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bstract

The objective of the research was to quantify the changes in the accumulation of dry matter and N and P content of four durum wheat (Triticum
urum Desf.) varieties grown on two soil types (sandy-loam and clay-loam), differing for texture, nitrogen content and water holding capacity.
lants were grown in containers and were rainfed until anthesis; irrigation was performed during grain filling to avoid water stress. The difference

n total vegetative weight and nitrogen and phosphorus content of plants between anthesis and maturity was used to indirectly estimate the relative
ontribution of pre-anthesis assimilation and remobilization to grain yield. The behaviour of the four varieties was similar as they ranked in
he same order for pre-anthesis and post-anthesis dry matter accumulation and grain yield and differences in soil characteristics induced similar
hanges in dry matter, N and P accumulation and remobilization. Soil type greatly affected the patterns of dry matter, N and P accumulation and
emobilization. Plants grown on clay-loam soil had higher dry weight and N and P content both at anthesis and at maturity and higher grain yield
t maturity, compared to plants grown on sandy-loam soil and the remobilization of dry matter, N and P were 75, 140 and 55% higher. Most of the

rain carbohydrates originated from photosynthates produced during grain fill, as the contribution of remobilization of dry matter to grain yield
id not reach 30%, while most of the grain N and P originated from the remobilization of N and P accumulated prior to anthesis as remobilization
f N accounted for 73–82% of grain N content and remobilization of P accounted for 56–63% of grain P content.

2006 Elsevier B.V. All rights reserved.

hosph

t
b
i
r
a
a
t
p
q
e
d

eywords: Accumulation; Dry matter; Durum wheat; Grain filling; Nitrogen; P

. Introduction

In cereals, the supply of assimilate to grain originates from
urrent assimilation transferred directly to kernels and from the
emobilization of assimilates stored temporarily in vegetative
lant parts (Austin et al., 1980; Gebbing et al., 1999; Santiveri
t al., 2004). Thus, reserves deposited in vegetative plant parts
efore anthesis may buffer grain yield against conditions adverse
o current assimilation during the grain filling period. Temporary
arbon storage in the vegetative parts occurs in the form of water-
oluble carbohydrates (WSC) such as glucose, fructose, sucrose
nd starch, but the main reserve is fructan, whereas temporary

itrogen storage occurs in the form of amino acids and proteins
Schnyder, 1993; Przulj and Momcilovic, 2001).

∗ Corresponding author. Tel.: +39 050 599217; fax: +39 050 540633.
E-mail address: amasoni@agr.unipi.it (A. Masoni).
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orus; Remobilization

Growing conditions from emergence to anthesis determine
he effective stem reserve storage. Total stem water-soluble car-
ohydrates in wheat at anthesis were shown to vary greatly
n different experiments, from 50 to 350 g kg−1 dry mass, as
eported by Kiniry (1993). Also N content at anthesis varies
mong genotypes, yet genotypic variation for total N content
t anthesis was associated primarily with variations in dry mat-
er (Austin et al., 1977; Banziger et al., 1994). After anthesis,
lants continue both growth and N-assimilation, and significant
uantities of N can be assimilated during grain filling (Austin
t al., 1977; Cox et al., 1985). Under optimal growing con-
itions, assimilation and storage of assimilates is high, while
hen carbon assimilation is reduced by stress, storage is reduced

Davidson and Chevalier, 1992; Blum, 1998).
Large variability in the contribution of assimilates stored
rior to anthesis to grain yield has been reported in wheat, and
he estimated proportion of yield provided by remobilization of
re-anthesis dry matter ranged from 7 to 57% (Gallangher et
l., 1976; Austin et al., 1977; Bidinger et al., 1977; Ehdaie and
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sis and maturity, utilizing a microirrigation system until field
capacity was reached.

