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    Development of Tools to More Accurately  
Predict In-Season Spring Wheat  

Nitrogen Needs for Yield and Protein 
Albert Sims, Northwest Research and Outreach Center, Crookston

Research Question

   Objectives:  
1)  Determine if light reflectance from the wheat 
canopy at one or more vegetative growth stages can 
be used to predict grain yield and grain protein.
2)  Identify the growth stage of hard spring wheat for 
obtaining maximum accuracy for prediction of grain 
yield and grain protein.

Results

  The viability of the results from the WCROC are 
difficult to determine.  The WCROC experiment was 
established in a tilled corn field and was planted 
after a rain event in early May.  Using a planter not 
designed to plant into a tilled corn stubble and the se-
vere drought that followed resulted in poor plant es-
tablishment in the plots.  There were many plots with 
little or no plants in some areas and other areas had 
acceptable wheat stands.  For this reason this report 
will focus primarily on the results from the experiment 
established near the NWROC, but will include the 
yield and protein information from WCROC.
   NWROC Grain Yield and Protein:  
Grain yield and protein were significantly affected 
by variety (Table 1).  Alsen produced the least grain 
yield and the greatest grain protein of the two variet-
ies used in this experiment.  This was expected as 
Alsen is considered a moderate yielding, high protein 
variety and Knudsen is considered a high yielding, 
moderate protein variety.  Both varieties responded 
to nitrogen (N) rates and N Sources similarly so 
there were no significant variety by N rate or variety 
by N source interactions.  Averaged over all N rates 
and both N sources, Alsen produced 72.4 bu A-1 at 
12.4% protein.  Knudsen produced 78.1 bu A-1 at 
11.7% protein.
   Grain yield and protein were affected by signifi-
cant interactions of N rates and N sources (Table 
1).  Grain yields maximized with the application of 
about 95 lbs N A-1 as urea (Fig 1).  Greater amounts 
of urea resulted in declining grain yields, possibly 
caused by excessive use of water during the vegeta-
tive growth stage.  The ESN source of N increased 

grain yields at all N rates, but except for the highest 
N rate, always produced less grain than urea.  The 
curvilinear response of grain yield to urea-N rates in-
dicates that maximum potential yield was achieved at 
95 lbs N A-1.  However, the linear response of grain 
yield to ESN-N rates indicates that ESN simply did 
not supply sufficient N to the wheat crop.  The maxi-
mum grain production of 83 bu. A-1 (Fig 1) would 
require approximately 208 lbs. N A-1 at the current N 
recommendation system (2.5 lbs N bu-1).  This field 
had been in soybean in 2005 and had slightly over 50 
lbs. NO3-N A-1 residual soil N in the spring of 2006.  
This 90 lbs. N A-1  (50 lbs residual plus 40 lbs N soy-
bean credit) combined with the 95 lbs N A-1,where 
maximum yield occurred, accounts for 185 lbs N A-1 
or 2.23 lbs N bu-1 produced.
   Grain protein increased with increasing N rates 
over the entire range of N rates used in this trial 
(Fig 2).  This occurred with both N sources, but the 
response to each increment of added N was greater 
with urea than with ESN.
   Two factors may have contributed to the differential 
response to the two N sources.  Urea was broadcast 
and incorporated within hours of the wheat being 
planted.  The ESN was soil surface applied 5 days 
after the wheat was planted.  This was caused when 
the company supplying ESN notified us on a Friday 
that the ESN previously sent was the wrong material 
and that new material was being sent.  The following 
Friday, after waiting a week, the new ESN had not 
arrived and rain was coming in.  We spread the urea, 
worked it in, and planted that morning.  The new 
ESN arrived at 3:30 that afternoon, but because it 
was raining it could not be applied until the following 
Wednesday.  ESN is a coated N source that requires 
water to migrate through the coating and solubilize 
the N.  The solution N then migrates back out the 
coating to the soil.  After ESN application there was 
little rainfall during the summer and it was hot.  It is 
possible that N was not solubilized or the solution N 
did not effectively migrate out of the ESN granule and 
get into the soil to be affective for the growing wheat.

