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ABSTRACT

Improving maize (Zea mays L.) forage yield and quality is a major
goal for corn breeders in northern Europe. The objective of this
research was to measure maize forage dry matter (DM) content and
quality parameters with near-infrared spectroscopy (NIRS) directly
on a harvesting machine. Coupling NIRS with harvesting eliminates
time-consuming sample preparation and laboratory-based analyses.
Calibrations were developed with 281 samples from the 1998-1999
growing seasons using a diode array spectrometer mounted on a forage
chopper. Standard errors of cross-validation (SECVs) were 11.8 g
kg ' for DM, 23.6 g kg ! for starch, 19.2 g kg ! for in vitro digestibility,
and 13.8 g kg~ ! for soluble sugars. An independent validation study
with 159 samples from the 2000 harvest resulted in standard errors
of prediction (SEP) of 12.5 g kg™! for DM, 22.1 g kg™ ! for starch,
19.8 g kg ' for in vitro digestibility, and 16.7 g kg ! for soluble sugars.
The results indicate that NIRS on chopper (NOC) can determine DM
accurately, rank hybrids for starch plus sugars, and group for in vitro
digestibility. Dry matter NIRS determinations were more precise than
the reference method, enabling improved selection for forage yield,
the key factor in product development. Instrument standardization
could be achieved through spectral matching and including spectra
from different instruments into the calibration database. Approxi-
mately 10 000 and 16 000 plots were analyzed by the fully automated
NOC system during 2000 and 2001. The dramatic increase in the
number of plots analyzed expedites development of new maize for-
age products.

oST MAIZE in northern Europe is harvested for

forage and is a major source of dairy cattle feed
in cooler climates. Forage quality affects the nutritional
value of the feed and is thus important for ruminant
production. Therefore, improving quality and agro-
nomic parameters are goals of many maize forage breed-
ing programs (De la Roza et al., 1998; Berardo et al.,
1999). At a typical maize forage breeding station, more
than 10 000 yield plots are harvested during just a few
weeks. Each harvested plot is weighed and subsamples
are taken on the chopper. Using these subsamples, DM
content is determined at the station, the dried material
sent to the laboratory, ground successively to 4-mm and
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1-mm particle sizes, and subjected to NIRS to measure
quality parameters. Near-infrared spectroscopy can rap-
idly measure multiple traits in food and agricultural
commodities (Shenk and Westerhaus, 1993) as well as
in dried ground forage (Ronsin and Féménias, 1990;
Dardenne et al., 1993; De la Roza et al., 1998). However,
the handling, drying, and grinding steps are tedious and
very time consuming, limiting the number of forage
yield plots that can be analyzed. Using NOC to measure
DM content and consequently forage yield as well as
forage quality in parallel to plot harvesting would have
a major impact on developing maize hybrids in north-
ern Europe.

Analysis of undried agricultural products with limited
potential for a breeding program was reported in the
past (Dardenne et al., 1991; Lecomte et al., 1996). Per-
forming NIRS on freshly harvested material in conjunc-
tion with harvesting has been shown to be technically
feasible, but was restricted to calibration development
of DM content with a single instrument (Dardenne and
Féménias, 1999).

The objectives of the study we report herein were to
(i) develop and independently validate NOC calibra-
tions for contents of DM, starch, and soluble sugars,
as well as in vitro digestibility of organic matter; (ii)
standardize different NIRS instruments; and (iii) apply
NOC for routine yield trials.

MATERIALS AND METHODS
NIRS instruments and choppers

Two Jaguar model 690 forage choppers (Claas GmbH,
Harsefeld, Germany) were configured to harvest standard for-
age research plots. Material from each chopped plot was trans-
ported into a weighing bin. A 1-kg subsample was taken from
each plot by an auger for reference chemical analyses. After
weighing, the main samples were deposited onto a quickly
moving conveyer belt. The material passed under overhead
rollers that produced an even surface. A spectrometer was
mounted behind the rollers 12 cm above the sample surface.
Two spectrometers were used. Instrument 1 was a DA7000
diode array spectrometer (Perten Instruments GmbH, Ham-
burg, Germany) with a wavelength range of 400 to 1700 nm.
This instrument was equipped with two arrays: a silicon detec-
tor for wavelengths in the visible region (400 to 950 nm) and

