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Wheat  yield  production  in  Mediterranean  environment  is highly  affected  by  rainfall  and  amount  of  soil
water stored  into  the  soil before  and  during  the  growing  season.  Agricultural  fields  have  been  always
considered  as  uniform  entities  and  managed  accordingly.  However,  uniform  agronomic  management  in
fields  where  spatial  variability  is  present,  is economically  and environmentally  inefficient.  The  objec-
tives  of  this  study  were  to:  (i) identify  spatially  and  temporally  stable  areas  throughout  the  field,  (ii)
understand  the  influence  of  fallow  and  growing  season  rainfall  on spatial  and  temporal  variability  of
wheat yield.  The  study  was  carried  out  on a 12  ha  field  located  in Foggia,  Southern  Italy  during  five
years  wheat  monoculture.  One  hundred  geo-referenced  points  were  sampled  for deriving  spatial  maps
of soil texture  and  organic  carbon.  Spatial  maps  of grain  yield,  normalized  difference  vegetation  index
(NDVI),  soil  electrical  resistivity  tomography  (ERT)  were  collected  non-destructively.  Total  growing  sea-
son  rainfall  was correlated  with  grain  yield  after  dividing  it into  long  fallow  (June–November),  short  fallow
(September–November),  growing  season  (December–May),  vegetative  (December–February),  reproduc-
tive (March–May).  The  spatial  maps  were  used  to define  spatial  and  temporal  yield  variability  and  to

identify  three  stable  zones  within  the  field,  “low  yield  stable”  (LS),  “average  yield  stable”  (AS),  “high  yield
stable”  (HS).  Long  and  short  fallow  rainfall  was  highly  correlated  with  grain  yield  of HS zone  with  corre-
lation  coefficients  ranging  between  0.5 and  1. Growing  season  rainfall  was  mostly  correlated  with  the  AS
zone. The  crop  response  to rainfall  was  a result  of  dynamic  interaction  of  spatial  static  properties  such  as
soil texture,  position  in  the  landscape  and  dynamic  properties  (soil  water  content,  infiltration  and  crop

water  use).

. Introduction

Wheat yield production in Mediterranean environment is
ighly affected by rainfall and amount of soil water stored in the
oil before the growing season and soil water availability during the
rowing season (Boyer, 1982; Unger et al., 2006). Since Mediter-
anean environments show high variability in rainfall patterns,
he amount of initial soil water content can be as important as the
rowing season rainfall for establishing adequate levels of wheat
ield (Angus et al., 1980; Sadras, 2002). Adequate rainfall before

owing provides proper condition for good seed germination and
nough supply of water for later growth. A low rainfall and low soil
ater content at sowing slows or stops the process of germination

∗ Corresponding author at: Department of Crop, Forest and Environmental Sci-
nces, University of Basilicata, Viale Ateneo Lucano 10, 85100 Potenza, Italy.
el.:  +39 342 0156089.

E-mail addresses: brunobasso1@gmail.com,  bruno.basso@unibas.it (B. Basso).
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© 2012 Elsevier B.V. All rights reserved.

reducing the percentage of germination hence planting density
(Passioura, 2006). Asseng and Van Herwaarden (2003) reported
that rapid plant establishment and early vigour are optimal for
reaching adequate wheat yield. In fact, the amount of rain after
sowing influences the production of roots, tillers and an adequate
leaf area. Large values of leaf area index (LAI) obtained through bet-
ter management and cultivars reduce soil evaporation and enhance
transpiration increasing growth, dry matter production and water
use efficiency (Acevedo et al., 1991; Richards, 2006; Ritchie and
Basso, 2008). However, if plants used too much water before
flowering and are too vigorous, a subsequent water stress caused
by lower rainfall levels cause premature crop senescence and low
yield or often poor quality grain, because plants set a large number
of seeds but cannot produce enough carbohydrate to fill all of them
(Van Herwaarden et al., 1998; Angus and van Herwaarden, 2001;

Basso et al., 2011a,b). Wheat yield response to stored soil water
varies according to the site and the soil type (Anderson, 2010). In
the United States, it ranges between 4 and 9.5 kg ha−1 for mm of rain
stored in the soil during low rainfall years and around 14 kg ha−1

dx.doi.org/10.1016/j.eja.2012.03.007
http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
mailto:brunobasso1@gmail.com
mailto:bruno.basso@unibas.it
dx.doi.org/10.1016/j.eja.2012.03.007
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n wet years (Norwood, 2000; Nielsen et al., 2002). In Australia the
ield increase for each mm of available soil water at sowing ranges
etween 8 and 18 kg ha−1 (Kirkegaard et al., 2001; Sadras, 2002).

Agricultural fields have been always considered as uniform
ntities and managed accordingly. However, uniform agronomic
anagement in fields where spatial variability is present, is eco-

omically and environmentally inefficient (Pierce and Nowak,
999; Basso et al., 2011a).  Alternative crop management is to divide
he field areas of similar behavior, following several criteria based
n technologies and principles that help to manage spatial and
emporal variability. This will give farmers the chance to increase
enefits by improving yield, reducing costs and minimizing envi-
onmental impact (Basso et al., 2011b).