WCROC Grain Yield and Protein:  
The ESN and urea were both applied and incorpo-
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rated prior to wheat planting at this site.  There was 
little difference between the N source effects on grain 
yield or protein (Table 1).   Grain yield response to N 
rates was curvilinear for both N sources and tended 
to maximize with 125 to 140 lbs N A-1 (Fig 3).  The 
biggest difference in yield was in the 0 N plots that 
were randomly assigned to either the ESN or urea 
source even though there was no N actually ap-
plied.  The nearly 5 bu A-1 difference between the 
two N sources with 0 actual N indicates the variabil-
ity that occurred at the WCROC site.  Grain protein 
increased linearly with increasing N rates for both N 
sources.  Again, the biggest difference in N sources 
occurred with 0 actual N applied.  I interpret the data 
from this site to indicate that grain yield and protein 
responded to N sources similarly when both were soil 
incorporated prior to planting.  Unfortunately, this site 
had extreme variability in plant stand due to inad-
equate planting equipment and extremely dry condi-
tions that occurred after planting.

Light Reflectance Relationships:
   This is the only site where the light reflectance 
measurements will be discussed.  At the WCROC, 
many, if not most, of the plots had spaces with few 
or no plants that were caused by skipped rows, one 
or more blank areas reaching across the width of the 
entire plot, or a combination of both.  This caused 
considerable variation in NDVI readings.  The actual 
grain yields were determined from only those areas 
of the plot considered to have adequate plant stands.  
As a result there was little correlation between the 
NDVI Index and grain yield or grain protein for any of 
the GS reading intervals. 
   At NWROC, GS readings were taken on May 30, 
June 13, June 21, June 28, July 11, and July 17 at 
wheat growth stages of Feekes 2, 7, 8-9, 10.5, 10.53, 
and 11.2, respectively.  Since the ESN N source was 
not nearly as effective as urea at this location, I did 
not use the ESN treatment in this component of the 
data analysis.  NDVI Index values were calculated for 
every possible GS interval combination. 
   There was little correlation between NDVI Index 
and grain yield when GS reading intervals from the 
first reading (May 30) and the other readings were 
considered.  Generally, grain yield increased with 
increasing NDVI Index when longer intervals were 
considered.  That is, increasing NDVI Index during 
the interval between May 30 and July 17 tended to 
correspond with increasing yield and protein.  How-
ever, there was no real consistent correlation be-
tween NDVI Index and grain yield during any of the 
early season intervals where growers might be able 

to make a decision as to whether additional N should 
be applied to support a higher than anticipated grain 
yield potential.  This was disappointing, but Raun 
et al (2001) also found little correlation between 
NDVI Index and grain yield at sites where grain yield 
has affected by drought.  Even with the drought at 
NWROC in 2006, grain yields were actually quite 
good.  However, it must be remembered that NDVI 
readings are based on vegetative biomass light 
reflectance.  It is possible that the drought stress may 
have interfered with the NDVI readings and thus not 
allowing real correlation with yield.   
   When NDVI Index was correlated with grain protein 
only two GS intervals revealed any consistent rela-
tionship (Fig 5).  The only GS reading intervals that 
had strong relationships between the NDVI Index and 
grain protein were the intervals  June 13 to June 21 
(Fig 5a) and June 21 to June 28 (Fig 5b).   The cor-
relation coefficient was 0.70 and 0.61 respectively so 
there was still substantial variation in the grain protein 
not correlated with variation in NDVI Index.  Never-
the-less it relationships are obvious in Fig 5.  The 
growth stages were just prior to flag leaf emergence 
and just prior to anthesis, respectively.  If the NDVI 
Index can be used to project potential grain protein, 
this data suggests the highest correlations occur just 
prior to when decisions can be made to foliar apply N 
to increase grain protein.

Application/Use

   The objectives of this experiment were to determine 
if light reflectance as measured by the Greenseeker 
was correlated to grain yield and/or protein for predic-
tion purposes.  Raun et al (2001) used a NDVI Index 
value, calculated from the sum of two NDVI readings 
divided by the GDD that accumulated between the 
readings, to relate to winter wheat grain yield.  Corre-
lations were strong with unless something happened 
between the NDVI readings and harvest that affected 
the grain yield.  In our study we found weak cor-
relations between the various NDVI Index intervals 
and grain yield, especially early in the season when 
additional N could be applied that would affect grain 
yield production.  This may have been due to the 
unusually dry growing season this year.  Interestingly, 
there a couple of NDVI Index correlations with grain 
protein that were sufficient strong to warrant further 
examination.  In addition, these strong correlations 
were for GS reading intervals that corresponded to 
immediately before full flag leaf emergence and just 
prior to anthesis.  Raun et al, (2001) are confident 
in the application of the GS for predicting potential 
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winter wheat grain yields.  At this point, I do not have 
enough data to say the same thing about spring 
wheat grain yield or grain protein.  Raun et al. (2001) 
were attempting to make predictions from vegetative 
growth and vigor 60 to 90 days prior to harvest.  In 
our case, we are trying to do the same thing 30 to 
60 days before harvest.  The time period between 
GS readings and final grain yield determination may 
be too short in our case to be useful.  However, the 
NDVI Index relationship to grain protein may be 
something to exploit. 

