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Research

Wheat production has to increase approximately 50% 
from actual volumes to fulfill the global increase of food 

demand (Chand, 2009; Hall and Richards, 2012). As land cropped 
with wheat will hardly increase, most of this increment should be 
achieved through higher on-farm yields, which are closely linked 
to cultivars yield potential (Fischer and Edmeades, 2010; Hall and 
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ABSTRACT
Improving wheat (Triticum aestivum L.) yield 
potential via higher grain number per unit area 
(GN) may reduce average grain weight and 
consequently the yield increment would be 
low. Thirty-nine high-yielding modern cultivars 
differing in spike fruiting efficiency (FE) (num-
ber of grains per gram of no-grain spike) were 
grown under potential conditions during two 
temperature-contrasting years to study the level 
of source limitation during grain filling and rank 
the main physiological determinants of poten-
tial grain weight (PGW) and actual grain weight. 
The response of grain weight to a 100% higher 
source ranged from 0 to 25%, depending on 
cultivar and year. No general relationship was 
observed between PGW and FE. The stabilized 
grain water content, which was partially cor-
related with the endosperm cell number per 
grain (r2 = 48%, p < 0.05), was the main variable 
associated to grain weight variation (r2 = 77%, 
p < 0.00001) in both temperate and warm years. 
Genetic improvement focused on increasing 
the sink strength through higher GN is still an 
alternative to increase yield potential in modern 
cultivars as no source limitation during grain fill-
ing was observed. The improvement of FE could 
be used to increase GN and yield as no general 
negative relationship was observed between 
PGW and FE.
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Richards, 2012). Wheat yield potential is highly correlated 
with grain number per unit area (GN), which depends on 
the resource availability during preanthesis (Fischer, 1984; 
Sinclair and Jamieson, 2008). Yield improvement of wheat 
cultivars was based on the increment of GN, not only 
under potential growing conditions but also under sub-
optimal ones (Fischer, 1984, 2007; Calderini and Slafer, 
1998; Slafer and Araus, 2007; Fischer and Edmeades, 
2010). Therefore, when yield of cultivars released under 
different breeding eras is plotted against GN, a linear posi-
tive relationship is usually found (Calderini et al., 1999). 
Nevertheless, this relationship could become curvilinear 
as GN is further increased by genetic gains (Miralles and 
Slafer, 2007), evidencing a negative association between 
average grain weight (AGW) and GN that may have two 
possible causes. The first one considers that the reduc-
tion in AGW is a consequence of increased proportion of 
grains of lower potential grain weight (PGW) placed in 
distal position within the spikelets and/or the spike and/
or in secondary spike tillers (Miralles and Slafer, 2005; 
Acreche and Slafer, 2006). The second one considers that 
reductions in AGW are due to competition among grains 
by limited source during grain filling. Although the first 
noncompetitive hypothesis is the most validated up to date 
(Slafer and Savin, 1994; Borrás et al., 2004; Ahmadi et 
al., 2009; Zhang et al., 2010), recent studies revealed that 
source–sink co-limitation could occur in modern wheat 
cultivars (Acreche and Slafer, 2009; Sandaña et al., 2009). 
Determining the degree of source and/or sink limitation 
in wheat cultivars recently released to the market will help 
to draw strategies to improve yield potential in the future.

The increment of GN through breeding in Argen-
tina was achieved not only by increasing partitioning of 
dry matter to spikes at anthesis but also by improving the 
fruiting efficiency (FE) of the spikes (the grain number 
produced by unit of no-grain spike dry weight at anthesis 
or maturity) (Abbate et al., 1998). It has been recently sug-
gested that GN could be further improved by increasing 
the FE as the modern high-yielding cultivars released to 
the market during the last decade still show great variation 
of FE associated to GN (González et al., 2011). Never-
theless, some studies using a reduced number of cultivars 
reported a negative trade-off between FE and AGW in old 
(Fischer and HilleRisLambers, 1978) and modern high-
yielding cultivars (Ferrante et al., 2012). It has been sug-
gested that this negative relationship would be the con-
sequence of reduced PGW in cultivars with higher FE 
(Fischer, 2011; Ferrante et al., 2012). Therefore, increasing 
GN via higher FE of cultivars may result in a small yield 
improvement if AGW is decreased due to a concomitant 
reduction in PGW (Ferrante et al., 2012). As far as we 
are aware there are no studies reporting the relationship 
between PGW and FE and even fewer reporting that rela-
tionship in a large set of modern high-yielding cultivars.

The PGW is determined around anthesis, that is, ovary 
growth of fertile florets during preanthesis and endosperm 
cell number per grain (ECN) during postanthesis (Calde-
rini et al., 1999, 2001). The realization of this PGW and 
the final grain weight achieved would depend on grain 
growth (and the supply of assimilates) during postanthesis 
(Fischer, 2011). Grain growth during postanthesis is usu-
ally studied as the product between the rate of grain filling 
(RGF) and the duration of grain filling (DGF). The RGF, 
associated to the number of cells present in the endosperm 
(Brocklehurst, 1977; Gleadow et al., 1982), frequently 
explains the differences in grain weight among cultivars 
(Sofield et al., 1977; Bruckner and Frohberg, 1987; Egli, 
2004; Ehdaie et al., 2008). The grain growth is accompa-
nied by changes in grain water content, and the stabilized 
grain water content (SGWC) during the water plateau is 
positively associated with final grain weight (Schnyder and 
Baum, 1992; Lizana et al., 2010). To breed for maintain-
ing the AGW when GN is increased, it will be useful to 
determine the available variability in PGW among recent 
released cultivars and also the physiological processes asso-
ciated with realization of that PGW during postanthesis 
(i.e., degree of source limitation, RGF, DGF, and SGWC).

In this paper the physiology of grain weight determina-
tion was studied in a set of 39 modern high-yielding culti-
vars differing in FE, which were grown during two seasons 
under potential growing conditions (without hail, frost, 
or lodging and without water, nutrient, or biotic stress) 
(Fischer and Edmeades, 2010). The specific objectives were 
to determine (i) the degree of source limitation during 
grain filling, (ii) the variability of PGW, (iii) the relation-
ship between PGW, FE, and source limitation during grain 
filling, and (iv) the variability of RGF, DGF, SGWC, and 
ECN and their relationships with final grain weight.

MATERIALS AND METHODS
Growing Conditions and Plant Materials
The experiments were performed during 2007 and 2008 at 
Pergamino Research Station (33°51¢ S, 60°56¢ W), National 
Institute for Agriculture, Technology, and Husbandry, Per-
gamino, Ciudad de Buenos Aires, Argentina. The soil type is 
Arguidol and the N content (0–20 cm) reached approximately 
200 kg N ha-1 through fertilization. The natural rainfall was 
complemented by irrigation, and pests, diseases, and weeds 
were chemically controlled. The temperature was very con-
trasting between years, particularly during July, August, and 
November (Fig. 1a).

The 39 cultivars studied were released to the market from 
2000 to 2008 and are the highest yielding cultivars recom-
mended for the north Argentine Pampas (most of them tested 
under high input technology in the National Wheat Cultivar 
Yield Testing Trials) (Table 1). The cultivars represent a con-
tinuous twofold variation in FE ranging from 60 to 130 grains 
g-1 (González et al., 2011). They were grouped according to 
the crop length cycle to anthesis in late cultivars (LC) and early 
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Measurements and Analyses
When anthesis began in 50% of the plants in each plot (Z6.1) 
(Zadoks et al., 1974), 60 spikes of similar length and anthesis 
date (mostly from main stem and primary tiller) were tagged 
with two different colors: 30 white-tagged spikes were the con-
trol spikes and the other 30 blue-tagged spikes were trimmed 

cultivars (EC). Each group was sown at optimum date (first 
days of June for LC and first days of July for EC) and optimum 
planting populations (250 plants m-2 for LC and 300 plants m-2 
for EC) in seven rows 0.2 m apart and 5-m-long plots. Fur-
ther details about growing conditions and plant material can be 
found in González et al. (2011).

