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Informe de los Directores de Tesis sobre el factor de impacto de los 
artículos publicados y participación del doctorando 
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Root traits and d13C and d18O of durum wheat under
different water regimes
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Abstract. Plant growth, root characteristics and the stable carbon (d13C) andoxygen (d18O) compositionwere studied in
durumwheat. Four recombinant inbred lines with good agronomic adaptation were grown under well watered (WW) and
water stress (WS) conditions until mid-grain filling in lysimeters. Gas exchange was measured in the flag leaf just before
harvest and then the aerial dry matter (Aerial DM), root weight density (RWD) and root length density (RLD) and the
specific root length (SRL) were evaluated and the d13C and d18O of the roots, the flag leaf blade and the spike were
analysed. Water stress decreased stomatal conductance, plant accumulated transpiration and Aerial DM, whereas d13C
and d18O increased. Genotypic differences were found for all gas-exchange and root traits and isotope signatures. Aerial
DM was positively correlated with RLD, regardless of the water regime, whereas it was negatively correlated with d13C
and d18O, but only underWWconditions.Moreover, RWDandRLDwere negatively related to both d13C and d18O under
theWWregime, but no clear pattern existedunderWS.Our study supports the use of d13Candd18Oas proxies for selecting
root traits associated with higher growth in the absence of water stress.

Additional keywords: leaf gas exchange, lysimeter, Triticum turgidum ssp. durum, root traits, d13C, d18O.
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Introduction

Durum wheat is the most cultivated herbaceous crop in the
south and east Mediterranean basin (FAO 2008), where a lack
of water is the main factor limiting its productivity. This problem
will increase even more in the future in view of the gloomy
predictions for the climate (of lower precipitation and higher
temperatures), together with social changes (e.g. population
growth and more demand from industry and tertiary activities
such as tourism) that will lead to more and more competition for
already scarce water resources (Araus 2004). Although
developing durum wheat cultivars with improved adaptation to
drought may be a sound avenue to mitigate lack of water,
breeding for drought adaptation is a challenging exercise,
since yield potential and adaptation to abiotic stress are very
complex traits, integrating mechanisms affecting plant growth
and development at different levels of organisation (molecular,
biochemical, physiological and ecological) (Araus et al. 2002;
Lafitte et al. 2003). Identification of physiological and
morphological traits (secondary traits), based on a good
understanding of the mechanisms determining crop yield
potential and drought adaptation, may be an effective approach
to breeding for higher yield in a wide range of environments and
could be a valuable strategy for use either in conventional or
molecular breeding (Araus et al. 2002, 2008; Razmjoo et al.
2008). However, the lack of physiological understanding of

the traits conferring adaptation to drought and determining
yield potential, as well as the proper phenotypic tools, are
perceived as the main factors limiting current breeding
programs (Lafitte et al. 2003; Slafer and Araus 2007; Araus
et al. 2008; Richards et al. 2010).

One of the few examples of successful integration of a
physiological tool in a breeding program deals with the use of
carbon isotope composition (d13C; frequently expressed as
discrimination, D13C) to produce commercial bread wheat
cultivars better adapted to the Mediterranean conditions of
Australia (Condon et al. 2002; Rebetzke et al. 2006). Thus,
d13C of dry matter is a powerful tool that provides a time-
integrated record of the ratio of intercellular to ambient CO2

(Ci/Ca) and thus of thewater use efficiency (WUE) either assessed
instantaneously, as the ratio of net CO2 assimilation to
transpiration, or agronomically, as dry matter accumulated to
total water transpired (Farquhar and Richards 1984; Farquhar
et al. 1989; Ehdaie et al. 1991;Monneveux et al. 2005; Slafer and
Araus 2007). According to different authors (Condon and
Richards 1992; Cregg and Zhang 2000; Rebetzke et al. 2006)
the use of d13C has many advantages, including a high
heritability, substantial genetic variation and a small
genotype� environment interaction.

The stable oxygen isotope composition (d18O) of plant
tissues integrates the evaporative conditions throughout the

CSIRO PUBLISHING

Functional Plant Biology, 2012, 39, 379–393
http://dx.doi.org/10.1071/FP11237

Journal compilation � CSIRO 2012 www.publish.csiro.au/journals/fpb



crop cycle (Barbour et al. 2000). Therefore it has been proposed
as a proxy method for measuring plant transpiration (Cernusak
et al. 2007, 2009b; Sheshshayee et al. 2005; Cabrera-Bosquet
et al. 2009b) as well as for reflecting genotypic differences
in stomatal conductance (gs) in wheat (Barbour et al. 2000;
Ferrio et al. 2007). When analysed in dry matter, d18O might
provide a time-integrated assessment of gs and transpiration,
therefore, avoiding the intrinsic limitation of instantaneous
measurements of these gas-exchange traits, which exhibit
daily patterns and may change dramatically in few days as
water stress progresses. Moreover, the combined
measurements of d13C together with d18O of the same plant
tissuesmayhelp to elucidatewhether variations ind13Care driven
either by changes in photosynthetic capacity (A) or due to gs,
since the d18O signature of the leaf tissue reflects the transpiration
rate and it is not expected to reflect changes in A (Barbour and
Farquhar 2000; Farquhar et al. 2007; Tcherkez and Farquhar
2008). However, compared with d13C, studies dealing with the
use of d18O to evaluate genotypic performance of wheat
under different water regimes are scarce (Cabrera-Bosquet
et al. 2009a) and the results have not always been encouraging
(Ferrio et al. 2007). The pioneering study on the use of d18O
on wheat was performed under well irrigated conditions, which
have implications for potential yield rather than stress adaptation
(Barbour et al. 2000). More recently, Cabrera-Bosquet et al.
(2009b) reported in maize a negative relationship between d18O
and grain yield across genotypes under fully watered and
moderate water stress conditions, whereas under severe water
stress conditions the relationship between d18O and grain yield
tended to be positive.

Plant roots have an important role in growth and
development of plants as they contribute to water and nutrient
uptake, thereby sustaining photosynthetic and transpiratory gas
exchange and plant growth. Despite the huge number of studies
conducted on the aboveground biomass and its response to
water deficit, the number of studies on roots is comparatively
small. The considerable labour associated with measuring root
traits and the scarcity of reliable and efficient methods are
bottlenecks for breeding (Passioura 1983; Robinson 2004;
Gregory 2006; Gregory et al. 2009; Zhang et al. 2009;
Richards et al. 2010). This not only limits the routine
evaluation of root traits in high throughput phenotyping under
field conditions, but even prevents clear formulation of the
ideotypes that are the most suited for the given environmental
conditions, or a wider adoption of the use of indirect (or
secondary) traits for crop phenotyping such as the stable
isotopes. Further, it may be considered that roots remain as the
hidden part of the plant despite the fact they play a basic role in
plant water relations.

Root weight density (RWD) and root length density (RLD)
and specific root length (SRL) are frequently used in root
studies (Ostonen et al. 2007; Zhang et al. 2009; Song et al.
2010). RWD and RLD describe the amount of root weight and
root length, respectively, within the soil and are particularly
useful traits for describing the spatial distribution of the roots
system in the soil profile. RLD currently is the most used trait
in describing root distribution (Carvalho 2009; Zaman-Allah
et al. 2011) and it is an important parameter to model water
and nutrient uptake (Barraclough 1989; King et al. 2003;

Carvalho 2009). Thus, Barraclough (1989) found in field
experiments with bread wheat that a RLD below 1 cm cm–3

clearly decreased water uptake by the plant. According to
Passioura (1983) and Gregory et al. (1992) a higher RLD is
associated with higher water absorption from the soil and
consequently improved performance of cereal crops.

SRL characterises the pattern of biomass allocation into root
length (Ryser 2006). It gives an indication of root thickness,
with thinner roots having a higher SRL (Eissenstat 1992).
However, the results reported in the literature concerning the
effect of low soil resource availability (water and nutrients) on
SLR are contradictory (Ryser 1998). In a soil column experiment,
Baburai Nagesh (2006) observed an increase of SRL in winter
wheat under drought conditions. In the same sense, Song et al.
(2010) in a pot experiment with spring wheat found a gradient
increase in SRL from well watered to severe water stress.
However, these findings opposed those by Kage et al. (2004)
in cauliflower, which showed that SRL decreased under drought
stress conditions leading to a higher dry matter deposition in the
fine root fraction.

An indirect screening of large numbers of genotypes for
deeper roots that increase water supply to the growing grains
may be feasible by selecting lines for specific shoot traits after
flowering (Richards et al. 2010). For example, selection can be
made for genotypes that maintain green leaf area, have a high gs,
low canopy temperature or low d13C. These traits are expected
to be good indicators of which genotypes have deep roots in
moist soil (Olivares-Villegas et al. 2007; Christopher et al. 2008;
Lopes and Reynolds 2010). However, studies that relate
genotypic variability in d13C and root characteristics are scarce
(White et al. 1990; Monti et al. 2006; Lopes and Reynolds 2010)
and, to the best of our knowledge, nothing has been published
concerning d18O and root traits despite the fact that both d13C
and d18O in dry matter have been proposed as proxies for long-
term WUE and transpiration respectively. Even for studies
relating d13C and root traits, the results are contradictory.
Thus, White et al. (1990) found in common bean that under
rainfed conditions, genotypes with higher d13C exhibited lower
RLD, but under well watered conditions the relationship was
absent. Monti et al. (2006) reported in sugar beet a negative
relationship between d13C of different plant parts and total root
dry matter per plant when all the treatments were combined
together; with d13C of roots being better related than d13C of
leaves. These authors conclude that root d13C was a reliable
indicator of root dry weight. However they only studied a single
cultivar under different water regimes. In a recent studywith field
wheat, Lopes and Reynolds (2010) did not find that root traits
(root DM at depth in their case) were related to D13C, despite the
fact that they found that canopy temperature at grain filling was
negatively correlated with root DM at depth and positively
correlated with grain d13C and that this isotope composition
was negatively correlated with grain yield.

The aim of the present study was to assess the effect of water
regime and genotype variability on root morphological and
distributional traits, stable carbon and oxygen isotopes and
plant growth and to look for the potential relationships
existing among these traits within each water regime. A proper
understanding on the relationships between root traits and
stable isotopes may help the use of d13C and d18O in a more
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effective manner. Measurements were performed during middle
grain filling since root vigour that results in greater water
capture around flowering and grain filling has the potential to
significantly increase grain yield (Passioura 2006). Following
Richards et al. (2010), evaluation must be done in a managed
environment where there is little late season rainfall and lines
are grown with a receding soil moisture supply. The rationale
behind this is that the ability to extract water from the soil
under increasing soil water deficit is a major attribute of
drought adaptation (Araus et al. 2008; Blum 2009; Richards
et al. 2010).

Materials and methods
Plant materials and growth conditions

Four durum wheat (Triticum turgidum L. ssp. durum (Desf.)
Husn.) genotypes were used in this experiment. Two genotypes
(RIL2108 and RIL2510) belong to a population of 112
recombinant inbred lines (RILs) derived by single seed descent
from the cross ICD-MN91–0012 between the drought resistant
land race, Jennah Khetifa and the commercial variety Cham 1.
This cross was made in 1991 at the Tel Hadya research station
(Aleppo province, Syria) by the CIMMYT/ICARDA durum
breeding program for Mediterranean dryland (Nachit et al.
2001). The other two genotypes (KS194 and KS230) are
recombinant lines from a population of 249 RILs produced by
Società Produttori Sementi (Bologna, Italy) from the elite
durum cvv. Svevo (S) and Kofa (K) (Maccaferri et al. 2008).
Both Svevo and Kofa are well adapted to the Mediterranean
climate. References of RILs are found in the European
INCO-MED Tritimed project (http://www.rothamsted.bbsrc.ac.
uk/cpi/tritimed/indexcontent1.html, accessed May 2011). These
RILs were selected based in their good performance under
Mediterranean conditions.

The experiment was carried out in the Experimental Field
facilities of the Faculty of Biology, University of Barcelona,
Spain, from the end of October 2009 to the end of March 2010.
Plants were grown until mid-grain filling in lysimeters, each one
consisting of a PVC tube of 0.16m in diameter and 1m long.
Inside each PVC tube a polyethylene bag of 0.115m in diameter
and 0.85m long was filled with coarse A13 perlite-sand
aggregates for the lower 0.45m and with fine B10 perlite-sand
aggregates for the upper 0.40m (A13 and B10 are different
commercial sizes of perlite-sand aggregates; EUROPERL,
Passau, Germany). The bottom end of the polyethylene bags
wascut and supportedbyaplasticmesh to enhancewater drainage
and keeping perlite from being lost. Within each lysimeter, four
seeds of a given genotypewere sown to achieve a plant density of
385 plantsm�2, within the range of a real field plant density.
Control lysimeters without plants were used to calculate the
evaporation from the substrate surface. The experiment was
arranged as a factorial randomised complete block design in
four replicates with a total number of 40 lysimeters ((four
genotypes + one control lysimeter without plants)� two water
regimes� four replicates). Plantswere placed under a rain shelter
to control water regimes properly: the rest of the environmental
variables were not controlled. Therefore, the plants were exposed
to temperature conditions following the seasonal pattern
(Table 1).

Irrigation was performed with half strength Hoagland’s
nutrient solution (Hoagland and Arnon 1938). The day before
sowing the lysimeters were over saturated with half strength
Hoagland’s nutrient solution and then they were left for
one day to drain the excess water. Container water capacity
was calculated as the difference between the weights of the
lysimeter with wet substrate (after drainage of excess water)
and with dry substrate. For the well watered regime (WW), the
lysimeters were maintained above 80% container capacity
until harvest by adding the nutrient solution every ~4 days.
For the water stress regime (WS), irrigation was stopped
37 days after sowing (corresponding with the beginning of
tillering; the main stem+ one or two tillers appeared) until
substrate reached 30% of the lysimeter total water capacity
(~130 days after sowing) and then lysimeters were maintained
at this water content during the next 2 weeks, after which the
plants were harvested. The idea underlying such a slow
decrease in water content (Fig. 1) was to simulate the field
conditions in a winter planting under Mediterranean conditions
and avoiding the pattern typical of pot plants, where severe
water stress develops in a few days. Plants were harvested
four weeks after anthesis.
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Fig. 1. Water content (%) in the lysimeters from the beginning of stress
application until the end of the experiment. Plant phenology and the
imposition of water stress are indicated within the figure. WW, well
watered; WS, water stressed lysimeters.

Table 1. Monthly averaged maximum (Tmax) and minimum (Tmin) air
temperature (8C) and RH during the growing period

Month Tmax (�C) Tmin (�C) RH (%)

October 22.9 14.7 68.5
November 19.0 10.0 66.5
December 13.9 6.1 68.7
January 11.7 4.9 71.3
February 13.1 4.9 66.0
March 14.4 6.5 68.6
Average 13.3 5.6 68.7

Root traits and stable isotope signatures in wheat Functional Plant Biology 381



Leaf gas-exchange measurements
Leaf gas-exchange measurements were conducted 3 weeks
after anthesis (1 week before harvest). Measurements were
made with an open IRGA Li-Cor 6400 system (Li-Cor Inc.,
Lincoln, NE, USA), between 10.00 and14.00 hours (solar time),
under light saturated conditions (1500mmolm–2 s–1), 25�C, CO2

concentration of 400mmolmol–1 and a RH between 60–70%.
The gas-exchange parameters measured were net CO2

assimilation rate (A), transpiration rate (E), stomatal
conductance (gs) and the ratio of intercellular to ambient CO2

concentration (Ci/Ca). Further the instantaneous water use
efficiency (WUEInstant) was calculated as the ratio Asat/E.

Plant growth and root traits
Days to heading were measured as the days from sowing until
the emergence of about half of the spike was apparent in at least
50% of the plants inside each lysimeter. Plant height, determined
as the distance from substrate surface to the top end of the spikes
and the number of tillers per plant, was determined 1 day before
harvest. At harvest, flag leaf blades of all plants were cut and
scanned (Canon PIXMA/MP140 scanner, Fukushima, Japan),
images obtained at 300 dpi and the area calculated using
commercial software (Digimizer 3.7, 2009, MedCalc Software,
Mariakerke, Belgium). Afterwards the rest of the aboveground
plant biomass was harvested and divided into three components:
spikes, rest of the leaf blades and culms. Then they were dried
at 60�C for 48 h and weighed. Total aerial dry matter (Aerial
DM) was calculated as the total sum of spike dry matter (Spike
DM), culm drymatter (CulmDM) and leaf dry matter (Leaf DM)
including the flag leaf blades.

The substrate column (the polyethylene bagfilledwith perlite)
was cut horizontally into three equal sections (of ~0.26m each,
as perlite compacted after irrigation): the upper section
(0–0.26m); the mid section (0.26–0.52m); and the bottom
section (0.52–0.78m). Roots were cleaned of substrate with
tap water, further rinsed with distilled water and then placed
inside apaper envelope anddried at 60�Cfor 48 h.Root drymatter
(RootDM)wasmeasured for eachof the three sections separately.
Total root dry matter (TRoot DM) was calculated as the sum of
Root DM of the three sections. Further, the ratio of Aerial DM
to TRoot DM (Aerial DM/TRoot DM) was calculated.

Root weight density at the three different soil sections
(RWDsec, g m

–3) was calculated following Ma et al. (2000):

RWDsec ¼ Root DMsec

P*PBR2*PBL
; ð1Þ

where Root DMs is the root dry matter in the soil section (g);
PBR is the polyethylene bag radius (0.0575m); and PBL is the
polyethylene bag length of the section (0.26m long).

The average (i.e. for the entire lysimeter) root weight density
(RWDa) was calculated from the values of each of the three
sections as follows:

RWDa ¼ RWDsec1 � RootDMsec1

TRootDM
þ RWDsec2

� RootDMsec2

TRootDM
þ RWDsec3 � Root DMsec3

TRoot DM
:

ð2Þ

Specific root length at each of the three soil sections
(SRLsec, m g–1) was determined in fresh roots as follows:
10 root segments (each one 0.20–0.25m long) were sampled
and their total lengths were measured with a ruler. Then the
root segments were dried at 60�C for 48 h and weighed.
Specific root length of each soil section was calculated
following Głąb (2007) and Carvalho (2009):

SRLsec ¼ TRoot Lseg
TRoot DMseg

; ð3Þ

where TRoot Lseg is the total length of root segments (m); and
TRoot DMseg is the total dry matter of the root segments (g).

