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Introduction
The concept of precision fruticulture follows the 

knowledge achieved in site-speci ic farming over the last 
decades. Using spatial information of soil and variability of 
plant phenotype, zones can be marked that are under- or 
over-supplied with a certain growth factor. This informa-
tion can be used to optimise farm pro itability and sustain-
ability (Auernhammer, 2001; Zhang et al., 2002). However, 
for management of orchards, the approach may need hedg-
ing due to more complex root system responding to the en-
vironment in perennial plants. 

In orchards, methods for spatial soil analysis such as 
georadar, electromagnetic, and seismic readings are either 
not suitable to provide the necessary spatial resolution 
or interfere with machinery and constructions in the or-
chards such as drip irrigation. Therefore, electrical con-
ductivity (ECa) is frequently used for spatially analyzing 
soil pattern in orchard and vineyard. ECa is measured by 
means of apparent resistance readings (Allred et al., 2008). 

To map the soil ECa, set-ups as rolling system are unsuit-
able, again due to interference with trees and machinery 
in the orchard (Gebbers et al., 2009; Lück and Rühlmann, 
2013). Instead, direct current geoelectric readings can be 
applied using four electrodes on a mobile frame, with the 
measurement spot close to the tree (Wenner, 1915; Pozdn-
yakov and Pozdnyakov, 2002). Direct current is coupled to 
the soil and as a function of spatial distribution of resistiv-
ity; an electrical ield is built up. The strength and direc-
tion of direct current remains equal for each measurement. 
Using Ohm’s law, ECa can be measured (Telford et al., 1990). 
By setting the distance of electrodes, the desired measur-
ing depth can be addressed (Mancuso, 2012). The relative 
depth response of the signal with an electrode spacing of 
0.5 m shows a peak at 0.17 m depth (Joschko et al., 2009), 
where 100% of the signal is contributed by this setup. By 
means of a multi-electrode array, a 3D cube of soil ECa 
can be mapped, providing enhanced spatial resolution by 
decreasing the electrode spacing (Loke and Barker, 1996; 
Reynolds, 1997). ECa appears to be feasible for delineating 
soil heterogeneity, even if it provides a merged signal for 
texture, water content, and pH, as well as luid conductivity 
and organic matter (Lück et al., 2009). In areas with high 
spatial variability, ECa is a qualitative indicator for soil tex-
ture (Molin and Faulin, 2012), while in particular for low 
variability, the in luence of soil moisture, activity, or com-
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 Summary
Characterizing spatial soil heterogeneity with-

in orchards may provide an approach for precise, 
more sustainable production processes. In predom-
inantly sandy soil, which was formed by glacial and 
post-glacial deposits, generative growth of plum 
trees (Prunus domestica ‘Tophit plus’, n=156) were 
closely analyzed ( lower set, fruit set, fruit drop, 
fruit size, fruit pigments, and yield), and classi ied 
according to the apparent electrical conductivity 
(ECa) of the soil in three depths (topsoil, root zone, 
subsoil). The soil ECa showed small scale variabili-
ty between 1.3 mS m-1 and 76.7 mS m-1 with stable 
pattern for two years (R=0.88). The ECa in different 
depths corresponded to compaction pro ile and wa-
ter content of the sandy soil. The ECa in the root zone 
correlated to tree growth. However, the ECa of top-
soil and elevation (slope = 3.15°) of the terrain had a 
similar or enhanced impact. The ECa in topsoil and 
elevation were correlated with fruit set at r=0.17 
(p=0.011) and r=-0.45 (p=0.133), and fruit size at 
r=0.06 (p<0.001) and r=0.05 (p<0.001) respective-
ly. Such indings are particularly interesting for or-
chards showing elevation gradient or soil compac-
tion from mechanical weed control.

Keywords
electrical conductivity, fruit, plum, precision fruticul-
ture, spatial variability 

Signi icance of this study
What is already known on this subject? 
• The concept of precision agriculture has been intro-

duced in horticulture only recently. A deeper look 
into the interaction of generative growth of fruit 
trees and spatially measured soil properties is miss-
ing.

