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Abstract

The objectives of this study were to investigate the use of near
infrared spectroscopy (NIRS) of fecal samples for predicting the
percentage of mountain big sagebrush (Artemisia tridentata Nutt.
ssp. vaseyana (Rydb) Beetle) in sheep diets and to quantify the
limitations of using NIRS of fecal samples to predict diet compo-
sition. Fecal material from a sheep feeding trial with known lev-
els of sagebrush and several background forages was used to
develop fecal NIRS calibration equations validated with fecal
material from 2 other sheep feeding trials with known levels of
sagebrush in the diets. The 1996 calibration trial varied the level
of sagebrush, alfalfa, and grass hay in the diets. The 1998 trial
compared frozen to air-dried sagebrush. The Wyoming trial was
a metabolism study using frozen sagebrush. Trials used different
levels of sagebrush varying from 0 to 30% of the diet in incre-
ments of 4 to 10 percentage points. Internal validation of the
1996 trial with a subset of the samples not used for calibration
showed that when predicted samples are from the same popula-
tion as the calibration samples, this procedure can accurately
predict percent sagebrush (R*=0.96, SEP = 1.6). However, when
predicted samples were from a different population than calibra-
tion samples, accuracy was much less, but precision was not
affected greatly. Low accuracy was caused by a compression of
the range of data in the predicted values compared to the refer-
ence values, and the predicted sagebrush levels in the diet should
be considered to represent an interval scale of measurement.
Modified partial least squares regression resulted in better cali-
bration than stepwise regression, and calibration data sets with
only high, low, and no sagebrush resulted in calibrations almost
as good as data sets with several intermediate levels of sagebrush.
High values of the H statistic were related to low precision but
did not affect the accuracy of predictions. We believe the interval
scale of measurement will contain sufficient information for the
purpose of addressing many questions on rangelands.
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Since the initial report of using near infrared spectroscopy
(NIRS) of fecal material to predict nutritional parameters of graz-
ing animals (Coleman et al. 1989), the use of this procedure has
expanded rapidly. The NIRS of feces can accurately predict
dietary crude protein, digestible organic matter (Lyons and Stuth

Resumen

El objetivo de este estudio fué investigar el uso de la
Espectroscopia de Reflectancia en el Infrarrojo Cercano (NIRS)
en muestras de heces fecales para predecir el porcentaje de
Artemisa Grande de la Montaiia (Artemisia tridentata ssp.
vaseyana [Rydb.] Beetle) en dietas de borregos y para cuantificar
las limitaciones del uso de Espectroscopia de Reflectancia en el
Infrarrojo Cercano en muestras fecales para predecir la com-
posicion de la dieta. Se usaron heces fecales de borregos bajo
dietas con niveles conocidos de artemisa y varios forrajes com-
plementarios para calibrar las ecuaciones de Espectroscopia de
Reflectancia en el Infrarrojo Cercano, las cuales se validaron con
material fecal de otros dos ensayos nutricionales en borregos con
niveles conocidos de artemisa en las dietas. En el ensayo de cali-
bracion de 1996 los niveles de artemisa, alfalfa y paja de pasto en
las dietas variaron. En el ensayo de 1998 se comparé artemisa
congelada y artemisa secada al aire. El ensayo de Wyoming fué
un estudio de metabolismo en el que se uso artemisa congelada.
En los ensayos se usaron niveles del 0 al 30% de artemisa en la
dieta con incrementos de 4 a 10 puntos porcentuales. La vali-
dacion interna del ensayo de 1996 con un subgrupo de muestras
no usadas para la calibracion mostro que cuando las muestras
predecidas eran de la misma poblacion que las muestras de cali-
bracién, este procedimiento puede predecir correctamente el
porcentaje de artemisa (R* = 0.96, SEP = 1.6). Sin embargo cuan-
do las muestras predecidas provenian de una poblacion diferente
a las muestras de calibracion, la exactitud fué mucho menor,
pero la precisién no se afecté grandemente. La baja exactitud fué
causada por una compresion del rango de datos en los valores
predecidos cuando se compararon con los valores de referencia,
y los niveles predecidos de artemisa en la dieta deben ser consid-
erados para representar un intervalo en la escala de medicién.
La regresion linear o procedimiento PLS (partial least-squares
regression) modificada resulto en una mejor calibracion que la
regresion multiple (stepwise regression), y la calibracién de los
grupos de datos con niveles altos, bajos y sin artemisa resultaron
en calibraciones casi tan buenas como los grupos de datos con
varios niveles intermedios de artemisa. Niveles altos de estadisti-
ca-H (H statistic) estuvieron relacionados a una baja precision,
pero no afectaron la exactitud de las predicciones. Creemos que
el intervalo en la escala de medicién que representa la
Espectroscopia de Reflectancia en el Infrarrojo Cercano en la
prediccion de la composicion de la dieta contiene suficiente infor-
macién para responder muchas preguntas en relacién a
praderas.
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1992, Leite and Stuth 1995), and botanical
composition (Walker et al. 1998) when the
validation samples are a subset of the cali-
bration population. Currently, NIRS of
fecal material is used to predict dietary
composition of samples whose relation-
ship to the calibration population is not
well known (Snowder et al. 2001, USDA-
NRCS 1999), even though Coleman et al.
(1995) warned that extrapolation beyond
the conditions represented in the calibra-
tion samples is risky.

