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PAPER

The use of visible/near-infrared spectroscopy to predict fibre fractions, fibre-
bound nitrogen and total-tract apparent nutrients digestibility in beef cattle
diets and faeces

Marica Simonia , Arianna Goib , Massimo De Marchib and Federico Righia

aDipartimento di Scienze Medico-Veterinarie,University of Parma, Parma, Italy; bDipartimento di Agronomia, Alimenti, Risorse Naturali,
Animali e Ambiente, University of Padova, Padova, Italy

ABSTRACT
Data about diet and digestion process of cattle are important for the fine-tuning of the diet and
from an environmental point of view. Given the capacity of the near-infrared reflectance spec-
troscopy (NIRS) to provide easily, quickly and cheap data its ability in predicting dietary and fae-
cal chemical composition, fibre-bound N and total-tract apparent digestibility (ttaD) of beef
cattle were tested. The ttaD was estimated using the dietary and faecal undigestible neutral
detergent fibre (uNDF) as an internal marker. A total of 172 pool faecal samples and 164 total
mixed ration (TMR) samples were randomly collected 24h post-feeding across the fattening
groups of young males and females Charolaise beef cattle. Both TMR and faeces were analysed
chemically and through visible/NIRS instrument. Calibration models were developed using a
modified partial least squares (mPLS) regression analysis and tested by a leave-one-out cross-val-
idation procedure and the best calibrations were selected based on various parameters includ-
ing the coefficient of determination of calibration (R2CrV) and the residual predictive deviation
(RPD). The overall composition of TMR and faeces were similar to that reported in literature and
the coefficient of variation was higher than 12% for most of the parameters studied. The NIRS
was able to accurately predict the ADF, nitrogen (N), and ash content in the TMR, whereas in
faeces only the ADF prediction was acceptable. The ttaD and total-tract true digestibility of N
using the uNDF as an internal marker were inaccurately predicted both in TMR and in faeces
(R2CrV �0.66; RPD � 1.71).

HIGHLIGHTS

� Near-infrared spectroscopy was not a suitable technology to predict total tract apparent
digestibility.

� NIRS was able to accurately predict the ADF, nitrogen and ash content in the TMR.
� NIRS was able to accurately predict the ADF in faeces.
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Introduction

The ‘fine-tuning’ and adequacy of the beef cattle diet
could be assessed directly in vivo by evaluation of ani-
mals’ growth performance, body conditions and faecal
characteristics and in vitro through the chemical com-
position analysis of total mixed ration (TMR) and fae-
ces. Indeed, faecal assessment is the most feasible
evaluation to gather information about the diet
digestive process effectiveness. It includes the obser-
vations of colour, consistency, undigested visible resi-
dues, pH and particle size distribution measurement
(Kononoff et al. 2002; Righi et al. 2007; Leiber et al.

2015). Dietary and faecal fibre fractions are particularly
important since they are related to dry matter (DM)
intake, rumination behaviour, nutrient digestibility and
passage rate. Moreover, fibre fractions bind the less
digestible fractions of dietary nitrogen and include the
undigested neutral detergent fibre (uNDF), which is a
promising internal marker employed for the in vivo
digestibility estimation (Cochran et al. 1986; Fustini et
al. 2017). Indeed, the combined determination of the
uNDF in diet and faeces allows the estimation of the
total-tract apparent digestibility (ttaD) of several
nutrients as demonstrated in cattle and sheep
(Fondevila et al. 1995; Righi et al. 2016, 2017). The
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ttaD allows the estimation of nutrient utilisation when
feed intake and faecal output is not provided (Sales
and Janssens 2003). The in vivo digestibility estimation
is one of the parameters describing diet utilisation effi-
ciency which is a result of the interaction between the
animal and diet. Indeed, it has been demonstrated in
beef steers that 10% of the variation in residual feed
intake (an expression of feed efficiency) is explained
by the differences in digestion (Richardson and
Herd 2004).

Nitrogen (N) bound to the fibre fractions (N-NDF
and N-ADF) in faeces may be considered as
undigested dietary N excreted as organic form. The N
bound to the plant cell wall is in fact, poorly or not
exploited by the microbial population (Kustantinah et
al. 2020). Total faecal N is the total amount of N
excreted in faeces including undigested dietary nitro-
gen, microbial and endogenous nitrogen secretion. Its
concentration has been demonstrated to positively
correlate with N intake in both dairy and growing cat-
tle (Schuba et al. 2017).

The difference between the total faecal N content
and the undigested dietary N (mainly fibre-bound N
determined as N-NDF) allows also to estimate the
amount of metabolic N (microbial N and endogenous
N secretion) which represents the most soluble N
excreted with faeces, chemically described by Van
Soest (1994) as N soluble in the neutral detergent
solution (N-NDS). The faecal N-NDS is highly influ-
enced by feed quality and digestibility (Schuba et al.
2017), and represents, from an agronomical point of
view, the source of N rapidly mineralised in soil
(Powell et al. 2017; Pagliari et al. 2020). In fact, decom-
position of organic matter (OM) in soil (and conse-
quently rates of organic C and N mineralisation) is
affected by the biochemical fractions of decomposing
material. Among these fractions, the soluble nutrients
are relevant at the earlier decomposition stages while
the structural carbohydrate at later ones (Van Kessel
et al. 2000; Ruffo and Bollero 2003). The knowledge of
these N fractions allows for a better synchronisation of
N mineralisation in soil and crop N demand to maxi-
mise the economic effectiveness and reduce mineral N
environmental losses (Clivot et al. 2017).

