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a b s t r a c t

Phenotyping of drought resistance traits in rice is challenging at the field level due to the spatial variability
of soil characteristics linked to soil water content. Apparent soil electrical conductivity (ECa) mapping may
therefore be useful for characterizing spatial variability and improving phenotyping efforts in drought
screening trials. ECa mapping was conducted over two seasons in lowland rice drought phenotyping
trials. ECa was positively correlated with clay content and soil depth, and negatively correlated with vol-
umetric soil water content during periods of moderate to severe drought. In addition, ECa was negatively
correlated with indicators of plant performance including canopy temperature, normalized difference
vegetation index, biomass, plant height, and grain yield. The results suggest that clay content and topsoil
henotyping
oil apparent electrical conductivity
patial variability

depth were the primary factors influencing the timing and severity of the drought response during the
dry down of the field. Overall, the results illustrate the usefulness of ECa mapping for the spatio-temporal
characterization of soil heterogeneity that influences plant performance under drought in lowland rice
fields. ECa mapping can be useful for optimizing experimental plot layouts to ensure their uniformity and
to improve validity of drought phenotyping and breeding trials.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

Drought is the most important constraint to rice production
n rainfed areas across Asia and sub-Saharan Africa. To improve
ainfed rice production, recent progress in rice genomics must
e matched with a better understanding of drought physiological
echanisms and their relationship to the performance of varieties

n drought-affected field areas (Lafitte et al., 2007). Screening of
ermplasm for drought resistance including the identification of
onors, QTL mapping, marker-assisted breeding, and evaluation of

mproved varieties in national breeding programs all depend on

he development of repeatable, low-cost, high-throughput pheno-
yping procedures that reliably characterize genetic variation for
rought resistance and its component traits (Araus and Cairns,

Abbreviations: ECa, apparent electrical conductivity; QTL, quantitative trait loci;
RRI, International Rice Research Institute; NDVI, normalized difference vegetation
ndex; DAS, days after sowing; DTF, days to flowering; 2008WS, 2008 wet season;
009DS, 2009 dry season; 2010DS, 2010 dry season.
∗ Corresponding author. Tel.: +63 49 536 2701; fax: +63 49 536 7995.

E-mail address: s.klassen@irri.org (S.P. Klassen).
1 Present address: CGIAR Independent Science and Partnership Council Secre-

ariat, FAO, Rome, Italy.

ttp://dx.doi.org/10.1016/j.fcr.2014.07.007
378-4290/© 2014 Elsevier B.V. All rights reserved.
2014; Serraj et al., 2009). Therefore, a special effort is needed to
optimize design and management of phenotyping programs for
drought resistance, to maximize the chances of identifying donors,
QTLs, and breeding lines that will be useful in the future improve-
ment of drought resistance in the target environment (Serraj et al.,
2011).

Field spatial variability is one of the most important factors
limiting the validity of phenotyping and screening of germplasm to
identify accessions that are drought resistant. Yield variability due
to micro-scale variation in field topography and soil heterogeneity
can be significant within a single field, resulting in a large geno-
type × location interaction. This causes an increase in residual error
in the analysis of rainfed rice trials, which complicates the selection
of drought-resistant genotypes (Cairns et al., 2011; Cooper et al.,
1999). Enhancing the validity of field phenotyping requires a care-
ful analysis of likely sources of non-genetically induced differences
among plots and repeated experiments, and establishing proce-
dures to minimize these factors. Detailed information about the
spatial variability of different soil characteristics within a field is

essential for improving the quality of drought phenotyping.

Measurements of soil water content and associated crop stress
responses generally reveal large spatial variability, as it is the case in
the experimental fields at the International Rice Research Institute

dx.doi.org/10.1016/j.fcr.2014.07.007
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fcr.2014.07.007&domain=pdf
mailto:s.klassen@irri.org
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IRRI), Philippines (Wopereis et al., 1993) and other parts of South-
ast Asia. A major source of soil heterogeneity at IRRI is the variation
n the topsoil layer, primarily due to the natural deposition of
olcanic tuff and the mechanical leveling of formerly undulating
round surface (Stein et al., 1991). To enhance the conclusiveness
f drought-phenotyping experiments, it is necessary to determine
nd map soil heterogeneity in those experimental fields.