Table 1. Name of wheat cultivars studied with abbreviation (Abbrev.) used and year of release (YR) to the market. Modified from 
González et al. (2011).

Late cultivars Early cultivars

Name Abbrev. YR Name Abbrev. YR

Aca 303 A303 2002 Aca 601 A601 2003

Aca 304 A304 2004 Aca 801 A801 2004

Aca 315 A315 2006 Aca 901 A901 2006

Baguette P11 BG11 2004 Baguette P13 BG13 2001

Baguette 19 BG19 2006 Baguette 9 BG9 2007

BioINTA 2002 B2002 2006 BioINTA 1001 B1001 2004

BioINTA 3000 B3000 2004 BioINTA 1002 B1002 2005

BioINTA 3004 B3004 2006 BioINTA 1003 B1003 2005

Buck Baqueano BBQ 2007 BioINTA 1005 B1005 2008

Buck Guatimozin BGT 2001 Buck Bigua BBG 2002

Buck Malevo BML 2006 Buck Brasil BBR 2000

Buck Norteño BNR 2006 Buck Pingo BPN 2002

Buck Ranquel BRN 2006 DM Cronox DCR 2005

DM Themix-L DTH 2007 DM Onix DON 2004

INIA Tijetera ITJ 2001 INIA Churrinche ICH 2005

INIA Torcaza ITR 2005 INIA Condor ICN 2005

Klein Capricornio KCP 2004 Klein Castor KCS 2005

Klein Gavilan KGV 2004 Klein Tauro KTR 2005

Klein Guerrero KGR 2007 Klein Zorro KZR 2007

Sursem Nogal SNG 2006

Figure 1. (a) Mean and (b) maximum temperature during crop length cycle in 2007 and 2008. The range of dates when anthesis and 
maturity (estimated as yellow peduncle) were achieved in each cultivar group and year are insert in Fig. 1b. 07EC, year 2007 early 
cultivars; 07LC, year 2007 late cultivars; 08EC, year 2008 early cultivars; 08LC, year 2008 late cultivars.
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10 d after anthesis. In the trimmed treatment all of the spike-
lets from one side of the spike were removed. At harvest, these 
spikes were cut by hand and dried in an air forced oven for 72 
h. They were drilled in a single-spike machine and the number 
of grains (two subsamples of 2 g each) was measured with an 
automatic counter to obtain the grain weight in trimmed spikes 
(TGW) (used as an estimate of PGW) and grain weight in con-
trol spikes (CGW). Once the CGW and TGW were estimated, 
the relative grain weight response to trimming (RGWRT) was 
calculated (Eq. [1]):

RGWRT = [1 – (CGW/TGW)] × 100),  	  [1]

Dynamics of grain weight was studied on 12 main stem 
spikes tagged at anthesis. Fifteen different cultivars were studied 
each year, with only three LC and two EC measured in both 
years (Table 2). Twice a week one spike per plot was cut and 15 
basal grains (grain number 1 [G1] plus grain number 2 [G2]) of 
central spikelets were sampled to obtain fresh and dry weight 
after 72 h in an air forced oven. The RGF and DGF were cal-
culated from the bilinear regression model (Eq. [2]) fitted to the 
relation between dry weight and time from anthesis, expressed 
as calendar time (days) or thermal time (grade centigrade days 
[°Cd]) (base temperature 4.5°C):

Y = A + B (X) (X < C) + B × C (X ≥ C),  	  [2]

in which Y is dry weight, B is RGF, and C is the time of maxi-
mum grain dry weight (i.e., DGF). The maximum dry weight 
achieved by the grain (or adjusted maximum grain dry weight 
[AMDW]) was calculated from adjusted Eq. [2] when X = C. 
This bilinear regression model (Eq. [2]) was also fitted to the 
relation between the relative dry weight (RDW) and percent 
water content of the grain {percent water content = [(fresh 
weight – dry weight)/fresh weight] × 100} to estimate grain 
moisture at physiological maturity (PM). The RDW of the 
grains, which was used to eliminate differences in the AMDW 
among cultivars, was calculated by Eq. [3]:

RDWi = (DWi/AMDW) × 100, 	   [3]

in which RDWi is relative dry weight at time i and DWi is dry 
weight at time i, for i ranging from 10 d postanthesis to the end 
of grain filling.

Grain water content (mg water per grain) was calculated as 
the difference between fresh and dry weight while the SGWC 
was estimated as the average water content observed during 
the water plateau, according to Lizana et al. (2010) and Hasan 
et al. (2011). The ECN was counted for samples from 2008 
in four LC (Buck Norteño [BNR], BioINTA 2002 [B2002], 
BioINTA 3000 [B3000], and Buck Guatimozin [BGT]) and 
four EC (Baguette 9 [BG9], Klein Castor [KCS], Klein Tauro 
[KTR], and INIA Churrinche [ICH]), which were contrasting 
in PGW during 2007 (within each cultivar group two culti-
vars showed heavier grains than the other two). The number 
of nuclei was counted according to Rijven and Warlaw (1966) 
modified by Singh and Jenner (1982) and Gleadow et al. (1982) 
in all the grains of the spike (i.e., G1, G2, and grain number 
3 [G3] within all the spikelets of the spike) 20 d after anthesis 
(estimated to be the end of lag phase of endosperm cell divi-
sion). The AGW and the FE were calculated at harvest from all 
the spikes (main stem and tillers) and grains obtained from 0.5 
m of a central row (further details in González et al. [2011]).

Experimental Design and Statistics
Each group of cultivars (LC and EC) consisted of a single 
experiment, which was sown during both years as a random-
ized complete block design with three replications. As the trim-
ming treatment was performed inside each cultivar plot, it was 
assumed to be a subplot. The model used for ANOVA analyses 
was a split plot in blocks combined over years, considering the 
cultivars as main plot and the trimming treatment as subplot. 
For the analyses of ECN, the model used was a randomized 
complete block design as cultivars were randomly assigned to 
plots within blocks and ECN was measured only during 2008 
on control spikes. The Tukey test (p < 0.05) was used for com-
parison using the Infostat/P software (Di Rienzo et al., 2010). 
The regression analyses were performed with Table Curve 2D 
( Jandel Scientific, 1992) and the 95% confidence interval was 
used for comparison of parameters obtained.

Table 2. List of cultivars used to study the dynamics of grain growth.

