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Peralta, N. R., Costa, J. L., Balzarini, M. and Angelini, H. 2013. Delineation of management zones with measurements of
soil apparent electrical conductivity in the southeastern pampas. Can. J. Soil Sci. 93: 205-218. Site-specific management
demands the identification of subfield regions with homogeneous characteristics (management zones). However,
determination of subfield areas is difficult because of complex correlations and spatial variability of soil properties
responsible for variations in crop yields within the field. We evaluated whether apparent electrical conductivity (EC,) is
a potential estimator of soil properties, and a tool for the delimitation of homogeneous zones. EC, mapping of a total of
647 ha was performed in four sites of Argentinean pampas, with two fields per site composed of several soil series. Soil
properties and EC, were analyzed using principal components (PC)-stepwise regression and ANOVA. The PC-stepwise
regression showed that clay, soil organic matter (SOM), cation exchange capacity (CEC) and soil gravimetric water
content (0,) are key loading factors, for explaining the EC, (R*>0.50). In contrast, silt, sand, extract electrical
conductivity (EC.), pH values and NO;3 -N content were not able to explain the EC,. The ANOVA showed that EC,
measurements successfully delimited three homogeneous soil zones associated with spatial distribution of clay, soil
moisture, CEC, SOM content and pH. These results suggest that field-scale EC, maps have the potential to design
sampling zones to implement site-specific management strategies.

Key words: Precision agriculture, management zones, spatial variability, soil properties

Peralta, N. R., Costa, J. L., Balzarini, M. et Angelini, H. 2013. Délimitation de zones de gestion a I’ aide de la mesure de la
conductivité électrique apparente du sol dans la pampa du sud-est. Can. J. Soil Sci. 93: 205-218. La gestion spécifique de sites
exige I'identification dans la parcelle de sous-régions aux caractéristiques homogenes (zones de gestion). Cependant, la
détermination de telles zones de gestion est difficile du fait de corrélations complexes et de la variabilité spatiale des
propriétés du sol, responsables de variations des rendements des cultures au sein méme des parcelles. Dans ce cadre, nous
avons mené des expérimentations pour évaluer si la conductivité électrique apparente (EC,) pourrait étre un estimateur
potentiel des propriétés du sol et donc un outil pour la délimitation de zones homogénes. L’EC, a été mesurée et
cartographiée sur un total de 647ha dans quatre sites de la pampa Argentine, avec deux zones par parcelles composées de
plusieurs séries de sol. Les propriétés du sol et 'EC, ont été objet d’une analyse en composantes principales (PC)—
régression séquentielle et ANOVA. La PC-régression séquenticlle a montré ue la teneur en argile, la matiére organique
du sol (MOS), la capacité d’échange cationique (CEC) et la teneur en eau gravimétrique du sol (6,) sont des facteurs clés
pour expliquer 'EC, (R? >0.50). A I'inverse, le limon, le sable, la conductivité électrique extraite (ECey), les valeurs de pH
et le contenu en NO3 -N n’ont pas permis d’expliquer L’EC,. L’ANOVA a démontré que les mesures de 'EC, a permis de
délimiter avec succes trois zones de sol homogeénes associées a la distribution spatiale de I’argile, I’humidité de sol, la CEC,
le contenu en MOS et le pH du sol. Ces résultats suggerent que la mesure de 'EC, a I’échelle de la parcelle a le potentiel de
délimiter des zones d’échantillonnage pour 'implémentation de stratégies de gestion de sites spécifiques.

Mots clés: Agriculture de précision, zones de gestion, variabilité spatiale, propriétés du sol

The Argentinean pampas is a vast plain region of about
50 Mha (Alvarez et al. 1998) and it is considered one
of the most suitable areas for grain crop production in
the world (Satorre and Slafer 1999). On its southern
portion (southeastern Pampas), the climate is sub-humid
to humid, with 900 mm annual rainfall. The predomi-
nant soils of the region belong to the Mollisol order,
great group Argiudolls or Paleudolls, overlying loess
sediment, under a udic-thermic temperature regime
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(Suero et al. 1990). These soils exhibit a distinctive
characteristic, which is the presence of a petrocalcic
horizon, locally called “tosca”. This layer causes a wide
variability of the soil profile depth (Pazos et al. 2002).

Abbreviations: 0g, soil gravimetric water content; EC.y,
electrical conductivity of the saturation extract; CEC, cation
exchange capacity; HMZ, homogeneous management zones; PC,
principal component; SOM, soil organic matter
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Because of this, agricultural fields in southeastern
Pampas frequently have multiple soil map units within
them, despite their sometimes relatively small size, and
a wide range of soil textures and properties, causing
high soil spatial variability (Melchiori 2002). As a result,
uniform field management is not an effective manage-
ment strategy (Moral et al. 2010), because it does not
take into account spatial variability. Precision agri-
culture is considered the most viable approach for
achieving sustainable agriculture (Corwin et al. 1999).
In particular, homogeneous management zones (HMZ)
is a form of precision agriculture whereby decisions
on resource application and agronomic practices are
improved to better match soil and crop requirements as
they vary in the field. Homogeneous management zones
allow the identification of regions (management zones)
within the area delimited by field boundaries. These
subfield regions constitute areas of the field with simi-
lar characteristics, such as texture and nutrient levels
(Moral et al. 2010). In order to allow the implementa-
tion of differential management practices, HMZ must
have a minimum size of approximately 500 m?. This is
mainly due to the fact that it is not practical to manage
smaller sections because of machinery limitations and
the uncertainty of economic benefit. Otherwise, they do
not represent a benefit compared to traditional uniform
management (Bullock et al. 2007).