New proximal soil sensing technologies can be used for soil
apping based on physical and chemical properties (Adamchuk

t al., 2004; Viscarra Rossel et al., 2011). Apparent soil electrical
onductivity (ECa) is commonly mapped to delineate field areas
ith different soil properties related to the ability of soil pro-
le to conduct electrical charge (Johnson et al., 2001; Corwin
nd Lesch, 2003). When soil salinity is not an issue, ECa gener-
lly correlates well with soil texture and has also been used to
elineate other physical characteristic including soil water con-
ent, depth of topsoil, depth to the hardpan and soil drainage
atterns (Farahani et al., 2005; Jiang et al., 2007; Kravchenko et al.,
002; Sudduth et al., 1995). Soil chemical characteristics includ-

ng, nitrogen, organic carbon, pH and exchangeable cations have
lso been shown to indirectly correlate with ECa (Rhoades et al.,
999; Eigenberg et al., 2002). Guidelines for conducting agricul-
ural ECa surveys and developing site specific management zones
ave been previously described (Corwin and Lesch, 2005, Johnson
t al., 2003).

The nature and strength of relationship between ECa and plant
roductivity has been shown to vary depending on climate, crop,
eld conditions, and the soil factors influencing yield. Kitchen
t al. (1999) found the strongest relationships between ECa and
roductivity of corn and soybean when the crops were sub-

ect to drought stress. This relationship was primarily attributed
o the correlation between ECa and topsoil thickness, and asso-
iated plant water availability. Similarly, Johnson et al. (2003)
ound the strongest relationships in winter wheat in semiarid
nvironments where yield variability was mainly associated with
rought.

The objectives of this paper were (i) to evaluate the use of ECa

or improved setup of rice drought phenotyping test plots and,
ore specifically, (ii) to evaluate the relationships between ECa, soil
oisture content, and rice drought response characteristics during

he growing season and at harvest.

. Materials and methods

.1. Soil ECa mapping

Soil ECa mapping, sampling, and analysis were conducted fol-
owing the general guidelines as described by Corwin and Lesch
2005). The experiment was conducted in a test field for drought
esistance screening (block UI3, IRRI, Los Baños, Philippines,
4◦30’N, 121◦15’E). The soil was classified as Isohyperthermic,
ixed typic Tropudalf. The field was mapped two times using

n electromagnetic induction instrument (EM-38-MK2, Geonics
imited, Mississauga, Ontario, Canada) with one transmitting and
wo receiving coils (0.5 and 1 m separation) in vertical mode of
peration. The data obtained from the 1-m coil separation pair
ith an effective depth of measurement down to 1.5 m (Abdu et al.,

007). ECa measurements were collected on foot in under 1 h, at a
ate of 5 Hz along transects spaced 5 m apart and georeferenced
sing a GPS receiver (Garmin International Inc., Olathe, Kansas,

SA). The total field area of 1800 m2 was mapped at the end of

he 2008 wet season (‘2008WS’; September) and again following
arvest at the end of the 2009 dry season field trial (‘2009DS’;
pril).
earch 167 (2014) 112–118 113

2.2. Soil analyses

Six soil sampling locations were identified using a stratified soil
sampling approach based on the spatial distribution of ECa mea-
surements observed using the 2008WS data. Soils were sampled
on the same day the field was mapped in 2008. In every loca-
tion, 60-cm soil cores were split into three 20-cm depth intervals
and analyzed for soil texture at the IRRI Analytical Service Labora-
tory using the Buoyoucos hydrometer method (Kalra and Maynard,
1991). An impervious volcanic tuff layer prevented coring beyond
20 cm in one location; therefore data from five cores were included
in the analysis. Soil water content of these core samples was deter-
mined gravimetrically. In addition, soil mechanical resistance was
measured using a Rimik CP 20 cone penetrometer (Rimik Interna-
tional, Queensland, Australia). Not all penetrometer tests reached
the target depth of 60 cm due to the presence of the volcanic tuff
layer. The depth to the tuff layer was operationally defined as the
final depth achieved by the penetrometer and corresponded to a
maximum cone index of about 3 MPa. Volumetric soil moisture
monitoring tubes (Diviner 2000, Sentek Sensor Technologies, Step-
ney, Australia) were installed at the soil sampling locations to a
depth of 70-cm and monitored periodically throughout the 2009DS
field trial. The average volumetric soil water content measurements
of shallow (0–40 cm) and deep (40–70 cm) soils are presented.
Water content measurements made on 103 days after sowing (DAS)
correspond with the 2009DS mapping event.

