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ABSTRACT

The experiments were laid out to understand the mechanisms causing yield limitations imposed by post-anthesis
water and nitrogen deficiencies in plants with modified source-sink ratios. Two soil-water regimes were allotted
to the main plots. At anthesis, three levels of N were applied: none, 25% and 50% of total the N supply. Spike-halv-
ing caused reduction in grain yield at both water regimes and all N supply levels, showing that the reduction in
grain number can not be compensated by a higher individual grain weight. Sink reduction by trimming 50% of the
spikelets reduced grain number per ear by 38.5% and increased individual grain weight by 12.0%, which shows the
plasticity in grain weight and grain set of wheat if sufficient assimilates are available. Additional nitrogen supply at
anthesis had no significant effect on the total aboveground biomass, but increased grain yield through more alloca-
tion of dry matter to grains. Our findings suggest that for rainfed wheat with optimum N supply and supplemental
irrigation, wheat growers should choose cultivars with a high grain number per ear and manage the crop to increase

grain number per unit of land (sink capacity).
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Wheat yields in the semi-arid regions are not only
limited by inadequate water supply, but also by N
shortage late in the cropping season. It becomes
clear that the physiological response of genotypes
to drought stress should be included in studies
investigating the interaction between N and water
management (Ahmadi and Baker 2001, Saint Pierre
et al. 2008). Fan and Li (2001) demonstrated that
depending on the level of N supply, N fertilization
could increase the agronomic N-use efficiency of
winter wheat, which significantly reduced with the
severeness of drought stress.

Efficient N use is crucial for economic wheat
production and the prevention of N emissions
to ground and surface water (Spiertz et al. 2006,
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Spiertz 2009), therefore, optimizing irrigation
regimes and nitrogen management taking into
account crop phenology will produce optimum
grain yields (Karam et al. 2009).

Improving attainable yields of wheat under stress
conditions requires knowledge of yield-determining
physiological processes such as adaptation to envi-
ronments with a broad range of climatic and edaphic
variation, diversity in plant traits and plasticity in
source-sink relationships (Reynolds and Trethowan
2007, Barnabas et al. 2008). Fan et al. (2005) found
that both leaf photosynthesis and grain starch ac-
cumulation could be promoted by nitrogen supply
under drought conditions. Madani et al. (2010) dem-
onstrated that late nitrogen supply at anthesis did
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increase grain yield more by alleviating sink limita-
tions than by increasing source strength. However,
there are more publications on the negative effects
of N under drought (Haberle et al. 2008, Sepaskhah
and Hosseini 2008, Singh et al. 2008).

Modern wheat cultivars were frequently charac-
terised as sink-limited (Matthew and Foyer 2001,
Acreche and Slafer 2009) and to attain maximum
grain set and yields, these cultivars require an
ample supply of N fertilizer (Kichey et al. 2007).
Findings show that post-anthesis nitrogen supplies
could increase grain yield by decreasing the sink
limitation (Madani et al. 2010). During the grain
filling period, resource availability, especially water
and nitrogen, determines the extent to which sink
and source contribute to yield formation. These
components are grain number per unit area (sink
size), amount of reserves able to be remobilized
to the grains and post-floral photosynthesis and
assimilation of carbon and N.

We hypothesize, that limited resource availability
will mainly result in resource restrictions by reducing
current photosynthesis, and less by sink limitations.
Therefore, the amount of mobile reserves in the
vegetative parts will determine the yield gap.

The objective of the study was to analyze the
effects of drought and nitrogen deficiency on
yield, biomass production, and partitioning of
assimilates in winter wheat under various source-
sink relationships, in order to assess the impact of
source capacity and sink strength on yield levels
and stability.

MATERIAL AND METHODS

Plant material and location. This study was
conducted under post-anthesis water and nitrogen
(N) stress with the winter wheat cultivar Chamran.
The experiments were carried out in Ramhormoz,
Iran, during the growing seasons of 2007-2008
and 2008-2009. The site is located at 31'16"N
latitude, 49°36'E longitude, with an altitude of
151 m above the sea level.

Weather and soil. This region has a hot climate,
with mean annual maximum and minimum daily
air temperatures of 32.7°C and 19.5°C, respec-
tively. The precipitation growing season of wheat
was 329 mm. Long-term (1978-2008) meteoro-
logical data are shown in Table 1. The soil was a
montmorillonite clay loam, low in total nitrogen
(4-5 g/kg), very low in organic matter (9-10 g/kg)
with a pH of 7.8 and Ec = 0.44 dS/m.

Experimental design. The field experiment was
laid out in a randomized complete block-design
with split factorial arrangement with three replica-
tions. Water regimes were allotted to main plots
and source: sink restrictions and post-anthesis
nitrogen supply to sub-plots.

