysis weresnradeographical information
systems (GIS) ESRI ArcGIS 9.2. The maps are predeint the Czech national
coordinate system S-JTSK, in meters.



Fig. 4. Maps of soil sampling points, a) 2004 — 50 m raggtid (214 soil samples for agrochemical

analysis), b) 2005 — irregular grid (40 soil sarsgta textural analysis)
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Fig. 5. Maps of EC measurement points from EM-38, a) 2004 1771), b) 2005 (n = 2800)
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RESULTS AND DISCUSSION

The basic statistical characteristics of point skt obtained from the soail
sampling analysis and EC measurement are presentable 1. The coefficient of
variation demonstrates high variability in the data, particularly in Ca, Mg contents,
results of EC measurement and P content. The |laagability is found for sand, clay
content and pH value. In the case of the EC datthevcontrary, the dataset contained
a high number of data with higher variability. Tlgbuthe pH value had a lower
coefficient of variation, the range from 4.40 t8Fshows a very high heterogeneity of
the soil environment within the field from the agomic point of view.

Table 1. Descriptive statistics of EC and soil charactersstialculated from point datasets

Parameter EC_O_il EC_O_? Clay Silt Sand
(mS nv) (mS nv) (%) (%) (%)
Mean 9.07 9.15 33.55 15.50 50.95
Median 7.20 7.20 33.00 15.00 51.00
Std. 5.55 6.26 4.56 3.14 5.68
Variance 30.78 39.21 20.82 9.85 32.25
Min 1.40 0.20 23.00 10.00 39.00
Max 314 49.9 44 23 67
Set size (n) 1771 2800 40 40 40
CV (%) 61.20 68.43 13.60 20.24 11.15
P K M Ca Humus
Parameter  PH oy opm)  Gpm em) ()
Mean 6.47 58.18 146.14 177.93 3856.20 3.24
Median 6.85 46.00 138.00 137.50 2570.00 3.23
Std. 0.95 36.41 37.13 121.96 4602.09 0.52
Variance 0.90 1325.56 1378.71 14874.0 21179252 0.27
Min 4.40 13.00 90.00 53.00 641.00 1.63
Max 7.93 196 395 948 33670 4.77
Set size (n) 214 214 214 214 214 214

CV (%) 14.64 62.58 2541 68.54 119.34 15.95




MAPPING OF SOIL CONDITIONS IN PRECISION AGRICULTURE 399

Table 2 shows basic statistical characteristics there calculated from
continuous maps. The use of the ordinary techniguiis the nugget variance
calculation in interpolation process led evidemtiya decrease in variability of the
examined soil characteristics in contrast to vabhfesefficients of variation from
the original point datasets. The ordinary kriginighwiugget variance calculation
has a character of a smoothing method when thé éoteemes are eliminated.
However, the mean value remains on the same |levblesoriginal dataset.

Table 2. Descriptive statistics of EC and soil characterssfiom interpolated maps (n = 21032)

Para- E(Cm_é)4 E(Cm_é)S Clay Silt Sand P K Mg Ca Humus
meter Ly (%) (%) (%) (ppm) (ppm) (ppm)  (ppm) (%)

Min 224 142 23.0910.05 39.07 4.75 14.82 111.3776.29 806.00 2.12
Max 28.06 31.82 43.9322.89 66.84 7.82 179.74295.18 472.99 18316.20 4.64
Mean 9.20 9.13 32.9615.48 51.56 6.47 57.88 145.68177.09 3848.37 3.25

Std 520 536 328 199 389 0.74 3023 2249 73.268556 0.44

Ccv

%) 56.56 58.73 9.96 12.867.55 11.40 52.23 1544 4136 69.78 13.48

The correlation between different dates of EC messents, EC_04 and EC_05,
was f = 0.936 (Tab. 3 and Fig. 6). This very close iateship shows a high stability
of measurement results from a short-time poini@fneven in different year seasons
(spring 2004, autumn 2005). In the data of EC nreasent, there are identical
spatial patterns (Fig. 7). Even the range and mehre of both measurements are
similar. Dobers (2002) confirms that EC differenappear independently of the year
season — the EC values are highly correlated ligrelift times in the same fields.
Likewise, similar results were obtained by Schmighat al. (2002). They reported
that areas with different soil conditions measuygdEC are invariable from a short-
time point of view, only the absolute values aranging.