Chemical laboratory analyses performed on diets
and faeces are reliable but laborious, expensive and
time-consuming, whereas the feeding management
decisions require quick and inexpensive results
(Rahman et al. 2015). Near-infrared spectroscopy
(NIRS) can overcome these problems being a fast, pre-
cise and non-destructive method to predict diets and
faecal composition (Jancewicz, Swift, et al. 2017).

NIRS is extensively used to analyse the composition
of diets, feedstuffs, forages (Rahman et al. 2015), pet
food (Goi et al. 2019; Goi, Manuelian, et al. 2020; Goi,
Simoni, et al. 2020), meat (De Marchi et al. 2007; De
Marchi 2013; Prieto et al. 2017), milk and dairy prod-
ucts (Visentin et al. 2015) in terms of DM, OM, EE, CP,
starch, NDF, ADF, ADL and ash in the different cases.
It was also applied on faecal samples with promising
prediction of feed intake, diet quality and digestibility
in different livestock species (Dixon and Coates 2009;
Tran et al. 2010; Decruyenaere et al. 2012; Tolleson
and Schafer 2014; Lyons et al. 2016; N�u~nez-S�anchez et
al. 2016; Jancewicz, Penner, et al. 2017; Johnson et al.
2017; Brogna et al. 2018). The NIRS digestibility predic-
tion of DM, OM, CP, NDF, ADF, ADL and starch in fae-
ces obtained using the total collection procedure as a
reference method showed encouraging results on
beef heifers and steers (Boval et al. 2004; Jancewicz et
al. 2016; Jancewicz, Swift, et al. 2017). However, the lit-
erature on beef cattle lacks information regarding diet-
ary and faecal N fractions as well as data concerning
the NIRS prediction of nutrients ttaD calculated using
the faecal uNDF.

Given the promising results of NIRS in predicting
the above-mentioned parameters, we hypothesise a
possible application of this technology to evaluate
beef cattle diets and faeces. The aim of this study was
to investigate the visible/NIRS potential in predicting
fibre content, fibre-bound N and ttaD, using uNDF as
marker, in dietary and faecal samples of Charolaise
beef cattle.

Materials and methods

This study was part of the project ‘AntibioticFreeBeef’
which involved 1206 Charolaise beef cattle, 630
females and 576 males, born in semi-extensive farms
and imported from France at an average age of 427 d.
The trial does not require ethical approval; however,
the experiment has been conducted in a responsible
manner without disturbing the animals.

Samples’ collection and chemical analysis

A total of 172 pools of faecal samples were randomly
selected across the growing groups of 5 farms located
in the Veneto region (Northern Italy) over 1 year,
together with 164 corresponding dietary samples,
more in detail the number of collected samples was
32 from 3 farms, 28 and 48 from the remaining two
farms. Particularly, faecal samples were collected and
pooled 24 h post-feeding, at 15 and 30 d after arrival
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at each farm, from a clean floor from male
(359.3 ± 49.07 of initial body weight [BW]) and female
(352.2 kg ± 47.37 of initial BW) young Charolaise cattle
to obtain 5 kg samples. Dietary samples – an adapta-
tion TMR whose ingredients and chemical composition
predicted by a ration formulation software are
reported in Table 1 – were collected from the feed
bunk during the TMR delivery to obtain a 2 kg aliquot.

Both TMR and faecal samples have been dried at
55 �C for 72 h, then ground in a Cyclotec mill (Tecator,
Herndon, VA) to pass a 1-mm screen. Subsequently,
each sample was divided into two aliquots: one was
subjected to chemical analysis and the other to spec-
trophotometric analysis. All the following described
parameters were determined on both TMR and faecal
samples. The DM content was measured by drying the
sample at 103 �C overnight. The uNDF was determined
through a 240 h in vitro fermentation using the

procedure described in Righi et al. (2017); the rumen
fluid was collected at the slaughterhouse from the
rumen of 4 cows and processed as described by
Simoni, Temmar, et al. (2020) and Simoni, Tsiplakou, et
al. (2020). The aNDF, ADF and ADL were analysed
according to Van Soest (1994). The aNDF was deter-
mined using heat-stable amylase but no sodium sul-
phite and expressed inclusive of the residual ash.
Residual ash was not determined on fibre fractions
with exception of ADL. The aNDF and ADF residues in
the crucibles were collected and weighted for bound
N determination. The N content was determined by
the combustion digestion of the sample at 900 �C in
excess of oxygen by DumathermVR (Gerhardt GmbH &
Co, K€onigswinter, Germany) as described by Mihaljev
et al. (2015).

The estimated total-tract apparent DMD (ttaDMDe),
total-tract apparent NDFD (ttaNDFDe), total-tract
apparent ADFD (ttaADFDe), total-tract apparent CPD
(ttaCPDe), total-tract apparent N-NDFD (ttaN-NDFDe),
total-tract apparent N-ADFD (ttaN-ADFDe) and total-
tract apparent ash digestibility (ttaAshDe) were calcu-
lated using uNDF of TMR samples and the uNDF of
the related faecal samples for each group as described
by Righi et al. (2016). The N-NDS was calculated as dif-
ference between the total N and N-NDF in faeces. The
estimated total-tract true N digestibility (tttrueNDe)
was calculated by the adaptation of the equation
described by Fustini et al. (2017) as follows:

tttrueNDe ¼ 100�
dietaryuNDF%DM

�
dietaryN%DM

faecaluNDF%DM=faecalN�NDF%DM

NIRS spectra collection and calibration
development

Visible/NIRS analysis was performed with NIRS DS2500
(FOSS, Electric A/S, Hillerød, Denmark). Thirty gram of
dried and ground faecal samples were placed in a
large glass FOSS cup (diameter 105mm, depth 35mm)
at room temperature and scanned from 400 to
2500 nm wavelength with 0.5 nm increment. Each
spectrum obtained was an average of 32 sub-spectra
collected in different points during the automatic rota-
tion of the cup and recorded as log(1/reflectance). The
same procedure was carried out for the TMR samples.
Chemometric analysis was performed using WinISI 4
software (Infrasoft International, Port Matilda, PA)
through modified partial least squares (mPLS) regres-
sion analysis (Osborne et al. 1993) to correlate spectral
information to reference values using the complete
dataset. First, raw spectra underwent some