2.3. Field site and experimental treatments

Field studies were conducted during the 2009DS and 2010DS
in a field that had previously been used for drought screening.
The field was prepared for lowland rice conditions by puddling in
which the soil was saturated, disked to a depth of 30 cm, plowed
twice with a disk rotovator, and leveled with a wooden slab before
transplanting. Maintenance of the crop and management of the
drought stress treatments were conducted as described by Henry
et al. (2011). A drought resistant upland variety (APO) and a drought
susceptible lowland variety (IR64) were used for the 2009DS study.
Seedlings were transplanted into alternating 1.5-m by 6-m plots (6
rows per plot) arranged in a rectangular 9 by 18 plot array (Fig. 1).
The field was drained on 57 days after sowing (DAS). Triplicate plots
of APO and IR64 were similarly maintained but under irrigated con-
ditions in a neighboring experiment less than 60 m from the field
site.

Nine drought resistant advanced breeding lines: IR55419-
04, IR74371-46-1-1, IR74371-54-1-1, IR74371-70-1-1, IR77080-
B-34-3, IR77298-14-1-2-1, IR78908-193-B-3-B, IR83614-673-B,
PSBRC82 (all described by Verulkar et al., 2010) and IR64 were
transplanted in the same field for the 2010DS. Seedlings were trans-
planted into 1.25-m × 3-m plots (five rows per plot) arranged in a
randomized complete block design with three replicates. Although
the 2010DS planting area was only 80 m2, it was centered over
the same area planted in the 2009DS. The field was drained on 55
DAS in 2010DS. An irrigated control treatment was maintained in
a neighboring field less than 100 m away.

2.4. Plant analyses

Canopy temperature was measured on 76 DAS in 2009DS using a
TH7800 infrared camera (NEC Avio Infrared Technologies Co. Ltd.,
Tokyo, Japan). Images were acquired at mid-day (between 11:00
and 15:00) with six plots per image from a 3.5-m height from

a ladder placed 10 m in front of the plots. Canopy temperature
was analyzed using the line tool (one line selected per planted
row) in Report Generator v. 1.7 (NEC Avio Infrared Technologies
Co. Ltd., Tokyo, Japan). Only 112 out of 160 plots were measured
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er tubes and collocated soil sampling sites are marked with black circles (�).
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Fig. 2. Rainfall and flowering times during the 2009 DS and 2010DS.
Fig. 1. Plot map showing average 2009DS ECa per plot. Plots with divin

ue to image alignment and time limitations. Canopy temperature
as measured on 75 DAS in 2010DS using a handheld infrared

hermometer (model 2956, Spectrum Technologies Inc., Plainfield,
llinois, USA). Normalized difference vegetation index (NDVI) was

easured on 56 DAS and 76 DAS in the 2009DS, and on 75DAS in
he 2010DS, using a hand held multispectral sensor (GreenSeeker,

odel Red NDVI, Trimble Limited, Sunnyvale, California, USA).
lant flowering date, height, grain dry weight (yield), and straw
ry weight (biomass) were measured following standard proce-
ures, with a 1.5 m2 area harvested from each plot at the end of
oth seasons.

