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Highlights

e 289 intakes/outputs data were used to predict nitrogen (N) output and efficiency

e Existing models underestimated N output from animals consuming N-rich diets

e New models, including nutrient/energy contents and digestibility were more accurate
e More digestible diets with more metabolisable energy can improve N use efficiency

e Increasing dry matter digestibility by 100 g/kg may reduce manure N output by 4.8

g/d



ABSTRACT

Beef cattle production is valuable to food security, contributing meat of high nutritional value.
However, beef cattle are rather inefficient in utilising dietary nitrogen (N), thus excreting
substantial amounts of N in their urine and faeces and imposing an environmental burden. The
aim of this study was to evaluate the main dietary factors affecting N use efficiency (NUE) in
beef cattle and develop prediction models for N excretion in manure, faeces and urine. This
knowledge is essential for the development and evaluation of cost-effective N mitigation
strategies. A database of 289 treatment means was constructed from 69 published studies and
1194 animals. Data included diet contents of N, dry matter (DM), organic matter (OM), neutral-
detergent fibre (NDF), acid-detergent fibre (ADF), ether extract, starch, ash, gross energy (GE),
metabolisable energy (ME), and outputs of N in manure, in urine or in faeces. Regression
equations to predict N outputs in manure (MNO), urine (UNO) and faeces (FNO), as well as
various NUE indicators, were developed using residual maximum likelihood analysis.
Evaluation of new and existing models was performed using the mean prediction error (MPE)
to describe prediction accuracy. Manure, urine and faeces N outputs were predicted with
improved accuracy (MPE from 0.557 to 0.162; from 0.764 to 0.208; and from 0.458 to 0.177,
respectively) when DM or OM digestibilities, and/or diet contents of N, NDF, ADF, Starch,
OM, GE, ME, and/or forage proportion in the diet were added as predictors in different
equations already containing either DM intake, N intake or body weight as primary predictor.
New and existing models displayed an under-prediction of N outputs at the highest range of
actual N outputs (when MNO > 207 g/d, UNO > 109 g/d). However, some of the new equations
had improved overall accuracy (best MPE for MNO, UNO and FNO being 0.162, 0.208 and
0.177, respectively) and, when DM digestibility, and contents of N, NDF, Starch and ME were
added as predictors in different equations, the extent of this under-prediction was also reduced

(occurring when MNO > 208 g/d, UNO > 132 g/d). The regression models for NUE,
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demonstrated that diets which are more digestible and contain less N and fibre and more ME,
may reduce N excretions, but mitigation strategies will also need to account for the potential

effect on animal productivity and health.



1. Introduction

Ruminants play a critical role in global food security due to their unique capacity to transform
fibrous feeds, low-quality protein and non-protein N sources into foods of high nutritional
value. The main ruminant products (milk and meat) provide energy and useful nutrients to the
human diet, such as proteins, rich in indispensable amino acids and bioactive peptides, fatty
acids, minerals, vitamins and antioxidants (MacRae et al., 2005). However, livestock
ruminants are relatively inefficient in utilising feed N, and utilise approximately 20% of dietary
N for growth (NRC, 2016), in part due to the rapid rumen degradation of feed protein that
results in increased absorption of ammonia, which will then transform into urea in the liver and
be excreted in the urine (Kennedy and Milligan, 1980). Another part of the urea which is
synthesised in the liver would recycle back to the rumen either via saliva or absorption from
the blood. This recycling mechanism is of high benefit to the animal because it provides the
opportunity to survive and reproduce in a very wide range of ambient conditions, including
cases where N intakes are very low, as well as the ability to synthesize protein from non-protein
N (NRC, 2016). However, in farming conditions, where high growth rates are expected and
beef are consuming high amounts of protein-rich feeds, this physiological mechanism
contributes to their relatively low N use efficiency (NUE) (Tamminga, 1992). Although the
main source (50-80%) of absorbable protein in the small intestine originates from microbial
synthesis (Storm and @rskov, 2007), rumen microbes may be inefficient in converting
degraded protein to microbial protein when the protein degradation is rapid (Nocek and
Russell, 1988). Protein degradation in the rumen appears to be beneficial when animals are
given low-quality feeds, but its negative impact on NUE can be significant in high-protein
rations fed in intensively growing animals (Dewhurst et al., 2000). The proportion of N, which
is excreted in the urine of beef cattle increases with increased dietary N and/or rumen

degradable protein (Vasconcelos et al., 2009; Erickson and Klopfenstein, 2010; Koenig and
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Beauchemin, 2013a). Various experiments have identified an overall average NUE of around
25 %, with values ranging from 15 % to 40 % (Kohn et al., 2005; Huhtanen and Hristov, 2009;
Calsamiglia et al., 2010), which means that approximately 75% of N intake is excreted in
manure (the sum of faeces and urine).

Apart from the considerable financial loss due to the lower utilization of expensive feed protein,
low NUE also poses an environmental burden (Hristov et al., 2011). ). N excretion in urine and
faeces contributes to livestock greenhouse gas (GHG) emissions, through subsequent manure
management and soil N losses as nitrous oxide (N20), to air quality pollution and terrestrial
and aquatic acidification and eutrophication through volatilization of ammonia (NH3) as well
as aquatic eutrophication through nitrate (NO3) leaching (Tamminga, 2006). National and
international agricultural and environmental agencies have repeatedly requested acting to
reduce N inputs in soil, reducing either the application of inorganic N fertilisers and slurry, or
the N excreted in faeces and urine of grazing animals (Tamminga, 2006). In addition, shifting
N outputs from animal urine to faeces is beneficial from an environmental point of view,
because urine mostly contains more labile N, which can rapidly cycle through the environment
as different forms of ‘reactive N’ (Ny) with damaging impacts (Galloway et al., 2003). Most of
the N in excreta originates from the hydrolytic action of the urease enzyme on excreted urinary
urea, yielding ammonium as final product (Mobley et al., 1995; Varel et al., 1999). In faeces,
in which N is mostly as organic N compounds, slower mineralization rates are observed (Muck
and Steenhuis, 1982), leading to lower production rates of Ny.

Evaluation and understanding of the different factors affecting NUE, along with the
development of models to predict N excretion in cattle urine and faeces is the cornerstone, not
only for developing feeding management plans that minimize the waste of dietary N, but also
to facilitate the calculation and reporting of GHG and NH3 emission estimates by the industry

to the national and international agencies (European Commission, 2010; DEFRA, 2017). The
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fact that beef cattle generally excrete more N in urine (40-70% of excreted N) than in faeces
(30-50% of excreted N) when fed typical finishing diets (Hristov et al., 2011), advocates an
additional need for the prediction of the partitioning of excreted N. The Department for
Environment, Food and Rural Affairs (DEFRA) currently suggests a methodology for
predicting N outputs in beef manure, mainly based on the gender, age and bodyweight of
animals (DEFRA, 2013). This approach is convenient, as it does not require the measurement
of complex predictors that are not readily available. However, many important parameters
which profoundly influence NUE such as animal body weight, feed intake, diet chemical
composition and digestibility parameters (Hoekstra et al., 2007; Stergiadis et al., 2015a) are
not being simultaneously accounted for in the existing models, and a similar gap is observed
in the published scientific literature over the last 15 years (Guo et al., 2004; Guo and Zoccarato,
2005; Yan et al., 2007; Hirooka, 2010; Waldrip et al., 2013; Dong et al., 2014; Reed et al.,
2015). For example, Guo et al. (2004) and Guo and Zoccarato (2005) developed models for
the prediction of total N output, based on data from Italian growing and finishing cattle, using
N intake (NI) and N content in the empty body as predictors. Yan et al. (2007) presented
equations predicting total N output in manure of beef cattle, incorporating different intakes,
animal characteristics and diet chemical composition from digestibility studies in the UK.
Hirooka (2010) introduced equations predicting N excretion in urine and faeces with dry matter
intake (DMI) and NI as the only predictors, based on digestibility data from Japanese cattle.
The study from Waldrip et al. (2013) was the first to present additional equations predicting
the partitioning of excreted N in faeces and urine from cattle fed diets rich in concentrate feeds,
using NI and N concentration of the diet as predictors. In addition, the existing models represent
animals fed a rather specific range of diets within each study, thus individually representing
specific production systems. A more recent study aimed to address this issue, and also predict

the partitioning of excreted N in faeces and urine (Dong et al., 2014), using an extensive and
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diverse literature database, yet the models did not account for diet chemical composition
beyond N content and N digestibility. Developing prediction models for N outputs in faeces
and urine in beef cattle, that account for more dietary parameters, is urgent because diet
chemical composition is known to affect NUE (Hoekstra et al., 2007) and provide significant
predictors for N outputs in manure, faeces and urine, which improve prediction accuracy when
added to equations already containing DMI and NI; this has been previously demonstrated in
studies conducted in other production systems, such as lactating dairy cattle (Huhtanen et al.,
2008; Kebreab et al., 2010; Reed et al., 2015), dairy cattle fed at maintenance energy levels
(Stergiadis et al., 2015b) and heifers and non-lactating dairy cows (Reed et al. (2015).
Therefore, the aim of the present study was to (i) evaluate the effect of animal characteristics,
feed intake, and diet energy contents, chemical composition and digestibility parameters, on
NUE and (ii) develop prediction models for N outputs in manure, faeces and urine, using a
wide range of combinations of predictors. For this, a literature database with studies of growing
and finishing beef that represent several production systems, breeds, and dietary strategies, was
used.