Table 1. Ingredients and estimated nutrient content of the
adaptation diet supplied to beef cattle.
Itema Mean SDb Min Max CVc

Diet ingredient, Kg as fed
Feedstuffd 0.66 0.27 0.40 1.00 40.58
Wheat middlings 1.00 0.00 1.00 1.00 0.00
Distiller 0.75 0.21 0.50 1.00 27.76
Corn gluten meal 0.50 0.28 0.30 0.70 56.57
Alfalfa hay, 15% CP 0.20 0.00 0.20 0.20 0.00
Grass hay 0.80 0.28 0.60 1.00 35.36
Corn meal 1.33 0.51 0.90 1.90 38.49
Cane molasses 0.42 0.08 0.35 0.50 18.33
Wheat straw 1.40 0.27 1.00 1.60 19.34
Earlagee 1.38 0.88 0.75 2.00 64.28
Dry Beetpulp 0.53 0.46 0.00 1.00 87.11
Corn silage, 36% DM 4.75 1.71 3.00 7.00 35.95
Soybean meal, 46%CP 0.30 0.00 0.30 0.30 0.00
Soybean hulls 0.35 0.00 0.35 0.35 0.00

Diet compositionf, % DM
DM, % as fed 62.41 4.12 56.89 66.74 6.60
CP 12.62 0.16 12.43 12.83 1.30
EE 3.31 0.12 3.19 3.47 3.60
CF 18.71 1.14 17.24 20.02 6.09
Ash 6.49 1.68 4.12 7.84 25.81
NDF 41.20 2.43 39.25 44.34 5.90
Starch 23.95 1.93 21.08 25.32 8.07

aDM: dry matter; CP: crude protein; EE: ether extract; CF: crude fibre;
NDF: neutral detergent fibre.
bSD: standard deviation.
cCV: coefficient of variation.
dFeedstuffs provided are Bull ONE composed of wheat middlings, rape-
seeds meal, corn gluten meal, calcium carbonate, sunflower meal, sodium
chloride, dry extract of Aspergillus oryzae, Yucca schidigera, hydrolyzed
lignocellulose, sodium bicarbonate, cane molasses, magnesium oxide,
corn meal, palm oil fatty acids, yeasts; Bull 100 composed by wheat mid-
dlings, corn gluten meal, calcium carbonate, wheat meal, sunflower meal,
sodium chloride, dry extract of Aspergillus oryzae, Yucca schidigera, hydro-
lyzed lignocellulose, sodium bicarbonate, cane molasses, magnesium
oxide, corn meal, palm oil fatty acids; Bull 1500 composed by rapeseeds
meal, soybean meal 46% CP, sunflower meal, corn gluten meal, wheat
middlings, wheat meal, calcium carbonate, sodium chloride, cane molas-
ses, dry extract of Aspergillus oryzae, Yucca schidigera, hydrolyzed ligno-
cellulose, sodium bicarbonate, corn meal, magnesium oxide, yeasts.
eEarlage, 64% DM, 58% starch, 14% NDF.
fThe nutrient content was estimated using the ration formulation soft-
ware NDS Professional version 3.9.9.05 (RUM&N Sas, Reggio Emilia, Italy).
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pre-treatments. Several scatter corrective methods
(detrending [D]; standard normal variate [SNV];
SNVþD; multiplicative scatter correction [MSC]) were
tested to reduce noises and to remove imperfections
from the data matrix before data modelling (De
Marchi et al. 2019), then spectral derivation was
applied in combination (0,0,1,1; 1,4,4,1; 1,8,8,1; 2,5,5,1;
2,10,10,1; in which the first digit is the order of the
derivative, the second is the gap over which the
derivative is calculated, the third is the number of
data points used for smoothing of derivative spectra,
and the fourth is the number of data points used in
the second smoothing) (Shenk et al. 1989). To increase
the calibration accuracy, spectral outliers were elimi-
nated using the Mahalanobis distance (Global H>3.0),
followed by one round of chemical outliers’ elimin-
ation using the T-statistic (>3.0). The critical T-statistic
value set at 3, means that samples whose predicted
value differed more than 3 standard error from the
respective reference value were removed (De Marchi
et al. 2012) before building the final infrared model.
The prediction equations obtained were validated
using a leave-one-out cross-validation procedure;
therefore, for each trait examined, the prediction
model was tested using the entire dataset excluding
randomly a single sample in each iteration until all
samples of the dataset were included once in the val-
idation set. Subsequently, each model was rebuilt, per-
forming three times the cycle of new outliers’
detection and elimination and the cross-validation
procedure. The optimal calibration models were identi-
fied based on the number of LF selected which mini-
mises the root-mean-square error of cross-validation,
small standard error of calibration (SEC) and of