Root length of each soil section (Root Lsec, m) was estimated
according to the following equation:

Root Lsec ¼ SRLseg � Root DMsec: ð4Þ
The total root length (TRootL)wascalculated as the sumof the

root lengths of the three sections.
Average specific root length (SRLa)was calculated as follows:

SRLa ¼ SRLsec1 � Root Lsec1
TRoot L

þ SRLsec2 � Root Lsec2
TRoot L

þ SRLsec3 � Root Lsec3
TRoot L

:

ð5Þ

Root length density in each soil section (RLDsec, m m–3) was
calculated following Głąb (2007) and Carvalho (2009):

RLDsec ¼ Root Lsec
P� PBR2 � PBL

: ð6Þ

The average root length density (RLDa) was calculated as:

RLDa ¼ RLDsec1 � Root Lsec1
TRoot L

þ RLDsec2 � Root Lsec2
TRoot L

þ RLDsec3 � Root Lsec3
TRoot L

:

ð7Þ

Relative water content, cumulative transpiration and WUE

Relative water content (RWC) was measured in the same flag
leaf blades scanned at harvest. For each blade, the central
portion was cut and its fresh weight (FW) measured; then it
was placed for 24 h at 4�C in a test tube containing distilled
water and covered with aluminium foil. Its turgid weight
(TW) was measured and then it was placed in a paper
envelope and dried at 60�C for 48 h and its dry weight (DW)
was measured. The RWC was then calculated according to
Schonfeld et al. (1988):

RWCð%Þ ¼ ½ðFW� DWÞ=ðTW� DWÞ� � 100: ð8Þ
The amount of water evapotranspired in each lysimeter (Wet)

was calculated during the growth cycle by weighing the
lysimeters just prior watering. Simultaneously, direct
evaporation from the soil surface (Wev) was calculated by
weighing the control lysimeters without plants. Then the
cumulative transpiration (Tcum) per single plant between
consecutive waterings was calculated as (Wet – Wev) divided
by the number of plants in the lysimeter. Further, the time-
integrated water use efficiency of the plant was calculated as
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the ratio of Aerial DM to the total Tcum during crop growth
(WUEAerial DM). In addition, the plant cumulative transpiration�
per unit of Root DMwas calculated as the ratio of Tcum to TRoot�
DM (Tcum/TRoot DM).�

N concentration and stable isotope analysis�
Drymater of spikes,flag leaf blades and roots (only from the lower�
substrate section) were finely milled and samples of ~1mg were�
weighed into tin capsules for 13C/12C ratio (R) analysis and�
other samples of ~1mg were weighed into silver capsules for�
18O/16O ratio analysis.�

The total N concentration and the stable carbon isotope�
analyses were conducted at the Scientific Facilities of the�
University of Barcelona. Analyses were performed using an�
elemental analyser (Flash 1112 EA; ThermoFinnigan,�
Schwerte, Germany) coupled with an isotope ratio mass�
spectrometer (Delta C IRMS, ThermoFinnigan), operating in�
continuous flow mode. The 13C/12C ratios (R) of plant�
material were expressed in d notation (Coplen 2008), as�
carbon isotope composition (d13C):

d13Cð‰Þ ¼
� �� �

R

R

standard

sample � 1 � 1000; ð9Þ�

where sample refers to plant material and standard to Pee Dee�
Belemnite (PDB) calcium carbonate. International isotope�
secondary standards of known 13C/12C ratios (IAEA CH7 3,�
polyethylene foil; IAEA CH6, sucrose; USGS 40, L-glutamic�
acid) were used with an analytical precision of 0.1‰.�

The analysis of the 18O stable isotope was conducted at�
Iso-Analytical Limited Laboratory, (Crewe, Cheshire, UK).�
The 18O/16O ratios of the different plant parts were determined�
by an isotope ratio mass spectrometer (IRMS, Europa Scientific�
Geo 20–20) with a triple Faraday cup collector array to monitor�
the masses 28, 29 and 30. Results were also expressed in d�
notation as oxygen isotope composition (d18O) values:

d18Oð‰Þ ¼
� �� �

R

R

standard

sample � 1 � 1000;

ð10Þ�

using secondary standards of known18O/16O ratios (IAEA-CH-6,�
sucrose; IAEA-C-3, cellulose; IAEA-601, benzoic acid)�
calibrated against Vienna Standard Mean Oceanic Water
(VSMOW) with an analytical precision of 0.2‰.�

Statistical analyses�
The hypothesis of zero difference between means was tested�
with analysis of variance (ANOVA) performed using the general�
linear model (GLM) procedure to calculate the effects of water�
regime, genotype and water regime by genotype interactions on�
the measured and calculated parameters. Mean separation of�
genotypes for the different parameters was performed by a�
Tukey-b multiple comparison test (P < 0.05). Relationships�
between parameters were analysed within each water regime
(WS, WW) alone and both combined using Pearson linear�
correlation.�

Data were analysed using the SPSS 16 statistical package
(SPSS Inc., Chicago, IL, USA). Figures were created using�
SigmaPlot 11.0 for Windows (Sysat Software Inc., Point�
Richmond, CA, USA).

Results

The effect of water regime and genotype on growth
parameters

Significant genotypic differences were found for all the growth
parameters depicted in Table 2 and Table S1 (available as
Supplementary Material to this paper). Water regime also had
a significant effect for all studied traits except for plant height and
TRoot DM. WS significantly decreased the Aerial DM and its
different components, particularly Leaf DM, which decreased by
~55% compared with WW plants. Nitrogen concentration was
also negatively affected by water regime. The genotype by
water regime interaction was significant for Culm DM, plant
height, tillers plant–1 and flag leaf area. In general, genotypic
differences were more evident under WS than WW conditions,
with genotype KS194 showing the lowest values for most of the
studied traits except for tillers plant–1.

The effect of water regime and genotype on photosynthetic
and transpiratory gas exchange, RWC and WUE

Significant genotypic differences existed for all the traits
included in Table 3, except Ci/Ca and RWC. Water regime
significantly affected all studied traits except RWC. Thus, WS
significantly decreased gs, E and Tcum, by around 50% compared
withWWplants, whereas A decreased ~30% andWUEInstant and
WUEAerialDM increased. The genotype by water regime
interaction was significant for all studied traits except for
RWC, Tcum and WUEInstant.

Effect of water regime and genotype on carbon
and oxygen stable isotope composition

Significant genotypic differences existed for d13C and d18O in the
different studied plant organs (Table 4). Water regime
significantly affected d13C and d18O in all the studied plant
organs except for roots d18O. Compared with WW plants, WS
increased (in absolute values) the d13C of the spikes, flag leaf
and roots by 1.72, 1.15 and 0.35‰, respectively, and the d18O of
the same organs by 0.64, 1.46 and 0.22‰ respectively. In
addition, significant differences emerged between the different
studied plant organs for both d13C and d18O under each water
regime. Thus, d13C of all genotypes in both water regimes
followed a similar pattern, where spikes showed the highest
value followed by roots and flag leaves respectively.
Concerning d18O and except for KS230 where the flag leaf
was the most enriched in d18O, the other three genotypes
showed a similar gradient of enrichment in d18O from roots to
spikes regardless the water regime. The genotype by treatment
interaction was significant for all studied plant organs except for
roots d13C.

The effect of water regime and genotype on root traits

Highly significant genotypic differences existed for all studied
root traits in all substrate sections (Table 5) as well as for the
averaged (i.e. entire lysimeter) values (see Fig. S1, available as
Supplementary Material to this paper). Water regime also
caused highly significant differences for all studied root
traits, except for RWDa and the RWD for the upper section
(RWD1).Generally, under bothwater regimes in all soil sections,
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RIL2510 tended to show the highest values and KS194 the
lowest values for almost all studied roots traits. Compared
with the WW regime, WS clearly decreased the SRL and RLD
of the three soil sections but tended to increase the RWD of the
upper and middle soil sections and to decrease that of the lower
section. The genotype� treatment interaction was significant for
all studied root traits in different soil sections, except for the root
weight density of the middle (RWD2) and lower sections
(RWD3) and the specific root length in the upper section (SRL1).

Under the WS regime, the RWD and RLD of the four
genotypes decreased from the upper to the lower soil section
(Table 5). Under the WW regime, RLD decreased from the
upper to the middle section and then remained quite similar in
the lower section except in genotype KS230, which has the

lowest RLD in the middle section, whereas the upper and
bottom sections are quite similar. RWD under WW conditions
was the highest in the upper soil section followed by the bottom
and middle sections, respectively, for all genotypes except for
KS194, which showed a gradient decrease in RWD from the
upper to the bottom soil section. Regardless of the water regime,
SRL values increased from the upper to the middle section and
then remained fairly unchanged.

Relationships of gas-exchange traits with aerial biomass
and stable isotopes

Tcum was positively correlated with Aerial DM (r2 = 0.44,
P < 0.01 and r2 = 0.85, P< 0.0001 for WW plants and both

Table 3. Effect of water regime and genotype on the light saturated net CO2 assimilation rate (Asat); stomatal conductance (gs); transpiration rate (E);
the ratio of intercellular to ambient CO2 concentration (Ci/Ca); the flag leaf relative water content (RWC); plant cumulative transpiration (Tcum,);

instantaneous water use efficiency (WUEInstant) and plant time-integrated water use efficiency calculated as Aerial DM/Tcum (WUEAerial DM)
For each genotype and treatment data shown are the mean of the four replications. Means followed by different letters were significantly different (P < 0.05) by
Tukey’s b test. WW, well watered plants;WS, water stressed plants; G, genotype; T, treatment; G�T, genotype by treatment interaction. The associated sum of

squares type III and probabilities (ns, not significant; *, P < 0.05;**, P < 0.01; ***, P < 0.001) are shown

T G Asat gs E Ci/Ca RWC Tcum WUEInstant WUEAerial DM
(mmol CO2 m

–2 s–1) (mmol CO2 m
–2 s–1) (mmol H2O m–2 s–1) (%) (dm3) (mmol CO2 mmol H2O

–1) (g dm–3)

WW KS194 19.39b 236.7b 3.87c 0.64b 86.4a 1.63a 5.02a 2.20a
KS230 13.60a 135.4a 2.84a 0.56a 86.2a 1.75a 4.79a 2.22a
RIL2108 23.65c 266.3b 3.64bc 0.60ab 86.4a 1.62a 6.51b 2.78c
RIL2510 24.55c 278.8b 3.53b 0.60ab 87.8a 1.78a 6.95b 2.54b
Mean 20.30 229.3 3.47 0.60 86.7 1.70 5.82 2.43

WS KS194 14.46ab 110.3ab 1.84a 0.43a 87.5a 0.75a 8.10b 2.39a
KS230 11.30a 94.2a 1.81a 0.49a 87.8a 0.98b 6.24a 2.48a
RIL2108 15.07b 118.1ab 1.66a 0.44a 85.4a 0.71a 9.09b 3.46b
RIL2510 17.10b 149.2b 1.77a 0.44a 87.5a 0.78a 9.77b 3.33b
Mean 14.48 117.9 1.77 0.45 87.0 0.81 8.30 2.91

ANOVA G 322.36*** 43466*** 1.15** 0.00ns 12.8ns 0.19* 39.20*** 4.15***
T 270.61*** 99233*** 23.16*** 0.18*** 1.0ns 6.34*** 49.33*** 1.83***

G�T 46.82** 13663** 1.26** 0.02** 8.6ns 0.05ns 3.09ns 0.54***

Table 2. Effect of water regime and genotype on different studied growth parameters of individual plants
For each genotype and treatment data shown are the means of the four replications. Means followed by different letters were significantly different (P < 0.05) by
Tukey’s b test. WW, well watered plants; WS, water stressed plants; G, genotype; T, treatment; G�T, genotype by treatment interaction. The associated sum of

squares type III and probabilities (ns, not significant; *, P < 0.05;**, P < 0.01; ***, P < 0.001) are shown

T G Aerial DM TRoot DM Aerial DM/TRoot DM Plant height Tillers plant–1 Days to heading Flag leaf area
(g plant–1) (g plant–1) (cm) (No. plant–1) (Days) (cm2)

WW KS194 3.58a 0.31a 11.39ab 58.44b 3.44a 88.25a 30.01a
KS230 3.89a 0.32a 12.39b 54.08a 3.13a 93.75b 33.24a
RIL2108 4.53a 0.48b 9.66a 68.96c 3.00a 89.25a 45.33b
RIL2510 4.50a 0.49b 9.13a 66.81c 3.06a 95.75b 45.61b
Mean 4.13 0.40 10.64 62.07 3.16 91.75 38.55

WS KS194 1.80a 0.32a 5.69a 59.55a 1.63b 87.50a 23.55a
KS230 2.41b 0.42ab 5.81a 58.63a 2.50c 90.75b 22.18a
RIL2108 2.44b 0.44ab 5.67a 65.93b 1.00a 89.00ab 28.05a
RIL2510 2.59b 0.55b 4.71a 61.33a 1.25ab 94.50c 25.08a
Mean 2.31 0.43 5.47 61.36 1.59 90.43 24.71

ANOVA G 3.66** 0.20*** 22.19** 595.41*** 3.23* 254.59*** 626.22***
T 26.42*** 0.01ns 214.11*** 4.07ns 19.53*** 13.78* 1531.00***

G�T 0.41ns 0.02ns 8.41ns 118.35*** 2.39* 8.59ns 237.41**
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water regimes together respectively; Fig. 2a), whereas it was
negatively correlated with spike d13C (r2 = 0.41, P < 0.01 and
r2 = 0.75, P< 0.0001 for WS plants and both water regimes
together respectively; Fig. 2b) and spike d18O (r2 = 0.41,
P < 0.01 and r2 = 0.27, P < 0.01 for WS plants and both water
regimes together respectively; Fig. 2c). WUEAerialDM was
positively correlated with the d13C and d18O of the spike (see
Fig. S2), whereas the correlationswith d13C and d18O of the other
two organs were weaker.

Flag leaf gs was negatively correlated with flag leaf d13C
(r2 = 0.30, P< 0.05, r2 = 0.39, P< 0.01 and r2 = 0.70, P< 0.001
for WW, WS and both water regimes respectively; Fig. 3a), as

well as with flag leaf d18O (r2 = 0.62, P < 0.001 and r2 = 0.60,
P< 0.0001 for WW and both water regimes respectively;
Fig. 3b). Moreover, flag leaf d18O was negatively correlated
with E for WW and both water regimes together (data not
shown). However, correlations of both d13C and d18O with
WUEInstant were weak or inconsistent (data not shown).

Relationships of stable isotopes with aerial biomass

Negative significant correlations were found between Aerial DM
with d13C of the flag leaf (r2 = 0.37, P < 0.01 and r2 = 0.66,
P< 0.0001 for WW and both water regimes together

Table 5. Effect of water regime and genotype on the root weight density (RWD), specific root length (SRL) and root length (RLD) in each of the three
different soil sections

For each trait, the number following the acronym of the trait refers to the soil section where the trait was estimated: 1 refers to soil upper section (0.00–0.26m);
2 refers to soil middle section (0.26–0.52m); and 3 refers to soil bottom section (0.52–0.78m). Data shown is the mean of the four replications of each genotype
in each treatment. Means followed by different letters were significantly different (P < 0.05) by Tukey’s b test. WW, well watered plants; WS, water
stressed plants; G, genotype; T, treatment; G�T, genotype by treatment interaction. The associated sum of squares type III and probabilities (ns, not significant;

*, P < 0.05; **, P < 0.01; ***, P < 0.001) are shown

T G RWD1 RWD2 RWD3 SRL1 SRL2 SRL3 RLD1 RLD2 RLD3
(gm–3) (gm–3) (gm–3) (m g–1) (m g–1) (m g–1) (mm–3 10�4) (mm–3 10�4) (mm–3 10�4)

WW KS194 262.0a 107.4a 96.3a 22.9a 29.7a 27.0a 0.60a 0.32a 0.26a
KS230 213.8a 106.5a 147.2b 29.0b 43.1bc 42.4b 0.62a 0.45a 0.63c
RIL2108 447.1b 125.0a 134.2b 24.3a 37.4b 33.0ab 1.09b 0.47a 0.43b
RIL2510 378.6b 160.4b 191.7c 26.1ab 47.5c 38.3ab 0.99b 0.76b 0.73c
GMean 325.4 124.8 142.4 25.6 39.4 35.2 0.82 0.50 0.51

WS KS194 272.2a 132.4a 71.3a 16.3a 22.5ab 25.5a 0.45a 0.30a 0.18a
KS230 323.1ab 161.1b 134.2b 23.4b 28.5b 26.0a 0.76b 0.46b 0.35b
RIL2108 372.1ab 150.9ab 125.9b 17.5ab 22.0a 21.6a 0.63ab 0.33a 0.28ab
RIL2510 472.1b 194.5c 148.1b 21.0ab 24.8ab 25.4a 0.97c 0.48b 0.38b
GMean 360.0 159.7 119.9 19.6 24.5 24.6 0.70 0.39 0.29

ANOVA G 180365*** 14640*** 30710*** 204.4*** 575.9*** 339.2** 0.97*** 0.42*** 0.53***
T 9513ns 9740*** 4038** 289.7*** 1790.9*** 890.2*** 0.12* 0.10*** 0.38***

G�T 43288* 1137ns 1485ns 3.7ns 242.4** 242.2* 0.38** 0.10*** 0.09*

Table 4. Effect of water regime and genotype on the stable carbon isotope composition (d13C) and oxygen isotope composition (d18O) of roots, the flag
leaf and the spike

Data shown are means of the four replications of each genotype in each treatment. Means followed by different letters were significantly different (P < 0.05) by
Tukey’s b test. WW, well watered plants;WS, water stressed plants; G, genotype; T, treatment; G�T, genotype by treatment interaction. The associated sum of

squares type III and probabilities (ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001) are shown

T G d13C (‰) d18O (‰)
RootsA Flag leaf Spike RootsA Flag leaf Spike

WW KS194 –30.22b –31.72b –29.71b 28.45a 29.82bc 30.20a
KS230 –30.36ab –31.69b –29.55b 28.23a 30.56c 29.82a
RIL2108 –30.16b –32.52ab –29.81b 27.55a 28.98ab 30.29b
RIL2510 –30.64a –32.83a –30.21a 28.38a 28.59a 31.04b
Mean –30.34b –32.19a –29.82c 28.15a 29.44b 30.34c

WS KS194 –30.02a –31.26a –28.81a 28.15a 29.65a 30.84ab
KS230 –30.25a –30.76a –28.73a 28.57a 31.56b 30.11a
RIL2108 –29.54a –30.86a –27.06c 28.28a 31.35b 31.77b
RIL2510 –30.16a –31.27a –27.79b 28.49a 31.03b 31.20b
Mean –29.99b –31.04a –28.10c 28.37a 30.90b 30.98c

ANOVA G 0.66* 2.94*** 3.13**** 3.19**** 10.18** 6.30****
T 0.97*** 10.45**** 24.24**** 0.05ns 26.62**** 2.80***

G�T 0.07ns 1.85** 5.79*** 2.33*** 11.02** 1.54*

AFrom the lower soil section.
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respectively; Fig. 4a) and d18O of the flag leaf (r2 = 0.40,P < 0.01
and r2 = 0.41, P < 0.0001 for WW and both water regimes
respectively; Fig. 4b). Relationships of aerial biomass with the
d13C and d18O of other plant organs were weaker or absent.

Relationship between d18O and d13C

Flag leaf d18O was positively correlated with flag leaf d13C
(r2 = 0.41, P< 0.01, r2 = 0.63, P < 0.001 and r2 = 0.73,
P < 0.0001 for WW, WS and both water regimes respectively;
(Fig. S3).

Relationships of root traits with aerial biomass

Aerial DMwas positively correlated with both RWDa (r2 = 0.64,
P < 0.001 for plants under WS; Fig. 5a) and RLDa (r2 = 0.24,
P < 0.05 and r2 = 0.53, P< 0.001 for WW and WS plants
respectively; Fig. 5b). A positive correlation between SRLa
and Aerial DM was also found over both water regimes but
not within each water regime independently (r2 = 0.50,
P < 0.0001; Fig. 5c). Moreover, the RWDs in the different
studied soil sections were positively correlated with Aerial
DM but only under WS conditions, whereas under WW only
theRWD in the bottom soil sectionwas positively correlatedwith
the Aerial DM (Fig. S4a–c). In the same sense the RLDs of the
different studied soil sections were positively correlated with
Aerial DM only under the WS regime (Fig. S4d–f). The SRL of
each soil section was positively correlated over both water
regimes but not within each water regime (Fig. S4g–i).