2. Materials and methods

2.1 The database

The database used in the present study was constructed from published studies that included N
balance measurements and conducted with beef cattle from North and South America, Europe,
Asia, Africa and Australia, between 1980 and 2017. An initial literature search was performed
using Scopus database and the following keywords, alone or in several combinations: (i) N, (ii)
output, excretion, or balance, (iii) beef, steer, calve, heifer, or bull, and (iv) faeces, urine or
manure. This search identified 444 results. Results were retained in the database for the current
study only when the animals were growing for meat production and at least the following

parameters were presented: diet N content (g/kg dry matter), DMI (kg/d) and outputs of N in
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manure (MNO, g/d), in urine (UNO, g/d) or in faeces (FNO, g/d). When provided in the
selected studies, the final database also included the following information: animal body weight
(BW, kq), forage proportion in the diet (TF, % of total dry matter), diet dry matter (DM) content
(9/kg of fresh), diet organic matter (OM) content (g/kg DM), diet neutral-detergent fibre (NDF)
content (g/kg DM), diet acid-detergent fibre (ADF) content (g/kg DM), diet ether extract (EE)
content (g/kg DM), diet gross energy (GE) content (MJ/kg DM), diet digestible energy (DE)
content (MJ/kg DM), diet metabolisable energy (ME) content (MJ/kg DM), diet ash content
(9/kg DM), intakes of OM (OMI, kg/d), N (NI, g/d), NDF (NDFlI, kg/d), ADF (ADFI, kg/d),
EE (EEI, kg/d), GE (GEI, MJ/kg), DE (DEI, MJ/kg), ME (MEI, MJ/kg) and retained N (RN,
g/d). Studies including hormonal, medical, antigen, and/or rumen infusion treatments were
excluded. Where feasible, the following equations were used to calculate variables that were
not presented in the literature studies, from other variables that were presented:

e Nutrient intake (g/d) = diet nutrient content (g/kg DM) x DMI (kg/d)

e MNO (g/d) = FNO (g/d) + UNO (g/d)

e RN (g/d) = NI (g/d) — FNO (g/d) — UNO (g/d)
The resulting database included 69 studies, and 289 treatment means from 1,194 animals. The
studies used to create the final database are listed in the Appendix. These, represented an as
wide as possible range of animal and production characteristics, such as BW (65.5-600 kg),
production stage (growing or finishing), breed (purebred or crossbred animals, mainly of
Angus, Hereford, Charolais, Nellore and at a lesser extent Jersey, Piedmontese, Friesian, Red
Poll and others), type of animal (heifers, steers, bulls,), production type (dairy-bred calves or
beef herds), diet forage content (0-100 % of total DM) and diet ingredients. This aimed to
ensure the development of prediction equations using diverse data describing a wide range of
characteristics, which can be found across the spectra of published studies and beef production

systems globally (e.g. from low-input to highly-intensive). Variation in individual variables,
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including mean, standard deviation, and minimum/maximum values, for all parameters used in
the current study for the development of prediction equations, and related to animal and feed
intake, composition and digestibility, are presented in Table 1.

The digestibility and N balance data in the individual studies used to create the database in the
present study, were collected from digestibility experiments with animals restricted in
individual digestibility crates or from feedlot operations with penned cattle. In 56 studies, total
urine and/or faeces output was collected directly from the animals, whereas in 4 studies
(Hankins et al., 2005; Buttrey et al., 2012; Sayer et al., 2013; Johnson et al., 2015), total manure
scrapping of the feedlot pens was conducted. In 3 of the selected studies (Devant et al., 2000a;
Seo et al., 2010; Cheng et al., 2017), total faeces and partial urine were collected, and animal’s
bodyweight and urine creatinine content have been used to calculate total urine output. In the
two studies where, total urine and partial faeces were collected, faeces volume was calculated
by using internal markers . In the study from Cole et al. (2003), faeces N excretion was
estimated by measuring the internal marker acid-insoluble ash, after collection of partial faeces
output, and UNO was calculated using the following equation: UNO = NI — FNO — RN. In the
studies from Menezes et al. (2016), spot samples of faeces and urine were collected, and
calculation of the total faeces production was performed by using the indigestible neutral
detergent fibre as an internal marker. Kazemi-Bonchenari et al. (2016), used the same method
for the collection of faeces and urine, measuring the apparent total tract digestibility of nutrients
by using acid insoluble ash as internal marker. Finally, Krehbiel et al. (2000) only collected
faeces grab samples for their analysis, and the results were used only for the development of
FNO models in this study.

2.2 Statistical analysis

The data analyses were conducted using Genstat 17'" edition (VSN International, 2013). The

regression equations were produced using residual maximum likelihood analysis (REML,;
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(Robinson, 1987; Searle et al., 1992) in order for the potential random effects of individual
study identifier, production stage, breed, type of animal, gender and production type to be
accounted for. Linear regression relationships were produced, with the response variables being
MNO (g/d), UNO (g/d), FNO (g/d) and the ratios of UNO/NI, RN/NI, UNO/MNO; and the
explanatory variables being (i) DMI, NI, BW, N, N apparent digestibility (Nd) in single linear
relationships (Tables 2 and 3; Figure 1 graphically presents the relationship between
UNO/MNO and NI, Nd and dietary N), and (ii) DMI, NI, BW, TF, N, NDF, ADF, Starch, GE,
ME, DMd, OMd, Nd in multiple linear regression models (Tables 2 and 3). The aim of the first
approach was to produce simple models with readily available predictors, easy to use at
commercial farms. The second approach aimed to produce models with improved prediction
accuracy, by using more complex sets of predictors which account for animal and diet
parameters influencing NUE and N outputs; these models can be used where availability of
predictors is increased compared with commercial farms (e.g. at research environment). In
addition, a set of equations mimicked the equations already presented in other studies, by using
exactly the same predictors, in order to cross-validate new and existing equations of the same
complexity against the same validation dataset.

The process for the development of prediction equations has been previously described
(Stergiadis et al., 2015a; Stergiadis et al., 2015b; Stergiadis et al., 2016). In brief, the optimum
random model developed for each response variable was built by fitting the same fixed effect
model and the prospective models of the random variation, and decision whether to include a
random factor in the model or not were made by using the changes in deviance. The
significance of explanatory variables used in the multiple linear regressions was evaluated
using the Wald statistic. In the current study, all predictors included in the equations showed a
significant effect according to the Wald statistic. However, the predictors used in the equations

that were developed with a sole aim to mimic the models found in other published work (Yan
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et al., 2007; Hirooka, 2010; Waldrip et al., 2013; Dong et al., 2014; Reed et al., 2015), so that
they are all validated against the same validation dataset, were not in all circumstances
significant according to the Wald statistic. The residual diagnostics of the final model were
evaluated using normality plots. An approximate R? (pseudo correlation coefficient; squared
correlation of the response and the fitted values) was generated to represent the proportion of
variability explained.

