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ABSTRACT The aim of this study was to identify field variability within a drought 
phenotyping experimental site using an EM38 sensor, and establish the relationship 
between apparent electrical conductivity (ECa) and soil physical and chemical properties. 
Within areas of high spatial variability for ECa, sixty soil core samples were taken at 0-
10 cm, 10-50 cm and 50-100 cm soil depth and analysed for soil texture, salinity, field 
capacity, saturation point, field capacity, permanent wilting point, pH as well as cations 
and anions in the saturation extract. EM38 measurements revealed soil heterogeneity 
within the experimental field. ECa ranged from 70 to 103 mS/m . Destructive soil 
sampling identified this site to be a loam soil, with moderate alkalinity (pH 8.2 ± 0.10) 
within the upper 50 cm  Correlations between ECa and soil chemical and physical 
properties revealed calcium content to be the soil property with the highest significant 
relationship with ECa (r = 0.70, p<0.001) between 10-50 cm soil depth. Significant 
correlations between ECa and soil chemistry were also observed for magnesium, nitrate 
and bicarbonate at all soil depths. No significant relationship between ECa and soil 
texture was observed. ECa measurements were positively correlated (r = 0.58, p<0.01) 
with field capacity, permanent wilting point and plant available water close to surface (0-
10 cm soil depth). Results of this preliminary study confirm the potential of soil sensors 
to improve precision within field phenotyping. Further work is required to validate the 
potential of soil sensors to improve precision within field phenotyping.  
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INTRODUCTION Advances in molecular breeding techniques offer new avenues for 
the rapid development of improved germplasm for water-limited environments. The 
accuracy of molecular breeding is strongly dependant on the quality of phenotyping (Yu 
and Crouch, 2008). As costs associated with genotyping continue to decrease, precision 
phenotyping is now the bottleneck in germplasm improvement. New integrative 
phenotyping tools are being developed for screening germplasm which encompass crop 
performance over time or organizational level (Bänziger and Araus, 2007), however, 
limited research is focused on the interaction of soil properties with field variability and 
phenotyping precision. Drought is an interaction between many factors including climate, 
the soil physical and chemical environment, and biological interactions with pathogens 
(Price et al. 2002). These interactions will have implications for the interpretation of 
drought tolerance phenotyping activities and the selection of superior alleles and 
improved cultivars. Knowledge of the environmental characteristics of experimental sites 
is therefore necessary to optimize phenotyping for molecular breeding programs by 
helping to understand and predict the performance of alleles and genotypes across 
environments. Soil is highly heterogeneous, both spatially and temporarily. Screening for 
drought response will be influenced by many soil physical characteristics including soil 
texture, penetration resistance and water holding capacity. Differences in soil and texture 
were previously shown to influence root growth in upland rice, thereby effecting plant 
growth under drought and the genetic basis of drought tolerance (Price et al. 2002; Cairns 
et al. 2004, 2009). Knowledge of inherent variability within experimental sites for 
drought screening is a crucial factor to improve the precision of drought phenotyping. 
Many tools are available to quantify spatial variation in soil physical and chemical 
properties (Corwin et al, 2006), however, there is a need to develop and refine new 
inexpensive and rapid techniques for the assessment of spatial variability in soil 
properties and water retention. Soil variability can be determined directly by measuring 
the apparent electrical conductivity (ECa) or indirectly as function of water balance in 
plant growth, using non-destructive rapid techniques to assess shoot biomass. ECa can be 
measured in situ and has been shown to be related to significantly associated with soil 
texture, salinity, water content, temperature and bulk density (Friedman 2005; Johnson et 
al., 2003; Sudduth et al., 2005). Several techniques are now available to measure soil ECa 
including the EM38 sensor which can measure ECa up to 100 or 150 cm soil depth.The 
aim of this study was to identify field variability within a drought phenotyping 
experimental site using an EM38 sensor, and establish the relationship between ECa and 
soil physical and chemical properties 

MATERIALS AND METHODS 

Location Experiments were conducted at the International Maize and Wheat 
Improvement Centre (CIMMYT) maize experimental station in Tlaltizapán, Morelos, 
México (18°41’N, 99°10’W, 940 m asl elevation). The site has been continuously 
cropped with maize for more than twenty years. The total area used in this study was 0.75 
ha 

ECa measurements ECa was determined with EM38 sensor (dual dipole mode, Geonics, 
Germany) in horizontal position to measure conductivity between 0 and 100 cm soil 
depth. Two days prior to the measurement of ECa, the field was irrigated to field capacity 
with a total 88 mm of water using drip irrigation (11 mm h-1).  Electrical conductivity 
measurements were taken in a square grid at 5 meters spacing. The EM38 sensor was 
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placed on a wooden sledge, 15-20 cm above the soil surface, and manually pulled across 
the field at an average speed of 3-5 km/h. A total 300 ECa measurements were recorded 
within 0.75 ha. 