Relationships between stable isotopes and root traits

Negative correlations were found between flag leaf d13C with
RWDa (r2 = 0.44, P < 0.01 for WW plants; Fig. 6a), RLDa
(r2 = 0.53, P < 0.001 for WW; Fig. 6b) and SRLa (r2 = 0.40,
P < 0.001; for both water regimes together; Fig. 6c). Negative
correlations were also found between flag leaf d18O with RWDa
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(r2 = 0 0.37, P < 0.01 for WW plants; Fig. 6d), RLDa (r2 = 0.39,
P < 0.01 for WW plants; Fig. 6e) and SRLa (r2 = 0.15, P< 0.05;
for both water regimes together; Fig. 6f). Moreover, under WW
conditions the RWD and RLD of the upper and middle soil
sections were better correlated with flag leaf d13C and d18O than
the lower soil section (data not shown). However, under WS
conditionsno relationshipsbetween root traits andd13Cof theflag
leaf emerged, whereas d18O of the flag leaf was weakly but
positively correlated with the RLDa (r2 = 0.27, P < 0.05, Fig. 6e)
as well as with RLD of the three different sections and the SRL of
the upper soil section (data not shown).

The plant cumulative transpiration per unit of Root DM (Tcum/
TRoot DM) was negatively correlated with the d13C of spikes
(r2 = 0.57, P< 0.001 and r2 = 0.54, P < 0.0001 for WS and both
water regimes, respectively, Fig. S5a).Also,Tcum/TRootDMwas
negatively correlated with the d18O of spikes (r2 = 0.26,P < 0.05,
r2 = 0.31,P < 0.05 and r2 = 0.36,P< 0.001 forWW,WS and both
water regimes, respectively, Fig. S5b).

Discussion

Decreases inAerialDMaswell as in the ratio ofAerialDM/TRoot
DM and increases inWUE are well known responses of plants to

water stress (Zhang 1995; Gregory et al. 1997; Tambussi et al.
2007). Root growth was less affected (or is even enhanced) by
water stress, which is also a well known response (Sharp and
Davies 1979;Sacks et al. 1997).Thedecrease in tillers per plant as
response to water limitation has been also frequently reported
(Carvalho 2009; Yousfi et al. 2009).

AlthoughWSplants strongly decreased their transpiring shoot
area and transpiration rate on a leaf area basis comparedwithWW
plants, the RWC remained unaffected by water regime, always
exhibiting high values. In fact, plants exposed to progressive
water stress (the usual situation in realfield conditions)may avoid
cell dehydration by reducing the transpiring area and the rate of
transpiration per unit plant area (Kramer 1983; Cabrera-Bosquet
et al. 2009a).

Stable isotope signatures

Water stress increasedd13C regardless of theplant part considered
(Table4).The spikes showedhigherd13Cvalues than theflag leaf,
no matter what water regime was considered, which also agrees
with previous studies in wheat (Araus et al. 1993; Merah et al.
2002). Roots showed intermediate d13C values, which agrees
with evidence from a different C3 species that roots are ~1‰
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in the significant relationships: r2 and probabilities are shown: **, P< 0.01; ****, P< 0.0001.
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enriched compared with leaves (Badeck et al. 2005). The
provenance of the photosynthetic assimilates or the post-
photosynthetic fractionation of stable carbon isotopes during
translocation of assimilates to the sink organs may be involved
in this process (Badeck et al. 2005; Cernusak et al. 2009a).
According to Hobbie and Werner (2004), the sink organs (e.g.
roots) are more 13C enriched because the light 12C isotope
produced in the source organs (leaves) will be used in
synthesis of lignin and lipids and consequently the remaining
carbohydrates (sugars) that are already enriched with the heavy
13C isotope will be exported to the sink organs. Nevertheless,
other hypotheses aimed at explainingwhyheterotrophic tissues in
C3 plants tend to be enriched in

13C seem to be more plausible.
Among them the isotopic fractionation during dark respiration,
the carbon fixation by PEP carboxylase and particularly the
differential use of day versus night sucrose between leaves and
sink tissues, with day sucrose being relatively 13C-depleted and
night sucrose 13C-enriched, have to be considered (Cernusak
et al. 2009a).

The enrichment of 13C in spikes compared with the flag leaf
may reflect changes in soil water availability, as well as the
increase in evaporative demand occurring during the final stages
of crop growth (Condon and Richards 1992; Cabrera-Bosquet
et al. 2009a). Also, the very different photosynthetic
characteristics of the spikes, which are characterised by lower
permeability than leaves to CO2 diffusion, could be involved
(Araus et al. 1993; Tambussi et al. 2007).

Water stress also increased the d18O in the different plant
organs compared with WW plants. Similar responses have been
reported for bread wheat (Ferrio et al. 2007) and durum wheat
(Cabrera-Bosquet et al. 2009a). Moreover, a gradient of increase

ind18Owasobserved from the roots to the spikesunder bothwater
regimes. The increase in evaporative demand later in the crop
cycle, the constitutively low gs of the spike and its uppermost
position in the plant may cause the spike to be at a higher
temperature and, therefore, more 18O enriched than the leaves
(Cabrera-Bosquet et al. 2009b, 2011). However, other factors
may also account for the increase in d18O from the roots to the
spikes. Thus, a progressive enrichment in 18O by evaporation of
water as it ascends the plant (Cabrera-Bosquet et al. 2009a) may
also be involved (Wang and Yakir 1995; Gan et al. 2003).

Genotypic differences existed for both d13C and d18O in each
of the three organs studied (particularly in the shoot plant parts).
Genotypic variability in durum wheat for both d13C (Araus et al.
1998, 2003) andd18O (Cabrera-Bosquet et al. 2009a;Yousfi et al.
2012) has been reported already. As expected, d13C (Farquhar
and Richards 1984) and to a lesser extent d18O (Farquhar et al.
2007), were positively correlated with time-integrated WUE
(Fig. S1). Genotypic variability in d13C and d18O was
sustained by differences in leaf permeability. Thus, the
negative significant correlation observed between gs with both
d13C and d18O in the flag leaf (Fig. 3) and of instantaneous
transpiration against the same isotope compositions (data not
shown) is in accordance with that reported by Barbour et al.
(2000) in breadwheat,Barbour andFarquhar (2000) in cotton and
Cabrera-Bosquet et al. (2009a) in durumwheat.Also, the positive
correlation between d13C and d18O (Fig. S3) indicates that the
differences ind13CwithinWSandWWweredue in largeextent to
differences in gs (Barbour and Farquhar 2000; Farquhar et al.
2007). Moreover, Tcum was also negatively correlated with d13C
and d18O, at least underWS conditions (Fig. 2), whichmeans that
plants with lower d13C and d18O exhibited higher transpiration.
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However, our results contradict the study by Sheshshayee et al.
(2005) in groundnut and rice and Cernusak et al. (2007) in the
tropical tree, Ficus insipidia, in which a positive relationship
between leaf d18O and mean transpiration rate were found. A
positive relationship between E and d18O enrichment can be
expected when the source of variation in E is the evaporative
demand (Farquhar et al. 2007).Anegative relationship betweenE
and d18O enrichment is expected if the source of variation in E is
gs (Cabrera-Bosquet et al. 2009a) and this was the case in our
study. In agreement with our results, negative relationships have
been reported between d18O and both total plant biomass and
grain yield in wheat (Barbour et al. 2000) and maize (Cabrera-
Bosquet et al. 2009b) under well watered conditions, a
relationship that was weaker or absent under water stress
(Ferrio et al. 2007; Cabrera-Bosquet et al. 2009b).

Our results show that underWW conditions plants with lower
d13C and d18O exhibited higher biomass (Fig. 4), which is
probably associated with a constitutively higher gs (Fig. 3);
that is, more water is used by the plants when they grow
faster. However and despite d13C and d18O not being
significantly correlated with cumulative transpiration under
WW conditions, biomass was positively correlated with
cumulative transpiration (Fig. 2), which supports the concept
that, for a given evaporative conditions, those plantswith a higher
water usewill exhibit a higher potential growth (Araus et al. 2008;
Blum 2009). Differences in water uptake and use and biomass
accumulation across plants under WW conditions may be based
on differences in root characteristics. The genotypes (RIL2108
and RIL2510) exhibiting lower d13C and d18O were also those
with higher flag leaf N content (Table S1), which would explain
their higher gas exchange and aboveground WUE.

Root traits

A decrease in RLD and RWD down through the soil column is a
common pattern in wheat and other cereals (Gregory et al. 1978;
Baburai Nagesh 2006; Carvalho 2009). Kang et al. (1994) related
this gradient distribution of RLD and RWD in rice to the fact that
the adventitious roots, which occupy the upper soil sections,
constitute 86–99% of the entire root system and contrary to the
seminal roots, they cannot grow deeper in the soil sections
(Manske and Vlek 2002). In contrast to RWD and RLD, SRL
increased from the upper to the middle of the soil column
(Table 5). Kang et al. (1994) reported that the diameter of the
adventitious roots is relatively large close to their origin point in
the upper soil profile and decreases along the main axes and
branch roots.

Water regime did not affect TRoot DM, in agreement with the
fact that biomass allocated to roots was unchanged by water
regime. However, TRoot L was higher under WW than WS
conditions (Table S2), which agrees with previous studies in
wheat (Barraclough1989;BaburaiNagesh2006). This difference
in response may be related to the ability of the plants under WW
conditions to produce a larger number of adventitious roots.
Gregory (1994) and Blum (2005) reported that drying of the
soil surface may inhibit the development of the adventitious root
system. In addition, the number of adventitious roots depends
mainly on the tillering ability of the plant (Manske andVlek2002)
and the WS regime strongly decreased the number of tillers

plant–1 (Table 2). In our study, WS plants showed a clear
decrease in RWD and RLD down in the soil profile compared
with the WW plants, where even a slight increase in RWD and
RLD at the lower compared with the middle soil section was
observed (Table 5). Gregory et al. (1978) also found a slight
increase in the RWD in deeper soil sections in winter wheat
under field water stress conditions. Dwyer et al. (1988) reported
in barley that after anthesis root growth could still happen due to
water and nutrient availability in deep soil layers.

WS also decreased SRL, which means roots were thicker
compared with WW plants. This could be explained as a plant
response to soil drying, since the increase in root diameter may
enhance the ability to penetrate the soil, resisting the mechanical
impedance that increases when drying and also it could improve
the water conductance under dry conditions (Ryser 1998; Davies
andBacon 2003; Kage et al. 2004).Moreover, evenwhen thinner
roots (high SRL) are advantageous for resources uptake
(Eissenstat 1992) they tend to be more susceptible to drought
(Ryser 2006; Carvalho 2009). However, results reported in the
literature concerning the effect of low resource availability on
SLR are contradictory (Ryser 1998). Further, SRL itself is a
complex trait that depends on both root length (Root L) and Root
DM. Since Root DM was not significantly affected by the water
regime, the decrease in SRLunder theWS regimewasmainly due
to the decrease in Root L (Table S2). Song et al. (2010) and
Baburai Nagesh (2006) found increases in wheat SRL as a
response to water stress in pot plant and lysimeter
experiments, respectively, whereas Carvalho (2009), also in an
experiment with lysimeters, found that SRL increased under
drought in some years but that it decreased in other years.

Our results agree with a positive effect of a higher RWD and
RLD (and to a lesser extent of SRL) on the Aerial DM. This was
especially evident under WS conditions where the RWD and
RLD of each soil section were positively correlated with Aerial
DM (Fig. S4). Moreover, genotypic differences existed for the
three root traits under both water regimes as reported in previous
studies onwheat andbarleybySong et al. (2010),BaburaiNagesh
(2006) and Carvalho (2009). Our results also agree with previous
reports (Passioura 1983;Gregory et al. 1992)where ahigherRLD
is associated with higher water absorption from the soil and
consequently improved the final performance of cereal crops
(Fig. 5). Further, aboveground vigour has been shown to
influence root system growth and may be used to indirectly
select for more extensive root systems (Watt et al. 2005;
Richards et al. 2007). Another important trait for deeper root
systems in wheat is strong geotropism that favours more deep
penetration rather than shallow penetration of roots in the soil
profile (Ho et al. 2005). Variation for seminal and nodal axile root
geotropism exists in wheat (Araki and Iijima 2001; Manschadi
et al. 2008) and may be used, along with root vigour, in future
breeding programs (Richards et al. 2010). For other crops the
importance of morphological root traits on genotypic
performance may be different. This is the case in a recent
study with chickpeas in lysimeters, where the magnitude of the
variation in root growth components (root depth,RWDandRLD)
did not distinguish tolerant from sensitive genotypes (Zaman-
Allah et al. 2011). Indeed, seed yieldwas not correlatedwithRLD
in any soil layers. Under these conditions of terminal drought, the
most critical component of tolerance in chickpea was the
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conservative use of water early in the cropping cycle (Zaman-
Allah et al. 2011).

Relationship of d13C and d18O to root traits

RWDa and RLDa were negatively related to both d13C and
d18O under WW regime (Fig. 6), meaning that the higher the
RWD or RLD, the greater the amount of water that is
captured from the soil and finally transpired by the plant.
In the same sense, SRLa showed a negative relationship with
d13C and d18O, but over both water regimes (Fig. 6).
Moreover, under the WW regime, the RWD and RLD in
the upper and middle soil sections were better correlated with
flag leaf d13C and d18O than in the lower soil section (data not
shown). These results suggest the role of adventitious roots
rather than deeper seminal roots under well watered
conditions (Manske and Vlek 2002). A higher density of
adventitious roots improves water uptake under conditions
where water availability is not limiting and the upper part of
the soil profile remains wet (Gregory 1994). However, under
the WS regime no clear pattern of root distribution in relation
to stable plant carbon and oxygen signatures emerged.
Thus RWD, despite its strong positive correlation with
Aerial DM (e.g. RWD1 explained 64% of the variation in
Aerial DM under WS conditions) was not negatively
correlated with either d13C or d18O. Therefore, at least
under the WS conditions of our study, differences in d13C
or d18O are not necessarily accounted for by the amount and
distribution of roots. Lopes and Reynolds (2010) working
with wheat under water stress in the field failed to find
any relationship between root traits and carbon isotope
discrimination. Moreover, the negative correlations of the
plant cumulative transpiration per unit root dry matter with
d13C and d18O (Fig. S5) may reveal that besides the size and
distribution of the root system, other plant characteristics may
account for genotypic differences in water uptake, d13C and
d18O. For example, shoot or root hydraulic conductivity (e.g.
aquaporins) may be involved in the genotypic differences in
water uptake (Galmés et al. 2007; Lovisolo et al. 2008).

Although the question of whether bigger plants have bigger
roots (driven by aerial parts) or vice versa remains open, it may
provide some insights on the lack of relationship between
isotopic composition and root size under water stress.
Hence, the gas-exchange properties may affect d13C and
d18O directly, but they also influence assimilation and water
loss and via that route indirectly affect root development
mediated by hormones or some other signalling (Sharp and
Davies 1979; Sharp and LeNoble 2002; Schraut et al. 2004).
Water stress may increase d13C and d18O, but its effect on root
biomass is less clear since on one hand the absolute plant
biomass may decrease in response to water stress, but the
relative portion of biomass allocated to roots will increase. This
may explain the lack of a (negative) relationship between d13C
and d18O and root development under water stress. In contrast,
under well watered conditions genotypic differences in
biomass and isotope composition may be the consequence
of constitutive differences in root traits. This would explain
the negative relationship between isotope signatures and root
development. The analysis of (the carbon) isotope composition

of the soluble fraction (i.e. recently assimilated) of leaves in
future studies might help to elucidate the relationships between
root architecture and isotopic signature.

Conclusions

This study highlights the role of a stronger root system increasing
durum wheat growth under well watered conditions as well as
progressive water stress conditions. Both d13C and d18O
adequately recorded the water status that the plant is
experiencing, increasing in response to water stress. Moreover,
there were genotypic differences observed for the stable isotopes
and root traits studied. RLDwas positively associatedwithAerial
DM regardless of the water regime, meaning that the higher the
RLD, the greater the amount of water that is taken up and
transpired by the plant. However, the negative relationships of
d13C andd18Owith root traits and shoot growthwere only evident
underWWconditions,whereasnoclear relationshipbetween root
traits and stable isotope signatures emerged underWS. Our study
supports the use of the stable carbon and oxygen isotopes as
proxies to select better root traits and higher growth potential in
the absence of water stress. Moreover, Richards et al. (2010)
concluded that for most traits of importance in dry environments,
selection is generally conducted most effectively in favourable
moisture environments.

Isotopic compositions do not appear a priory to be good
proxies under the water stress conditions of our experiment.
Beside their lack of relationships with aboveground dry matter
and root traits, both compositions exhibited significant
genotype� treatment interactions. Nevertheless, further studies
should broad the environments and plant parts to analyse; for
example in cases where soil moisture is stored at depth. The
isotope composition of mature grains might reveal information
about access to water after anthesis – a crucial period when water
stress normally develops underMediterranean conditions.To that
end, deeper lysimeters or even better experiments under real field
conditions over the full lifecycle of the plant should be performed
(Lopes and Reynolds (2010).
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a b s  t r a  c t

Improving  durum  wheat  performance to abiotic  stresses is  often limited by a lack of  proper  monitoring

methods in  support  of crop  management  and  efficient phenotyping  tools  for breeding. The  objectives of

this study  were:  (1)  comparing the performance  under  contrasting water treatments  of different physio-

logical traits, which  evaluate  plant  growth  and  water  status;  and  (2)  understanding how these traits can

predict grain  yield  (GY)  performance under contrasting  water conditions.  Thus,  five  modern  durum wheat

genotypes were subjected  to  rainfed  (RF)  and  supplemental  irrigation (SI)  treatments.  Two categories of

physiological traits were  tested;  (1)  the vegetation  indices: the  Normalized Difference Vegetation  Index

(NDVI) and  the  Normalized  Green  Red Difference  Index  (NGRDI);  and  (2)  the  stable  carbon and oxy-

gen isotope  compositions (�13C and  �18O) of different  plant  parts.  The  NGRDI  at  anthesis and  the �13C of

mature grains were the  traits  best correlated  (positively  and  negatively, respectively) with  GY. Both  traits

in combination  explained at  least 50% of variability  in  GY  within each  water  treatment.  The  produced

path models  for RF  and  SI conditions highlighted  the  particular  role  of NGRDI and  �13C  in  predicting  GY.

In addition, the study  showed  the  potential of using  vegetation indices derived from  digital  Red-Green-

Blue  (RGB)  images as a low-cost  technique  for assessing aerial  biomass  (AB)  and  GY  under  different  water

availabilities.
© 2015  Elsevier B.V. All  rights  reserved.

1. Introduction

Durum wheat is one of  the most important crops in  Mediter-

ranean environments (FAO, 2012), with water stress being the main

constraint limiting productivity (Oweis et al., 2000). This limita-

tion  is likely to increase in the future because climatic change is

expected to decrease precipitation and increase evapotranspiration

in the Mediterranean region (Lobell et al., 2008). Crop management

and breeding may  improve the performance of durum wheat under

stress conditions. However, the lack of  efficient tools to monitor the

performance of agronomical practices or to undertake appropriate

phenotyping in breeding programmes limits the efficiency of both

avenues.

Information obtained from physiological assays, such as gas

exchange and pressure–volume measurements, often provide

accurate data on the immediate plant water status, transpiration

or  photosynthesis (Ferrio et al., 2003). However, it is  difficult to

∗ Corresponding author. Tel.: +34  934021469; fax:  +34 934112842.