cross-validation (SECrV), on the coefficient of determin-
ation of calibration (R2C) and of cross-validation (R2CrV),
and the residual predictive deviation (RPD) of cross-
validation, calculated as the ratio of SD to SECrV to
provide a comparison of calibrations’ performance
regardless the different units of measurement of the
parameters. The values of R2CrV were interpreted
according to what reported by Karoui et al. (2006),
who stated that a coefficient of determination
between 0.66 and 0.81 could give an approximate
quantitative estimation of the reference value,
between 0.82 and 0.90 gives a good estimation, and
values above 0.91 indicate an excellent estimation. A
prediction model with an RPD value below 1.9 was
considered not suitable for use, between 2 and 2.4 is
considered poor and adequate only for a rough
screening, whereas an RPD value between 2.5 and 2.9
could be applied for screening purposes and an RPD
greater than 3 was considered good for quality control
(Williams 2014).

Results

Chemical composition and NIRS evaluation of diet

The chemical composition of the TMR fed to the beef
cattle is shown in Table 2 and was widely variable as
demonstrated by the CV of the different traits eval-
uated, that was generally higher than 12% with the
exception of DM (CV ¼ 1.1%) and N (CV ¼ 8.3%). The
diets were characterised by an average aNDF content
of 40.2%DM of which 54% was ADF and 10% was lig-
nin and 26% was undigestible. Considering a dietary N
content of 2.05% DM, 41.5% was bound to the NDF
fraction and 35% was bound to the ADF. The ash con-
tent was 7.2% of DM.

Table 3 shows the fitting statistics for the NIRS pre-
diction models produced for each compositional trait
of the TMR. The number of outliers that were detected
ranged from 2 (ADF) to 14 (aNDF), and in general the
percentage of samples removed from the primary
dataset was below 9% of the total number of meas-
urements for all the attributes. The number of latent
factors ranged from 6 (for the parameter uNDF
expressed as %NDF) to 12 (for the parameters DM and
ADLom expressed on a DM basis). The most selected
scatter corrections were D, SNV and SNVþD, and the
first derivative was the more frequent applied fol-
lowed by the second. The best prediction models
were obtained for ADF (R2CrV¼0.86; RPD ¼ 2.67), N
(R2CrV¼0.83; RPD ¼ 2.43) and ash (R2CrV¼0.82; RPD ¼
2.36), whose accuracy indicates a good estimation of
the reference values; the calibration model with the

Table 2. Average chemical composition of the diets provided
to animals of each pen (n¼ 164).
Traita Mean SDb Min Max CVc

DM, % of pre-essiccatedd 94.91 1.06 91.70 97.00 1.11
aNDF, % DM 40.19 5.46 22.86 61.74 13.58
N-aNDF, % DM 0.85 0.17 0.55 1.33 19.80
ADF, % DM 21.72 2.79 12.79 27.56 12.83
N-ADF, % DM 0.72 0.15 0.45 1.31 21.31
ADLom, % DM 4.06 1.19 1.83 13.54 29.45
N, % DM 2.05 0.17 1.64 2.62 8.33
Ash, % DM 7.19 1.66 2.70 14.10 23.11
uNDF, % DM 10.59 2.81 3.06 19.99 26.57
uNDF, % NDF 26.07 5.74 10.40 44.77 22.02
aDM: dry matter of the pre-dried samples; aNDF: amylase treated neutral
detergent fibre expressed as inclusive of residual ash; N-aNDF: nitrogen
bound to neutral detergent fibre; ADF: acid detergent fibre expressed as
inclusive of residual ash; N-ADF: nitrogen bound to acid detergent fibre;
ADLom: acid detergent lignin expressed as exclusive or residual ash; N:
nitrogen; uNDF: undigestible neutral detergent fibre evaluated after 240 h
of fermentation.
bSD: standard deviation.
cCV: coefficient of variation.
dSamples were pre-exsiccated at 50 �C for at least 24 h.
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lowest accuracy was obtained for uNDF expressed as
% of NDF (R2CrV¼0.52; RPD ¼ 1.44).

Chemical composition and NIRS evaluation
of faeces

Faeces composition is reported in Table 4 and is char-
acterised by a large variability likely due to the diet
composition. The CV of faeces components was
greater than 12% with the exception of DM, aNDF and
N (CV ¼ 2.4, 6.9% and 8.7%, respectively), suggesting
a good variability of the data necessary to perform
NIRS calibrations. The faecal NDF content was
56.4%DM of which 62.2% was ADF, 59.7% was undi-
gestible and 27.2% was lignin. The faecal N content
was 2.6%DM of which 27.4% was bound to NDF frac-
tion and 26.9 was bound to the ADF fraction. Thus,
the metabolic N in faeces (total faecal N � N bound
to NDF) was around 72.2% of the total N. The ash con-
tent of the faeces was 62% higher than the dietary
content of ash.

Statistical parameters of the prediction equations
for beef cattle faeces are reported in Table 5. No scat-
ter correction or MSC were the more used options
and no specific derivatization consistently performed
best. Latent factors ranged from 1 (ADLom) to 12 (N)
and outliers were �7%.

Apparent digestibility parameters

The average ttaD of nutrients is reported in Table 6.
On average, the ttaDMDe was 69%. The ttaNDFDe,
ttaADFDe, ttaCPDe, ttaN-NDFDe and tttrueNDe were

higher than 50% while only ttaN-ADFDe and ttaAshDe
showed mean values under 50%. The lowest variability
was observed for ttaDMDe (CV ¼ 11.5%) and the
greatest one for ttaN-ADFDe (CV ¼ 35.5%).