.5. Statistical analysis

The ECa measurements were processed using a thin plate spline
TPS) regression in the statistical program R (R Core Team, 2012)
o generate ECa maps for the field. The per plot average ECa values
ere calculated using ArcMapTM(ESRI, Redlands, California, USA).

hese averages were correlated with co-located soil measurements
sing the Pearson product-moment correlation coefficient. Plant
ata for the 2009DS were standardized to remove the effect of
enotype in this non-randomized gridded design prior to corre-
ation analysis. Not all plant data were normally distributed and,
herefore, were correlated with plot-level ECa values using the non-
arametric Spearman rank order correlation method. Choropleth
aps of 2009DS data were based on standardized plot averages

rocessed using TPS regression. Average plot values for 2009DS ECa

ata were used in the chloropeth map of ECa for consistency with
he timing of the field study. Correlation analysis of the 2010DS
lant data was based on non-standardized plot means.

. Results

.1. Experimental conditions

Overall, the field conditions dried progressively to induce vege-
ative and reproductive stage drought stress throughout the field in
oth seasons; plants flowered during the midseason rain events but

ere again subjected to drought stress during grain filling (Fig. 2).

ollowing drainage of the field on 58 DAS, 2009DS shallow soil
oisture declined gradually to a minimum of 14% v/v on 76 DAS

nd 15% v/v on 103 DAS following a midseason rain event (Fig. 3).
Fig. 3. Rainfall and average soil moisture for shallow (0–40 cm) and deep (40–70 cm)
soils during the DS2009 (error bars represent standard error of the mean, n = 6).

3.2. Relationships between soil properties and ECa

The 2009DS ECa map showed spatial variability ranging from
33.3 to 58.4 mS m−1 across the entire field (Fig. 4). The 2008WS ECa

values were strongly correlated with those obtained in the 2009DS
(r2 = 0.88) but were higher on average by about 5 mS m−1 (Fig. 5).
Based on the analysis of soil cores, soil ECa was positively corre-
lated with clay content and with the depth to the volcanic tuff
layer (Table 1). The initial trend of increasing soil strength with
depth was similar between high and low ECa soils but low ECa

soils became impenetrable within 15–40 cm (Fig. 6). High ECa soils

reached maximum soil strength at 20–40 cm then decreased with
increasing depth. The water content of shallow soils (0–40 cm) was
near field capacity (43% m/m) during the 2008WS mapping and was
not significantly correlated with ECa (Table 1). In contrast, ECa was
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Table 1
Correlation (Pearson’s correlation coefficient, r) of soil properties from collocated sampling locations (n = 6).

2008 EC 2009 EC Clay contenta Depth to tuff Water content 2008WSb Water content 76 DASc

2009 EC 0.99***

Clay contenta 0.97* 0.95**

Depth to Tuff 0.91* 0.90** 0.96**

Water content 2008WSd −0.78 −0.74 −0.55 −0.68
Water content 76 DASb −0.98** −0.93** −0.93* −0.89* 0.86*

Water content 103 DASc −0.90* −0.87* −0.77 −0.85* 0.95** 0.93**

Significant at the 0.05*, 0.01** and 0.001*** probability level.
a Mean clay content for 0–60 cm depth (n = 5).
b Shallow (0–40 cm) water content recorded on 76 DAS in the 2009DS.
c Shallow (0–40 cm) water content recorded on 103 DAS Sin the 2009DS.
d Shallow (0–40 cm) water content from 2008WS mapping.

Fig. 4. Geo-referenced ECa map (2009DS) with bounding rectangles showing the
1800 m2 2009DS and 80 m2 2010DS field areas.

Fig. 5. Comparison of ECa measurements collected during the 2008WS and 2009DS
seasons (data are based on the average ECa per plot).

Fig. 6. Soil penetrometer readings for locations with high (a) and low (b) ECa values.
negatively correlated with shallow (0–40 cm) soil water content at
times of maximum drought on 76 DAS and 103 DAS in the 2009DS
(Table 1, Fig. 3). Soil water content for the three sampling dates
were positively correlated (Table 1). The irrigated control plots
were not surveyed at the time, but subsequent mapping showed
these nearby fields to have the same soil type and a similar range
of ECa and spatial variability.