Homogeneous management zones can be delineated
using electronic technologies that rapidly collect infor-
mation at numerous sites in the field, allowing the
characterization of field spatial variations. In this way,
the measurement of apparent soil electrical conductivity
(EC,) is one of the most reliable techniques used to
characterize within-field variability of edaphic proper-
ties (e.g., Corwin and Lesch 2003). The EC, is defined
as the soil capacity for conducting electric current. It
involves the conductance through the soil solution, solid
soil particles, and exchangeable cations that are located
on that are located on clay mineral surfaces (Rhoades
et al. 1989; Corwin and Lesch 2003). There are several
reasons why geospatial measurements of EC, are well-
suited for characterizing spatial variability. Geospatial
measurements of EC, are reliable, quick and easy. The
transportation of EC, measurement equipment is easy
and can be accomplished at a reasonable cost. Finally,
and most importantly, EC, is related to many soil
physicochemical properties, such as soil water content,
salinity and clay content (Kachanoski et al. 1988;
Johnson et al. 2001; Kaffka et al. 2005), making it
possible to establish the spatial variability in the field of
these additional important soil properties. This metho-
dology can improve the characterization of the spatial
pattern of edaphic properties influencing crop yield,
which in turn can be used to define site-specific man-
agement units (Moral et al. 2010). However, previous
EC, applications in HMZ have shown weak and incon-
sistent relationships between EC, and soil character-
istics (Corwin and Lesch 2003; Sudduth et al. 2003).

These inconsistent relationships may be generated by the
potentially complex interrelationships between EC, and
soil characteristics. The delimitation of HMZ with EC,
measurement has not been adequately described for
soils with presence of a petrocalcic horizon, which are
characteristic of many agriculturally important soils in
Argentina and throughout the world.

The objectives of this study are to assess: (1) whether
field-scale EC, geospatial measurement is a potential
estimator of soil properties and (2) whether EC, mea-
surement can enable the delimitation of HMZ within
productive fields in the region. For this purpose, we
analyzed the variation of the spatial dependence of EC,
in each field to determine whether the size of the areas
is useful for implementing site-specific management.

MATERIALS AND METHODS

Experimental Sites

Soil EC, mapping and soil sampling at Fernandez (F1
and F2), Claraz (C1) and Huesos (H1) were done in July
of 2008. At Claraz (C2), Huesos (H2) and Quebracho
(Q1 and Q2), mapping and sampling were done in
July—-August 2009. All soil samples were taken prior to
planting winter crops [wheat (Triticum aestivum) and
barley (Hordeum vulgare)].

Four sites were chosen, with two fields per site in the
southeastern Pampas, Buenos Aires province, Argentina
(Fig. 1). The four sites are composed of various soil
series (Table 1), Huesos of the Mar del Plata series (fine,
mixed, thermic, Typic Argiudoll); Fernandez of the Azul
series (fine, illitic, thermic Typic Argiudoll); Claraz of
the Tandil (fine, illitic, thermic Typic Argiudoll) and
Azul series; and Quebracho of the Balcarce (fine, mixed,
thermic Petrocalcic Paleudoll) and Mar del Plata series
[Instituto Nacional de Tecnologia Agropecuaria (INTA)
1970-1989]. These series cover an extensive area of
approximately 5 490 912 ha.

The Quaternary loess sediments that cover the
Pampean region are the most widely distributed con-
tinental sedimentary deposits of the southern Hemi-
sphere. The source arcas of these aecolian sediments
are located to the west and southwest of the Andean
and extra-Andean Patagonia region (Teruggi 1957).
This contributes to a mineral association derived from
neutral to basic volcanic pyroclastic materials. The
sediments were transported by wind northward through
modified saltation and long- and short-term suspension
during several sedimentary pulses (Pye 1987), then
deposited in the Pampean region over the undulating
paleotopography of the tosca (local term, equivalent
to calcrete) layer (2Ckm horizon, petrocalcic horizon,
calcrete), generating wide variability in soil depth
(Blanco et al. 2007). For example, at Huesos the
petrocalcic horizon is found below 150 cm depth, so
the soil samples were able to be collected from the
profile to 90-cm depth, whereas in some zones of
the other sites, the petrocalcic horizon was shallower
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Fig. 1. The eight fields situated on the four experimental sites (@) located in southeastern Pampas, Buenos Aires province,

Argentina.

than 90 cm, which limited the depth of data collection
(Table 1).

Clay mineral composition of the Pampean loessic
sequences are uniform, composed mainly of illitic and
montmorillonitic,. On the other hand, the texture varies
from silty clay loam to loam (Imbellone et al. 1993).

Electrical Conductivity Mapping

Soil EC, measurements were made using the Veris
3100® (Veris 3100, Division of Geoprobe Systems,
Salina, KS). The device consists of six disc-shaped metal
electrodes, which penetrate approximately 6 cm into the
soil (Fig. 2). One pair of electrodes emits an electrical
current into the soil, while the other two pairs detect

decreases in the emitted current due to its transmission
through soil (resistance). The measurement depth is
based upon the spacing of the coulter-electrodes. The
center pair, situated closest to the emitting (reference)
coulter-electrodes, integrates resistance between depths
of 0 and 30 cm, while the outside pair integrates between
0 and 90 cm. Output from the Veris Data Logger reflects
the conversion of resistance to conductivity (1/re-
sistance =conductivity). In this paper we work with
EC, measurement to 0-90 cm because it is more stable
over time than the EC, to 0-30 cm (Sudduth et al. 2003).
The Veris 3100 Sensor was pulled across each field
behind a pick-up truck, while measuring simultaneous
and georeferenced EC, measurement in real-time with a

Table 1. Experimental sites and soil classifications (INTA 1970, 1989)

Soil type Horizons
Sample number Series composition

Site Field 0-90 cm Soil series Soil classification Topsoil Subsoil (%)
Huesos Hl1 36 Mar del Plata Typic Argiudoll Loam Loam-clay 100
H2 31 Mar del Plata Typic Argiudoll Loam Loam-clay 100