In Mediterranean environments the benefit of managing the
eld in zones can only be achieved by dividing the fields in areas
hat are consistent in yield performance (Robertson et al., 2005).

heat yield is spatially variable as a result of the interaction
etween static properties (factors affecting the yield at field scale).
ield maps produced by the yield monitor systems are evidence
f the degree of within-field variability, and that patterns of yield
ariability within a field differ from year to year (Basso et al.,
009). Kaspar et al. (2003) related six years of corn yield data with
oil attributes. They found that in four years, where rainfall was
ower than the average, corn yield showed negative correlations

ith elevation, slope and soil curvature, and in the two  years with
bundant rainfall, the yield was positively correlated with those
arameters. Kravchenko et al. (2005) found that the coefficient of
ariation increased in years with low rainfall (45%) and decreased
n years with high rainfall (14%). Therefore, the effect of weather
atterns on both crop growth and development and its interaction
ith soil type causes bias in the assessment of homogeneous man-

gement zones (Basso et al., 2009). The delineation of zones based
n remotely sensed images confirms large differences in canopy
rowth that lead to yield variability (Basso et al., 2001; Basso et al.,
007). Such images taken during key growing stages might help
o characterize the spatial variability of crops and delineate areas
ith similar response. Robertson et al. (2007) using spatial infor-
ation from remote sensing and soil attributes at whole-farm and

atchment scale showed the presence of spatial patterns of soil-
andscape useful to identify areas with both low productivity and
xcessive nitrate leaching. The overlay of long-term yield spatial
aps allows for the identification of stable zones, spatially and tem-

orally, which is a fundamental prerequisite for adopting variable
ate technologies (Basso et al., 2007).

In this study we hypothesized that in season rainfall distribution
long with spatial variability of soil properties, mainly soil texture,
oil depth and soil organic matter, affects the spatial and temporal
atterns of wheat yield. The objectives of this study were to (i)
nalyze rainfall distribution for assessing spatially and temporally
table zones (ii) understand the influence of fallow and growing
eason rainfall on spatial and temporal variability of wheat yield.

. Materials and methods

.1. Site description and agronomic management

The study was carried out on a 12 ha field located in Foggia, Italy
41◦ 27′ 47′′ N, 15◦ 30′ 24′′ E; 80 m a.s.l.) during five years wheat

onoculture (2005/06; 2006/07; 2007/08; 2008/09; 2009/10). The
oil is a deep silty-clay Vertisol of alluvial origin, classified as fine
esic Typic, Chromoxerert (Soil Survey Staff, 1999).

The crop planted each year was durum wheat (Triticum

urgidum, var. Durum) cultivar Duilio. Every season the seedbed was
repared in September with a minimum tillage (chisel plow) at a
epth of 20 cm.  The sowing was carried out for each of the five Ta
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Fig. 1. Mean rainfall in mm (bars) for the 58 studied years during the

ears the first week of December at a depth of 5 cm with 17 cm
istance between the rows and with a density of 400 plants m−2.
he nitrogen (N) fertilization consisted in two split applications,
ne at sowing with 25 kg N ha−1 as diammonium phosphate and
nother at tillering with 65 kg N ha−1as urea. The crop was  har-
ested between the second and the third week of June for the five
ears. Weather data were recorded by an on-site station for the last
8 years. Growing season rainfall and fallow rainfall from 1953 to
010 are reported in Fig. 1. Detailed monthly rainfall average for
he five growing seasons are reported in Table 1.

.2. Field measurements

One hundred georeferenced locations were selected randomly,
n a grid based layout, so observations were evenly distributed on
he investigated scene, using a simulated annealing approach (Van
roenigen and Stein, 1998; Cochran, 1977). This process solved the
roblem of finding a global minimum in the presence of several

ocal minima.
Soil samples were taken, at each selected location, to 30 cm

epth prior sowing in 2005 for determination of soil texture and
oil organic matter. Sand, silt, and clay contents were determined
ith the hydrometer method (Klute and Dirkens, 1986). Soil elec-

rical resistivity tomography (ERT) measurements were taken by
he Automatic Resistivity Profiling, a multi-probes system mounted
ehind a four-wheeler motorbike; details about the ERT procedures
re reported in Basso et al. (2010).  The ERT was taken at three
epths in the vertical dimension (0–50; 0–100 and 0–200 cm)  and
very 20 cm on the horizontal dimension.