Because the material being predicted
(i.e., the diet) is not available for standard
laboratory analysis, the use of NIRS to
predict dietary parameters of grazing ani-
mals presents unique challenges compared
to other agricultural applications of this
technique. In other applications of NIRS
technology, if samples are spectrally dif-
ferent from the calibration population, or
if the predicted value is outside the expect-
ed range, the true reference value of the
sample can be determined by standard lab-
oratory procedures.

One of the statistics used in NIRS analy-
sis to determine if a sample is from the
same spectral population as the samples
that the calibration equation was devel-
oped from is called H (Shenk 1989). The
H statistics is the distance of the sample
from the population centroid (i.e., the pop-
ulation mean in multi-dimensional space).
The H statistics is standardized to have
unit variance so it represents the number
of standard deviations that a sample is
from the multi-dimensional population
mean. Shenk (1989) suggested that if the
H of a predicted sample is greater than 3
standard deviates from the average spec-
trum of the calibration samples, the results
should be reported with caution. Whereas
the use of H for typical NIRS agricultural
applications was investigated by Shenk
(1989) and Shenk and Westerhaus
(1991a,1991b), most previous research on
using fecal NIRS equations did not exam-
ine the relationship of H to prediction
accuracy (Coleman et al. 1989, Lyons and
Stuth 1992, Coleman et al. 1995, Leite and
Stuth 1995, and Coleman et al. 1999).

The NIRS technique can be calibrated to
predict botanical composition of clipped
forages composited to create samples of
plant mixtures (Coleman et al. 1985,
Pitman et al. 1991, Petersen et al. 1987,
Moore et al. 1990). The calibration sam-
ples in these studies were created by com-
posting mixed samples with known
amounts of the different botanical species.
Coleman et al. (1990) demonstrated that

calibrations based on botanically pure
samples were as acceptable as calibrations
developed from mixtures. Volesky and
Coleman (1996) showed that the addition
of botanically pure samples to esophageal
extrusa calibration data sets was benefi-
cial. However, pure diets of many of the
plant species of interest to the study of
dietary habits of ruminants cannot be fed
because of problems with toxicosis at high
levels of intake. Nonetheless, it may be
possible to predict botanical composition
of diets with just 2 levels of the compo-
nent of interest, which would provide a
great improvement in the design of cali-
bration trials by reducing the number of
samples required for calibration.

Development of calibration equations
using stepwise regression techniques (with
a limited number of individual wave-
lengths) has not been compared with mul-
tivariate procedures using information
from all wavelengths. Multivariate proce-
dures use a data reduction technique such
as principal component analysis (PCA),
which reduces the original data to sets of
scores that have 2 properties 1) the vari-
ance of the first set of scores is maximized
and successive sets of scores explain suc-
cessively less of the variation in the origi-
nal data; and 2) the sets of scores are
uncorrelated to each other. This is accom-
plished by multiplying the original log 1/R
data by a weighting coefficient (i.e., eigen-
vector) and summing these values across
all wavelengths to create a score for each
sample. This is analogous to the coeffi-
cients in a multiple regression equation
transforming a set of independent vari-
ables to a single dependent variable, i.e.,
predicted Y variable. The principle com-
ponent scores produced can then be used
in multiple regression to predict the value
of the dependent variable (i.e., botanical
composition in the current study). In this
study we used modified partial least
squares regression, which is similar to
PCA regression except that information
from the dependent variable is included in
the transformation so that the resultant
scores have maximum correlation with the
dependent variable and the residuals
obtained after each factor is calculated are
standardized (divided by the mean residual
value) before calculating the next factor.
Pitman et al. (1991) reported there were
no consistent differences between modi-
fied partial least squares regression and
modified stepwise regression when pre-
dicting the botanical composition of tropi-
cal grass-legume mixes.
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The objective of this study was to deter-
mine if NIRS of fecal samples could pre-
dict the percentage of mountain big sage-
brush (Artemisia tridentata Nutt. ssp.
vaseyana (Rydb) Beetle) in sheep diets.
Four specific objectives were evaluated: 1)
stepwise regression was compared to mod-
ified partial least squares regression; 2)
calibrations based on maximum, mini-
mum, and no sagebrush in the diets were
compared to calibrations that included
intermediate levels of sagebrush; 3) the
ability of calibrations based on diets com-
posed of dried sagebrush to predict diets
from frozen sagebrush were investigated;
and 4) the relationship of H with the preci-
sion and accuracy of predictions was
investigated.

Methods!

