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ABSTRACT
Beginning in late fall and ending at jointing in early spring, winter

wheat (Triticum aestivum L.) crops in the southern Great Plains are
often grazed by stocker cattle (Bos taurus L.) and then harvested for
grain. Traditionally, dual-purpose (grazing plus grain) wheat cultivars
are developed from a grain-only production system. Because culms of
dual-purpose grown wheat may forfeit productivity gains for grain-
only developed cultivars, we evaluated N and biomass traits at anthesis
and maturity for 12 sets of subpopulations (each set a unique genetic
background) to test benefits of making selections from a dual-purpose
system. Sets came from F2 sources and contained a ‘‘Base’’ F3 bulk
population and F5 bulk populations mass selected from the F2 within
grain-only and dual-purpose production systems. The 12 sets of sub-
populations were evaluated in grain-only and dual-purpose production
systems in 2001–2002 and 2002–2003. At anthesis, main effects (year,
system, genetic background, subpopulation selection environment)
were significant for culm dry weight and N, and flag leaf dry weight.
Among selections, differences for these traits were small (2.0–3.5%)
with no difference between grain-only and dual-purpose selections;
differences among genetic backgrounds, however, were large (21–
30%). At maturity, differences (7.6–20%) for grain dry weight and
kernel mass, harvest index (HI), N content, grain N, and N harvest
index (NHI) of individual culms occurred among genetic backgrounds.
Differences among subpopulations were smaller (1.4–4.5%) and
significant for only culm and grain dry weight, kernel number and
mass, and culm N content. Selections made from the dual-purpose
environment performed similar to those from the grain-only environ-
ment when grown in either production system.

WINTER WHEAT planted in the southern Great Plains
is grown extensively for forage as well as a grain-

only crop. Depending on production goals and prevail-
ing market conditions some producers graze the wheat
with stocker cattle before harvesting a grain crop, while
others graze-out the wheat crop entirely or cut it for hay
or silage. About 40% of the wheat acreage in Oklahoma
is grown as a dual-purpose crop (Hossain et al., 2004),
and as much as 80% of the total wheat acreage in the
southern Great Plains is grazed (Pinchak et al., 1996).
Wheat producers choosing a dual-purpose management
system have greater flexibility and additional economic
advantages compared with those choosing to growwheat
as a forage-only or grain-only crop (Redmon et al., 1995),

but theyneedto followsystem-specificmanagementprac-
tices to optimize returns. Compared to grain-only wheat,
dual-purpose wheat should be planted earlier (Hossain
et al., 2003), be seededmore densely (Epplin et al., 2000),
and have additional fertilizer N applied to account for
N removal in consumed forage (Krenzer, 1991; Zhang
et al., 1998).

Genotype by environment interactions (Krenzer
et al., 1992) and genotype by production system inter-
actions occur (Khalil et al., 2002) with wheat grown in
the southern Great Plains.Wheat cultivars used for dual-
purpose are derived nearly always on performance of
selections in grain-only production systems. Even when
adhering to recommended management practices, grain
yields from early-planted wheat in the dual-purpose
production system are typically less than those of later-
planted grain-only production systems (24% less for 12
cultivars averaged across 3 yr, Khalil et al., 2002; 20%
less for variety trials averaged across 11 environments,
Carver, unpublished data, 2005). Consequently, if the
two production systems favor different genetic adapta-
tions among selections, then cultivar development based
solely on selection in a grain-only production system
could compromise gains in genetic improvement of
wheat intended for dual-purpose production.

To justify the added complexity and expense of using
livestock for the development of dual-purposewheat cul-
tivars, a better understanding of the possible benefits of
this approach is needed. Because forage and grain yields
of small-grain cereals are uncorrelated (Ud-Din et al.,
1993) or only poorly correlated (Atkins et al., 1969), both
forage and grain productivity traits need to be consid-
ered for dual-purpose wheat. We previously reported
forage traits at the onset of fall grazing for two winter
wheat nurseries each containing unique pedigrees of
12 sets of subpopulations representing an unselected F3
bulk population and F5 bulk populations mass selected
from the same F2 source for three consecutive genera-
tions with either a grain-only or dual-purpose production
system (MacKown and Carver, 2005). We found that
selections from the dual-purpose system offered equal or
slightly less fall forage biomass without greatly changing
forage total N and nitrate concentrations (MacKown and
Carver, 2005).