Fernandez Fl1 29 Azul Petrocalcic Paleudoll Clay-loam Clayey 100
F2 21 Azul Petrocalcic Paleudoll Clay-loam Clayey 100

Claraz Cl1 33 Tandil Typic Argiudoll Clay-loam Clayey 60
Azul Petrocalcic Paleudoll Clay-loam Clayey 40

C2 25 Tandil Typic Argiudoll Clay-loam Clayey 70

Azul Petrocalcic Paleudoll Clay-loam Clayey 30

Quebracho Ql 35 Balcarce Petrocalcic Paleudoll Clay-loam Clayey 60
Mar del Plata Typic Argiudoll Loam Loam-clay 40

Q2 26 Balcarce Petrocalcic Paleudoll Clay-loam Clayey 60

Mar del Plata Typic Argiudoll Loam Loam-clay 40




Can. J. Soil. Sci. Downloaded from pubs.aic.ca by USP UNIVERSIDADE DE SAO PAULO on 05/10/13
For perSonal use only.

208 CANADIAN JOURNAL OF SOIL SCIENCE

e .
St o

Fig. 2. Veris 3100 coulter-based apparent soil electrical
conductivity sensor.

differential GPS (Trimble R3, Trimble Navigation
Limited, USA) (Fig. 2), with a sub-meter measurement
accuracy and configured to take satellite position once
per second. On average, travel speeds through the field
mapping ranged between 7 and 11 km h ™', correspond-
ing to about 2-3 m spacing between measurements in
the direction of travel. For ease of manocuvring, the
field was traversed in the direction of crop rows in series
of parallel transects spaced at 15- to 30-m intervals,
because a spacing greater than 30 m generates measure-
ment errors and information loss (Farahani et al. 2007).

Electrical Conductivity Sampling

Soil sampling was done by zones, based on four EC,
classes. Previous research on various soils suggested
the use of four classes to delimit homogeneous zones,
because very little information is obtained using a larger
number (Fleming et al. 2000). Soil EC, values and
amplitude were classified by equal area quantiles using
the Geostatistical Analyst in ArcGIS 9.3.1 (Environ-
mental System Research Institute, Redlands, CA) (Fig.
3). Three representative geo-referenced soil-sampling
points were selected within each EC, classes identified
at each field (Fig. 3). Each soil-sampling point consisted
of three subsamples, centred within EC, class areas to
avoid transition zones (Fig. 3). For the organization,
manipulation and data graphic display, geographic
information systems and EC, contour maps were used
for the eight fields evaluated. The program used was
ArcGIS v9.3.1 [Environmental System Research Insti-
tute Inc. (ESRI), Redlands, CA].

Soil Sampling and Analyses

Soil cores were taken to a depth of 90 cm using a 5-cm-
diameter hydraulically driven soil tube (Giddings
Machine Co., Windsor, CO). As soil profile is not
uniform through the 0-90 cm depth, soil in each core
was carefully mixed to homogenize the sample and

therefore make it representative of the analyzed depth.
The SOM content was only measured from the 0-30 cm
stratum, because the highest content in the soils of the
southeastern Pampas is found there (Barbieri et al. 2009).

Soil samples were collected in plastic bags. Upon
arrival at the laboratory, they were air-dried and analyzed
for soil gravimetric water content (0,) and particle-size
distribution by gravitational sedimentation using the
Robinson pipette method (Soil Conservation Service
1972), after passing the fine components through a
2-mm sieve. These fine components were also analyzed
for pH, in 1:2.5 (soil:water) suspension, by the electro-
metric method (Chapman 1965). Electrical conduc-
tivity of the saturation extract (EC.,), was measured
using the electrometric method (Chapman 1965), SOM
was determined by dichromate oxidation (Walkley and
Black 1934), cation exchange capacity (CEC) was mea-
sured by the neutral ammonium acetate method and
NO; -N content was determined by colorimeteric
method (Bremner 1965). The soil CaCO5 was analyzed
at Fernandez, because it was only one that showed
CaCOj in soil profile. The CaCOj; content was de-
termined using a Bernard calcimeter (Ministry of Agri-
culture, Fishing and Food 1986).

Spatial Variability of EC,

Soil EC, spatial correlation was quantified with semi-
variograms. These functions characterize distribution
patterns such as randomness, uniformity and spatial
trend. The function relates the semivariance, half the
expected squared difference between paired data values
z(x;) and z(x;+ h), to the lag distance, /1, by which sample
points are separated. The semivariogram was estimated
using the equation (Isaaks and Srivastava 1989):

N(h)

1 2
% _ ) )
v¥(h) = N ; 1(z(x,) z(x; + h)) (1)

where y*(h) is the experimental semivariance value at
distance interval /; z(x;) are the measured sample values
at sample points x;, in which there are data at x; and
xi+h; N(h) is the total number of sample pairs within
the distance interval 4. The semivariogram shows the
degradation of spatial correlation between two points in
space when the separation distance increases. Important
parameters of the semivariogram include the nugget, sill,
and range. The nugget effect (Co) relates to the variance
between pairs of points separated by very small dis-
tances, and can be due either to sampling error, to short
scale variability, or both. The sill (Co+C) is the level
at which the semivariogram flattens out, where C is the
dependent structural or spatial variance and represents
the vertical scale for the structured component of the
semivariogram. The higher the value of C with respect
to Co, the better the estimation (Mufloz et al. 2006). If a
sill exists, the soil EC, variability is stationary beyond
that range and the sill can be thought of as the spatial
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Fig. 3. Apparent electrical conductivity (EC,) map for all fields with four electrical conductivity classes. Variations in color, from
light to dark, correspond to increasing conductivity.
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variance of two distantly separated points. The range
(o) 1s a measure of the spatial continuity of soil EC,
and can be used as a measure of homogeneity or spatial
dependency (Cohen 1994).