Soil core sampling Within areas of high spatial variability for ECa destructive soil core 
were taken at 0-10 cm, 10-50 cm and 50-100 cm soil depth four days after EM38 
measurements. Twenty areas of high variability were identified and a total of 60 soil 
samples were taken. After sampling the soil was placed in plastic bags and immediately 
transferred to a cool box, to minimise moisture loss and microbial activity, prior to 
transportation to the laboratory. Samples were analysed for soil texture (densimetric 
method Bouyoucos), salinity, saturation point, field capacity, permanent wilting point, pH 
cations and anions in the saturation extract such us calcium, magnesium, potassium, 
sodium, nitrate, carbonate and bicarbonate.  

Data analysis EM38 measured were used to produce a contour map with R software 
(http://www.r-project.org/). Data of soil physical and chemical properties were analysed 
using SAS PROC GLM (SAS, 2008). Correlations among traits were analysed using the 
PROC CORR procedure in SAS. 

 

RESULTS AND DISCUSSION 

Field variability EM38 measurements revealed soil heterogeneity within the 
experimental field (Figure 1). 
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Figure 1: Contour map using the results of soil apparent electrical conductivity (ECa) 
measurements.  
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Electrical conductivity was assessed in a grid of 5 m separation using an EM38 sensor. 
The electrical conductivity is shown from 70 (yellow) to 103 ms/m (blue.) Small dots 
show the position of EM38 sensor measurements. Large black points indicate the area 
where soil core samples were taken. In general, lower values of ECa were detected nearer 
the centre of the field. ECa ranged from 70 to 103 mS/m (Table 1). The range of ECa 
values was narrower than has previously been reported (Lesch et al. 2005; Moral et al. 
2010). Spatial distribution of ECa measurements was used to identify areas of higher 
variability and soil chemical and physical properties were determined within these areas. 
Destructive soil sampling identified this site to be a loam soil, with moderate alkalinity 
(pH 8.2 ± 0.10) within the upper 50 cm (Table 2). Correlations between ECa and soil 
chemical and physical properties revealed calcium to be the soil property with the highest 
significant relationship with ECa (Table 3). Between 10-50 cm soil depth, calcium was 
strongly, positively associated with ECa (r = 0.70, p<0.001). No significant relationship 
was observed between calcium and ECa at 0-10 cm and 50-100 cm soil depths. These 
results suggest that ECa measurements were related to changes in calcium, with spatial 
variability in ECa reflecting changes in calcium concentration. Significant correlations 
between ECa and soil chemistry were also observed for magnesium, nitrate and 
bicarbonate at all soil depths. At depth, significant correlations between ECa and 
potassium, sodium, carbonate were also identified. No significant relationship between 
ECa and soil texture was observed. ECa measurements were positively correlated (r = 
0.58, p<0.01) with field capacity, permanent wilting point and plant available water near 
the surface (0-10 cm soil depth). The experimental site used for this field experiment is 
continuously planted with two maize crops per year. At sowing the field is fertilized with 
an application of 80 kg N ha-1 (as urea), 80 kg P ha-1 (as calcium superphosphate triple; 
Ca (H2PO4)2H20). Variation in calcium concentration across the field may be related to 
uneven application of fertilizers and/or irrigation supply. Field variability for calcium 
(and nitrate) could be masked after even application of fertilizers. Furthermore, variation 
in low calcium concentration will not affect the plant growth. 

 

Table 1: Summary of apparent electrical conductivity (maximum, mean, minimum, and 
standard deviation) 

Survey ECa (mS/m) 

Minimum 70 

Maximum 103 

Mean 87±5.6 
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Table 2: Soil physical and chemical properties core sampled at  0-10, 10-50 and 50-100 
cm soil depths. 

Soil property Depth (cm) Mean (± 1 
s.d.) 

Range 

Physical properties 

Soil index (%) 0-50 

50-100 

18.1 ± 1.01 

17.9± 0.79 

19.7 - 16.1 

19.7 - 16.0 

Saturation point (%) 0-10 

10-50 

50-100 

51.5 ± 5.11 

72.6 ± 6.24 

78.8 ± 6.30  

64.4 - 41.9 

87.2 - 62.2 

88.8 - 64.2 

Field capacity (%) 0-10 

10-50 

50-100 

27.5 ± 2.78 

38.9 ± 3.39 

42.3 ± 3.42 

34.5 - 22.2 

46.9 - 33.3 

47.8 - 34.4 

Permanent wilting 
point (%) 

0-10 

10-50 

50-100 

16.3 ± 1.64 

23.2 ± 2.02 

24.8 ± 2.75 

20.5 - 13.3 

27.9 - 19.8 

28.4 - 16.9 

Chemical properties (saturation extract) 

K+ (mmolc/L) 0-10 

10-50 

50-100 

0.33 ± 0.28 

0.16 ± 0.25 

0.25 ± 0.35 

1.26 - 0.14 

0.95 - 0.03 

0.14 - 0.07 

Ca2+ (mmolc/L) 0-10 

10-50 

50-100 

6.19 ± 4.89 

4.22 ± 1.72 

6.46 ± 1.78 

18.4 - 2.74 

8.15 - 2.43 

9.18 - 4.07 

Mg2+ (mmolc/L) 0-10 

10-50 

50-100 

1.75 ± 1.76 

1.19 ± 0.83 

1.74 ± 2.07 

8.26 - 0.77 

4.16 – 0..65 

9.84 - 1.24 

NO3
- (mmolc/L) 0-10 0.76 ± 122 5.48 - 0.04 
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10-50 