Statistical parameters of the prediction equations in
TMR for beef cattle ttaD are reported in Table 7.
Latent factors ranged from 5 (ttaNDFDe and ttaN-
NDFDe) to 12 (ttaDMDe and ttaCPDe) and outliers
detected were �10% for all the digestibility traits.

Statistical parameters of the prediction equations in
faeces for beef cattle ttaD are reported in Table 8.
Latent factors ranged from 2 (ttaADFDe and ttaAshDe)
to 9 (ttaN-ADFDe) and outliers were �7%.

Table 3. Fitting statistics of modified partial least squares regression models in leave-one-out cross-validation for chemical
parameters in total mixed ration for beef cattle.
Traita Scatter correctionb Mathematical treatment LFc Outliers Nd R2C

e SEC
f R2CrV

g SECrV
h RPDi

DM, % of pre-exsiccatedj D 1,8,8,1 12 11 153 0.88 0.35 0.76 0.49 2.05
aNDF, % DM SNVþD 1,8,8,1 8 14 150 0.87 1.54 0.80 1.77 2.27
N-aNDF, % DM D 2,10,10,1 7 7 157 0.92 0.05 0.80 0.07 2.27
ADF, % DM SNVþD 1,4,4,1 8 2 162 0.90 0.90 0.86 1.05 2.67
N-ADF, % DM D 1,8,8,1 8 8 156 0.78 0.07 0.68 0.08 1.77
ADLom, % DM None 1,4,4,1 12 13 151 0.79 0.29 0.53 0.42 1.46
N, % DM SNV 0,0,1,1 8 12 152 0.85 0.06 0.83 0.06 2.43
Ash, % DM MSC 1,8,8,1 11 9 155 0.89 0.48 0.82 0.61 2.36
uNDF, % DM SNV 2,10,10,1 8 12 152 0.88 0.79 0.66 1.35 1.72
uNDF, %NDF SNV 2,10,10,1 6 10 154 0.76 2.47 0.52 3.53 1.44
aDM: dry matter of pre-dried samples; aNDF: amylase treated neutral detergent fibre expressed as inclusive of residual ash; N-aNDF: nitrogen bound to
neutral detergent fibre; ADF: acid detergent fibre expressed as inclusive of residual ash; N-ADF: nitrogen bound to acid detergent fibre; ADLom: acid
detergent lignin expressed as exclusive or residual ash; N: nitrogen; uNDF: undigestible neutral detergent fibre evaluated after 240 h of fermentation.
bD: detrending; SNV: standard normal variate; SNVþD: standard normal variate and detrending; MSC: multiplicative scatter correction.
cLF: latent factors.
dnumber of samples of the calibration dataset, excluding the outliers, with which the calibration curve was developed.
ecoefficient of determination of calibration.
fstandard error of calibration.
gcoefficient of determination of cross-validation.
hstandard error of cross-validation.
iresidual predictive deviation of cross-validation.
jSamples were pre-exsiccated at 50 �C for at least 24 h.

Table 4. Average chemical composition of the pre-exsiccated
faeces collected from the animals of each pen (n¼ 172).
Traita Mean SDb Min Max CVc

DM, % of pre-exsiccatedd 93.72 2.24 79.37 99.79 2.39
aNDF, % DM 56.40 3.90 44.50 64.15 6.92
N-aNDF, % DM 0.72 0.11 0.40 1.03 15.05
ADF, % DM 35.06 4.83 22.38 55.76 13.78
N-ADF, % DM 0.71 0.18 0.47 1.88 24.96
ADLom, % DM 15.33 6.04 5.63 39.62 39.36
N, % DM 2.63 0.23 1.50 3.24 8.72
Ash, % DM 11.67 1.34 8.43 15.65 11.49
uNDF, % DM 33.68 4.91 20.98 52.58 14.58
uNDF, %NDF 59.75 8.00 42.31 91.44 13.39
N-NDS, % DM 1.90 0.23 0.80 2.60 12.32
aDM: dry matter of pre-dried samples; aNDF: amylase treated neutral
detergent fibre expressed as inclusive of residual ash; N-aNDF: nitrogen
bound to neutral detergent fibre; ADF: acid detergent fibre expressed as
inclusive of residual ash; N-ADF: nitrogen bound to acid detergent fibre;
ADLom: acid detergent lignin expressed as exclusive or residual ash; N:
nitrogen; uNDF: undigestible neutral detergent fibre evaluated after 240 h
of fermentation; N-NDS: nitrogen solubilised in the neutral detergent.
bSD: standard deviation.
cCV: coefficient of variation.
dSamples were pre-exsiccated at 50 �C for at least 48 h.
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Overall, the most accurate calibrations for ttaD
traits calculated in TMR and faeces were obtained
mainly using only SNV scatter correction or combining
it with D and with the first derivative as mathematical
treatment. All prediction models had a R2CrV�0.66,
being lower for ttaD of nutrients estimated in cattle
faeces, and achieved a RPD value from 1.07 to 1.71.

Discussion

NIRS evaluation and prediction models

Average raw absorbance spectra for faeces and TMR is
consistent with spectra of TMR samples for dairy cattle

(Ki et al. 2009) and showed a general trend similar to
those of dried plants (Dixon and Coates 2009; Yang et
al. 2017; Figure 1).