3.3. Relationships of plant properties and ECa

Prior to draining the field in the 2009DS, NDVI was uniformly
high (mean NDVI = 0.77) on 56 DAS and showed no significant cor-
relation with ECa or plant properties measured later (Table 2).
Drought stress symptoms were most notable in the plants located
at the high ECa area in the center of the field. Soil ECa was positively
correlated with canopy temperature and negatively correlated with
NDVI at times of maximum drought (Table 2). ECa was negatively
correlated with plant height, grain yield and to a lesser extent with
biomass and days to flowering (DTF) (Table 2). DTF was positively
correlated with canopy temperature and negatively correlated with
NDVI, plant height, biomass and yield (Table 2). Direct measure-
ments of plant responses (canopy temperature and NDVI) provided
the strongest correlations with grain yield (Table 2).

A comparison of the plot yields of the 2009DS drought trial with
the mean of the irrigated plots showed yield reductions ranging
from 67% to 93% for IR64 and 44% to 85% for APO (Table 3).

Choropleth maps showed similar spatial patterns between ECa

and canopy temperature, NDVI, yield, biomass, and plant height,
in general agreement with the correlations presented (Fig. 7). The
one clear exception is seen in the lower right corner of the field
where NDVI and yield were depressed in an area of extreme low
ECa (Fig. 7). Since canopy temperature data was not available for
the corner plots (1–5 and 36), the map in that area is a result of
spatial interpolation of neighboring plots.

The 2010DS study was located in the area of the highest ECa

with average plot values ranging from 49.2 to 59.0 mS m−1, based
on the 2009DS map (Fig. 1). Similar to the 2009DS study, ECa was
correlated with measurements of plant stress and performance
despite the smaller field area, narrower range of ECa, larger num-
ber of genotypes, and greater variability in flowering time in the
2010DS (Table 3). Yield was most strongly correlated with ECa and
biomass. IR64 had yield reductions ranging from 23% to 38%, and
the other genotypes were reduced by 21–45% as compared to the
mean of irrigated controls (Table 4). The mean yield of IR64 con-
trols was very similar between years and differed by less than 4%
(Tables 3 and 5).
4. Discussion

The general stability of dominant soil properties influencing ECa

(Johnson et al., 2001) was reflected by the consistent ECa values
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Table 2
Correlation (Spearman Rank, correlation coefficient, r) of ECa and 2009DS standardized plant properties for two genotypes (n = 162a).

2008WS EC 2009DS EC DTF 56 DAS NDVI 76 DAS NDVIb 76 DAS Temperaturea Yield Biomass

2009DS EC 0.93***

DTF 0.27** 0.12
NDVI 56DAS 0.10 0.09 0.06
NDVI 76DASb −0.33*** −0.26*** −0.58*** 0.05
Temp 76DASa 0.87*** 0.78*** 0.45*** 0.04 −0.68***

Yield −0.50*** −0.34*** −0.49*** −0.08 0.68*** −0.80***

Biomass −0.24** -0.10 −0.27*** 0.09 0.33*** −0.27** 0.23**

Plant height −0.45*** -0.36*** −0.44*** 0.04 0.60*** −0.69*** 0.55*** 0.14

Significant at the 0.05*, 0.01** and 0.001*** probability level.
a Canopy temperature (n = 112) recorded on 76 DAS at peak time of drought.
b NDVI when flooded on 56 DAS and on 76 DAS at peak time of drought.

Table 3
Summary statistics for 2009DS plant properties.

IR64 APO

Mean Min Max SE Mean Min Max SE

Drought (n = 81)
DTF (d) 80 78 85 0.03 80 78 85 0.03
Biomass (g/m2) 489 236 741 1.26 392 291 568 0.80
Yield (g/m2) 95 34 204 0.51 162 56 249 0.51
Plant height (cm) 65 54 87 0.08 83 60 102 0.12

Control (n = 3)
DTF (d) 82 79 85 1.01 83 80 85 0.96

2

b
s
v
m
E
2
t
l

F
c

Biomass (g/m ) 611 530 665
Yield (g/m2) 478 324 620
Plant height (cm) 100 86 121

etween years in this field. As a result, correlations between ECa and
oil and plant properties were very similar across years although P
alues were slightly higher with the 2008 ECa data. The lower ECa

easured in 2009DS can be attributed to drier soil conditions since
Ca is partly a function of soil moisture content (Farahani et al.,