To fit the semivariogram, spherical (Eq. 2) or expo-
nential (Eq. 3) models were considered (Webster 1985).

¢|1.5(h/a) — 0.5(h/a)3} L if h<a
c, if h>a
y(h) = ¢, + c[1 — exp(=3h/a)l, 3)

The best model was selected according to the mini-
mum value of Akaike’s criterion (AIC). Akaike (1973)
introduced the concept of information criteria as a tool
for optimal model selection. The model with the smallest
AIC is considered the “best”” model since it minimizes
the sum of squared errors.

The degree of spatial dependence of the analyzed
variable (EC,) was characterized based on the propor-
tion of structural variance. Spatial dependence is con-
sidered strong when C/(Co+C) ratio gives values
greater or equal to 0.75, moderate between 0.75 and
0.25, and weak for wvalues less or equal to 0.25
(Cambardella et al. 1994). The variograms adjusted for
each field were used to interpolate the EC, by means
of ordinary kriging after checking geostatistical common
assumptions (Isaaks and Srivastava 1989).

p(h) = ¢, + (2)

Statistical Analysis

Principal-components analysis was used to examine
the relationship among the soil properties measured in
this study (clay, silt, sand, 0,, SOM, CEC, EC.y, pH
and NOj -N) and to determine which soil properties
were important influences on EC,.

Due to the colinearity of the independent variables,
correlation analysis could not be used to directly relate
multiple soil properties to EC,. Principal components
analysis puts identified, correlated variables into groups.
These groups (PCs) become new, independent, random
variables that could then be used to identify which soil
properties influenced EC,. In this study, the objectives
of using the PC-stepwise regression analysis were to
identify the key soil properties that had significant
relationships with EC,; determine the strength of that
relationship; and determine the influence and role of
each soil property in the relationship.

The PCs were identified from the correlation matrix
using the FACTOR procedure in SAS software (SAS
Institute, Inc. 2002). Any PCs with an eigenvalue greater
than 1 were selected because they explained a significant
amount of the variance present in the soil properties at
each site. The PCs with eigenvalues >1 were then used
in a stepwise regression procedure (SAS Institute, Inc.
2002) to determine if there was a significant relation-
ship between the PCs and EC,. The stepwise regression
procedure repeatedly alters the model by adding or
removing predictor PCs until the only remaining PCs

are above the 0.15 significance level. The regression
therefore effectively evaluates the result of the PCA.
When PCs remaining in the regression model accounted
for >50% of the variability in EC, measurement, the
eigenvectors (loading factors) were examined and
the soil properties in the PCs ranked according to the
amount of wvariability explained by the PCs. For
instance, a soil property that was a component of the
PCs that accounted for most of the variability in the
regression model and had the highest loading factor in
that PC group was ranked first. Soil properties with
loading factors <0.4 were not considered key latent
variables and were not included in the ranking because
they did not substantially influence the relationship
between the PC groups and the nutrient concentration
being examined. The ranking of the soil properties,
strength of the loading factor, and sign (positive or
negative) of the loading factor were used to determine
the influence and role that each soil property had in
explaining the variability in the EC,.

In order to determine whether the EC, measurements
allow delimitation of homogeneous zones within the
fields, the differences in the averages of the soil proper-
ties (determined as an average of the three subsamples)
were compared among the EC, classes using a mixed
linear model from PROC MIXED (SAS Institute, Inc.
2002). Soil EC, classes and locations were regarded as
fixed effects, fields as random effects and sampling
points within each EC, class as random subsamples.
The soil property mean comparisons were evaluated
according with a significance level of 0.05, using the
LSMEANS. Each EC, class was considered as a
classification factor in a randomized complete block
design within each field.

RESULTS AND DISCUSSION

Structural Analysis of EC,

The EC, spatial variability within each field was best
described with a spherical model (Table 2); the spatial
dependence progressively decreased (equivalent to an
increase in semivariance) with the lag distance. In the
semivariogram model, EC, showed several spatial
dependence ranges (Fig. 4), attributable to the intrinsic
characteristics (mainly soil-type changes) of the field. In
this way, Huesos_H2 and Fernandez_F2 are composed
only of one soil series (Mar del Plata and Azul series,
respectively) and have a greater EC, range because the
soil properties change gradually within the field. On the
other hand, the smaller range found at Quebracho_QI
and Q2 (Fig. 4), is associated with abrupt changes in soil
properties at short distances, due to different soil series
(Balcarce and Mar del Plata) within each field. The
range was greater than 40 m for all the fields (Fig. 4),
in accordance with Bekele et al. (2005), who described
that in ranges higher than 20 m it is easier to delimit
management zones because the soil variables are not
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Table 2. Value of Akaike’s criterion of the semivariogram models for
apparent electrical conductivity (EC,) at each field

Model

Site Field Spherical Exponencial
AIC AIC
Huesos HI 4859 5284
H2 8710 9286
Fernandez F1 6716 7370
F2 7026 7763
Claraz Cl 1467 1687
C2 6020 6605
Quebracho Q1 3847 4166
Q2 5483 6120

randomly distributed. This indicates that the fields
delimited in this paper are well suited for defining HMZ.
The proportion of structural variance C/(Co+C) of
EC, was high for all fields (>0.5; Fig. 4). According
to the classification proposed by Cambardella et al.
(1994), the spatial dependence of EC, within each field
can be considered strong, meaning that the models were
primarily explained by spatial variability and not by
sampling or random error (Chang et al. 1999).