This research was conducted at the
USDA, U.S. Sheep Experiment Station
located in Dubois, Ida. (112°10'W,
44°21'N). Fecal materials from a feeding
trial with sheep fed known levels of sage-
brush with several background diets were
used to develop NIRS fecal calibration
equations. Equations were validated with
samples from 2 independent feeding trials
with known levels of sagebrush with a sin-
gle background forage. Because the com-
position of the base diet did not vary in the
validation trials, calibration equations for
sagebrush were identical to equations for
other components, and samples from these
trials could not be used to develop unam-
biguous calibration equations.

1996 Feeding Trial

The 1996 feeding trial consisted of feed-
ing varying levels of mountain big sage-
brush, early bloom alfalfa hay (Medicago
sativa L.) and a grass hay composed of
smooth brome (Bromus inermis Leyss.)
and timothy (Phleum pratense L.). The
sagebrush was collected in late September
1996 and air-dried in the shade (maximum
daily temperature 21 to 30° C). After dry-
ing, sagebrush branches were flailed
against a wire panel over a large tub to
remove leaves and small current year's
stems.

The flailed sagebrush was chopped
using a small flail-type garden shredder;

"Protocols for feeding trials were approved by
Animal Care and Use Committee of the U.S. Sheep
Experiment Station and the University of Idaho #
8028).
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other forages were ground through a ham-
mer mill with a 2.5 cm screen. Diets were
mixed to contain 0, 4, 8, 12, 16, and 24%
sagebrush with a base diet of hays in the
following alfalfa/grass proportions: 0:100,
20:80, 40:60, 60:40, 80:20, and 100:0 for
a total of 36 different diets. Molasses was
added to the diets (5% DM) during the
mixing process to cause feed particles to
adhere together and reduce sorting when
eaten. ‘

Diets were fed to 36 mature, white-
faced, western range ewes housed in indi-
vidual pens. One animal was fed each diet.
Diets were fed at 0800 and 1600 hours;
refusals (orts) were removed at 0800
hours. The trial consisted of a 6-day adap-
tation period and 4-day collection period.
Fecal samples were collected from the
floor of the pens at 1600 and 0800 hours
and dried in a forced air oven at 60°C.

1998 Feeding Trial

The 1998 feeding trial consisted of vary-
ing levels of mountain big sagebrush
stored either air-dried or frozen before the
study (Fraker 1999). Sagebrush for this
trial was current season's growth of vege-
tative stems (no flowering stalks) collected
the last week of August 1997. Half of the
sagebrush was air-dried (maximum tem-
perature 30 to 33°C) and stored in plastic
bags; half was frozen promptly after col-
lection and stored in a freezer. Diets were
mixed to contain 0, 8, 16, and 24% of
either dry or frozen sagebrush with a base
diet of 1:1 alfalfa/grass (grass was a mix-

ture or smooth brome and timothy hay) for:

a total of 7 different diets. Molasses was
added to the diets (5% DM) during the
mixing process to cause feed to adhere
together and reduce sorting.

An intake and digestion trial was con-
ducted in January 1998 using 6 to 7-
month-old, white-faced crossbred lambs
with an average weight of 47 kg. The ani-
mals were penned individually and 5 ani-
mals were assigned to each of the 7 diets
for a total of 35 animals (34 wethers and 1
ewe). Animals were fitted with fecal bags
to determine total fecal production. Feed
was offered in excess from 0800 to 1100
hours and from 1300 to 1600 hours. Every
30 min, while feed was offered, feed
bunks were checked and more feed was
added if needed. This procedure limited
the potential for sorting and minimized the
amount of refusal. The trial consisted of a
5-day adaptation period and a 6-day col-
lection period. Fecal bags were emptied
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twice daily, and a sub-sample of feces was
collected. Afternoon samples were com-
posited with collections made the follow-
ing morning and dried in a forced air oven
at 60° C.

Wyoming Feeding Trial

The Wyoming trial used 16 Rambouillet
wether lambs (28 to 41 kg body weight)
fed diets containing mixtures of hand-har-
vested current year's growth of mountain
big sagebrush leaves and native grass hay
(Ngugi et al. 1995). Sagebrush leaves
were harvested in September from the
western edge of the Medicine Bow Range,
Carbon County, Wyo., and stored in
sealed plastic bags in a freezer until fed.
Four diets in the following proportions of
grass hay:sagebrush: 100:0, 90:10, 80:20,
and 70:30 were fed. Four animals received
each diet. The trial consisted of a 9-day
adjustment period followed by a 6-day
collection period when all urine and feces
were collected. Fecal samples were com-
posited by animal for the 6-day collection
period and ground through a 1-mm screen
of a Wiley mill. Samples were reground
through a cyclone mill before being
scanned to collect NIRS reflectance.
Details of this trial were presented by
Ngugi et al. (1995).

Equation Development

All fecal samples were ground in a
cyclone mill to pass a 1-mm screen,
packed into sample cells with a near-
infrared transparent quartz cover glass,
and scanned 32 times using a NIR
Systems, Inc. (Silver Spring, Md.) model
6500, scanning reflectance monochroma-
tor. Reflected energy (log 1/R) was mea-
sured, averaged over the 32 scans and
recorded at 2-nm intervals from 400 to
2,500 nm.