Materials and Methods

   Field experiments were established at two location 
in western Minnesota, one near the NWROC and a 
one on the WCROC.  At the site near the NWROC, 
wheat was grown following a previous crop of soy-
bean and at the WCROC site wheat followed a previ-
ous crop of corn.
   The treatment designed was a 2 by 2 by 5 facto-
rial randomized complete block experimental design 
with four replications.  One factor included two hard 
red spring wheat varieties, Alsen and Knudsen.  
Alsen was selected for its high protein potential and 
Knudsen was selected for its high yield potential.  
The second factor was two nitrogen (N) sources.  A 
product by Agrium Inc. called ESN, a slow release N 
source, was compared to urea.  The final factor was 
five N rates in 30 lbs N A-1 increments from 0 to 150 
lbs N A-1. 
   A greenseeker (GS) instrument that measures red 
and near infra red light reflectance from the wheat 
canopy was used to measure light reflectance.  The 
hand held GS measures reflectance in an oblong 
oval shape and was adjusted so that the long axis 
of the oval was perpendicular to the direction of the 
wheat rows.  Reflectance was measured by hold-
ing the instrument about 2 ft above the canopy and 
walking as a steady gate over the entire length of the 
plot (about 25 ft).  The GS was also adjusted to take 
readings from the center rows of the plots.  The GS 
typically takes 50 to 60 readings per plot depend-
ing on the walking speed,  measures incoming red 
and near infra red and compares this to the canopy 
reflected red and near infrared light and calculates 
and Normalized Difference Vegetative Index (NDVI),  
and provides an average reading for the plot.  The 
NDVI is related to vegetative biomass that is doing 
the reflecting.   GS reading were taken 6 times from 
tillering to the soft dough stage at NWROC and 4 
times at WCROC.  An NDVI Index was calculated 
for each GS reading interval by adding the two GS 

NDVI readings (average per plot) and dividing by 
the GDD accumulated between the readings (Raun 
et al, 2001).  Growing Degree Days were calculated 
according to Wiersma and Ransom (2005).   Maxi-
mum and minimum temperatures were obtained from 
weather recorders on the respective research and 
outreach centers. The NDVI Index was then related 
to final grain yields and protein produced in the plots.
   Wheat was harvested with a small plot combine to 
determine wheat yield and an NRI instrument was 
used to determine grain protein.
  
Economic Benefit to a Typical  
500 Acre Wheat Enterprise

   Exact dollar benefit is difficult to determine at this 
time.  This research is the first step to determine if 
this technology can be used in spring wheat produc-
tion.  The NDVI is calculated by the GS based on 
incoming red and near infrared light compared to that 
reflected off the plant canopy.  Therefore, the NDVI is 
related to the amount of biomass present.  Taking an 
NDVI reading a two different growth periods should 
provide an indication of the amount of biomass pro-
duced between the NDVI reading periods.  Projecting 
this same growth rate to harvest provides an estimate 
of grain yield potential.  The projected grain yield 
potential plus 2.5 lbs N bu-1 minus the N already ap-
plied or accounted for estimates the amount of N that 
may need to be applied during the growing season.  
This is the theory and premise being used by Raun 
et al. (2001) for winter wheat.  Whether this will work 
with spring wheat with a much smaller growth win-
dow and whether this can be applied to grain protein 
is the primary question we are trying to address.