Georeferenced yield data were recorded by a John Deere
ombine equipped with a yield monitor system (grain mass flow
nd moisture sensors). The data were acquired along 6 m wide
arallel transects. Site coordinates for each yield measurement
ere determined with a differentially corrected (OMNISTAR

ignal) Trimble 132 receiver with centimeter accuracy. The SMS
oftware version 3.0TM (AgLeaderTM Technology, Inc.) was used
o read the raw yield data (expressed at 13.5% dry matter). The
verage distance between two successive acquisitions was  about

 m.  After downloading, yield data were processed to eliminate
nrealistic and outlier yield values lower than 0.5 t ha−1 and
reater than 6 t ha−1. The five years yield maps were obtained
y plotting the yield data, elaborated by linear interpolation,

t the nodes of a regular grid of 5 m spatial resolution. The
ield maps were, then, georeferenced and recorded in UTM
GS  84 zone 33N. Geostatistical analyses were carried out

sing GS+ software v 5.3TM (Gamma  Design Software, 1999). A
 period (June–November) and the growing season (December–May).

digital terrain model (DTM) of the studied area was extracted
from Apulia Region DTM maps at the spatial resolution of 8 m
(http://www.cartografico.puglia.it/portal/sit cittadino/Documenti/
DTM).

2.3. Remote sensing measurements

Remote sensing images were acquired from 2007 to 2010 to
study the correlation between remotely sensed vegetation indices
and wheat grain yield. During 2007 and 2008 airborne multispec-
tral images (TerraSystem Srl., Viterbo, Italy) were acquired at the
spatial resolution of 1 m with three spectral bands, Green, Red and
Near InfraRed (NIR) region of the electromagnetic spectrum. Two
images were acquired during both years in April and May. In 2009
and 2010 a time series of satellite images were acquired from Rapid-
Eye (www.rapideye.de) at the spatial resolution of 5 m and with
five spectral band, Blue, Green, Red, Red-Edge and NIR region of the
electromagnetic spectrum. The spectral bands were used to calcu-
late the normalized difference vegetation index (NDVI, Rouse et al.,
1974) as reported:

NDVI = (NIR − RED)
(NIR + RED)

(1)

where NIR was  the wavelength in the near infrared portion of the
spectrum (760–880 nm)  and RED was the wavelength in the red
portion of the spectrum (630–690). The remote sensing images
were georeferenced and registered in UTM WGS  84 zone 33N.

2.4. Methodology for delineating homogeneous zone

The spatial variability of yield from 2006 to 2010 was  ana-
lyzed by calculating the relative percentage difference of yield crop
from the average yield level obtained within the field at each point
mapped (Blackmore, 2000), according to the following equation:

ȳi = 1
n

n∑
k=1

[
yi,k − ȳk

ȳk
× 100

]
(2)

where n is the total number of studied years and k = 1,..,n is
an integer corresponding to each year from 2005/06 to 2009/10
respectively, ȳi is the average percentage difference at location i, ȳk
the average yield (kg ha−1) obtained for the complete field at year
k, yi,k the yield (kg ha−1) monitored at location i at year k. The zones
that show high values of ȳi are associated to high yield, while the
zones with low ȳi values are defined as low yield zone.

http://www.cartografico.puglia.it/portal/sit_cittadino/Documenti/DTM
http://www.cartografico.puglia.it/portal/sit_cittadino/Documenti/DTM
http://www.rapideye.de/


 J. Agro

c
e
v
m
e

�

w
(
o
w
t

v
(
a
c

2

c
b
a
i
(
w
c
a
b
w
s
w
r
s
5
d

3

3

i
I
a
d
l
t
s
r
fi
a
o
s
t
t

3

m

B. Basso et al. / Europ.

Pringle et al. (2003) argued that to overcome the limits of the
oefficient of variation the temporal variability of yield patterns,
xpressed as degree of stability, should be calculated as temporal
ariance (yield value recorded at each point mapped minus the field
ean). Temporal variance calculation was based on the following

quation (Blackmore et al., 2003):

¯ 2
i = 1

n

n∑
k=1

(
yi,k − ȳi,n

)2
(3)

here �̄2
i

is the temporal variance value at location i, yi,k the yield
kg ha−1) monitored at location i at year k, ȳi,n the average yield
ver the n years. The temporal variance may  change considerably
ithin a field by slightly changing the threshold used to determine

he stable zone, as reported by Blackmore (2000).
To overcome the problem of threshold computation an unsuper-

ised k-means clustering technique was applied to the spatial (Eq.
2)) and temporal (Eq. (3))  variability layers. The procedure follows

 simple way to classify a given data set through a given number of
lusters fixed a priori (Duda and Hart, 1993).

.5. Correlation analysis

Once the homogeneous areas were identified with the pro-
edure illustrated above, a correlation analysis was carried out
etween yield and rainfall. The total rainfall was divided into fallow
nd growing season rainfall. The fallow rainfall was sub-divided
n two periods, long fallow (June–November), and short fallow
September–November). Growing season rainfall (December–May)
as sub-divided into vegetative rainfall (December–February) that

orresponds to the rainfall period from sowing to end of tillering,
nd reproductive rainfall (March–May) that is the rainfall period
etween stem elongation and maturation. These rainfall periods
ere correlated to grain yield of each zone through the Pear-

on’s coefficients using calculated with Matlab7.7. Spatial maps
ere created using ArcGis10. Fig. 1 shows the long term meteo-

ological data from 1953 to 2010. The long term rainfall pattern
howed the presence of an extremely wet or dry year during the

 studied years. Table 1 reports the last five years of weather
ata.