In this study, we extended our previous work to de-
termine the utility of developing bulk populations from
grain-only or dual-purpose production systems by testing
reproductive traits of these populations in both produc-
tion systems. To determine if effects of selection envi-
ronment on traits linked to grain yield of an individual
culm differed, N use and biomass distribution patterns in
wheat culms at anthesis and maturity were measured.
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MATERIALS AND METHODS

Experimental Materials

The winter wheat subpopulations developed in this study
(Table 1) were derived from hybridized single-cross and three-
way crosses of released and experimental genotypes as pre-
viously described in detail (MacKown and Carver, 2005). The
present study used the 12 sets of unique genetic backgrounds
in Nursery 1 of the earlier study, which constituted a repre-
sentative sample of crosses routinely made in the winter wheat
cultivar development program at Oklahoma State University.
In brief, the F1 generation was grown in the greenhouse and
each F2 seedlot was divided and planted in field plots assigned
to grain-only and dual-purpose production systems at the
Wheat Pasture Center operated by Oklahoma State Univer-
sity and located 56 km west of Stillwater, OK. Seed harvested
from plots in each system was planted in the same respective
system for two subsequent generations, ending with the F4

generation harvest in 2000. Generation advance was achieved
by bulk harvesting each subpopulation (grain-only or dual-
purpose production system); selection was driven only by
environmental conditions inherent to each system. In addition
to the system-derived pairs of subpopulations, seed from a
subpopulation of the original F2 generation was planted in
1999 and harvested in 2000 from an ungrazed seed-increase
nursery located 56 km east of the Wheat Pasture Center. This
single-generation increase (designated Base) offered a rea-
sonable compromise for producing sufficient seed for field
testing and maintaining genetic variability present in the
original F2 population, while restricting natural selection in a
field environment to 1 yr.

Agronomic practices followed during the generation-
advance stages (F2–F4) were consistent with those used by
wheat producers in the southern Great Plains (Krenzer, 1991);
full details reported previously (MacKown and Carver, 2005).
All plots were harvested for grain on the same day, typically in
early June. Each plot was 3 m long with five rows spaced 23 cm
apart. The three middle rows were harvested with a rice binder
to collect seed for advanced generations.

Evaluation of Experimental Materials

The 12 triplicate sets of the three subpopulations (Base, F3;
grain-only and dual-purpose selected, both F5) were planted
on Kirkland silt loam (fine, mixed, thermic Udertic Paleustoll)
at the Wheat Pasture Center in adjacent fields corresponding
to areas assigned to grain-only and dual-purpose production.
Fertilizer N was applied as anhydrous ammonia and the
amount was adjusted for residual mineral N in the top 60 cm of
soil to achieve a grain yield goal of 3000 kg ha21 plus a dry
forage yield of 3500 kg ha21. A cattle stocking rate of two
steers per hectare was used to graze wheat plots in the dual-

purpose production field. For each production system a split-
plot design with three complete blocks was used; the 12 sets
were assigned to main plots, while the subpopulations within
sets were assigned to split-plots. Experiments were established
in the 2001–2002 and 2002–2003 cropping seasons and a dif-
ferent randomization of main-plots and split-plots for the two
production systems was used each year. The same seed lots of
the Base and the two production system selected subpopu-
lations were used each year. Management practices in this
population testing phase were similar to those used to derive
subpopulations, except that planting dates were 10 Sept. 2001
and 24 Sept. 2002 for evaluations with dual-purpose produc-
tion and 10 Oct. 2001 and 16 Oct. 2002 for evaluations with
grain-only production. Each subplot was 3 m long with five
rows spaced 23 cm apart.

Data Collection and Analyses

Samples were collected at anthesis (25 Apr.–2 May 2002;
28–30 Apr. 2003) and physiological maturity (3–12 June 2002;
27 May–3 June 2003) by clipping 20 culms from interior rows
of the five-row plots. Each culm from a separate plant tagged
at anthesis was clipped at a height of »4 cm above the soil
surface. Flag leaf blades and spikes were separated from culms
in the field and all plant parts dried to constant weight at 60jC
and weighed. At maturity, grain was removed from the spikes
and chaff recombined with the culms. All grain kernels were
counted and all plant parts were dried at 60jC and weighed.
Plant parts were ground (,1 mm) for total N analyses by
automated flash combustion (CHN-1000; Leco Corp., St.
Joseph, MI).