Exploratory Analysis of EC, and Soil Properties

The results from particle size analysis indicated that soils
at Huesos were mostly classified as loam soils (Tables 1
and 3). The other sites were classified as clay-loam
soils (Tables 1 and 3), even though there were differ-
ences among them. Fields at Fernandez showed a higher
average clay content (34.51%) than Claraz and Queb-
racho (32.02 and 31.81%, respectively). The whole-field
mean silt content ranged from 31.29 to 37.10%, and it
remained relatively constant between all fields, whereas
mean whole-field clay and sand ranged from 23.36 to
34.60 and 31.37 and 44.69%, respectively. The mean
whole-field EC, ranged from 12.79 to 27.42 mS m~
with whole-field CV between 17.61 and 44.49%
(Table 3). The mean EC, in the Fernandez fields ranged
from 26.34 to 27.42 mS m ', which were considerably
greater than in Huesos fields, where the mean EC,
ranged from 12.79 to 14.96 mS m~' (Table 3). These
differences in mean EC, between Huesos and Fernadez
soils are highly associated with differences in soil
particle size distribution (soil texture) between Huesos
and Fernadez soils. Since the conduction of electricity in
soils takes place through moisture-filled pores between
soil particles, soils with high clay contents generally
have more continuous water-filled pores that tend to
conduct electricity easily than sandier soils (Rhoades
et al. 1989). Consequently, soils at Huesos, with high
sand content, and commensurately low clay content, are
usually more permeable with less continuous water-
filled pores and lower moisture contents, which results
in lower EC, than soils at Fernandez. Soils in Claraz
and Quebracho, with soil particle size intermediate
to Huesos and Fernandez (Table 3), also showed an

intermediate electrical conductivity (15.81 to 19.89 mS
m~ ' and 16.99 to 21.88 mS m ', respectively).

All chemical properties, except pH, showed substan-
tial variability, with CV varying from 9.11 to 44.89%
(Table 3). The narrow pH range (6.4 to 7.1) reflected
the high buffering capacities of southeastern Pampas
soils, resulting from their high clay and organic matter
contents (Fabrizzi 1998; Melchiori 2002). Soil NO3 -N,
CEC and SOM contents had relatively high vari-
ability among all fields, with a range from 8.12 to
14.89 mg kg~ !, 16.07 to 34.12 cmol kg~ ' and 3.3 to
5.1%, respectively. A high degree of variation in the
soil properties related to soil productivity indicates
that uniform management within the field could be
inefficient.

Relationships Among EC, and Soil Properties
Table 4 shows that any PCs with an eigenvalue greater
than 1 were selected because they explained a significant
amount of the variance present in the soil properties
at each field. In all cases, these PCs had a cumulative
variance of >75% (Table 4). The first PC (PCl)
explained in all fields >50% of the total variance and
it was strongly influenced by clay, 0,, CEC and SOM.
The second PC (PC2) showed a more intense relation
with EC.,, NO3 -N and pH.

For all fields, the PC-stepwise regression analysis
retained the PCI1 (Table 5). In PC1, clay, 8,, CEC, SOM
contents had the highest positive loading factor and,
in some fields, sand contents had the highest loading
factor, but negative (Table 4), indicating that clay, 0,
CEC, and SOM were positively related to EC, and
sand negatively. Low EC, was associated with lighter-
textured areas of the field where SOM, soil moisture and
CEC were lower, and high EC, was associated with soils
with finer texture and high SOM, soil moisture and CEC
content. Percentage clay was positively correlated with
EC, in all fields, because the clay exhibited a significant
correlation with soil moisture content (r =0.54), SOM
(r=0.25), CEC (r=0.57) and EC., (r=0.38). The
positive relationship of EC, with clay percentage is
consistent with findings in previous studies (Johnson
et al. 2001; Sudduth et al. 2003). The correlation
between EC, and SOM for all fields, can be explained
because the SOM exhibited a significant correlation
with soil moisture content (r=0.49), EC.y (r =0.25)
and CEC (r =0.45), allowing an increase in the capac-
ity to conduct electrical current and affecting the
spatial variability at field-scale EC, (Martinez et al.
2010). Moreover, some SOM components are res-
ponsible for the formation and stabilization of soil
aggregates, generating continuous pores and macro-
pores (Lal 2004), increasing the capacity of soil electrical
conductivity.

Clay contents had the highest loading factor in all
models, except at Huesos (Table 5), where the moisture
content had the highest loading factor (Table 4). When
clay content is low, soil moisture has a greater impact on
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Fig. 4. Parameters of the spherical semivariogram models for apparent electrical conductivity (EC,) at each field.

EC, (Kachanoski et al. 1988), which may explain why
soil moisture was more strongly correlated with EC, in
Huesos than in the other fields. The soils in Fernandez,
Claraz and Quebracho were more clayey than in Huesos

(Tables 1 and 3).

On the other hand, PC2 and PC3 showed a more
intense relation with EC, pH and NOj3 -N (Table 4).
The PC2 and PC3 only were retained in the PC-
regression model at F1 and F2, respectively (Table 5).
In PC2, EC. and pH had the highest positive loading
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Table 3. Soil physicochemical properties and apparent electrical conductivity (EC,) at each field. Average values (mean) and coefficient of variation (CV)

Site

Quebracho

Claraz

Fernandez

Huesos

Q2

Ql

C2

Cl

F2

F1

H2

H1

CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)

Mean

26.84
8.08

11.8

21.88
32.03
31.51

35.78
13.08
4.22

16.99
31.58
31.09

37.33

17.61
11.41

17.13

19.89
32.42

15.81 44.49
37.1

25.23

27.42
34.4

22.31

26.34
34.6
323

25.52
20.05

12.79
23.36
35.03

21.98
41.61

14.96
23.02
32.29

44.69

EC, mS m™ ")

Clay (%)
Silt (%)

8.42
11.84
20.53
24.5

31.72
36.91

12.91
16.83
21.75

9.11

32.62
32.98

28.09
12.68
21.96

11.17

25.2

16.45
16.96

20.33
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11.61
12.49
17.43
13.82

