Late-season nitrogen may be
efficient way to increase
winter wheat protein

Bruce A. Linquist

On-farm experiments were con-
ducted throughout California to
study the effect of early- and late-
season nitrogen fertilizer applica-
tions on grain protein in winter
wheal. Results indicate that early-
season nitrogen application is inef-
ficient. However, late-season nitro-
gen (N) applications coupled with
irrigation can lead to efficient fertil-
izer N uptake and partitioning to
grain, and increased grain protein.
Late-season application was not ef-
ficiently recovered in the grain
when there was midseason nitro-
gen application or high native soil
nitrogen supply.

Market demands for higher quality wheat
have recently shifted in California. Be-
cause grain quality is largely a function of
grain protein concentration (GPC) and
protein synthesis depends on an adequate
nitrogen (N) supply, management for pro-
tein must emphasize plant N nutrition. Be-
cause of increasing fertilizer costs and off-
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farm pollution caused by misuse of N fer-
tilizer, efficient N management strategies
must be developed. The purpose of this
study was: (1) to study the effect of N fer-
tilizer applied at planting and flowering
(anthesis) in conjunction with irrigation on
yield, GPC and N utilization efficiency
and (2) to identify parameters at anthesis
that predict grain yield, GPC, and N utili-
zation efficiency so that the need and rate
of late-season N application can be deter-
mined.

In the following discussion, “flower-
ing” is used interchangeably with “anthe-
sis,” which means the specific time when
anthers extrude from heads of wheat.

Materials and methods

Experiment 1. The effects of N fertil-
izer applied at anthesis on GPC and fertil-
izer-N uptake efficiency were examined in
on-farm experiments throughout Califor-
nia in 1987-88 and 1988-89. Ten sites, six
counties and two cultivars ("Yecora Rojo’
and ‘Klasic’) were included in this study
(table 1). The experiment consisted of two
treatments placed in a randomized com-
plete block design at each site. Treatments
were 40 Ib N/ac uniformly broadcast as
ammonium sulfate at flowering (+LN)

Left, Yecora Rojo wheat in Kern County. Be-
low, wheat at flowering or anthesis. Yellow an-
thers are shedding pollen.
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and a control with no N applied at flower-
ing (-LN). Following this application, all
fields were irrigated within 48 hours ex-
cept Sac-1 where the grower decided not
to irrigate due to 0.5 to 1 inch of rainfall
the following day. At flowering, a com-
posite soil sample collected from depths of
0 to 8 inches and 8 to 16 inches and a
plant sample, which was partitioned into
flag leaves and spikes, were taken from
the (-LN) plots.

At physiological maturity, plant
samples were harvested and partitioned
into straw and grain fractions such that
“straw” included stems, leaves and chaff.
Yield and N concentration were deter-
mined for both plant fractions. Soil
samples were cooled immediately in an ice
chest following sampling, then air-dried
and sieved through a 2-mm screen. Soil
measurements included pH, KCl-extract-
able NH4-N and NO3-N, mineralizable N
(10-day anaerobic mineralization), and to-
tal organic N and carbon.

A similar 3-year study was conducted
in Yolo County. Each year the preplant
rate was 161 Ib N/ac with -LN or +LN
treatments at flowering (anthesis) identical
to the on-farm experiments. These data are
included with the on-farm data for regres-
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sion of soil parameters at flowering versus
plant parameters at maturity.

Experiment 2. In 1988-89, a large field
experiment was conducted to determine
whether preplant N rates could be re-
duced if a late-season N application was
applied. The experiment was designed as
a randomized complete block with two
preplant N rates of 151 and 191 Ib N/ac
and four replicates. Each plot contained 42
acres. ‘Klasic’ wheat was sown on January
1, 1989. Both treatments received supple-
mental N of 60 and 54 Ib/ac applied with
irrigation at boot stage and 20 days before
flowering , respectively. Plant samples
were taken from four locations within
each plot at boot stage (before the
midseason N application), flowering and
physiological maturity. Samples were
treated as in experiment 1, except that at
boot stage all the aboveground biomass
was included in the straw fraction and the
anthesis sample was partitioned into straw
and spikes.

