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Leaf dynamics and crop water status throughout the growing cycle
of durum wheat crops grown in two contrasted water budget conditions
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Abstract — Leaf and crop water measurements were analysed dynamically throughout the cycle of two crops of durum wheat subjected to
contrasting conditions of water supply. The objectives were to compare short- and long-term crop reactions to water deficit, based on some
hypotheses from the literature. Water status measurements were of the first type and phenological or morphological measurements of the second
type. The droughted crop under a rainout shelter received no water between emergence and harvest, while the open-air crop was irrigated. Dynamic
plant morphological measurements consisted of leaf area index and specific leaf area, and those characterising plant water status dynamics
included predawn leaf water potential, bulk osmotic potential and the ratio of crop water uptake to evaporative demand. Continuous measurement
of the surface temperature on the two plots served to calculate a degree-days temperature scale, allowing comparison of the two crops. We found
that the droughted crop developed mechanisms of resistance to water deficit: the leaf area index and specific leaf area were reduced (from 6 to
1.5 m? m™2 and from 300 to 260 cm? g’1 for the maximum values of, respectively, the LAI and the SLA), the bulk osmotic potential was lower
(from -2 to —3 MPa) and the soil layer affected by root uptake was deeper (from 50 to 100 cm) than that of the irrigated crop. The amount of
water evapo-transpired by both crops was similar when related to climatic demand. Yet no clear relationship appeared between the specific leaf
area index and osmotic potential. Furthermore, there appeared to be a clear difference between the vegetative and reproductive phases of both
crops in terms of water functioning. The osmotic potential decreased markedly after anthesis and a peak of water uptake was observed in both
crops during the grain-filling phase, which may have been linked to the specific functioning of the flag leaf or the ear. While this study
demonstrated the efficiency of drought adaptive features in durum wheat, it also showed that the difference in the water behaviours of two
contrasted durum wheat crops could be of the same order of magnitude as the differences between the vegetative and reproductive phases.

durum wheat / phenology / specific leaf area / osmotic potential / leaf water potential / water uptake / early water stress

1. INTRODUCTION

When subjected to water deficit, plants develop both short-
and long-term reactions which are seldom compared, although
some evidence of a relationship between these two types of
reactions exists in the literature, suggesting causal and not just
empirical links.

Water deficit reduces the leaf area index of crops and this
constitutes a type of adaptation to water shortage, allowing the
plant to reduce its areas of gas exchange and consequently, its
evaporative surface, thus inducing a reduction in stress through
an improved balance between soil water availability and evap-
orative demand. The efficiency of this mechanism varies as a
function of species; it is particularly marked in wheat [11] and
sunflower [37]. The underlying processes are numerous: a
slowing in cell multiplication and hence the production of new
leaves, a reduction in cell expansion and an acceleration of
senescence.

In most annual crops, a low leaf area index due to water def-
icit is associated with low specific leaf area values (ratio of leaf
area to leaf mass). With respect to growth processes, itis known
that leaf expansion is the first process to be affected by water

* Corresponding author: brisson@avignon.inra.fr

deficit [7, 8], well before stomatal closure, which causes a
reduction in specific leaf area [24]. Senescence processes bring
about a remobilisation of carbon reserves from senescing to
functional leaves [12], which also tends to reduce the specific
leaf area.

Another response of plants to water deficit is a reduction in
the osmotic potential, due either to the passive concentration
of solutes resulting from dehydration, or to a net accumulation
of solutes. The latter mechanism, also called osmotic adjustment,
was demonstrated in wheat by Munns et al. [31] and Morgan
et al. [29]. It is considered to be characteristic of drought tol-
erance [23]. Munns [30] suggested that osmotic adjustment
might result from an increase in solutes, associated with a
reduction in cell expansion. When comparing various species,
Li et al. [24] demonstrated a relationship between specific leaf
area and osmotic adjustment.