. Results

.1. Yield data

Spatial maps of wheat grain yield for the five years are reported
n Fig. 2. Overall, wheat yield varied between 500 and 5000 kg ha−1.
n 2005/06, low yield production was recorded in the upper right
rea of the field and on transect that cuts diagonally the mid-
le section of the field, while a higher yield was recorded in the

ower part of the field. In 2006/07 grain yield was generally low
hroughout the field with average values of 1145 kg ha−1, the tran-
ect area and the upper right portion showed higher yield than the
est of the field (Fig. 2b). In 2007/08 the upper right portion of the
eld showed a higher yield than the previous years. In 2008/09
nd 2009/10 the spatial pattern of grain yield resembled the one
bserved in 2005/06, with the lower part of the field showing con-
istently higher yield values (Fig. 2d–e). In 2009/10 the yield along
he transect area and in the upper right part of the field was higher
han in 2008/09 and 2005/2006.
.2. NDVI, soil texture and ERT data

Maps of remotely sensed NDVI are shown in Fig. 3a–d. The NDVI
aps showed spatial patterns that are similar to the yield maps.
nomy 41 (2012) 52– 65 55

During each experimental year, NDVI values were higher in the
lower portion of the field. Because of the different satellite images
spatial resolution and the different acquisition platform it was
necessary to calibrate and correct the satellite images taking into
account the atmospheric correction. The 2005/06 and 2006/2007
NDVI maps (1 m spatial resolution) were reported to the same spa-
tial resolution of the satellite images by linear interpolation, at the
nodes of a regular grid of 5 m spatial resolution. Fig. 3 shows the
NDVI May  images for the four experimental years. Images were
acquired at the same phenological stages throughout the years.
For the growing season 2006/07 the NDVI values showed the high-
est variability ranging between 0.06 and 0.66 (Fig. 3a). The spatial
distribution of soil physical properties is shown in Fig. 4a–d. Clay
content varied between 8 and 48% with high values in the bottom
and mid  portion of the field (Fig. 4a). Silt content varied between
34 and 54% and it was  higher in the upper right portion of the
field (Fig. 4c). Sand content showed a variation between 14.8 and
44.3% with higher values in the top portion of the field (Fig. 4c).
Organic matter ranged from 1.6 to 2.3% with highest values in the
top right portion of the field and the mid-lower left portion of the
field (Fig. 4d).

The spatial maps of the ERT at two  different depths are shown
in Fig. 5a–b. The resistivity results associate with soil texture anal-
ysis allowed for a better discrimination of areas within the field.
The lower portion of the field showed a deep clay profile with no
significant resistivity signals up to 100 cm, except for a few areas
of the field with the presence of coarse fraction (small gravel and
stones) in the first 50 cm (Fig. 5a). The upper portion of the field is
characterized by a shallow clay profile followed by a compact layer
of soil after the first 50 cm as shown by the ERT map (Fig. 5a–b).
This zone has a shallower depth of exploitable soil volume due to
shallower top layer. The DTM map  showed that the field elevation
varied between 79.8 m and 85.5 m with four distinct areas of differ-
ent elevations with the upper portion of the field being on average
5.6 m lower than the higher point in the field, the latter located in
the southern portion of the field (Fig. 6). The southern portion of
the field showed an elevation ranging between 83.8 and 85.5 m,  the
mid  lower portion between 82.5 and 83.8 m (Fig. 6). The mid-upper
and upper portions (northern part) of the field have an elevation
that ranged between 81.3 and 82.5 and 79.8 and 81.3, respectively
(Fig. 6).

3.3. Delineation of spatial and temporal stable zones

The spatial stability map  (determined by applying Eq. (2)) and
the temporal stability map  (obtained with

√
�̄2

i
from Eq. (3)), are

shown in Fig. 7a and b, respectively. The spatial variability ranged
between −35 and 50 with high values in the mid-low portion of the
field and low values in the bottom portion of the field (Fig. 7a). Tem-
poral variability showed a range between 112 and 1400 (kg ha−1),
with high temporal variability in the northern part of the field and
low at the southern part of the field (Fig. 7b). Spatial and temporal
stable zones are shown in Fig. 7c. Four homogeneous zones were
identified in the field; the first homogeneous zone has been defined
as “Unstable” (U) since in this area the temporal stability values
are the highest of the field and greater than 1000 kg ha−1 yr−1. The
remaining areas of the field have been divided into three stable
zones over time. The first one was  called “High yielding and Stable”
(HS) and it is shown in red in Fig. 7c, the yellow zones in Fig. 4c
was characterized by values of spatial stability close to 0, which is
the case of small yield fluctuations around the yearly total aver-

age yield of the field. This area was defined as “Average yield and
Stable zone” (AS) (Fig. 4c, yellow zone). The third zone, defined
as “Low yield and stable” (LS) is a marginal part of the field, it
includes the boundaries strips in the middle part of the field and
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Fig. 2. Wheat grain yield maps (kg ha−1) for the growing season 2005/06 (a); 2006/07 (b); 2007/08 (c); 2008/09 (d); 2009/10 (e).