Results and discussion

Experiment 1. At flowering, spike and
flag leaf N concentrations ranged from 1.7
to 2.3% and from 3.4 to 4.7% with means
of 1.9 and 3.9%, respectively. Kings-1 and
Kings-2 had the highest N concentrations
in the spike and flag leaf (2.3 and 2.2%, re-
spectively, for the spike and 4.5 and 4.7%,
respectively, for the flag leaf) due to
midseason N applications at both sites
(table 1). Extractable soil NO3-N was par-
ticularly high at Modoc, San Joaquin and
Kings-2 due to multiple midseason N ap-
plications (Kings-2) or the high N mineral-
ization capacity of the soil and large re-
serves of organic N and carbon (Modoc
and San Joaquin) (table 1).

Grain yields ranged from 4,360 to 8,680
lb/ac (table 2). Four sites had yields below
7,000 Ib/ac. Low yields were due to N
stress (partially corrected with a
midseason N application), weeds
(Madera), late planting (Kings-2), early-
season water stress (San Joaquin) and
growing "Yecora Rojo’ in a climate where
it was not well adapted (Modoc). At the
other six sites grain yields were above
7,300 Ib/ac and total fertilizer N applied
before anthesis (preflowering) ranged
from 90 to 226 Ib N/ac. The wide range of
preflowering N rates reflected the wide
range of soil textures and inherent fertility,
rotations, and area-specific cultural prac-
tices which may or may not lead to effi-
cient N use.

Application of late-season N did not in-
crease yields. However, other studies have
shown small but significant increases in
grain yield due to greater kernel size with
late N applied with irrigation.

The +LN treatment resulted in an in-
crease in grain N concentration (GNC)
from 2.43 to 2.59% across sites (table 2).

TABLE 1. Cultivar, planting and late N application (LN) dates, N rates and soil properties measured at
anthesis at 0-8 inches for all on-farm sites.

Mid- Soil
Planting, Preplt season
County (LN) N N Text- extractable Min
(ev.)* dates rate rate turet pH NH, NO4 Nt Cc
W, - I ppm_- %
Kern-1 12-2-87 182 = cl -§ - -
(YR) (4-4)
Kern-2 1-27-89 126 - fsl 7.9 5.4 0.9 53 0.56
(YR) (5-19)
Kings-1 12-8-88 100 46 sl 1 24 2.2 8.3 0.76
(YR) (4-18)
Kings-2 2-2-89 124 1959 fsl g 2.6 12.9 5.5 1.07
(YR} (5-2)
Kings-3 12-10-87 196 30 c 8.1 6.5 5.5 16.4 1.68
(Kl (4-19)
Madera 11-7-87 63 95 fsl 7.8 4.0 4.6 17.9 1.19
(YR) (4-15)
Modoc 4-19-88 95 - mscl 7.3 16.4 18.5 62.4 4.86
(YR) (7-5)
Sac-1 12-15-87 120 - | 6.6 9.4 9.9 3.9 1.78
(K1) (4-18)
Sac-2 1-26-88 90 - fsl 5.6 7.2 8.7 239 1.31
(K1) (4-25)
San Jo 12-4-87 12 - pm 5.6 19.2 12.4 88.2 10.10
(K1) (4-15)

*¥R = Yecora Rojo, Kl = Klasic.

tcl = clay loam, fsl = fine sandy loam, sl = sandy loam, ¢ = clay, mscl = mucky sandy clay loam, | = loam,

pm = peaty muck.
$Mineralizable N during a 10-day anaerobic incubation.
§Lost soil sample.

Midseason N applied in four split applications with irrigation.