Statistical analyses of the genetic backgrounds and check
cultivars were performed using ANOVA procedures. Years,
genetic background, and cultivar were considered random ef-
fects and each data set was analyzed using mixed model pro-
cedures in the Fit Model platform of JMP software (SAS
Institute, 2002).

RESULTS
For the 12 unique genetic backgrounds, ANOVA re-

sults for single culm traits measured at anthesis and
maturity are summarized in Table 2. Nearly all of the
higher order interactions and many of the two-way
interactions were not significant (P . 0.05) for anthesis
and mature traits. In contrast, main effects were often
significant (production system and subpopulation) or
always significant (genetic background) for anthesis and
mature traits.

Anthesis Traits
Responses of the anthesis traits from the subpopula-

tions averaged across grain-only and dual-purpose pro-
duction system evaluations were not consistent among
the genetic backgrounds (Fig. 1). The culm dry weight of
several of the bulk subpopulations selected from a dual-
purpose system were less than those of the Base (sets
5, 7, 10) and grain-only (set 7) selected bulk subpop-
ulation, while set 3 Base subpopulation was less than
both the grain-only and dual purpose subpopulations
(Fig. 1A). The flag leaf blade dry weights of Base sub-
populations for sets 5, 10, and 11 were greater than both
the grain-only and dual-purpose selections of these sets
and only the grain-only subpopulation of set 9 had a flag

Table 1. Genetic background of winter wheat bulk subpopulations
used to evaluate anthesis and maturity traits in 2002 and 2003.

Set Genetic background

1 2180//Crr*2/CtyA-/3/Ogallala
2 Tkw//Karl 92*2/CtyA-/3/Hicokok
3 Platte//KS137–337/Wakefield
4 Plainsman V/OK79256 seln//FL302/3/Jagger
5 Custer/FL302//TAM 302
6 KS92P0363–134/FL302//Ogallala
7 Jagger*2/FL302
8 2137/SW76–117C-4
9 OK95G702/OK91P648
10 OK95G703/2137
11 OK95G703/OK92403
12 OK95G704/OK91P648
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leaf blade dry weight that was greater than that of the
subpopulation selected from the dual-purpose system
(Fig. 1B). Aboveground N content of the grain-only se-
lection for set 8 was greater than the dual-purpose selec-
tion, while N content for the grain-only selection in set 6
was less than that of the dual-purpose subpopulation,
and the Base subpopulations of sets 5 and 11 was greater
than both the grain-only and dual purpose subpopula-
tions (Fig. 1C).
Averaged across genetic backgrounds, values for

traits measured at anthesis in dual-purpose production
were unaffected by the source of the subpopulation and
were consistently less than those from the grain-only
production evaluations, except for flag leaf blade N con-
centration, which was unaffected by production system
(Table 3). In the grain-only production system, culm and
flag leaf blade dry weights and N content values from
the Base subpopulation were often greater than those
from the grain-only and dual-purpose subpopulations.
The overall means for the grain-only and dual-purpose
selected subpopulations were not significantly different
(P . 0.05), whereas the overall production system eval-
uation means of the anthesis traits for the grain-only
system were all greater than those of the dual-purpose
system (Table 3). The overall mean flag leaf blade N
concentration of culms in the grain-only production sys-
tem was only 4% greater than that of culms from the
dual-purpose system. Differences due to production sys-
tem were greater for other anthesis traits of individual
culms: dry weight was 15% greater, aboveground N con-
tent was 25% greater, and visually larger flag leaf blades
that had 28%more dry weight than the anthesis traits of
culms from the dual-purpose production system.