In addition to crop water status (and independent of it), the
reproductive period of cereal crops has been shown to exhibit
different water responses from the vegetative period. The pres-
ence of grains, the favoured carbon sinks after anthesis, changes
the trophic relationships within the plant, which seems to have
consequences for stomatal behaviour on the flag leaf [6, 14].
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Table I. Mean values at 2 m of air temperature, radiation and poten-
tial evapotranspiration during the cycle (from emergence to harvest)
of irrigated and droughted crops.

irrigated droughted
Tmin (°C) 10.6 10.1
Tmax (°C) 21.6 24.3
Global radiation (MJ m~2 d1) 19 14
Potential evapotranspiration (mm d’l) 4.5 3.9

In durum wheat, the role of the ear as an organ for photosyn-
thesis and transpiration [3, 1] can also cause differences
between the vegetative and reproductive phases.

The aim of this study was to compare short- and long-term
crop reactions to water deficit, based on the above-mentioned
hypothesis from the literature. More specifically, a parallel
analysis is proposed of leaf measurements (leaf area index, or
LALI specific leaf area, or SLA), determinations of water deficit
(leaf water and bulk osmotic potentials) and water absorption
dynamically throughout a cropping cycle under two contrasting
conditions.

2. MATERIALS AND METHODS

2.1. Experimental design

Experiments were conducted at the INRA Research Centre
in Avignon, France (43°54’N, 4°48’E). Durum wheat (cv
Arcour) was sown on February 17, 1992 i ina 0.4-ha field. At
emergence, plant density was 180 plants m™ 2. The crop was cul-
tivated under both dry and wet conditions. Drought was
achieved by covering an 8 m x 50 m area with a permanent PVC
shelter throughout the growing cycle. This shelter excluded all
water from the time of emergence until harvest, while the crop
in the open air received 377 mm of water (rainfall + irrigation).
As a secondary effect, the shelter induced a change in the crop
microclimate, so that the two crops could not be considered as
growing under the same climatic conditions (Tab. I): a reduc-
tion in levels of incoming radiation (around 25%), midday air
temperature higher and midnight air temperature lower than in
the open air. The soil was a calcareous, loamy clay with a dis-
continuous stony band between 0.85 and 1 35 m Soil moisture
reached 90% of field capacity (0.31 m’ m 3) at emergence.
Complete nutrients, including 150 kg N ha™!, were applied at
sowing and then a further 50 kg N ha™! input was given to the
wet crop during stem elongation. The previous crop on this plot
had been a legume (soybean). In this paper, the crop under the
rainout shelter will be referred to as the “droughted crop”, and
the crop in the open air as the “irrigated crop”.

2.2. Measurements

The leaf area index (LAI) and specific leaf area (SLA) were
determined by sampling every 2—4 days from the beginning of
tillering until maturity, under both conditions. At each sam-
pling, plants from a 0.5 m? square were harvested, and a rep-
resentative sub-sample of 5 wheat plants removed for SLA

determ1nat10n The green leaves of both harvested samples
(0.5 m?and 5 plants) were dried at 70 °C for 3 days to determine
the green leaf dry matter. The leaf areas of plants in the sub-
sample were measured using a LICOR 3000 planimeter and the
SLA was determined as the ratio of the area to the dry matter
of the sub-sample leaves. The LAI was determined as the prod-
uct of the green leaf dry matter of the total sample divided by
the SLA of the sub-sample. At maturity, three sample areas of
0.25 m? were harvested to determine the grain yield, final
aboveground dry matter, and harvest index.

Predawn water potentials and bulk osmotic potentials were
measured on the uppermost fully expanded leaf. Samples of
5 leaves from each treatment plot were harvested from the time
of full soil cover (for the irrigated crop) until the beginning of
flag leaf senescence. Water potential was measured using the
pressure chamber technique on leaves inserted into a plastic bag
after removal from the plant. After freezing and thawing, the
bulk osmotic potentials were determined on the same leaves by
thermocouple psychometry using a Wescor C-52 chamber. The
bulk turgor potential was calculated as the difference between
the water and bulk osmotic potentials.