An internal validation, using previously described methods (Stergiadis et al., 2015a; Stergiadis
et al., 2016) was performed to validate prediction equations developed in the current study.
Equations previously published in literature were also externally validated against the same
dataset. For this purpose, the whole database (n = 289) was divided into two sub-datasets of n
=197 (two-thirds of the data) and n = 92 (one-third of the data). The first sub-dataset was used
to produce prediction equations for MNO, UNO, FNO, UNO/NI, RN/NI and UNO/MNO by
using exactly the same random and fixed factors (Appendix; Tables Al and A2), as those
developed using the whole database. An evaluation of these newly developed equations was
performed, using the remaining one-third of the whole database, to assess their prediction
accuracy (Tables 4 and 5). This evaluation was performed by the mean-square prediction error

(MSPE) method using the following formula:
_1 2
MSPE =-X% (P-A)
where P and A are the predicted and actual values respectively, and n represents the number of

pairs of P and A values compared. Mean prediction error (MPE) was calculated to describe the

prediction accuracy, using the following formula:

MPE = VMSPE / (ZA/n)
The sub-dataset containing the one-third of the whole data was also used to evaluate 28

previously published equations (Appendix, Table A3) for the prediction of MNO, UNO, FNO
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and UNO/MNO, as presented by the different authors (Tables 4 and 5) (Yan et al., 2007,
Hirooka, 2010; Waldrip et al., 2013; Dong et al., 2014; Reed et al., 2015). For the
quantification of agreement between actual and predicted values, an analysis using Lin’s
Concordance Correlation Coefficient (Lin CCC) was conducted, and the outcome is presented
in Table 4 (for MNO, UNO and FNO) and Table 5 (for UNO/NI, RN/NI and UNO/MNO). For
the graphic representation of the agreement between predicted and actual values of MNO (Fig.
2), UNO (Fig. 3) and FNO (Fig. 4), Bland — Altman plots were used including (i) equations
presented previously from other authors, (ii) equations developed in the current study using the
same explanatory variables and (iii) equations developed in the current study with higher
prediction accuracy than the existing ones, but with different explanatory variables. Lin CCC
with 95% confidence interval are also presented in the same graphs.

3. Results

3.1 Description of the collected data used in the prediction equations

The mean, standard deviation, minimum and maximum measured values, coefficient of
variation, number of observations for bodyweight, total forage proportion, diet chemical
composition and energy contents, nutrient and energy intakes, diet digestibility parameters, N
outputs and retention and N use efficiency parameters are shown in Table 1. The variation
observed, for the variables used to develop the prediction equations for N excretion was
relatively high. For instance, there was a difference of 534.5 kg between the highest and the
lowest bodyweight value in the database, with the forage proportion in the diets ranging
between 0 % and 100 % of total DM. Maximum observed diet chemical components were
between 1.1 times (for OM) to 8.8 times (for DM) higher than minimum values, with maximum
contents of N, NDF and ADF being also above 5 times higher, in comparison with the minimum
contents. Maximum values of GE and ME contents of the diets were 1.3 and 2.1 times higher

when compared with the lowest values, respectively. Highest DMI and NI values were more
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than 10 times higher than the respective lowest values, while maximum intakes of GE and ME
were nearly 3 times higher than the lowest intakes. The difference observed between the highest
and the lowest values of the diet digestibility for DM, OM and N, was 384.0, 408.5 and 618.0
a/kg, respectively. Highest values for N output were 7 and 47 times higher than the lowest ones
for faeces and urine, respectively.

3.2 Prediction of N excretion in manure, urine and faeces

When single and multiple linear prediction equations were developed for MNO, UNO and FNO
using DMI, NI, and BW either as sole predictors or in combination with diet chemical
composition, digestibility parameters and/or TF, the effect of DMI, N, NDF, ADF, GE, ME,
NI, TF, OM, DMd, OMd, BW and Starch was significant according to the Wald statistic (Table
2; Eq. 1a-1k, Eq. 2a-2k, Eq. 3a-3q, respectively). Additional equations predicting MNO, UNO
and FNO (Table 2; Eq. 11-1p, Eq. 2I-2n, Eq. 3r, respectively), were developed to include exactly
the same predictors as in previously published equations for the same variables (Table A3; Eq.
E1-E9,; Eq. E10-E17, Eq. E18-E23, respectively); in this case, the effect of the explanatory
variables was not necessarily significant according to the Wald statistic (a list of the non-
significant variables is provided in Table 2 and Table 3). MNO was positively correlated to
DMI, NI, BW, N, GE, TF and ADF and negatively correlated to DMd and NDF. UNO was
positively correlated to DMI, NI, BW, N, ADF and Starch and negatively correlated to ME.
FNO was positively correlated to DMI, NI, BW, ADF, NDF and OM, and negatively correlated
to ME, DMd and OMd. The MPEs observed in the newly developed equations ranged between
0.162 to 0.557 MNO, 0.208 to 0.741 for UNO and 0.177 to 0.409 for FNO, with the lower
values, always representing an improved prediction accuracy.

When using the DMI and diet N content as predictors for MNO, UNO and FNO (Eq. 1b, 2b
and 3b), the MPE was improved compared to using DMI as sole predictor (Eg. 1a, 2a and 3a),

while adding GE to the latter models (Eq. 1c, 2d and 3e), further slightly reduced MPE. For
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the prediction of UNO and FNO, models including DMI, N, NDF and ADF were also produced
(Eg. 2c, 3c and 3d), however their prediction accuracy was lower compared to the equations
including GE as a predictor. For the prediction of FNO, the lowest MPE was observed in the
model including DMI, N, GE and ME (Eqg. 3f) as predictors, while replacing GE and ME with
DMd further reduced the MPE (Eqg. 3g).

A substantial reduction on MPE for the prediction of MNO, UNO and FNO was observed when
NI was used as sole predictor instead of DMI (Eq. 1d, 2e and 3i). When TF was added as a
secondary predictor in the above models for MNO and FNO, the MPE was slightly reduced
(Eg. 1e and 3j), and a further reduction was seen when DMd was used instead of TF (Eg. 19
and 3n). Lower MPE than using NI as sole predictor for MNO, was observed when ADF was
used as secondary predictor (Eq. 1f). The use of N, NDF and either DMd or OMd as secondary
predictors in the model with NI as primary predictor, improved the prediction accuracy for
UNO (Eq. 2f and 2g). The addition of OM to the model with NI and TF for the prediction of
FNO (Eg. 3k), returned a lower MPE; but the lowest MPE was observed when N and NDF
were included as secondary predictors to the model including NI as sole predictor (Eq. 3m).
Prediction accuracy was improved when N was used in combination with BW for the prediction
of MNO, UNO and FNO (Eq.1i, 2i and 3q), instead of BW being used as sole predictor (Eq.
1h, 2h and 3p). Furthermore, including both ADF and NDF to the former models for the
prediction of MNO and UNO (Eqg. 1k and 2j), increased the prediction accuracy. The
combination of BW as primary predictor and N, Starch and ME as secondary predictors (Eq.
2k), produced the model with the lowest MPE for the prediction of UNO.

3.3 Prediction of NUE

When single and multiple linear prediction equations were developed for UNO, expressed per
NI (UNO/NI), RN expressed per NI (RN/NI) and UNO expressed per MNO (UNO/MNO)

using DMI, NI, BW, N and Nd either as sole predictors or in combination with diet chemical
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composition, digestibility parameters and/or TF, the effect of DMI, N, Nd, TF, NI, DMd, NDF,
ADF, OMd, BW was significant according to the Wald statistic (Table 3; Eq. 4a-4n, Eq. 5a-
5h, Eq. 6a-6m, respectively). UNO/NI was positively correlated to all included explanatory
variables. RN/NI was positively correlated to Nd and negatively correlated to DMI, TF, ADF,
NDF, and BW. UNO/MNO was positively correlated to DMI, N, ADF, Nd, NI, OMd, BW and
negatively correlated to NDF and TF.

The prediction accuracy when DMI was used as sole predictor for the prediction of UNO/NI
and UNO/MNO (Eqg. 4a and 6a), was slightly improved when N was also included as a
secondary predictor (Eg. 4b and 6b). The substitution of N for Nd (Eq. 4c) in the latter models
improved the MPE (Eq. 4c and 6d), and further addition of TF in the model for UNO/NI
resulted on the lowest MPE for this response variable (Eq. 4d). For the prediction of
UNO/MNO, a model including DMI as primary predictor and N, NDF and ADF as secondary
predictors (Eq. 6¢), did not outperform than the model with DMI and Nd (Eq. 6d). DMI was
used along with TF, Nd, ADF and ADF in various combinations for the prediction of RN/NI
(Eq. 5a-5e), with only marginal differences in the MPEs between equations of different
complexity.

Prediction accuracy when using NI in combination with OMd for the prediction of UNO/NI
and UNO/MNO (Eq. 4i and 6f) was slightly improved than that of using NI as sole predictor
(Eq. 4e and 6e). Various models including NI as primary predictor and a combination of N,
DMd and NDF as secondary predictors for the prediction of UNO/NI (Eqg. 4f-4h), had similar
MPE but did not improve the model based on NI and OMd. For the prediction of RN/NI, NI
was not identified as a significant predictor.