Measurements of crop growth were done at anthesis, stage
60 of the scale of Zadoks on 15 May 2000 and 11 May 2001,

Table 1
Physical and chemical properties of the two soils used in the experiment

Character Soil texture class

Sandy-loam (%) Clay-loam (%)

Sand (2.0 > Ø > 0.02) 74.8 27.4
Silt (0.02 > Ø > 0.002) 18.6 37.3
Clay (Ø < 0.002) 6.6 35.3
pH 7.2 7.5
CaCO3 1.8 2.3
Nitrogen (Kjeldahl) 1.0 1.2
P2O5 (Olsen) 1.2 3.5
80 A. Masoni et al. / Europ. J

aines, 2001). The remobilization of previous assimilated N
ccounted for 51–91% of grain N content (Cox et al., 1985; Van
anford and MacKown, 1987; Papakosta and Gagianas, 1991).
ost of this variability can be attributed to differences in climate,

oil type effects, genotypes, and crop management. Environ-
ental conditions during the pre- and post-anthesis periods are

ikely to have different effects on dry matter and N accumula-
ion. Under stress conditions, Palta et al. (1994) estimated that
tored C and N contributed for 64 and 81% to total grain C
nd N, respectively. Van Herwaarden et al. (1998) showed that
nder dry field conditions, the apparent contribution of stored
ssimilates could be 75–100% of grain yield, as compared with
7–39% under high rainfall conditions.

Phosphorus uptake and translocation during grain filling in
heat has received much less attention. The amount of P in

he grain derived from translocation ranged from 11 to 100%,
ccording to P availability, climate, and genotypes (Batten et al.,
986; Papakosta, 1994).

Some of the variability of data in literature is however due
o the methodologies used for measuring remobilization. Most
nvestigations dealing with reserve contributions to grain fill-
ng have made estimates applying growth analysis methodology,
hich determines the mobilization of reserve material as the net

oss of dry matter in the vegetative above-ground plant parts
etween anthesis and grain maturity. However, this procedure
as been criticized, since respiratory losses involved with the
aintenance and redistribution of reserve photosynthate are not

onsidered, the role of roots as a potential source of pre-anthesis
is often ignored and the shedding of dead leaves that occur

uring grain filling may determine an overestimate of mobiliza-
ion (Bidinger et al., 1977; Kiniry, 1993; Gebbing et al., 1998;
rzulj and Momcilovic, 2001).

Other researches have estimated the contribution of pre-
nthesis reserves to grain labelling photosynthates and following
he fate of the label (Bell and Incoll, 1990; Gent, 1994). Since
uantification of the reserve contribution requires the labelling
f entire plants or canopies, such experiments have been small
n number and few have been conducted in field conditions.
owever, where growth analysis was combined with 14C pulse-

abelling, it was estimated that data coming from growth analysis
tudies are likely to have overestimated the true contribution
rom pre-anthesis assimilation (Austin et al., 1977; Gebbing et
l., 1998, 1999).

The objectives of this research were to examine the accumula-
ion of dry matter, nitrogen and phosphorus during the vegetative
nd reproductive periods and the contribution of pre-anthesis
ssimilates to the grain yield of durum wheat (Triticum durum
esf.) grown on two soil types differing for texture, nitrogen

ontent and water availability.

. Materials and methods

The experiment was carried out in 1999–2000 and 2000–2001

t the Department of Agronomy and Agroecosystem Manage-
ent of the University of Pisa in central Italy (40◦40′N, 10◦19′E

nd 1 m above sea level). The climate is cold, humid Mediter-
anean with mean annual maximum and minimum daily air
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emperatures of 20.2 and 9.5 ◦C, respectively, and precipita-
ion of 971 mm, with 663 mm received during the wheat cycle
hat is from November through June (Moonen et al., 2001). In
oth years the maximum and minimum temperatures and rainfall
ere in line with the 120-year averages in both years.
In each year, treatments were two soil types, sandy-loam (SL)

nd clay-loam (CL), and four durum wheat varieties, Cirillo,
reso, Duilio and Grazia. The four durum wheat cultivars used
re widely grown in Central Italy. Cirillo and Grazia are new
igh-yielding varieties, Creso is an old, medium-yielding sta-
le variety, and Duilio is considered an intermediate type with
espect to the ratio between grain yield and grain protein concen-
ration. All varieties were released in Italy. The experiment was
rranged in a randomized block design with three replications
containers). The research was carried out using 48 contain-
rs (24 for each sampling stage) of 100 L volume (0.25 m2

rea and 0.4 m height). Containers were placed outdoors and
rranged in three rows of 16, spaced 10 cm, and were embedded
n vermiculite to smooth daily fluctuations in soil temperature.
ontainers were filled with two soils differing in textural prop-
rties, which were tamped to about original soil bulk density.
replant soil samples were taken from containers to determine

heir physical and chemical properties. Field capacity and per-
anent wilting point were also determined for each soil type at