Irrigation regimes and soil water control.
Furrow irrigation was applied. Prior to anthesis,
all the experimental units were irrigated uniformly
when the water soil content reached 75% of the
amount available (SWC), corresponding to the dif-
ference between the SWC at field capacity (6FC)
and wilting point (OWP).

Table 1. Long-term (1978-2008) meteorological data in Ramhormoz, Iran

Average of temperature (°C)

Monthly total of precipitation

Average of relative humidity (%)

minimum maximum (mm) minimum maximum
Jan 8.4 17.1 85 56 86
Feb 9.5 19.9 45.6 42 77
Mar 12.9 24.4 51.2 36 70
Apr 18.4 31.9 19.7 24 56
May 24.3 39.4 0 14 36
June 27.7 44.3 0 11 29
July 30.2 46 0 12 31
Aug 29.8 45.6 0 14 35
Sep 25.9 42 0 14 34
Oct 21.5 35.7 7.3 19 41
Nov 14.6 26.6 26.9 32 63
Dec 10.3 19.8 95.5 52 81
Annual 19.5 32.7 344.5 27 53
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Table 2. The mean squares of ANOVA for grain yield, total biomass, straw yield, harvest index, number of grains
per spike (NGS), 1000-grain weight (TSW) and total grain weight per spike (TGWS) in combined analysis of

2007-2008 and 2008-2009 data

sov g Smn bl s Meel e v Tows
Y 1 0.262" 7.308"s 10.33" 19.33* 53.89ns 113.2m8 0.023ns
Error (a) 4 0.045 1.098 1.264 32.02 28.71 19.86 0.004
A\ 1 126.2%* 393.0** 73.75** 2282.6%* 3388.7** 2476.6** 11.60%*
YW 1 0.072ns 0.063"s 0.272ns 0.350"s 9.153"¢ 26.65" 0.007
Error (b) 4 0.007 0.471 0.417 10.51 51.82 77.37 0.0006
N 2 2.389%* 1.347"s 6.998"s 295.1%* 396.4** 96.67* 0.221%*
S 4 18.61%* 41.86%* 5.468" 426.1%* 1123.5%* 288.6** 1.712%*
WN 2 0.147ns 0.729ns 1.260"s 65.5918 32.699M 99.41** 0.013"s
WS 4 4.658%* 38.06%* 18.92%* 114.0% 217.6%* 93.03* 0.428%*
NS 8 0.959%* 6.840* 8.249* 189.3** 102.6** 38.2718 0.088%*
WNS 8 1.063** 10.95** 6.705"¢ 61.86"¢ 47.89* 67.65* 0.101**
YN 2 0.529%* 3.278Ms 3.582n8 78.790s 73.66* 23.51ns 0.046**
YS 4 0.325%* 2.789ns 4.653"s 105.7* 69.81* 32.14"M 0.030**
YWN 2 0.899%* 0.055"s 1.208m 138.9* 82.24* 85.61M 0.081%*
YWS 4 0.024"s 0.548"s 0.749"s 23.34"s 18.36™ 60.98"s 0.002"s
YNS 8 0.057"s 3.806" 3.262M 46.40" 16.06™ 32.4708 0.005"s
YWNS 8 0.465** 4.619" 5.944ns 138.1** 31.250 35.16™ 0.043**
Error (c) 112 0.079 3.279 3.662 42.17 22.15 31.00 0.007

**P < 0.01; *P < 0.05; "*P > 0.05; Y — year effect; W — post-anthesis water regime effect; N — post-anthesis N supply;
S — effect of source-sink manipulation at anthesis; YW, WN, WS, NS, WNS, YN, YS, YWN, YWS, YNS, YWNS
represent interaction terms between the treatment factors

Soil water content (SWC) = 6FC — OWD,

Where: OFC and OWP are volumetric soil water contents
(%), respectively.

After anthesis, the control (W1) and under water
stress (W2) plots were irrigated when the soil water
content reduced to 75% and 25% of the available soil
water content, respectively. The volumetric water
contents at field capacity (OFC) and permanent
wilting point (OWP) were 42% and 20% on a per
volume basis, respectively. Therefore, the available
soil water content (BFC — BWP), volumetric soil
water content before irrigation in deficit (OWC +
25% SWC) and fully irrigated (BWC + 75% SWC)
plots were 22%, 27.5% and 36.5% on a per volume
basis, respectively.