Abbreviations: DM, dry matter; IVDC, in vitro digestibility cellulase;
MPLS, modified partial least squares; NIRS, near-infrared spectros-
copy; NOC, near-infrared spectroscopy on chopper; PLS, partial least
squares; RMS, root mean square; RMSC, corrected root mean square;
SEC, standard error of calibration; SECV, standard error of cross-
validation; SEP, standard error of prediction.
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an Indium Gallium Arsenite detector for wavelengths in the
near infrared region (950 to 1700 nm). The two detectors
together provided data from 261 discrete wavelengths. Instru-
ment 2 was also a DA7000 diode array but possessed only the
near infrared array that collected signals from 151 wavelengths
between 950 to 1700 nm. With both instruments, 600 individual
subscans were collected and averaged with proprietary soft-
ware during each 1-s acquisition period. Between 10 and 20
averaged spectra were acquired for each plot, depending on
plot weight. The forage material per plot weighed between
30 and 50 kg.

Calibration Development

Field plots were planted in 1998 and 1999 near the Pioneer
Hi-Bred research station in Greven, Germany, specially to
develop the calibration. In both years, =100 maize hybrids
from Pioneer Hi-Bred and other seed companies with maturi-
ties typical for northern Europe were planted in duplicate.
Hybrids varied in DM, starch content, and in vitro digestibility
cellulase (IVDC), ensuring a broad set of phenotypes. Each
plot was 5.2 m long and two rows wide with 0.75 m between
rows. In both years, duplicate plots were harvested at the
beginning and end of the harvest season to increase variability
among samples and environmental parameters such as tem-
perature and humidity during the measurements. Spectra were
recorded for each plot using Instrument 1.

Mathematical procedures on the spectral information were
performed with IST software 4 (Infrasoft International, Port
Mathilda, PA, USA). A subset of 281 samples was chosen
from the 400 forage plots from the 1998-1999 harvests by
the Select (Shenk and Westerhaus, 1992) algorithm of ISI, to
develop NOC calibrations with following settings: 1100 to 1660
nm by 5 nm, four cross-validation segments, 2.5 as T residual
limit (Shenk and Westerhaus, 1992), 10.0 as global H outlier
limit (Mahalanobis distance; Shenk and Westerhaus, 1992), 1
outlier elimination pass. The linear regression method was
based on a normal partial least squares (PLS) algorithm
(Shenk and Westerhaus, 1995a; Naes et al., 2002) or on a
modified PLS algorithm (MPLS) where the X and Y residuals
are standardized at each iteration. The best combinations
found among many different pretreatments, derivatives, and
regression algorithms to minimize SECV were detrend-0,0,5-
PLS for DM, none-1,5,5-MPLS for starch, none-1,5,5-PLS
for soluble sugars, and none-1,10,5-PLS for IVDC. Detrend
removes the spectral trend based on a second-degree polyno-
mial fit between wavelengths and absorbencies (Barnes et
al., 1989). None means that the raw spectra are used for the
subsequent transformation. In each case, the first number is
the degree of the derivative, the second the gap between data
points for the subtraction, and the third the number of data
points for smoothing.

The 281 samples scanned on the chopper were dried,
ground, and scanned at 2-nm steps between 1100 and 2500
nm in the reflection mode on a NIRSystems model 5000 mono-
chromator (NIRSystems, Inc., Silver Spring, MD, USA). The
resulting calibrations, representing the traditional NIRS,
served as comparison benchmark to the NOC-derived regres-
sion models.

Wet Chemistry

One-kilogram subsamples of each plot were dried on flat
bed dryers for 24 h at 55°C to constant residual moisture to
determine DM content. The samples were ground successively
to 4- and 1-mm particle sizes and standard procedures were
used to measure starch (International Organization for Stan-

dardization, 1997), soluble sugars (Yemm and Willis, 1954),
and in vitro digestibility (DeBoever et al., 1988).

Repeatability Analysis

Sixty early and eighty mid-early maturing hybrids were
grown in 2000 in two yield trials in Cloppenburg, Germany.
The plots were arranged with alpha lattice design with four
replicates. Each plot was 6 m long and 4 rows wide with
0.75 m between rows. The middle two rows were harvested
to determine forage yield. All NOC spectra were recorded
with Instrument 1. Dry matter content was determined by the
reference method for a 1-kg subsample of each plot. Precision
of DM determinations by NOC and the reference method
were compared using analysis of variance. The genotypic vari-
ance component (% v) was estimated using the Restricted
Maximum Likelihood method (Patterson and Thompson,
1971; Patterson, 1997). This value is the proportion of geno-
typic variance to the total variance. The residual variance is
the variance not explained by the factors in the model; that
is, genotype, environment, and interaction of genotype with
the environment.