E-mail address: jaraus@ub.edu (J.L. Araus).

upscale the information at the canopy level over a large tempo-

ral and/or spatial scale represented by the entire crop cycle (Ferrio

et  al., 2003; Lambers et al.,  1998). Actually, the most successful

traits for evaluation integrate crop  performance in time (through-

out  the crop cycle) and space (at the canopy level) in terms of the

ability to  capture resources (e.g. radiation, water, and nutrients)

and how efficiently these resources are used (Araus et al., 2002,

2008). Among the categories of  integrative traits it is worth men-

tioning the analysis of stable isotopes in  plant samples, together

with  the use of  proximal (remote) sensing techniques at the field

level (Aparicio et al., 2000, 2002, 2004; Araus et al., 2009, 2013;

Casadesús et al., 2007; Casadesús and Villegas, 2014; French et al.,

2015; Gumma et al., 2015; Hunt et al., 2013; Rahimi et al., 2014;

Rorie  et al., 2011; Sakamoto et al., 2012a,b; Torbick and Salas, 2015;

Usman et al., 2014). A  combination of  these approaches has been

proposed, for example, in  breeding (Araus and Cairns, 2014; White

et  al., 2012),  but to our knowledge reports of  such studies are

scarce. Whereas stable carbon and oxygen isotopes deal with the

availability and use of water by the  crop, or in other words deal

with  the water status (Araus et al.,  2013), remote sensing-derived

indices inform on the  radiation uptake and the photosynthetic

http://dx.doi.org/10.1016/j.agwat.2015.05.003

0378-3774/© 2015 Elsevier B.V. All rights reserved.
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(assimilatory) capacity of  the plants (associated with aerial plant

growth and biomass) (Araus and Cairns, 2014; Gamon et al.,  1995).

Therefore, these traits may  help to  elucidate how crop responses

to  growing conditions are defined in  terms of final yield.

In  C3 plants the carbon isotope composition (�13C;  frequently

expressed as a discrimination against surrounding air, �13C)  mea-

sured in plant tissues was  determined as negatively correlated with

the  ratio of intercellular CO2 leaf concentration to ambient CO2

(Ci/Ca) and positively correlated with the ratio of net assimilation to

water transpired (A/E).  Therefore, �13C  is positively related to water

use  efficiency (WUE) (Araus et al.,  2013; Farquhar and Richards,

1984; Monneveux et al., 2006). Genetic variability for �13C  has

been  reported in wheat (e.g. Araus et al., 2003a,b, 2013; Condon

et  al., 1987, 1993, 2002, 2004; Rebetzke et al., 2002). Further, �13C

is  a highly heritable trait that is relatively easy to manipulate in

breeding populations (Condon and Richards, 1992; Rebetzke et al.,

2002). Correlations between �13C  and grain yield (GY) are nor-

mally high, and either negative or positive according to the  plant

tissue sampled and environmental conditions tested (Araus et al.,

2003a,b; Condon and Richards, 1992; Voltas et al., 1999).  High �13C

has  been used as a  selection trait for high WUE  at the seedling

stage in commercial wheat varieties for the summer dominant

rainfall environments of Australia where crop yield relies on the

water accumulated before planting (Condon et al.,  2004; Rebetzke

et  al., 2002; Richards et al., 2011). However, in the  Mediterranean

basin environments characterized by precipitation after planting

and moderate to medium drought during the reproductive part of

the  crop, the efficient use of  water (EUW) by  the crop rather than the

WUE  is the factor affecting productivity (Blum, 2009). Since geno-

types exhibiting a higher crop water status, and thus a higher EUW,

are  those with a lower WUE  (therefore lower �13C), these geno-

types with a lower �13C of mature grains (or of any  other plant

part developed at the end of the crop) may  reflect better growing

conditions and therefore exhibit higher GY  (Araus et  al., 2013). In

fact, negative phenotypic and genotypic correlations between �13C

and both GY and aerial biomass (AB) have been reported (Araus

et  al., 1998, 2003a, 2013; Merah et al., 2001; Monneveux et al.,

2006), meaning that genotypes that are able to maintain higher

water use (even if  it is at the  expense of  a lower WUE)  are the most

productive (Araus et al., 2008, 2013). In the case of Australia, the

high �13C genotypes, which were selected for the summer domi-

nant  rainfall environments of Australia, have almost no increased

GY  in either the winter dominant rainfall environments (Mediter-

ranean environments) or in the environments with highly variable

rainfall of Australia (Condon et al., 2004).  Overall, high �13C (and

therefore WUE) is a ‘conservative’ trait in terms of  water use  and

crop growth rate, and thus in  the absence of  soil water deficit,

high �13C genotypes tend to  grow slower than low �13C genotypes,

resulting in lower AB and GY (Condon and Richards, 1992; Condon

et al., 2004). However, the contradictory results of the relationship

between �13C and GY may  also be due to the fact  that frequently

these studies have used sets of  genotypes that have variations not

only  in �13C, but in heading and/or anthesis dates as well. Phen-

ology  could strongly influence GY  and �13C, being responsible for

the  negative relationships between �13C and GY (Araus et al., 2002,

2003a; Condon et al., 2004). Therefore, when studying the relation-

ship between �13C and GY it  is necessary to  test  genotypes with  a

similar phenology (Araus et al., 1998, 2003a; Condon et  al.,  2004;

Rebetzke et al., 2002; Richards et al.,  2011).

The oxygen isotope composition (�18O) of plant tissues is known

to  reflect the evaporative conditions throughout the crop cycle

(Barbour et al., 2000) and thus it  has been proposed as a proxy

method for measuring transpiration as well  as an indicator of

genotypic differences in stomatal conductance (gs) (Araus et al.,

2013;  Barbour et al., 2000; Cabrera-Bosquet et al., 2011; Elazab

et  al., 2012; Ferrio et al., 2007).  Leaf �18O has been negatively

correlated with the transpiration rate (T) (Barbour et al., 2000;

Barbour  and Farquhar, 2000; Cabrera-Bosquet et  al.,  2009a,b; Ferrio

et al., 2007) and under well-watered conditions in  wheat the �18O

of flag leaves correlates negatively with GY and gs (Barbour et al.,

2000).  Cabrera-Bosquet et al. (2009b) found negative correlations

in  maize between the �18O of  grains and GY under well-watered

and moderate water stress conditions, whereas under severe water

stressed conditions the correlations were positive. However, the

correlation of �18O analyzed in mature grains of wheat with GY is

frequently weak or absent (Araus et al., 2013; Ferrio et al., 2007).

Nevertheless, the combined measurements of �13C and �18O  in

the same plant tissue may  help in  separating the independent

effects of photosynthetic capacity (A) and gs on �13C because �18O

is  not affected by photosynthesis (Araus et al.,  2013; Barbour and

Farquhar, 2000; Elazab et al., 2012).

The  assessment of AB is  important for monitoring crop growth

because it  could reflect the effect of stresses on crop growth and

senescence (Araus et al., 2008; Royo and Villegas, 2011).  Larger

green AB represents higher potential canopy photosynthesis and

thus more yield. Therefore, the effect of  water stress in  limiting

plant growth has a subsequent impact on  reducing the photo-

synthetic potential at the crop level and thus GY. In  that  sense a

number of  studies have revealed that spectral reflectance or/and

digital imaging by  ground-based remote sensing has the poten-

tial  to  provide precise, non-destructive instantaneous quantitative

estimates of  AB and GY (Aparicio et al., 2004; Raun et al., 2001). The

Normalized Difference Vegetation Index (NDVI) is among the most

usual of spectral reflectance indices, and it  is related to  the photo-

synthetically active AB (Ferrio et al.,  2005). The NDVI has been used

as an indicator of  AB and GY in durum wheat (Aparicio et al., 2000,

2002, 2004; Casadesús et al., 2007; Ferrio et al., 2005) and bread

wheat  (Gutiérrez-Rodríguez et al., 2004; Lobos et  al., 2014). The

introduction of low-cost portable and easy to handle active spec-

troradiometers (such as GreenSeeker and Crop Circle) has  become

a very useful alternative as they can measure the NDVI directly.

Moreover, these spectroradiometers are active in  the sense that

they  have their own light source, and thus can be used under diverse

atmospheric conditions (Araus et al.,  2009; Marti et al., 2007).  As

a limitation, NDVI values saturate at high green biomass densities

(i.e.  high leaf area index), which means that this technique may

have  a  low precision at key moments of the crop cycle (e.g. anthe-

sis), especially at high  plant densities under favourable agronomic

conditions.

In  recent years the use  of digital Red-Green-Blue (RGB) images

has  been proposed as an alternative to  develop vegetation indices

that may  replace spectroradiometrical based NDVI (Casadesús

et al.,  2007; Casadesús and Villegas, 2014; Hunt et al.,  2013;

Sakamoto et al., 2012a). The price, size, and the easy use of con-

ventional digital cameras make them viable alternatives to  assess

AB  and GY in cereals (Casadesús et al., 2007; Casadesús and Villegas,

2014; Mullan and Reynolds, 2010). A number of studies have used

digital RGB imaging to measure different colour parameters such

as:  greenness; intensity of green, red and blue; and derived normal-

ized  indices from the  green, red and blue bands (Casadesús et al.,

2007; Gitelson et  al., 2002; Kipp et al., 2014; Mullan and Reynolds,

2010).  Such information has  allowed estimation of a wide range of

crop traits in durum and bread wheat such  as early vigour, leaf

area  index, leaf senescence, AB and GY (Casadesús et al., 2007;

Casadesús and Villegas, 2014; Gitelson et al.,  2002; Mullan and

Reynolds, 2010). Moreover, a large number of digital RGB images

(i.e. photos) can be obtained with a minimum effort (Casadesús and

Villegas, 2014) and processed with suitable (either open-access or

commercial photo editing) software to extract parameters related

to  green AB (Casadesús et  al., 2007). Among the different indices

derived from RGB images, the  Normalized Green Red Differences

Index (NGRDI), which uses the Green and Red regions of the
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spectrum, is considered one  of the most promising indices. Gitelson

et  al. (2002) reported that  NGRDI was more efficient than  NDVI at

estimating AB in wheat. Hunt et al. (2005) used NGRDI to estimate

the nutrient status and AB in maize, soybean and alfalfa, whereas

Motohka et al. (2010) found the NGRDI to be superior to the NDVI

in  explaining the seasonal growth patterns of canopies of different

species including deciduous and coniferous trees, and grassland

and rice fields. However, to  the best of  our knowledge no studies

reporting correlations between NGRDI and GY have been published

until now.

Besides the choice of  the most appropriate trait (or  combina-

tion  of traits) for predicting GY performance under different water

regimes, it is also crucial to determine the key time(s) for their eval-

uation. Measuring these traits at  more or less frequent intervals

during the crop cycle together with measurements in the har-

vestable components would be unfeasible (or at best impractical)

(Araus and Cairns, 2014).  Moreover, the relative importance of  each

trait  in explaining plant performance and the appropriate time to

measure them may  change depending on the severity, time and

duration of the stress and the phenological stage when it  occurs.

Beyond that, a mechanistic explanation of how the different physio-

logical traits can predict GY performance is  not always clear, but the

existence of a statistical relationship between the trait measured

and the GY is used as proof  of  concept for the adequacy of the trait.

This  study tests an approach based on correlations and stepwise

and  path analyses to  dissect in  a mechanistic manner how phys-

iological traits can predict GY performance under different water

conditions.

The first objective of this study was to compare the performance

under contrasting water conditions of different physiological traits,

which evaluate plant growth and water status, in  terms of their

relationships with GY and AB at  harvest. Traits tested were the

spectral reflectance index, NDVI, the digital imaging-derived index,

NGRDI, and �13C and �18O. Measurements were performed at  dif-

ferent phenological stages (for vegetation indices) and in different

plant parts (for  the isotopic compositions). The second objective

was to dissect how these physiological traits can predict GY per-

formance through the different agronomical yield components.

2.  Material and methods

2.1. Plant materials and  experimental conditions

Five durum wheat (Triticum turgidum L. ssp. durum (Desf.) Husn.)

genotypes (Anton, Bolo, Don Pedro, Regallo and Sula) were tested.

The  genotypes represented modern Spanish commercial varieties

released after 1990 with a similar phenology. The experiment

was carried out in  the Experimental Station of  Aranjuez (40◦03′ N,

3◦31′ E, and 500 m  above sea level) of  the Spanish Instituto Nacional

de Investigación y Tecnología Agraria y Alimentaria. The soil was

Entisol Fluvent Xerofluvent (with 4.9 g kg−1 organic matter in the

upper  0.4 m,  total nitrogen content of  0.37 g kg−1, carbonate con-

tent  of 233 g kg−1,  electric conductivity of  0.16 d Sm−1 and alkaline

pH of 8.1). The experimental design was a split-plot with six repli-

cates and with water treatments (two treatments) as the main

plot factor and the five genotypes as the split-plot factors. The

trial was planted in autumn (November 18, 2011) in  7 m2 plots

(7  rows of 5 m long, and 0.20 m apart) and a plant density of

350  seeds/m2. Climatic conditions during the  2011–2012 grow-

ing season are detailed in  Table 1.  Water treatments were rainfed

(RF)  and supplemental irrigation (SI), the SI was supplied from

sprinklers providing an extra ≈360 mm  distributed in three  equal

amounts at around mid-tillering, heading, and grain filling stages,

respectively (Table 1). The  plots were fertilized with phosphorus

and potassium before sowing and protected from weeds, insects,

pests and diseases by recommended agronomic practices. More-

over, plots were fertilized with  ammonium sulfate and urea applied

prior  to sowing (64.3 kg N ha−1) and at  the beginning of tiller-

ing  during late February (128.0 kg N  ha−1),  respectively, totalling

192.3 kg N  ha−1.

2.2. Agronomic measurements

Days to  heading (DH) were measured as the number of  days

from sowing until ears had emerged on 50% of the stems. Plant

height  (PH) was  measured at grain filling as the distance from the

ground level to  the ear tip. Other growth traits were determined

by destructive sampling at harvest. For each plot, plants from a 1 m

length of the central row were harvested and the number of ears/m2

(NE m−2)  calculated. A subsample of ten representative ears was

collected to assess the number of grains/ear (NGE−1) and thousand

grain weight (TGW). Grain yield (GY) and aerial biomass (AB) was

determined for each plot by harvesting mechanically.

2.3. Canopy reflectance measures

Spectral measurements and digital RGB images were taken at

mid-tillering (stage 23), anthesis (stage 65), and grain filling (stage

87)  of  Zadoks’ decimal code (Zadoks et al., 1974).

Canopy reflectance measurements were taken using a

GreenSeeker hand-held Optical Sensor (Ntech Industries, Inc.,

Ukiah,  CA, USA). The sensor measures the Normalized Difference

Vegetation Index (NDVI) using its own  light source. The sensor cal-

culates the NDVI using measurements of  the spectral reflectance in

red (660 nm)  and the near infrared (770 nm)  wavelengths (Tucker

and Sellers, 1986):

NDVI =  [(NIR − VIS)/(NIR + VIS)], (1)

where  NIR and VIS refer to the near infrared and the visible red

wavelengths, respectively.

The GreenSeeker sensor was  mounted on a hand-held tripod

to  take measurements at  the same angle and distance from crop

surface and the measurements were taken with the nadir view to

avoid the non-Lambertian characteristics of  vegetation. Distance

between the sensor and the canopy top was  kept constant at around

0.80 m.  The operator carrying the GreenSeeker walked parallel to

the  plot, directing the sensor to the central row of the plot to

avoid  pointing at the  soil, maintaining constant speed and hold-

ing the GreenSeeker trigger down without pausing in the  plot. The

GreenSeeker recorded 10–15 NDVI counts/plot. These counts were

averaged for each plot to  give a  single value per plot. The mea-

surements were taken close to solar noon (between 11 a.m. and 1

p.m.).

2.4.  Image acquisition

The digital images were taken at the same time as the

GreenSeeker measures. For each plot and time of measurement

three digital images from different points were obtained per plot in

a  zenithal position, at about 0.8 m  above the top of the central row

canopy.  The three images were averaged and a single value per  plot

calculated. The digital images were taken using a NIKON D40 digi-

tal  RGB camera. The zoom was set at a focal length of  18 mm;  using

FOV  of  66◦43′ and 46◦51′ for the  horizontal and vertical angles,

respectively, representing an area of ≈0.73 m2;  the shutter speed

was  set at 1/125 and the aperture was left automatic. Images were

taken  without flash. The image size was 3008 × 2000 pixels, and the

digital pictures were saved in  JPEG format.

Image analysis was performed with ImageJ 1.46r, a  public-

domain Java image processing and analysis programme (http://

imagej.nih.gov/ij/) created by the National Institutes of  Health (US
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Table 1
Environmental growing conditions at the INIA’s experimental station.

Month TMax (◦C) TMin (◦C) RHMax (%) RHMin (%) RadT (W/m2) ETPT (mm) ASI  (mm) PT (mm) RF  SI Growth stage

PT/ETPT (ASI + PT)/ETPT

Nov 22.73 −1.25 100.00 40.95 7.94  30.06 0.00  58.67 1.95 1.95  Germination

Dec 16.56 −5.82  100.00 30.72 7.40  19.18 0.00  10.35 0.54 0.54  Seedling growth

Jan 17.11 −6.23  100.00 27.95 9.41  23.09 0.00  11.37 0.49 0.49  Seedling growth

Feb 22.66 −11.35  100.00 7.96 14.08 43.87 0.00  2.23 0.05 0.05 Seedling growth

and start of

tillering

Mar 26.50 −5.62  100.00 8.50 17.78 81.58 120.00 25.58 0.31 1.78  Tillering

Apr 23.61 −1.25 100.00 23.49 18.69 96.50 120.00 49.94 0.52 1.76  Booting, Heading,

and Anthesis

May 36.42 2.79  100.00 12.81 25.27 145.15 120.00 25.79 0.18 1.00 Grain filling

Jun 40.77 8.59  95.80 11.05 27.99 186.52 0.00  0.61 0.00  0.00 Ripening

Total 625.95 360.00 184.54

Monthly average maximum (Max) and minimum (Min) air temperatures (T), relative  humidity (RH), total monthly accumulated irradiance (RadT), potential evapotranspiration

(ETPT), the amount of supplemental irrigation (ASI)  and precipitation (PT), and the ratio of  the  total water input  (PT plus ASI where appropriate) to ETPT in the rainfed (RF)

and supplemental irrigation (SI). The ETP calculation was based on the Penman–Monteith equation.

Department of Health &  Human Services). It runs on  any computer

with a Java 1.5 or later virtual machine. The programme applies

the  chosen image operations (Fig. 1) to  all the pictures in the folder

selected and does not require user interaction for each image, there-

fore allowing a  huge number of images to be analyzed in a few

minutes. Colour channel information (digital numbers: DNs) was

separated into the three standard colour channels: Red, Green and

Blue and the Normalized Green Red Difference Index (NGRDI) was

calculated according to  Hunt  et al. (2005):

NGRDI = [(Green − Red)/(Green + Red)], (2)

No  direct radiometric calibration (transformation of the DNs

to  physical units of  reflectance) for the Green and Red channels

was performed because the wavelengths of  the digital RGB cam-

era  channels were not available from  the  manufacturer. Thus, an

indirect calibration was  done using 1.5  m ×  1.5 m black and white

panels placed within the field and images of these panels together

were captured by the digital RGB camera just prior capturing the

plots images in the  three studied growth stages. Then the NGRDI

values of the black and white panels measured at the mid-tillering

stage were used to  calibrate the NGRDI values of the same panels

measured at anthesis and the grain filling stage using the  straight-

line calibration option of  the ImageJ programme.

2.5. Stable isotope analysis

Samples of flag leaf blades (10 flag leaf  blades/plot) and mature

grains  (1 kg/plot) were collected at anthesis and harvest, respec-

tively. Dry matter from flag leaf blades and mature grains was finely

milled and samples of  ∼1 mg  were weighed into tin capsules for
13C/12C ratio analysis and other samples of ∼1 mg  were weighed

into silver capsules for 18O/16O ratio analysis.