Calibration equations were developed
using stored NIRS spectra from fecal sam-
ples as the independent variables and per-
cent sagebrush fed in the diets as the
dependent reference data. Scanned sam-
ples were daily individual animal feces in
the 1996 and 1998 trials, whereas for the
Wyoming trial, they were individual ani-
mal feces composited across 6-days.
Before calibration, each spectrum was
transformed with a (1,8,8) derivative. The
first number in parenthesis is the order of
the derivative, the second number is the
gap (number of data points over which the
derivative is calculated), and the third
number is the smooth (number of data

points in a moving average). Scatter cor-
rection was done with the standard normal
variance and detrend procedure (Barnes et
al. 1989).

Data Analyses

Before further analyses, data from the
1996 and 1998 trials were individually
examined to identify and remove outlier
samples. To eliminate outliers, separate
calibration equations were done for the
1996 and 1998 trials. Samples that had an
H larger than 3 or a residual “t” statistic
greater than 3 were eliminated. This
resulted in the elimination of 6 and 10
samples from the 1996 and 1998 data sets,
respectively, or approximately 5% of the
samples from each of the data sets.

Calibration equations were evaluated for
usefulness based on validation statistics
for samples that were not used for calibra-
tion. Calibration refers to the development
of a regression equation using the reflect-
ed energy (log 1/R) of the near infrared
spectra as independent variables to predict
the botanical component (i.e., dependent
variable or reference value). Validation
refers to the ability of the calibration equa-
tion to predict the reference value of sam-
ples not part of the data set used in the
development of the calibration equation.
Validation samples are referred to as
‘internal’ if they are a subset of a uniform
group of samples used to develop a cali-
bration equation and independent if they
were from a set of samples from a differ-
ent trial or treatment. The statistics evalu-
ated included standard error of prediction
(SEP), standard error of prediction cor-
rected for bias (SEPc), coefficient of
determination (R?), slope, and bias.

These statistics indicate the relationship
between the predicted percentage sage-
brush in the diets and the percentage sage-
brush that was fed. The coefficient of
determination is the amount of variation in
sagebrush fed that is explained by fecal
NIRS predictions and is an indicator of the
precision of the calibration equation.
Slope and bias are estimates of the accura-
cy of the calibration equation; in general
accuracy decreases as the deviation from 1
and 0, respectively, increases. However,
slopes may not always be directly compa-
rable because of the differences in the Y
intercept. The SEP and SEPc statistics are
estimates of error in units that are related
to the unit of measurement; in this study
the percentage sagebrush in the diet. The
SEP includes error that results from poor
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precision (i.e., lack of fit) and systematic
error as a result of slope and bias devia-
tions from 1 and 0. The SEPc has much of
the systematic error (lack of accuracy)
removed and is an indicator of precision.

Objective 1: This objective compared
stepwise (SW) and modified partial least
squares (MPLS) calibrations. Fecal sam-
ples from days 1 and 3 of the 1996 trial
(96 1&3) were used to develop calibration
equations using either SW, or MPLS
regressions and validated with either days
2 and 4 (96 2&4) from the same trial (i.e.,
internal validation), or the 1998 Dry sam-
ples (i.e., independent validation). The
1998 Dry samples were used for indepen-
dent validation because they most closely
duplicated the procedures used for the
feeding trial from which samples for cali-
bration were produced. The best calibra-
tion method was determined by comparing
validation statistics and then was used for
all further analyses.

Objective 2: This objective examined
the effect of eliminating diets with inter-
mediate levels of sagebrush on the preci-
sion and accuracy of resultant calibration
equations. The purpose of this objective
was to determine if the efficiency of feed-
ing trials for developing fecal NIRS cali-
bration equations could be improved by
reducing the number of levels fed without
affecting the precision or accuracy of pre-
dictions. The MPLS calibrations were
developed for all 1996 samples and com-
pared to calibrations from 3 subsets: HiLo
All contained all samples with 0, 4, and
249% sagebrush; HiLo Mixed contained
samples with 60:40 or 40:60 proportions
of alfalfa and grass as the background and
0, 4 and 24% sagebrush; HiLo Pure con-
tained samples with 100% alfalfa or 100%
grass and 0, 4, and 24% sagebrush. The
diets with no sagebrush were included in
the calibration data sets because, in prac-
tice, treatments with only the base diets
require relatively less labor to conduct
because the target plant species does not
need to be hand-collected. Thus the addi-
tional level can be added to the calibration
data set at a relatively low cost. The cali-
brations for this objective were validated
using the 1998 Dry samples.

Objectives 3: The purpose of this analy-
sis was to evaluate the ability of calibra-
tion equations developed from feeding tri-
als using target forages that were dried to
predict diets from feeding trials where the
target forage was kept frozen until fed.
The latter case more closely represents a
normal grazing situation, whereas the use

Table 1. Comparison of stepwise to modified partial least squares regression equations on valida-
tion statistics for calibrations developed from the 1996 trial on days 1 and 3.