The soil water content was automatically recorded by capac-
itive probes [17] connected to a Delta-T datalogger. The probes
were located at 10 depths in the soil from 0.05 m down to 1.20 m.
The in-situ gravimetric calibration of each probe was repeated
8 times throughout the experimental period, and supplemented
by laboratory calibration in containers filled with the field soil.
There was one site of measurement per plot but the calibration
samples were collected at three locations in the plot. Field soil
bulk density was measured for both plots by sampling cylinders
of known volume. The precision of the water content measure-
ments derived from the calibration data is about 0.02 m* m™
Mercury tensiometers were installed at depths of 1 mand 1.20 m.
Using these measurements we calculated for each treatment the
depth of dried soil, as recommended by Gregory [18].

Climatic measurements for each section of the field included
air temperature, vapour pressure, net and global radiation, radi-
ative surface temperature, soil temperature at 0.02 m and wind
speed, and were recorded automatically every ten minutes by
the data logger. Most sensors were located at a height 0.80 m
above the canopy; infrared thermometers were placed at 2 m,
which corresponds to a soil sighted area of 1.10 m?.

2.3. Data processing

2.3.1. Logistic adjustments and tests on parameters

In order to compare the dynamics of LAI and SLA values
between different treatments, non-linear adjustments were based
on the assumption that these dynamics could be expressed as
the subtraction of two logistic curves (see Fig. 1):

Y = Y0+Ymax[ 1 - 1 }
1+exp(al(X-5b1)) 1+ exp(a2(X-52))

al, bl, a2, b2, Ymax and YO being the parameters to be esti-
mated, Y the LAI or SLA variable and X a temporal variable,
i.e. the sum of degree-days. To reduce the number of parameters
to be estimated, we imposed the parameter YO = 170 cm? g

for SLA and Y0 = 0 for the LAI. Adjustments were made using



Leaf dynamics and crop water status in durum wheat 153
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Figure 1. [llustration of the biological significance of parameters in
the double-logistic

equation Y = Y0 + Ymax|: L - ! }
1+exp(al(X-5b1)) 1+ exp(a2(X-52))

YO0 + Ymax is the value of the asymptote of both logistics (the former
representing gross growth and the latter senescence), (al, b1) and
(a2, b2) are the slopes and the abscisses of the inflexion points of
each logistic. In this example (parameters of Fig. 2b droughted crop)
Y0 = 0. and Ymax are much higher than the maximum Y value.

the Quasi-Newton method (Statistica© StatSoft, Inc.), based on
minimising the root mean square error. Each estimated param-
eter value was associated with a standard error, which made it
possible to define a confidence interval around the central
parameter value. Two curves were considered as being signif-
icantly different if the confidence intervals of at least one
parameter were disjoint. If the intervals overlapped for all
parameters, the curves could not be considered as being differ-
ent. In the event of over-parameterisation, diagnosed by the
software, the number of parameters was reduced by taking al =
a.

2.3.2. Calculation of evapotranspiration potential

The Penman-Monteith formula, as described by Perrier [33],
was used to estimate the evaporative demand. Breakdown of
the resistance to water vapour transfer into two terms (depend-
ent upon convective air conditions and upon the crop) made it
possible to account for the specific conditions induced by the
shelter. Methods used for greenhouse climate management
were applied to parameterising the coefficient for convection
exchanges (%,.) under the shelter and resulted in: &, = 0.007 +
0.0124u,,, where u,,, is the wind velocity at a height of 2 m.
For open-air conditions, we used the formula developed by
Choisnel etal. [13]: .= 0.007 + 0.0056u,,,. The canopy resist-
ance of the reference crop was derived from lysimeter meas-
urements and found to be equal to 60 s m! [13].

2.3.3. Calculation of water uptake

The daily soil water uptake was evaluated as the residue of
the soil water balance within the investigated soil zone (0.05—
1.20 m). The tensiometers showed that neither drainage nor
capillary rise occurred at the bottom of the soil profile. Runoff
was not taken into account.