Mature Traits
Among the subpopulations, five of the 12 genetic

backgrounds differed significantly (P # 0.05) in mature

culm dry weights averaged across both production sys-
tems that. Culm dry weight of the dual-purpose sub-
population in set 3 was greatest, while the Base
subpopulations of sets 4, 7, and 10 had greater culm
dry weight than the grain-only and dual-purpose sub-
population selections, and in set 11 the culm dry weight
of the dual-purpose selection was less than the other
two subpopulations (Fig. 2A). Differences in grain dry
weights per culm among subpopulations within the ge-
netic background (Fig. 2B) were generally consistent
with differences in culm dry weights. Subpopulations
within sets 3, 6, 7, and 10 differed in the number of
kernels per culm with the Base subpopulations having
greater than or equal kernel number as the grain-only
and dual-purpose selected subpopulations (Fig. 2C).
Three of the 12 sets of genetic backgrounds had indi-
vidual kernel mass that differed among the three sub-
populations with set 4 Base subpopulation kernel mass
exceeding (P # 0.05) the weights of the other two sub-
populations and the Base subpopulations of sets 3 and
5 having smaller kernel mass than the grain-only and
dual-purpose selected subpopulations (Fig. 2D). There
were no significant (P# 0.05) differences between kernel
mass of grain-only and dual-purpose selections within
a genetic background. Except for set 1, differences
in grain N concentration of the grain-only and dual-
purpose subpopulations within a set were not significant
(P# 0.05), while the Base subpopulation of sets 4 and 10
had grain N concentrations less than the grain-only but
not the dual-purpose selected subpopulation (Fig. 2E).

Except for culm dry weight, all mature trait averages
across genetic background, production system, and years
were not significantly (P . 0.05) different between the
grain-only and dual-purpose selected subpopulations.
The Base subpopulation culm dry weight, kernel mass,
and aboveground N content exceeded and NHI (N har-
vest index, ratio of grain N to total aboveground N) in
2002 was less (P # 0.05) than those of the two selected

Table 2. Significance (P . F) values from the ANOVA of selected dry weight and N traits of individual culms at anthesis and maturity for
12 sets of unique wheat subpopulations evaluated in grain-only and dual-purpose production systems for 2 yr.

Anthesis traits Mature traits†

Source of
variation

Culm dry
wt.

Flag leaf blade
dry wt.

Flag leaf
blade N

N
content

Culm dry
wt.

Grain dry
wt.

Kernel
no.

Kernel
mass HI

N
content

Grain N
conc. NHI

Year (Y) * *** NS‡ *** NS NS ** NS NS NS ** ***
Production
system (PS)

*** *** * *** NS NS NS ** *** NS *** ***

Y 3 PS ** NS NS NS NS NS NS NS * NS NS NS
Genetic
background (G)

*** *** ** *** *** *** *** *** *** *** *** ***

Y 3 G NS NS NS NS NS NS NS NS NS NS NS NS
PS 3 G NS NS NS NS NS NS ** * NS NS * **
Y 3 PS 3 G NS NS NS NS NS * * NS NS NS NS NS
Subpopulation (S) *** *** NS ** *** ** *** * NS *** NS NS
Y 3 S * *** NS NS NS NS NS NS NS NS NS **
PS 3 S ** * NS * NS NS NS NS NS NS NS NS
G 3 S *** *** NS ** * * * ** NS NS * NS
Y 3 PS 3 S NS NS NS NS NS NS NS NS NS NS ** NS
Y 3 G 3 S NS NS NS NS NS NS NS * NS NS NS NS
PS 3 G 3 S NS NS * NS NS NS NS NS NS NS NS NS
Y 3 PS 3 G 3 S NS NS NS *** NS NS NS NS NS NS NS NS

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
†HI, harvest index; NHI, nitrogen harvest index.
‡NS, not significant.
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subpopulations (Table 4). Among the three subpopula-
tions, HI (harvest index, ratio of grain to total above-
ground yield) and grain N concentrations were not
significantly (P. 0.05) different and NHI values in 2003
exceeded those in 2002.
Among the genetic backgrounds there were small yet

significant (P # 0.05) differences in HI and NHI aver-
aged across subpopulations and years (Fig. 3). Sets 1, 4,
5, and 10 had HI values (»0.43) that were less than sets 3
and 12 (»0.46). For NHI, values for sets 5 and 10 (»0.68)
were less than those of sets 2, 6, 11, and 12 (»0.73).
Overall means of culm dry weight, grain dry weight

per culm, kernels per culm, and aboveground N content
at maturity were not significantly (P . 0.05) different
between the grain-only and dual-purpose production
systems (Table 5). For the dual-purpose system, individ-
ual kernel mass, HI and NHI were greater and grain
N concentrations were less than those of the grain-
only system.
Between anthesis and maturity, the overall average

loss of dry weight from nongrain culm tissue was 13.7%

of the anthesis dry weight. Effects of year, production
system, genetic backgrounds, subpopulation selection
environments, and their interactions were not significant
(P . 0.05; data not shown).