3 and 1500 kPa soil water tension using the pressure chamber
ethod. Soil properties are reported in Table 1.
The four durum wheat cultivars were sown on 17 Novem-

er 1999 and 19 November 2000 at a rate of 400 seeds m−2 in
ows spaced 15 cm apart. Fertilization consisted of 60 kg ha−1

as urea, 100 kg ha−1 P2O5 as triple super phosphate and
00 kg ha−1 K2O as K2SO4 fertilizer applied preplanting, and
20 kg ha−1 N as urea applied sidedress at stage 31 of the scale
f Zadoks et al. (1974) on 1 March 2000 and 8 March 2001.
ertilizer rates were those conventionally applied in Tuscany to
urum wheat. Irrigation was performed when necessary to avoid
ater stress that may occur in containers especially during grain
lling. As a whole, two irrigations were applied between anthe-
2O (Dirks–Sheffer) 1.4 8.6
rganic matter (Walkley and Black) 1.9 2.3
ield capacity 12.3 27.4
ermanent wilting point 5.3 16.3



. Agro

a
2
a
i
n
b
w
r
p
p
(
t
t
r
g

N
d

1

o
r
d
d

r
t
o
a
D
w
t

3

w
e

3

G
y
o
w
g
k
o

l
y
o
t
p

p
d
i
was 212 g m−2 at anthesis and 170 g m−2 at maturity, and that
of roots was 90 and 53 g m−2. The dry weight of culms was
significantly lower for Duilio, compared to the other varieties
(Table 3). Spike dry weight was higher for Cirillo and Grazia

Table 2
Grain yield, number of spikes and number of kernels per spike

Treatments Grain yield (g m−2) Spikes (n m−2) Kernels per spike (n)

Variety
Cirillo 381.2 a 419 b 21.8 a
Creso 331.6 b 462 a 17.4 c
Duilio 360.0 ab 427 b 20.3 b
Grazia 398.8 a 442 ab 22.5 a

Soil type
Sandy-loam 216.8 b 431 a 40.8 a
Clay-loam 519.0 a 434 a 41.5 a

Variety and soil type mean values. Within treatment variety and soil type, num-
bers followed by the same letter are not significantly different at P ≤ 0.05.

Table 3
Dry weight of culms and spikes at anthesis and maturity

Variety Dry weight (g m−2)

Culms Spikes

Anthesis Maturity Anthesis Maturity

Cirillo 551.7 a 488.0 a 109.6 ab 547.3 ab
Creso 532.4 a 456.0 ab 96.8 b 489.0 c
A. Masoni et al. / Europ. J

nd at physiological maturity, stage 90 on 19 June 2000 and
0 June 2001. All plants in containers were cut at ground level
nd were separated into leaves, culms and spikes at anthesis and
nto leaves, culms, chaff and grain at maturity. Harvest index,
umber of spikes per unit area, mean kernel dry weight and num-
er of kernels per spike were also measured at maturity. Roots
ere separated from the soil by washing with water until the

oots were totally clean. For dry weight determination all plant
arts were oven dried at 70 ◦C to constant weight. Plant sam-
les were analyzed for nitrogen (microKjeldahl) and phosphorus
ammonium–molybdophosphoric blue color method) concen-
rations and N and P contents were calculated by multiplying
he N or P concentration by dry weight. Nitrogen and phospho-
us harvest index were also calculated as: (N or P content of
rain/N or P content of aerial plant part) × 100.

Moreover, the following parameters, related to dry matter and
and P accumulation and remobilization within the wheat plant

uring grain filling, were calculated:

1. Post-anthesis dry matter, N and P accumulation as the dif-
ference between dry matter, N or P content of the whole
plant at anthesis and at physiological maturity.