Table 3. Correlation coefficients {y between EC and examined soil characteristicsZhG32)

Hu-
mus

EC 04 Clay Silt Sand PH P K Mg Ca

EC_05 0.936 0.548 -0.110 —0.406 0.596 -0.579 -0.584 0.673 0.318 0.595

All correlation coefficients are significantat 0.01.
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Fig. 6. Scattergrams of correlated characteristics

The comparison of EC_05 and results of the soiturak analysis shows
a moderately strong relationship to clay contefit=(10.548), a relatively weak
relationship to silt content {r= —0.110), and a moderate relationship to sand
content (f = —0.406). These results show a positive effeciayf content. Its low
content causes a significant negative correlatidh ®C_05 on sandy loam. The
results confirm that the soil texture belongs amimngortant factors influencing
EC. Under some conditions, lower EC values can neawoil with a higher
content of sand category, while higher EC valuesespond with clay-rich soils.
Schmidhalteet al. (2002) mention in their study a possibility of diteise of EC
maps in the precision agriculture process in hgemeous fields in arid regions.
This could be, for instance, variable soil cultivat based on soil texture
discovered by EC mapping. More complicated integtien is in the case of the
assessment of silt content effect on EC. RhoadeBdbers 2002) recommends
that the soil texture should not be consideredpeddently of soil moisture. The
author shows an example of silt which has neglegtbC, similar to that of sand
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in contrast to clay under arid conditions. Howeuérsilt is wet, it is easy to
distinguish it from sand because of its smalletiglarsize.

The humus content (Cx 1.724) correlated with EC_05 in a moderatelgrgjr
positive way (= 0.595). It is the third highest correlation amdhe examined soil
characteristics following Mg contenf & 0.673) and pH value’(F 0.596). In some
studies, the organic matter content is classifiedraadditional factor of EC because
it affects the saturation percentage and bulk te(Sorwin and Lesch 2003). On the
other hand, Liickt al. (2000) consider a higher content of organic mattesoil to
be better for water holding capacity of soil; watetding capacity influences EC
values through increase in soil moisture. To prthaese hypotheses, a detailed
survey aiming at the referred soil physical prapsr{soil moisture, bulk density,
etc.) has to be performed.

Correlation analysis of agrochemical propertiesnstb weak or moderately
strong correlations with EC_05. The strongest ¢aticn was found for Mg
content (f = 0.673), the weakest one for Ca conteht=(0.318). The increase in
Mg, Ca content and pH value led to higher EC valdescontrast, negative
correlations were found for P and K contents. Rélgas the correlation direction,
except Ca content, the results could be consideatdgihced. Probably, the EC
measurement did not directly detect the nutriemtexat in soil. It is possible that
EC responds to some physicochemical soil propenwbgch are in direct
relationship with the nutrient content and pH valllevertheless, EC reacts to
these characteristics of the given location andleisato determine areas with
significantly different soil conditions which areapped in detail by soil sampling
and consecutive laboratory analysis. This proceduten the locations of soll
sampling points are arranged irregularly across fieed on the basis of
preliminary mapping of soil conditions, is callddedted sampling.

The greatest potential of geospatial EC measureimgmécision agriculture consists
in providing reliable spatial information for dited soil sampling to identify and
characterise the spatial variability of edaphicpprties influencing crop vyield.

Directed soil sampling based on EC enables to cteaise spatial variability in soil

properties correlated to EC with a significant iaun in the number of sampling
points in comparison to grid sampling (Corwin atehP2005).