33.7

36.46
0.26
4.45

9.95
12.31
25.6

0.26

4.5
26.48

23.27
10.96
31.07

30.48
0.26
4.79

30.06
21.12
24.41

31.37
0.23
4.36

27.86

5.02

0.3
32.61

10.66
21.12

0.28
4.69

33.1
29.75

11.88
26.87

0.23
4.05

11.25
16.35
17.45

22

0.22
4.04
24.27

Sand (%)
0f (2g™ ")
SOM? (%)

4.48
28.78

233
0.26
6.85

5.2
36.54

14.31
28.51

0.25
7.01

10.57

34.17
9.6

21.89
0.26
6.9

4.62
32.61

24.25
0.22
6.68

15.19
28.92
391

0.48
7.21

16.36
35.76
7.27

0.36
7.18

12.75
29.84
6.2

19.28
0.19
6.65

4
29

0.18
6.42
11.79

41)

)

ECZ, (dS T
NO5 -N (mg kg™")

CEC* (cmol k.
pH

7.92

7.56

35.74

7.8

12.46

44.89

35.99 12.67 28.12 9.85

9.09

“,, soil moisture content; SOM, soil organic matter; CEC, cation exchange capacity; ECc, laboratory measured electrical conductivity using water saturated paste.

factor, while in PC3 only EC,,, (Table 4), indicating
that EC.,; and pH were positively related to EC,,
possibly by the presence of CaCOj; in some parts of
the fields. The EC.y of a soil with COCas; would be
0.5 dS m ! (Shainberg et al. 1981). As this salt has
the capacity to increase EC,,, and pH, it can affect the
EC, measurement (Kiihn et al. 2009). On the other
hand, EC.,; and pH showed a weak or inconsistent
correlation with CE, at Huesos, Quebracho y Claraz
because both properties showed little variation (Johnson
et al. 2001; Mueller et al. 2003). In similar soils of the
southeastern Pampas irrigated with water containing
significant amounts of soluble salts, the spatial varia-
bility of EC.,; is the main soil factor affecting EC,
measurement (Bosch Mayol 2009).

The PCs that were related to the NO3 -N concentra-
tion were removed by PC-stepwise models (Table 5).
This indicates that NOj -N levels are not related to
variability in EC,, in these fields at the time of sample
collection. The available N levels were not related to
variability of soil conditions, probably because anions
other than inorganic N dominated the measured EC,
(Johnson et al. 2001). Zhang and Wienhold (2002)
found a very strong correlation between EC, and
NO;3 -N contents working in fields with higher concen-
trations and variations of NO3 -N.

Identification of regression models that were able to
account for a large portion (50%) of the variability in
soil EC, would indicate situations where EC, could
be used successfully to measure soil properties (Heiniger
et al. 2003). As can be seen, the relationship between
EC, and soil properties varied between fields and sites,
showing strong associations with clay, SOM, CEC,
soil moisture content and weak associations with EC.,
pH and NO; -N content.

Delineation of Potential Management Zones

While the PCA revealed which soil properties explained
the major total variance and the PC—stepwise regression
determined which soil properties were more associated
with EC,, neither of these two techniques can determine
significant differences among EC, classes. Therefore, to
assess whether EC, can be used to determine homo-
geneous management zones a mixed ANOVA model
was fitted. The texture, soil moisture content, CEC and
EC.,, exhibited interaction between sites and EC, class;
for this reason the behaviour of these variables was
analysed at each site (Table 7). In contrast, the SOM
content, pH and NOj; -N content did not exhibit
interaction between sites and EC, classes (Table 8),
in other words, they behaved similarly for all sites.
The clay, 06,, CEC, and SOM contents had greater
significant differences among EC, classes at each site
(Tables 7 and 8), which is consistent with the results
of PCA. These soil properties were considered key latent
variables (loading factors >0.4) because they substan-
tially influence the relationship between the PC1 and
the EC, (Table 5). The Fernandez and Huesos sites



Table 4. Key principal components (PCs) (eigenvalues > 1.0), cumulative variance and loading factors for each soil property

Parameter
Site Field Key PCs Eigenvalue Cumulative &° Clay Silt Sand 03 SOM?” CEC” EC%, pH NOj; -N
H1 PCI1 5.03 0.56 0.42 0.26 —0.42 0.48 0.45 0.43 0.30 0.36 0.14
Huesos PC2 1.81 0.76 —0.38 0.53 —0.20 0.05 —0.27 0.02 —0.41 0.06 0.54
H2 PCl1 4.31 0.50 0.43 0.34 —0.41 0.51 0.46 0.43 0.17 0.21 0.29
PC2 2.42 0.79 —0.10 —0.31 0.29 —0.36 0.00 0.13 0.42 0.52 0.46
F1 PC1 4.52 0.52 0.54 0.27 —0.41 0.44 0.43 0.49 0.18 0.13 0.11
Fernandez PC2 1.72 0.69 0.01 0.21 0.24 0.04 0.11 0.31 0.21 0.47 0.28
= PC3 1.33 0.84 —0.22 0.29 —0.07 —0.10 —0.27 —0.18 0.69 0.29 0.24
= F2 PC1 3.44 0.50 0.53 0.25 —0.38 0.42 0.45 0.43 0.03 —0.05 0.01
o PC2 2.34 0.68 0.04 —0.26 0.34 0.34 0.09 0.20 0.50 0.48 0.18
§ PC3 1.44 0.86 —0.03 —0.27 0.22 —0.18 0.38 0.10 —0.20 —0.43 0.69
= Claraz Cl PCl1 4.08 0.59 0.50 0.02 —0.23 0.42 0.42 0.42 0.39 0.38 0.14
c PC2 2.01 0.76 —0.01 0.63 —0.58 0.04 —0.25 —0.03 —0.12 0.15 —0.23
8 C2 PC1 4.76 0.53 —0.48 —0.25 0.43 —0.42 —0.38 —0.46 —0.33 —0.30 —0.17
g PC2 1.48 0.69 —0.45 0.32 0.12 —0.05 0.04 —0.36 0.09 0.29 0.67
= PC3 1.27 0.83 —0.48 0.62 —0.09 0.20 0.07 0.14 —0.10 —0.45 —0.31
L? Q1 PC1 4.64 0.56 0.46 0.34 —0.34 0.40 0.25 0.45 0.28 0.18 0.27
Quebracho PC2 1.55 0.76 —0.16 —0.12 0.17 —0.21 —0.54 0.00 0.51 0.47 0.46
Q2 PCl1 3.85 0.50 0.45 —0.06 —0.18 0.42 0.41 0.42 0.33 0.36 0.23
PC2 1.87 0.64 —0.23 0.72 —0.61 —0.01 0.05 0.02 0.13 —0.18 0.09
PC3 1.46 0.80 —0.46 0.01 0.35 —0.30 0.21 —0.07 0.39 0.13 0.60
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Table 5. Regression model resulting from the principal component (PC)—stepwise regression analysis of the relationship between apparent electrical
conductivity (EC,) and soil properties