DISCUSSION
During the grain filling development phase, grain dry

weight accumulation coincides with substantial respira-
tion of photosynthate (Hodges and Kanemasu, 1977;
Gent and Kiyomoto, 1989; Gent, 1994). Photosynthate
produced during grain filling and photosynthate re-
serves accumulated before grain filling are allocated for
both processes (Pheloung and Siddique, 1991; Gent,
1994), with reserve photosynthate buffering fluctuations
in current photosynthate (Kühbauch and Thome, 1989;
Takahashi et al., 1994) and contributing proportionally
more to grain dry weight in stressful environments
(Schnyder, 1993; Gent, 1994) in response to shifts be-
tween source activity and sink demand (Bidinger et al.,
1977; Willenbrink et al., 1998).

Fig. 1. Anthesis traits of bulk subpopulations (Base, grain-only, and dual-purpose) generated for 12 unique wheat genetic backgrounds. Values are
least squares means (n5 12) of three replications across 2 yr and two production systems. Within a genetic background set, bars followed by the
same letter are not significantly (NS) different at P 5 0.05 using Student’s t test.
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Even though grain dry weight accumulation is af-
fected proportionately less than expected when net
photosynthesis is markedly reduced (Judel and Mengel,
1982; Takahashi et al., 1994), selections and genetic
backgrounds that affect those culm traits associated
with photosynthate production, storage, and use would
be expected to have an effect on grain traits of a culm.
During grain filling, kernel number per culm relates
directly to demand for photosynthate. While there were
marked differences in kernel number per culm among
genetic backgrounds, four of the 12 genetic backgrounds
evaluated had kernel numbers that differed due to the
subpopulation selection environment. These differences
in kernel number due to selection, however, were not
consistently expressed. Furthermore, they did not corre-
spond to differences in average kernel mass and only set
7 and partly set 4 corresponded to differences in total
grain dry weight per culm (Fig. 2). The genetic back-
ground3 subpopulation means of total culm dry weight
at anthesis were strongly correlated (0.74, P , 0.001)
with the means of grain dry weight per culm. Similarly,
anthesis flag leaf blade dry weight and total N content,
both linked to photosynthate production, were corre-
lated (0.59 and 0.70, P , 0.001, respectively) with the
means of grain dry weight per culm. The correlation for
total N content was expected because it depends on total
culm dry weight, which was strongly correlated with
grain dry weight per culm.
Closer inspection of the grain dry weight results for

the 12 sets of genetic backgrounds reveals only the dual-
purpose selection subpopulation from set 3 had a sig-
nificantly greater grain dry weight per culm than the
grain-only subpopulation (Fig. 2). However, differences
in anthesis flag leaf dry weight, total culm dry weight,
and total N content (Fig. 1) or the relative losses in vege-
tative dry weight between anthesis and maturity were

not observed (15 6 5%, dual-purpose subpopulation;
22 6 6%, grain-only subpopulation). The difference in
culm grain dry weight of these two subpopulations from
set 3 was not associated with any of these traits linked to
photosynthate production but was consistent with sub-
population differences in kernel number per culm (sink
demand). Similarly, Base subpopulations with a greater
grain dry weight per culm than one or both of the se-
lected subpopulations (e.g., sets 4 and 7) were not con-
sistently associated with culm and flag leaf dry weight
and N content at anthesis, but generally tracked differ-
ences in kernel number per culm of the subpopulations.

As we observed for forage traits at the onset of fall
grazing (MacKown and Carver, 2005), trait differences
among subpopulations were usually less than those dif-
ferences among genetic backgrounds. Within the grain-
only production system there were slight differences in
anthesis traits among the subpopulations, while within
the dual-purpose production system therewere no differ-
ences (Table 3). Averaged across all genetic back-
grounds and the three subpopulations, traits measured
at anthesis were consistently greater in the grain-only
system than the dual-purpose system (Table 4). A sub-
stantially larger flag leaf blade, culm dry weight, and N
content at anthesis should favor greater photosynthate
production and storage to support grain filling. How-
ever, when averaged across all genetic backgrounds
and the three subpopulations, grain dry weight per culm
was not different for grain-only and dual-purpose
production systems. The absence of significant interac-
tions of the subpopulations 3 production system for
mature traits (Table 2) indicates that the small differ-
ences among subpopulations (Table 4; culm dry wt.,
grain dry wt., kernel number, kernel mass, and HI) was
unaffected by production system.