Validation data set ~ R? Slope® Bias® SEP* SEP(c)®  Average H®
96 2&4
Stepwise 0.92 1.00 0.1 22 2.2 1.4
MPLS 0.96 1.01 0.4 1.6 1.6 L5
98 Dry
Stepwise 0.66 1.10 4.1 6.4 5.0 2.0
MPLS 0.93 1.26 3.9 4.8 2.8 2.7

“Slope = slope of the line between reference and predicted values (indicator of accuracy).
Bias = systematic error (i.e., mean of differences, and an indicator of accuracy).
ZSEP = standard error of prediction (error caused by both lack of precision and lack of accuracy).
SEP(c) = standard error of prediction corrected for bias (indicator of precision).
“Average H = standardized Mahalanobis distance (mean spectral distance of validation data set from centroid of calibra-

tion data set in multiples of standard deviates).

of dried forages represents a simpler

~method for conducting trials. Calibrations
- were developed using all samples from the

1996 trial. Frozen samples from 1998 and
Wyoming samples were used for valida-
tion and dried samples from 1998 served
as a control.

Objective 4: The effect of the value of H
on the precision and accuracy of predic-
tions was evaluated for the 1998 Frozen
and Wyoming data sets. The value of H is
the number of standard deviates that a par-
ticular sample is from the mean of the
population of samples that were used to
develop the calibration equation. Thus it
represents the spectral similarity between
the predicted samples and the calibration
samples. The simple correlation between
H and the absolute value of the residual
was calculated to determine if the preci-
sion of predictions (i.e., difference
between actual and predited values) was
related to the spectral closeness of the
sample to the calibration population. Each
data set was divided in half based on the
median value of H in the data set. The pre-
dictions were compared between the 2
subsets to determine the effect of H on
accuracy of predictions. If the slope of the
line relating the predicted and actual levels
of sagebrush in the diets was the same for
both of the subsets of data, it would indi-
cate that accuracy was not affected by the
spectral distance (i.e., H) between the
sample and the calibration population.

Results and Discussion

Objective 1: Comparison of stepwise
(SW) and modified partial least squares
(MPLS) calibrations for days 1 and 3 of
the 1996 trial showed that calibration
using MPLS improved predictions for
both the internal and independent valida-
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tion data sets (Table 1; Fig. 1). Predictions
for the internal validation set (96, 2&4)
showed that MPLS compared to SW
slightly increased the precision of predic-
tions as indicated by the higher R2 and
lower SEP(c), but not the accuracy of pre-
dictions (i.e., bias and slope). The value of
MPLS compared to SW calibrations for
improving precision were more apparent
for the independent validation of the 1998
Dry samples. In this comparison R? and
SEP(c) showed much improvement in
MPLS compared to SW, the similar bias
for the 2 predictions showed that accuracy
was about equal. The improved precision
of the MPLS calibration compared to the
SW calibration indicates that the wave-
lengths selected by the stepwise procedure
for the 1996 calibration data set did not
include all of the relevant wavelengths for
the independent 1998 Dry validation data
set. The average H value was higher for
the MPLS predictions of the 1998 Dry
samples compared to the SW prediction of
these samples. The higher H statistic is a
result of the use of all wavelengths in the
MPLS equation compared to only 5 wave-
lengths in the SW equation. This apparent
increase in spectral distance between inde-
pendent predictions and the mean calibra-
tion spectra, and the assumption that it
reduces the robustness of the resultant
equations, caused most previous fecal
NIRS calibrations to use SW equations.
Because of the improved precision of pre-
dictions using the MPLS equation, this
calibration procedure was used for subse-
quent analysis.

Objective 2: The effect of calibrations
based on the1996 trial after removing the
samples with intermediate levels of sage-
brush (i.e., 8, 12, and 16%) on precision
and accuracy for predictions of the 1998
Dry samples, is shown in Table 2 and
Figure 2. Reducing the number of samples
reduced the accuracy of predictions, but
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Fig. 1. Comparison of stepwise regression (SW) and modified partial least squares regression
(MPLS) predictions of percent sagebrush fed using 1996 feeding trial days 1 and 3 for cali-
bration and either internal validation with 1996 days 2 and 4 for validation (A) or indepen-
dent validation using 1998 Dry samples for validation (B).

this reduction was less than the propor-
tional decrease in number of samples. For
instance the HiLo ALL subset represented
a 50% reduction in the number of samples
but only a 3% reduction in the R? between
actual and predicted diets, a slope with a
4% greater deviation from unity, a 27%
increase in the SEP, and a 16% increase in
SEP(c).

Further reducing the calibration data
sets to 23 samples by using only samples
from diets with mixed alfalfa and grass
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(HiLo Mixed) background or 100% alfalfa
or 100% grass (HiLo Pure) as a back-
ground further reduced the precision and
accuracy of predictions. Validation statis-
tics from calibrations based on HiLo
Mixed samples showed that this subset
resulted in a much higher bias and a slope
with a greater deviation from unity. The
reduced performance of HiLo Mixed cali-
brations presumably was caused by a lack
of unique spectral information between the
60:40 and 40:60 alfalfa:grass background

mixtures compared to the 100% alfalfa or
100% grass background mixtures.