The relationship between soil resistivity (R) and
volumetric water content (W) of experimental field
at 25°C is found to be given as W = 49. 2320012k,
R?=0.88; P < 0.01. During the growth season,
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this equation is used to convert measured soil
resistivity (R) by installed granular matrix sensors
(Watermark Soil Moisture Sensors, Irrometer Co.
Inc., Riverside, CA) to volumetric soil water content
(Karam et al. 2009; Madani et al. 2010). Granular
matrix sensors were located at two depths (20 and
40 cm) in the soil profile near the fibrous root zone.
For sensors installations, the hole was augured at
an angle of 45 degree with the horizontal plane to
prevent preferential water penetration down the
backfilled-augured hole. The pre-anthesis stage
(sowing to anthesis) is divided to tree sub-stages
consisting of sowing to tillering, tillering to stem
elongation, and stem elongation to anthesis. The
efficient root depths at the end of these three
stages were determined by 8 cm at tillering, 17 cm
at stem elongation, and 25 cm at anthesis. Hence,
the net irrigation amount (NIA) for all of the plots
during different reproductive stages, and the post-
anthesis net irrigation amount for deficit and fully
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Table 3. Means for grain yield, total biomass, straw yield, harvest index, number of grains per spike (NGS),

1000-grain weight (TSW) and total grain weight per spike (TGWS) as affected by source: sink manipulation at

anthesis, post-anthesis water and nitrogen supply in combined analysis of 2007-2008 and 2008—-2009 data

Grain yield Total biomass Straw yield Harvest index TSW TGWS
Treatments NGS
(t/ha) (%) (2

W1 4,132 11.982 7.842 35.212 31.39°  41.03° 1.252
w2 2.46P 9.02b 6.56" 28.09° 22.71°  33.61P 0.74P
N1 3.09¢ 10.672 7.582 29.27P 24.34¢ 38582 0.93¢
N2 3.31P 10.422 7.10 32.042 27.37P 37.3420 1.00P
N3 3.482 10.412 6.922 33.652 29452 36.00° 1.052
S1 4.27% 12.072 7.802 35.442 34722 37.53b 1.29°
S2 3.76P 11.02° 7.252 34.762 31.06"°  37.16" 1.140
S3 3.03¢ 9.91¢d 6.872 31.17° 26.38¢  35.02P 0.92¢
S4 2.454 9.284 6.832 27.31¢ 21.654 34.97b 0.744
S5 2.95¢ 10.22b¢ 7.26 29,52bc 21.444 41.922 0.89¢

W1, W2 — post-anthesis moderate irrigation and severe water deficiency, respectively. N1, N2, N3 - 0, 20.5, and 41
kg/ha N at anthesis, respectively. S1, S2, S3, S4, S5 — not source-sink manipulation, removal of flag leaf, removal

of all leaves but not flag leaf, removal of all leaves and ear halving, respectively. Means within each column of

each category followed by the different letters are significantly different (P < 0.05) according to Duncan test

irrigated plants to bring soil water content to field
capacity (OFC) was determined according to the
below formula:

NAI during sowing to tillering = (1/4 SWC x
RD)/(IE) = (1/4 (22) x 8)/(50) = 0.88 cm

NAI during tillering to stem elongation = (1/4 SWC
x RD)/(IE) = (1/4 (22) x 17)/(50) = 1.87 cm

NAI during stem elongation to anthesis = 1/4 SWC
x RD)/(IE) = (1/4 (22) x 25)/(50) =2.75 cm

NALI for fully irrigated plots = (1/4 SWC x RD)/(IE)
=(1/4 (22) x 25)/(50) =2.75 cm

NALI for deficit irrigated plots = (3/4 SWC x
RD)/(IE) = (3/4 (22) x 25)/(50) = 8.25 cm
Where: NAL SWC, RD, and IE are net amounts of irrigation
(mm), volumetric available soil water content (%), stage
effective rooting depths, and furrow irrigation efficien-
cies, respectively.

Nitrogen dosing and timing patterns.
Diammonium phosphate ((NH,),HPO,) and urea
(CO(NH,),) fertilizers were employed at a maximum
rate of 200 kg/ha and 100 kg/ha, which corresponds
to 36 kg and 46 kg N/ha, respectively. Therefore, the
maximum N supply amounted to 82 kg N/ha. In all
nitrogen treatments, one quarter of the total N was
applied at sowing and one quarter at tillering. At
anthesis, the N supply was 0, 20.5 and 41 kg N/ha,
resulting in an N supply of 41, 61.5 and 82 kg N/ha
for Nl, N, and N, respectively.
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Source: sink manipulation. Sink manipulations
at anthesis consisted of four defoliation levels
(control, removal of flag leaf, removal of all leaves
but not the flag leaf, and removal of all leaves)
which were done for all plants in each plot and
one spike halving, which was performed by cut-
ting the ears in two parts for whole spikes of each
experimental unit. The amount of dry matter and
N removed was not determined.