2007 2008

LC† EC‡ LC EC

Aca 304 Aca 601 BioINTA 2002 BioINTA 1005

Buck Guatimozin§ Aca 901 BioINTA 3000 BioINTA 1002

Baguette P11 Buck Brasil Baguette 19 Baguette 9

BioINTA 3000 DM Onix Buck Guatimozin DM Onix

INIA Tijetera Klein Tauro Buck Norteño INIA Churrinche

INIA Torcaza Klein Zorro INIA Torcaza Klein Castor

Klein Capricornio INIA Condor Klein Gavilan Klein Tauro
Sursem Nogal Klein Guerrero

†LC, late cultivars.
‡EC, early cultivars.
§In bold, cultivars studied during both years.
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of GN produced was similar between years (from 16 to 
23 × 103 for LC and from 15 to 22 × 103 for EC) but the 
AGW ranged from 27 to 40 mg for 2007 and from 16 to 
30 mg for 2008 (González et al., 2011). Therefore, the 
average yield reduction during the hotter year (2008) was 
1.6 t, ranging from 0.04 to 3.24 t, depending on cultivar. 
Further details about the environment (rain plus irriga-
tion and photosynthetic active radiation) and responses of 
phenology, GN, and AGW to environment can be found 
in González et al. (2011).

Grain Weight Response to Different 
Postflowering Source:Sink Ratios
Grain weight ranged from 21 to 46 mg among cultivars, 
years, and trimming treatments (Table 3). Significant year × 
cultivar and cultivar × trimming interaction were observed 
for LC while year × cultivar × trimming interaction was 
observed for EC (Table 4). Despite these interactions, cul-
tivars showing heavier grains during the two contrasting 
years in control and trimmed spikes were identified (e.g., 
B2002 and B3000 in LC and BG9, BioINTA 1005 (B1005), 
and KTR in EC) (Table 3). The grain weight increment 
due to trimming (i.e., the response to higher source:sink 
ratio) was lower for LC compared to EC during 2007 
(when temperature was moderate) while it was similar for 

RESULTS
Phenology, Grain Number per Unit Area,  
and Average Grain Weight
Anthesis date for both cultivar groups and years took 
place from mid October to the end of October (Fig. 1b). 
The maturation dates ranged from the end of November 
to first days of December during 2007 (for both cultivar 
groups) and from mid November to the end of Novem-
ber during 2008 (for both cultivar groups) (Fig. 1b). The 
earlier maturation dates during 2008 compared to 2007 
were associated with the higher mean temperature dur-
ing November (Fig. 1a) and also with maximum tempera-
tures higher than 30°C during the first 15 d of Novem-
ber (Fig. 1b). During October (when preanthesis period 
took place in all cultivars) no heat stress was observed (no 
temperature higher than 30°C was observed, except for 
four nonconsecutive days) (Fig. 1b). Within each year, the 
cultivars showed a negative relationship between AGW 
(grain weight obtained from 0.5 m harvest in central rows 
considering main stem and tiller spikes) and GN (except 
for EC during 2008) (r2 = 35% p < 0.00005, n = 39 for 
LC plus EC during 2007 and r2 = 16% p < 0.05, n = 20 for 
LC during 2008) (González et al., 2011). The contrasting 
temperature between years, especially during grain fill-
ing, had a great impact on AGW and yield. The range 

Table 3. Grain weight in control spikes (CGW) and trimmed or potential grain weight (T/PGW) in all cultivars and both years.

LC†

CGW (mg) T/PGW (mg)

EC‡

CGW (mg) T/PGW (mg)

2007 2008 2007 2008 2007 2008 2007 2008

Aca 303 32.1 28.8 33.3 28.7 Aca 601 33.4 24.8 38.4 27.2

Aca 304 33.7 30.5 34.3 30.1 Aca 801 32.3 27.6 36.4 28.7

Aca 315 31.9 29.1 33.2 27.8 Aca 901 34.5 27.2 39.9 28.9

Baguette P11 33.8 27.9 36.2 26.1 Baguette P13 35.0 23.8 38.7 26.8

Baguette 19 30.6 23.8 33.7 23.0 Baguette 98 40.8 25.1 45.7 29.1

BioINTA 20022§ 35.5 32.0 38.9 35.6 BioINTA 1001 32.2 25.1 36.6 27.5

BioINTA 30001 37.9 28.9 43.1 34.8 BioINTA 10029 35.4 22.9 43.7 23.7

BioINTA 3004 34.5 25.9 35.8 26.7 BioINTA 1003 34.9 24.6 39.7 27.9

Buck Baqueano 35.0 23.6 36.9 26.1 BioINTA 10054 35.4 26.7 46.8 33.4

Buck Guatimozin 30.4 21.3 33.9 23.1 Buck Bigua 33.2 26.6 39.4 26.8

Buck Malevo 33.7 24.1 34.6 24.2 Buck Brasil 31.6 27.8 38.7 27.1

Buck Norteño 30.3 24.7 31.5 27.3 Buck Pingo 31.6 26.0 38.8 28.1

Buck Ranquel 30.2 28.2 31.5 29.8 DM Cronox 31.4 27.5 38.6 28.8

DM Themix-L 32.8 26.0 34.9 24.2 DM Onix 31.9 26.1 36.8 26.9

INIA Tijetera 32.5 23.5 33.9 26.1 INIA Churrinche 6 31.4 22.6 34.5 25.2

INIA Torcaza3 29.5 21.4 31.8 23.2 INIA Condor 34.1 27.6 40.9 31.6

Klein Capricornio 34.0 23.4 35.3 27.3 Klein Castor 7 32.4 22.0 35.2 23.5

Klein Gavilan 36.2 26.7 38.7 28.1 Klein Tauro5 38.9 27.6 43.6 31.5

Klein Guerrero 35.3 25.1 38.3 29.3 Klein Zorro 36.1 28.4 40.9 30.1

Sursem Nogal 32.6 27.5 36.8 29.2

TYXC
¶ 2.79 TYXCXT 4.72

TCXT 2.85
†LC, late cultivars.
‡EC, early cultivars.
§The uppercase letters (from 1 to 9) indicate the cultivars highlighted in Fig. 2a as the most responsive ones to trimming and in Fig. 4 as contrasting for potential grain weight.
¶The Tukey values for comparison is presented (Tukey value for year × cultivar [TYXC], Tukey value for cultivar × trimming [TCXT], and Tukey value for year × cultivar × trimming 
[TYXCXT]; p = 0.05).
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both cultivars groups during 2008 (when temperature was 
higher) (Fig. 2a). For LC the response to trimming ranged 
from 1.6 to 12% during 2007 (i.e., 0.6 to 5.2 mg) (see Aca 
304 [A304] and B3000 in Table 3) and from 0 to 17% dur-
ing 2008 (i.e., 0 to 5.9 mg) (see Aca 303 [A303], A304, Aca 
315 [A315], DM Themix-L [DTH], Buck Malevo [BML], 
and B3000 in Table 3) (Fig. 2a). For EC the response to 
trimming ranged from 8 to 25% during 2007 (i.e., 2.8 to 
11.4 mg) (see KCS and B1005 in Table 3) and from 0 to 20% 
during 2008 (i.e., 0 to 6.7 mg) (see Buck Brasil [BBR] and 
B1005 in Table 3) (Fig. 2a). No relationship was observed 
between grain weight response to trimming (expressed in 
mg or as RGWRT) and GN or yield (p > 0.10). Also no 
relationship was observed between RGWRT and FE for 
any combination of cultivar group (LC and EC) and year or 
considering all data together (Fig. 2b).