Validation

Plant material, instrumentation, chemical procedures, pro-
cessing, and acquisition were the same as described previously,
except these samples were planted in 2000 and were indepen-
dent of the calibration set. Two hundred plots were harvested
in Greven and spectra recorded by NOC using Instrument 1.
A set of 159 samples was chosen with the Select program. This
sample set served to validate calibrations for DM, starch,
IVDC, and soluble sugars developed on Instrument 1 using
samples from the 1998-1999 harvests.

Standardization

Spectra used for calibration and validation were obtained
with a single diode array spectrometer. A potential problem
arises when additional instruments are deployed, as their out-
puts do not match. To transfer calibration models developed
on one instrument to other spectrometers, the additional in-
struments need to be standardized. Two data sets were used
to compare and standardize instruments. The first set consisted
of 79 fresh and unground samples with maximal moisture
differences, measured at the same time on both instruments
1 and 2 placed side by side in the laboratory. These samples
were used to develop a standardization file, a mathematical
matrix that corrected spectral differences between the two
instruments. Spectra from the two spectrometers were matched
using the Clone algorithm in the ISI program which calculates
a quadratic model to align wavelengths but uses linear regres-
sion for photometric adjustments at each wavelength (Shenk
and Westerhaus, 1995b; Shenk, 1990; Bouveresse et al., 1994).
For the second set, 200 plots were grown in 2000 at the Pioneer
Hi-Bred research station in Nambsheim, France. Instrumenta-
tion, lab wet chemistry, processing, and acquisition were the
same as described previously, except plant material of higher
maturities was grown in the warmer climate of Nambsheim.
These plots were harvested by NOC using Instrument 2. A
subset of 160 samples was chosen by the Select program as a
validation file for the 1998-1999 harvests calibrations which
were developed solely with Instrument 1 spectra.

To test the impact of combining spectra from two instru-
ments in one database, the 160 samples were split randomly
into two groups. Eighty samples were used to update the
original 281-sample database from the 1998-1999 harvests and
80 were used to create a validation file. The process of merging
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Table 1. Reference chemistry data and calibration statistics for forage traits measured either fresh by near-infrared spectroscopy (NIRS)
on chopper using Instrument 1 or dried and ground by the NIRSsystems 5000 instrument for 281 forage samples from the 1998-

1999 harvests.

Reference chemistry

NIRS on chopper calibrations

NIRS systems 5000 calibrations::

Constituent Min Max Mean SD+ SEC: RC§ SECVY RV# SEC RC SECV RV
gkg™! gkg™! gkg™! gkg!

Dry matter 207 499 335 57 11.6 0.96 11.8 0.96

Starch 39 430 309 67 21.8 0.89 23.6 0.88 8.9 0.98 9.8 0.98

IVDC#H# 609 764 705 31 18.0 0.63 19.2 0.58 9.9 0.90 115 0.86

Soluble sugars 22 222 78 35 127 0.87 138 0.84 34 0.99 4.4 0.98

T SD = standard deviation of the data set.

$SEC = standard error of calibration.

§ R’C = coefficient of determination of calibration.

1l SECV = standard error of cross-validation.

# RV = coefficient of determination of cross-validation.
1 IVDC = in vitro digestibility cellulase.

spectra from two instruments into one database was called
calibration update.

RESULTS AND DISCUSSION
Calibration and Validation

Wet chemistry reference values were highly variable
among the calibration samples from the 1998-1999 har-
vests, especially those for DM and starch (Table 1).
Such variability was well suited for developing robust
NOC calibrations. Statistical values of the NOC calibra-
tions were compared with those obtained with the same
samples that were dried, ground, and scanned with the
NIRS5000 monochromator (Table 1). Standard errors
of calibration (SEC) and cross-validation were higher
with NOC than with the monochromator. The lower
accuracy with NOC was also reflected by the coefficients
of determination of the calibration and cross-validation.
Reduced ability to estimate properties of unchopped
high-moisture maize forage was due toits very heteroge-
neous nature and high moisture content, making this
a challenging matrix for near infrared measurement.
Regardless, calibration statistics indicate that NOC can
be used to analyze fresh forage maize harvested from
routine experimental plots. The technique works best
for quantification of DM, followed by starch and soluble
sugars. Utilizing NOC to measure IVDC more precisely
requires an improved calibration.