Agronomic practices and sampling. A subplot
size of 2 x 5 m, having 4 rows 5-meter long was
used and sowing was done in both sides of hills on
25 November 2007 and 5 December 2008 at the
rate of 450 plants per square meter. Uniformity of
sowing depth was achieved by using a hand dibbler
to make holes 3-5 cm deep. The spaces between
rows were 50 cm wide. Within each plot, an area of
2 m? was hand harvested on 5 May each growing
season to estimate the grain, biological and straw
yield. Dry weights were recorded after the plant
material had been oven dried at 70°C for 48 h. At
harvest, a random sample of 20 plants was chosen
from two middle rows for recording number of
grains per spike and 1000-grain weight. Harvest
index was calculated as the ratio of grain yield to
aboveground biomass. The following formula was
used for calculating the amount of stem reserves
mobilization to grain:
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Table 4. Means for grain yield, total biomass, straw yield, harvest index, number of grains per spike (NGS),

1000-grain weight (TSW) and total grain weight per spike (TGWS) as affected by two-way interactions between
all experimental factors in combined analysis of 2007-2008 and 2008-2009 data

Treatments Grain yield Total biomass Straw yield Harvest index NGS TSW TGWS
(t/ha) (%) (®
N1 3.922 12.262 8.33? 32.782 27.83P 43.62* 1.192
w1 N2 4.20? 11.782 7.572 36.672 32.18% 40.96%° 1.272
N3 4.272 11.902 7.622 36.19° 34.16° 38.51P 1.292
N1 2.25P 9.092 6.832 25.75P 20.85P 33.542 0.68P
W2 N2 2.423b 9.052 6.622 27.412b 22.552b 33.732 0.732b
N3 2.69° 8.932 6.232 31.11° 24,742 35.572 0.812
S1 3.962 12.092 8.122b 32.852 30.28? 39.25% 1.202
S2 3.39% 10.16% 6.76" 33.13? 25.29b 40.83% 1.032b
N1 S3 3.11P 9.932b 6.81P 32.262 27.032b 34.66P 0.94>
S4 2.24¢ 9.75P 7.512b 23.12b 19.54¢ 35.23P 0.68°¢
S5 2.72bc 11.442> 8.722 24.97b 19.55¢ 42.932 0.82b¢
S1 4.482 12.302 7.82b 36.192 36.322 37.78% 1.352
S2 3.58 11.95% 8.362 30.152 30.36%P 35.57P 1.092b
N2 S3 2.97b 9.85b¢ 6.872b¢ 30.542 26.66P¢ 34.06" 0.90P
S4 2.77b 8.68¢ 5.90¢ 33.492 23.68b¢ 36.80%P 0.84P
S5 2.76P 9.30°¢ 6.53b¢ 29.822 19.83¢ 42.492 0.83P
S1 4.382 11.832 7.442 37.28% 37.572 35.57P 1.332
S2 4.302 10.942b 6.642 41.00? 37.532 35.09P 1.302
N3 S3 3.01bc 9.96P 6.942 30.70b¢ 25.45P 36.342 0.91b¢
S4 2.30¢ 9.42b 7.072 25.33¢ 21.74b 32.87P 0.71¢
S5 3.37b 12.092 6.532 33.95P 24.95P 40.342 1.02b
S1 5.642 14.562 8.912 39.67° 42.482 41.842> 1.712
S2 4.69P 13.492 8.802 35.342b 34.51P 43.172b 1.42b
W1 S3 3.78¢ 11.27b 7.482b 34.652P 31.60° 36.87¢ 1.14¢
S4 2.824 9.34¢ 6.52P 31.58P 22.68¢ 38.77b¢ 0.854
S5 3.73¢ 11.24b 7.50%0 34.822b 25.69¢ 44,512 1.13¢
S1 2.912 9.592 6.682P 31.212b 26.972 33.23P 0.882
S2 2.832 8.540 5.71P 34.182 27.612 31.16° 0.862
W2 S3 2.28P 8.56P 6.272b 27.68bc 21.16° 33.17° 0.69"
S4 2.09P 9.222b 7.132 23.05°¢ 20.63P 31.17° 0.63P
S5 2.17° 9.192b 7.022 24.34¢ 17.20¢ 39.332 0.65°

W1, W2 — post-anthesis moderate irrigation and severe water deficiency, respectively. N1, N2, N3 - 0, 20.5, and

41 kg/ha N at anthesis, respectively. S1, S2, S3, S4, S5
moval of all leaves but not flag leaf, removal of all leave
of each category followed by the different letters are s
Categories are separated by blank rows

Amount of stem reserves mobilization to grain
(t/ha) — maximum stem dry matter after anthesis
(t/ha) - stem dry matter at maturity (t/ha).