Potential Grain Weight Variation and Its 
Relation to Relative Grain Weight Response 
to Trimming and Fruiting Efficiency
A clear year effect was observed as the PGW of cultivars 
was lower during 2008 vs. 2007 (Table 3; Fig. 3a), accord-
ing to the higher temperatures registered during Novem-
ber 2008 (Fig. 1). The PGW in LC ranged from 32 to 43 
mg and from 23 to 36 mg during 2007 and 2008, respec-
tively, while in EC it ranged from 35 to 47 mg and from 
24 to 33 mg during 2007 and 2008, respectively (Table 
3; Fig. 3a). Interactions between cultivars and years were 
observed (Table 1); for example, BioINTA 1002 (B1002) 
presented high PGW during 2007, approximately 44 mg, 
but it decreased to 24 mg during 2008, being one of the 
lowest PGW cultivars during that year (see data point 
identified as 9 in Fig. 3a). Regardless of these interactions, 
some cultivars with high and low PGW did not change 
the ranking between years: B3000 and B2002 vs. INIA 
Torcaza (ITR) in LC and B1005, KTR, and BG9 vs. ICH 
and KCS in EC (Fig. 3a).

The cultivars with higher PGW showed the highest 
response to trimming during both years (except for B1002 
in 2008) (see B3000, B2002, B1005, KTR, and BG9 in 
Fig. 2a). The RGWRT increased with PGW for LC dur-
ing 2007 (r2 = 11%, p < 0.05) and for EC during both years 
(r2 = 17% during 2007 and r2 = 22% during 2008, p < 0.05). 
Within the LC during 2008, B3000 and B2002 were posi-
tioned in the range of medium-high response to trimming 
(17 and 10% of increment, respectively) (Table 3; Fig. 2a).

When PGW was plotted against FE (Fig. 3b) no rela-
tionship was observed for any combination of cultivar 
group and year. Nevertheless, some particular cultivars 
identified in LC as contrasting in PGW (Fig. 3a) seemed 
to show a negative relation with FE within each year; that 
is, the cultivars with heavier grains were associated with 
lower FE and vice versa (Fig. 3b). But it is worth noting 
that for a given value of FE there was a great variation in 
PGW. Contrary to LC, the EC identified as contrasting 
for PGW showed no relationship with FE (Fig. 3b).

Grain Weight Relation to Rate of Grain 
Filling, Duration of Grain Filling, Stabilized 
Grain Water Content, and Endosperm  
Cell Number per Grain
No difference in grain moisture content at PM was observed 
among years and cultivars (Table 5). Considering all avail-
able data the grain growth ceased (PM) in average when 
grain moisture content reached 40.9 ± 0.39% (r2 = 95%, p 
< 0.00001) (data not shown). The RGF ranged from 8.04 × 
10-2 (ITR) to 10.37 × 10-2 (B3000) mg per °Cd and from 
7.01 × 10-2 (BGT) to 9.80 × 10-2 (B2002) mg per °Cd for 
the LC studied during 2007 and 2008, respectively (Table 
5). Extreme RGF for EC ranged from 8.46 × 10-2 (Aca 601 
[A601]) to 10.83 × 10-2 (Klein Zorro [KZR]) mg per °Cd 
during 2007 and from 7.08 × 10-2 (B1002) to 12.81 × 10-2 
(DM Onix [DON]) mg per °Cd during 2008 (Table 5). The 
differences in the RGF were statistically significant between 
B3000 and ITR (LC in 2007) (Table 5) and between DON 
and B1002, ICH, KCS, and KTR (EC in 2008) (Table 5). 
The high temperature during November 2008 tended to 
(B3000 and ITR) or significantly reduced (BGT and KTR) 
the RGF (except for DON) (Table 5). The DGF ranged from 
34 to 38 d considering LC and EC during 2007, but it was 
greatly reduced in the cultivars studied during 2008 (the hot-
test year) ranging from 21 to 27 d (except for B2002, which 
lasted 33 d). When DGF was expressed as thermal time (base 
temperature 4.5°C), some statistically significant differences 
among cultivars were observed. For example, during 2007, 
B3000 showed a longer DGR than A304, Baguette P11 
(B611), and BGT (within the LC) and Aca 901 (A901), INIA 
Condor (ICD), and KZR (within the EC) (Table 5). Dur-
ing 2008, B2002 showed longer DGF than B3000, BGT, 
BNR, and Klein Capricornio  (KCP) (within the LC) and 
DON, ICH, and KCS (within the EC) (Table 5). The impact 

Table 4. Mean squares of the ANOVA for grain weight con-
sidering cultivars, years, and trimming treatments as source 
of variation.

Source of 
variation LC† EC‡

Year (Y) 2913*** 5685***

Cultivar (C) 1267*** 915***

Y × C 377*** 390***

Trimming (T) 244*** 865***

Y × T 4 NS§ 152***

C × T 98*** 118***

Y × C × T 33 NS 68*

Error 109 158

*Significant at the 0.05 probability level.

***Significant at the 0.001 probability level.
†LC, late cultivars.
‡EC, early cultivars.
§NS, not significant.
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Figure 3. Relationship between (a) potential grain weight (PGW) during 2008 and 2007 and (b) PGW and spike fruiting efficiency for late 
cultivars (LC) and early cultivars (EC) during 2007 and 2008. The cultivars with contrasting PGW during both years are identified with 
numbers near data points. The lines parallel to the axis indicate the pooled SE. 07, year 2007; 08, year 2008; B1002, BioINTA 1002; 
B1005, BioINTA 1005; B2002, BioINTA 2002; B3000, BioINTA 3000; BG9, Baguette 9; ICH, INIA Churrinche; ITR, INIA Torcaza; KCS, 
Klein Castor; KTR, Klein Tauro.

Figure 2. (a) Relationship between grain weight in trimmed vs. control spikes for late cultivars (LC) and early cultivars (EC) during both 
years. The cultivars with the highest response to trimming during both years are identified with numbers near data points. (b) Relationship 
between relative grain weight response to trimming and spike fruiting efficiency for LC and EC during both years. The lines parallel to the 
axis indicate the pooled SE. 07, year 2007; 08, year 2008; B1002, BioINTA 1002; B2002, BioINTA 2002; B1005, BioINTA 1005; B3000, 
BioINTA 3000; BG9, Baguette 9; KTR, Klein Tauro.
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of year on DGF was highly significant, reducing DGF in a 
range from 75 to 144 °Cd (see B3000, BGT, ITR, DON, 
and KTR in Table 5).

Considering all available data, the variation in AMDW 
(the maximum grain weight obtained from regres-
sion curves) was associated with both DGF (r2 = 76%, 
p < 0.00001) and RGF (r2 = 69%, p < 0.00001) (Fig. 4a and 
4b). With the exception of EC during 2008, the DGF also 
explained some of the variation in AMDW when data of 
each combination of cultivar group × year were regressed 
(r2 = 62, 29, and 79% for EC in 2007, LC in 2007, and LC 
in 2008, respectively; p < 0.05 for all regressions). Simi-
larly, the RGF explained approximately 40% (p < 0.05) of 
the variation observed in AMDW when regressions of data 
for each cultivar group × year were performed (except for 
EC during 2008). No relationship was observed between 
RGF and DGF within each year (Fig. 4c).

The SGWC ranged from 20 to 35 mg per grain, con-
sidering all available data (Fig. 5). The SGWC explained 

a great proportion (i.e., 77%) of the variation observed in 
AMDW (Fig. 5a). When cultivars were studied within 
each year, the SGWC explained from 55 to 87% of AMDW 
(except for EC during 2007, r2 = 55, 84, and 87% for EC in 
2008, LC in 2007, and LC in 2008, respectively; p < 0.05 
for all regressions). The SGWC was positively associated 
with the RGF and the DGF, explaining approximately 
50% of the variation observed in both variables (Fig. 5b 
and 5c). Nevertheless, when cultivars were studied within 
each year, significant regression between the RGF and the 
SGWC were observed only for LC (r2 = 47 and 21% dur-
ing 2007 and 2008, respectively; p < 0.05). Also, the DGF 
was significantly related to SGWC only for LC in 2008 
(r2 = 81%, p < 0.005).