What are the new indings? 
• Positive correlation was found between the soil ECa 

and generative tree growth in two years and plant-
ing ages, with enhanced interaction in older trees. 
Furthermore, the slope of the present orchard and 
soil compaction due to mechanical weed control, 
in luenced the root zone environment. Consequently, 
we can provide a better insight of correlations of 
tree growth and soil ECa. 

What is the expected impact on horticulture?
• Precision fruticulture may potentially lead to better 

use of resources and, therefore, more ef icient pro-
duction.



232 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

Käthner and Zude-Sasse  |  Precision fruticulture in P. domestica

position of dissolved ions as well as clay content determine 
the lead of the current in the soil (Corwin and Lesch, 2003; 
Telford et al., 1990). Consequently, low, but small scale 
variability of soil ECa points to varying root environment 
caused by natural soil development or production mea-
sures as mechanical weed control. 

Rodriguez-Perez et al. (2011) applied a soil electrical 
conductivity meter in a vineyard to characterize spatial 
distribution of soil with high clay content. It was pointed 
out that ECa data can be used to obtain a cartographic rep-
resentation of spatially complex soil at different depths. 
Mc Bratney et al. (2005) concluded that ECa can be used 
for delineating management zones in different parts of 
New South Wales, Australia. The work from Hartsock and 
co-workers, which was carried out in an orchard, shows 
that absolute ECa varied, but spatial pattern of ECa were 
stable over two seasons (Hartsock et al., 2000).

By means of correlation analysis regarding soil and 
plant parameters in vineyards, ECa was indicated to be 
useful for describing soil-plant-interaction with respect 
to trunk circumference, and yield (Bramley et al., 2004, 
2011). Findings were presented for soil showing high vari-
ability of ECa. Furthermore, several studies carried out in 
the Marlborough region of New Zealand revealed that plant 
variability in vineyards was in luenced by variation in the 
soil (Bramley and Hamilton, 2004; Trought et al., 2008). 
Here, pattern of silty hollows, sand, and some gravel was 
interesting for vintners in parceling and harvest sched-
uling (Trought and Bramley, 2011). Furthermore, Cortell 
et al. (2005) found that soil depth and corresponding wa-
ter-holding capacity have both, direct effects on vine vigor 
as well as indirect effects on vine microclimates. As a re-
sult, accumulation of phenolic compounds in the fruit ap-
peared in spatial pattern. Reynolds et al. (2007) described 
the interaction of chemical composition of grapes and soil 
texture as well as chemical composition of the soil.

In fruit trees, soil properties were correlated to plant 
growth and fruit quality, mainly in studies on citrus and 
pip fruits: Zaman and Schumann (2006) measured spatial 
pattern of yield and its spatial correlation with respect to 
different soil zones for Citrus × sinensis L. (oranges). The 
in luence of spatial variability of chemical soil properties 
on Pyrus communis L. (pears) fruit trees was analyzed by 
monitoring spatial pattern of fruit diameter (Konopatzki et 
al., 2008). In commercial production of Malus × domestica 
Borkh. (apples), it was pointed out that fruit development 
and soil ECa correlated (Gebbers and Zude, 2010; Türker et 
al., 2011). High-value stone fruits have so far been rarely 
studied. The impact of tomography on soil properties in-
cluding ECa has been described for several landscapes 
resulting in sometimes opposite conclusions. However, 
elevation was even considered for delineating management 
zones in citrus production (Siqueira et al., 2010).

The present study is aimed at evaluating the interac-
tion of small-scale variations in soil ECa pattern and tree 
growth. The objectives were (1) to characterize the or-
chard considering spatial variability of soil ECa in different 
depths and slope of the terrain, and (2) to evaluate its cor-
relations to generative growth in plum trees.

Materials and methods

Experimental design
In 2011 and 2012, measurements were carried out in 

plum (Prunus domestica L.) orchard with a size of 0.37 ha 

located in Potsdam, Germany. The climate is temperate and 
the terrain is 42 m above sea level. The main soil consists 
of predominantly sandy soils, which were formed by gla-
cial and post-glacial deposits after the last ice age, about 
10,000 years ago. Drip irrigation with 0.5 m spacing in the 
row was maintained in the entire orchard with one appli-
cation level: each dripper delivered 1.6±0.1 liter within 30 
min. Irrigation was performed every three days from April 
to September. Weed control in the rows was carried out us-
ing a rotary cultivator three times per year since 2009.