Table II. Agronomic characteristics summarising the growth, devel-
opment and water functioning of irrigated and droughted crops from
emergence to maturity.

treatment irrigated  droughted

yield (tha™) 438027 1.88=0.09

Harvest Index 0.35 0.43
Anthesis (days after sowing) 102 85
Physiological maturity (days after sowing) 135 120

12.64 £ 1.51 4.36 =0.65
327084 2.01+0.70

Final dry matter (t ha’l)

Number of tillers per plant

Soil water uptake (mm) 266 144
Post-anthesis soil water uptake (proportion) 0.63 0.65
Cumulated potential evapotranspiration 484 351
until physiological maturity (mm)

Depth of soil dessicated (cm) 50 100

Available water in the root zone (to 1.2 m) 337-267 337-193

at emergence and at maturity (mm)

3. RESULTS

Table II, which summarises the agronomic behaviour of the
two crops, demonstrated that anthesis in the droughted crop
occurred 17 days earlier than in the open air. The structure of
the plant population obtained differed because of a low rate of
tillers combined with reduced leaf expansion in the droughted
crop. The total biomass and grain yields were markedly higher
in the irrigated crop. However, the harvest index for the drough-
ted crop was 23% higher than that of the irrigated crop. Despite
the absence of water input, the amount of water used was high
in the droughted crop, representing 41% of the evaporative
demand, which was not much less than the irrigated crop (55%).
This result could partly be explained by the soil depths explored
by the two crops. It should be noted that the camulative climatic
demand under shelter resulted from microclimatic modifica-
tions induced by the presence of this shelter (Tab. I) and also
from shortening of the cycle.

If air temperature was used to calculate phenological evo-
lution, the droughted crop was characterised by a cycle reduced
by 45 degree.days at the beginning of stem elongation and by
more than 200 degree.days at anthesis. If temperatures closer
to the thermal ambience of the plants were used (temperature
at 2 cm in the soil or radiative temperature), the phenological
evolution of the two crops tended to converge (Tab. III). Con-
sequently, in the remainder of this paper, we shall refer to the
sum of degree-days calculated using the radiative surface tem-
perature as the time base, considering this as the basis in terms
of physiological time or growing degree-days.

The difference in leaf growth was remarkable, with LAI
peaks of about 2 for the droughted crop and 8 for the irrigated
crop, and dynamics reflecting the shortening of the cycle
(Fig. 2). This time difference disappeared when calculations
were based on growing degree-days (Fig. 2b). Non-linear
adjustment of LAI dynamics demonstrated that they were sig-
nificantly different (Tab. IV).



154 N. Brisson, M.-L. Casals

Table III. Growing degree-days above 0 °C calculated with three dif-
ferent temperatures and starting 13 days after emergence.

phenological stage beginning of stem anthesis
elongation
treatment irrigated droughted irrigated droughted
Air temperature 464 419 1085 843
Radiative temperature 501 536 1074 1037
Soil subsurface temperature 463 507 1018 1019
(-2 cm)
9
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Figure 2. Leaf Area Index dynamics of the droughted and irrigated
crops on (a) a calendar time basis and (b) a growing degree-days basis,
calculated with the radiative surface temperature. The parameters of
the fitting curves are given in Table IV. Arrows situate anthesis.

In both crops, SLA dynamics exhibited two successive
increasing and decreasing phases. However, they differed signif—
icantly in terms of amplitude (maximum of around 250 cm g‘l
in the droughted crop and 300 cm? g’l in the irrigated crop) and
time delay (Fig. 3). Unlike the LAI, a delay was conserved
when SLA dynamics were expressed in terms of degree-days
(Fig. 3b). Intheirrigated crop, SLA values increased until head-
ing and remained roughly constant between heading and anthe-
sis, while in the droughted crop the increasing phase seemed
to stop at the beginning of stem elongation and the decreasing
phase started before anthesis.