50-100 

1.25 ± 0.74 

3.12 ± 1.38 

2.73 - 0.32 

6.08 - 1.49 

SO4
- (mmolc/L) 0-10 

10-50 

50-100 

4.13 ± 5.73 

1.85 ±  0.83 

3.53 ± 1.51 

18.5 - 0.55 

03.89 - 0.65 

6.86 - 1.33 

Na+ (mmolc/L) 0-10 

10-50 

50-100 

1.28 ± 0.39 

1.00 ± 0.16 

1.28 ± 0.28 

2.66 - 0.90 

1.29 - 0.69 

2.33 - 0.88 

Cl- (mmolc/L) 0-10 

10-50 

50-100 

1.76 ± 0.27 

1.39 ± 0.16 

1.30 ± 0.22 

2.87 - 1.07 

1.71 - 1.13 

1.74 - 0.86 

HCO3
- (mmolc/L) 0-10 

10-50 

50-100 

1.41 ± 0.45 

1.03 ± 0.37 

0.91 ± 0.31 

2.14 - 0.21 

1.71 - 0.21 

1.28 - 0.21 

CO3
- (mmolc/L) 0-10 

10-50 

50-100 

0.61 ± 0.25 

0.42 ± 0.27 

0.22 ± 0.15 

1.07 - 0.11 

1.07 - 0 

0.43 – 0 

pH 0-50 

50-100 

8.20 ± 0.10 

8.10 ± 0.14 

8.83 - 8.1 

8.4 - 7.9 

Salinity (dS/m) 0-10 

10-50 

50-100 

 0.82 ± 0.57 

0.59 ± 0.14 

0.99 ± 0.24 

2.3 - 0.5 

0.92 - 0.4 

1.39 - 0.7 
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Table 3: Correlation coefficients between soil physical and chemical properties and 
apparent soil electrical conductivity measured using the EM38 sensor. 

Soil Parameters 

ECa (mS/m) 

0-10 cm 10-50 cm 50-100 
cm 

Clay a -0.09 0.05 

Silt a 0.07 0.27 

Sand a -0.10 -0.26 

Field capacity 0.58** 0.30 0.30 

Permanent wilting 
point 

0.58** 0.30 0.30 

Plant available water 0.58** 0.30 0.02 

Salinity -0.01 0.38 0.23 

K+ 0.55 0.59** 0.59** 

Ca++ 0.17 0.70*** 0.34 

Mg++ 0.51* 0.61** 0.47* 

Na+ 0.18 -0.19 -0.49* 

NO3
- 0.57** 0.47* 0.47* 

SO4
- -0.03 0.15 -0.03 

Cl- -0.05 0.20 0.2 

HCO3
- -0.59** -0.62** -0.62** 

CO3
- -0.14 0.66** 0.66** 

ameasurements not taken 

Significant at the *p<0.05, **p<0.01 and ***p<0.001 level 

 

Implications for drought phenotyping Knowledge of soil characteristics and their 
variability within experimental areas used for managed drought stress screening is crucial 
to improve the precision of phenotyping and, therefore, breeding progress. In this study, 
an EM38 sensor was used to rapidly detect variation in soil physical and chemical 
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properties without disturbing the soil. Minimum destructive soil measurements were 
conducted in areas of high spatial variability as detected by sensor. The EM38 sensor 
revealed minimum spatial heterogeneity in soil properties within the field site used in this 
study. Variation identified was closely related to chemical properties and this could be 
partly masked with appropriate fertilisation. Soil texture influences the water holding 
capacity of the soil and root growth, thus, variation in soil texture within fields used for 
managed drought stress screening will introduce bias and confound the interpretation of 
results. In this study ECa was not correlating with spatial variation in soil texture. These 
results suggest that this field is highly suitable for managed drought screening. For 
breeding programs targeting drought-prone ecosystems, characterisation of target 
environments is important to understand adaptation and the potential combination of 
traits conferring high yield (Fukai et al., 1996). In rice, retrospective analysis of multi-
location drought breeding trials showed variation in soil chemical (Courtois et al. 1996) 
and physical (Wade et al. 1999) properties to be one of the most important factors 
affecting grain yield under drought stress. Incorporating information on soil variability, 
determined through the use of sensors, between multi-location maize trials could be 
important to decipher genotype x environment interactions and speed breeding progress. 
Additionally, knowledge of field variability could be integrated into screening protocols 
through statistical designs to reduce variability (McLaren, 2003) or used to identify areas 
with the least spatial variability to reduce variability between replicated plots (Cairns et 
al. 2004, 2009). 

 

CONCLUSIONS The results of this preliminary study confirm the potential of soil 
sensors to improve precision within field phenotyping. Using an EM38 sensor, spatial 
variability in soil properties within a managed drought screening site was mapped. 
Further work is required to validate the potential of soil sensors to improve precision 
within field phenotyping. 
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