The plantation consisted of six rows with a total of 
180 plum trees, with 5 m between rows and 4 m between 
plants in each row. Trees were planted at two ages, both in 
the dormancy period 2008–2009. Consequently, trees were 
ive and six years old in 2012. All measurements were car-

ried out in 2011 and 2012 on each of the 180 plum trees. 
The cultivar used in the experiment is ‘Tophit plus’ budded 
on ‘Wavit’, while 24 pollinator trees (‘Jojo’ on ‘Wavit’) were 
excluded from the data set. All trees had an adventitious 
root system. The unripe fruits are green, while ripe fruit 
appear as large blue fruits with a yellow lesh.

Topographic readings
Tree positions were recorded by an RTK-GPS system 

(HiPer Pro, Topcon Corporation, Japan), while providing 
geographical data using the WGS 84 System. Horizontal 
data was used for linking ECa and tree data. Vertical data 
provided the elevation of each tree, where the positions of 
highest and lowest trees were used to calculate the slope 
of orchard. 

The horizontal and vertical margins of error for this 
system were less than 0.03 m and 0.04 m, respectively. 
Topographical data was captured with 5 m measuring in-
tervals in x- and 0.50 m in y-axis. The topographical model 
was created using a combination of natural nearest neigh-
bor interpolation and a triangulation tool from MATLAB® 
(R2010B, MathWorks, U.S.), then converted to grid surface 
map with 0.50 m grid resolution.

Soil analyses
1. ECa tomography. Apparent soil ECa was analyzed using
 electrode con iguration as a Wenner array (4-point light 
hp, LGM, Germany), in which four electrodes are arranged 
in line equally spaced. Two outer electrodes are current 
electrodes and two inner electrodes are potential elec-
trodes (Mancuso, 2012). All measurements were taken 
with one additional ground electrode in one place in order 
to obtain more stable data. Measurements were carried out 
in two seasons (2011, 2012) on each tree with an electrode 
spacing of 1 m, and additionally in 2011 with an electrode 
spacing of 0.25 m at right angles to tree rows. When mea-
suring electrical resistance, the penetration depth depends 
on the spacing of transmitting electrodes, which were ad-
justed in the range from 0.75 m up to 20 m. As a result, 
penetration depth was at minimum 0.08 m and at maxi-
mum 2.20 m. An area of 192.0 m x 37.5 m was analyzed with 
1.0 m measuring intervals in the x- and 0.5 m in the y-axis. 

The values of electrical resistance were inverted and 
pre-analyzed in RES2DINV (Geotomo software, Allied As-
sociates Geophysical Ltd., United Kingdom). Inversion of 
resistivity was conducted by a least-square method involv-
ing inite-element and inite-difference methods (Loke and 
Barker, 1996). With these steps, 132 pro iles in the y-axis 
were obtained and, by using the tree position, tree-speci ic 
ECa values were calculated.
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2. Boreholes. Additionally, geoelectric (4-point light hp, 
LGM, Germany) measurements were carried out in bore-
holes located 0.10 m north to the stem of 37 randomly se-
lected trees in order to measure depth pro iles of soil vari-
ability with enhanced spatial resolution. ECa was analyzed 
at every 0.05 m for the uppermost 1 m depth by using the 
Wenner electrode con iguration with electrode (0.30 m di-
ameter and 0.03 m thickness) distance of 0.25 m. 

The distribution of water in iltration was recorded at 
the trees, where borehole analysis was applied. Mimicking 
irrigation, over a period of 30 minutes 1.6 liters were de-
posited at an incident point and the pro ile was cut off with 
a spade, perpendicular to the irrigation tube. Visually wet 
areas were manually measured with 2 cm resolution in x- 
and y-axis.