CONCLUSIONS

1. The results confirm that from a short-time pahtiew the EC measurement
can be considered to be stable. When measurenmemtgéde in the same field during
different year seasons, it is necessary to norendliz EC values on the basis of
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constant soil temperature and to take into accthentsoil moisture. These factors
connected with meteorological conditions are ofiedeffects on EC.

2. Comparison of EC and results of soil particlee sanalysis confirms that
soil texture is another factor influencing EC. Moate relationship of clay and
sand content suggests suitability of the EC measemé for mapping differences
in the soil texture. Therefore, the EC maps camuged as input information in
variable soil tillage, especially under arid coimmtis. This indicates that to
identify and characterise soil texture componestsguEC, additional monitoring
of soil moisture is also necessary.

3. Finding moderately strong relationships and fiadafor almost all of the
examined agrochemical characteristics (P, K, Mgtemn and pH value)
represents their close relationship to the bagitofa influencing EC rather than
their direct effect on EC. However, it does not m#aat under these conditions it
is not possible to use EC mapping to estimate thateat of the examined
nutrients in soil. For better interpretation it mecessary to make another
investigation into soil moisture, soil salinity aG&EC.

4. The results show that the method of soil EC oreasent is a suitable tool for
the mapping of spatial variability of soil condii®in the field. Direct use of EC
maps in precision agriculture is not very commow hecause of complex influence
of a lot of local soil conditions, which is diffittuto interpret. Information is used
mainly for directed sampling when locations of saimpling points are determined
based on preliminary knowledge of field heteroggnei EC maps. Finally, in
contrast to traditional grid sampling, reductionswmil samples and at the same time
keeping the level of soil map details and integhitity can be expected.
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StreszczenieW pracy przedstawiono weryfikacjmetody pomiaru przewodnictwa ele-
ktrycznego (EC) do oceny przestrzennej zmidonatasciwosci gleby w rolnictwie precyzyjnym.
Weryfikacja zostata przeprowadzona na 53-ha poliwidolczalnym zlokalizowanym na Potudnio-
wych Morawach w Republice Czeskiej. Pomiary EC pimoao przy ayciu aparatu EM-38
(Geonics Ltd, Canada) w latach 2004 i 2005. W tymysn czasie pobierano prébki wierzchniej
warstwy gleby na potrzeby analiz agrochemicznyblejraupcych zawart& P, K, Mg, Ca, préchnicy,
wartdsci pH, oraz do analizy tekstury gleby. Stwierdzaiing korelac; pomkidzy latami prowadzenia
pomiarow EC ¢ =0,936), co potwierdza stabiliometody pomiaréw EC z krétko-okresowego
punktu widzenia. Silne zazki pomkdzy EC a zawartwia frakcji ilastej (F=0,548) oraz piasku
(r*= —0,406) potwierdzajwplyw tekstury gleby na warié EC. Ponadto, prawie wszystkie badane
charakterystyki agrochemiczne (zawafétd, K, Mg oraz wart® pH) jak i zawarté prochnicy,
wykazywaly stosunkowo zréwnowane, umiarkowanie silne korelacje z wacia EC. Wskazuije to,
ze pomiar EC gleby jest odpowiednim ngiziem do mapowania w polu zmierobprzestrzennej
warunkéw glebowych. Informacje te mp@y¢ stosowane gtdéwnie do ukierunkowanego pobierania
probek glebowych, gdy lokalizacja miejsc probkowartkrélona jest na podstawie wphej
znajomdci niejednorodngxi pola — mapy EC. W przeciwistwie do tradycyjnego pobierania probek
opartego na regularnej siatce punktow, w zastosueweej metody mgna oczekiwé zachowania
poziomu szczeg6towioi map przy znace] redukciji liczby iléci pobieranych probek glebowych.

Stowa kluczowe:przewodnictwo elektryczne gleby, zmiedagorzestrzenna, rolnictwo
precyzyjne