As the number of samples in the calibra-
tion data set was reduced, the average H of
the validation data decreased, even though
the validation data set was the same for
the 4 different calibration data sets. This
would normally be interpreted to mean
that the validation data were more spec-
trally similar to the calibration data.
However, in this instance it indicates that
as the number of samples in the calibration
data set decreased the variance of the mul-
tidimensional centroid increased and
because H is standardized to have unit
variance the distance of the predicted pop-
ulation from the calibration population is
smaller in terms of multiples of the unit
variance.

Comparison of the MPLS validation sta-
tistics for 1998 Dry samples between
Tables 1 and 2 also demonstrates the
effect of size of calibration data set on the
average value of H. In this instance the
slope and R? are essentially the same for
calibrations based on days 1 and 3 of the
1996 samples (Table 1) or all days (Table
2), but the average H statistic increased
from 2.7 to 3.8 when all of the samples
were used in the calibration data set.

This analysis indicates that increased
efficiency of experimental design can be
obtained by reducing the number of inter-
mediate levels and that there is an advan-
tage of using spectrally distinct back-
grounds, i.e., pure rather than mixed back-
ground diets.

Objective 3: The use of calibrations
based on dried samples to predict diets of
animals eating an independent source of
frozen forage is shown in Table 3 and
Figure 3. Compared to the 1998 Dry sam-
ples, the validation statistics for the 1998
Frozen samples showed that the slope for
the frozen samples (1.43) was greater than
that for the dried samples (1.27), resulting
in a larger bias and consequently a larger
SEP. The SEP(c) was increased only
slightly for the frozen samples, and the R’
was similar for the dried (0.94) and frozen
(0.93) predictions. These statistics, in con-
junction with the increased deviation from
unity of the slope, indicate that using an
equation based upon dried forages from
the independent 96 trial to predict percent-
age 98 frozen sagebrush in the diet,
decreased the accuracy of predictions with
little effect on the precision.

Validation using the Wyoming samples
was much worse than the 1998 Frozer
samples, but was similar to the 1998
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Table 2. Effect of reducing the number of intermediate treatment levels in the Calibration data set

on validation statistics for 1998 Dry samples.

Calibration data set n’ R® Slope” Bias® SEP? SEP(c)° Average H'
96 Al 137 0.94 1.27 4.8 5.6 2.7 3.8*
HiLo AlI" 69 0.91 1.33 6.9 7.6 3.2 22
HiLo Mixed' 23 0.78 1.61 16.4 17.2 49 2.3
HiLo Pure! 23 0.82 1.38 8.6 9.5 4.2 1.3

“Number of samples in calibration data set.

Slope = slope of the line between reference and predicted values (indicator of accuracy).
‘Bias = systematic error (i.e., mean of differences, and an indicator of accuracy).

SEP = standard error of prediction (error caused by both lack of precision and lack of accuracy).
°SEP(c) = standard error of prediction corrected for bias (indicator of precision).

Average H = standardized Mahalanobis distance (mean spectral distance of validation data set from centroid of calibra-

tion data set in multiples of standard deviates).
596 All = all samples.
“HiLo All = all samples with 0, 4, or 24% sagebrush.

'HiLo Mixed = samples with background matrix of 40:60 or 60:40 alfalfa and grass hay with 0, 4, or 24% sagebrush.
HiLo Pure = samples with background matrix of 100% alfalfa or 100% grass hay with 0, 4, or 24% sagebrush.

*Exceeded value recommended by Shenk et al. (1989).

Frozen in that most of the error was a
result of reduced accuracy. The low accu-
racy was caused primarily by the high
slope (2.63), which indicates that the
range of the predicted values was about
one-third the range of the actual values.
The compressed range of data in these
predicted data sets indicates that when the
predicted samples are from a different
population than the calibration samples,
the ratio scale of measurement for the ref-
erence value of the samples may be
reduced to an interval scale for the predict-
ed values. Measurement scale refers to the
different properties (i.e., relationships and
operations) of the numbers that can be
applied to the measurements. The 4 levels
of measurements in order of increasing
amount of information that can be deter-
mined from them are 1) nominal, 2) ordi-
nal, 3) interval, and 4) ratio. Nominal
measurements name the attribute; ordinal
measurements can be rank ordered; for
interval measurements the distance
between attributes has meaning; and ratio
measurements have an absolute zero and a
meaningful ratio can be constructed. The
effect of different scales of measurements
on the information that can be extracted
from measured attributes can be demon-
strated using the reference values of sage-
brush fed, which are ratio scale measure-
ments, and the fecal NIRS predicted val-
ues, which are interval scale measure-
ments. The mean predicted values for the
8, 16 and 24% diets in the 1998 Frozen
data were 0.6, 6.3 and 10.9%, respective-
ly. For the reference ratio data it is appro-
priate to state that the difference between
8 and 24% is twice as large as the differ-
ence between 8 and 16%. It is also appro-
priate to state that 16% is 2 times larger
and 24% is 3 times larger than 8%. At the

interval level of measurement for the fecal
NIRS predicted values, an increase from
0.6 to 10.9% is about twice as much as an
increase from 6.3 to 10.9%, but it is not
appropriate to state that 6.3% is about 10
times larger than 0.6%. In practice this
means that fecal NIRS predictions could
be used to estimate the difference in
botanical composition of the diets of dif-
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ferent treatment groups or individuals
within a group of animals. But it could not
be used to determine how much of a plant
species of interest should be fed to
increase their level of consumption to a
desired level.