As a sole predictor, BW appeared to be significant only for the prediction of UNO/MNO (Eq.
69), while the combination of BW and N was significant in the prediction of both UNO/NI and

UNO/MNO (Eg. 4k and 6i). When BW was used along with Nd for the prediction of UNO/NI,
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RN/NI and UNO/MNO (Eq. 41, 5g and 6k), all models showed improved MPE than all other
models with BW as primary predictor, with the exception of RN/NI, where a combination of
BW and TF improved MPE (Eqg. 5f). The same predictors (BW and TF) used for the prediction
of UNO/MNO (Eg. 6h) along with a model including BW, N, NDF and ADF (Eq. 6j) showed
higher MPE compared to Eq. 6k.

The single linear models with Nd were produced for the prediction of all three response
variables (Eqg. 4n, 5h and 6m), but the observed MPE values were satisfactory only for the
prediction of UNO/NI and UNO/MNO (Eg. 4n and 6m). Linear models with N developed for
the prediction of UNO/NI and RN/NI (Eg. 4m and 6l), showed also satisfactory MPE.

3.4 Validation of prediction equations

A total of 84 new equations, one for each equation developed in the current study by using the
whole dataset, were developed from the two-thirds of the data by using exactly the same fixed
and random model. The new equations are presented in the Appendix in (i) Table Al for the
prediction of MNO, UNO and FNO (Eq. A1-A16, B1-B14 and C1-C18, respectively), and (ii)
Table A2 for the prediction of UNO/NI, RN/NI and UNO/MNO (Eg. D1-D14, F1-F8 and G1-
G13, respectively).

These newly developed equations as well as already published equations, presented in the
Appendix (Table A3), for the prediction of MNO (Eq. E1-E9; Yan et al. (2007); Reed et al.
(2015)), UNO (Eg. E10-E17; Hirooka (2010); Reed et al. (2015); Waldrip et al. (2013); Dong
et al. (2014)), FNO (Eq. E18-E23; Hirooka (2010); Reed et al. (2015); Waldrip et al. (2013);
Dong et al. (2014)) and UNO/MNO (Eq. E24-E28; Waldrip et al. (2013); Dong et al. (2014)),
were validated against the remaining one-third of the data. Consequently, 28 external equations
were validated, thus representing all equations in the aforementioned publications, except for

a multilinear model including diet lignin content, a variable which was not available in our
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database. The results of this validation process are presented in Table 4 (for MNO, UNO and
FNO) and Table 5 (for UNO/NI, RN/NI and UNO/MNO).

As regards to the equations produced in the present study, mean predicted values and actual
values appeared to be very similar for most of the variables assessed. A difference less than 4
%, 4.5 %, 0.2 %, 1.8 %, 14.4 % and 2.16 % was identified between mean predicted and actual
values for MNO, UNO, FNO, UNO/NI, RN/NI and UNO/MNO, respectively, with mean
differences for particular equations showing as low as 1.00 %, 0.02 %, 0.26%, 0.00 %, 0.76 %
and 1.12 % difference from the actual value, respectively. Equations’ standard errors were less
than 20 %, 16 %, 7 %, 1 %, 1 % and 1 % of the actual values for MNO, UNO, FNO, UNO/NI,
RN/NI and UNO/MNO, respectively. The mean prediction errors of developed equations for
each predicted variable averaged to 0.316 (0.162 — 0.557) for MNO, 0.450 (0.208 — 0.741) for
UNO, 0.288 (0.177 — 0.409) for FNO, 0.329 (0.300 —0.370) for UNO/NI, 0.465 (0.456 — 0.490)
for RN/NI and 0.228 (0.148 — 0.287) for UNO/MNO.

Considering previously published equations, differences between predicted and actual values
and standard errors were in most cases higher, while prediction accuracy was in most cases
lower when compared with equations developed in the present study. For the prediction of
MNO, predicted and actual values difference represented 0.42-8.44 % of the actual values,
standard errors represented 10.6-18.3 % of the actual values, while for all equations that were
evaluated the average MPE was 0.308, ranging between 0.202 and 0.552. Among the external
equations, the model proposed by Yan et al. (2007) (Eq. E3; including NI as sole predictor)
showed the best prediction accuracy; while marginally lower prediction accuracy, was
observed using the model proposed by Reed et al. (2015) (Eg. E1). For the prediction of UNO,
predicted and actual values difference represented 1.64-20.6 % of the actual values, standard
errors represented 19.1-30.6 % of the actual values and average MPE for the evaluated

equations was 0.485, ranging between 0.359 and 0.764. The single linear model proposed by
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Waldrip et al. (2013) (Eq. E12; including NI as sole predictor) showed the lowest MPE for the
prediction of UNO, with the single linear models using crude protein as sole predictor (Eq. E14
(Waldrip et al., 2013) and E15 (Dong et al., 2014)) showing the first and the second highest
MPE, respectively. For the prediction of FNO, predicted and actual values difference
represented 1.9-16.2 % of the actual values, standard errors represented 8.7-30.3 % and the
average MPE for all equations evaluated was 0.388, ranging between 0.320 and 0.473. The
single linear model proposed by Dong et al. (2014) (Eq. E21; including NI as sole predictor)
achieved the best prediction accuracy, being only slightly more accurate than the same model
proposed by Waldrip et al. (2013) (Eq. E20). For the prediction of UNO/MNO, predicted and
actual values difference represented 0.2-6.3 % of the actual values, standard errors represented
7.4-16.4 % of the actual values, while for all equations evaluated, average MPE was 0.244,
ranging between 0.175 and 0.265. The single linear model proposed by Dong et al. (2014) (Eq.
E28; including Nd as sole predictor) showed the lowest MPE, with all other proposed equations
showing considerably lower prediction accuracy.

The Lin CCC was generated for all equations, including those developed in the present and
previous studies (Yan et al. (2007); Hirooka (2010); Waldrip et al. (2013); Dong et al. (2014);
Reed et al. (2015)) (Tables 4 and 5). Bland-Altman plots were developed to graphically
describe part of the outcome of this analysis (Figures 2, 3 and 4). For the prediction of MNO
(Fig. 2), new and previously published equations using the same predictors had similar Rc,
tending to under-predict MNO when actual MNO was higher than 208 (g/d) in the new
equations and higher than 207 (g/d) in the published equations, with the level of under-
prediction being the same in the new equations. Rc and scatter of the residual MNO across the
zero line was improved when new models, including additional predictors (Eq. A7 and Al4),
were developed in the present study. For the prediction of UNO (Fig. 3), new and previously

published equations using the same predictors had similar Rc and in this case, the under-
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prediction of UNO was apparent when actual UNO was higher than 132 (g/d) in the new
equations and higher than 109 (g/d) in the published equations, with the level of under-
prediction only marginally being improved in the new equations. Rc and scatter of the residual
MNO across the zero line was improved when new models, including additional predictors
(Eqg. B6 and B11), were developed in the present study. For the prediction of FNO (Fig. 4),
new and previously published equations using the same predictors had different Rc in the case
of equations C9 and E21, and the same for equations C1 and E18. Rc and scatter of the residual
MNO across the zero line was improved when new models, including additional predictors
(Eg. C7 and C13) were developed in the present study.

4. Discussion

4.1 Assessing predictors for N excretion in manure, urine and faeces

The positive correlation of TF with MNO has been previously reported (Yan et al., 2007). The
positive correlation of TF with FNO and UN/NI, and the negative correlation with RN/NI
maybe because increased proportion of forage in a diet reduces microbial protein flow in the
small intestine (Clark et al., 1992). High-forage diets may be deficient in non-structural
carbohydrates (e.g. starch and sugars), which are rapidly available energy sources for rumen
microbes, thus reducing microbial growth (NRC, 2016). Other studies further reported that
cows with high intakes of grazed grass (Hoekstra et al., 2007) or grass silage (Weiss et al.,
2003), which are rich in rapidly degradable protein and non-protein N, utilised more slowly
fermented structural carbohydrates and amino acids (rather than e.g. starch) to cover their
energy needs, thereby reducing rumen microbial capacity in capturing the fast released amino
acids; this eventually increased NH3 and urea synthesis and UNO (Tas et al., 2006; Hoekstra
et al., 2007) and MNO (Weiss et al., 2003). These results support that adequate supply of
fermentable energy to rumen microbes is essential in order to improve NUE and reduce N

outputs (Tas et al., 2006), as a mitigation strategy in ruminants at high forage intakes.
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Furthermore, the slow rumen passage rate of feed in forage-rich diets, due to high fibre content,
may favour microbial recycling in the rumen (via protozoal predation and death), thus
increasing the proportion of energy deflected for maintenance and reducing microbial growth
rates (Sniffen and Robinson, 1987). Fibre-rich forage-based diets has also been shown to
directly increase the total faecal OM output, by increasing feed intake and lowering diet
digestibility (Hales et al., 2014); this may explain the negative correlation of TF with
UNO/MNO because the increased UNO, is coupled by a simultaneous increase in FNO. As a
result, the increased aggregated denominator (UNO plus FNO) is constantly higher than the
increase in UNO alone thus leading to a constantly lower UNO/MNO ratio.