The stable carbon isotope analysis of  the two  plant organs was

conducted at the Scientific Facilities of the University of  Barcelona.

Analyses were performed using an elemental analyser (Flash 1112

EA;  ThermoFinnigan, Schwerte, Germany) coupled with an isotope

ratio mass spectrometer (Delta C IRMS, ThermoFinnigan), operat-

ing  in continuous flow mode. The 13C/12C ratios (R)  of  plant material

were expressed in  � notation (Coplen, 2008), as carbon isotope

composition (�13C):

�13
C (‰) = [(Rsample/Rstandard) −  1] × 1000, (3)

where sample refers to  plant material and standard to  Pee

Dee Belemnite (PDB) calcium carbonate. International isotope

secondary standards of known 13C/12C ratios (IAEA CH7 3,

polyethylene foil; IAEA CH6, sucrose; USGS 40, l-glutamic acid)

were  used with an analytical precision of 0.1‰.

The analysis of  the 18O stable isotope was conducted at  Iso-

Analytical Limited Laboratory (Crewe, Cheshire, UK).  The 18O/16O

ratios of the different plant parts were determined by an iso-

tope  ratio mass spectrometer (IRMS, Europe Scientific Geo 20-20).

Results  were also expressed in  � notation as oxygen isotope com-

position (�18O) values:

�18
O (‰) =  [(Rsample/Rstandard) − 1] × 1000, (4)

using  secondary standards of known 18O/16O ratios (IAEA-CH-6,

sucrose;  IAEA-C-3, cellulose; IAEA-601, benzoic acid) calibrated

against Vienna Standard Mean Oceanic Water (VSMOW) with an

analytical precision of 0.2‰.

2.6.  Statistical analysis

The hypothesis of zero difference between means was tested

with analysis of  variance (ANOVA) performed using the general

linear  model (GLM) procedure to calculate the effects of  water

treatment, genotype and water treatment by genotype interactions

on  the studied parameters. Mean separation of  genotypes for the

different parameters was  performed by Duncan’s multiple range

test (P < 0.05) and the independent sample t-test (P  < 0.05) was  used

when comparing the  water treatment means.

Relationships between parameters were analyzed within each

water treatment (RF, SI) alone and with both combined using Pear-

son linear correlation. Stepwise multiple linear regression was used

to  determine the independent variables (stable isotopes, digital and

spectral  indices) accounting for the majority of  total GY (dependent

variable) in both RF and SI treatments.

For better understanding of  the mechanisms that could predict

GY  performance under contrasting conditions, a path-analysis was

performed for portioning correlation coefficients into direct and

indirect effects. A  detailed path conceptual model was suggested for

each of the two  water treatments, indicating the  direct and indirect

responses on the  dependent factor (GY) through: (1)  the indepen-

dent factors represented by  the AB at mid-tillering and anthesis

assessed  via the  NGRDI, and the photosynthetic and water status

(�13C);  and (2) the effect of  the above independent factors on  the

agronomical yield components (NE m−2, NGE−1, and TGW). The �2

goodness of  fit  test was  used to  test the  null hypothesis that the

reduced  model (which has some of the paths deleted between vari-

ables) fits the data as efficiently as the saturated model (i.e. in  which

there  is  a  direct path  from each variable to every other variable). The

comparative fit  index (CFI) was used to compare the reduced mod-

els with the  independence model where all possible paths were

deleted (Bentler, 1990). A non-significant �2 is preferred and the

CFI with values >0.9 taken as indicative of a good fit.



200 A. Elazab et  al. /  Agricultural Water Management 158 (2015)  196–208

Fig. 1. Analysis of the Normalized Green  Red Difference Index (NGRDI) from digital RGB  images. Digital images  are on the left and the corresponding NGRDI images are on

the right. Pictures are of the genotype Sula  at mid-tillering (A and B) and anthesis (C and D) under supplemental irrigation and the same genotype at anthesis (E and F) under

rainfed conditions.

Data were analyzed using the SPSS 16 statistical package (SPSS

Inc., Chicago, IL, USA). Figures were created using SigmaPlot 11.0

for  Windows (Sysat Software Inc., Point Richmond, CA, USA).

3.  Results

Durum wheat genotypes were exposed to  two different water

treatments, rainfed (RF), which was exposed to  natural precipi-

tation, and supplemental irrigation (SI), which was  applied from

mid-tillering onwards (Table 1). Under RF, water stress started to

develop during March, coinciding with mid-tillering, when aver-

age temperatures rose by around 10 ◦C. While the precipitation to

evapotranspirtation (PT/ETPT) ratio was 0.31 and continued at this

level until maturity, under SI the ratio of the amount of supplemen-

tal  irrigation plus precipitation to the  potential evapotranspiration

[(ASI + PT)/ETPT]  was clearly higher than one (ca. 1.80) during March

and  April. However, the ratio  decreased to one during May, coin-

ciding with grain filling, and physiological ripening took place

in early June when the ratio was  0. This pattern suggests that

even  under SI  some degree of  water stress occurred during grain

filling.

3.1. The effect of water treatment and genotype on GY and

agronomical parameters

The effect of  water treatment was  significant for all studied traits

(P < 0.001) except for the thousand grain weight (TGW) (Table 2).

Compared with SI, the aerial biomass (AB), grain yield (GY), number

of  grains/ear (NGE−1), number of ears/m−2 (NE m−2), plant height

(PH)  and days to heading (DH) were significantly lower by 50%, 60%,

33%, 41%, 16% and 5% under RF, respectively. Significant genotypic

effects existed only for GY and NGE−1 (P  < 0.05 and P < 0.001 for GY

and NGE−1, respectively). The water treatment by genotype inter-

action was  not significant for all studied traits. The low GY  genotype

Don Pedro was characterized by low NGE−1 and high PH.

3.2.  The effect of water treatment and genotype on vegetation

indices and stable isotopes

The effect of  water treatment was  significant for almost all

traits (P  <  0.001) except for the Normalized Difference Vegetation

Index and the Normalized Green Red Difference Index  measured at

mid-tillering (NDVI.1 and NGRDI.1, respectively), before the appli-

cation  of  the  first irrigation in the SI  treatment (Tables 3  and 1,
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Table 2
The effect of water treatment and genotype on grain yield, aerial biomass and agronomical yield components.

GT Traits

AB (g  m−2)  GY (g  m−2) NGE−1 TGW (g) NE m−2 PH (cm) DH

Anton 1242.36 a 454.79 b  22.70 b  46.22 a 399.46 a 91.25 ab  149.46 a

Bolo 1298.25 a 447.12 ab  19.93 a 47.15 a 425.50 a 93.00 ab  149.96 a

Don Pedro 1177.12 a 398.16 a 19.85 a 45.30 a 389.12 a 93.58 b  148.33 a

Regallo 1228.92 a 456.94 b 23.98 b 44.67 a 387.79 a 89.58 a 149.92 a

Sula 1272.87 a 478.13 b  25.36 b 45.92 a 379.98 a 90.33 ab 149.42 a

RFmean 834.62 a 254.54 a 17.97 a 45.97 a 294.46 a 83.40 a 145.72 a

SImean 1653.19 b  639.51 b  26.76 b 45.73 a 498.28 b 99.70 b 153.12 b

ANOVA

WT *** ***  *** NS *** *** ***

GT NS * *** NS NS  NS  NS

WT × GT NS  NS NS NS NS  NS  NS

Water treatments (WT), genotype (GT), aerial biomass (AB), grain yield (GY), number of  grains/ear (NGE−1), thousand grain weight (TGW), number of ears/m2 (NE m−2),  plant

height (PH) and days to  heading (DH).  Data shown are the genotype means in  the two water treatments. Means followed by different letters were significantly different

(P ≤ 0.05) by Duncan’s test. An independent samples t-test (P ≤ 0.05) was used to compare between the  water treatments means. RF, rainfed; SI, supplemental irrigation;

WT × GT, water treatment by genotype interaction.

NS, not significant.
* P ≤ 0.05.

*** P ≤ 0.001.

respectively). Thus, the values of both vegetation indices at anthe-

sis  and grain filling were higher in the SI than  in  the RF treatment.

Regardless of the water treatments, the values of both NGRDI and

NDVI increased from mid-tillering to  anthesis and then decreased

during grain filling (Table 3).  No significant genotypic differences

existed for either NGRDI or  NDVI. Strong positive correlations were

found between NGRDI and NDVI at anthesis and the grain filling

stage, but no significant correlations were found at mid-tillering

(Table 4).

Compared with the RF treatment, SI  decreased (in absolute val-

ues)  the �13C of the flag leaf (�13CFL) and the mature grains (�13CG)

by  2.3% and 1.9‰,  respectively, and as well  as the �18O of  the same

organs (�18OFL and �18OG) by 5.5‰ and 2.1‰,  respectively (Table 3).

The genotypic effect was significant for the carbon and oxygen sta-

ble  isotope signatures in  both flag  leaf blades and mature grains

(P  < 0.001 for �13CFL and �18OFL; P <  0.01 for �13CG; and P < 0.05 for

�18OG). Overall, the low GY  genotype Don Pedro showed almost the

highest �13C and �18O in the different plant organs.

The water treatment by genotype interaction was  not significant

for  all  the stable isotopes signatures in  different plant organs except

for  �18OG, while no significant interactions existed for either NGRDI

or  NDVI, regardless of the developmental stage.  Although �18OFL

correlated positively with �13CFL (0.55, P < 0.01) and �13CG (0.57,

P  < 0.01) under RF treatment, �18OG did not correlate with �13CFL

or �13CG (Table 5).  Under SI treatment, there were no  significant

associations between the carbon and oxygen isotope compositions.

3.3.  Relationships of NGRDI and NDVI with GY, AB and

agronomical components

Both NGRDI and NDVI showed highly significant and positive

correlations with GY and AB across water regimes at both anthesis

and the grain filling stage, while no significant associations were

detected  at mid-tillering (Table 4). However, the NGRDI was  the

only vegetation index to  show significant association with  GY and

AB within each water regime. Thus, NGRDI at anthesis (NGRDI.2)

Table 3
The effect of water treatment and genotype on the studied stable isotopes and vegetation indices.

GT Traits

�13CFL (‰) �13CG (‰)  �18OFL (‰)  �18OG (‰) NGRDI.1 NGRDI.2 NGRDI.3 NDVI.1 NDVI.2 NDVI.3

Anton −27.73 ab  −25.69 a 29.70 a 30.88 a 0.05 a 0.19  a 0.11 a 0.20 a 0.74 a 0.44 a

Bolo −27.33 b  −25.16 b  30.90 c 31.11  a 0.06 a 0.20  a 0.12 a 0.22 a 0.76 a 0.47 a

Don Pedro −27.61 b  −25.02 b 30.98 c  31.73  b 0.05 a 0.18  a 0.11 a 0.18 a 0.72 a 0.45 a

Regallo −28.11 a −25.58 a 30.21 ab  31.28  ab 0.06 a 0.20  a 0.13 a 0.17 a 0.77 a 0.50 a

Sula −27.32 b  −25.31 ab  30.66 bc 31.36  ab 0.05 a 0.20  a 0.12 a 0.17 a 0.74 a 0.49 a

RFmean −26.48 b  −24.42 b  33.25 b  32.32  b 0.05 a 0.14  a 0.05 a 0.19 a 0.63 a 0.28 a

SImean −28.76 a −26.28 a 27.73 a 30.22 a 0.05 a 0.25  b 0.18 b  0.17 a 0.86 b 0.67 b

ANOVA

WT *** ***  ***  *** NS ***  *** NS *** ***

GT *** ** ***  * NS NS NS NS NS NS

WT × GT NS NS NS * NS NS NS NS NS NS

Water treatments (WT), genotype  (GT), the stable carbon (�13C) and oxygen (�18O)  isotope compositions of the flag  leaf blade (FL) and mature grains (G),  and  the Normalized

Green Red Difference Index (NGRDI) and Normalized Difference Vegetation Index (NDVI). For NGRDI and NDVI, the number following the acronym refers to the stage when

the measure was conducted: 1 refers to  mid-tillering, 2 to anthesis and 3  to  the grain filling stage. Data shown are the genotype  means in the two  water treatments. Means

followed by different letters  were significantly different (P ≤ 0.05) by  Duncan’s test.  An independent samples t-test  (P ≤ 0.05) was used to compare between the water

treatments means. RF, rainfed; SI, supplemental irrigation; WT  × GT, water treatment by genotype interaction.

NS, not significant.
* P ≤ 0.05.

** P ≤ 0.01.
*** P ≤ 0.001.
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Fig. 2. Path-analysis showing the direct and  indirect relations of the most promising

traits and grain yield. The  path model quantifying the relative contribution of direct

and indirect effects of  water regime during the reproductive period (represented by

grain �13C), and growth and aerial biomass (represented by the Normalized Green

Red Difference Index, NGRDI at  mid-tillering and anthesis) and yield  components

was  positively correlated with GY  and AB under both RF and SI

(Table 5), whereas the NGRDI.1 correlated positively with AB only

under RF (Table 5). However, regardless of the stage of measure-

ment, NDVI did not  correlate with GY and AB within either of the

water  regimes (Table 5). Correlations across water regimes of the

vegetation indices with the  agronomical components were highly

significant even when they were notably lower than those of GY

and  AB (Table 4). The only agronomical component that did not

correlate was TGW. However, within each water regime the vege-

tation indices did not correlate with other agronomical component

except for NE  m−2, TGW and NGE−1, and again NGRDI performed

better than NDVI (Table 5).

3.4.  Relationships of ı13C  and ı18O with GY,  AB, agronomical

components and vegetation indices

Across water regimes �13C and �18O in both the flag  leaf  and

mature grains showed strongly significant and negative correla-

tions with GY, AB and the agronomical components except for TGW

(Table 4).  Moreover, all the isotope signatures were negatively cor-

related with the vegetation indices NGRDI and NDVI at all crop

stages except at  mid-tillering (Table 4). The �13CG had the best cor-

relation (negative) with GY and NGRDI.2 under both the RF and SI

treatments and also with  AB and TGW under SI, while the �13CFL

did  not correlate with GY or  any other growth parameters or  veg-

etation  index under RF  and correlated only with  NGRDI.2 under SI

(Table 5). The �18OFL correlated (negatively) with  GY only under RF

and  correlated (also negatively) with NGE−1 and both NDVI.1 and

the  NDVI at  anthesis (NDVI.2) under SI  treatment (Table 5).

3.5.  Comparative relationships of  the  stable isotopes and

vegetation indices with GY

A stepwise analysis was performed within each water treatment

having GY as a  dependent variable and the different stable isotope

compositions and vegetation indices as independent variables. Irre-

spective of the water treatment (SI or RF), NGRDI.2 and �13CG were

the  first two  variables chosen by the model, explaining 50% and 58%

of  the total variability in  GY under RF and SI treatments, respectively

(Table 6).

A path-coefficient analysis was conducted for each water treat-

ment  aimed at developing a conceptual model (Fig. 2A). This

described GY as being a  combination of  the two  categories of phe-

notypical traits and the agronomical yield components. The final

objective of  the model was to  dissect how these physiological traits

directly or indirectly assess GY performance within each water

regime. Only �13CG,  NGRDI.1 and NGRDI.2 were included in the

path  model because they were the best individual performers in

terms of their relationship with GY and the agronomical compo-

nents. For both water regimes the path model provided a perfect

fit  to  the data (Fig. 2B  and C), as CFI ≈ 1 and �2 was not  signifi-

cant.  The �13CG showed a significant direct (negative) effect on the

biomass at anthesis (NGRDI.2) under both RF and SI treatments,

and  also a significant direct (negative) effect on the TGW under

SI.  The  NGE−1 and NE m−2 showed the strongest direct (positive)

on  the grain yield (GY) is  shown in  (A). The  water  treatments are as  follows: (B)

RF, rainfed; (C) SI, supplemental irrigation. The single headed arrow between two

variables denotes a hypothesis of direct causation. Dashed lines  indicate negative

relationships. Overall chi-squared (�2)  goodness of fit  statistics and the compara-

tive fit index (CFI) for each path model are shown at the bottom centre of each panel

(a non-significant �2 is preferred and the CFI with values > 0.9 taken as indicative

of a good fit). �13CG, stable carbon isotope composition of mature grains; NGRDI.1

and NGRDI.2 refer to the vegetation index measured at mid-tillering and anthe-

sis, respectively; NE  m−2,  number of ears  m−2;  NGE−1, number of  grains/ear; TGW,

thousand grain weight; GY, grain yield. The regression weights and probabilities are

shown: *P  ≤ 0.05; **P ≤ 0.01; ***P  ≤ 0.001.
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Table 6
Stepwise analysis explaining grain yield variation across genotypes within each water treatment.

WT  Trait Variable chosen Final r2 Final stepwise model

RF GY
NGRDI.2 0.42*** GY = 8.39 × 10−16 + 0.67 NGRDI.2

NGRDI.2, �13CG 0.50*** GY = 1.48 × 10−15 + 0.51 NGRDI.2 − 0.34 �13CG

SI GY
�13CG 0.52*** GY = 5.62 × 10−15 − 0.74 �13CG

�13CG, NGRDI.2 0.58*** GY = 5.70 ×  10−15 − 0.55  �13CG + 0.32 NGRDI.2

Grain yield (GY) as  a dependent variable and  the  stable carbon isotope composition of mature grains (�13CG) and the Normalized Green Red Difference Index measured at

anthesis (NGRDI.2). WT,  water treatment; RF, rainfed; SI, supplemental irrigation. The GY variability attributed to the variables included in  the model is  shown by  r2.
*** P ≤ 0.001.

effect on GY under RF and SI  treatments, respectively. The NGRDI.1

showed significant direct (positive) effects on  NE m−2 and NGRDI.2

under RF. The NGRDI.2 showed a significant direct (positive) effect

on  the NE m−2 under SI treatment, but not under RF as it  showed a

significant direct (positive) effect on  the NGE−1.  The NGE−1 and

TGW  showed significant (positive) effects on the final GY, with

the  effect of NGE−1 being stronger than TGW under both water

treatments (especially under RF). In  summary, the GY under RF

treatment depends indirectly on the  NGRDI.1 and NGRDI.2 (indi-

cators of green AB at mid-tillering and anthesis, respectively) with

these two vegetation indices having a direct effect on the NE m−2

and NGE−1, respectively. GY also depends on  the �13CG (indicator of

water status during the reproductive stage) with this isotope com-

position having a direct effect on NGRDI.2. Under SI treatment the

GY  depends on NGRDI.2 through an effect on  the NE m−1, whereas

�13CG had a  direct effect on NGRDI.2 as well as on grain filling

through its direct effect on TGW.

4. Discussion

The effect of water stress was  clear, with grain yield (GY) and

total  aerial biomass (AB) at harvest decreasing strongly under rain-

fed (RF) compared with supplemental irrigation (SI) conditions.

Moreover, the number of ears/ground area (NE m−2) and num-

ber  of grains/ear (NGE−1) together with plant height (PH) and

days  to heading (DH) significantly decreased, whereas thousand

grain weight (TGW) was not affected (Table 2). Similar patterns of

response  to water stress have been reported previously in durum

wheat (Araus et al., 2013; Casadesús et al., 2007). The NGE−1 and

NE  m−2 were the most drought stress affected GY components,

while the TGW remained stable (Giunta et al., 1993).