005; Rhoades et al., 1999). ECa was a good indicator of clay con-
ent, which in turn varied in relation to the depth of the volcanic tuff
ayer. The increased soil strength observed at depths of 20–40 cm in

ig. 7. Choropleth maps showing the spatial relationships between 2009DS (a) ECa and s
anopy temperature, and (f) NDVI. Values shown are standardized relative to the experim
23.8 521 346 637 51.4
49.5 375 262 491 38.1
6.19 125 121 130 1.51

the high ECa soils is characteristic of “puddled” rice paddies, a tillage
practice used in clay soils to help retain water prior to transplan-
ting (Ghildyal, 1978). The negative correlation between ECa and soil
water content at the time of maximum drought indicates that the
upper soil profile (0–40 cm) dried out more quickly in areas of high

ECa. This may be attributed to a combination of more rapid evap-
oration and infiltration losses caused by soil cracking in the higher
clay soils and the lack of a volcanic tuff layer.

tandardized plant components including (b) yield, (c) biomass, (d) plant height, (e)
ent means for the two genotypes.
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Table 4
Correlation (Spearman Rank, correlation coefficient, r) of ECa and 2010DS plant properties for 10 genotypes (n = 30).

2008WS EC 2009DS EC DTF 75 DAS NDVIa 75 DAS Temperaturea Yield Biomass

2009DS EC 0.90***

DTF −0.13 -0.18
NDVI 75DASa −0.59*** −0.53** −0.19
Temp 75DASa 0.51** 0.43* 0.31 −0.77***

Yield −0.42* −0.50** 0.29 0.35 −0.08
Biomass −0.71*** −0.67*** −0.02 0.83*** −0.59*** 0.48**

Plant height −0.55** −0.49** −0.13 0.48** −0.32 0.41* 0.65***
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ignificant at the 0.05*, 0.01** and 0.001*** probability level.
a NDVI and canopy temperature recorded on 75 DAS at peak time of drought.

Based on yield comparisons with well watered plots, the entire
eld was subject to a range of moderate to severe drought stress

n the 2009DS. The negative correlation between ECa and shal-
ow (0–40 cm) soil water content at times of maximum drought is
articularly relevant since this is the soil profile in which rice typ-

cally has the highest root density (Yoshida and Hasegawa, 1982).
lthough not measured, the plant available water content would
lso be expected to be lower in higher clay soils, further contribut-
ng to increased drought stress in areas of high ECa (Jiang et al.,
007). Indeed, ECa was negatively correlated with yield, biomass,
nd plant height, indicating that increased drought stress occurred
n areas of elevated ECa. The correlations of DTF with NDVI and
anopy temperature in the 2009DS were consistent with drought
nduced delayed flowering (Fukai, 1999). Flowering of all plots still
ccurred within one week following the midseason rain event,
hich resulted in the plants being at similar growth stages when
DVI and canopy temperature where measured on 76 DAS. The

imilarity in phenology and timing of measurements with respect
o the stress likely contributed to the high degree of correlation
etween NDVI, canopy temperature and yield in this study.

Based on yield comparisons with controls, plants were only
oderately stressed in the 2010DS. The wider range of DTF in the

010DS is reflective of the greater genotypic variation in this trial.
uch genotypic variation led to temporal variability in the imposed
tress treatment and phenological differences at the time of NDVI
nd canopy temperature measurements. The higher genetic vari-
bility including phenological differences and the lower level of
rought stress could help explain why yield was not correlated
ith NDVI or canopy temperature in the 2010DS study. The gen-

ral pattern of decreasing plant performance under drought with
ncreasing ECa was similar to that observed in the larger 2009DS
rial.

In contrast to the correlation analysis, choropleths help to illu-

inate the poor performance of plots in the lower right hand corner

f the field in the 2009DS where the ECa was lowest. This corner of
he field was a localized area with a very shallow topsoil (<30 cm)
verlaying a hardened layer of volcanic tuff. The tuff layer is

able 5
ummary statistics for 2010DS properties.