The positive correlation of NI with MNO, UNO and FNO is in line with previous studies (Yan
etal., 2007; Waldrip et al., 2013; Dong et al., 2014). Based on the findings of the present study,
an 1g increase in daily supply of N in beef diets, would increase outputs of N in manure, urine
and faeces by 0.761g, 0.597g and 0.158g, respectively. Increased NI has been reported as the
main driver for increased N excretion, especially in urine, of beef cattle (Devant et al., 2000b;
Hoffman et al., 2001). Conversely, increasing NI in beef cattle has only a marginal effect on
FNO (Koenig et al., 2004; Vasconcelos et al., 2009). The higher effect of NI on UNO than
FNO is because the physiological pathway to remove excess blood urea in ruminants is via
urine (Kebreab et al., 2001; Higgs et al., 2012). The positive correlation between NI and
UNO/NI and UNO/MNO, has been previously shown (Waldrip et al., 2013; Dong et al., 2014).
This is in line with several other studies showing that any reduction in NI not only reduces
UNO and MNO, but also the UNO/MNO ratio (Krober et al., 2000; Castillo et al., 2001,
Kebreab et al., 2001) and this is because the reduction in UNO is greater than the relative
reduction in FNO, and subsequently MNO, when NI is reduced. Switching toward more N
excreted in faeces, rather than urine, is preferable from an environmental point of view, as it

may result in lower N2O, NH3z and NOs emissions (Kebreab et al., 2001; van der Weerden et
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al., 2011). In dairy cattle, Kebreab et al. (2001) reported that diets with of over 147 g protein
per kg DM in dairy cattle would drive the excretion of N mostly towards urine; the current
study demonstrated similar findings for beef cattle. However, reduction in protein supply
should be done cautiously, so that rumen function and/or productivity are not compromised
(Yan et al., 2006). The positive correlation of DMI and BW with UNO, FNO, MNO, UNO/NI
and UNO/MNO may be explained by their positive correlation to NI. Heavier animals have
higher DM, and eventually N, but also typically represent animals in their finishing period,
being fed N-rich finishing diets (Menezes et al., 2016).

ME was negatively correlated to N outputs, because efficiency of microbial CP synthesis,
largely relies upon the energy supply to rumen microbes for growth and maintenance
(Stouthamer, 1973; Hespell and Bryant, 1979). When energy supply is adequate, amino acids
will be used towards microbial protein synthesis; otherwise they will be deaminated, yielding
a carbon skeleton to be transformed into VFA (Bach et al., 2005). Therefore, efficient microbial
protein synthesis in the rumen and NUE require adequate dietary supply of energy-yielding
compounds (Tas et al., 2006). Previously published equations confirmed the negative
correlation of both MEI and dietary ME with MNO in beef cattle (Yan et al., 2007; Reed et al.,
2015). The contrasting correlation of FNO with ME (negative) and GE (positive), may be
attributed to the confounding/balancing effects between these different predictors, rather than
explaining a metabolic pathway.

Digestibility parameters (DMd, OMd, Nd) were positively correlated to UNO, UNO/NI,
RN/NI, UNO/MNO and negatively correlated to MNO and FNO. The positive correlation of
digestibility parameters with UNO may be explained by the fact that highly digestible diets are
potentially rich in protein and lower in ADF, thus increasing NI and eventually UNO
(Broderick, 2007). On the other hand, when diets are low in protein, there will be a lack of

available N to rumen microbes for growth and maintenance, leading to reduced overall feed
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fermentation, and subsequently apparent digestibility (Gulinski et al., 2016); an effect that may
be reversed when cattle on fibre-rich poor quality forages are supplemented with soybean meal
in the study from Mathis et al. (1999). Regarding OMd, NRC (2016) reported that an effective
microbial protein synthesis in the rumen requires high rates of fermentation of OM but also a
simultaneous high availability of N. The negative correlation of digestibility parameters to
MNO and FNO may be explained by the fact that low digestibility diets increase faecal output
(by definition (NRC, 2016)) and consequently nutrient excretion in faeces (including N).
According to the present study, a 100 g/kg increase in DMd could reduce FNO up to 8 g/d. In
addition, highly-digestible diets provide higher amounts of energy to rumen microbes, thus
increasing microbial protein flow in the gut and amino acid absorption and reducing MNO and
FNO (Broderick, 2007).

The positive correlation of structural carbohydrates (NDF, ADF) with MNO, UNO, FNO, and
UN/NI is consistent with the previously discussed correlation of TF, as NDF can be between
30 and 75% of forage DM, which is typically higher than NDF content in concentrate feeds
(NRC, 2016). The present study indicated that an increase of 100 g/kg DM in NDF or ADF,
would increase outputs MNO, UNO and FNO up to 9.9, 4.2 and 3 g/d respectively. Structural
carbohydrates provide lower levels of energy, than starch, for microbial protein synthesis (Bach
et al., 2005), and therefore reduce ammonia capture into microbial protein and leaves higher
amounts of unutilised NH3 in the rumen (Belanche et al., 2012; Zhang et al., 2015). In dairy
cows, Belanche et al. (2012) found that high-fibre diets resulted in 2.3 times higher rumen NH3
concentrations than cows consuming high-starch diets, potentially due to the higher N capture
by rumen bacteria when diet contained more fermentable carbohydrates. In addition, increasing
dietary NDF reduces Nd as carbohydrates with a slower fermentation rate may reach the
hindgut, providing energy for hindgut microbes that capture N, and are subsequently excreted

through faeces, thus increasing FNO (Higgs et al., 2012). The appearance in some instances
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(MNO, UNO, UNO/MNO) of both positively and negatively correlated fibre fractions, can be
attributed to (i) confounding/balancing effects with other predictors in the same model and/or
(i) the lack of water-soluble carbohydrate intake data, which would account for the rumen
protein/energy equilibrium in the model; information which is particularly relevant in high-
forage diets (Stergiadis et al., 2015b).

Higher supply of fermentable OM in the rumen, increase the production of microbial protein
synthesis (Hoover and Stokes, 1991), and shifts N excretion from urine to faeces; this may
explain the positive correlation between dietary OM and FNO. In a previous study, estimates
of microbial CP synthesis display significant variability, ranging from 12 - 54 g N/kg of truly
fermented OM in the rumen, while the desirable value of 29 g of bacterial N/kg of fermented
OM, is rarely observed in beef cattle (Bach et al., 2005).

4.2 Equation validation

The combination of NI and DMd produced the most accurate model for the prediction of MNO
and may be recommended when these predictors are available, e.g. research operations. In
contrast to Yan et al. (2007), the prediction accuracy was improved by up to 20% when adding
either TF, ADF or DMd in equations already containing only NI, although model complexity
is also increased; Yan et al. (2007) have shown that adding BW or TF did not improve
prediction accuracy. Equations based on TF and ADF, may be relevant to commercial farms
because these variables are routinely available, in contrast to digestibility parameters. DMI
alone does not account for dietary N and therefore it did not satisfactorily predicted MNO.
However, when diet N content and GE or MEI are also added, the models have similar accuracy
to those using DMd and NI. This is beneficial because feed GE and feed predicted ME are
routinely available on commercial farms, in contrast with DMd. Other authors (Yan et al.,
2007; Reed et al., 2015), have also demonstrated the importance of including energy variables

(ME) in prediction equations for MNO. Feed intake parameters are commonly unavailable in
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commercial farms. Thus, more readily available predictors, such as BW and diet N content may
be used to improve prediction of MNO (Yan et al., 2007). The current study demonstrated that
including NDF and ADF, also commonly assessed in feed analysis, may further improve the
accuracy of MNO prediction when BW and diet N are already used. The under-prediction of
MNO, when actual MNO > 207 g/d, was observed in all new and previously published
equations. This may be expected because although NI is a good predictor for MNO, there is
still a limit on the amount of variation that can be explained when used as a sole predictor. In
this MNO range, adding BW and TF as predictors in equations already containing NI, as
previously done in other work (Yan et al., 2007; Reed et al., 2015), did not markedly improve
model accuracy. However, equations using DMd or ME intake (in addition to NI or DMI plus
diet N content) substantially reduced the extent of this under-prediction, potentially because
energy and digestibility parameters may explain more variation by being highly influential to
NUE (Bach et al., 2005).