Objective 4: For typical agricultural
applications, the size of H (i.e., the stan-
dardized spectral distance of the predicted
sample from the calibration data spectral
mean) normally is used to determine if a
sample is from the same spectral popula-
tion as the samples used to develop cali-
bration equations. This analysis investi-
gates the relationship between H and the
precision and accuracy of predictions
when calibration equations from the 1996
trial were used to predict the 1998 Frozen
or Wyoming diets. The value of H was
positively correlated to the absolute value
of the residual (Fig. 4), which indicates
that prediction error increased as H
increased. However, when the data sets
were split into two groups based on the
median value of H, the slope (P > 0.30)
and intercept (P > 0.30) of the predictions
for the 2 groups were not affected by the

10 15 20 25 30 35

Fredicted % Sagebrush

Al

O HiLo All
X HiLo Fure

2 Hilo Mixed
— 1.1 Line

Fig. 2. A comparison of modified partial least squares calibrations using reduced subsets of
calibration samples from the 1996 trial was used to predict samples from animals fed dry
sagebrush in the 1998 trial. (All = all samples; HiLo = 24, 4, and 0% sagebrush with all
backgrounds; Mixed = 24, 4, and 0% sagebrush with 60:40 and 40:60 alfalfa:grass back-
grounds; and Pure = 24, 4, and 0% sagebrush with 100% alfalfa or 100% grass back-

grounds).
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Table 3. Validation statistics for predicting fresh samples using calibration from 1996 samples with

1998 Dry samples included for comparison.

Validation data set R’ Slope® Bias® SEP SEP(c)®  Average H°
1998 Dry 0.94 127 4.8 5.6 2.7 3.8
1998 Frozen 0.93 1.43 6.8 7.5 3.1 4.1
Wyoming 0.9 2.63 142 16 7.7 12.8 %

*Slope = slope of the line between reference and predicted values (indicator of accuracy).
Bias = systematic error (i.e., mean of differences, and an indicator of accuracy).
°SEP = standard error of prediction (error caused by both lack of precision and lack of accuracy).
SEP(c) = standard error of prediction corrected for bias (indicator of precision).
®Average H = standardized Mahalanobis distance (mean spectral distance of validation data set from centroid of calibra-

iion data set in multiples of standard deviates).
Exceeded value recommended by Shenk et al. (1989).

size of H (Fig. 5). Walker et al. (1998)
reported that when NIRS fecal predictions
for percent leafy spurge (Euphorbia esula
L.) in the diet were divided into groups
based on the size of H, validation statistics
were similar between the groups.

The positive relationship between H and
magnitude of the residual and the lack of
effect of H on the relationship between
actual and predicted percent sagebrush in
the diets show that for these data, the
value of H is positively related to preci-
sion but not to accuracy. This interpreta-
tion of the relationship of H to the preci-
sion and accuracy of predictions is also
supported by comparison of the average H
for the 1998 Frozen and Wyoming sam-
ples to their validation statistics. The
Wyoming data set had a much higher
average H (12.8) compared to the 1998

35 S
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Frozen samples (4.1) and a much lower
accuracy (i.e., slope = 2.63 vs. 1.43), but
good precision as shown by the high R?
(0.90 vs. 0.93; Table 3). Finally, in both
trials the treatments with the highest levels
of sagebrush had the highest H values,
which may have implications on the
source of this spectral variation.

The results of this study show that when
predicted samples are from the same pop-
ulation as the calibration samples, such as
the internal validation of the 1996 trial
(Table 1), NIRS of feces can accurately
predict botanical composition of diets.
However, when predicted samples are
from a different population, accuracy is
low and the predicted values should be
considered to represent an interval scale of
measurement. Of interest is that the preci-
sion of the predictions, as indicated by

15 20 k] 3s

Predicted % Sagebrush

<98 Dy O 98 Frozen A WWyoming — 1.1 Line

Fig. 3. Prediction of diets from frozen sagebrush using calibration equations based on diets
from dried sagebrush; predictions of dry samples are included for comparison.
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coefficients of determination between
actual and predicted values, consistently
accounted for 90% or more of the varia-
tion. The consistently high precision but
low accuracy may indicate that the wave-
lengths that best predicted the calibration
set were not the optimal set for the valida-
tion data sets. However, the wavelengths
from the calibration data sets apparently
covaried closely with the appropriate
wavelengths for the independent valida-
tion set.