Also, soil texture was recorded by wet-sieving and sed-
imentation with the Köhn-Pipette method using Na4P2O7 
(Hartge and Horn, 1992). The content of ine particles was 
calculated from total clay content plus content of ine silt 
(<0.0063 mm). The soil texture classi ication was carried 
out according to Bouyoucos (Bouyoucos, 1951) at ive dif-
ferent depths (0–5 cm, 15–20 cm, 20–30 cm, 30–60 cm, and 
60–100 cm).

At the same positions, penetration resistance (PR) of 
soil was measured with a hand-held penetrometer (06.01.
SA, Eijkelkamp, The Netherlands) equipped with a probe 
cone of 3.3 cm and an opening angle of 60°. The ratio be-
tween measured value and probe cone provides the PR (kN 
cm-2). The PR was measured along the rows, twice on op-
posite sides of trees at 0–5 cm, 15–20 cm, 20–30 cm, 30–60 
cm and 60–100 cm.

Soil samples (n=10) were taken randomized for chem-
ical analysis of organic matter, pH, salinity, phosphorus, 
potassium, magnesium, calcium, sodium, and chlorine ac-
cording to standardized methods (VDLUFA, 2003).

Location of roots
By the end of the experiment, 31 trees were excavated 

and the number of roots was counted to estimate the root 
zone. Roots were found between 0 and 60 cm depth with 

marginal number of roots above 25 and below 50 cm, which 
was de ined as root zone in the present study. Trees showed 
their maximum root density between 25 and 30 cm.

Plant readings
Measurements were carried out in phenological stages 

6, 7, and 8 (Meier, 2001). On each of the 180 plums the fol-
lowing indicators of generative growth were measured: 
lower set (# lowers/tree), fruit set (#fruit/tree), fruit drop 

(#fruit/tree), yield (#fruit/tree) and (kg/tree), fruit size 
(mm/fruit). Flower set was measured as in lorescences 
as well as individual lowers per tree, with an average of 
1.3 lowers per in lorescence. Fruit size was measured by 
height considering the length of fruit in the peduncle plane 
on all fruit. Fruit development and ripening were followed 
in weekly measurements on 10 fruit per tree. Two non-de-
structive optical fruit sensors were employed, both ad-
dressing the chlorophyll content of fruits by means of indi-
ces established for peach and apple (Zude, 2003; Ziosi et al., 
2008). One multispectral sensor (DA-Meter, Sintéleia, Italy) 
used light-emitting diodes and a photodiode detector with 
a ilter to measure the absorbance at 670 nm and 730 nm. 
The DA-index is calculated as intensity difference of these 
two wavelengths. Also, a spectrophotometer capturing the 
wavelength range of 500–1,100 nm (Pigment Analyzer, CP, 
Germany) was applied. The variable of note was the nor-
malized difference vegetation index (NDVI) that was cal-
culated from remittance (R) intensities at indexed wave-
lengths (CP, 2002) by NDVI = (R780 – R660) / (R780 + R660).

Statistical analyses
Growth data were transformed into a normalized dis-

tribution using a variance-stabilizing method by process-
ing the root of raw data. The multiple-path analysis of vari-
ance, ANOVA, was applied (1) to identify the most suitable 
number of classes of soil ECa and (2) to test the effect of ECa 
depths and elevation on the means of tree data (Webster 
and Oliver, 1990). Linear correlation analysis and ANOVA 
were carried out in the statistical package for MATLAB® 
(R2010B, MathWorks, U.S.).

Figure 1. 3D soil ECa cube with 35 m in the x-axis, 132 m in the y-axis and 1.5 m in the depth. The ECa values of the cube 
range from 1.3 mS m-1 to 76.7 mS m-1. Also for readability, data cube is presented as 6 slices representing layer at 0.05 m 
and 1.50 m below ground level, and 6, 20, and 30 m in x direction, and 85 m in y direction.
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Results and discussion

Correlation of soil ECa and tree data in two growing 
seasons

Geoelectrical readings of soil ECa revealed spatial pat-
tern ranging from 1.3 mS m-1 to 76.7 mS m-1 (Figure 1). 
Small-scale differences resulted in variations in soil condi-
tions even for neighboring trees. Soil ECa in the root zone, 
measured in 2011 and 2012, resulted in a linear correlation 
coef icient of r=0.884, which points to a temporally sta-
ble soil pattern over time. Also, readings at different soil 
depths correlated highly with r=0.917, 0.898, and 0.985 for 
topsoil and root zone, for topsoil and subsoil, and for root 
zone and subsoil, respectively.