2. Dry matter remobilization (DMR) = dry matter of the whole
plant at anthesis − dry matter of roots, leaves, culms and
chaff at maturity.

3. Nitrogen remobilization (NR) = N content of the whole
plant at anthesis − N content of roots, leaves, culms and
chaff at maturity.

4. Phosphorus remobilization (PR) = P content of the whole
plant at anthesis − P content of roots, leaves, culms and
chaff at maturity.

5. Dry matter remobilization efficiency = (DMR/dry matter of
the whole plant at anthesis) × 100.

6. Nitrogen remobilization efficiency = (NR/N content of the
whole plant at anthesis) × 100.

7. Phosphorus remobilization efficiency = (PR/P content of the
whole plant at anthesis) × 100.

8. Contribution of dry matter remobilized assimilates to
grain = (DMR/dry matter of grains at maturity) × 100.

9. Contribution of remobilized nitrogen to grain N con-
tent = (NR/N content of grains at maturity) × 100.

0. Contribution of remobilized phosphorus to grain P con-
tent = (PR/P content of grains at maturity) × 100.

For the estimate of DR, NR and PR it was assumed that all
f the dry matter and N lost from vegetative plant parts were
emobilized to the developing grain, since losses of dry matter
ue to plant respiration and losses of N due to volatilization
uring grain filling were not determined.

Data were statistically treated by ANOVA, performed sepa-
ately for each harvest in order to test the main effects of year, soil
ype and variety and their interactions. Because the main effect
f year and its interactions were not significant a successive

nalysis of variance was carried out using years as replications.
uncan’s multiple range test was used to separate the means
hen the ANOVA F-test indicated a significant effect of the

reatment (Steel and Torrie, 1980).
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. Results

For all characters, the soil type × variety interaction effect
as not significant; therefore, only variety and soil type mean

ffects are discussed in the paper.

.1. Dry matter

At maturity grain yield, averaged over soil type, was higher in
razia and Cirillo than in Creso (Table 2). Differences in grain
ield among varieties depended on differences of the number
f spikes per unit area and in the number of kernels per spike,
hile mean kernel weight was not affected (41 mg). The lower
rain yield of Creso was only associated to the lower number of
ernels per spike, since this variety showed the highest number
f spikes per unit area.

Averaged over varieties, grain yield was 519 g m−2 on clay-
oam soil and 217 g m−2 on sandy-loam soil. The higher grain
ield of plants grown on the clay-loam soil depended exclusively
n the higher number of kernels per spike, that increased over
wo-fold, while both mean kernel weight and number of spikes
er unit area were unchanged (Table 2).

Genotypic differences in the dry weight of the other plant
arts were low and reflected those of grain yield. At both stages,
ifferences in dry weight of leaves and roots were not signif-
cant, and averaged over all treatments, dry weight of leaves
uilio 478.2 b 411.2 b 97.4 b 521.1 b
razia 544.2 a 464.4 ab 116.0 a 570.0 a

ariety mean values. Within columns, numbers followed by the same letter are
ot significantly different at P ≤ 0.05.
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Table 4
Harvest index of dry matter, nitrogen and phosphorus

Treatments Harvest index (%)

Dry matter Nitrogen Phosphorus

Variety
Cirillo 31.8 ab 62.6 ab 77.8 a
Creso 29.5 b 59.1 b 72.2 b
Duilio 32.7 ab 60.2 b 75.0 a
Grazia 33.1 a 64.5 a 77.8 a

Soil type
Sandy-loam 25.9 b 52.5 b 64.3 b
Clay-loam 35.2 a 66.4 a 82.6 a
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Table 5
Post-anthesis dry matter accumulation (DMA), dry matter remobilized into grain
(DMR), dry matter remobilization efficiency (DMRE) and contribution of remo-
bilization to grain yield (DMRC)

Treatments DMA (g m−2) DMR (g m−2) DMRE (%) DMRC (%)

Variety
Cirillo 297.4 a 83.8 b 8.7 b 22.0 c
Creso 233.8 b 97.9 a 10.4 a 29.5 a
Duilio 278.8 ab 81.3 b 9.4 b 22.6 c
Grazia 295.8 a 103.0 a 10.6 a 25.8 b

Soil type
Sandy-loam 182.4 b 34.4 b 4.8 b 15.9 b
Clay-loam 370.4 a 148.6 a 12.9 a 28.6 a
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ariety and soil type mean values. Within treatment variety and soil type, num-
ers followed by the same letter are not significantly different at P ≤ 0.05.

han for Creso and Duilio at both stages (Table 3). The harvest
ndex did not differ greatly among varieties and ranged from
3.1% of Grazia to 29.5% of Creso (Table 4).