The peaks indicate absorption in the wavelength
region related to lipids (1735, 1772 nm –Decruyenaere
et al. 2009) and carbohydrates (1211, 1446–1513,
2067–2180 nm – Redshaw et al. 1986; Miller 2001;
Decruyenaere et al. 2009), peaks at 2306 and 2346 nm
are associated with forage components not digested
during rumen fermentation (Dixon and Coates 2009),
absorption signals observed in the wide peaks from
1446 to 1513 nm and from 2067 to 2180 nm are
assumed to be related also to the presence of protein
(Manley 2014), whereas the absorption band at
1940 nm have been attributed to water (Lucas et al.
2008). The difference in absorption between faeces
and TMR is prevalent in the visible region, decreasing
as the wave number increases until the average spec-
tra perfectly overlap, probably because of the darker
colour of the faecal matrix which result in greater
absorbance values (Windham et al. 2003).

mPLS regression was used to synthesise spectral
data to few independent factors which retain most of
the spectral information; reduction in spectral interfer-
ence and standardisation of the variables through first
or second order of derivatization and several scatter
corrections were performed (Park et al. 1998).
Moreover, the optimal number of latent factors was
selected to avoid overfitting with full cross-validation
(leave-one-out method), which verified the stability of
the prediction models.

Table 5. Fitting statistics of modified partial least squares regression models in leave-one-out cross-validation for chemical com-
position in beef cattle pre-exsiccated faeces.
Traita Scatter correctionb Mathematical treatment LFc Outliers nd R2C

e SEC
f R2CrV

g SECrV
h RPDi

DM, % of pre-exsiccatedj None 2,10,10,1 11 10 159 0.94 0.35 0.80 0.64 2.22
aNDF, % DM MSC 1,4,4,1 8 4 165 0.83 1.60 0.75 1.92 2.00
N-aNDF, % DM D 0,0,1,1 5 4 165 0.40 0.08 0.32 0.09 1.22
ADF, % DM None 1,8,8,1 10 11 158 0.88 1.11 0.82 1.34 2.39
N-ADF, % DM MSC 1,8,8,1 7 8 163 0.54 0.06 0.40 0.07 1.29
ADLom, % DM SNVþD 2,10,10,1 1 10 159 0.09 4.54 0.04 4.67 1.02
N, % DM D 2,10,10,1 12 4 165 0.94 0.05 0.75 0.10 1.99
Ash, % DM MSC 1,8,8,1 11 2 167 0.83 0.55 0.75 0.66 1.99
uNDF, % DM None 2,5,5,1 6 2 167 0.69 2.56 0.45 3.40 1.35
uNDF, %NDF None 2,5,5,1 5 5 164 0.60 4.50 0.33 5.78 1.23
N-NDS, % DM D 1,8,8,1 11 6 163 0.67 0.12 0.51 0.14 1.43
aDM: dry matter of pre-dried samples; aNDF: amylase treated neutral detergent fibre expressed as inclusive of residual ash; N-aNDF: nitrogen bound to
neutral detergent fibre; ADF: acid detergent fibre expressed as inclusive of residual ash; N-ADF: nitrogen bound to acid detergent fibre; ADLom: acid
detergent lignin expressed as exclusive or residual ash; N: nitrogen; uNDF: undigestible neutral detergent fibre evaluated after 240 h of fermentation; N-
NDS: nitrogen soluble in neutral detergent.
bD: detrending; SNV: standard normal variate; SNVþD: standard normal variate and detrending; MSC: multiplicative scatter correction.
cLF: latent factors.
dn: number of samples of the calibration dataset, excluding the outliers, with which the calibration curve was developed.
eR2C: coefficient of determination of calibration.
fSEC: standard error of calibration.
gR2CrV: coefficient of determination of cross-validation.
hSECrV: standard error of cross-validation.
iRPD: residual predictive deviation of cross-validation.
jSamples were pre-exsiccated at 50 �C for at least 24 h.

Table 6. Average total-tract apparent (tta) nutrients digest-
ibility estimated (De, %) using dietary and faecal uNDF as an
internal marker (n of matches¼ 164).
Traita Mean SDb Min Max CVc

ttaDMDe 68.96 7.96 40.83 87.47 11.54
ttaNDFDe 56.80 9.17 28.98 80.67 16.14
ttaADFDe 51.23 10.31 21.51 77.73 20.13
ttaCPDe 60.27 11.08 21.42 84.53 18.38
ttaN-NDFDe 52.01 16.26 11.63 85.99 31.26
ttaN-ADFDe 47.03 16.69 12.86 87.12 35.50
ttaAshDe 49.84 14.80 14.09 96.41 29.69
tttrueNDe 57.31 10.52 21.75 78.61 18.36
attaDMDe: total-tract apparent dry matter digestibility estimated;
ttaNDFDe: total-tract apparent neutral detergent fibre digestibility esti-
mated; ttaADFDe: total-tract apparent acid detergent fibre digestibility
estimated; ttaCPDe: total-tract apparent crude protein digestibility esti-
mated; ttaN-NDFDe: total-tract apparent nitrogen bound to neutral deter-
gent fibre digestibility estimated; ttaN-ADFDe: total-tract apparent
nitrogen bound to acid detergent fibre digestibility estimated; ttaAshDe:
total-tract apparent ash digestibility estimated; tttrueNDe: total-tract true
nitrogen digestibility estimated.
bSD: standard deviation.
cCV: coefficient of variation.
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Chemical and NIRS evaluation of TMR