Grain N is primarily derived from mobilization of N
accumulated before grain filling commences (Austin
et al., 1977; Van Sanford and MacKown, 1987; Heitholt
et al., 1990), although wheat can readily absorb N and
assimilate nitrate following anthesis (Austin et al., 1977;
MacKown and Van Sanford, 1986). The amount of N
absorbed after anthesis can be quite substantial when
there is an adequate supply of soil mineral N and soil
moisture is not limiting after anthesis (Wuest and
Cassman, 1992). The potential for N uptake after an-
thesis is greater for plants with large spikes with numer-
ous kernels (Mi et al., 2000), and the amount of N uptake
after anthesis can be reduced when sink size is reduced
(Pérez et al., 1989) particularly for cultivars that lack a
compensatory kernel mass increase when 50% of the
spikelets are removed at anthesis (Ma et al., 1996). At
anthesis, the differences in flag leaf blade N concentra-
tion and N content associated with subpopulations were
either not significant or small relative to the effects of
genetic background and production system. The average
amount of N at anthesis closely tracked the total culm dry
weight when averaged across production systems (Fig. 2)
indicating that overall tissue N concentrations were rea-
sonably uniform across the subpopulations and genetic
backgrounds. However, wheat from the dual-purpose
production system had nearly 20% less N content at

Table 3. Least squares means for total culm and flag leaf blade dry
weights, flag leaf blade N concentration, and N content at
anthesis as affected by production system and subpopulation
(selection environment). Values are means across 12 unique
wheat genetic backgrounds and 2 yr.

Subpopulation

Production system Base Grain-only Dual-purpose Avg.

Culm dry wt., g culm21

Grain-only 1.43a† 1.40ab 1.37b 1.40A‡
Dual-purpose 1.22c 1.23c 1.22c 1.22B
Avg. 1.33A 1.31AB 1.29B
Flag leaf blade dry wt., mg blade21

Grain-only 78.9a 76.0b 74.5b 76.5A
Dual-purpose 60.8c 59.6c 59.6c 60.0B
Avg. 69.9A 67.8B 67.1B
Flag leaf blade N, mg g21

Grain-only 41.0a 41.0a 41.3a 41.1A
Dual-purpose 39.7a 39.9a 39.6a 39.7B
Avg. 40.3A 40.5A 40.5A
N content, mg culm21

Grain-only 27.9a 26.9b 26.7b 27.2A
Dual-purpose 21.9c 21.8c 21.8c 21.8B
Avg. 24.9A 24.3B 24.2B

† Subpopulation 3 production system trait values followed by the same
lowercase letter are not significantly different according to Tukey–
Kramer mean comparison test at P 5 0.05.

‡Averages in a column or in a row followed by the same uppercase letter
are not significantly different according to Tukey–Kramer mean com-
parison test at P 5 0.05.
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Fig. 2. Mature traits of bulk subpopulations (Base, grain-only, and dual-purpose) generated for 12 unique wheat genetic backgrounds. Values are
least squares means (n5 12) of three replications across 2 yr and two production systems. Within a genetic background set, bars followed by the
same letter are not significantly (NS) different at P 5 0.05 using Student’s t test.
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anthesis than the grain-only wheat, while culm dry
weight was only 13% less, resulting in an 8% lower
overall tissue N concentration for wheat plants from the
dual-purpose system. If the efficiency of plant N re-
distribution is similar for the two productions systems,
then less N content associated with wheat in the dual-
purpose system could decrease grain N concentration
of a culm, when N uptake during grain filling and grain
dry weight of a culm are similar for the two produc-
tion systems.
At maturity, the difference in N content due to pro-

duction system had disappeared and corresponded to
equivalent total culm dry weights of the individual culms
from the two production systems. Accordingly, for this
experiment postanthesis N uptake by plants evaluated in
the dual-purpose production system was greater than
that of plants evaluated in the grain-only production
system. If postanthesis stress had limited N uptake
during grain filling, then plants in the dual-purpose pro-
duction system would be expected to have a lower grain
N concentration (Van Sanford and MacKown, 1987).
The range in N content at maturity among the sub-
population selections (Table 4, 27.7–29.0 mg culm21)
was markedly less than the range among genetic back-
grounds (25.4–31.5 mg culm21) and redistribution ef-
ficiency, as indicated by NHI, was only slightly different
(0.66–0.68 in 2002) or equivalent (0.74 in 2003) among
the subpopulations. The range in NHI among the geno-
types (0.68–0.74) was narrower than the range for a