Statistical analysis. Data were statistically ana-
lyzed using analysis of variance technique appro-
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— not source-sink manipulation, removal of flag leaf, re-
s and ear halving, respectively. Means within each column
ignificantly different (P < 0.05) according to Duncan test.

priate for randomized complete block-design with
post-anthesis nitrogen supply and source: sink
restriction factors split on water regime. Duncan’s
multiple range test (P < 0.05) was applied for mean
separation when F values were significant.
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RESULTS AND DISCUSSION

Yield under post-anthesis water stress. Grain
yield was significantly reduced by 40% due to severe
post-anthesis water deficiency (Tables 2 and 4).
This value is by 16% higher than the value reported
by Palta et al. (1994). Moderate water stress let to
a grain yield of 4.13 t/ha and a significantly higher
biomass (25%) and harvest index (20%) compared
to severe water stress (Table 2 and 3). It indicates
that post-anthesis water stress reduced both source
strength and sink capacity. The significant correla-
tion between grain yield and aboveground biomass
(r = 0.80, P < 0.01) and the low correlation with
harvest index (r = 0.38, P < 0.05) under severe
soil water stress indicates that the reduction in
grain yield due to post-anthesis drought was more
related to a reduction in post-anthesis dry matter
accumulation (source strength) than its allocation
to the grain. A shortage of assimilates due to water
stress during grain filling significantly reduced the
number of grains per spike from 31.4 to 22.7 and
1000-grain weight from 41.0 to 33.1 g (Tables 2
and 3). Grain yield and number of grains per spike
were strongly associated (r = 0.94, P < 0.01), in-
dicating that less allocation of assimilates to the
grains and a low harvest index were mainly due to
areduced number of grains per spike, rather than
to grain weight reduction. Grain number is usually
determined before flowering (Kichey et al. 2007);
thus, water stress after anthesis and during grain
filling can cause more reduction in grain weight
than grain number. However, Nicolas and Turner
(1993) demonstrated that across diverse genetic
materials, the correlation between rate of reduc-
tion in kernel weight by current photosynthesis
restriction and rate of reduction by drought stress
is significant (» = 0.81, P < 0.01).

Yield and post-anthesis nitrogen supply. More
post-anthesis nitrogen supply (N3 vs. N1) signifi-
cantly increased grain yield by 10% through an
enhanced dry matter allocation to grains, resulting
in harvest-index and total grain weight per spike
higher by 13 and 11%, respectively, without any
effect on post-anthesis dry matter production and
total biomass (Tables 2 and 3). Higher harvest
index and yield at additional N supply (N3) vs.
post-anthesis N deficiency (N1) was due to 17%
more grains per spike (24.3 vs. 29.5), and a sig-
nificant reduction by 7% in grain mass (Tables 2
and 3). This is not surprising because grain weight
is dependent rather on carbohydrate availability
than on N assimilate supply (Demotes-Mainard
et al. 1999).
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Yield and source: sink manipulation at anthe-
sis. Defoliation (source restriction), reduced dry
matter allocation to the grain, as well as dry matter
accumulation; therefore, the harvest-index and
total aboveground biomass were reduced equally by
around 24% after full defoliation (Table 3). Results
show that in strong source strength limited wheat,
the reduction of harvest index was associated
with reduction in current photosynthesis and dry
matter accumulation. Ear halving did not increase
the straw yield (Table 3). It seems that after sink
restriction, because of controlling the effect of
sink capacity on source strength (Figure 1), the
current photosynthesis was hampered (Madani
et al. 2010) and resulted in lower total biomass
(Table 3). Therefore, there were no further as-
similates in ear halved plants for incorporating to
stem or maybe further assimilates incorporated
to root instead of stem to increase nitrogen up-
take and use efficiency and increase sink capacity
through N related mechanisms (Figure 2). Only
after removal of all leaves, the individual grain
weight decreased by 7% (37.5 to 35.0 g) compared
to control plants (Table 3); but the number of grains
per spike already reduced after removal of flag leaf
leaves by 11% (34.7 to 31.1). This indicates that
source restrictions at anthesis exert its effect on
grain yield mostly through the number of grains
per spike, rather than through individual grain
weight (Table 3). A 50% reduction in the number
of grains per ear is expected after post-anthesis
ear halving; however we found reduction of only
38% (34.7 to 21.4), and an increased grain weight
(37.5t0 42 g) of 10% (Table 3). A higher availability
of assimilates for spikelets in the half remaining
of the ear increased grain set which indicates the
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Figure 1. Relationship between grain yield reduction
after ear-halving at anthesis and yield reduction after
full defoliation at anthesis in combined analysis of
2007-2008 and 2008-2009 data
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Figure 2. Relationship between grain yield reduction
after source: sink manipulation at anthesis and grain
yield increase after post-anthesis sufficient N apply
(N3 vs. N1) under water stress in combined analysis
of 2007-2008 and 2008-2009 data