The average chemical composition of the adaptation
diet fed in this study was similar to the diet offered to
Charolaise bulls described by other authors (Magrin et
al. 2018; Sgoifo Rossi et al. 2019, 2020) and was in line
with the NRC (2016) recommendation. The only excep-
tion was the aNDF content, which was higher com-
pared to the literature but within the ranges
recommended by the NRC (2016). It is well known
that dietary fibre plays several important roles, main-
taining rumen functions and pH, preventing digestive
disorders and thus affecting animal performance
(Weiss et al. 2017; Goulart et al. 2020). Interestingly,
35% of the total N in the diet resulted to be N-ADF,
considered as unavailable nitrogen (C fraction) within
the Cornell Net Carbohydrate and Protein System

Table 7. Fitting statistics of modified partial least squares regression models in leave-one-out cross-validation for total-tract
apparent (tta) nutrients digestibility estimated (De, %) using undigestible NDF as a marker in total mixed ration for beef cattle.
Traita Scatter correctionb Mathematical treatment LFc Outliers nd R2C

e SEC
f R2CrV

g SECrV
h RPDi

ttaDMDe SNVþD 1,4,4,1 12 13 151 0.79 3.11 0.56 4.53 1.51
ttaNDFDe None 1,8,8,1 5 12 151 0.51 5.73 0.40 6.33 1.30
ttaADFDe D 1,4,4,1 11 11 150 0.66 5.50 0.33 7.65 1.22
ttaCPDe SNV 1,8,8,1 12 15 149 0.82 4.20 0.62 5.99 1.64
ttaN-NDFDe SNVþD 2,10,10,1 5 10 151 0.79 7.50 0.66 9.65 1.71
ttaN-ADFDe None 0,0,1,1 11 10 144 0.73 8.70 0.64 9.93 1.68
ttaAshDe SNV 1,4,4,1 6 11 148 0.61 8.29 0.51 9.35 1.43
tttrueNDe SNV 2,5,5,1 7 1 163 0.82 4.48 0.40 8.15 1.29
attaDMDe: total-tract apparent dry matter digestibility estimated; ttaNDFDe: total-tract apparent neutral detergent fibre digestibility estimated; ttaADFDe:
total-tract apparent acid detergent fibre digestibility estimated; ttaCPDe: total-tract apparent crude protein digestibility estimated; ttaN-NDFDe: total-tract
apparent nitrogen bound to neutral detergent fibre digestibility estimated; ttaN-ADFDe: total-tract apparent nitrogen bound to acid detergent fibre
digestibility estimated; ttaAshDe: total-tract apparent ash digestibility estimated; tttrueNDe: total-tract true nitrogen digestibility estimated.
bD: detrending; SNV: standard normal variate; SNVþD: standard normal variate and detrending; MSC: multiplicative scatter correction.
cLF: latent factors.
dn: number of samples of the calibration dataset, excluding the outliers, with which the calibration curve was developed.
eR2C: coefficient of determination of calibration.
fSEC: standard error of calibration.
7R2CrV: coefficient of determination of cross-validation.
gSECrV: standard error of cross-validation.
hRPD: residual predictive deviation of cross-validation.

Table 8. Fitting statistics of modified partial least squares regression models in leave-one-out cross-validation for total-tract
apparent (tta) nutrients digestibility estimated (De, %) in cattle faeces.
Traita Scatter correctionb Mathematical treatment LFc Outliers Nd R2C

e SEC
f R2CrV

g SECrV
h RPDi

ttaDMDe SNV 1,8,8,1 4 7 154 0.48 5.62 0.38 6.11 1.27
ttaNDFDe, None 1,4,4,1 4 9 149 0.41 6.47 0.30 6.99 1.20
ttaADFDe None 2,5,5,1 2 11 148 0.35 7.84 0.25 8.38 1.16
ttaCPDe MSC 1,8,8,1 4 7 154 0.46 8.46 0.36 9.21 1.25
ttaN-NDFDe SNVþD 2,10,10,1 5 6 154 0.61 10.73 0.38 13.49 1.28
ttaN-ADFDe SNVþD 0,0,1,1 9 2 149 0.41 13.28 0.25 14.95 1.16
ttaAshDe D 1,4,4,1 2 4 152 0.19 13.09 0.13 13.51 1.07
tttrueNDe MSC 2,5,5,1 4 4 157 0.53 7.06 0.31 8.55 1.21
attaDMDe: total-tract apparent dry matter digestibility estimated; ttaNDFDe: total-tract apparent neutral detergent fibre digestibility estimated; ttaADFDe:
total-tract apparent acid detergent fibre digestibility estimated; ttaCPDe: total-tract apparent crude protein digestibility estimated; ttaN-NDFDe: total-tract
apparent nitrogen bound to neutral detergent fibre digestibility estimated; ttaN-ADFDe: total-tract apparent nitrogen bound to acid detergent fibre
digestibility estimated; ttaAshDe: total-tract apparent ash digestibility estimated; tttrueNDe: total-tract true nitrogen digestibility estimated.
bD: detrending; SNV: standard normal variate; SNVþD: standard normal variate and detrending; MSC: multiplicative scatter correction.
cLF: latent factors.
dn: number of samples of the calibration dataset, excluding the outliers, with which the calibration curve was developed.
eR2C: coefficient of determination of calibration.
fSEC: standard error of calibration.
gR2CrV: coefficient of determination of cross-validation.
hSECrV: standard error of cross-validation.
iRPD: residual predictive deviation of cross-validation.
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Figure 1. Average raw spectra of pre-exsiccated faeces and
total mixed rations from NIRS DS2500 spectrometer.