In both crops, the leaf water potential and its bulk turgor and
osmotic components did not significantly evolve before anthe-
sis (Figs. 4, 5). The average values before anthesis were
—0.6 MPa and —0.8 MPa for leaf water potential, and —1.0 MPa
and —1.2 MPa for bulk osmotic potential in the irrigated and
droughted crops, respectively, and +0.4 MPa for bulk turgor in
both crops. After anthesis, bulk osmotic potentials decreased
while bulk turgor did not exhibit any significant evolution in
either crops (Fig. 5), though a peak could be observed after
anthesis. The leaf water potential remained relatively stable in
the irrigated crop while it significantly decreased in the drough-
ted crop.

320
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Figure 3. Specific Leaf Area dynamics of droughted and irrigated
crops on (a) a calendar time basis and (b) a growing degree-days basis
calculated with the radiative surface temperature. The parameters of
the fitting curves are given in Table V. Arrows situate anthesis.

Table IV. Parameters of the fitted curves of LAI dynamics relative to
growing degree-days. * Signifies that the resulting value is not signif-
icant at P > 0.95, so that the two curves are statistically different (P >
0.95).

X = GDD LAI (Fig. 2b)

treatment irrigated droughted
Ymax 6.16 £ 0.44 2.78 £3.81*
al -0.010 £ 0.001 -0.004 + 0.001
bl 520.6 +£28.2 500.8 + 372.4%*
a2 al al

b2 1292.1 +28.3 999.7 +339.0

Table V. Parameters of the fitting curves of SLA dynamics relative to
growing degree-days. The two curves are statistically different (P >
0.95).

X =GDD SLA (Fig. 3b)

treatment irrigated droughted
Ymax 1139+ 11.6 93.6 +30.0
al -0.010 £+ 0.003 -0.011 £ 0.004
bl 484.5+39.7 250.4 + 28.6
a2 —-0.010 £ 0.004 -0.003 £ 0.001
b2 1289.7 +41.4 962.9 +218.8

Figure 6 shows that no evident relationship could be seen
between the bulk osmotic potential and SLA values, although
after anthesis, SLA and bulk osmotic potential seemed to
decrease simultaneously.

The relative water uptake dynamics (Fig. 7), i.e. the ratio of
the actual water uptake to potential evapotranspiration, were
quite similar in the two crops. In particular, it could be seen that
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degree days
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Figure 4. Evolution of leaf water potentials (LP) and their compo-
nents, bulk turgor potential (T) and bulk osmotic potential (O) for irri-
gated (a) and droughted (b) crops. Arrows situate anthesis and stan-
dard deviations are given for each point.

even in the droughted crop, the ratio between uptake and eva-
potranspiration reached 1. Two uptake peaks were observed in
both crops: the first was concomitant with the increasing LAI
phase and the second occurred later, when LAI was decreasing
at the time when the ear had completely emerged. Anthesis
occurred between these two peaks.

4. DISCUSSION

The dryness experienced by the droughted crop was early
and essentially soil-related, as climatic demand was reduced
under the shelter. This type of drought is known to favour the
expression of mechanisms of drought adaptation [26, 41, 34, 21].

Of these mechanisms, drought escape, or the capacity of a
plant to shorten its phenological cycle under dry conditions, has
been demonstrated in wheat by several authors [2, 36]. In line
with the concept put forward by Idso et al. [22], the temperature
prevailing for our crops provided an explanation for this mech-
anism, and its continuous recording in the two experimental
areas served to calculate a scale of degree-days allowing com-
parison of the two crops.

Although we observed a marked difference in the foliage
dynamics of the two crops, differences in their yields were less
considerable, thanks in particular to a major increase in the har-
vest index. We had previously observed similar behaviour
under different climatic conditions [15, 11], which were
explained by Ludlow and Muchow [25] as being due to an
important contribution by pre-anthesis assimilates to grain fill-
ing. Passioura [32] suggested that crops subjected to early

B T irrigated
a) O T droughted
1.5 A -
m]
© m]
s "
|| '!I =]
[ ]
051 mm'blmg &%
n O - . O 0
O T T T T

200 600 1000 1400 1800
degree days

b)