TABLE 2. The influence of a late-season N application of 40 Ib N/ac on yield and N content of wheat at

10 on-farm sites
Grain Straw
County LMN* h i NC* TN* ) i NC* TN* NHI*
Ib/ac % Ib Niac Ib/ac % b Niac
Kem-1 - 7,580 2.24 170 8700 0.49 42 0.80
§ 7,380 2,671 197% 9970 0.68% 61% 0.77¢
Kern-2 - 8,190 2.38 196 8,840 0.60 54 0.79
+ 8,680 2.561 221t 9,290 0.67 62 0.78
Kings-1 - 8,170 2.65 217 9,110 0.81 73 0.75
+ 7,990 281t 224 9,170 0.96 88 0.72
Kings-2 - 5,240 2.98 156 7.410 1.33 99 0.61
+ 5,420 3.01 163 7,240 1.36 98 0.62
Kings-3 - 7,740 2.15 167 8,110 0.40 32 0.84
+ 8,022 2.36% 1891 8,530 0.48% 41% 0.821
Madera - 6,790 219 148 7,950 0.46 37 0.80
+ 6,480 2.40% 155¢ 7,310 0.54% 39 0.80
Modoc - 5,900 2.67 158 6,980 0.78 55 0.74
+ 6,100 2.74 167 7,050 0.91 64 0.72
Sac-1 - 8,100 2.21 179 8,970 0.56 50 0.78
+ 8,330 2.23 185 8,910 0.59 53 0.78
Sac-2 7,890 2.04 161 7,660 0.33 26 0.87
+ 8,120 2371 1751 7.700 0.401 30 0.86
San Joaquin 4,360 275 120 7,950 0.76 61 0.66
+ 4,390 2.96 129 7,740 0.85t 66 0.66
Mean - 6,990 2.43 167 8,170 0.65 53 0.76
+ 7,090 2.59 180 8,180 0.74 60 0.75
Site§ ¥ ¥ ¥ ¥ ¥ ¥ =
LN§ NS + 1 NS + t NS
Site X LN§ NS NS NS NS NS NS NS

§Level of significance across sites.

, TN = total N, NHI = N harvest index.
1, ¥Significant F value at P<0.05 and 0.01, respectively.
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Assuming a target GPC of 13% protein at
12% moisture, the equivalent GNC, cor-
rected for moisture, is 2.55% (GPC = GNC
% 5.7). At two of the six sites below target
GNC in the -LN treatment, the late-season
N application resulted in target GNC or
greater (Kern-1 and Kern-2). These two
sites had a mean GNC of 2.31% in the -LN
plots, considerably higher than the mean
of the other four sites, 2.15%. Thus, at
Kern-1 and Kern -2 a smaller N rate was
required at flowering to reach target GNC.

At four sites (Sac-1, Kings-2, Modoc
and San Joaquin) GNC did not signifi-
cantly increase with the addition of
supplemental N at flowering. At Sac-1 lack
of irrigation following treatment applica-
tion resulted in inefficient N uptake. The
rainfall at Sac-1 was not enough to move
the applied N into the zone of active root
uptake. Studies have shown that late-sea-
son N deep in the soil profile (>6 inches) is
taken up more efficiently than N near the
surface.

The other three sites (Kings-2, Modoc
and San Joaquin) reached the target GNC
without supplemental N at flowering due
to midseason N applications at Kings-2, or
high soil N mineralization rates at Modoc
and San Joaquin (table 1). These three sites
and Kings-1 (in which GNC increased sig-
nificantly, but only slightly with late-sea-
son N) indicate that high early-season or
midseason N application results in ineffi-
cient partitioning of N to the grain.