The ECN showed fourfold variation among cultivars 
and grain positions within the spikelet (Table 6). For both 
cultivars groups, there was a statically significant (p < 0.05) 
impact of cultivar on the ECN in the three grain positions 
(Table 6). For LC the ECN was higher in the three grains 

Table 5. Rate of grain filling (RGF), duration of grain filling (DGF), and moisture at physiological maturity (PM). Means and 95% 
confidence interval are presented.†

Cultivar group

2007 2008

RGF DGF PM RGF DGF PM

mg per °Cd§ (× 10-2) °Cd %MC¶ 10-2 mg per °Cd °Cd %MC

LC‡

Aca 304 9.67 (8.46–10.87) 495 (463–526) 42 (39–45)

BioINTA 2002 9.80 (8.82–10.79) 483 (457–508) 43 (40–45)

BioINTA 3000 10.37 (9.48–11.25) 555 (527–582) 37 (31–42) 9.55 (7.87–11.24) 411 (377–445) 44 (41–48)

Baguette P11 10.07 (8.92–11.21) 494 (466–522) 38 (36–41)

Baguette 19 8.59 (6.11–11.06) 397 (345–449) 44 (39–48)

B�uck Guatimozin 9.65 (8.35–10.95) 487 (455–520) 42 (39–46) 7.01 (5.73–8.28) 385 (356–413) 44 (39–49)

Buck Norteño 9.17 (6.89–11.44) 385 (339–430) 42 (35–50)

INIA Tijetera 9.77 (8.39–11.16) 506 (469–543) 41 (37–45)

INIA Torcaza 8.04 (6.84–9.24) 514 (474–555) 41 (38–43) 7.26 (4.57–9.96) 385 (322–448) 45 (38–51)

K�lein Capricornio 9.72 (8.76–10.68) 506 (479–532) 42 (40–45)

Klein Gavilan 7.74 (6.11–9.37) 427 (383–471) 45 (40–49)

Klein Guerrero 8.16 (5.17–11.15) 426 (351–501) 43 (35–50)

Sursem Nogal 9.39 (8.46–10.32) 510 (484–536) 40 (36–44)

EC#

Aca 601 8.46 (6.73–10.19) 528 (472–584) 39 (37–41)

Aca 901 10.28 (9.35–11.24) 502 (479–525) 39 (35–43)

BioINTA 1005 9.48 (5.37–13.59) 432 (338–527) 45 (35–54)

BioINTA 1002 7.08 (4.44–9.72) 422 (354–490) 44 (35–52)

Baguette 9 8.67 (4.81–12.54) 402 (320–484) 44 (36–52)

Buck Brasil 8.88 (7.05–10.72) 506 (452–559) 40 (37–43)

DM Onix 9.34 (7.74–10.95) 481 (440–523) 40 (36–44) 12.83 (9.81–15.85) 351 (314–388) 42 (37–47)

IN�IA Churrinche 7.85 (6.72–8.97) 425 (397–454) 41 (33–49)

INIA Condor 10.00 (9.06–10.95) 502 (478–527) 42 (35–45)

Klein Castor 7.64 (6.01–9.28) 404 (361–447) 43 (32–48)

Klein Tauro 10.70 (9.44–11.96) 537 (504–570) 38 (31–44) 7.99 (6.87–9.10) 462 (427–497) 38 (35–42)

Klein Zorro 10.83 (9.08–12.58) 485 (448–522) 40 (35–45)
†r2 ranging from 90 to 99%, p < 0.001 for all regressions.
‡LC, late cultivars.
§°Cd, grade centigrade days.
¶%MC, percent moisture content.
#EC, early cultivars.
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Figure 5. Relationship between (a) adjusted maximum grain dry 
weight [y = –4.9 (±3.9) + 1.49 (±0.14) × X ], (b) rate of grain filling 
[y = 0.037 (±0.009) + 0.0019 (±0.0003) × X ], and (c) duration of 
grain filling [y = 189 (±45) + 10.1 (±1.7) × X ] and stabilized grain 
water content. All cultivars and years included (except for the 
data between brackets in Fig. 6b, which was excluded from the 
regression). The lines parallel to the axis indicate the pooled SE. 
°Cd, grade centigrade days; LC, late cultivars; EC, early cultivars; 
07, year 2007; 08, year 2008.

Figure 4. Relationship between adjusted maximum grain dry weight 
and (a) duration of grain filling (DGF) [y = –15 (±5) + 0.11 (±0.01) × X ] 
and (b) rate of grain filling (RGF) [y = –13 (±6) + 536 (±64) × X]. In (c) 
the relation between the RGF and the DGF is shown. All cultivars 
and years included (except for the data between brackets in Fig. 
5b, which was excluded from the regression). The lines parallel to 
the axis indicate the pooled SE. °Cd, grade centigrade days; LC, 
late cultivars; EC, early cultivars; 07, year 2007; 08, year 2008.
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positions for the cultivars showing heavier grains (CGW 
and PGW) compared with the other two cultivars show-
ing lighter grains (see B2002 and B3000 vs. BGT and ICH 
in Table 6 and data of 2008 in Table 3). For EC the ECN 
follow the same response observed in the LC (see BG9 and 
KTR vs. ICH in Table 6 and data of 2008 in Table 3), except 
for KCS (Table 6 and Table 3). When the AMDW (mea-
sured in G1 and G2) was plotted against the average ECN 
of G1 and G2, a linear positive relationship was observed 
(r2 = 30%, p < 0.05), which seemed to be explained by the 
positive relationship between the SGWC (measured in G1 
and G2) and the average ECN (of G1 and G2) (r2 = 48%, 
p < 0.05). Contrary to expectations, no positive relationship 
was observed between the RGF and the ECN.

DISCUSSION
Despite the negative relationship between AGW and GN 
observed in the modern high-yielding Argentinean wheats 
(González et al., 2011), the response of grain weight to an 
increment of 100% in the source per grain during grain 
filling ranged from 0 to 25% depending on cultivar and 
year. The maximum response to trimming observed in the 
present paper was lower than the one reported by Acreche 
and Slafer (2009), suggesting a source–sink co-limitation 
during grain filling in the most responsive cases and a 
complete sink limitation in the least responsive ones. Also, 
there was no relationship between grain weight response 
to trimming and GN or yield. These results support the 
idea that grain growth in wheat is generally not source 
limited during grain filling (Slafer and Savin, 1994; Borrás 
et al., 2004; Ahmadi et al., 2009; Zhang et al., 2010) even 
in high-yielding modern cultivars. Therefore, increasing 
the sink strength (GN or PGW) may still be an alternative 
to improve yield potential.

The increment of GN due to genetic improvement of 
yield potential has led to cultivars with reduced source–
sink relation during grain filling (Slafer and Andrade, 
1991; Acreche and Slafer, 2009) but with increased post-
flowering radiation used efficiency (RUE) (Reynolds et 
al., 2005; Acreche and Slafer, 2009). The evolutionary 
aspects related to best fitted reproductive output discussed 

by Sadras (2007) and Sadras and Denison (2009) implies 
that parental fitness benefits from changes in PGW (i.e., 
offspring size) beyond certain size (i.e., the optimum 
offspring size) are offset by benefits from adjusting GN 
(i.e., offspring number). Considering this idea, it could be 
hypothesized that RUE may be less affected when the sink 
strength is increased via heavier grains instead of more 
GN (despite that the total sink strength may be the same), 
and then increasing the PGW would result in crops that 
are more source limited during grain filling. The results of 
the present paper are in line with this idea as the cultivars 
showing higher probability of source–sink co-limitation, 
consistently during both years, were those with heavier 
grains as in Acreche and Slafer (2009) and Calderini et al. 
(2006), and the response was independent of GN (Calde-
rini et al., 2006). Therefore, to improve yield potential 
with minimum increment in source limitation, producing 
more GN with medium PGW seems more efficient than 
producing less GN with higher PGW.