Interestingly, UNO was most accurately predicted when DMI, N, and GE were used as
predictors and this may be recommended as optimum model for use in growing or finishing
beef. The fact there is no requirement for digestibility parameters is beneficial because these
are only measurable in research environment. The low prediction accuracy when DMI and BW
were used as sole predictors is consistent with Dong et al. (2014), and mostly attributed to lack
of any dietary N information in the models. The high MPE when feed intake parameters were
not used, and models relied solely on BW, makes it very challenging to predict UNO in
commercial farms, where feed intake is not commonly available. This may be explained by the
strong positive correlation between NI and UNO (Archibeque et al., 2001; Brake et al., 2010),
which can improve prediction accuracy when NI is included in the models as predictor
(Waldrip et al., 2013; Dong et al., 2014; Reed et al., 2015). In the present study, using NI as

sole predictor showed an under-prediction of UNO, when actual UNO > 109 g/d, but when CP
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and BW were additionally used the under-prediction was extended to UNO > 94 g/d. The
present study demonstrated that under-prediction of UNO, at high actual UNO levels, can only
be reduced when digestibility or energy parameters are added to models containing feed intake
parameters. A possible explanation for this is that the current, and most of the published models
(Waldrip et al., 2013; Dong et al., 2014; Reed et al., 2015), have relied on data which represent
UNO lower than the range that the under-prediction is observed. Given that the main excretion
mechanism of excess NI is urine (Varel et al., 1999), a proportionately higher amount of NI
would be released in the urine of animals consuming/excreting high, rather than low, amounts
of N; something that the previously published models could not accurately account for.

The most accurate prediction of FNO was achieved by a model including DMI, N, GE and ME
thus further demonstrating the importance to include energy parameters in the prediction of N
outputs in beef. The significance of DMI as a predictor for FNO has been shown previously in
non-lactating non-pregnant dairy cattle by Stergiadis et al. (2015b). NI alone was reliable
predictor for FNO, as previously shown in beef cattle (\Vasconcelos et al., 2009; Waldrip et al.,
2013; Dong et al., 2014). BW alone showed a relatively low prediction accuracy, even when
diet N content was added in the model. Reed et al. (2015) suggested that BW has a stronger
correlation with UNO than FNO. These results further highlight the challenge in accurately
predicting N outputs from beef when feed intake is not known. When NI was used as sole
predictor, the equation from Waldrip et al. (2013) performed slightly better (visually) than the
new equation in the Bland-Altman plots, but had higher MPE; although both equations had
relatively high MPE. When using DMI as sole predictor, the model from Hirooka (2010) had
a less desirable scatter of data across the zero line in the Bland-Altman plots, than the new
model. The issue of under-prediction of MNO and UNO outputs at their higher actual levels,
was not seen for FNO, potentially because the effect of NI on FNO is less than on UNO; once

the metabolizable protein and the ruminally degradable protein requirements are met, the
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increased N excretion is diverted mostly in the urine (Vasconcelos et al., 2009; Koenig and
Beauchemin, 2013a, b). The validation process and the Bland-Altman plots in the present study
also demonstrated that in order to generate models with an improved scatter of data and
prediction accuracy the inclusion of parameters such as NDF, diet energy contents and
digestibility are necessary.

Equations for the prediction of UN/NI and RN/NI have not been previously presented for beef
cattle; these were developed in this study as indicators of NUE and their prediction accuracy
was overall low. This might be expected because RN reported in N balance studies are
potentially higher than the actual values, due to NHz losses from faeces and urine on collection
as well as unaccounted N for hair or scurf losses (Reynolds and Kristensen, 2008). The best
single linear model for the prediction of UNO/MNO, was the one using Nd, as previously
shown (Dong et al., 2014). Adding DMI or BW to this model only marginally improved the
prediction accuracy, thus indicating that Nd alone can sufficiently describe the N partitioning
in faeces and urine. Nd directly influences the production of NHz3 in the rumen and the passage
of microbial protein to the small intestine; with increased NI and Nd, a greater amount of N is
absorbed as NHs from the rumen and the excess N would be excreted in urine (Dong et al.,
2014). Waldrip et al. (2013) developed prediction equations for UNO/MNO in beef cattle,
using NI or CP as sole predictors, but their models showed low prediction accuracy in the
present study.

5. Conclusion

The proposed study demonstrated that using models that include diet chemical composition,
digestibility and metabolisable energy content parameters, in addition to feed and nitrogen
intake, as predictors, can improve the prediction accuracy of existing models for nitrogen
outputs in manure, faeces and urine in beef cattle. Existing equations have been found to under-

predict nitrogen outputs in manure, faeces and urine in animals excreting high amounts of
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nitrogen and the new (although more complex) equations can be used to minimise this
inaccuracy, where the additional predictors are available. In order to reduce nitrogen outputs
and improve nitrogen use efficiency, which will subsequently reduce the potential for ammonia
and nitrous oxide emissions and nitrate leaching from beef production systems, feeding a diet
which is more digestible, contains less nitrogen (although care is needed in order to maintain

growth rates) and fibre, and has a higher metabolisable energy concentration, is essential.
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Fig. 1 Relationships between urine nitrogen output, expressed per manure nitrogen output and (a) nitrogen
intake (NI) (b) nitrogen apparent digestibility (Nd), and (c) diet nitrogen content (N). R? and MPE represent
pseudo correlation coefficient and mean prediction error, respectively. MPE derived from an internal validation

with new equations, listed in Table A2.

Fig. 2 Bland-Altman plots showing the agreement between actual manure nitrogen output (MNO) and predicted
from equations shown by Yan et al. (2007) (panels b, d and f) or developed in the current study by using either
the same explanatory variables (panels a, ¢ and e, respectively) or newly introduced ones (panels g and h). In
order to predict MNO, the following were used as predictors: (i) nitrogen intake (NI) for panels a and b, (ii) NI
and bodyweight (BW) for panels ¢ and d, (iii) NI, BW and diet forage proportion for e and f, (iv) NI and dry
matter apparent digestibility for panel g, and (v) NI, BW and metabolisable energy intake for panel h. Prediction
equations are shown in Table Al (for panels g, c, €, g and h) and Table A3 (for panels b, d and f). Residual
represents the difference between predicted minus actual value. Rc is Lin’s concordance correlation coefficient

with 95% confidence interval given in square brackets.

Fig. 3 Bland-Altman plots showing the agreement between actual urine nitrogen output (UNO) and predicted
from equations shown by Waldrip et al. (2013) (panel b), Reed et al. (2015) (panel d) or developed in the
current study by using either the same explanatory variables (panels a and c respectively) or newly introduced
ones (panels e and f). In order to predict UNO, the following were used as predictors: (i) nitrogen intake (NI)
for panels a and b, (ii) body weight and diet crude protein for panels ¢ and d, (iii) NI, diet nitrogen content (N),
diet neutral-detergent fibre and dry matter apparent digestibility for panel e, and (iv) dry matter intake, N and
diet gross energy for panel f. Prediction equations are shown in Table Al (for panels a, ¢, e and f) and Table
A3 (for panels b and d). Residual represents the difference between predicted minus actual value. Rc is Lin’s

concordance correlation coefficient with 95% confidence interval given in square brackets.