In 2011, trees, planted as one-year budded material, 
only approached maturation. The mean data for lower set 
and yield per were 1,561.28 (+/-493.64) and 240.17 (+/-
98.34), respectively. The Pearson correlation of soil ECa 
and tree data measured in 2011 was r=0.521 for yield and 
r<0.400 for remaining variables (Table 1). In 2012, mean 
values for lower set and yield were increased to 1,075.68 
(+/-329.20) and 970.49 (+/-190.43), respectively. Correla-
tions were found for soil ECa and yield as well as fruit qual-
ity considering fruit size and fruit pigmentation (NDVI and 
DA-Index). However, compared to data of 2011, in 2012 the 
correlation coef icient slightly decreased for all variables 
including yield and fruit size, but results are signi icant 
only in 2012 due to larger data sets and reduced variance 
in mature trees (Figure 2a). Due to resulting signi icance, 
the second year of experiments will be presented in further 
detail.

Interaction of soil ECa in different depths and tree 
data in the second year of the experiment 

F values for classes according to ECa values of topsoil 
and subsoil were calculated. However, F values showed no 
signi icance apart from lower set (ECatopsoil: F=1.43 and 
p=0.21; ECasubsoil: F=4.02 and p=0.02). The F values for tree 
data from ANOVA, resulting from classes based on ECa in 
the root zone, ranged from 0.01 to 8.2 with different num-
ber of soil classes (Figure 3). As a result, ECa values in the 
root zone were used to group the data into 8 classes accord-
ing to the highest F values. Nevertheless, a test was carried 
out on classes with respect to ECa in other depths (data not 
shown). In this approach, classes of topsoil were evaluated 
for analyzing the root zone and subsoil; then the classes 
of root zone were applied for analyzing topsoil and sub-
soil; and subsoil classes were used for analyzing root zone 
and subsoil interaction with yield parameters. For each of 
these three variants, an ANOVA calculation was performed. 

Figure 2. Scatter plots from six-year-old trees in the second year of the experiment, where the root of values of fruit set 
(n=97, r=0.17 for ECatopsoil; and -0.45 for elevation), # fruits per tree (n=83, r=0.18; -0.45), fruit height (n=1,378, r=0.06; 
-0.05), and yield in kg per tree (n=87, r=0.04; -0.54) are plotted over ECatopsoil (a) and elevation (b).

Table 1. Pearson correlation coef icients (r) of generative 
tree data and soil electrical conductivity, ECa, at three depths 
measured in a Prunus domestica L. orchard. Fruit data was 
measured on 10 fruit per tree and are given as mean values 
for each tree (n). The trees presented were planted as one-
year old budded material and were 4 years old in 2011.

Tree data (n) ECatopsoil ECaroot zone ECasubsoil

Flower set (104)  0.10* 0.05* 0.04*
Fruit set (96)  0.20* 0.14* 0.11*
Fruit drop (96) -0.06* 0.02* 0.02*
# Fruit (71)  0.36* 0.40* 0.40*
Fruit height (2511)  0.08* 0.18* 0.19*
Yield (122)  0.52* 0.33* 0.34*

1 Fruit basis, while all other values were measured on a tree basis.
2 Note that only 12 trees were recorded, since most trees lost their fruit 

already by pre-harvest fruit drop.
* Signifi cance level of 0.05. 

(a) (b)
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This approach revealed that only the group related to the 
root zone shows a dependency between tree data and ECa 
values. Consequently, all subsequent calculations of ANOVA 
were carried out according to 8 soil classes based on ECa in 
the root zone. In the orchard, class 8 is the most frequent, 
but this disproportion has had no effect on the ANOVA re-
sults obtained.