potential for further increases in grain weight and
grain set if ample assimilates are provided.
Water regime x nitrogen supply. Under differ-
ent conditions produced by the combination of
the fertilization and irrigation levels, grain weight
per spike responded significantly to the increase
in the source-sink ratio (Tables 2 and 4). Under
moderate irrigation, additional N supply (N3 vs.
N1) at anthesis significantly reduced 1000 grains
weight (43.6 to 38.5 g) and increased number of
grains per spike (27.8 to 34.0) which caused the
equilibration of the total grain weight per spike
and grain yield in all N treatments (Table 4). Under
water stress, sufficient N supply (N3 vs. N1) in-
creased grains per spike and grain yield by 15.7 and
16.6%, respectively, without changing grain mass
(Table 4). This improved yield was mainly due to
an increase of the harvest index from 25.8 to 31.1%
(Table 4). It suggests that in wheat subjected to
post-anthesis water deficiency, additional N supply
at anthesis could increase dry matter allocation
to grain i.e. raise sink capacity. This finding is in
line with Ercoli et al. (2008). Under water stress,
adding N to N-deficient plants increased amount
of dry matter remobilized to grains and source
strength based on reserves build up during the
pre-floral period (Figure 3). Under water stress,
nitrogen consumption could raise the correlation
coefficient between grain yield and the number
of seeds per unit area (r = 0.15 to » = 0.49) and
inhibited further decease in sink capacity which
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Figure 3. Relationship between dry matter remobiliza-
tion to grains and grain yield for low (N1) and high
(N3) nitrogen supply under water stress in combined
analysis of 2007-2008 and 2008-2009 data

resulted in higher grain yield (Figure 4). Thus, we
showed that under water stress, increasing nitrogen
supply increased both the amount of dry matter
remobilized to grains and grain yield (Figure 3 and
Table 4). It was reported that a quadratic response
in grain yield and kernel number per square me-
ter was observed with increasing N levels in all
irrigation regimes (Pandey et al. 2001)

Water regime x source: sink restrictions. Flag
leaf removal under severe post-anthesis drought
stress had no significant effect on grain yield and
grain yield significantly reduced just after more
defoliation (Table 4). On the contrary, under mod-
erate irrigation, cutting whether the flag leaf blade
or more leaves significantly reduced grain yield
(Table 4). These results showed that the source
strength was not additionally limited by the de-
foliation under low soil water contents. It was
reported that the number of grains per unit land
area was reduced slightly by defoliation, and in
most cases not significantly, except when all leaves
were removed (Aggarwal et al. 1990). Under both
moderate irrigation and water stress conditions,
ear halving significantly decreased grain yield by
34 and 25%, respectively (Table 4). This result
indicates that sink strength was limited in both
water regimes but mostly under high water soil
content. Under moderate irrigation, full defoliation
significantly decreased the straw yield by 26.82%
(from 8.91 to 6.53 t/ha) but ear halving could not
increase vegetative biomass (Table 4). It indicates
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Figure 4. Relationship between number of grains per
square meter and grain yield for low and high N supply
under water stress in combined analysis of 2007-2008
and 2008-2009 data

that under high water content, source strength
was limited and assimilates could not meet the
grain demand without support of stem reserves.
In ear-halved plants, drought stress significantly
decreased grain yield, total above ground biomass
and harvest index by 34.22% (3.36 to 2.21 t/ha),
18.23% (11.24 to 9.19 t/ha) and 30.09% (34.82 to
24.34%), respectively (Table 4). This shows that
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Figure 6. Relationship between yield reduction due to
post-anthesis water stress and yield increase due to
higher N supply in combined analysis of 2007-2008
and 2008-2009 data
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Figure 5. Relationship between yield reduction due to
post-anthesis water stress and yield loss due to source:
sink manipulation in combined analysis of 2007-2008
and 2008-2009 data

when the sink is restricted, post-anthesis water
deficiency increases sink limitation through lower
current photosynthesis and dry matter allocation
to grains.