The suspected shift in optimal wave-
lengths between the calibration and valida-
tion data sets could be caused by the fact
that the 1996 calibration diets used one
source of sagebrush for all diets, which
caused low spectral variation in the feces
and may be responsible for the poor accu-
racy of prediction of independent samples.
Use of a single source of sagebrush means
that all diets regardless of the proportion
of sagebrush in them had the same spectral
information relative to sagebrush. Had
more sources, e.g., locations, season and
years of sagebrush been used the resultant
equation would have been more global.

However, animal variation between tri-
als also may have been an important con-
tribution to the lack of accuracy. Mature
ewes were used for the 1996 calibration
trial, whereas approximately 6 month old
whether lambs were used for all of the
independent validations.

Age, sex, or physiological status of the
animal could affect fecal composition via
the effect these factors have on intake and
digestibility. Furthermore, the amount of
sagebrush in the diet affects both intake
and digestibility (Ngugi et al. 1995), and
these effects are greater for fresh com-
pared to dried sagebrush (Fraker 1999).
Typically 60% or more of ruminant feces
is composed of metabolic products includ-
ing bacteria and endogenous waste (Van
Soest 1982). The remainder of the feces
composed of residual forage matter would
consist of undigested plant cell walls (i.e.,
neutral detergent fiber).

Comparison of the slopes of the inde-
pendent validation sets shows that as the
effect of treatments on intake and
digestibility increased, the accuracy (but
not precision) of the predictions
decreased. In the 1998 trial, frozen diets
caused a small decrease of forage intake
(Fraker 1999), which was associated with
an increase in average H and greater devi-
ation from unity of the slope (i.e, 1.27 and
1.43 for the dry and frozen diets, respec-
tively).
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Fig. 4. Relationship between the H value of samples and the absolute value of the residual for
independent validation samples and modified partial least squares regression using all 1996

samples.

Ngugi et al. (1995) reported a much
greater effect of percent sagebrush in the
diet on intake and digestibility for the
Wyoming trial than was reported for the
1998 trial. Intake declined from 38 g/kg
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BW on the 0% sagebrush diet to 9 g/kg
BW on the 30% sagebrush diet with a con-
comitant decline in apparent dry matter
digestibility of from 59 to -3% in this
study. The greater effect of sagebrush on

o
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$ 98 Frozen, H <4 0O 98Frozen, H 24
A Wyoming, H €12 XWyoming, H >12

Fig. 5. Effect of size of H on the validation accuracy.

JOURNAL OF RANGE MANAGEMENT 55(4) July

intake and digestibility was associated
with a much larger average H and lower
slope than the 1998 predictions. This may
indicate that when fecal NIRS is used to
predict the percent of a chemically defend-
ed plant in the diet, the spectra on which
the calibrations are based may result from
the effect of secondary plant metabolites
on the digestive process rather than the
plant residues in the feces. If this is the
case, the loss of accuracy for independent
validations noted in this study may be
somewhat lessened when fecal NIRS is
used to predict the diets of grazing herbi-
vores because animals normally will limit
their intake of chemically defended plants
below a level that restricts the rate of
nutrient capture (Provenza 1995.)

Conclusions

Relative to the design of future trials for
developing fecal NIRS calibration equa-
tions, several recommendations can be
made from these results. Variation in the
source of a target plant species, the back-
ground forages, and the animals used for
the trial should be maximized to the extent
possible. The composition of diets should
consist of the ‘high’ level of the target
plant that is slightly above the amount
expected to be selected by free grazing
herbivores, the ‘low’ level of about 5% of
the target plant, and a diet that consists of
only the background forage. Furthermore,
we recommend the use of MPLS calibra-
tions to increase the spectral information
considered in the calibration equation
compared to the limited number of wave-
lengths that are used in SW calibrations.

When feeding trials are conducted to
develop fecal NIRS calibration equations,
the samples used for calibration rarely can
be considered to be from the same popula-
tion as the predicted samples. Even if the
target plant species is well represented in
the diets, other botanical components nor-
mally will not be, and the potential asso-
ciative effects on digestion indicate that
assumptions about the populations being
the same would be tenuous.

Furthermore, the H statistic may not
always indicate if a sample is from the
same population as the calibration set.
Therefore, until evidence to the contrary is
available, predictions of dietary botanical
composition using fecal NIRS should be
considered to represent an interval scale of
measurement. This scale of measurement
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is adequate for most problems of interest
on rangelands such as comparing treat-
ment effects on diet preference or measur-
ing the phenotypic variation in preference
for a target plant in a population of ani-
mals, but would not be sufficient if it is
necessary to know the actual composition
of the diet.

The reduced information in the interval
scale of measurement compared to a ratio
scale of measurement will be more than
offset by the ability to greatly increase
sample size by using fecal NIRS com-
pared to other methods for determining
botanical composition of diets. For
instance, Harniss et al. (1975) reported
that for sheep grazing sagebrush-bunch-
grass rangelands, 150 fistula diet determi-
nations would be necessary to estimate the
percent of plant species that comprise 20%
of the diet to within #10% of the mean
with a 95% probability. Such sampling
intensity exceeds the practical capacity of
any other available method for determin-
ing botanical composition of diets except
fecal NIRS.
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