Partitioning efficiency of N is reflected
by the N harvest index (NHI) which is the
proportion of plant N recovered in grain
(table 2). When the early and\or
midseason N supply from soil or fertilizer-
N was large, as at these sites, straw N con-
centration at maturity was high and the
NHI was low. However, where straw N
concentration was below 0.7%, the N har-
vest index was high, ranging from 0.77 to
0.87, indicating efficient N partitioning
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Fig. 1. The relationship between percent N ap-
plied at anthesis (flowering), which was allo-
cated to grain (GUE), and flag leaf nitrogen
concentration at anthesis. The dashed line
represents regression without inclusion of
sites 6, 7 and 8, as discussed in text.

10-San Joaquin

Ken Cassman talks to farm advisors about nitrogen application. From left to right are Larry
Strand, Bill Weir, Wynette Sills, Mick Canevari, Ken Cassman, Lee Jackson, Marilyn Miller and
Bruce Linquist.

such that 77 to 87% of plant N was har-
vested with grain.

Apparent uptake of the N applied at
flowering (difference in total N uptake be-
tween the +LN and -LN) ranged from 7 to
48 1b N/ac, equivalent to an uptake effi-
ciency of 21 to 112% (table 3). Grain utili-
zation efficiency (GUE is the percent N ap-
plied at flowering that is recovered in
grain) ranged from 15 to 68%. These two
performance parameters were regressed
against plant and soil parameters mea-
sured at flowering. Only two significant
correlations were found, GUE versus flag
leaf N concentration (r = -0.62, P<0.05)
(fig. 1) and apparent fertilizer-N uptake
versus extractable nitrate-N (r = -0.64,
P<0.05) (fig. 2).

These relationships illustrate that early-
season N management practices and soil
N supply at flowering are important fac-
tors in determining N allocation to grain
versus straw and fertilizer N uptake effi-
ciency during grain filling. These correla-
tions were stronger (r =-0.91 and r =-0.89)
when the Madera, Modoc and Sac-1 sites
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Fig. 2. The relationship between uptake effi-
ciency of N fertilizer applied at anthesis and
extractable soil NO,-N in the top 8 inches of
soil at anthesis (flowering.) Included are three
sites from a similar experiment in Yolo County
(11-13). The dashed line represents regression
without inclusion of sites 6,7 and 8.

were excluded from the analysis due to (1)
uneven stands and high weed pressure at
Madera, (2) use of “Yecora Rojo” which is
not adapted to the Modoc location and (3)
lack of irrigation following treatment ap-
plication at Sac-1.

Kings-1 was the only site that had a
relatively high N uptake efficiency (55%),
but a low grain utilization efficiency (18%)
(table 3). This site had low soil nitrate-N
and high flag leaf N levels at flowering
(anthesis). The midseason N application
resulted in the high plant N concentration,
yet by flowering this added N was not de-
tected in soil nitrate levels.

During grain filling the Kings-1 crop
maintained an active root system; thus,
late-season fertilizer-N uptake efficiency
was relatively high at this site (table 4).
However, the high plant N concentration
governed the partitioning efficiency such
that most of the increased plant N from
the late-season application was partitioned
to straw. The hypothesis that soil N levels
govern uptake efficiency from late N ap-
plication is supported by the relationship
shown in figure 2, whereas the influence
of plant N status on N partitioning effi-
ciency is evident from the NHI values in
table 2 and the relationship shown in fig-
ure 1.

One of the objectives of this experiment
was to identify parameters at flowering
that would predict the yield and GNC of
the crop at maturity. Yield and GNC at
maturity were regressed against plant tis-
sue (spike and flag leaf) and soil param-
eters taken at flowering. Flag leaf and
spike N concentrations were positively
correlated with GNC (r = 0.72 and 0.68, re-
spectively), but grain yield was not corre-
lated with the measured flowering param-
eters. Both GNC and yield are required to
estimate late N requirements.