820 M. SIMONI ET AL.



model as described by Higgs et al. (2015). The amount
of uNDF in the diet was similar to the average value
of 11.2% DM (or 27.7% NDF) of indigestible NDF
found in lactating cows and growing cattle by
Huhtanen et al. (2016).

Prediction accuracy for ash was similar to that
achieved by Berauer et al. (2020) in forage samples
and for ADF by De Boever et al. (1996) in
grass silages.

Chemical and NIRS evaluation of faeces

The aNDF and ADF content of faeces was slightly
higher in comparison to those reported by other
authors on beef heifers (Jancewicz et al. 2016) and
beef steers (Jancewicz, Penner, et al. 2017) which is
explained by the greater amount of fibre sources in
our diets. The ADL content in this study was similar to
that found by Jancewicz et al. (2016), in a study per-
formed on beef heifers fed a forage-based diet con-
sisting of 50:50 grass hay:barley silage diet (on a DM
basis). The faecal N content was comparable to that
reported by Jancewicz et al. (2016) and Jancewicz,
Penner, et al. (2017), although the CP content of the
diet was lower in the present trial (12.81 versus 13.5
and 13.4–14.6%DM). This could be due to a lower
digestibility of the dietary protein fed in our trial.
Additionally, it should be noted that 27.4% of the N
content in faeces was N-NDF, and among this, 97% of
it was acid-insoluble thus unavailable to the animal.
The N-NDS found in our study showed closer values
to those found by other authors feeding grasses
(63.4%) or legumes (69.3%) forages respectively to
beef cattle (Moir and Swain 1972). However, in the
cited study an addition of 7% was applied by the
authors to their results since faecal samples were
freeze-dried leading to an underestimation of non-
dietary N. Mean faecal uNDF was three times higher
than the dietary concentration, and 60% of the mean
faecal NDF were indigestible. Consequently, it can be
concluded that 40% of the faecal NDF was potentially
digestible (pdNDF¼NDF� uNDF240; Cotanch et al.
2014; Van Amburgh et al. 2015). This proportion is
higher in comparison to that found on lactating cattle
by Righi et al. (2017), who reported 33% of pdNDF in
faeces, which may be due to the different intake levels
and digestibility which could affect the passage rate
(Seo et al. 2006). Furthermore, the ratio between
uNDF and ADL found in this study is lower than the
one reported in the research of Righi et al. (2017) on
dairy cattle (2.19 versus 2.84), indicating a deeper
exploitation of the fibre. Moreover, the value found in

the present work is closer to the coefficient of 2.4
found by Chandler et al. (1980), in feeds further con-
firming the high digestibility of the dietary fibre.

A good prediction model was developed for ADF,
whose R2CrV (0.82) revealed the eligibility for screening
purposes according to Boval et al. (2004) and
Cozzolino et al. (2002), whereas equations for DM,
aNDF, N and ash had an R2CrV between 0.66 and 0.81
indicating a lower accuracy that allows an approxi-
mate quantitative prediction. A similar accuracy in ash
estimation from faeces was reported in literature both
of dairy cattle (Decruyenaere et al. 2012) and in sheep
(Lyons et al. 2016). On the other hand, calibrations for
N-NDF, N-ADF, ADLom, EN and uNDF led to unsatis-
factory results.

Total-tract apparent digestibility

The mean ttaD of DM and NDF were in line to those
reported on Charolaise heifers by De La Torre et al.
(2019), while the average ttaADFDe was slightly lower
than the ADF digestibility determined in the cited
study through the total faecal collection method. On
the other hand, Jancewicz, Penner, et al. (2017) and
Johnson et al. (2020) found higher DM and CP, while
lower ADF digestibility compared to this study.
However, the DM, NDF, ADF and CP digestibility val-
ues fell within the ranges reported by Jancewicz,
Swift, et al. (2017). An experiment performed by Moir
and Swain (1972) evaluating the N excretion of cattle
and sheep fed different type of forages demonstrated
a range between 50% and 89% of true digestibility of
N, which is quite similar to our results.

The R2CrV and RPD of ttaD from TMR indicate that
prediction models, interpreted according to Williams
(2014), are not recommended to be used.
Unsatisfactory results have been also obtained by
Purnomoadi et al. (1997) for the prediction of DM and
ADF in mixed rations for dairy cattle, probably related
to the narrow range of the reference values used.

The prediction equations developed for all the ttaD
parameters through faecal samples and also for
tttrueNDe using faecal spectra revealed R2CrV and RPD
values below the threshold to consider a model fair
enough to be used (Karoui et al. 2006; Williams 2014),
resulting in poor accuracy and unsatisfactory ability to
estimate the reference values as also reported for NDF
and ADF digestibility by Jancewicz, Swift, et al. (2017).
Similarly, NIRS showed low accuracy in predicting DM
digestibility measured by the alkane technique
(Garnsworthy and Unal 2004) as well as in predicting
faecal indigestible and digestible fibre fractions
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measured by uNDF determination in lactating cows
faeces (Righi et al. 2017).

Conclusion

Despite the NIRS is a promising technology used
worldwide, it has failed in this study to estimate the
proportion of most of the considered chemical com-
ponents in TMR and faeces. A good estimation of the
ADF was found in both sample typologies, while N
and Ash were accurately predicted only in TMR. The
NIRS prediction of the N bounded to the fibre fraction
is inaccurate and the predictions of the ttaD of
nutrients as well as total-tract digestibility of N esti-
mated using the uNDF as internal marker are not rec-
ommended, given their low accuracy in both TMR
and faeces.
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