The negative relationship between PGW and FE pre-
viously reported (Fischer and HilleRisLambers, 1978; 
Ferrante et al., 2012) was observed only when particu-
lar cultivars were analyzed but not as a general relation-
ship including all cultivars and both years. Differences in 
the availability of resources per grain around the grain 
set period may determine differences in PGW, as shown 
for maize (Zea mays L.) and sorghum [Sorghum bicolor (L.) 
Moench] (Gambín et al., 2006, 2008) and for comparison 
across species with contrasting PGW (Gambín and Borrás, 
2010), that may be masking the possible negative relation-
ship between PGW and FE. To test this idea, the resource 
per grain during the grain set period was estimated as the 
spike growth rate per grain (SGRG) (mg d-1 per grain) for 
all cultivars and both years (using data from González et 
al. [2011]). When PGW was plotted against the SGRG no 
relationship was observed during 2008, which could be 
consequence of the warm temperatures during that year. 
Nevertheless, for 2007 (which was a temperate year) there 
was a positive relationship between PGW and SGRG only 
for EC, explaining 15% of variation in PGW (p < 0.005), 
and no relationship for LC (Fig. 6a and 6b). Similar results 

Table 6. Number of endosperm cells in grains of different positions (grain number 1 within the spikelet [G1], grain number 2 
within the spikelet [G2], and grain number 3 within the spikelet [G3] from proximal to distal position) of the spikelets (average 
of all the spikelets of the spike).

LC†

Endosperm cell number (cells per grain)

G1 G2 G3 EC‡ G1 G2 G3

BioINTA 2002 87,362 85,903 59,375 Baguette 9 47,440 58,899 56,347

BioINTA 3000 70,382 82,660 53,760 INIA Churrinche 35,227 33,968 29,097

Buck Guatimozin 52,576 58,125 20,542 Klein Castor 61,209 61,973 47,444

Buck Norteño 34,552 38,583 28,203 Klein Tauro 65,415 65,913 54,443

Tu�key  
p = 0.05

47,260 47,184 25,203 Tu�key  
p = 0.05

18,503 15,080 8,287

†LC, late cultivars.
‡EC, early cultivars.
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Conclusions
The results showed in the present paper support the idea 
that wheat yield potential could be further improved via 

were observed for an independent data set from Ferrante 
et al. (2012) (for potential growth condition [GC] 2, GC4, 
and GC6) (Fig. 6c) (r2 = 8%, p = 0.11). Within the EC 
during 2007, for cultivars with similar SGRG there was 
no negative relationship between PGW and FE (see insets 
in Fig. 6a). Therefore, the differences in the availability of 
resources per grain around the grain set period were not 
masking a possible negative relationship between PGW 
and FE. The lack of relationship between the response 
to trimming, which was associated with PGW, and the 
FE supports the idea that there is not a general trade-off 
between PGW and FE (at least in the range of PGW con-
sidered in this work, 23 to 43 mg). Further experiments 
aimed to understand why some cultivars show a negative 
relationship (and whether this would actually be a trade-
off between FE and grain size) (Ferrante et al., 2012) 
while others do not would be very valuable to determine 
the general usefulness of FE to improve yield potential 
(González et al., 2011).

Significant variability in PGW among cultivars was 
observed in both LC and EC, agreeing with previous stud-
ies reporting genetic variation in grain weight (Ehdaie et 
al., 2008; Dreccer et al., 2009; Rattey et al., 2009; Fischer, 
2011; Tiwari et al., 2012). The physiological mechanism 
determining grain weight have been studied in isolation 
during the last two decades, but efforts to integrate and 
give hierarchy to them under potential conditions are 
being developed (Hasan et al., 2011). The present paper 
adds to give hierarchy to them under contrasting seasons 
(heat stressed and unstressed) during grain filling in a set 
of high-yielding modern cultivars. The SGWC was the 
main variable explaining the differences in AMDW not 
only under moderate temperature but also under heat 
stress, and it was positively associated with the RGF and 
the DGF when all the data set was used. The ECN (mea-
sured only during 2008, when the heat stress was present) 
explained half of the variation observed in the SGWC. 
The lower PGW during 2008 was also associated to a 
reduced DGF with less impact of RGF (both expressed 
in thermal time basis), agreeing with previous reports 
in wheat (Bagga and Rawson, 1977; Stone and Nicolas, 
1995), barley (Hordeum vulgare L.) (Wallwork et al., 1998; 
Savin and Nicolas, 1996), corn (Monjardino et al., 2005), 
and sunflower (Helianthus annuus L.) (Rondanini et al., 
2006). Not only the RGF, as it was expected (Brocklehu-
rst, 1977; Sofield et al., 1977; Wiegand and Cuellar, 1981; 
Bruckner and Frohberg, 1987; Egli, 2004; Ehdaie et al., 
2008), explained a great proportion of the differences in 
AMDW among cultivars but also the DGF did, as recently 
reported by Tiwari et al. (2012). The RGF and DGF were 
not associated, suggesting that they could be manipulated 
without compensatory mechanisms, as suggested for sev-
eral grain crops (Egli, 1981; Egli et al., 1984; Mov and 
Kronstrad, 1994; Borrás et al., 2009).

Figure 6. Relationship between grain weight and spike growth rate 
per grain (SGRG) for (a) early cultivars during 2007 (y = 31.6 + 27.4 
× X ), (b) late cultivars during 2007, and (c) data reanalyzed from 
Ferrante et al. (2012) for potential growing conditions (GCs) (GC2, 
GC4, and GC6). For (a) and (b) the potential grain weight is shown; 
for (c) the achieved grain weight is shown. The numbers in panel 
(a) indicate the fruiting efficiency for cultivars with similar SGRG. 
Lines parallel to the axis indicate the pooled SE. 07 EC, year 2007 
early cultivars; 07 LC, year 2007 late cultivars.
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increasing the sink strength as most of the modern high-
yielding cultivars showed sink limitation during grain fill-
ing and few cultivars showed source–sink co-limitation 
(25% at most). No clear negative relationship was observed 
between PGW and FE, suggesting that increasing GN via 
higher FE may not necessary reduce PGW.

Acknowledgments
The authors would like to thank Mario O Falcon and Omar 
Polidoro for field technical assistance, Edith Frutos and Cata-
lina Améndola for helping with the ANOVA statement, Ariel 
Ferrante, Roxana Savin, and Gustavo Slafer for providing 
data for reanalyses, and Ezio Maiola for editing the English. 
The study was founded by PNCER1-PNCER1336 (INTA, 
National Institute of Agricultural Technology and Husbandry, 
Argentina) and PICT-Raíces 1368 (National Agency of Scien-
tific and Technological Promotion, Argentina).