Soil type markedly affected the dry weight of all plant parts
xcept roots both at anthesis and at maturity stage. Averaged over
enotypes, the higher values of all plant parts were recorded on
lay-loam soil (Fig. 1). The dry weight of spikes and vegetative

arts of plants grown on clay-loam soil were 81 and 58% higher
han that of plants grown on sandy-loam soil at anthesis and 101
nd 49% higher at maturity. As a consequence, at maturity the

ig. 1. Dry weight of leaves, culms, spikes, and roots at anthesis and at maturity.
oil type mean values. In this and in the following figures, vertical bars indicate
tandard error.
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ariety and soil type mean values. Within treatment variety and soil type, num-
ers followed by the same letter are not significantly different at P ≤ 0.05.

arvest index of plants grown on clay-loam soil was 36% greater
ompared to plants grown on sandy-loam soil (Table 4).

From anthesis to maturity a decrease in dry matter was
bserved in leaves, culms and roots, whereas, owing to spikes
rowth, whole plant dry weight at maturity was 20–24% higher
han at anthesis. The amount of post-anthesis accumulated dry

atter differed among varieties: averaged over the two soils,
ccumulation was 6% higher in Cirillo and Grazia than in Duilio
nd 21% higher than in Creso (Table 5). Genotypic variation
as also observed for dry matter translocation during grain fill-

ng and for efficiency of biomass remobilization, with Grazia
nd Creso exhibiting 22% higher values than Cirillo and Duilio
or the former and 16% for the latter. The contribution of mobi-
ized dry matter to grain yield was higher than 22% and differed
mong varieties, with that of Creso being 14% higher than that of
razia and 32% higher than those of Cirillo and Duilio (Table 5).
ost-anthesis accumulation of dry matter was 3.5 times higher

han remobilization for Cirillo and Duilio and 2.9–2.5 higher for
razia and Creso.
The effect of soil type was striking on both post-anthesis

ry matter accumulation and remobilization (Table 5). Plants
rown on clay-loam soil had a 103% higher dry matter accumu-
ation compared to plants grown on sandy-loam soil and a 300%
igher dry matter remobilization. Remobilization efficiency was
lso 200% higher in clay-loam soil. As a result, the propor-
ion of mobilized reserves to grain yield increased from 16% in
andy-loam soil to 29% in clay-loam soil. Post-anthesis accu-
ulation of dry matter was higher than remobilization by over
ve fold in sandy-loam soil and by over two-fold in clay loam
oil.

.2. Nitrogen

At both stages, N concentration in all plant parts was not
ignificantly different among varieties and soil types. Averaged
ver all treatments, the N concentration decreased from anthesis
o maturity in leaves, culms and spikes, and it did not change in

oots (Fig. 2).

Genotypic differences in nitrogen content of different plant
arts were observed at both stages. At anthesis, varieties differed
nly for leaves and culms N content, in that values recorded for
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ig. 2. Nitrogen concentration of leaves, culms, spikes, and roots at anthesis
nd at maturity.

reso and Duilio were higher than those of Cirillo and Grazia
Fig. 3). At maturity, varieties showed differences in the nitrogen
ontent of culms, spikes and grain. The N content of culms was
igher in Creso than in the other varieties. In contrast, the variety
razia showed the highest N content of spikes and grain (Fig. 3).
Soil type modified N content of wheat plants at both stages.

he effect was statistically significant at anthesis for all plant
arts except roots, and at maturity for leaves, spikes and grain,

wing to the effect on dry matter yield (Fig. 4). As a conse-
uence, at maturity N uptake of the whole plant was 66% higher
n clay-loam soil compared to sandy-loam soil.

ig. 3. Nitrogen content of leaves and culms at anthesis, and nitrogen content
f culms, spikes, and grain at maturity. Variety mean values.
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ig. 4. Nitrogen content of leaves, culms, and spikes at anthesis, and nitrogen
ontent of leaves, spikes, and grain at maturity. Soil type mean values.