The calibrations derived on Instrument 1 from the
1998-1999 samples were applied on samples harvested
in 2000 with the same instrument (Table 2, Fig. 1). Dry
matter, starch, and soluble sugars were determined with
good accuracy and precision as indicated by high coeffi-
cients of determination and low SEP values. No bias
was observed. The SEP values were equivalent to the
respective calibration SECV values (Table 1), indicating
that the calibrations are robust. The SEP for IVDC was
also low, as was the coefficient of determination. The
latter can be explained partly by the low variability for
this trait in the dataset. A second, independent NOC
validation dataset for DM of 671 samples originating
from routine yield trials in 2000, harvested in Cloppen-
burg, Germany, confirmed the validation statistics for
DM (data not shown). Even with this larger dataset,
the SEP of 12.2 g kg™! and R*V of 0.91 were as good
as with the smaller dataset. Dry matter determinations

by NOC were thus very stable, with an SEP of =12 g
kg~!. The validation statistics confirm the calibration
results and corroborate that NOC can measure maize
forage quantity and quality online. Hybrids can be clas-
sified rapidly according to yield and forage quality. The
lower accuracy of NOC compared with dry NIRS is
offset by the ability to collect data faster from many
more plots.

The SEPs for starch, IVDC, and soluble sugars were
observed with a wavelength range of 1100 to 1660 nm.
Scanning between 950 and 1660 nm gave equivalent
results. Incorporating wavelengths below 950 nm did
not improve prediction accuracy. Spectral information
between 400 and 550 nm obscured that from the NIR
region (data not shown). This indicated that only the
NIR region is important for this application. Spectra
above 1660 nm were not collected due to the potential
for temperature-induced noise (Perten Instruments
GmbH, 1997, personal communication).

Repeatability Analysis

Improved ability with NOC to select maize genotypes
with high yield potential was demonstrated with samples
from forage yield trials (Table 3). Unexpectedly, the
residual variance was greater for reference DM values
than for the NOC values in two trials with hybrids from
different maturity groups. Near-infrared spectroscopy
on chopper predictions from the 2000 calibration were
more precise than from 1999 because the former incor-
porated spectral information acquired from forage har-
vested in an additional year. The genotypic variance

Table 2. Near-infrared spectroscopy on chopper validation statis-
tics of 159 samples measured during harvest 2000, predicted
with calibrations developed from the 1998-1999 harvests. Cali-
bration and validation samples were measured on Instrument 1.

Constituent Mean SD SEP: SEPC$§ R*Pq
gkg

Dry matter 308 58 12.5 12.0 0.96

Starch 259 71 221 222 0.90

IVDC# 712 25 19.8 19.8 0.39

Soluble sugars 114 47 16.7 16.0 0.88

T SD = standard deviation of the data set.

£ SEP = standard error of prediction.

§ SEPC = standard error of prediction after bias correction.
1l R*P = coefficient of determination of prediction.

# IVDC = in vitro digestibility cellulase.
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Fig. 1. Relationships between forage traits estimated by near-infrared spectroscopy (NIRS) on chopper using Instrument 1 and by reference
methods. Samples (159) measured in 2000 were predicted with the 1998-1999 calibrations. IVDC = in vitro digestibility cellulase; SEP =

standard error of prediction.

component (% v) was consistently higher with NOC
compared with the reference method. The effectiveness
of making selections due to genetic differences is related
directly to the degree of genotypic variance. The high
residual variance (3.93) of the reference method in the
early hybrid yield trial was due to an outlier not present
when NOC was used. Eliminating this outlier resulted
in a residual variance of 2.24, still more than two-fold

Table 3. Residual and genetic variance for dry matter in early
and mid-early forage yield trials measured by the reference
method (oven drying) and near-infrared spectroscopy (NIRS)
on chopper (n = 4).

Early Mid-early
Residual Residual
Method variancet vi variance vi
% %
Oven drying 3.93 0.75 217 0.80
NOC99§ 1.04 0.92 2.06 0.82
NOCO00q 0.90 0.93 1.31 0.88

+ The residual variance is the variance not explained by the factors in
the model.

i The genotypic variance component v is the proportion of genotypic
variance to the total variance.