Interaction of tree data and ECa at different soil depths 
was found (Table 2). In 2012, soil ECaroot zone showed an in-
teraction with lower set and fruit set in trees planted as 
one-year old budded material. Such indings were con-
irmed on trees planted as 2-year budded material and a 

resulting age of six years (Table 2).

Figure 3. The F values of normalized plant parameters ( lower set, fruit set, fruit drop, # fruit per tree, fruit height in mm 
per fruit, yield in kg per tree) for a different number of classes considering ECa in the root zone.

Table 2. ANOVA results showing F- and p-values of plant parameters in 2012 for trees planted in winter 2008/2009 as 
one- and two-year-old budded material. ANOVA was carried out on the classed tree data after transformation to normal 
distribution by the root of raw data.

Plant parameter
ECatopsoil ECaroot zone ECasubsoil

F p<F F p<F F p<F
5-year old trees

Flower set 1.87 0.084 5.65 0.005 9.54 0.003
Fruit set 1.58 0.153 3.84 0.025 0.01 n.s.
Fruit drop 1.17 n.s. 0.12 n.s. 2.57 n.s.
# Fruit 1.26 n.s. 0.03 n.s. 0.02 n.s.
Fruit height* 5.11 <0.001 2.52 0.113 1.47 n.s.
Yield 0.93 n.s. 0.22 n.s. 0 n.s.
Fruit NDVI* 1.87 0.152 1.47 0.242 0 n.s.
DA-index* 3.27 0.032 1.96 0.157 0 n.s.

6-year old trees
Flower set 14.25 0 5.64 0.022 0.05 n.s.
Fruit set 9.61 <0.001 4.55 0.039 1.82 n.s.
Fruit drop 4.37  0.009 1.65 n.s. 2.15 0.129
# Fruit 6.70 0.001 0.27 n.s. 1.13 n.s.
Fruit height* 13.77 <0.001 21.32 <0.001 0.95 n.s.
Yield 2.20 0.125 0.91 n.s. 1.35 n.s.
Fruit NDVI* 0.39 0.540 0.08 0.916 4.68 0.042
DA-index* 0.50 0.486 0.35 0.708 1.83 0.190

* Means on each tree was considered, calculated from readings on all fruit per tree for fruit height and 10 fruits per tree for pigmentation (NDVI, 
DA-Index).
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In these older trees, lower set and yield were enhanced 
with mean 2,091.39 (+/-660.93) and 1,889.89 (+/-343.38), 
respectively. Here, the yield was also signi icantly in-
creased along with enhanced soil ECaroot zone. 

Fruit height appears highly signi icant (<0.001) for top-
soil and root zone. This is particularly notable because fruit 
size is the main quality parameter for small stone fruits 
(cherry, plum, apricots). The highest F value of 21.32 was 
calculated in older trees for ECaroot zone. A similar impact of 
soil properties on fruit size was reported for pears earlier 
(Konopatzki et al., 2008). Flower set and fruit set show high 
values for F in ECatopsoil and ECaroot zone. In older trees, the 
yield depends signi icantly on the ECa in the topsoil. The 
maturity-dependent fruit chlorophyll was marginally in-
luenced by soil ECa in ive-year old trees, for NDVI (F=1.87 

and p=0.152) and DA-index (F=3.27 and p=0.032). Under 
the principles of precision agriculture, numerous methods 
exist for spatial analysis (Gelfand et al., 2010). In practice, 
statistics were developed for small-scale variability in or-
chard hot spots. Such an approach addresses point based 
data instead of zonal data (Peeters et al., 2015).

For interaction of soil ECa and tree data, no signi icant 
in luence was found regarding the ECa of subsoil. Flower 
set appears to be p=0.003, but this may be assumed to be 
caused by a high correlation between the soil ECa pattern 
of subsoil, root zone, and topsoil. Surprisingly, ECa of top-
soil sometimes showed enhanced signi icance level in com-
parison to ECa of root zone. We assume that in particular 
the short-term in luence of soil moisture in cases of low 
precipitation and irrigation rates results in an increased 
impact of the ECa of topsoil on tree variables.