Fig. 4 Bland-Altman plots showing the agreement between actual faeces nitrogen output (FNO) and predicted
from equations shown by Dong et al. (2014) (panel b), Hirooka (2010) (panel d) or developed in the current
study by using either the same explanatory variables (panels a and c respectively) or newly introduced ones
(panels e and f). In order to predict FNO, the following were used as predictors: (i) nitrogen intake (NI) for
panels a and b, (ii) dry matter intake (DMI) for panels ¢ and d, (iii) DMI, diet nitrogen content (N) and dry
matter apparent digestibility for panel e, and (iv) NI, N and diet neutral-detergent fibre for panel f. Prediction
equations are shown in Table Al (for panels a, c, e and f) and Table A3 (for panels b and d). Residual represents
the difference between predicted minus actual value. Rc is Lin’s concordance correlation coefficient with 95%

confidence interval given in square brackets.
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Tables

Table 1 Description of data collected from 69 published studies, used to predict N excretion,
including body weight, diet chemical composition and energy contents, nutrient intakes, N outputs
and N use efficiency parameters and N outputs

Parameters assessed Mean +SD Min  Max CcVv n
Animal data

Body weight (kg) 363 +123.1 66 600 034 272
Diet chemical composition (g/kg DM)

Total forage (g/100g DM) 38.7 £30.08 0 100 0.77 289
DM (g/kg fresh) 678.4 £197.1 1049 9250 0.29 172
oM 938.1 +15.70  876.6 9740 0.02 216
CP 139.2£36.42 47.0 268.8 026 289
N 22.3 £5.828 75 430 026 289
EE 39.1 +£18.38 10.0 109.0 047 149
NDF 346.1 +144.3 99.0 7840 042 223
ADF 205.6 £96.77  49.0 4182 047 166
Starch 382.3 +135.3 973 6622 0.35 74
Ash 61.1£15.39 26.0 1234 025 208
Diet energy contents (MJ/kg DM)

GE 18.2 £1.00 148 19.3 0.05 66
ME 11.0 £1.77 6.3 13.2 0.16 47
Nutrient (kg/d) and energy (MJ/d) intakes

DM intake 7.22 £2.186 180 131 030 289
OM intake 6.96 £1.921 160 11.0 028 211
CP intake 1.00+0.419 022 221 042 289
N intake (g/d) 160.2 +67.18 359 3530 042 289
NDF intake 248+1.229 052 6.68 049 218
ADF intake 1.41+0.778 020 350 0.55 161
Starch intake 3.06+1.365 0.69 558 045 74
GE intake 128.7 +44.82 523 2159 0.35 66
ME intake 77.0 £24.85 37.6 1120 0.32 47
Diet apparent digestibility

DM apparent digestibility (g/kg) 694.8 £75.42  466.0 850.0 0.11 199
OM apparent digestibility (g/kg ) 713.1+82.11 4675 876.0 0.12 167
N apparent digestibility (g/kg) 669.2 +98.63 251.0 869.0 0.15 266
Nitrogen output and retention (g/d)

Manure N output 121.5 +58.68 23.8 3030 048 268
Urine N output 67.7 £42.54 43 2010 0.63 254
Faeces N output 47.8 £15.57 144 1019 033 271
Retained N 41.7 £20.20 40 1230 048 263
Nitrogen use efficiency parameters (kg/kg)

Manure N : N intake 0.731 £0.1039 0.330 0.964 0.14 267
Urine N : N intake 0.403 £0.1127 0.129 0.758 0.28 253
Faeces N : N intake 0.330 £0.0963 0.131 0.755 0.29 270
Retained N : N intake 0.266 £0.0993 0.036 0.497 0.37 262
Urine N : Manure N 0.548 +0.1144 0.254 0.853 0.21 251
Faeces N : Manure N 0.452 £0.1140 0.147 0.746 0.25 251
Faeces N : Urine N 0.913 £+0.4595 0.173 2.944 0.50 251

N = nitrogen; SD = standard deviation; Min = minimum value observed; Max = maximum value
observed; CV = coefficient of variation; n = number of observations; DM = dry matter; OM =
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organic matter; CP = crude protein; N = nitrogen; EE = ether extract; NDF = neutral-detergent
fibre; ADF = acid-detergent fibre; GE = gross energy; ME = metabolisable energy.
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Table 2 Single and multiple linear prediction of nitrogen excretion in manure, urine and faeces using intakes of feed,
nutrient and energy, or body weight, diet chemical composition, energy contents and forage proportion, and apparent total
tract digestibility.

Equations? n R? MPE® Eq.
MNO = 144201553 + 18.27(1504 DMI 243 0.83 0.440 (la)
—113.5@g82 + 17.96(1.012) DMI + 4.4940.2009) N 243 0.95 0.296 (1b)
—273.0¢76.26) + 20.03 2,001y DMI + 3.880 (0.4877y N + 8.9644.1790) GE 59 0.92 0.290 (1c)
—5.6813.1652) + 0.761(0.0157) NI 243 0.98 0.201 (1d)
—10.32(3.743y + 0.766(0.0157) NI + 0.1080.0485 TF 242 0.98 0.195 (le)
—12.955.110) + 0.750(0.0183) NI + 0.0540.0189) ADF 148 0.98 0.178 (1f)
30.7004310) + 0.742(0.0106) NI — 0.048(0 0204y DMd 179 0.98 0.162 (1g)
29.9912001) + 0.222(0.0320) BW 226 0.82 0.557 (1h)
83.4000162 + 0.221(0.0196) BW + 5.179(0 2158 N 226 0.96 0.449  (Li)
—109.2(16.04y + 0.235(0.0301) BW + 5.307(0.2483y N + 0.0990.0352) ADF 134 0.96 0.356 (1))
93.6006.199) + 0.239%0.0280) BW + 5.161(02470) N + 0.226(0.0567) ADF — 0.1090,0403 NDF 134 0.97 0.350 (1K)
9.167(s6199) — 0.631(1.0443 DMI + 0.7550 0155 NI + 0.025,0159) BW 226 0.98 0.202 (1I)°
26.65@6.268 + 0.324(0.1409) NI — 1.251(27101) ME + 0.2850.1704) CP + 0.1800047yBW 37 0.97 0.193 (1m)°
15.0111513 + 0.530(0.0678) NI + 0.124(0.0473 BW — 0.021(0.2662) MEI 37 0.97 0.172 (1n)°
—10.67@816) + 0.752(0.0174y NI + 0.019(0.0125) BW 226 0.98 0.202 (lo)°
—15.775.314y + 0.757(0.0176) NI + 0.020(0.0226) BW + 0.105(0.0514) TF 225 0.98 0.194 (1p)©
UNO = —10-47(12.346) + 11-13(1526) DMI 239 0.80 0.702 (261)
95.690522) + 10.87(0975 DMI + 3.853(0.109) N 239 0.94 0.480 (2b)
82.671773 + 11.2L.169) DMI + 3.792(02102) N — 0.137 (0,033 NDF + 0.171(.0505) ADF 148 0.95 0.459 (2c)
—241-2(64.780) + 13-59(1.789) DMI + 3.130(0,3917) N + 7.947(3_4765)GE 59 0.92 0.440 (Zd)
26.493117) + 0.597 00158 NI 239 0.97 0.348 (2e)
—97-75(22.853) + 0.432(0_0342) NI + 1.330(0,2373) N + 0.036(0,0152) NDF + 0.075(0_0230) DMd 146 0.97 0.304 (2f)
—113.0(23,10) + 0.480(0_0413) NI + 1.049(0,3447) N + 0.042(0,0154) NDF + 0.090(0_0275) OMd 134 0.98 0.296 (2g)
15-22(13.718) + 0.146(00300) BW 222 0.79 0.741 (2h)
—80.88(11.132) + 0.1380.0177) BW + 4.455(0 1628y N 222 0.96 0.542 (2i)
—90.64(12556) + 0.163(0.0219) BW + 4.460(0.1813) N — 0.102(0.0207y NDF + 0.173(0.0433 ADF 134 0.97 0.429 (2j)
229-0(86.28) + 0.301(00157) BW + 4.364(0,8107) N + 0.088(0.0288) Starch — 30.38(7.919) ME 19 0.99 0.208 (Zk)
—16.890602) + 3.770(0.2054) N 239 0.92 0.764 (2I)°
-10.744.771) — 3.227(0.7512 DMI + 0.637(0.0179) NI 239 0.97 0.345 (2m)°
—44.99(7_372) + 0.439(0_0370) NI + 0.032(0,0153) BW + 0.232(0_0459) CP 222 0.97 0.352 (2n)°
FNO =  1.630u6s10) + 6.378(04851 DMI 256 0.88 0.338 (3a)
“12.114810) + 6.461 (04242 DMI + 0.5930,0776) N 256 0.91 0.316 (3b)
—11.65(4_751) + 6.043(0_4990) DMI + 0.592(0_0934) N + 0.025(0,0109) ADF 159 0.90 0.259 (3C)
—19.12(5.202) + 6.733(0.4505) DMI + 0.6440.0856) N + 0.015(0.0063 NDF 200 0.90 0.268 (3d)
5.693(10.5060) + 6.687(0.6208) DMI + 1.165(0.2184y N — 1.6640.5616) GE 59 0.83 0.247 (3e)
764.37(32,339) + 5.424(()‘9031) DMI — 0.787(0,1452) N + 7.463(2,2544) GE - 3.445(1.3883) ME 15 0.99 0.177 (3f)
27-44(1657) + 7.316(()‘4025) DMI + 0-811(0.0861) N — 0.069(0,0099) DMd 190 0.93 0.201 (39)
42-53(9918) + 6.953(05935) DMI + 0.910(0,0955) N — 0.090(0,0123) OoMd 158 0.91 0.269 (3h)
21-94(2061) + 0.158(()‘0103) NI 256 0.90 0.328 (3I)
17.10@42 + 0.163(0.0103 NI + 0.105(0.0207) TF 256 0.90 0.301 (3j)
—127.6(43.49) + 0.184(0.0113) NI + 0.186(0.0204) TF + 0.148 (0.0455) OM 197 0.88 0.261 (3K)
2767083 + 0.2400.0151) NI — 0.838(0.1160 N 256 0.92 0.304 (3I)
18.833.132 + 0.250(0.0148 NI — 0.910(0.1209) N + 0.030(0.0057 NDF 200 0.92 0.245 (3m)
7578141 + 0.181(0.0119) NI — 0.080(0.0117 DMd 190 0.91 0.262 (3n)
80.67053 + 0.162(0.0125 NI — 0.081 (0,013 OMd 158 0.90 0.293 (30)
22.51(3773) + 0.066(00095) BW 239 0.84 0.409 (3p)
6.934(42395) + 0.067(00095) BW + 0.693(0,1013) N 239 0.88 0.397 (3Q)
33.70s85  + 0.579(0.1035 N 256 0.84 0.458 (3)°