§ NOC99 = NIRS on chopper calibration model derived with samples
from the 1998-1999 harvests.

I NOC00 = NIRS on chopper calibration model derived with samples
from the 1998-1999-2000 harvests.

higher than the value of 1.04 obtained with the 1999
calibration. Variability associated with subsampling,
weighing, drying, and transporting material under dif-
ferent temperature conditions and for different dura-
tions are characteristic of the reference method but
mostly avoided by NOC. Thus, it can be explained why
the secondary NOC method was more precise than the
reference method.

Standardization

The ability to standardize instruments was evaluated
by scanning 79 fresh forage samples on two different
diode array spectrometers placed side by side. The in-
struments produced different spectra with the same
samples (Fig. 2A). The average absorption spectrum
produced by Instrument 1 displayed a wavelength shift
and an inconsistent absorption bias compared with that
from Instrument 2. The Clone program matched the
two instruments spectrally (Fig. 2B). The transforma-
tion eliminated the wavelength shift between the aver-
age spectra and absorption differences were reduced by
more than two orders of magnitude.

The Clone algorithm produced a standardization file
containing the mathematical matrix to match the two
instruments. This correction matrix was applied to 160
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Fig. 2. Average absorption spectra of 79 forage samples measured on Instruments 1 and 2 and the difference between the two averaged spectra

before (A) and after (B) spectral matching by the Clone program.

samples measured with NOC using Instrument 2, and
the samples were projected on the principal components
computed with 281 NOC spectra collected with Instru-
ment 1 from the 1998-1999 harvests. The two distinct
sample populations converged after instrument correc-
tion (Fig. 3). Although the Clone program aligned spec-
tra from the two instruments, a perfect match was im-
probable since the two sample sets contained different
hybrids grown at different locations and harvested in
different years with different choppers. The standardiza-
tion file reduced the Mahalanobis distance from 12.9 to
3.4, indicating that spectral differences between the two
instruments were reduced significantly. The resulting
excellent correlation between the two instruments is
evident in an R* of 0.9979 at 1600 nm and similar R?
values at 1400 nm, 1500 nm, and 1700 nm. Improved
root mean square (RMS) values, bias, and bias corrected
root mean square values (RMSC) between 30 samples
measured by the two instruments placed side by side

also demonstrated the utility of Clone for instrument
standardization (Table 4). Values for RMSC of 500 to
800 nLog are obtained typically with NIRSystems
model 5000 instruments after standardization, measur-
ing dried products as powders in sealed cells (Dardenne,
2001). Thus, an RMSC of 1605 wLog obtained with
NOC after spectral matching is a good result for un-
sealed, fresh, unground maize forage samples.
Calibration update was a second instrument standard-
ization procedure utilized. Eighty samples measured on
Instrument 2 were incorporated into the Instrument 1
1998-1999 harvests database. The remaining 80 samples
collected with Instrument 2 were used to compute the
SEP with the composite database that contained spectra
collected with both spectrometers. Validation statistics
(Table 5) demonstrate that standardizing spectra was
required to predict quality parameters of Instrument 2
samples. Dry matter, soluble sugar, and starch values
generated with unstandardized Instrument 2 spectra us-
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ing the Instrument 1 calibration had approximately
twice the prediction errors than those generated with
Instrument 1 spectra by the Instrument 1 calibration
(Table 1). Unstandardized Instrument 2 spectra did not
produce meaningful values for IVDC at all. Spectral
matching alone corrected the DM predictions and im-
proved significantly those of soluble sugars and IVDC,
but actually increased SEP for starch. Acceptable SEP
values for all constituents could only be found when
spectrally matched Instrument 2 samples were used to
update the Instrument 1 calibration (Table 5). In this
case, the SEP values approached the SECV values
found during the calibration process (Table 1) and ap-
proached the SEP values observed in the validation
study of Instrument 1 (Table 2). Instrument standardiza-
tion worked best for DM followed by soluble sugars,
starch, and then IVDC. In summary, the two diode array
spectrometers could be standardized, allowing NOC to
be used at more than one location at the same time.
Including 80 spectrally matched samples from Instru-
ment 2 to the Instrument 1 1998-1999 calibration data-
base was important for improving the validation results,
but it did not change SEC or SECV (data not shown).