4.1.  Effect of water treatment on carbon and oxygen stable

isotope compositions

RF treatment significantly increased �13C and �18O in both flag

leaves and mature grains compared with SI (Table 3). These findings

are  in general agreement with previous studies on durum wheat

(Araus et al., 2013; Cabrera-Bosquet et al., 2011; Elazab et al., 2012;

Ferrio et al., 2007). An increase in  the �13C of the plant dry matter

may  be due to either greater photosynthetic capacity (A) or  lower

stomatal conductance (gs)  or to both factors together, which conse-

quently decreases the ratio of intercellular CO2 leaf  concentration

to ambient CO2 (Ci/Ca)  (Farquhar and Richards, 1984; Cabrera-

Bosquet et al., 2009a; Condon et al., 2004). Usually the lower gs

associated with water stress (or the presence of other factors such

as  salinity that cause a subsequent water stress) is considered the

main  factor affecting �13C (Araus et  al., 1998, 2003b; Richards et al.,

2011; Yousfi et al., 2009).

Whatever the water treatment, �13C  was higher in the grains

than  in the flag leaf, which also  agrees with previous studies in

durum wheat (Araus et al.,  1993; Merah et al.,  2001; Monneveux

et  al., 2006). The higher �13C of grains could reflect the decrease in

soil  moisture availability and the  increasing evaporative demand

during the  final stages of the crop cycle, which are typical of

Mediterranean conditions (Cabrera-Bosquet et al., 2009a,b; Elazab

et  al., 2012). Moreover, the  ears are known to have lower perme-

ability to CO2 diffusion than leaves, which may contribute to a

constitutively higher �13C in mature grains compared to  the flag

leaf  (Araus et al.,  1993; Tambussi et al.,  2005).

Under SI, the �18O of grains (�18OG) was  higher than in  the

flag leaf  (�18OFL). According to  previous studies, the increase in

evaporative demand later in the  crop cycle and the low gs and

high position of  the  ear in  the plant may  cause the  ear to be at

a  higher temperature than the flag leaf, and therefore there could

be a greater 18O enrichment of photoassimilates in  the ear than

in  the flag  leaf  (Cabrera-Bosquet et al., 2011; Elazab et al., 2012).

However, under RF, the �18O was higher in the flag leaf compared

with the grains. According to several authors (Araus et al., 2013;

Barbour et al.,  2000; Barbour and Farquhar, 2000; Cabrera-Bosquet

et  al.,  2011; Ferrio et al.,  2007) �18OG is  affected by several fac-

tors. In  the case of  the RF  trial, the decrease in  the �18O of  grain

was  probably the result of rainfall that occurred during grain filling

(Table 1). A second factor may  have been biochemical fraction-

ation during the translocation to the growing grains of assimilates

accumulated before anthesis. Therefore, the environmental signal

associated with  the �18O  of  photoassimilates may  be lost during

transport of  these assimilates to the growing grains. In  fact, while

the �18OFL correlated positively with  the �13CFL and �13CG in the

RF treatment, which was in  accordance with  a common factor (dif-

ferences in  gs) affecting the  three isotope signatures (Barbour et al.,

2000; Barbour and Farquhar, 2000),  the  �18OG did not correlate

with  �13CG (Table 5). In the case of  the SI treatment, neither the

�18OG nor the �18OFL correlated with the �13CFL or �13CG.  In this

case the mixture of  water sources (irrigation and rainfall) with dif-

ferent �18O may  also have affected the environmental signal of

photoassimilates. Therefore, while the �18OG and even the �18OFL

do not appear appropriate to indicate differences in  water status

within a  given growing condition, the �13CFL and even �13CG seem

less  affected by the set of miscellaneous factors (other than the

water regime during growth) that affect �18O.

4.2. Relationships of carbon and oxygen stable isotope

compositions with GY

The �13CG was negatively correlated with GY, whatever the

water treatment, and was negatively correlated with AB to  a lesser

degree (Table 5). Comparable negative relationships have been fre-

quently reported in  durum wheat (Araus et al., 2013; Merah et al.,

2001; Monneveux et al., 2006). Such a negative relationship has

also been reported frequently for cereals under Mediterranean

conditions, particularly in  growing conditions yielding beyond

2  tonnes ha−1(Araus et al., 2003a,b, 2013; Rebetzke et al.,  2008). The

results  in  Table 2 showed that GY of  the  SI  and RF treatments were

beyond the 2 tonnes ha−1 (around 6.4 and 2.6 tonnes ha−1, for SI

and  RF treatments, respectively). Positive relationships of the �13CG

with GY and AB have usually only been reported in  cereals under

very  severe drought conditions (Reynolds et al., 2007; Voltas et al.,
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1999) and in some cases relationships of  the �13CG with GY  may

even  disappear for environments yielding below 2.5 tonnes ha−1

(Araus et al., 2003a,b). The  positive relationship between �13CG and

GY  may  be understood in  the sense that  higher water use efficiency

(WUE)  increases yield under water stress (Farquhar and Richards,

1984; Condon et al.,  2004; Araus et al., 2003a,b, 2008, 2013).

The negative correlation of the �13CG with GY that is frequently

reported under Mediterranean environments characterized by ter-

minal (i.e. during grain filling) drought stress may  be the result of

a  miscellaneous set of factors (Araus et al., 2013; Condon et  al.,

2004; Monneveux et al., 2006; Tambussi et al., 2005). Genotypic

differences in phenology may  be involved because genotypes with

a  short growth cycle (i.e. early heading, anthesis and/or maturity)

may  escape the terminal drought stress typical of Mediterranean

conditions, therefore exhibiting lower �13CG and higher GY than

genotypes with longer crop cycles. However, this is  not the case in

the  present study because DH and �13CG were not  correlated within

either of the two water treatments. Low grain �13C may  reflect a

greater reliance of grain filling on pre-anthesis stem reserves stored

earlier in the season when plants are less stressed. Therefore, geno-

types that are exposed to  severe stress during grain filling will be

more  dependent on  pre-anthesis assimilate reserves, which have

�13C values that are relatively lower than assimilates produced dur-

ing grain filling (Condon et al., 2004; Monneveux et al., 2006). This

implies a close correlation between leaf  and grain �13C (Monneveux

et al., 2006), which is  the case in our study, where a  significant

positive correlation existed between �13CFL and �13CG under RF

treatment (Table 5),  while such a correlation did not  exist under SI

conditions. Alternatively, the genotypes capable of extracting more

water from the soil (e.g. due to  more efficient root systems, osmotic

adjustment, faster soil cover, etc.) may  have greater yields while

exhibiting lower �13CG (Blum, 2009). Therefore, the  negative rela-

tionship between �13CG and GY may  indicate that even under water

stress conditions the high GY genotypes are those capable of main-

taining a higher transpiration and thus higher water use. In  other

words, this means a more efficient use of water (EUW) even if it is

at  the expense of a lower WUE,  especially during the grain filling

period (Araus et al., 2002, 2013; Blum, 2009).

The negative relationship found under RF  between �18OFL and

GY (Table 5) supports a  higher transpiration rate being present

in  genotypes with the  greatest yield. Nevertheless, apart from

the results under RF  conditions discussed above, the �18OG and

�18OFL did not correlate with GY and AB under either of the water

treatments (Table 5). Indeed, concerns about weak or absent �18O

signatures, particularly in mature grains, has raised doubts about

the  use of �18O to evaluate, for example, the genotypic performance

under different water treatments (Araus et al., 2013; Cabrera-

Bosquet et al., 2009a,b; Elazab et al., 2012; Ferrio et al., 2007).  In the

pioneering study of Barbour et al. (2000) on  bread wheat, negative

correlations of �18OFL and �18OG with GY under irrigated condi-

tions were reported, with the �18OFL having the best correlation

with GY. Araus et al. (2013) reported for three consecutive crop

cycles in durum wheat that  the �18OG was correlated much more

weakly than �13CG with GY,  irrespective of  the  water conditions.

4.3.  The effect of  water treatment on vegetation indices

The  NGRDI and NDVI values increased from mid-tillering to

anthesis and then dropped at grain filling (Table 3). It is widely

reported for wheat that crop green AB reaches its maximum around

anthesis and then decreases during grain filling due to senescence

(Aparicio et al., 2002, 2004; Kanemasu, 1974). NDVI and NGRDI

values at anthesis and grain filling were lower under RF than SI,

in  agreement with the effect of water stress on green AB (Aparicio

et  al., 2000, 2004). Water stress is known to inhibit plant growth

and accelerate senescence with a subsequent decrease in  vegeta-

tion indices measured either with a spectroradiometer or with a

digital RGB camera (Casadesús and Villegas, 2014; Gitelson et al.,

2002; Mullan and Reynolds, 2010). The results presented in Table 2

confirmed the same, where wheat plants under RF treatment were

one week earlier in  heading than the SI treatment plants, and thus

the RF treatment plants were more senescent than the SI  treat-

ment  plants during grain filling. Thus,  at grain filling plants under

RF  exhibited NGRDI.3 and NDVI.3 values that  were  72% and 58%

lower,  respectively, than  the  SI plants (Table 3).

4.4.  Relationship of  vegetation indices with GY

The NGRDI measured at anthesis was the only vegetation index

positively correlated with  GY for both the RF and SI treatments

(Table 5). Our study contradicts previous studies reporting grain

filling  as the best stage for vegetation indices to correlate with

GY under well-watered conditions when the leaf area index (LAI)

had  already decreased to values around 2 (Aparicio et al., 2000;

Gutiérrez-Rodríguez et al., 2004). Casadesús et al. (2007) reported

in  durum wheat that NDVI and digital-image-derived indices mea-

sured at anthesis correlated positively with GY under severe water

stress conditions (with LAI around 2), but failed to  correlate under

well-watered conditions. Our study agrees with Aparicio et al.

(2000) and Ferrio et  al. (2005) who  reported anthesis as the best

crop  stage for GY  prediction under RF conditions.

Also, the NGRDI measured at mid-tillering showed a positive

correlation with AB under the  RF treatment (Table 5), which sug-

gests  a role of early plant vigour in  the final AB. Indeed, early

vigour is a very important trait in  rainfed Mediterranean condi-

tions (Botwright et al., 2002; Casadesús and Villegas, 2014) because

it  prevents loss of  water due to  evaporation from the soil surface

(Richards et al., 2011).

The superior GY prediction of  NGRDI compared to  NDVI may  be

due to  differences in  their formulation. Whereas the  NDVI uses light

reflected in the visible (VIS) (usually red) and near infrared (NIR)

regions of  the spectrum, the NGRDI is  only formulated using the

VIS  region (Green and Red). Our results at  early growth stages are

in  accordance with Hunt et al. (2005) who reported the efficiency of

vegetation indices derived from VIS regions of  the spectrum (using

NGRDI)  to detect variation between vegetation and soil at early

growth stages. This contradicts the studies by Aparicio et al. (2002,

2004) who stressed the importance of NDVI and other vegetation

indices derived from spectral reflectance in the VIS and NIR regions

measured at early growth stages. The  difference in reflectance

between  the NIR and VIS on bare soil is very small compared with

the  differences between the NIR and VIS spectra associated with

green  AB (Kipp et al., 2014). This may  create problems when mea-

suring NDVI at early stages of the crop cycle or under very severe

stress conditions (which decrease the  LAI) because there is a large

amount of  bare soil present (Aparicio et al.,  2004; Kipp et al., 2014).

However, the VIS region (Green and Red) used in  the NGRDI cal-

culation  is  characterized by  high light absorption of the red and

reflection of the green wavelengths due to  the presence of chloro-

phyll in  leaves. By contrast, NDVI uses  spectral regions (red and  NIR)

that  are absorbed to some extent by bare soil (Kipp et al., 2014).  As

a result, the NGRDI is  able to  assess AB better than the NDVI under

conditions where bare soil is exposed at early growth stages.

The  reasons why  NDVI failed to  assess GY and AB  at anthesis

under both water treatments (Table 5) may  be different from the

problems with measurements at  early stages of the crop cycle. This

is  more closely related to  saturation of the reflectance spectra in  the

red  and the NIR regions due to  a high LAI at anthesis, and this means

that increases in leaf area do not result in  a parallel increase in  NDVI

values (Aparicio et al., 2000; Casadesús et al., 2007; Ferrio et al.,

2005). However, NGRDI does not  saturate in  the same way  because
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it depends mainly on changes in pigment colour and therefore it  is

better  at detecting differences in green AB and GY at  anthesis. Dif-

ferent authors have  reported that  vegetation indices derived from

the VIS region are more sensitive for detecting differences in green

AB at high canopy densities (i.e. when no bare soil is  exposed) than

the NDVI, in  spite of the  small changes in leaf colour associated with

senescence (Gitelson et  al., 2002; Kanemasu, 1974; Motohka et al.,

2010). Moreover, vegetation indices that only use the VIS region

depend on the pigment’s (mostly chlorophyll) reflectance charac-

teristics, which are basically the same  in  all plant species (Gitelson

et  al., 2002). By  contrast, NIR reflectance is more species-specific

because it depends on  many factors such  as canopy architecture,

leaf anatomy, cell structure, etc. (Gitelson et al., 2002; Kanemasu,

1974).

4.5. The combined use of vegetation indices and stable isotopes to

predict  variations in GY

The stepwise analysis (Table 6) confirmed that the �13CG and the

NGRDI do not account for the same portion of effect on  GY. In fact,

drought affects yield through a combined effect on plant growth

and rate of photosynthesis (Du et al., 2013). Thus, the  combination

of a vegetation index as an indicator of  plant growth together with

the analysis of the stable carbon isotope signature in  dry matter

as  a time-integrated indicator of photosynthetic and transpirative

gas exchange may  cover adequately the factors affecting GY per-

formance under a given water regime. In our study both NGRDI at

anthesis and �13CG were chosen as the two  significant variables of

a  stepwise model explaining 50–58% of  the GY variability within

each water treatment (Table 6). However, the order of both vari-

ables changed, with NGRDI at  anthesis and �13CG being the first

variables chosen under RF  and SI, respectively. This may  reflect dif-

ferences in environmental conditions, with  plant growth being the

most  affected trait under the water stress conditions of  RF. By con-

trast under SI, terminal (during grain filling) water stress is  the main

factor determining GY performance, whereas constitutive (i.e. in

the absence of water stress) differences in  plant growth that exist at

anthesis have a minor role. Although the concept has been proposed

(Araus and Cairns, 2014; White et al., 2012), to  our knowledge the

application of a combination of vegetation indices with stable iso-

topes signatures to  capture differences in  GY has not been reported

in  the literature.

For better understanding the mechanisms that could predict GY

performance under contrasting water conditions, a path-analysis

was run to model the relations between the best physiological

traits informing on growth and photosynthesis with the agronomi-

cal  yield components and ultimately GY (Fig. 2).  Under RF, both the

�13CG (an indicator of  photosynthetic and water status during the

reproductive stage) and the NGRDI at  mid-tillering (early vigour)

had  an indirect effect on  the GY via the NGRDI at anthesis (pho-

tosynthetic area at anthesis), which subsequently affected NGE−1.

In  fact, NGE−1 depends on  the  availability of assimilates going to

the  ear, which will determine the number and fertility of  flowers

and further grain set (Serrago et al., 2013). In addition, the NGRDI at

mid-tillering informs on tiller density and thus on NE m−2 and then

on  GY, even if that yield component affects NGE−1 and TGW neg-

atively. Although the positive effect of better growth increases the

photosynthetic area from crop establishment to anthesis (higher

NGRDI at mid-tillering and anthesis), and despite a better water sta-

tus  during the crop reproductive stage (lower �13CG) that  increases

the number of  grains/ground area basis via higher NE m−2 and

NGE−1, both the NE m−2 and NGE−1 may  negatively affect TGW.

However, the overall positive effects of a higher  NE m−2 and NGE−1

on GY are by far much stronger than TGW. The results of the

simple correlations and the path-analysis showed that NGE−1 is

the most important yield component contributing to  GY  under RF

treatment, which is in accordance with  previous studies in  wheat

under drought conditions (García del Moral et al., 2003; Simane

et  al., 1993).

The indirect effect of the  NGRDI at mid-tillering on the  GY via

NE m−2 revealed the role of early plant vigour on the tillering abil-

ity of  the plant and the consequent formation of  fertile tillers (i.e.

NE  m−2).  We may  conclude that under Mediterranean rainfed con-

ditions early vigour (assessed through NGRDI at mid-tillering) had

a  positive effect on GY through a larger number of fertile ears and

contributing to a higher photosynthetic area during the reproduc-

tive  stage (further assessed through NGRDI at anthesis) of the crop

(López-Castañeda et  al.,  1995; Richards et  al., 2011). An improved

water status during the  reproductive stage had a positive effect

on GY primarily through a larger photosynthetic area and a subse-

quent improvement in ear  fertility (NGE−1) (García del Moral et al.,

2003; Simane et al., 1993). The potential effect of  good water status

increasing TGW was  probably offset by  the  negative effect of NGE−1

on TGW (García del Moral et al., 1991, 2003; Simane et al., 1993).

Under SI  treatment, early vigour (through NGRDI at mid-

tillering) had no  clear effect on GY, probably due to  the good

water conditions during March and April, which coincided with

the second part of tillering and further stem elongation, allow-

ing  strong crop establishment. The water conditions during May,

coinciding with the reproductive period, were less optimal than in

previous months (the evapotranspiration was  almost equal to  the

total water supply), which caused a mild water stress. Under such

circumstances, plants exhibiting better water conditions during

the reproductive stage (lower �13CG) experienced a direct posi-

tive effect on grain filling (i.e. increasing TGW). An indirect effect

through a larger photosynthetic area during the reproductive stage

(higher NGRDI at anthesis) is also involved. A larger photosyn-

thetic area was positively related to a  larger number of fertile tillers

(higher NE m−2),  which affected GY positively despite the negative

effect on the size of the ear (lower NGE−1) and the  grains (lower

TGW).