Table 2
Average grain yield (kg ha−1), standard deviation (Std) and coefficient of variation (CV) for the entire study field, for high stable (HS), average stable (AS), and low stable (LS)
zone.  The data are relative to each study year.

Season Field High stable zone Average stable zone Low stable zone

Yield
(kg ha−1)

Stda

(kg ha−1)
CVb (%) Yield

(kg ha−1)
Std
(kg ha−1)

CV (%) Yield
(kg ha−1)

Std
(kg ha−1)

CV (%) Yield
(kg ha−1)

Std
(kg ha−1)

CV (%)

2005/06 2647 588.8 22 3136 430 14 2627 414 16 2093 537.63 26
2006/07  1145 470.9 41 1075 354 33 1067 428 40 1369 518.35 38
2007/08  2738 599.4 22 3044 397 13 2829 459 16 2154 584.43 27
2008/09  2661 575.1 22 3127 429 14 2632 418 16 2209 530.11 24
2009/10  2799 450.7 16 3130 326 10 2808 334 12 2366 392.75 17

a Std = standard deviation.
b CV = coefficient of variation.
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Fig. 3. Normalized difference vegetation index (ND

art of the triangular south-west area of the field. It is associated
o high negative values of spatial stability, in this area the yield
s lower than the average field yield. Table 2 shows the average

rain yield, standard deviation and coefficient of variation, for the
hole field and for each of the three zones. Grain yield for the whole
eld ranged between 1145 and 2799 kg ha−1, and the coefficients
f variation ranged between a minimum of 16 and a maximum of
uired in May  2007 (a), 2008 (b), 2009 (c), 2010 (d).

41% which correspond to the 2006/07 yield, an extremely dry year
with low yield (Tables 1 and 2). The standard deviation associated
to each mean yield values are high because of the 1 m spatial res-

olution of the data acquisition. The AS zone produced alternately
over the years, with yield fluctuating around the average total yield
of the field. In addition, in this area the coefficients of variation are
lower than the entire field except for the 2006/07 year (Table 2).
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Fig. 4. Interpolated map of clay content (%) (a); silt content (%) (b); sand content (%) (c) and organic matter content (%) (d). (For interpretation of the references to color in
t
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his  figure legend, the reader is referred to the web  version of the article.)

he HS zone showed higher mean yields than the whole field for
our growing season except the 2006/07, but also during this year
t was very close to the mean yield of the whole field. For this
rea the coefficient of variation values were lower than the entire
eld (10–33%). The LS zone was characterized by lower yield than
he field average except in 2006/07 when it was slightly higher

Table 2). The coefficients of variation associated to the mean yield
f this area were higher than the entire field because boundaries
reas are included in this zone (Fig. 7c–d). Fig. 8 shows the patterns
f the relative yield differences (RYD) between average yield for
the field and the yield of each of the three zones for the 5 growing
seasons. The LS zone showed on average negative values of RYD
meaning that the yield in this zone was always lower than the field
average. In particular, the lowest RYD of −21% was measured in
2005/06 and the highest the subsequent year with an increase of
20% respect the field average (Fig. 8). HS is the zone that showed

always the highest RYD except for the 2006/07 growing season
where it produces around 6% less than the field average (Fig. 8).
The AS zone showed an intermediate behavior between the LS and
HS.
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Fig. 5. Electrical resistivity tomography for 

3

d
1

Fig. 6. Digital elevation model of the study field.

.4. Rainfall patterns and correlation analyses
The total rainfall distribution over 58 years of recorded weather
ata is highly variable with the highest total rainfall recorded for
980 and the lowest for 1963 (Fig. 1). Growing season rainfall was
two layers 0–50 cm (a); 0–100 cm (b).

lowest in 1977 with just around 100 mm  and was highest in 2009
with 564 mm.  Fallow rainfall was  lowest in 1963 and highest in
1980 with 100 mm and 400 mm,  respectively (Fig. 1). The five years
of experimental data recorded high rainfall variability and included
the wettest growing season recorded in 58 years and one of the
driest growing seasons. Rainfall varied from a minimum value of
412 mm for the growing season 2006/07 to a maximum of 785 mm
for the growing season 2008/09 (Table 1). The long fallow rain-
fall (June–November) showed lower values for the growing season
2006/07 with 176 mm and a maximum of 283 mm for 2009/10
(Table 1). The growing season rainfall (December–May) showed
a minimum value of 237 mm for the growing seasons 2006/07 and
a maximum of 564 mm for 2008/09 (Table 1). Figs. 9 and 10 show
the Pearson correlation coefficient maps between total rainfall, long
fallow rainfall, growing season rainfall and yield for the five study
years. By removing the driest and the wettest years, the correlation
values for each map  were found highly significant with p-values
greater than 0.005. Fig. 9a shows the Pearson correlation coefficient
map between total rainfall and yield. Overall, total rainfall showed
higher correlation in the HS zone, and part of the AS zone. Higher
correlation coefficient was observed throughout the field except
for some negative coefficient of correlation at the top right portion
of the field in the AS zone (Fig. 9a). Long fallow rainfall showed
higher correlation coefficients for the three zones but also nega-
tive coefficient in the LS zone and top right portion of the AS zone,
with most of field having an r ranging between 0.5 and 1 (Fig. 9b).
Growing season rainfall and grain yield showed areas of negative
correlation with coefficients varying between 0.5 and −1 (Fig. 9c).
The growing season rainfall had high positive coefficients only for
the HS, while these values where prevalently low in the AS zone
(Fig. 9c). Fig. 9d shows the correlation coefficients between long
fallow rain and grain yield obtained by removing from the analy-
sis both the extremely dry (2006/07) and extremely wet  (2009/10)
years. The removal of these two growing season caused an improve-
ment of the correlation between the AS zone and some pixels of the