Impact of ECatopsoil and elevation on generative tree 
growth

In the plum orchard, the elevation gradient from the 
highest (117, 25) to the lowest (1, 1) point is 6 meters, re-
sulting in a slope of 3.15°. In higher elevations, the soil 
showed decreased soil ECa. For elevation, negative correla-
tion was found with generative growth ( lower set, fruit 

set, yield) and fruit quality (Figure 2b). Such negative cor-
relation of yield and elevation was already found earlier in 
citrus production (Mann et al., 2011). 

Concluding from ANOVA results using 8 soil classes 
(Figure 3), the ECa of topsoil was studied further (Table 
2) and compared to the dependencies of elevation gradi-
ent. By assessing elevation, ANOVA revealed decreased 
signi icance levels for ECatopsoil, but indicates a dependency 
on elevation (Table 3). Fruit quality, namely fruit height, is
strongly signi icantly in luenced by ECatopsoil as well as by 
elevation. The indicators for maturity-related chlorophyll 
content, NDVI and DA-Index, point to no dependencies at 
any soil depth or elevation for older trees (Table 3). Flower 
set, fruit set, and fruit drop show a higher level of signi i-
cance in older trees compared to less mature trees (data 
not shown), again due to more homogeneous bearing in 
more mature trees. Concluding, for all tree variables, 
ECatopsoil showed an enhanced impact in comparison with 
elevation in the situation of 3.15° slope (Table 3). 

It can be assumed that the impact of elevation is due 
to the merged effects of variations in micro-climate in the 
canopy as well as the water-holding capacity of the soil – 
the later potentially also covered by ECa readings. In the 
present and former studies (Siqueira et al., 2010; Mann et 
al., 2011), generative growth was negatively correlated 
with elevation, and oppositely correlated with ECa, due to a 
higher percentage of low soil quality uphill and presumably 
decreased water supply due to water transport down-hill.

Interpretation of soil ECa data by means of two 
characteristic pro iles

Using geoelectric analyses of boreholes, variability of 
ECa of topsoil and root zone was measured with an en-
hanced spatial resolution. Results reveal no extreme val-
ues. The ECa of subsoil appeared to be rather homogeneous 
in the entire orchard. Two characteristic ECa pro iles are 
presented out of 37 pro iles to achieve a better insight into 
the soil characteristics (Figure 4) and interaction with tree 
growth. The pro iles were measured at trees representing 
the classes 1 and 5, considering the ECa values (Figure 1) 
classed by ANOVA (Figure 3). 

The ECa pro ile of class 5 ranged from 1.3 to 11.8 mS m-1 
(Figure 4, left). Here, the ECa values of the root zone in-
creased at the depth of 0.4 m up to 6 mS m-1 and then fell 
back to 1.4 mS m-1. The data represent soil lenses in which 
loam nourishment is enhanced compared to the surround-
ing environment. In the subsoil, ECa values increased to 3.5 
mS m-1 at a depth of 0.75 m. The enhanced ECa indicates 
higher loam content with increasing depth disturbed again 
by a small sand lens. The subsequent increase of ECa values 
to 11.8 mS m-1 suggests the appearance of a silt lens or at 
least enhanced silt content in the soil. 

The ECa pro ile of class 1 (Figure 4, right) revealed 
relatively low ECa values ranging from 0.9 to 5.8 mS m-1. 
The minimum value for this reading with enhanced spa-
tial resolution exceeds results from geoelectrical tomog-
raphy (Figure 1). The low values can be interpreted as 
sandy sand. An increase in ECa values from 1.9 mS m-1 to 
4.1 mS m-1 appeared from topsoil to root zone, indicating 
reduced percentage of sandy soil at the root zone and the 
center of horizon A. From root zone to subsoil, ECa values 
increased to 5.8 mS m-1, suggesting a marginal increase of 
silt content in the sandy soil.