The ability to accumulate N in grain was influenced by variety
nd soil type, as Grazia and Cirillo showed nitrogen harvest
ndex 7% higher than Creso and Duilio (Table 4) and plants
rown on clay-loam soil had a 26% greater value (Table 4).

Most of N uptake occurred by anthesis and the proportion
aried with soil type, but not with variety. Plants grown on sandy-
oam soil accumulated a higher proportion of N before anthesis
93%), compared to plants grown on clay-loam soil (82%).
Post-anthesis accumulation of N in the whole plant was evi-
ent in all cultivars and soil types, due to accumulation of N
n spikes. Among varieties, during grain filling N accumulation
anked in the same order of dry matter accumulation (Table 6).

able 6
ost-anthesis nitrogen accumulation (NA), nitrogen remobilized into grain (NR),
itrogen remobilization efficiency (NRE) and contribution of nitrogen remobi-
ized to nitrogen content of grain (NRC)

reatments NA (g m−2) NR (g m−2) NRE (%) NRC (%)

ariety
Cirillo 1.6 a 5.1 a 53.7 a 76.1 b
Creso 1.2 b 5.3 a 51.5 a 81.5 a
Duilio 1.2 b 5.3 a 53.0 a 81.5 a
Grazia 1.9 a 5.2 a 54.2 a 73.2 b

oil type
Sandy-loam 0.6 b 3.6 b 45.6 b 85.7 b
Clay-loam 2.5 a 6.6 a 56.9 a 72.5 a

ariety and soil type mean values. Within treatment variety and soil type, num-
ers followed by the same letter are not significantly different at P ≤ 0.05.
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Fig. 5. Phosphorus concentration and content of leaves, culms, spikes, and roots
at anthesis and at maturity.

Table 7
Post-anthesis phosphorus accumulation (PA), phosphorus remobilized into grain
(PR), phosphorus remobilization efficiency (PRE) and contribution of phospho-
rus remobilized to phosphorus content of grain (PRC)

Treatments PA (g m−2) PR (g m−2) PRE (%) PRC (%)

Variety
Cirillo 0.6 a 0.8 a 61.5 a 57.1 b
Creso 0.5 a 0.8 a 57.1 a 61.5 a
Duilio 0.5 a 0.9 a 60.0 a 60.0 a
Grazia 0.5 a 0.8 a 61.5 a 57.1 b

Soil type
Sandy-loam 0.4 b 0.5 b 45.5 b 55.6 b
Clay-loam 0.7 a 1.2 a 70.6 a 63.2 a
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84 A. Masoni et al. / Europ. J

veraged over soil type, Cirillo and Grazia accumulated more
han Creso and Duilio (+75%). The effect of soil type was also
onsistent: plants grown on clay-loam soil had a four-fold higher
itrogen accumulation. The mass of remobilized N and the N
emobilization efficiency varied with soil type but not with vari-
ties. On average, varieties remobilized 5.2 g N m−2 and the
emobilization efficiency was 53%. Plants grown on clay-loam
oil remobilized a higher amount of N (+83%) than plants grown
n sandy-loam soil, although the N remobilization efficiency
ncreased only by 25%. Consequently, the contribution of N
emobilized to N content of grain was 12% higher in plants
rown on sandy-loam soil and the proportion of N remobilized
o N grain content was 9% higher for Creso and Duilio than for
irillo and Grazia.

The remobilization of nitrogen was higher than post-
nthesis accumulation in all treatments. The ratio remobiliza-
ion/accumulation did not vary among varieties, and N remo-
ilization was three to four times higher than N accumulation
or the four varieties, whereas, it was six-fold higher than N
ccumulation for plants grown on sandy-loam soil, and only 2.6
imes higher for plants grown on clay-loam soil.