LS zone and the grain yield. Overall, the coefficient of correlation
increased negatively from 0.2 to −0.8 (Fig. 9d). Fig. 9e shows the
correlation coefficient of the growing season rainfall (by eliminat-
ing the dry and wet  years) and the grain yield. Overall, the negative
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ig. 7. Spatial stability map  of grain yield obtained from Eq. (2) (a); temporal stabil
ap  obtained from the first two maps (c).

orrelation between yield and rainfall for the AS zone increased
rom very low correlation values to a range between −0.7 and −1.0
Fig. 9e). Fig. 10a–c shows the correlation between grain yield and
otal, long fallow, growing season rainfall when only the driest year
as excluded from the analysis. Fig. 10d–f depicts the correlation

etween grain yield and total, long fallow, growing season rain-
all when the wettest year was excluded. In general, the removal
f the driest year from the correlation analysis causes the corre-
ation to decrease for the three rainfall periods (total, long fallow,
rowing). The HS zone shows the highest positive correlation coef-

cients between grain yield and total rainfall in some areas (the
ed pixel in figure) and some areas in which the correlation val-
es are very low while there are negative values of correlation in
he AS zone (Fig. 10a). In the AS higher coefficients of correlations,
grain yield obtained from the square root of Eq. (3) values (b); homogeneous zones

ranging between −0.5 and −0.7 where obtained for the long fal-
low rainfall and growing season rainfall (Fig. 10b–c). On the other
hand, in the HS zone growing season rainfall shows higher positive
coefficients of correlations (Fig. 10b–c). When the wettest grow-
ing season is removed the overall correlations improve for all the
three zones ranging between 0.3 and 1 for the total, long fallow
and growing season rainfall (Fig. 10d–f). Table 3 shows the corre-
lation coefficients for the three different zones between grain yield
and rainfall for the 5 growing season (All – 5 years), 4 years from
whit the exclusion of the dry year (No Dry – 4 years), 3 years with

the exclusion of the wettest and dries years (No Dry No Wet  – 3
years). This analysis is performed for the total rain, long fallow
(June–November), short fallow (September–November), grow-
ing season rainfall (December–May), growing season vegetative
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Fig. 8. Relative yield difference (%) between the average fi

ainfall (December–February) and growing season reproductive
ainfall (March–May).

This analysis was performed on the basis of the one hundred
eoreferenced sample points. A buffer zone of 3 pixel diameter
round each point was considered. Each point was  ascribed to the
ost frequent class (LS, AS, HS) present in the neighborhood and

he mean yield of this pixel was associated to the relative sam-
le point. The points for which it was not possible to identify the
ssignment of classes, because the neighborhood contains mixed
lass pixels or it was equally divided between two classes, were
xcluded from the analysis. For the 5 years, the correlation between
ield and short fallow rainfall showed the highest coefficients with
.70 for the LS, 0.79 for the AS and 0.87 for the HS. The exclu-

ion of the wettest year (not reported in Table 3) showed not very
ignificant differences with the previous case, for the LS zone an
ncrease in long and short fallow rainfall correlation coefficient

able 3
orrelation coefficients (R2) between grain yield and rainfall for the 2005/06, 2006/07, 2
table  (HS) zones. The total rainfall period was divided into long fallow, short fallow, gr
btained considering all the five years (All – 5 years), without the driest (No Dry – 4 ye
oefficients are reported the corresponding p-values, n.s. means not significant (p-value >

Correlation coefficients Total
rainfall

Long fallow
rainfall

Short fallow rainfall
(September–Novembe

5 Years
LS 0.58*** 0.54** 0.70***

AS  0.49*** 0.56*** 0.79***

HS 0.68*** 0.66*** 0.87***

4 Years
LS 0.32 n.s. 0.21 n.s. 0.54* 

AS  −0.31* −0.16 n.s. 0.08 n.s. 

HS  0.04 n.s. 0.03 n.s. 0.30**

3  Years
LS 0.34 n.s. 0.49* 0.58**

AS  −0.38* −0.22 n.s 0.09 n.s 

HS  −0.03 n.s. 0.09 n.s. 0.36**

.s., not significant.
** p < 0.01.