IR64 (n = 3)

Mean Min Max

Drought
DTF (d) 84 79 86
Biomass (g/m2) 548 425 541
Yield (g/m2) 318 285 354
Plant height (cm) 93 89 94

Control
DTF (d) 75.3 74 76
Biomass (g/m2) 648 612 684
Yield (g/m2) 462 421 525
Plant height (cm) 93 89 97

a Combined data for the remaining nine advanced breeding lines.
sufficiently hard to impede root growth (Cairns et al., 2011), which
could have caused nutrient stress and exacerbated the drought
stress. The NDVI at 56DAS was near the maximum (NDVI = 0.80)
typically measured in irrigated rice grown under optimal con-
ditions at IRRI and did not indicate spatial variability in crop
establishment or biomass prior to draining. While the field was
not nutrient-limited, soil moisture levels were sufficiently low for
drought to be the predominant stress throughout the entire field.
The incongruity with canopy temperature in this area is a result of
spatial interpolation of neighboring plots since data for the corner
plots (1–5 and 36) was missing. This outlying area does not how-
ever invalidate the more general conclusions indicating that the
spatial variability in plant performance including canopy temper-
ature and NDVI was consistent with the spatial variability of ECa

and associated soil characteristics including clay content, depth to
tuff, and soil moisture throughout the rest of the field.

In practice, experimental designs incorporating replication and
blocking (e.g., random complete block, alpha lattice, augmented)
are useful for reducing the overall measurement error associ-
ated with environmental variability in field trials. As evidenced
in this study, such variability can result in significant within-field
differences in the severity and timing of the very stress being
studied. Similar to the delineation of relatively homogeneous field
areas—frequently called management zones—for site-specific crop
management, ECa mapping can be used to delineate spatial trends
and homogeneous field areas to improve the validity of drought
phenotyping and breeding trials. ECa may also be useful as a covari-
ate or model parameter to improve phenotypic and genotypic
correlations and estimates of heritability in large scale studies.

The observed negative relationship between ECa and rice perfor-
mance under drought stress was similar to that previously reported
for winter wheat, corn, and soybean subject to drought (Johnson
et al., 2001; Kitchen et al., 1999). The consistent relationships

observed were due to the correlation of ECa with yield limiting-
factors associated with soil moisture content in the soils studied.
Drought-prone lowland rice fields may represent a range of soil
profiles and subsoil characteristics; therefore the trends between

Nine breeding linesa (n = 27)

SE Mean Min Max SE

1.35 76 61 86 0.27
19.4 535 385 659 2.78
11.5 310 210 421 1.97
0.95 94 75 109 0.32

0.38 69 60 76 0.17
12.0 609 468 881 3.52
18.6 465 378 586 2.26
1.44 97 84 113 0.30
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measurement of soil hydraulic properties to predict rice yield using simulation
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ice response to drought and ECa reported here should be further
valuated in fields with different types of soils. However, the util-
ty of ECa mapping for efficiently identifying homogeneous regions
f experimental fields can be equally applicable across sites. The
ntire IRRI research farm (250 ha) was subsequently mapped in
013. Further characterization of ECa in rice experiment fields

s currently underway at IRRI national partner sites around the
hilippines, India, and Bangladesh. These efforts will contribute to
ur further understanding of the relationships between ECa and
roductivity in drought screening and breeding trials for rainfed
ice growing regions in Asia.

. Conclusions

Measured soil ECa was shown to correlate strongly with soil fac-
ors influencing the severity and timing of applied drought stress
n fields at IRRI. In addition, ECa correlated with non-destructive
rought stress indicators including canopy temperature and NDVI,
nd end of season measurements of biomass, plant height and
rain yield. ECa measurements were stable over time and between
easons suggesting that a single mapping event can be sufficient
or characterizing soil variability. Mapping results were shown to
e equally useful for characterizing small-scale trends in research
lots under 100 m2 and variability in larger fields required for
opulation screening. The use of ECa mapping to quickly delin-
ate relatively homogeneous field areas well suited for drought
creening can improve the validity of phenotyping in rice research
or the evaluation of drought resistant genotypes.
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