Related Research

   The wheat crop relies on fertilizer N and non-fertil-
izer N sources such as residual soil N, climatic N 
deposition, and N mineralized from the soil organic 
matter.  The magnitude of the wheat response to ap-
plied fertilizer N greatly depends on the availability of 
non-fertilizer N sources.  Residual soil N is measured 
with soil testing prior to planting, but climatic N de-
position and N mineralization vary considerably from 
year to year and are difficult to predict.  At any given 
point in time during the growing season the growth 
of the wheat crop is the result of integration of all the 
environmental factors the crop has been exposed to, 
including N availability.  If the early season growth 
patterns can be used to estimate season ending 
grain yield and quality potential, then management 
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decisions can be made as to how much N needs to 
be available to support that potential.  The grower 
will know how much fertilizer N was applied prior to 
planting and how much residual soil N is available.  
Combining estimates of yield and quality potential 
and known N availability, the grower can now de-
termine if additional fertilizer N should be applied 
to support that potential.  Remote sensing of early 
season wheat canopy can be a tool that can be used 
to estimate grain yield and quality potential.
   Remote sensing of wheat canopies can be done 
through many methodologies, but the reflectance of 
light from the canopy is the underlying principle in all 
of them.  Technologies are available to measure in-
coming red and near infrared light and compare that 
to the red and near infrared light reflected from the 
crop canopy.  Through a series of algorithms, these 
measurements are used to develop a Normalized Dif-
ference Vegetative Index (NDVI).  The NDVI provides 
a relative quantity of biomass reflecting the light.  
   Plant biomass is a product of many factors affecting 
growing conditions of the plant.  Nitrogen availability 
is one of those factors.  Reeves et al. (1993) used 
direct in-season total N uptake (dry biomass X N con-
centration) at Feekes growth stage 5 to predict winter 
wheat grain yields.  Aase and Siddoway (1981) found 
a relationship between in-season NDVI and the final 
winter wheat grain yields.  Smith et al (1995) re-
ported that two in-season canopy reflectance read-
ings combined through linear modeling improved the 
NDVI – Wheat grain yield relationship compared to 
only one NDVI reading.  Raun et al (2001) measured 
NDVI at two growth stages of winter wheat soon after 
winter dormancy broke.  They found that the aver-
age of the two NDVI readings divided by the growing 
degree days (GDD) accumulated between the two 
reading dates provided an estimated yield prediction 
that was highly correlated to the actual grain yield 
harvested.
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Recommended Future Research

   I would very much like to continue this research 
into the 2007 growing season.  I am hoping to lever-
age the MWRPC grant money with a small grant from 
Agrium, the supplier of ESN, to expand the number 
of plots and the data base for GS readings and 
correlations.  I do plan a couple of changes in 2007 
compared to 2006.  The main one is that the wheat 
experiment will follow soybean at both the NWROC 
and WCROC.  While the 40 lbs N credit for soybean 
can be a problem in N rate experiments, I think this 
less of a problem than what we experience in 2006 
when wheat followed corn at WCROC.
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Appendix

   Table 1.  Statistical Analysis of the N rate by N 
Source by HRSW Variety Trial at two locations in 
2006.

NWROC WCROC
Grain Grain

Source of 
Variation

Yield Protein Yield Protein

N rate *** *** *** ***
Linear *** *** *** ***
Quad ns ns ** ns

N Source *** *** ns ns
Variety *** *** *** ***

N rate by 
N Source

* *** ns ns

Linear by 
N Source

ns *** * ns

Quad by 
N Source

** ns ns ns

2006 N rate by N Source Effects on HRSW Grain Yield

y = 0.0637x + 68.438
R2 = 0.7611

y = -0.0015x2 + 0.2861x + 69.425
R2 = 0.8938
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Figure 1. HRSW Grain yield response to N rates and N sources in 2006 at NWROC.

*, **, ***, and ns represent significance at the 0.05, 0.01, 
0.001, and non-significant, respectively.
NWROC and WCROC represent the Northwest (NW) 
and West Central (WC) Research and Outreach Centers 
(ROC), respectively.
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2006 N rate by N Source Effects on HRSW Grain Protein

y = 0.0078x + 10.981
R2 = 0.8949

y = 0.0218x + 10.914
R2 = 0.9635
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Figure 2.  HRSW Grain protein response to N rates and N sources in 2006 at NWROC.

2006 N rate by Source Affects on HRSW Grain Yield

y = -0.001x2 + 0.2797x + 40.589
R2 = 0.987

y = -0.0008x2 + 0.1999x + 44.936
R2 = 0.9923

30

35

40

45

50

55

60

65

70

0 30 60 90 120 150

N rate (lbs. N/A)

G
ra

in
 Y

ie
ld

 (b
u/

A
)

ESN
Urea
Poly. (ESN)
Poly. (Urea)

Figure 3.  NRSW Grain yield response to N rates and N sources in 2006 at WCROC.

2006 N rate by N Source Effects on HRSW Grain Protein

2006 N rate by Source Affects on HRSW Grain Yield
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2006 N Rate by Source Affects on HRSW Grain Protein

y = 0.0108x + 13.676
R2 = 0.9363

y = 0.007x + 13.962
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Figure 4.  HRSW Grain protein response to N rate and N sources in 2006 at WCROC.
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Figure 5.  HRSW grain protein relationship to NDVI Index values during two NDVI reading intervals at 
NWROC in 2006.
                 a.  y = 409 - 1.516E5x + 1.442E7x2   R2 = 0.705
                 b.  y = 188 - 5.234E4x + 3.871E6x2   R2 = 0.617