MPa
[6)]
1

B LP irrigated
O LP droughted
'3 T T T T

200 600 1000 1400 1800
degree days

-0.5
-1 4
-1.5 1
© -2
o
= 25
-3 1 ®mOirrigated o
-3.5 4 OO droughted
_4 T T T T

200 600 1000 1400 1800
degree days

Figure 5. Treatment (irrigated in bold symbols and droughted in
open symbols) and comparison of the potentials: (a) bulk turgor
potential (T), (b) leaf potential (LP) and (c) bulk osmotic potential
(0O). For LP and O polynomial fittings of degree 3 are given.

drought tend to save soil water during the vegetative phase, to
the advantage of the grain-filling period. This may help to
explain the phenomenon observed, particularly since the rela-
tive water uptake of the droughted crop was similar to that of
the irrigated crop. As pointed out by Passioura [32], we also
verified that HI increased with the contribution of post-anthesis
to total water uptake (Tab. II).

In addition to this functional difference between the two
treatments, our results demonstrated different water behaviours
by crops in the vegetative and reproductive phases, whatever
the treatment. The pre- and post-anthesis periods of SLA
dynamics need to be analysed separately. Before anthesis, and
even before heading, the foliage was growing and corre-
sponded, together with stems, to the most important part of the
carbon sinks. Thus, during this period, the measured SLA was
the result of two processes: leaf expansion and carbon accumu-
lation. At the beginning of the cycle, the increasing SLA was
a sign that leaf expansion was more rapid than carbon accumu-
lation. After anthesis, the leaves had stopped growing and
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Figure 6. SLA as a function of osmotic potential and growth period
for both treatments.
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Figure 7. Comparison of three state variable dynamics: actual to
potential evapotranspiration (AET/PET), normalised SLA (SLA/
max(SLA)) and normalised LAI (LAI/max(LAI)) for (a) the irrigated
crop and (b) the droughted crop. Arrows situate anthesis.

grains were the preferential sink: SLA evolution depended
solely on carbon accumulation in green leaves (mainly flag
leaves). This SLA plasticity is linked to the non-structural com-
ponent of the leaf biomass [16], or, in other words, leaves seem
to actas areserve for assimilates when the sinks are not yet fully
developed. In the droughted crop, this process occurred earlier
during the vegetative phase because leaf expansion was limited
due to water deficit. In that case, the sinks not yet fully devel-
oped were first leaves and then grains. In the case of plants sub-
jected to water deficit, it is well known that the time elapsing
between the halt in leaf growth and stomatal closure causes a
reduction in specific leaf area [24]. Based on their study of sev-
eral durum wheat genotypes, Simane et al. [38] demonstrated
that the SLA was one of the factors best correlated with relative
growth rate, while the leaf index was not at all correlated. As
an application of these processes, in crop models the effect of
water deficit on LAI dynamics often occurs via a relationship
between the water deficit perceived by the roots and the SLA
[35, 40]. The difference in the LAI between the two crops was
accompanied by a difference in the SLA, indicative of a major
accumulation of biomass in the leaves of the droughted crop
from the beginning of stem elongation. Unlike the irrigated

crop, LAI and SLA dynamics were out of phase, thus confirm-
ing that the trophic equilibrium of the droughted crop differed
from that seen in the irrigated crop.

Liet al. [24] observed a relationship between a reduction in
SLA and that of the osmotic potential due to osmotic adjust-
ment, showing that osmotic adjustment resulted from an imbal-
ance between the production and consumption of photosynthates.
These authors explained that this imbalance could be attributed
to the delay between leaf growth and stomatal closure, and
observed that this delay varied considerably between different
grass species, or even between genotypes. They also demon-
strated that it was directly correlated with osmotic adjustment.
In their review articles, Blum [5], Munns [30] and Ludlow and
Muchow [25] referred to the close relationship between osmotic
adjustment and the reduction in plant growth observed by
numerous authors. During our study, no relationship between
SLA and osmotic potential could be seen during the growing
phase. One reason could be that we did not measure osmotic
adjustment, but just the decrease in bulk osmotic potential.
Nevertheless, the parallel between water and osmotic potential
dynamics during the vegetative phases suggested that the gen-
otype under study exhibited a high capacity for osmotic adjust-
ment [27], which corresponded to an increase in the concentration
of intracellular solutes [39]. Another reason is that the cited
studies concerned comparisons between genotypes and not
comparisons between treatments throughout a growing cycle.
That is to say, that growing processes can hinder or introduce
noise in the assumed relationship between SLA in the growing
phase and osmotic potential.