Partial R
_ Soil properties (loading factors >0.4)

Site Field Regression model R? PC1 PC2 PC3 (listed in order of importence)”
Huesos HI1 13.784+1.66 PCI1 0.61 0.61 0,, SOM, Clay, Sand, CEC

H2 19.82+1.58 PC1 0.62 0.62 0,, SOM, Clay, CEC, Sand
Fernandez F1 21.16+3.49 PC1+1.04 PC3 092 09 0.02 Clay, CEC, 6,, SOM, Sand, ECext

F2 29.57+42.19 PC1+1.3 PC2 0.72 0.58 0.14 Clay, SOM,CEC, 0,, ECext, pH
Claraz C1 26.37+2.16PCl 0.59 0.59 Clay, CEC, 0,, SOM

C2 25.67 —2.69 PC1 0.78 0.78 Clay, CEC, 0,, Sand
Quebracho Ql 19.91+2.73 PC1 0.81 0.81 Clay, CEC, 0,, SOM

Q2 16.784+2.75 PC1 0.64 0.64 Clay, CEC, 6,, SOM

“0,, soil moisture content; SOM, soil organic matter; CEC, cation exchange capacity; EC.y, laboratory measured electrical conductivity using water
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saturated paste.

showed significant differences in clay content in three
EC, classes (Table 7), probably because of the higher
CV exhibited in the soil series from each place (20.5 and
18.2%, respectively) (Table 3). In contrast, Claraz and
Quebracho showed significant differences only among
two EC, classes for lower CV (9.9 and 10.6%, respec-
tively). The sand content also showed differences among
EC, classes for each site, especially at Huesos, where the
sand content explained much of the variation of CPI.
The silt content at Fernandez did not differed signifi-
cantly among different EC, classes, most likely due to a
narrow range of silt content (from 31.23 to 32.20%) in
the soil profile (Table 7). This is consistent with the
results of PCA, where the silt content had loading
factors <0.4, without substantially influencing the EC,
variation in all PC—stepwise models (Table 5). Overall,
these results support previous studies that have reported
that soil EC, is influenced by the clay and sand content
of the soil, which reflect the water-holding capacity of
the soil (Kitchen et al. 2003).

The soil moisture content differed significantly among
different EC, classes at each site (Table 7). At Fernandez
and Huesos, significant differences in moisture content
were only found in two EC, classes (Table 7), possibly
because of the low CV exhibited at these two sites,

9.9 and 10.5%, respectively (Table 3). At Claraz and
Quebracho the CV was higher at 17.1 and 15.4%,
respectively (Table 3), with significant differences found
among three EC, classes (Table 7). The soil moisture
content (dynamic soil property) affects only the magni-
tude of measured EC,, not spatial patterns within a field
(Sudduth et al. 2001), because it was strongly associ-
ated with stable soil properties, such as clay content
and SOM (Table 6). Therefore, the areas with higher
clay and SOM contents showed the highest moisture
content, and areas with lower clay and SOM content
showed the lowest moisture content (Veris Technologies
2001; Sudduth et al. 2003).

The CEC and SOM content showed significant differ-
ences in three EC, classes in all sites (Tables 7 and 8).
The delimitation of areas with different content of CEC
and SOM are very important for site-specific manage-
ment in the soils of southeastern Pampas because CEC
affects crop growth and development (Groenigen et al.
2000) and SOM contributes to soil fertility and pro-
ductivity through control of its physical, chemical and
biological properties. Also, SOM has an important role
in the water-holding capacity of the soil (Gregorich et al.
1994; Shaner et al. 2008).

Table 6. Correlations between soil properties across fields

Pearson correlation coefficients (r)

Soil properties Clay Silt Sand 0y SOM CEC ECext pH NO; -N
Clay 1

Silt NS 1

Sand —0.61%* 0.21* 1

03 0.54%%* 0.22% —0.38%* 1

SOM* 0.25% 0.21* NS 0.49%** 1

CEC” 0.57** NS —0.39%* 0.67%* 0.45%* 1

EC% 0.38** NS NS 0.39%* 0.25% 0.24* 1

pH 0.28* 0.20* NS 0.32%* 0.27* 0.40** 0.53%** 1

NO3 NS NS —0.22% 0.16* 0.32% 0.33* 0.27* NS 1

“0,, soil moisture content; SOM, soil organic matter; CEC, cation exchange capacity; ECcy, laboratory measured of electrical conductivity using

water saturated paste.