*** p < 0.005.
ield and the yield of each zone for the 5 growing seasons.

and small decreases in growing season rainfall coefficient was
recorded. In the AS zone there was an increase of long and short
fallow coefficients and in the AS, as in HS, zone an increasing in
growing season reproductive rainfall-yield correlation coefficients
was obtained (0.62 for AS and 0.58 for HS). The exclusion of the dri-
est year causes the relationship between rain and yield decreases
for the three zones and become not significant for the AS zone.
LS yield is correlated with the short fallow rainfall (0.54), while
AS yield is negatively correlated with growing season rain (0.47)
and vegetative rainfall (0.58). The HS yield shows a low correlation
with total fallow rainfall (Table 3). When both the wettest and dri-
est years are removed, the LS yield is still correlated with the total
and short fallow rainfall (0.58), while the AS yield is negatively cor-

related with growing season (0.45) and vegetative rainfall (0.51)
and positively correlated (0.62) to growing season reproductive
rainfall.

007/08, 2008/09, and 2009/10 for the low stable (LS), average stable (AS) and high
owing season, vegetative period, and reproductive period. The correlations were
ars) and wettest years (No Dry-No Wet  – 3 years). At the apex of the correlation

 0.05).

r)
Growing
season rainfall

Vegetative growing season
(December–February)

Reproductive growing
season (March–May)

0.50** 0.48** 0.35*
0.40*** 0.35*** 0.33***

0.64*** 0.65*** 0.37***

0.28 n.s 0.27 n.s 0.18 n.s
−0.47* −0.58* 0.02 n.s.
0.03 n.s. −0.01 n.s. 0.08 n.s.

0.26 n.s. 0.26 n.s. −0.23 n.s.
−0.45** −0.51** 0.62*
−0.08 n.s. −0.07 n.s. 0.01 n.s.
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ig. 9. Spatial correlation map  between yield and total rainfall (a); spatial correlat
ield  and growing season rain (c); spatial correlation map  between grain yield an
orrelation map  between grain yield and growing season rain excluding the wettes

. Discussion

The spatial variability of soil properties and the distribution of
he rainfall influenced both the spatial and temporal variability of
rain yield. The use of spatial yield maps allowed the identifica-
ion of three spatial and temporal stable zones and one unstable
one. The ERT map  was useful for determining spatial variability
f soil properties non-destructively. Results from this study agree

ith the findings of Basso et al. (2010) that used such technique

o discriminate soil physical properties between tillage systems.
he ERT map  shows in the AS zone the presence of high resistance,
hich is due to a shallow and compacted clay layer followed by
ap  between grain yield and long fallow (b); spatial correlation map between grain
w excluding the wettest year (2008/09) and the driest year (2006/07) (d); spatial

 (2008/09) and the driest year (2006/07) (e).

compacted coarse and fine sand and stones. This has an impor-
tant implication in terms of water stored into the soil during the
fallow period or growing season, and in terms of rooting depth.
The subdivision of the field into three stable zones agrees with the
findings of Robertson et al. (2007),  which found that the use of only
three management zones is common amongst farmers that adopt
precision agriculture, regardless of the farm’s dimension. They con-
cluded that dividing the field into more zones cause a diminishing

net economic returns as a response to an attempt to extract more
information, requiring also more management time and analysis.

The growing season rainfall for 2006/07 was  one of the lowest
of the 58 years weather data (Fig. 1) and for the same growing
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Fig. 10. Spatial correlation map  between grain yield and total rainfall excluding the driest year (2006/07) (a); spatial correlation map  between grain yield and fallow rainfall
excluding the driest year (2006/07) (b); spatial correlation map between grain yield and growing season rainfall excluding the driest year (2006/07) (c); spatial correlation
m ); spa
y  rainf
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ap  between grain yield and total rainfall excluding the wettest year (2008/09) (d
ear  (2008/09) (e); spatial correlation map  between grain yield and growing season

eason fallow rainfall was also the lowest recorded for the five
ears of study (Table 1). The balance between fallow rain and
rowing season rainfall plays an important role in determining
rain yield. The amount of rain stored in the short fallow period
September–November) was an important factor affecting the spa-
ial and temporal variability of wheat yield. Sadras et al. (2012)

ave demonstrated that there are no beneficial effects of the long

allows water storage and concluded that the benefits of fallow
ainfall declined with the increase of seasonal rainfall. Crops that
ely on fallow rainfall lose much less in soil evaporation during the
tial correlation map  between grain yield and fallow rainfall excluding the wettest
all excluding the wettest year (2008/09) (f).

growing season, although evaporative losses before sowing could
be significant (Hatfield et al., 2001). The importance of rainfall dur-
ing short fallow was  particularly evident for two  consecutive years,
the 2006/07 and 2007/08. The former, had 92 mm of short fal-
low rainfall, the growing season rainfall was very low (93 mm as
shown in Table 1) during March and April 2007, with 54 mm in

the month of March, with a single rain event greater than 15 mm
and none between 5 and 15 mm,  while the total growing season
rainfall was  of 237 mm.  The 2007/08 year had the same amount
of growing season rainfall (237 mm)  but well distributed during
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he season and 162 mm of fallow rainfall (Table 1). The yield pro-
uced in 2007/08 was 1693 kg ha−1 higher than the previous year.
’Leary and Connor (1997) demonstrated that stubble retentions
nd tillage systems influence the amount of fallow water stored
n soils and therefore final yield. However, Sadras et al. (2012)
emonstrated that stubble retention was not important in captur-

ng the gains of summer rainfall but was more important for soil
tability.