4.6. Conclusions and the  way ahead

The results of the present study showed that the �13C of mature

grains is the best stable isotope to detect GY variation under both

RF and SI treatments. Moreover, in  agreement with previous stud-

ies,  the use  of �18O  as a predictor of  plant transpiration is  not

encouraging (Araus et al.,  2013; Ferrio et al., 2007),  probably due to

miscellaneous factors other than the crop water status that affect

the final �18O signature of assimilates, especially in the mature

grains. The study also showed that  a digital imaging-derived index

(NGRDI) was  better than the NDVI in  detecting variability in GY

and AB. Indeed, the combination of a digitally derived vegeta-

tion index with �13CG may  predict a substantial percentage of

variability in GY. Moreover, path-analysis of these factors (includ-

ing  agronomical components) determining grain yield, modelled

how physiological traits may  predict GY performance under dif-

ferent water availabilities in  a Mediterranean environment. Recent

studies on different cereals under field conditions have reported

the applicability of digital imaging-derived indices estimating very

diverse crop traits such as the chlorophyll and nitrogen content,

early vigour and the LAI, AB, GY. Digital imaging is  considered a

high throughput, easy-to-use monitoring technique, and thus a

large number of experimental plots could be phenotyped in a short

time (e.g. in our study 180 images of the trial plots were taken in

less  than 20 min  and further processed in less than 10 min). More-

over, the low-cost of RGB imaging is  related to the affordability

of  conventional digital cameras together with the availability of

open-access software for image processing, making this approach

most appropriate for precision agriculture and crop phenotyping,

instead of  using the  more expensive multispectral cameras.
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However, the practical integration of digital imaging as a monitor-

ing  tool needs some considerations. Among them, that  the image

quality from different commercial cameras can vary and may  result

in  different information for the same  canopy (Li et  al., 2010). Also,

the  existence of exposure problems due to  changes in light intensity

over time under field conditions, which require a  radiometric cali-

bration of digital numbers into reflectance, a task that is  frequently

not easy (Gates, 1980; Hunt et al., 2005; Kipp et al., 2014; Zhou

et al., 2013). In our study we did not undertake direct radiometric

calibration for the Green and Red channels of  the digital RGB cam-

era because the wavelengths of  these bands were not  supported

by the manufacturer of  the digital camera. However, we  suggest

using the NGRDI values of the calibration panels at the mid-tillering

stage to standardize the NGRDI values of the same panels during

later growth stages. In addition, measuring the  AB at critical crop

stages (mid-tillering-anthesis and grain filling) that are  character-

ized by clear differences in the AB quantity and leaf characteristics

(e.g.  colour and orientation), could compensate for error effects that

result from the use  of  the  non-radiometerically calibrated images.
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2. 2. Agronomic measurements 
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2. 3. Spectral and digital imaging	
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2. 4. Chlorophyll content 
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2. 5. Stable isotope analysis 
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2. 6. Statistical analysis 
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3. 1. The effect of growing season and heat treatment on the growth parameters 

(��	 ���4���	 ������	 �00���	 4���	 �����0����	 0��	 �����	 "����	 C3PD 	 ������	 ����5	 C%2D	

���	������	�0	������	
��	
���	CM36D 	4����	�	4��	��	�����0����	0��	��	������	�������	

C#�D 	 �������	 ������	 4����	 C%3JD	 ���	 ��	 ���0	 ������
�"��	 C9��D	 �����	 C(����	 ,D�	

(��	 ���	 �������	 4���	 �����0����	 0��	 ���	 ��	 ������	 ���4�	 
�������� 	 4����	 ��	


��N0��4�����	 ���	 ������	 ���	 ��	 ��4��	 #� 	 3P 	 %2 	 M36	 ���	 %3J	 ���	 ��	

������	 ������	 ���	 ��	 ������	 #� 	 3P	 ���	 %3J 	 ���	 ���	 ��	 ������	 ���	 
��N

0��4�����	 ���	 ������	 ���	 ��	 ��00��	 �����0�����"	 ��	 %2	 ���	 M36�	 #��� 	 ��	 �

����	

���	 �������	 C
��N0��4�����	 ���	 
��N0��4�����D	 �����0�����"	 ���������	 ��	 9��	

�����	 ���
����	4��	 ��	������	
����	 C(����	,D�	(��	
��N0��4�����	���	 ������	

8,	 ��"�	 �0��	 ���1���	 ���	 ��	 ��4��	 9��	 ����� 	 ��	 
��N0��4�����	 ���	 ������	

���������	��	����	9��	�����	�0��	��	�����	�

�������	C�������	9��	�����	�	���	

;	���	8,	��"�	�0��	���1���D 	4����	��	��	������	������	9��	�����	���������	0���	;	

��"�	 �0��	 ���1���	 �	 8,	 ��"�	 �0��	 ���1����	 (��	 ���4���	 ������	 �"	 ���	 ������	

���������	4��	��	�����0����	0��	��"	�0	��	���4�	
��������	�5��
	%3J�	

	

3. 2. The effect of growing season and heat treatment on the water status and vegetation 

indices 
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3. 3. Relationship of the vegetation indices and water status with AB and GY 
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3. 4. Relationship of the vegetation indices to chlorophyll content 
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4. 1. The effect of heat stress on AB, GY and GY components 
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4. 2. The effect of heat stress on plant water status 
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4. 3. The effect of heat stress on the vegetation indices 
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4. 4. Annual variability and relationship of vegetation indices to AB and GY 
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4.5. Conclusions and the way ahead 
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.�� (��	?.89	 ��	�	
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Cgs, TcumD 	
���	���4�	CAsat 	#� 	3PD	���	4���	���	�00������"	CAsatEE 	AsatEgs, 

AB/TcumD�	 %�4���� 	 ��	 ���������	 �0	 ��00����	 ���4���	 ���������	 C����	 4���	

���	 �������	 �������D	 ��"	 ������	 ��	 
��������	 �����	 �0	 �13C	 ��	 �	
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,�� 2�	������ 	��	���	�0	?.@A 	��
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���	

4���	����	Cgs 	TcumD	���	
���	���4�	C#� 	3PD	��	��	�����������7	
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��� 	

��
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�����������	
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B�� (��	��
�����	
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��������	�0	 ���0	 ����������	 C����	 ������
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��	 ����	 ����	 CTriticum turgidum	 &�	 ��
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�����	
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������� 	 ��	 �����	 ,./	 ��������	 ��	

���������	 ��	 �����������	 ��	 r�����������	 ����������	 ���������	 "	 ���������r�	 &�	
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���������	 ��	 !5���	 ������	 C��	 ���	 ��	 �0���	 �����������D	 �	 ��	 ��!�0���	 ����	
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���
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������!�	��	�����������	������	��	.	_9	
���	��	

�O�	,-,/ 	 ��	����	 ��	 ���������	��	 ���������	 �����	 0����	 "	 �������	 �I�	����������	��	

������	�I�	�I
���	��	��	��
������	������������	��	0���������	��	�������	�����	��	

���	 ��	 �������I����	 ��	 ��	 ���	 ��	 �������	 "	 ��	 �����	 ��	 ��
�O� 	 ��	 ��
���	 =��	 ���	

�������	�����	���������	 ���	 �������	����	 "	 0��������	���	�������	���
�*� 	 ��	 ����	
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������	��	�������	�����	��	
��������	��	��	��
�����	�����	#���I� 	��	������	��	

��	 ��
������	 ��	 ��	 (�����	 ��	 ��0������	 
���	 �������	 ���	 
������	 ��	 ������	 "	 ��	
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������	 
��������	 ��	 ���	 �������	 ��	 ������	 ��������	 ��	 ��	 ������	 &�	 �������	 ��	

����	 ��
���	 ��	 
�������	 ��������	 ��	 ��	 ������	 �������I���	 ������	 ��	 ����������	

������I0���	 "	 ��	 ��������	 ���������	 ��	 ����	 
���	 ��	 ����������	 "	 ����	 ����������	

��������		

��	���	���� 	���	�����	�������	��	��	���	��	 ��!�
��	������� 	�������������	��	 ���	
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��	 �������	 ���	 ���	 �����������	 ���������������	 ���	 ����"��	 ��	 ��	 ������	 ��	 ����	

���������	 
���	 ���	 �����������	 �������I����	 ��	 #������� 	 �������������	 
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Características de las raíces 
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��I�����	������������ 	����	����	��	���
����������	��	���!����	"	�����	��	�����	�	

���	�������������	��	���	������ 	��	���
����	��	���*�	
��	��=���	�����K�	���������	��	

I����	��	 ����������!�	���
�����	��	 ���������	������	=��	��	��=�����	
���	��	������	

���	������	���������	��	��
�����	��	���
��!�	��	���	�������������	��	��	����	����	��	

���I���	 ��	 0����
����	 ��������	 ��	 ������	 ��	 ��������	 6��	 ��	 ��� 	 ��	 ���������	



202�
�

�����������	 *������	 =��	 ����	 ��	 ��0����������	 
�������	 "	 0I�����	 ��	 �������	 
���	

������	 ���������	 �����������	 ���������	 ���	 ��	 ���	 ���	 ����	 "	 ��	 ����������	 ��	 ���	

��������	

&�	 ��
������	 ��	 ���	 ������	 
���	 �5����	 ��	 ����	 "	 ���	 ��������	 ��	 ��	 �������	

����������	 ��	 �����	 ��
����	 ��	 ���	 �������������	 ��=����!�����	 ��	 ��	 ���� 	 ����	

����	 ��	 �������	 "	 ��	 ���������!�	 ���	 
���	 ��	 ���	 ������	 ��	 
��0��������	 ��	 ���	

������ 	 ��	 ��������	 ��	 
���	 ��	 ��	 ����	 C>J�D	 "	 ��	 ��������	 ��	 �������	 ��	 ��	 ����	

C>&�D	 ��	 �������	 ���	 0���������	 ��	 �������	 ��	 ������	 
���	 ���������	 ��	 
���	 "	 ��	

�������	��	��	���� 	���
��������� 	��	��	�������	��	������	��	��	��������� 	��	>&�	

��	��	�����	�I�	���K�����	��������	
���	���������	��	���������!�	��	��	����	"	��	���	

��	��	
��I����	��
�����	
���	�������	��	�������!�	��	����	"	���������	��	������� 	

���	���������	��	���	�5
��������	��	���
�	��	����	"	������	�������	=��	���	>&�	��	

.	��	��N8	��	��	�����	������	
���	��	�5�����!�	���	;-	Q	���	����	���
������	��	��	�����	

C��	 �������	 ��	 ����	 ���	 �����	 ����	 ��	 ��
������	 ���	 ���
�	 "	 ��	 
���	 ��	

������������	
��������D 	 �������	=��	����	 �������	��	 >&�	
��	������	��	.	��	

��N8	���	�5�������	" 	��	����	����� 	��	
������	���
������	����	���	�������	

&�	 �������	 ��
���0���	 ��	 ��	 ����	 C+>&D	 ��	 ���������	 ���	 ��	 ���	 ������	 ���0��!�����	

�I�	��
������	"	���K�����	��������	&�	+>&	��	��	������!�	����	��	 �������	��	��	

����	"	��	�������	��	��	�����	��	�����	���	��	+>&	0������	��	�������!�	��	��������	��	

�������	���	��0��������	��	��������	"	����	=��	���	
�����	����	�I�	���
������	��	

��	�������!�	��	��������	���	 ������	+��	������� 	 ���	������	���	���	+>&	���	
�����	

����	���	��
������	�������	��	����
��� 	�������������	"	���������	��	���� 	����	

���	���	����	K��	�����	=��	���	������	���	���	+>&	�����		
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�����!�	

���������	��	��	
����	"	��	#� 	�������	=��	��	��������!	��	?.89	"	��	?.@A�	�5�����	

��0��������	�������	��	�����
�	��	 ���	
��I�����	��	 ����������	��	����� 	���0������	
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��	 ������	 "	 0�����	 ���!
�����	 &�	 #�	 ��	 �����������!	 
����������	 ���	 ��	 >&� 	 ���	

����
��������	���	�*�����	������� 	�������	=��	��	�����������!	�����������	���	��	

?.89	"	��	?.@A 	
���	K��������	��	�����������	���	����	������	6��	���	
��� 	��	>J�	

"	 ��	 >&�	 ��	 ���������������	 �����������	 ���	 ���	 ��	 ?.89	 ����	 ���	 ��	 ?.@A	 ��	

�����������	���	����	����� 	
���	��	��	������!	��	
��!�	�����	��	�����������	���	���*�	

��������		

Resultados del Capítulo 3 

&��	 ���������	 ���	 ��	 �����	 ���	 ��	 ����	 "	 ���!����	 ���������	 ��	 0����	

�����0������	 ��	 #��	 6��	 ��	 ��������	 ��	 
���	 "	 �������	 ��	 ��	 ����	 "	 ��	 ��������	 ��	

�������	 ��	 ��	 ����	 ���������	 "	 �������"���� 	 ���
��������� 	 ��	 ���
����	 �	 ��	

��"��	�
���	��	����	"	���!�����	��	�����	�������	��	�����	��	�0��!	�	��	��������	��	


���	��	 ��	 ���� 	 �������	=��	��	 �����	���	��	���!����	�������"!	���	
��I�����	��	

�*�����	 ��	 �����	 ���	 ��	 ���!����	 �����!	 ��	 0����	 �����0������	 ��	 ���
�����!�	

���!
���	 ��	 �������	 ��	 ��	 ����	 �������	 C�139FLD	 "	 �������"!	 ��	 0���������	 ��� 	 	 ��	

�����������	����I���	"	��	����
�����!�	��	��	����	������� 	�������	=��	��	������!	

��	 �0���	�
����	��	�������	��	�
���	��	�����	 #���I� 	��	 �����	�������	�������"!	

�����0����������	 ��	 ���
�����!�	 ���!
���	 ��	 �5�����	 ��	 ��	 ����	 �������	 C�18AFLD	 �	

��������!	 ��	 ����
�����!�	 ���������	 ��	 ��	 
���� 	 �������	 =��	 ��	 ������	 ��	 ��	

�������	 ����������	 ��	 �0��!	 ��	 0����	 �����0������	 �	 �������	 ��	 ����	 
��I������	

2���
�����������	���	�*�����	������� 	��	#�	��	�����������!	
����������	���	���	

��	�139FL	����	���	 ��	�0��������	���	���	���	����	 ��������	��	��	 ���
�	CWUEAB 	
��	

���	������	��	����*�D	"	�����������	���	���	
��I�����	��	����������	��	������		

Resultados del Capítulo 4 

��	 M3>�2	 ������	 ��	 ������	 "	 ��	 ?.89	 ��	 ���	 ������	 �������	 0�����	 ���	 ���������	

�����	 ���������������	 C
������	 "	 ����������� 	 ���
���������D	 ���	 ��	 3P�	 #����	

���������	 ��	 ���������!�	 �5
�������	 ����	 ������ 	 ��	 /-	 Q	 ��	 ��	 ������������	 ��	 ��	

3P	 �����	 ��	 ����	 �*�����	 ��������	 &��	 �������	 ��	 G�������H	 
���������	 
���	 ���	

�����������	��	 >�	 "	 +2	 ���������	 ��	 
�
��	 ��
�����	���	 M3>�2	 "	 ��	 ��	 ?.89	 ��	 ��	


�������!�	���	3P�		

Resultados del Capítulo 5 

M������	��	���	���	�������	���������	
���	
�������	��	3P	��	���	
�����	��������	�	

��	 ��������	 
��	 �����	 �������	 �	 ��	 0������!� 	 ������	 �	 =��	 ��	 �0���	 ���	 ���*�	 
��	
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�����	�0��!	�����	���	��		��	����������	��	���	������ 	��	=��	��	��	
���	������	
��	���	

�������	 ��	 �������!� 	 "�	 =��	 *���	 ��I�	 ����O����	 
���	 ��
��	 ��0��������	 ��	 �����	

�����	���	�������	 6��	��	�������� 	 ���	��	 M3>�2	����	��	 M��2	��	 ���������������	


����������	���	��	3P	"	��	#�	���	��	��	��������	*�����	
�������	�	��	0������!�	

����	 	 ��	 ��	 �������	 +��	 ������� 	 ��	 �����	 ��������� 	 ��	 M3>�2	 �����	 �����	

�������������	���	��	#�	"	��	3P	=��	��	M��2�	#���I� 	��	M3>�2	
�����	���
������	

��	 ������	 �I�	 ����
�������	 =��	 ��	 M��2	 ���
���	 �	 �����������	 �����������	 ��	 ��	

�����	���	������ 	"�	=��	��	M3>�2	0��	��
��	��	
�������	��	#�	"	��	3P	�����	=��	��	

M��2	������	��	����������	���	����	��	���	���	�O��	������������		

�

 �����
�

Isotopos estables 

&��	���������	���	 ����������	��	�����	"	��	���	��!�
��	�������	�
�"����	��	����	��	

=��	 ��	 ����	 �����	 �������	 ��	 ���	 �����
��	 �	 ���	 ��������	 �I�	 
���������	 ��	 ��	

���
�������	��	=��	��	������!�	��	�13C	���	��	3P	"	��	#�	���	��������	��	���	�����	��	

��������!�	�����!	��	#�	C9�
����	, 	(����	,7	9�
����	8 	(����	,7	9�
����	< 	(����	

,D 	 ��	 3P	 C9�
����	 < 	 (����	 ,D 	 ���	 
��I�����	 ��	 ����������	 ��	 ���	 �����	 ����	 ��	

�����������	 ����I���	 CgsD 	 ��	 ����
�����!�	 CED 	 ��	 ���������!�	 ���	 CAsatD 	 "	 ��	

�������	 ����������!�	 �����������	 ��	 9A,E����������!�	 ��	 9A,	 ��������	 CC�EC�D	

C9�
����	, 	(����	87	9�
����	8 	(����	,D 	���	����	�13C "	�18O ��	���	������	C9�
����	

< 	(����	8D	C#����	"	���� 	,-.8D 	��
����	C9�
����	, 	(����	<D	C9������N���=��	"	����	,	

,--;D 	�����	�������	C9�
����	, 	(����	<7		9�
����	8 	(����	,7	9�
����	< 	(����	8D	"	

���	 ������	 C9�
����	 , 	 (����	 <D	 C������	 "	 ����,	 ,-.,D 	 �������	 =��	 ��	 �0��������	

�����I���	 ���	 ���	 ���	 ����	 CWUEInstD	 C9�
����	 , 	 (����	 87	 9�
����	 8 	 (����	 ,D	

���������	C9������N���=��	"	����,	,--;7	������	"	����,	,-.,D�	

#�	�������� 	��	��	9�
����	8 	��	���������!�	�������	����	��		�13C	"	��	�������	�*���	

�����	��	����	�*�����	���	����	C����	<D	 0��	
�������	��	�������	�����	��	���!����	

C%MD	 �����!	 ��	 �������	 �*���	 
���	 �������"!	 ��	 �������	 "	 ��	 �������	 ��	 ��	 ����	

C(����	.D�	���	���	�����	�	��	�0���	�������	�����	��	�����	������� 	�������"����	��	

gs 	 "	 ��	 ���	 ��	 ����
�����!�	 0�����	 
��	 ������	 ��	 I��� "	 ��	 �����	 ������	 ��	 C�EC��	

9���	������������	 ��	WUEInst 	WUEAB	"	�13C	���������	C(����	,D�	��	���	������ 	

���	 ����
��������	 ���	 �*�����	 �������	 �	 
���	 ����=�����	 ��	 ���	 ���
��	 ��	 �����
��	
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��������� 	 ������	 ��	 ����������	 ���	 ���	 ���������	 ��	 M 	 ��	 �������	 �*���	

��������������	 
����������	 ���	 �13CFL, WUEAB	 "	 WUEInst	 "	 ����	 ����	 
��I�����	

���������������	�����������	���	gs	 C(����	<D�	+��K�	9������N���=��	"	����	 C,--BD	

��	 ��	 �5
�������	 ��	 ������	 ��	 ����	 ����	 "	 ���K�	 $����	 "	 ����	 C,--<D	 ��	 �����	

��������	 ��	 �����������	 ��	 ���
�	 ���	 ���	 0���������!�	 ��	 ���!����	 ������	 ��	

�������	�*��� 	
���	����*�	������	��	�*0���	������� 	=��	��������	���	���������!�	��	

gs	�������	=��	 ��	�13C	 �������	 	#�� 	 ��	���������!�	
������	�������	��	���	������	

����	 ��	 �13CFL	 "	 ��	 �������	 �*���	 �����	 ��	 ����	 �*�����	 ���	 ����	 �����!	 =��	 ��	

��������!�	 ����	 ���	 ���������	 �������	 "	 ��	 ���!����	 �0��!	 ��	 ���
��������	 ���	

�13C	����	���I���	��������	
���	��	������	���*���	��	�����������	��	��=����	

��	 ��������	 ���	 9�
����	 /	 ������!	 =��	 ��	 ?.89	 ��	 ���	 ������	 
����	 ������	

��0��������	��	�����������	���	����������	����	���	���������	*������	C����	8D�	+��	

������� 	���	���������!�	�������	�����0������	
���	�*���	0��	���������	����	��	?.89	"	

3P	��������	��	��	�O�	,-..	C(����	+�
���������	,D�	+��	�������		��	?.89	���	������	

���	 �I�	 �������	 C(����	 8D	 =��	 ���	 ���������	 ����	 �����������	 ��	 ���*� 	 ��	 =��	 ��	

�
�"�	��	�5�������	��	��	
���	�����	�������	��	���	���������	*������ 	C#����	"	���� 	

,-.-7	9������N���=��	"	���� 	,--;�7	%��������	"	���� 	.;;;D�	

	