* ** Significant at the o =0.05 and 0.01 error level, respectively; NS, not significant.
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Table 7. Soil properties means within four classes means of apparent electrical conductivity (EC,) at each field

Site EC, class Clay (%) Silt (%) Sand (%) 02 (gg™ CEC* (cmol kg™')  EC% (dSm™ 1)
Huesos Low 21.69¢ 29.82¢ 48.49a 0.20b 18.02¢ 0.21h
Medium-low 25.78b 33.83bc 40.90h 0.22a 21.67b 0.215
Medium-high 24.89b 36.77b 38.33bc¢ 0.23a 22.08b 0.22b
High 29.62a 37.41a 32.76¢ 0.24a 26.33a 0.33a
Fernandez Low 29.60c 31.234 39.994 0.24b 21.93¢ 0.17¢
Medium-low 33.22h 32.39a 36.00h 0.26b 29.41h 0.36h
Medium-high 34.96b 32.27a 29.83¢ 0.29a 32.61a 0.45a
High 38.27a 32.20a 30.58¢ 0.30a 33.92a 0.51a
Claraz Low 30.29h 28.14b 33.03a 0.17¢ 16.68¢ 0.21h
Medium-low 31.24b 28.12h 31.47a 0.25bh 22.59h 0.23b
Medium-high 33.93q 27.13b 31.18a 0.25h 24.23b 0.20h
High 33.83a 33.73a 27.13b 0.29a 26.67a 0.28a
Quebracho Low 27.26b 27.89b 40.83a 0.23¢ 21.67¢ 0.215
Medium-low 28.24b 26.015 41.79ab 0.25bc 22.47¢ 0.25b
Medium-high 32.48a 28.06b 39.46h 0.26h 25.05b 0.24b
High 31.40a 31.934 36.65b 0.28a 29.00a 0.32a

a—c The same letters indicate no significant differences (P <0.05) for each site.
“0,, soil moisture content; CEC, cation exchange capacity; ECey,, laboratory measured of electrical conductivity using water saturated paste.

The soil properties with low loading factors (ECc,
NO; -N contents) showed less-significant differences
among EC, classes at each site. The NO3 -N content
and EC,,, differed significantly only in the EC, high
class for all sites (Table 8), except at Fernandez, where
the EC,,; exhibited differences in three classes. Only at
Fernandez did the EC.,; have loading factors >0.4 in
the PC2, which explained the variation of EC, in the
PC-stepwise model (Table 5). These soil properties were
not considered key latent variables because they did
not substantially influence the relationship between the
PC groups and the EC,. The small difference in average
NOj3 -N content and EC,,, in different EC, classes
suggests that geo-referenced EC, measurement is weakly
influenced by these soil properties. The NO3 -N content
showed low significant differences among EC, classes,
possibly because nitrogen transformations in soil are
controlled by soil water content, biological activity,
cropping, composition and quantity of organic matter
(Stevenson 1982). These soil characteristics impact on
the processes of volatilization, nitrification, immobiliza-
tion, and leaching (losses) or mineralization (gains) that
define NOj3 -N levels in soil (Stevenson 1982). On the
other hand, the pH exhibited significant differences in
three EC, classes (Table 8). The pH was not considered
a key latent variable, except at Fernadez where the pH

Table 8. Soil properties means within four classes means of apparent
electrical conductivity (EC,) at each field

EC, class SOM?* (%) pH NO; -N (mg kg™
Low 3.37¢ 6.40c 8.71b
Medium-low 3.88h 6.88h 9.10b
Medium-high 3.99 6.84b 9.28h
High 5.02a 7.06a 12.49a

“SOM, soil organic matter.
a—c The same letters indicate no significant differences (P <0.05).

had loading factors >0.4 in the PC2, contributing
strongly to explaining the variation of EC, in the PC—
stepwise model (Table 5).

The results of this study indicate that for all fields,
the PC—stepwise regression analysis was able to account
for >50% of the variability in EC,. Clay content was
one of the key loading factors. Principal component
groups consisting of clay, SOM, soil moisture and CEC
were able to consistently account for spatial variability
of EC,. In contrast, other measured soil properties
(ECe.x, pH values and NOj3 -N content) were not able
to explain the EC,. This study shows that EC, can be a
valuble tool when used in conjunction with multivariate
statistical procedures in identifying soil properties.

Zones derived from EC, showed a potential to delimit
distinct within-field soil condition areas, but the sig-
nificance of differences among the EC, zones varied
depending on soil properties. Geo-referenced EC, mea-
surements successfully delimited three homogenecous
soil zones associated with spatial distribution of clay,
soil moisture, CEC, SOM content and pH. On the
other hand, the NO5; -N content and the EC,,, had low
values, and minor differences between the different EC,
classes, so it would not be advisable to delimit manage-
ment zones based on these two properties in the soils of
the southeastern Pampas.

Considering that clay, CEC, SOM content and pH
values are relatively static over time (Shaner et al. 2008)
and influence soil fertility, these results suggest that
EC, field-scale maps in areas with Typic Argiudoll and
Petrocalcic Paleudoll soils can delimit three zones which
are homogeneous enough to serve as meaningful zones
for management and sampling purposes, without sacri-
ficing soil spatial variability information. This study also
shows that there is a high spatial dependence of EC, in
each field, creating zones that are large enough to enable
implementation of differential management practices.
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The first step necessary to implement precision farm-
ing in the studied fields is the identification of the three
management zones. In the following years, a variable-
rate application of inputs will be carried out, providing
environmental and economic benefits by decreasing
fertilization in the less-productive areas (low EC,) and
minimizing the application of chemical substances as a
strategy to obtain more cost-effective field management,
including less use of agricultural machinery. Further
studies will be conducted to evaluate these subfield
management zones, using yield maps to better under-
stand the agronomic significance of this classification.
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