.3. Phosphorus

Phosphorus concentration of all plant parts did not vary
mong varieties and soil types and decreased from anthesis
o maturity. Phosphorus content of all plant parts did not vary
mong varieties and soil types, with the exception of P con-
ent of grain, that was 0.9 g m−2 in plants grown on sandy-
oam soil and 1.9 g m−2 in plants grown on clay-loam soil.
rom anthesis to maturity P content decreased in leaves and
ulms, did not change in roots and increased four-fold in spikes
Fig. 5).

The ability to accumulate P in grain was different among
arieties, but the range in phosphorus harvest index was narrow,
anging from 72.2 to 77.8% (Table 4). Soil type greatly affected

harvest index that was 28% higher in plants grown on clay-
oam soil (Table 4).

From 68 to 75% of plant P recorded at maturity had been
ccumulated by anthesis. The proportion was not affected by
ariety and soil type.

Post-anthesis accumulation of whole plant P, remobilized P
rom vegetative plant parts and P remobilization efficiency did
ot vary substantially among varieties (Table 7). On average,
arieties accumulated 0.5 g P m−2 and remobilized 0.8 g P m−2

uring grain filling with a remobilization efficiency of about
0%. The contribution of remobilized P to P grain content dif-
ered among varieties, as Creso and Duilio showed 6% higher
alues than that of Cirillo and Grazia.

Soil type significantly affected the pattern of P accumula-
ion and remobilization and P remobilization efficiency. Plants
rown on clay-loam soil had a 75% greater post-anthesis P accu-
ulation, a 140% greater P remobilization and a 55% greater P
emobilization efficiency compared to plants grown on sandy-
oam soil. Also the contribution of P remobilization to P content
f grain was higher in plants grown on clay-loam soil, but the
ncrease was only 8% (Table 7).

p
m
d
t

ariety and soil type mean values. Within treatment variety and soil type, num-
ers followed by the same letter are not significantly different at P ≤ 0.05.

For all varieties grown on both soils, the remobilization of P
as1.3–1.8 times higher than post-anthesis accumulation of P.

. Discussion

In this study, most of the dry matter, nitrogen and phosphorus
etained in the wheat plant was accumulated before anthesis and
ignificant mobilization of dry matter, N and P from vegetative

lant parts to grain occurred during grain filling. However, dry
atter accumulation during grain filling was much greater than

ry matter remobilization, so that the contribution of remobiliza-
ion to grain yield did not reach 30%, while for N the reverse was
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rue and remobilization accounted for 73 to 82% of grain N con-
ent. Also for P, remobilization was greater than accumulation
uring grain filling, but differences among remobilization and
ccumulation were lower than for N. Thus, if most of the grain
arbohydrates originate from photosynthates produced during
rain filling and most of the grain N originates from the remo-
ilization of N accumulated prior to anthesis, the occurrence of
hotosynthesis-reducing factors during grain filling would affect
arbohydrates supply to grain more than N supply. The main-
enance of grain N accumulation, but a reduction in total grain
arbohydrates accumulation, would explain why grain protein
oncentration of wheat increases with drought and is inversely
elated to grain yield (Frederick and Camberato, 1995; Frederick
nd Bauer, 1999).

The four varieties showed a similar behaviour, as they ranked
n the same order for pre-anthesis and post-anthesis dry matter
ccumulation and grain yield, and differences in soil characteris-
ics induced similar changes in dry matter, N and P accumulation
nd remobilization. This response was consistent with the results
f Austin et al. (1980), Papakosta and Gagianas (1991), Nicolas
nd Turner (1993), who found that the genetic variation in the
re-anthesis contribution to grain yield was much less than the
ariation associated with the growing conditions of the crop.
owever, we recorded differences in grain yield among vari-

ties, with the oldest variety, Creso, showing the lowest value
nd the modernest one, Grazia, the highest. The higher grain
ield of Grazia was associated with a higher number of kernels
er spike, which confirms the results of Slafer et al. (1993) that
enetic yield gains in wheat are primarily due to an increase in
he number of kernels per unit area and, since spike number has
hanged little, in the number of kernels per spike.