N supply x source: sink restrictions. In control
plants (S1) and flag leaf removed ones (S2), more
N supply at anthesis (N3 vs. N1) could increase
grain yield by 9.6% (from 3.96 to 4.38 t/ha) and
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Figure 7. Relationship between dry matter remobiliza-
tion to grains and grain yield for control, ear-halved and
fully defoliated plants under water stress in combined
analysis of 2007-2008 and 2008-2009 data
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21.2% (from 3.39 to 4.30 t/ha) (Table 4). After ear-
halving, late N supply (N3 vs. N1) increased grain
yield, harvest index, grain per spike by 19.3% (from
2.72 to 3.37 t/ha), 26.5% (from 25.0 to 34.0%) and
21.5% (from 19.6 to 25.0), respectively (Table 4),
but decreased the biomass by 13.4% (from 11.44
to 9.91 t/ha) without any effect on grain mass
(Table 4). This suggests that late N increased grain
yield of sink-restricted wheat more by dry matter
allocation to grains than by increasing current
photosynthesis and source strength. Madani et al.
(2010) showed that post-anthesis nitrogen supply
increases grain yield through an alleviation of sink
limitations, rather than increasing source strength.
Grain yield loss due to N deficiency was bigger in
control plants than in plants with source or sink
restrictions (Figure 2), indicating that under low
soil water contents, nitrogen-use-efficiency is
strongly related to both sink capacity and source
strength. Therefore, greater grain set, more current
photosynthesis, and reserve reallocation to grains
may result to more NUE. Anbessa et al. (2009)
reported that reduction in N fertilizer require-
ments in barley while maintaining yield may be
achieved through breeding by targeting increased
yield potential in association with higher NUE.

Yield reduction due to water stress (ranging from
40% to 55%) correlates positively to both source
strength and sink capacity (Figure 5), indicating
that increasing both grain set and photosynthesis
capacity would be a constructive method for im-
proving WUE. Wheat plants responded to nitrogen
and water simultaneously. Thus, relative yield
increase due to more N increased when yield loss
due to water stress reduced (Figure 6).

It was reported that dry matter remobilization
to grains is strongly and positively related to sink
capacity than source strength (Blum 1994). Thus,
under low (< 1.5 t/ha) amounts of reserves remo-
bilization, more N supply could not increase grain
yield, but when the amount of dry matter remo-
bilized to grain was more than 2.5 t/ha (capable
sink), post-anthesis N could increase grain yield
by more than 25% (3 to 4 t/ha) (Figure 3). Dordas
(2009) showed that dry matter translocation was
on average by 22% higher at the fertilized treat-
ments compared with the control, which indicates
that fertilization made plants translocate higher
amount of dry matter. It seems that higher N sup-
ply would increase grain set or inhibit its further
reduction due to water stress conditions, as well
as increase source strength based on the reserves
built up during the pre-floral period. Under water
stress, full defoliation reduced the grain yield and
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reserves reallocation to grains (Figure 7), indicating
that little source limitation is based on reserves
build up during the pre-floral period and does not
depend on current photosynthesis.

REFERENCES

Acreche M.M,, Slafer G.A. (2009): Grain weight, radiation in-
terception and use efficiency as affected by sink-strength in
Mediterranean wheat released from 1940 to 2005. Field Crops
Research, 110, 98-105.

Aggarwal P.K., Fischer R.A., Liboon S.P. (1990): Source: sink rela-
tions and effects of post-anthesis canopy defoliation in wheat at
low latitudes. Journal of Agricultural Science, 114: 93-99.

Ahmadi A., Baker D.A. (2001): Effect of drought stress and drought
tolerance heredity on nitrogen efficiency of winter wheat.
Journal of Agricultural Science, 136: 257-269.

Anbessa Y., Juskiw P., Good A., Nyachiro J., Helm J. (2009): Ge-
netic variability in nitrogen use efficiency of spring barley.
Crop Science, 49: 1259-1269.

Barnabas B., Jager K., Feher A. (2008): The effect of drought and
heat stress on reproductive processes in cereals. Plant, Cell
and Environment, 31: 11-38.

Blum A., Sinmena B., Mayer J., Golan G., Shpiler L. (1994): Stem
reserve mobilization supports wheat grain filling under heat
stress. Australian Journal of Plant Physiology, 21: 771-781.

Demotes-Mainard S., Jeuffroy M.H., Robin S. (1999): Spike dry
matter and nitrogen accumulation before anthesis in wheat as
affected by nitrogen fertilizer: relationship to kernels per spike.
Field Crop Research, 64: 249-259.

Dordas C. (2009): Dry matter, nitrogen and phosphorus accumu-
lation, partitioning and remobilization as affected by N and
P fertilization and source-sink relations. European Journal of
Agronomy, 30: 129-139.