References
Abbate, P.E., F.H. Andrade, L. Lazaro, J.H. Bariffi, H.G. Berar-

docco, V.H. Inza, and F. Marturano. 1998. Grain yield increase 
in recent Argentine wheat cultivars. Crop Sci. 38:1203–1209. 
doi:10.2135/cropsci1998.0011183X003800050015x

Acreche, M.M., and G.A. Slafer. 2006. Grain weight response to 
increases in number of grains in wheat in a Mediterranean area. 
Field Crops Res. 86:52–59. doi:10.1016/j.fcr.2005.12.005

Acreche, M.M., and G.A. Slafer. 2009. Grain weight, radiation 
interception and use efficiency as affected by sink-strength in 
Mediterranean wheats released from 1940 to 2005. Field Crops 
Res. 110:98–105.

Ahmadi, A., M. Joudi, and M. Janmohammadi. 2009. Late defo-
liation and wheat yield: Little evidence of postanthesis source 
limitation. Field Crops Res. 113(1):90–93. doi:10.1016/j.
fcr.2009.04.010

Bagga, A.K., and H.M. Rawson. 1977. Contrasting responses of 
morphologically similar wheat cultivars to temperatures appro-
priate to warm climates with hot summers: A study in controlled 
environment. Aust. J. Plant Physiol. 4:877–887. doi:10.1071/
PP9770877

Borrás, L., G.A. Slafer, and M.E. Otegui. 2004. Seed dry weight 
response to source-sink manipulations in wheat, maize and soy-
bean: A quantitative reappraisal. Field Crops Res. 86:131–146. 
doi:10.1016/j.fcr.2003.08.002

Borrás, L., C. Zinselmeier, M.L. Senior, M.E. Westgate, and M.G. 
Muszynski. 2009. Characterization of grain-filling patterns in 
diverse maize germoplasm. Crop Sci. 49:999–1009. doi:10.2135/
cropsci2008.08.0475

Brocklehurst, P.A. 1977. Factors controlling grain weight in wheat. 
Nature 266:348–349. doi:10.1038/266348a0

Bruckner, P.L., and R.C. Frohberg. 1987. Rate and duration of 
grain fill in spring wheat. Crop Sci. 27:451–455. doi:10.2135/cro
psci1987.0011183X002700030005x

Calderini, D.F., L.G. Abeledo, R. Savin, and G.A. Slafer. 1999. 
Carpel size and temperature in preanthesis modify potential 
grain weight in wheat. J. Agric. Sci. 132:453–460. doi:10.1017/
S0021859699006504

Calderini, D.F., M.P. Reynolds, and G.A. Slafer. 2006. Source-
sink effects on grain weight of bread wheat, durum wheat, and 
triticale at different locations. Aust. J. Agric. Res. 57:227–233. 

doi:10.1071/AR05107
Calderini, D.F., R. Savin, L.G. Abeledo, M.P. Reynolds, and G.A. 

Slafer. 2001. The importance of the period immediately preced-
ing anthesis for grain weight determination in wheat. Euphytica 
119:199–204. doi:10.1023/A:1017597923568

Calderini, D.F., and G.A. Slafer. 1998. Changes in yield and yield 
stability in wheat during the 20th century. Field Crops Res. 
57:335–354. doi:10.1016/S0378-4290(98)00080-X

Chand, R. 2009. Challenges to ensuring food security through 
wheat. CAB reviews: Perspectives in agriculture, veterinary 
science, nutrition and natural resources no. 065, CABI, Wall-
ingford, UK.

Di Rienzo, J.A., F. Casanoves, M.G. Balzarini, L. González, M. 
Tablada, and C.W. Robledo. 2010. Infostat/P. Grupo Infostat, 
Facultad de Ciencias Agrarias, Univ. Nacional de Córdoba, 
Códoba, Argentina.

Dreccer, M.F., A.F. van Herwaarden, and S.C. Chapman. 2009. 
Grain number and grain weight in wheat lines contrasting for 
stem water soluble carbohydrate concentration. Field Crops Res. 
112:43–54. doi:10.1016/j.fcr.2009.02.006

Egli, D.B. 1981. Species differences in seed growth characteristics. 
Field Crops Res. 4:1–12. doi:10.1016/0378-4290(81)90049-6

Egli, D.B. 2004. Seed-fill duration and yield of grain crops. Adv. 
Agron. 83:243–279. doi:10.1016/S0065-2113(04)83005-0

Egli, D.B., J.H. Orf, and T.W. Pfeiffer. 1984. Genotypic varia-
tion for duration of seed fill in soybean. Crop Sci. 24:587–592. 
doi:10.2135/cropsci1984.0011183X002400030037x

Ehdaie, B., G.A. Alloush, and J.G. Waines. 2008. Genotypic vari-
ation in linear rate of grain growth and contribution of stem 
reserves to grain yield in wheat. Field Crops Res. 106:34–43. 
doi:10.1016/j.fcr.2007.10.012

Ferrante, A., R. Savin, and G.A. Slafer. 2012. Differences in yield 
physiology between modern, well adapted durum wheat cul-
tivars grown under contrasting conditions. Field Crops Res. 
136:52–64. doi:10.1016/j.fcr.2012.07.015

Fischer, R.A. 1984. Wheat. In: W.H. Smith, editor, Symposium 
on potential productivity of field crops under different environ-
ments. IRRI, Los Baños, Philippines. p. 129–154.

Fischer, R.A. 2007. Understanding the physiological basis of yield 
potential in wheat. J. Agric. Sci. 145:99–113. doi:10.1017/
S0021859607006843

Fischer, R.A. 2011. Wheat physiology: A review of recent develop-
ments. Farrer review. Crop Pasture Sci. 62:95–114. doi:10.1071/
CP10344

Fischer, R.A., and G.O. Edmeades. 2010. Breeding and cereal 
yield progress. Crop Sci. 50:S-85–S-98. doi:10.2135/crop-
sci2009.10.0564

Fischer, R., and D. HilleRisLambers. 1978. Effect of environment 
and cultivar on source limitation to grain weight in wheat. Aust. 
J. Agric. Res. 29:443–458. doi:10.1071/AR9780443

Gambín, B.L., and L. Borrás. 2010. Resource distribution and the 
trade-off between seed number and seed weight: A comparison 
across crop species. Ann. Appl. Biol. 156:91–102. doi:10.1111/
j.1744-7348.2009.00367.x

Gambín, B.L., L. Borrás, and M.E. Otegui. 2006. Source-sink rela-
tions and kernel weight differences in maize temperate hybrids. 
Field Crops Res. 95:316–326. doi:10.1016/j.fcr.2005.04.002

Gambín, B.L., L. Borrás, and M.E. Otegui. 2008. Kernel weight 
dependence upon plant growth at different grain filling stages 
in maize and sorghum. Aust. J. Agric. Res. 59:280–290. 



crop science, vol. 54, january–february 2014 	  www.crops.org	 309

doi:10.1071/AR07275
Gleadow, R.M., M.J. Dalling, and M.H. Gerald. 1982. Variation 

in endosperm characteristics and nitrogen content in six wheat 
lines. Aust. J. Plant Physiol. 9:539–551. doi:10.1071/PP9820539

González, F.G., I.I. Terrile, and M.O. Falcon. 2011. Spike fertility 
and duration of stem elongation as promising traits to improve 
potential grain number (and yield): Variation in modern Argen-
tinean wheats. Crop Sci. 51:1693–1702. doi:10.2135/crop-
sci2010.08.0447

Hall, A.J., and A.R. Richards. 2012. Prognosis for genetic improve-
ment of yield potential and water-limited yield of major grain 
crops. Field Crops Res. 143:18–33. doi:10.1016/j.fcr.2012.05.014

Hasan, A.K., J. Herrera, C. Lizana, and D.F. Calderini. 2011. Car-
pel weight, grain length and stabilized grain water content are 
physiological drivers of grain weight determination of wheat. 
Field Crops Res. 123:241–247. doi:10.1016/j.fcr.2011.05.019

Jandel Scientific. 1992. Jandel TBLCURVE. Curve fitting soft-
ware. Jandel Scientific, Corte Madera, CA.