set of cultivars evaluated within a grain-only produc-
tion system in the southern Great Plains (0.65–0.78,
Heitholt et al., 1990). Because of the similar NHI values
among the subpopulations, the slight differences in N
content and grain dry weight (0.85–0.89 g culm21) did
not cause a significant difference in grain N concentra-
tion (23.0 mg g21). Among the genetic backgrounds,
however, there was a diversity in grain N concentrations
(21.6–24.7 mg g21) as was observed for the other mature
traits, but grain N concentration was not correlated with
any of the other mature traits. For these genetic back-
grounds, achieving a desired grain N concentration was
independent of the selection environment and should be
made directly on this trait itself. Selectionsmade in either
the grain-only or dual-purpose production system could
have slightly lower grain N concentrations when grown
in a dual-purpose system (22.5 mg g21) than the grain-
only system (23.6 mg g21), but this decrease is not ex-
pected to alter end use of the flour.

Culm biomass and N traits measured at anthesis and
maturity for subpopulations of 12 genetic backgrounds
selected from grain-only and dual-purpose production
systems revealed that differences in culm traits were
often greater due to genetic background than selection
environment of the subpopulations. Consequently, se-
lections made from the dual-purpose environment per-
formedsimilarly to those fromthegrain-only environment
when grown in either production system. The relative
impact of these factors on the anthesis and mature traits

Table 4. Subpopulation least squares means for mature wheat traits total culm, grain, and kernel mass, harvest index (HI), N content, grain
N concentration, and N harvest index (NHI). Values are means across 12 unique wheat genetic backgrounds, two production systems,
and 2 yr.

NHI

Subpopulation Culm dry wt. Grain dry wt. Kernel no. Kernel mass HI N content Grain N conc. 2002 2003

g culm21 culm21 mg kernel21 mg culm21 mg g21

Base 2.02a† 0.89a 31.8a 27.9b 0.44a 29.0a 23.0a 0.66C‡ 0.74A
Grain-only 1.98b 0.87ab 30.7b 28.3a 0.44a 28.1b 23.0a 0.68B 0.74A
Dual-purpose 1.94c 0.85b 30.1b 28.3a 0.44a 27.7b 23.1a 0.68B 0.74A

†Values in a column followed by the same lowercase letter are not significantly different according to Tukey–Kramer mean comparison test at P 5 0.05.
‡Year3 selection environment HI values followed by the same uppercase letter are not significantly different according to Tukey–Kramer mean comparison
test at P 5 0.05.

Fig. 3. Harvest index (HI) and nitrogen harvest index (NHI) of wheat culms for 12 unique wheat genetic backgrounds. Values are least squares
means (n 5 36) of three replications across 2 yr, two production systems, and three subpopulations. The HI bars with the same lowercase letters
and the NHI bars with the same uppercase letters are not significantly different according to Tukey–Kramer mean comparison test at P 5 0.05.
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of individual culms is similar to what we observed for
the forage traits of these subpopulations (MacKown and
Carver, 2005). Themarginal responses of individual culms
to selection environment needs to be considered with
caution, particularly when considering grain yield, be-
cause the number of kernels per unit area is a primary
contributor to grain yield. For the plots used in this study,
whole plot grain yields were enhanced for the dual-
purpose subpopulations grown in both the dual-purpose
(7.4%) and grain-only (5.8%) environments (Carver and
MacKown, 2005). From a separate random sampling of
15 spikes at maturity, the dual-purpose subpopulations
had similar kernels per spike and individual kernel mass,
but more spikes per unit area than the grain-only sub-
populations. Consequently, the dual-purpose selection
environment favored the development of selections that
produced a greater number of tillers with spikes when
evaluated with both production systems. While individual
culms from the subpopulations exhibited only minor dif-
ferences, yield benefits can accrue through the use of a
dual-purpose production system for development of fa-
vorable selections for both dual-purpose and grain-only
production systems in the southern Great Plains.
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