Soil type greatly affected the patterns of dry matter, N and P
ccumulation and remobilization. Our results indicate that plants
rown on clay-loam soil had higher dry weight and N and P
ontent both at anthesis and at maturity and higher grain yield
t maturity, compared to plants grown on sandy-loam soil. The
oderate growth occurred before anthesis on sandy-loam soil

esulted in a low size of the sink, i.e. the spikes, and conse-
uently, the small assimilate demand for total grain growth is
reatly met by current assimilation during grain filling and low
emobilization is needed. Conversely, the high dry weight of
lants grown on clay-loam soil at anthesis resulted in high accu-
ulation of assimilates available for remobilization and high

ssimilate demand during grain filling. Thus dry matter, N and
accumulation and remobilization were very high.
The C to N ratio (w/w) of the accumulated and remobilized

aterials can be estimated assuming that the carbon concentra-
ion in DM is 50%. Thus, in this experiment, the C/N ratio of the
ccumulated material during grain filling was 152 in sandy-loam
oil and 74 in clay-loam soil, indicating a higher contribution
f carbohydrates than of proteins to accumulation in the for-
er. Conversely, the C/N ratio of the remobilized biomass was

.8 in sandy-loam soil and 11.3 in clay-loam soil. This indi-

ates a higher contribution of proteins to total pre-anthesis C
obilization in the former. Thus, it seems that accumulation

nd remobilization of carbohydrates and proteins are processes
hat compensate each other, since grain N concentration did not

b
c
p
o

nomy 26 (2007) 179–186 185

hange between soils. Obviously further investigation is needed
o establish a possible cause and effect relationship.

The different C/N ratio in mobilized biomass may indicate
ifferences in the sources of pre-anthesis mobilization: water-
oluble carbohydrates, soluble proteins, starch, organic acids,
ipids and structural carbohydrates (Gebbing and Schnyder,
999). Following Van Herwaarden et al. (1998) and Gebbing
t al. (1998) the contribution of water-soluble carbohydrates,
roteins and hemicellulose to remobilization differed between
heat crops grown with differential N fertilizer supply, indicat-

ng a different mechanism of partitioning of assimilates in the
lant. However, the relative contribution of the number of com-
ounds involved in remobilization to grain in different growing
onditions is still not clear and needs further elucidation.

The remobilization phenomenon, assessed in this paper by
alance sheets, is probably underestimated since respiratory
osts were ignored. However, the use of 14C has provided evi-
ence that the proportion of reserves used in respiratory pro-
esses is low, indicating that respiration relies largely on current
ssimilation rather than on mobilized reserves (Bell and Incoll,
990; Cruz-Aguado et al., 2000). Also N remobilization is esti-
ated in this research by subtracting non-grain N at maturity

rom total plant N at anthesis. This estimate may be slightly
igher than the actual remobilization, since it does not take into
ccount the loss of N through volatilization.

. Conclusions

Results demonstrate that there is no simple relationship
etween grain yield and the amount of reserves mobilized
uring grain filling in wheat. The four genotypes were similar
or dry matter yield and for N and P uptake, and their ranking
as almost the same for biomass and N accumulation, while for
accumulation no significant differences were observed. Soil

ype markedly affected the patterns of dry matter, N and P accu-
ulation and remobilization, in that plants grown on clay-loam

oil had higher dry weight and N and P content both at anthesis
nd at maturity, and higher grain yield at maturity. The moderate
rowth occurred before anthesis on sandy-loam soil resulted in a
ow source of assimilate and in a low potential sink; consequently
he small assimilate demand for total grain growth is greatly met
y current assimilation during grain filling. Conversely, the high
ry weight of plants grown on clay-loam soil at anthesis resulted
n high accumulation of assimilates available for remobilization
nd high assimilate demand during grain filling, so that grain
ield relies on both accumulation and remobilization. The rea-
on for the decreased dry matter production on sandy-loam soil
emains unclear, but a lower supply of nutrients and water seems
ikely.

With the increase of plant biomass and N status, the amount
f dry matter and nitrogen remobilized increased, and so also
he C to N ratio of the remobilized material. In contrast, the

to N ratio of the assimilated material decreased where plant

iomass was higher. This indicates a differential contribution of
arbohydrates and proteins to accumulation and remobilization
rocesses. The mechanism behind the use of different sources
f compounds in the plant should be investigated further.
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