Lizana, C.X., R. Riegel, L.D. Gomez, J. Herrera, A. Isla, S.J. 
McQueen-Mason, and D.F. Calderini. 2010. Expansin expres-
sion is associated with grain size dynamics in wheat (Triticum 
aestivum L.). J. Exp. Bot. 61:1147–1157. doi:10.1093/jxb/erp380

Miralles, D.J., and G.A. Slafer. 2005. Individual grain weight 
responses to genetic reduction in culm length in wheat as 
affected by source-sink manipulations. Field Crops Res. 43:55–
66. doi:10.1016/0378-4290(95)00041-N

Miralles, D.J., and G.A. Slafer. 2007. Sink limitations to yield in 
wheat: How could it be reduced? J. Agric. Sci. 145:139–149. 
doi:10.1017/S0021859607006752

Monjardino, P., A.G. Smith, and R.J. Jones. 2005. Heat stress 
effects on protein accumulation of maize endosperm. Crop Sci. 
45:1203–1210. doi:10.2135/cropsci2003.0122

Mov, B., and W.E. Kronstrad. 1994. Duration and rate of grain fill-
ing in selected winter wheat populations: I. Inheritance. Crop Sci. 
34:833–837. doi:10.2135/cropsci1994.0011183X003400040003x

Rattey, A., R. Shorter, S. Chapman, F. Dreccer, and A. van Her-
waarden. 2009. Variation for and relationships among biomass and 
grain yield component traits conferring improved yield and grain 
weight in an elite wheat population grown in variable yield envi-
ronments. Crop Pasture Sci. 60:717–729. doi:10.1071/CP08460

Reynolds, M.P., A. Pellegrineschi, and B. Skovmand. 2005. Sink 
limitation to yield and biomass: A summary of some investiga-
tions in spring wheat. Ann. Appl. Biol. 146:39–49. doi:10.1111/
j.1744-7348.2005.03100.x

Rijven, A.H.G.C., and I.F. Warlaw. 1966. A method for the deter-
mination of cell number in plant tissues. Exp. Cell Res. 41:324–
328. doi:10.1016/S0014-4827(66)80140-4

Rondanini, D., A. Mantese, R. Savin, and A.J. Hall. 2006. 
Responses of sunflower yield and grain quality to alternating 
day/night temperature regimes during grain filling: Effects of 
timing, duration and intensity of exposure to stress. Field Crops 
Res. 96:48–62.

Sadras, V.O. 2007. Evolutionary aspects of the trade-off between 
seed size and number in crops. Field Crops Res. 100:125–138. 
doi:10.1016/j.fcr.2006.07.004

Sadras, V.O., and R.F. Denison. 2009. Do plants compete for 
resources? An evolutionary viewpoint. New Phytol. 183:565–
574. doi:10.1111/j.1469-8137.2009.02848.x

Sandaña, P.A., C.I. Acha, and D.F. Calderini. 2009. Sensitivity of 
yield and grains nitrogen concentration of wheat, lupin and pea 

to source reduction during grain filling. A comparative survey 
under high yielding conditions. Field Crops Res. 114(2):233–
243. doi:10.1016/j.fcr.2009.08.003

Savin, R., and M.E. Nicolas. 1996. Effects of short periods of 
drought and high temperature on grain growth and starch accu-
mulation of two malting barley cultivars. Aust. J. Plant Physiol. 
23:201–210. doi:10.1071/PP9960201

Schnyder, H., and U. Baum. 1992. Growth of the grain of wheat 
(Triticum aestivum L.). The relationship between water content 
and dry matter accumulation. Eur. J. Agron. 1:51–57.

Sinclair, T.R., and P.D. Jamieson. 2008. Yield and grain number of 
wheat: A correlation or casual relationship? Author’s response to 
“The importance of grain or kernel number in wheat: A reply 
to Sinclair and Jamieson” by R.A. Fischer. Field Crops Res. 
105:22–26. doi:10.1016/j.fcr.2007.07.003

Singh, B.K., and C.F. Jenner. 1982. A modified method for the 
determination of cell number in wheat endosperm. Plant Sci. 
Lett. 26:273–278. doi:10.1016/0304-4211(82)90101-8

Slafer, G.A., and F.H. Andrade. 1991. Changes in physiological 
attributes of the dry matter economy of bread wheat (Triti-
cum aestivum L.) through genetic improvement of grain yield 
potential at different regions of the world. Euphytica 58:37–49. 
doi:10.1007/BF00035338

Slafer, G.A., and J.L. Araus. 2007. Physiological traits for improving 
wheat yield under a wide range of conditions. In: J.H.J. Spiertz, 
P.C. Struik, and H.H. van Laar, editors, Scale and complexity 
in plant systems research: Gene-plant-crop relations. Springer 
Media B.V., Dordrecht, The Netherlands. p. 147–156.

Slafer, G.A., and R. Savin. 1994. Source-sink relationships and 
grain mass at different positions within the spike in wheat. Field 
Crops Res. 37:39–49. doi:10.1016/0378-4290(94)90080-9

Sofield, I., L.T.L. Evans, M.G. Cook, and I.F. Wardlaw. 1977. Fac-
tors influencing the rate and duration of grain filling in wheat. 
Aust. J. Plant Physiol. 4:785–797. doi:10.1071/PP9770785

Stone, P.J., and M.E. Nicolas. 1995. Effect of timing of heat stress 
during grain filling on two wheat varieties differing in heat 
tolerance. I. Grain growth. Aust. J. Plant Physiol. 22:927–934. 
doi:10.1071/PP9950927

Tiwari, C.H., R. Wallwork, B. Dhari, V.K. Arum, A. Mishra, and 
K. Joshi. 2012. Exploring the possibility of obtaining terminal 
heat tolerance in a double haploid population of spring wheat 
(Triticum aestivum L.) in the eastern Gangetic plains of India. 
Field Crops Res. 135:1–9. doi:10.1016/j.fcr.2012.06.006

Wallwork, M.A.B., S.J. Logue, L.C. MacLeod, and C.F. Jenner. 
1998. Effects of a period of high temperature during grain filling 
on the grain growth characteristics and malting quality of three 
Australian malting barleys. Aust. J. Agric. Res. 49:1287–1296. 
doi:10.1071/A98004

Wiegand, C.L., and J.A. Cuellar. 1981. Duration of grain filling 
and kernel weight of wheat as affected by temperature. Crop Sci. 
21:95–101. doi:10.2135/cropsci1981.0011183X001100010027x

Zadoks, J.C., T.T. Chang, and C.F. Konzak. 1974. A decimal 
code for the growth stages of cereals. Weed Res. 14:415–421. 
doi:10.1111/j.1365-3180.1974.tb01084.x

Zhang, H., N.C. Turner, and M.L. Poole. 2010. Source–sink bal-
ance and manipulating sink–source relations of wheat indicate 
that the yield potential of wheat is sink-limited in high-rainfall 
zones. Crop Pasture Sci. 61(10):852–861. doi:10.1071/CP10161