The ability to estimate the quantity of
N to apply at flowering would increase
the economic return from N fertilization
and reduce the potential for N losses. For
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example, at Kern-2, if a yield of 8,200 Ib/ac
with a GNC of 2.38% was expected, the
grain in the crop would require an addi-
tional 14 Ib N/ac at flowering to reach the
target GNC (2.55%). With a GUE of 63% at
this site (table 3), an application of 22 Ib
N/ac would be adequate.

Despite not identifying parameters at
flowering that would allow for an estima-
tion of late N requirements, two param-
eters were identified that may be useful in
determining whether a late N application
is necessary to achieve target protein lev-

els. In this experiment, sites having greater
than 4% N in the flag leaf or 10 ppm ni-
trate-N in the soil at flowering did not re-
quire the additional N to reach target
GNC. However, where early-season N
management resulted in low extractable
soil N or flag leaf N concentration, our re-
sults indicate that application of N at flow-
ering would be an effective option to raise
GPC levels to the desired threshold even
at high yield levels. For example, the
Kern-2 site had the lowest flag leaf and
soil nitrate-N levels but N uptake effi-

TABLE 3. Plant N accumulation, uptake efficiency and utilization efficiency from late season N
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TABLE 4. Yield, N concentration and incremental uptake efficiency of preplant N at boot stage in ex-

periment 2. At boot stage all the aboveground plant biomass was included in the straw fraction

Grain Straw Uptake
PP* y* NC* TN* b NC* TN* TN* eff.” NHI*
Vac biac b ; lb/ac brac ==
Boot stage
151 4,236 3.24 138 38
181 4,329 3.38 146 146 20
Analysis
of variance NS 1 t
Maturity

151 2,54 204 : 0.62 48 252 - 0.81
191 62 204 8.0 0.71 56 260 20 0.78
Analysis
of variance o) ¢ NS NS i NS t

{HI = N harvest index and

n the two oreplant rates
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ciency and GUE from late N application
were high (table 3) and target GNC was
exceeded in the +LN treatment (table 2).

Experiment 2. At boot stage, wheat
that received the high preplant N rate had
higher tissue N concentration and had ac-
cumulated 8 Ib N/ac more than wheat fer-
tilized at the low preplant rate (table 4).
The incremental fertilizer-N uptake effi-
ciency from the additional 40 Ib N/ac pre-
plant N was 20%. At flowering (anthesis),
the difference in plant N accumulation for
the two preplant N rates was the same as
at boot stage, suggesting that any differ-
ence in soil N supply from the greater pre-
plant N rate had disappeared by boot
stage.

At maturity, lower grain yields in the

| high preplant treatment were probably

due to increased lodging. Both preplant
rates resulted in target GNC, although
GNC was slightly higher for the high pre-
plant rate. Because N accumulation in the
grain was the same for both treatments,
the higher GNC was due to protein dilu-
tion by the higher yields in the low pre-
plant treatment.

The preplant rate affected N partition-
ing patterns during grain filling. Under
both N regimes, the plant partitioned an
equal quantity of N to grain; however,
proportionately more N was partitioned td
the grain at the low preplant rate. The ad-
ditional 8 Ib N/ac taken up by wheat in
the high preplant N rate treatment was
partitioned to the straw fraction (table 4).

Conclusion

Early season N management should
only attempt to optimize yields. Experi-
ment 2 clearly illustrates that reliance on
increased rates of preplant N to achieve
threshold grain protein levels is inefficient,
whereas N applications at flowering,
coupled with irrigation can efficiently in-

| crease GNC. Excessive early-season N

rates, multiple midseason N applications
or high native soil N mineralization poten-
tial limits the efficacy and need for late N
application. Moreover, excessive N supply
from soil or fertilizer in the early season
results in inefficient N partitioning to
grain. None of the soil or plant parameters
measured at flowering accurately pre-
dicted grain yield at maturity. However,
flag leaf N concentration was positively
correlated with GNC and negatively corre-
lated with grain utilization efficiency, and
soil nitrate-N at flowering was negatively
correlated with N uptake efficiency from
late-season N application.
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