&��	���������	���	9�
����	,	���������	��	��
�������	���	?.@A	��	��	����	�������	
���	


�������	��	#�	C0�����	<�D	"	��	��	C������	8�D	��	�����������	��������	��	��������	"	��	

(���	 C������	 ,�D	 ��	 �����������	 ��	 �*0���	 ��������	 �������	 =��	 ����	 �������	

C9�
�����	 8	 "	 <D	 ���������	 �����	 ��	 ��	 ���	 ��	 ?.@A	 ����	 ���I���	 0����
���	 
���	

������	 ���*��� 	 �	 ������	 ���������	 C������	 "	 ����,	 ,--B7	 9������N���=��	 "	 ����,	

,--;�7	������	 "	 ����	 ,	,-.,7	#����	 "	 ����,	,-.8D	���	��������	�����	�����	��	���	��	

�18O	
���	�������	��	����������	��	 ���	�����
��	��	����	����	��������	���������	��	

����	 ������	 �	 ��	 �K����	 ��	 0������	 ������I����	 C����	 ��	 �18O	 ���	 ����	 =��	 ��
�	 ��	


���� 	 ��	 ����������	 ��	 18O	 ���	 ����	 ������	 ��	 0������!�	 ��	 ����������	 "	 ��	

0�������������	����!����	������	��	����
���	��	���	����������D	=��	
�����	�0����	

�����������	��	�������	���	�18O ����	���������	���	�����	�������	��	��	
�����		

Características de las raíces 

&��	���������	��	���	9�
�����	,	"	8	��0������	 ��	 ��
�������	��	��	������	���������	

�5����	
���	��
����	�I�	��������	���	������	��	���	������ 	��	�������	"	��	 �������	

��	��	����	"	��	���������!�	C>J�	"	>&� 	���
���������D	�	���*�	���	
��0��	���	����� 	
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���������������	
����������	 	���	��	Tcum	 C9�
����	8 	(�����	<	"	/D	"	 ��	?.89	"	?.@A	

C9�
����	, 	������	:7	9�
����	8 	(�����	<	"	/D�	&��	���������	���	9�
����	,	C9������	

/	 "	 9������	 ��
���������	 8D	 ���������	 ��	 ��
�������	 ��	 ��	 ������	 ���������	 �I�	

�5����	C��
��������	
��	>J�	"	>&�D	
���	��������	���	#�	��"�� 	��
���������	��	

�����������	��	�*0���	��������	

+��	������� 	��	����������	"	����������	��	��	������	���������	�5����	C��	����� 	���	

�������	 �������	��	 ����D	�������	���	����	�������	��	����������	
���������	
��	 ��	


����	 	 C6�������� 	.;@8D	�	 ��	���	=��	
����	���
����	��	�������	����	 	 ���
�������	

C��9��� 	.;@:7	��	"	���� 	,-.-D�	��	���	������	�������	�������	���	��������	=��	��	

������	 ��	 ��	 ���O�	 ���	 ������	 ���������	 ��	 ���
���	 �������������	 ���	 ������	

=��	 ��	 �������	 ��	 ���	 	 #�	 "	 3P	 �I�	 ��������	 ����	 �����������	 ���	 ���*�	 �������	

C�����	"	���� 	,--,7	&"���	"	���� 	,-.<D�	

&��	 ���������	 ���	 9�
����	 8	 �
�"��	 ��	 ����	 ��	 =��	 ��	 ������	 ���������	 �5����	 ��	

�������������	 ������	��	 ����������	��	 ��	
����	 ����	�����������	��	 ���*�	 ������� 	


��=��	��	#�	�����������!	�����������	���	��	�������	"	��	�������	��	��	����	C(����	

<D	"	 ��	���������!�	 C>J�	 "	 >&� 	 ���
���������D	��	 ���	��0������	��
��	���	 �����	

C(����	 /D�	 (����*� 	 ��	 �������	 ��	 ��	 ����	 "	 ��	 �������	 ��	 ��	 ����	 ��������	

�������������	 ��������	���	��	�������	����	 ��	 �������	�*���	"	 ��	 �������	��	 ��	 ����	

C
���	����=�����	��	���	�����������	��������	��	����������D	"	���	��	WUEAB	C��������	

����	�����������	��	���*�	�������D 	�������	=��	����	���	
��I�����	���������������	


����������	 ����	 ��	 ��	 �����������	 ��	 ���*�	 �������	 C(����	 <D�	 6��	 ���	 
��� 	 ��	

�����������	 ��	 ���*�	 ������� 	 >J�	 "	 >&�	 ��������	 �������������	 ��������	 ���	

WUEAB	�	���*�	���	��	
��0��	���	�����	C(����	/D�	��	����� 	��	����	����������	��	��	

����	��	���	�������	��	����������	��
�����	��	��	
����	
����	����*�	���	�������	��	

�����	���	��������	��	����	���	�����	����	��	=��	��	
����	
����	�������	��	�����	����	

C>�������	 "	 6�������� 	 .;@;7	 &"���	 "	 ���� 	 ,-.<D�	 #	 
����	 ��	 ���	 ���������	 ��	 ���	

9�
�����	,	"	8	
��������	��������	=��	��	�������!�	���	������	!
���	��	��	����	
���	

���	�������	
�������!�	���	#�	��=�����	����������	���	�����	���������	�	��	��
���	���	

����	��	*������	��	��������	���	�������	C�����	����!�����	
���	��	���������!�	"	��	

�����������	��	��	����	��	������!�	�	��	��
������	���	������	���������	
���	��
����	

�����	
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Detección remota 

��	��	9�
����	< 	��	������	��	��
���������	��	M3>�2	���
�����	���	��	M��2	������	

��	�������	��
�����	"	���������	
���	���������	��	3P	��	����	����	����	��������	

���������	 ��	 ����	 C����	 /D�	 ��	 ��	 ����	 ���	 ����	 C9�
����	 /D 	 M3>�2	 ����*�	

�����������!	�����	���	��	#�	"	��	3P	=��	��	M��2 	���	����
��������	���	��������	

*�����	"	��	�O�	��	����������	C��������	,N/D�	&�	���!�	��	��	��
���������	���	M3>�2	

���	 ���
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���� '	 C,-.,D	 J���	 ��	 ��	 ������������	 >�����F	 +������� 	 (����	 ���	 +��������	

IEMed Mediterranean Yearbook 2012�	

�	,.@N,,<��

��1.	 C,-.<D�#�������!�	 ��
�O���	 ��	 (*������	 9����������	 ���4��	 ��"	 ,-./	

S�
FEE444�������E���������E������"EB:N�����N

��������������f��4�����[8</F4����N���N��N�����N4���N
��������N��N,-.<s	

�������%>�"��*��� @>� ���
����%	 C,--BD	 #��������	 ���
����	 �0	 �����	 �	 ������	

������	 �0	 4���	 �����	 0����4	 ���������	 ��	 �������	 +
����	 Spanish Journal of 

Agricultural Research	5 	/@BN/;,��
��������>�B������� >�.���������#>�������#�>�;����.	C,---D	+
�����	��������	

2������	 ��	 M��N���������	 (����	 0��	 ����������	 �����	 J���	 P�����	 Agronomy 

Journal.	?2 	@8N;.��
��������>�B������� >�������#�>�.������P��#>�;����.	C,--,D	>���������
	��4���	

3��4�	 (����	 ���	 +
�����	 ��������	 2������	 ��	 �����	 J����	 Crop Science	 42 	

./<BN.///��

�
�����
� A�>� ,������ �	 C,--,D	 ���������	 �0	 ��"����	 4����	 2�	 J���F	

2�
�������	 ���	 6��������. Plant Production and Protection Series 8-�	 ���	 �9	

9���� 	+	>������ 	%	3����	���
�������	>���F	�#A�	

�	/:BN/B8�	�
�
������@�>���	������>�;++����;>� �����%��������>�.���
�����%	C,--,D	$�����	

M�����	6��������	 ��	 �����	�����	M������	��	J���	+�����	 Crop Science	42 	..B8N

..B;��
������ #�>� "���� #>� '������� C>� B�������  >� ;���� .	 C,--8aD	 ��������	 �������	 0��	

������������	���������F	���
�"����������	�����	0��	�����������"	�

��������	Annals 

of Applied Biology	/42 	.,;N.<.��

������#�>�B������� >���������>�7���&�� ���%������@>������
�'>�;	�������J>�
@����� #C>� ;���� .	 C,--8bD	 ������������	 ������	 ����������	 9�����	 2���
�	

�������������	 ���	 P����	 ��	 �����	 J���	 �����	 ������������	 9���������	 Crop 

Science 43 	.B-N.@-��
��������>�B������� >�;����.>�.���������#>�������#�	C,--<D	�00��	�0	������	���4	

�����	��	��	���������	�0	���������	����	�"	������	�����	�"
��N�
�����	��0�������	

�����������	 ��	 �����	 4���	 �����	 ���������	 ������������	 ����������	

International Journal of Remote Sensing	25 	..8.N../,��

������ #�	 C.;;:D	 2��������	 
�"����������	 �������	 ���������	 4��	 "����	 
�������	 2�	

Increasing yield potential in wheat: breaking the barriers�	 ���	 �6	 >�"����� 	 +	
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>������	���	#	��M���	��5���	��F	92��P(�	

�	./-N.:B�

������ #�>� ������ 1>� .������P�� #>� ������ �>� ���	�� %%� C.;;@D	 >���������
�	

��4���	 ���	 ����� 	 ������	 ����
�	 �������������	 ���	 "����	 ��	 �����	 4����	

Functional Plant Biology	25 	@8/N@<,��

������#�>�'������7�>�;��
�����%C>�;����.	 C,--,D	6���	��������	���	������	��	

98	9������F	J��	+�����	J�	�����	���f�	Annals of Botany	=? 	;,/N;<-��
������ #�	 C,--<D	 (��	 
������	 �0	 ����������	 4���	 ���	 ��	 ��	 ������������	 ���	

��������	��=��������	0��	�����������	Annals of applied Biology /44 	,/;N,B,��

������#�>�@�����#C>�"�-��;>�B������#� C,--BD	(��	���������	
���
�����	�0	��"����	

����������F	 �������	 �������	 0���	 .-	 ---	 "����	 �0	 4���	 ����������	 Journal of 

Experimental Botany	5= 	.8.Y.</�	�
������ #�>�'������7�>�;����.>�'������% 	 C,--@D	 ��������	 0��	 P����	 6������	 ���	

+����	#��
����	��	9�������	Critical Reviews in Plant Sciences	2Q 	8BBN<.,��
������ #�>� 'O
�	�+� .>� .������H"������� �	 C,-.-D	 2�	 ��������	 ��	 �����	 �������	

������	����	4���	���f	New Phytologist	/=Q 	8;,N<-:��
������ #�>� .������H"������� �>� '������ % >� "���� #>� ����H1�����+� %1	 C,-.8D	

9��
������	 
��0�������	 �0	 ?.89 	 ?.@A	 ���	 ?./M	 0��	 
����"
���	 �����	 4���	

���
����	�	�	��"����	�����������	Functional Plant Biology	4K 	/;/N:-@��
������ #�>� .��
�� #�	 C,-.<D	 �����	 ����N������
�	 
����"
���F	 (��	 ��4	 ���
	

��������	0�������	Trends in Plant Science /? 	/,N:.��
����
��'>�;��	��#1>�'���(����#%>�;�������
�%#	C.;;@D	>��	���4�	���	4���	

�
�1�	������	4���	��0���	���	����������	��	4����	Plant and Soil	2K/ 	,:/N,B8��
�����#J>���H����������%>�'������%	 C,-.-D	��������	 ��	 ���	 4���	 ���	 �������	

�
�1�	 ���	 ����	 ���������	 �00���	 ��	 ���4�	 ���	 "����	 �0	 �
����	 4���	 ���	 �����"	

����"
���	International Journal of Botany	6 	<-<N<.8��

�+��H���'	 C,--BD�	#����������	�������0������F	 (��	
������	 0��	������������	���
�	

��	#0����k�	��������	��������	Rivista Di Biologia-Biology Forum /KK 	,BN8B��
"�������%%>�@����	���7 �D2KKKE	>������	������"N	���	#�#N�������	��������	��	

������	���	�5"���	����
�	�����	�0	����	�������	Plant, Cell and Environment�23F	<B8N

<@/��
"�������%%>�@��	���;�>�'������ >�@����	���7 	C,---D	A5"���	����
�	����	�0	

���0	���	�����	�������	���������	4��	������	����������	���	�����	"����	��	��������	

4����	Functional Plant Biology	2Q 	:,/N:8B��
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"���������	�C"	C.;@;D	>��	���4� 	�����N������	�
�1�	�"������	���	����	0�����"	

��=��������	�0	�	����N"�������	4����	�������	��
�	���
�	Plant and Soil	//? 	/;NB-��

"�������;�>���������">�;�(��
�;A	C.;@BD	+�����	�0	����	����N���	�"����	�0	

0����N���4�	 4����	 4����	 22�	 >��	 ���	 ����	 ������
�����	 
�����	 ��	 ������	 �	

�������	0���������	Agronomy Journal	Q? 	8.-N8.;��
"�����	C,--/D	������	��������� 	4���N���	�00������" 	���	"����	
������g���	��"	

���
����� 	 �������� 	 ��	 ������"	 �5�������f	 Australian Journal of Agricultural 

Research	56 	../;N..:@��
"�����	 C,--;D	�00�����	���	�0	4���	C��JD	���	��	4���N���	�00������"	CJ��D	 ��	

��	����	�0	���
	"����	 ��
�������	�����	������	������	Field Crops Research	//2 	

..;N.,8��
"�
����� >��
������#�	 C,--;D	�00���	�0	�������	��

�"	��	��	���	���
�����"	

�0	����	���	��������0�	Journal of Plant Nutrition	32 	.8B.N.8@,��
"��)��	��1�>�.�
��
��7>�;����+(��7#>�;�	�����;�� C,--,D	�����	���������	�0	

����"	 ������	 0��	 ������	 ��
�������	 �0	 �����	 "����	 ��	 4����	 Australian  Journal of  

Agriculture Researh	53 	..8BN..</��
"���
��#>����
�7>�C��
��1	 C,-.-D	 ����N�������	 �����	 ��	 �	 ���	 ������0"	 
���	

���
����	 �	 ������	 ������	 �������	 2�F	 Climate change and crop production�	 ��	 �6	

>�"�����	�	J������0��� 	�$F	9#�2	6��������� 	

�	../Y.8@�	�
"����� A">� ��������� 7$>� "��(��� 1.	 C,--,D	 ���������	 ���	 
�"����������	

�

�������	 �	 �����	 ��
�������	 0��	 ������	 ���������	 Journal of Experimental 

Botany	53 	.8N,/��

.������H"��������>�%������7>�"����#>��������'>�������#�	 C,--BD	(��	��������	

�00��	�0	������	4���	��0���	���	�������	��

�"	��	J�� 	M��	���	h.89	��	�����	

4���	
���	
�����	Annals of Applied Biology	/5/ 	,BBN,@;��
.������H"��������>�%������7>�"����#>��������'>�������#�	 C,--;�D	(��	��������	

�00��	�0	������	4���	��0���	���	�������	��

�"	��	J�� 	M��	���	h.89	��	�����	

4���	
���	
�����	Annals of Applied Biology	/5/ 	,BBN,@;��
.������H"������� �>� 'O
�	�+� .>� ������ #�	 C,--;�D	 A5"���	 ����
�	 ���������	

Ch.@AD	 ��0����	 "����	 
������	 ���	 ������	 ���������	 ��	 ������	 Plant, Cell & 

Environment	32 	.<@BN.<;;��

.������H"������� �>� ����+�� ;>� ������� '>� ������ #�	 C,-..D	 ����	 h.89E?.@A	

���
����	�	4���	���	�������	����������"	���	��	����������
	4��	"����	��	0����N���4�	
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�����	4����	Plant, Cell & Environment	34 	<.@N<88��

.�����
��.>� ��#>�%��� #�	 C,-.8D	 M������	 ������	 0���	 ��	 ����E
���	 �"���F	 �	

�����4�	Annals of Applied Biology	/62 	.</Y.B8��
.�������� #�>� ������� �  ">� 7�
���� ;.>� @���� ."	 C,--@D�	 (��	 3�����	 6������	 �0	

��������"	��	#��������	#���������	&�����	Environmental	Science & Technology 42 		

/B;.N/B;<��
.�����	��C�C,--;D	A
�������	���	���4�	�	��
����	�
�1�	���	���������	�0	4���	

���	�������	��	4���	���	�����"�	PhD thesis, University of	Nottingham, UK.�

.�����	�� C>� �+��H��� '>� @���(��� %#	 C,-.<D	 i����0"���	 ����������
�	 ��4���	

������	����	���	4���	�
�1�	�����	������	��	������������	�����"	���	�����	4����	

Journal of Integrative Plant Biology	56 	<//N<:;��

.������P�� #>� ����� J>� "���� #>� ���	�� %%>� ������ #�>� ����� '>� @����++�
�� 7>�
%������� @>� %��������� %>� %������ B>� $������� �>� B�������  	 C,--BD	 �����	

��������	 �������	 �������	 0���	 �����������	 ������	 �������	 ��	 ��������	 �������	 0��	

4���	��������	��	4���N������	������������	Annals of Applied Biology	/5K 	,,BN,8:��
.������P�� #>�B������� 	 C,-.<D	 9����������	 ������	 �������	 ��	 �	 ���	 0��	 ���������	

���0	 ����	 ����5	 ���	 �������	 0��	 ������	 ���������	 Journal of Integrative Plant Biology	

56 	BN.<��
.�
������%	C,--8D	2��������	�00���	�0	������	������	���	4���	�����F	��
��������	

0��	 4���N������	 ������������	 ����	 ���	 #���������	 A����������	 �0	 ��	 �����	

M�����	 C�#AD�	 9&2�#3>2���	 
�����������	 ���4��	 ,	 ��"	 ,-./�	

S�
FEE444�0������E��E�����������E
�0E4�-.o88�
�0s��
.	����� %%	 C.;;.D	 �00���	 �0	 4���	 ��0����	 ��	 ������	 ������������	 Journal of 

Experimental Botany	42 	.N.:��
.	��
��� #7>� "��)
� �%>� ��
�	� #C	 C,-.<D	 >������	 >��	 9������	 9���	 ����	

M�����	2�
�����	������	(��������	��	������	Plant Physiology	/66 	.;<8N.;//��
.��	
��%>�;�����
���������#,>�R����������%>�$�����%�	C,-.-D	%��	�����	��	

0����	���4�	�����F	���
����	�0	
�"����������	����������	�0	�����	"�����	Crop Science 

/-F	.<8@Y.<<@��

.�����'>�A����(�� C>�C����R>� ���(��7	 C.;;8D	 #	 �"�����	 �����	 ����������	 ���0	

��
������	���	����
������	�0	4���	
�����	Ecological Modelling	=/ 	8.Y<-��
.������� ' >�%��+��� 7�>� "���	� ;�	 C.;@@D	 M������	 0����������	 �0	 �
����	 4���	

����"
��F	 ��0������	 ��	 ���	 ���4�	 ���	 ����	 4���	 ��
������	 Agronomy Journal.	=K 	
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��
� �>� ;�	����� ;>� @����	���7	 C.;;8D	 >���������
�	 ��4���	 ������	 ����
�	

������������� 	 4���	 ���	 �00������"	 ���	 ����
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