The center of horizon A is visible in both pro iles. It may 
be derived from the sudden increase in ECa at 0.40 m and 

Table 3. ANOVA results regarding electrical conductivity 
(ECa) in the topsoil and elevation of terrain, showing F- and 
p-values of tree data in 2012. ANOVA was carried out on the 
classed tree data after transformation to normal distribu-
tion by the root of raw data.

Plant parameter
ECatopsoil Elevation

F p<F F p<F
6-year old trees

Flower set   3.78 0.007 2.63 0.038
Fruit set   3.46 0.011 1.80 0.133
Fruit drop   3.78 0.007 0.47 n.s.
# Fruit   9.75 0 0.58 n.s.
Fruit height* 10.72 <0.001 8.20 <0.001
Yield   1.84 0.128 0.65 n.s.
Fruit NDVI*   0.46 0.800 1.72 0.184
DA-index*   0.70 0.630 0.98 0.441

* Means on each tree were considered, calculated from readings on 
all fruit per tree for fruit height and 10 fruit per tree for pigmentation 
(NDVI, DA-Index).
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is further supported by texture analysis, showing a tran-
sition to smaller particles at the same depth. The average 
percentage of silt content with a particle size between 2 
μm and 63 μm in the topsoil is at 14.77%, and sand con-
tent with a particle size >63 μm is at 85.01%. In the root 
zone, silt content of 14.95% and sand content of 84.74% 
was found. Clay content in all pro iles were below 1.27% 
for topsoil, but showed increasing amounts in the root zone 
with 2.57%.

The unexpected impact of ECatopsoil, therefore, can be 
characterized by enhanced ECa values in this zone. How-
ever, increased ECa in the topsoil can only partly be ex-
plained by soil texture showing a slightly elevated amount 
of clay. The cone penetrometer resistance (PR) can readily 
explain the water in iltration measured in opposite classes 
– represented in the bottom of Figure 4. High PR in the up-
per zones (Figure 4, left) hinders the vertical water low 
and water in iltration appears shallow. As a result, water 
was stored in the topsoil. It can be assumed that enhanced 
soil compaction was the result of mechanical weed control 
by means of rotary cultivation (Fountas et al., 2011).

In pro iles not showing increased PR values, the water 
in iltration appears as expected for sandy soil with water 
rapidly in iltrating the soil. In earlier studies, no or low cor-
relation was found for penetrometer values and ECa (Jabro 
et al., 2006), while ECa and soil water content correlate 
highly. Since water transport is hindered by enhanced PR 
values, we may suggest an indirect correlation of ECa and 
PR in the present study.

Chemical soil analyses pointed to a normal range for all 
elements (Schäfer and Grantzau, 1999), excluding phospho-
rus and potassium, which appeared slightly elevated. How-
ever, no impact of the chemical data on the plant growth is 
assumed for the present study.

The next step would be to delineate management zones 
in the orchards. Excellent geostatistical methods to ana-
lyze spatial data were adapted to this application in fru-
ticulture (e.g., Aggelopooulou, et al., 2013; Peeters et al., 
2015). However, an additional further look into plant inter-
action with spatially measureable soil properties seems to 
be reasonable before.

Conclusions
Consistent with indings in precision agriculture of 

ield crops, correlation was found between soil electrical 
conductivity, terrain elevation, generative tree growth, 
and fruit size. An increasing interaction was found in older 
trees. Considering the depth of the ECa readings, ECa in the 
root zone showed high correlation coef icients for genera-
tive tree growth. Furthermore, the slope (elevation gradi-
ent) of the present orchard and soil compaction in luenced 
the root zone environment. Such indings are based on data 
sets from an orchard with relatively small-scale variation 
in soil ECa due to glacial and post-glacial imprinting and 
soil compaction due to mechanical weed control within the 
topsoil.

Figure 4. Two representative ECa pro iles measured by borehole geoelectric including corresponding penetrometer re-
sistance and in iltration igures. The symbols indicate the measuring depths, while the line represents the interpolated 
curve. In addition, zone border are shown with a solid line: topsoil (0.0–0.25 m), root zone (0.25–0.5 m), and subsoil (1.00–
1.25 m). Borders were set according to the root distribution measured the 31 trees, which were removed from the orchard 
after the experiment.
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