After anthesis, other mechanisms need to be invoked to
explain the water behaviours of both crops: a steep decline in
osmotic potential and a new phase of high water uptake during
the senescence phase of foliage. The decrease in the osmotic
potential of the flag leaf (the only leaf remaining green after
anthesis) and the reduction in its SLA could be explained by
its role as a reserve for grains. The reasons for the second peak
of water uptake may be two-fold. Numerous authors have dem-
onstrated that the water behaviour of the flag leaf is specific.
Davidson and Chevalier [14] clearly showed an increase in
wheat leaf conductance after heading. Furthermore, when
investigating sink/source relationships in wheat, Blum et al. [6]
assumed a possible relationship between the absence of repro-
ductive sinks and low stomatal conductance under the influence of
ABA. During a study of pearl millet, Henson and Mahlakshmi
[20] found that stomata remained open once panicles had
emerged. A second explanation is the role played by the ear and
its beards as transpiration organs. We know that beards are
endowed with stomata, and that in durum wheat, marked pho-
tosynthesis of the ear is an important source of assimilate for
grains [3, 1]. Based on radiative assessments, performed during
the same trials, we were able to demonstrate [12] that the radi-
ation intercepted by the ear was of the same order of magnitude
as the interception of one LAI unit, whatever the conditions
enjoyed by the plants.

Apart from dynamics, the global quantity of water evapo-
transpired by the droughted crop was very large and out of pro-
portion with its LAI In addition, because of the lack of water
supply, we can assume that direct evaporation from the soil was
low, unless capillary rises occurred within the soil depth explored
by roots, providing the surface layer with water that could be
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evaporated. Based on the curve ranges seen in Figure 6, it was
possible to conclude that the crop under shelter was not sub-
jected to water deficit, as the plants used the same quantity of
water as those in the open air. Thus, during our study, the leaf
area index did not seem to have been a factor limiting transpi-
ration. It is true that the sensitivity of stomata to water deficit
is lower under conditions of weak evaporative demand [10]. In
parallel, the roots of the droughted crop seem to have been par-
ticularly efficient, as testified by the depth of dessication, esti-
mated as being double that seen in the irrigated crop. The
relationship between osmotic adjustment and an increase in
root extraction capacity was demonstrated by Morgan and
Condon [28]. However, it seems unlikely that these results
could be explained by increased water entry into the plant,
resulting from a simple reduction in water potential [4]. Mor-
phological adaptations due to the earliness of stress, concerning
both shoots and roots, provide the most reliable explanations
for this behaviour [19, 11]. Based on anatomical observations,
Zagdanska and Kozdoj [42] showed that the flag leaf of wheat
subjected at an early stage to water deficit developed important
adaptative characteristics, and notably an increase in stomatal
density, allowing levels of photosynthesis comparable with
those seen in a control crop.

5. CONCLUSION

While our study clearly demonstrated the efficiency of
drought adaptive features in durum wheat, it also showed that
the difference in water behaviours of two contrasted durum
wheat crops could be of the same order of magnitude as the dif-
ferences between the vegetative and reproductive phases. It is
therefore important to compare crops at the same phenological
stages. After anthesis, specific mechanisms occurred which
were linked either to the role of the flag leaf or to the role of
the ear. This would require specific experiments in the future
because it appeared to be an efficient means of adaptation to
drought. One way to demonstrate the generality of the drought-
adaptive traits established during this study is to perform an
integrative approach based on soil-plant modelling, which was
indeed done by Brisson et al. [9] and Casals [12].
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