The effect of rainfall variability between and within the years
n grain yield is also evident when the zones are considered. By
emoving the driest year from the analysis, the correlation between
hort fallow rain and yield decreased for all zones and become
ot significant for AS zone. The LS zone was less influenced by
ither the wettest and driest year (Table 3). The relative yield differ-
nces (Fig. 8) between the zones and the average field yield can be
xplained by the interaction of rainfall and the spatial distribution
f soil properties and root downward movement and water uptake
n the soil layers. Exploitable soil volume by the roots varied spa-
ially across the field and within each zone as shown by the ERT
Fig. 5a–b). Spatial patterns in soil resistivity provided information
n soil variability due to inherent geo-pedogenetic soil processes
Hagrey, 2007). In the HS zone, where there is low resistivity, the
eeper exploitable soil profile allowed for a greater amount of rain-
all to be stored during the fallow period and to show significant
elationship between rainfall and grain yield for the fallow period
Fig. 9b). Fallow season rainfall stored into the soil allowed the
rop to use it as need for the growth, producing more biomass and
ccumulating more carbohydrates into the stems. At anthesis, the
tem weight is proportional to grain number (Fisher, 1985) and
ith more carbohydrates in the stem, the crop is expected to have
igher yields. In 2006/07 (driest fallow) the HS zone does not have
nough water stored into the soil prior sowing affecting plant estab-
ishment, and later in the season crop nitrogen uptake. Between
tem elongation and anthesis, the driest year showed the lowest
mount of rainfall (Table 1), the low amount of fallow and growing
eason rain causes a shortage of nitrogen uptake between these
wo growth stages (when stored soil water before sowing would

aximize the uptake of nitrogen) that will cause a reduction of
rop growth rates and grain number per unit crop growth causing

 reduction in grain yield (Fisher, 1985; Sadras et al., 2012).
The AS zone does not respond to fallow rainfall (neither short

or long) because the soil has higher clay content in the first 50 cm
ollowed by a compacted layer of stones as highlighted from the ERT

ap  (Fig. 5) as the central transect was an old creek bed. The upper
ight area is mainly characterized by high resistivity through the
oil profile, with high silt and coarse sand fraction. Moreover, there
s a soil slope in the direction of the upper right corner of the field
s shown in the digital elevation model (DEM) (Fig. 6). All these
actors affect the lower soil water storage due to shallow profile.
he AS zones produced higher yield in 2007/08 and 2009/10 when
he rain in the growing season is well distributed. In 2007/08 during
he first three month of growing season period, the total rain was
f 73 mm (Table 1) with only one day in which the rain level was
igher than 15 mm and the water storage during the previous three
onth fallow period (161 mm)  was not excessive or limited. The

ield of this area was satisfactorily also in 2009/10 during this year
he first growing season three month period rainfall was 218 mm
ith 3 days in which the rain level was higher than 15 mm.  This

ainfall level was higher than 2007/08, but lower than 2005/06 and
008/09 years when during December, January and February the
ainfall was of about 295 mm.  As shown in Table 1 the rainfall level
uring the months of March and April were also optimal.
High correlation was observed, throughout the field and only
ome negative correlation at the top right portion of the field in the
S zone (Fig. 9a). Negative correlation mean that the increase in
ainfall causes a yield decrease due to water logging as results of
nomy 41 (2012) 52– 65

the position in the landscape and the lower elevation. By removing
the driest year (2006/07) this zone shows a negative correlation
with the growing season vegetative rainfall, and a not significant
correlation with the reproductive growing season rainfall. When
the wettest year was  removed from the correlation analysis, the
negative coefficients become lower for vegetative growing sea-
son rainfall, while the correlation coefficient for the reproductive
period becomes significant, high and positive.

The correlation between grain yield and long fallow rainfall
showed a stronger correlation respect to the total rainfall and yield.
Long fallow rainfall showed higher correlation coefficients for the
three zones but also negative correlation coefficients in the LS zone
and top right portion of the AS zone, with most of field having a
correlation coefficients ranging between 0.5 and 1 (Fig. 9b).

5. Conclusions

In conclusion, the spatial variability of soil properties and the
distribution of the rainfall affect both the spatial and temporal
variability of grain yield. Spatial and temporal analysis of yield
maps allowed for the identification of three spatially and tem-
porally stable zones and one unstable zone. Short fallow rainfall
was an important factor affecting the spatial and temporal vari-
ability of wheat yield. Based on the rainfall analysis carried out in
this research, N fertilizer management must take in consideration
the amount of precipitation that fell till march (time when side-
dressing N fertilizer is applied) especially for the low laying area
of the field due to the high risk of water logging in wet years, con-
firmed by the low or negative correlation with rainfall. In the wet
years, N fertilizer application should be reduced in low laying area.
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