Ercoli L., Lulli L., Mariotti M., Masoni A., Arduini I. (2008): Post-
anthesis dry matter and nitrogen dynamics in durum wheat as
affected by nitrogen supply and soil water availability. European
Journal of Agronomy, 28: 138—147.

Fan X.L., Li Y.K. (2001): Effect of drought stress and drought
tolerance heredity on nitrogen efficiency of winter wheat.
Journal of Plant Nutrition, 92: 62—63.

Fan X.L., Jiang D., Dai T., Jing Q., Cao W. (2005): Effects of nitrogen
supply on flag leaf photosynthesis and grain starch accumulation
of wheat from its anthesis to maturity under drought or water
logging. Journal of Applied Ecology, 16: 1883—-1888.

Haberle J., Svoboda P., Raimanova . (2008): The effect of post-
anthesis water supply on grain nitrogen concentration and
grain nitrogen yield of winter wheat. Plant, Soil and Environ-
ment, 54: 304-312.

Karam F., Kabalan R., Breidi J., Rouphael Y., Oweis T. (2009):
Yield and water-production functions of two durum wheat
cultivars grown under different irrigation and nitrogen regimes.

Agricultural Water Management, 96: 603-615.

PLANT SOIL ENVIRON,, 56, 2010 (5): 218-227



Kichey T., Hirel B., Heumez E., Dubios F., Le Gouis J. (2007): In
winter wheat (Triticum aestivum L.), post-anthesis nitrogen
uptake and remobilisation to the grain correlates with agro-
nomic traits and nitrogen physiological markers. Field Crops
Research, 102: 22-32.

Madani A., Shirani Rad A.H., Pazoki A., Nourmohammadi Gh.,
Zarghami R. (2010): Grain filling and dry matter partitioning
responses to source: sink modifications under post-anthesis
water and nitrogen deficiencies in winter wheat (Triticum
aestivum L.). Acta Scientiarum Agronomy, 32: 145-151.

Matthew J.P.,, Foyer C.H. (2001): Sink regulation of photosynthesis.
Journal of Experimental Botany, 52: 1383-1400.

Nicolas M.E., Turner N.C. (1993): Use of chemical desiccants
and senescing agents to select wheat lines maintaining stable
grain size during post-anthesis drought. Field Crops Research,
31:155-171.

Palta A.]., Kobata T., Turner N.C,, Fillery L.R. (1994): Remobiliza-
tion of carbon and nitrogen in wheat as influenced by post-
anthesis water deficits. Crop Science, 34: 118-124.

Pandey R.K., Maranville ].W., Admou A. (2001): Tropical wheat
response to irrigation in a sahelian environment. 1. Grain yield,
yield components, and water use efficiency. European Journal
of Agronomy, 15: 93-105.

Reynolds M.P., Trethowan R.M. (2007): Physiological interventions
in breeding for adaptation to abiotic stress. In: Spiertz J.H.J.,
Struik P.C., Van Laar H.H. (eds): Scale and Complexity in Plant
Systems Research: Gene-Plant-Crop Relations. Wageningen UR
Frontis Series, Springer, 129-146.

Saint Pierre C., Peterson C.J., Ross A.S., Ohm J.B., Verhoeven M.C.,
Larson M., Hoefer B. (2008): Winter wheat genotypes under
different levels of nitrogen and water stress: changes in grain
protein composition. Journal of Cereal Science, 47: 407-416.

Sepaskhah A.R., Hosseini S.N. (2008): Effects of alternate furrow
irrigation and nitrogen application rates on yield and water- and
nitrogen-use efficiency of winter wheat (Triticum aestivum L.).
Plant Production Science, 11: 250-259.

Singh A K., Tripathy R., Chopra U.K. (2008): Evaluation of CERES-
Wheat and CropSyst models for water-nitrogen interactions in
wheat crop. Agricultural Water Management, 95: 776-786.

Spiertz J.H.J. (2009): Nitrogen, sustainable agriculture, and food
security. A review. Agronomy for Sustainable Development.
(In press) DOI: 10.1051/agro/2008064.

Spiertz J.H.J., Hamer R.J., Xu H.Y., Primo-Martin C., Don C,,
van der Putten P.E.L. (2006): Heat stress in wheat; effects on
grain weight and quality within genotypes. European Journal
of Agronomy, 25: 89-95.

Received on October 1, 2009

Corresponding author:

Ahad Madani, Islamic Azad University, Department of Agronomy and Plant Breeding, Gonabad Branch, Gonabad, Iran

phone: + 98 213 338 4043, e-mail: madani_ahad@yahoo.com

PLANT SOIL ENVIRON,, 56, 2010 (5): 218-227

227