Although calibration updating is very important for
instrument standardization, it is possible that not all
spectrometers in a network have to be incorporated
into a single master database depending on the spectral
variability of the individual diode arrays. We are imple-
menting this technology at two additional maize breed-
ing stations in France. Preliminary findings with the four

Table 4. Effect of spectral matching using Clone on a set of 30
samples measured on the two instruments in parallel in the lab-
oratory.

R RMST Bias RMSCi
plog 1/R
Before matching 0.9975 26 209 19 810 16 872
After matching 1.0 3494 299 1605

7 RMS = root mean squares of differences.
+ RMSC = root mean squares of differences after bias correction.
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Fig. 3. Projection of 160 samples measured with near-infrared spectroscopy on chopper (NOC) using Instrument 2 in the space of three principal
components (PCs) of the NOC calibration set of 281 spectra from Instrument 1 before (A) and after (B) spectral matching by the Clone program.

diode array spectrometers suggest that it is necessary
to have all four instruments included in the master cali-
bration file, although not with equal sample numbers
(data not shown).

CONCLUSION

We demonstrated for the first time that a diode array
NIR spectrometer installed on a chopper could analyze
fresh maize forage quality online during routine harvest-
ing. Whereas accuracy was not as great as that obtained
with dried, ground forage, the results are useful to
breeding programs. Dry matter was determined more
precisely than starch or soluble sugars, and improve-
ments will be required to measure IVDC. The results
showed that NOC was more repeatable than the drying
oven reference method for DM determination. With
NOC, the whole plot is scanned, reducing significantly
subsampling error associated with offline methods. In-
strument differences preclude using calibration models
developed on one instrument with another without cor-
recting mathematically major spectral differences. Final
calibration models must contain spectra obtained from
multiple spectrometers.

Pioneer Hi-Bred used the described calibration mod-
els to predict quality traits of maize samples from =10
000 experimental plots harvested in 2000 at Greven.
Ninety-nine percent of the NIR spectra could be used
for predictions, and 162 spectra were outliers with Ma-
halanobis distances greater than 3. The predictions were
used to calculate forage yield and characterize nutri-
tional quality for breeding advancement decisions. In
2001, =16 000 plots were harvested at both stations,
Greven and Nambsheim, with two choppers equipped
with standardized NIR instruments. Again, 99% of the
NIR spectra recorded were usable. Each plot was har-
vested and measured within 30 s, allowing the chopper
to proceed through the fields at a required rate of 2
plots min~!, the speed customarily obtained, without
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Table 5. Near-infrared spectroscopy (NIRS) on chopper validation statistics of instrument standardization for corn forage traits. Samples
from the 2000 harvest measured with Instrument 2 were predicted with the 1998-1999 Instrument 1 calibration either directly (original
spectra), after applying the Clone procedure (after spectral matching), or after applying the Clone procedure plus updating the 1998-
1999 calibration with 80 Instrument 2 samples. In the latter case, the remaining 80 samples were used for validation.

Original spectra (n = 160)

After spectral matching (n = 160)+

After spectral matching and
calibration update (n = 80)F

Constituent SEP} SEPC: RP§ SEP SEPC RP SEP SEPC RP
gkg™! —gkg' —— gkg!' ——

Dry matter 25.8 14.4 0.95 15.1 14.2 0.94 13.4 13.4 0.95

Starch 43.7 342 0.79 56.8 30.7 0.79 25 23.3 0.85

IVDCY 182 384 0.07 50.6 24.9 0.58 2.28 22.9 0.63

Soluble sugars 50.5 19.4 0.66 38.8 30.8 0.21 1.66 16.4 0.73

T SEP = standard error of prediction.

£ SEPC = standard error of prediction after bias correction.
§ R’P = coefficient of determination of validation.

{1 IVDC = in vitro digestibility cellulase.

NIRS. Sample throughput with NOC can accommodate
any reasonably sized forage quality breeding effort.
Near-infrared spectroscopy on chopper allows for (i)
huge savings of manpower and costs by avoiding sub-
sampling, drying, grinding, and traditional laboratory
NIRS analyses, (ii) superior selection for forage yield
and quality by including on a larger scale early top-
crosses during inbreeding, and (iii) more efficient plan-
ning and use of winter nurseries due to faster analyses.
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