n = number of observations; R? = pseudo correlation coefficient; MPE = mean prediction error; Eq. = equation; MNO =

manure nitrogen output; DMI = dry matter intake; N = diet nitrogen content; GE = diet gross energy content; NI = nitrogen

intake; TF = diet forage proportion; ADF = diet acid-detergent fibre content; DMd = dry matter apparent digestibility; BW

= body weight; NDF = diet neutral-detergent fibre content; CP = diet crude protein content; MEI = metabolisable energy

intake; UNO = urine nitrogen output; OMd = organic matter apparent digestibility; ME = diet metabolisable energy
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content; FNO = faeces nitrogen output; OM = diet organic matter content.

a Units: g/d for MNO, UNO, FNO; kg/d for DMI; g/kg DM for N, NDF, ADF, CP, Starch, OM; MJ/kg DM for GE, ME;
g/d for NI; g/100g DM for TF; g/kg for DMd, OMd; MJ/d for MEI. The effect of all explanatory variables was significant
according to the Wald statistic (Fpr < 0.05), except from equations 11 (Fpr>0.05 for BW), 1m (Fpr>0.05 for ME, CP), 1n
(Fpr>0.05 for MEI), 1o (Fpr>0.05 for BW) and 1p (Fpr>0.05 for TF) and 2n (Fpr>0.05 for BW), which were only
developed to include the same predictors as external equations. The random effects of the individual study and animal
breed were accounted for all predicted variables, while for the prediction of UNO and FNO, the production stage of the
animals was also included to the model, according to changes in deviance during the development of the random model.
b MPE derived from an internal validation (details presented in Table 4), with new equations, listed in Table A1, which
were developed from the two-thirds of the whole database and by using the exact model presented in the current table; the
new equations were validated against the remaining one-third of the whole database.

¢ Equations 1I-1p, 2I-2n and 3r, were developed to include the same predictors as external equations E6 (11), E9 (1m), E7
(1n), E5 (10), E8 (1p), E14 (21), E15 (2I), E16 (2m), E17 (2n), E22 (3r) and E23 (3r), shown in Table A3.
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Table 3 Single and multiple linear prediction of urine nitrogen output and retained nitrogen, both expressed per nitrogen intake,
and urine nitrogen output, expressed per manure nitrogen output, using intakes of feed and nutrient, or body weight, diet
chemical composition and apparent total tract digestibility and diet chemical composition.

Equations? n R?> MPE® Eq.

UNO/NI = 2912p372 + 15.936s1) DMI 238 0.77 0.367 (4a)
(X103) 120.0(35,30) + 16.12(4,074) DMI + 7-537(0.8206) N 238 0.84 0.343 (4b)
—189.4(48,45) + 12-20(3.825) DMI + 0.735(0,0612)Nd 231 0.87 0.311 (4C)

—230.0s1.80) + 11.86(3.785) DMI + 0.765(0.0628) Nd + 0.5980.2809) TF 231 0.87 0.300 (4d)

251.2(19,27) +0.977(0,1016)N| 238 0.84 0.338 (46)

218.6(175 + 0.653(0.1457 NI + 3.620(.8370) N 238 0.84 0.337 (4f)

~8.287g8.3750)+ 0.785(0.1233) NI + 0.397 0 1260) DMd 180 0.81 0.325 (4g)

7406.4(144,18) + 0.699(0,1215) NI + 0.829(0_1756) DMd + 0-323(0.0946) NDF 145 0.86 0.323 (4h)

11610011y + 0.850(0.1161) NI + 0.516(0 1307 OMd 144 0.88 0.320 (4i)

7479.7(142,74) + 0.790(0,1155) NI + 0.882(0_1710) oMd + 0.323(0_0943) NDF 133 0.89 0.320 (4])

106.5@308 + 0.288(0.0505) BW + 8.7340 8658 N 221 0.86 0.329 (4k)

—192.6(47,85) +0-231(0.0663) BW + 0.743(0,0609)Nd 214 0.88 0.313 (4|)

230.5@253 + 7.470¢0.8385) N 238 0.83 0.370 (4m)

—118.6(43,90) +0.754(0,0619)Nd 231 0.87 0.333 (4n)

RN/NI = 349.00061) —10.34(3.905) DMI 237 0.83 0.470 (5a)
(x10°) 379.1¢061) — 10.24(3.81) DMI — 0.827 02830 TF 237 0.83 0.458 (5h)
190.2us41 — 12.20(.525) DMI + 0.264(0.0611) Nd 228 0.83 0.456 (5¢)

244.95631) — 15.44(.430 DMI + 0.3050,0649 Nd — 0.370(0.1035) ADF 139 0.86 0.464 (5d)

267.4075 — 11.32(3.982 DMI + 0.238(0,0659 Nd — 0.1950.0635) NDF 180 0.85 0.459 (5¢)

383.8(3030) — 0.219(0.0670) BW — 0.752(0 2053 TF 220 0.85 0.469 (5f)

192.44788 — 0.2280.0854 BW + 0.255(0 0506 Nd 211 0.84 0.457 (50)

119.1(4380 + 0.245(.0618)Nd 228 0.82 0.490 (5h)

UNO/MNO = 43653576 + 16.10(064 DMI 236 0.69 0.287 (6a)
(X103) 194.534.83) + 15.33(3.990) DMI + 10.980.853) N 236 0.83 0.249 (6b)
261.6s1.18) + 17.87(4.971) DMI + 10.41(0.042) N — 0.540(0.1450) NDF + 0.552(0.2193 ADF 147 0.86 0.239 (6c)

—319.43570) + 6.960(2.7316) DMI + 1.199(0.0467) Nd 231 0.92 0.150 (6d)

350.1(1043 + 1.290(0.1063 NI 236 0.82 0.256 (6e)

24900026 + 1.232(0.1232) NI + 0.812(0 1385 OMd 142 0.88 0.216 (6f)

4393102 + 0.304(00853 BW 219 0.70 0.275 (6)

4892130 + 0.288(0.0814) BW — 1.115(0 3300 TF 219 0.70 0.244 (6h)

17140218 + 0.2750057 BW + 12.50(0.803 N 219 0.85 0.267 (6i)

23475615 + 0.317(0.0849) BW + 12.14 017N — 0.486(0.1454 NDF + 0.462(0.2025y ADF 133 0.87 0.212 (6j)

7321.9(34,93) +0-150(O.O465) BW + 1.196 (0,0467)Nd 214 0.93 0.148 (6k)

299.1(22,54) + 10-95(0.868) N 236 0.83 0.265 (6|)

7281.1(32,89) + 1.214(0,0469)Nd 231 0.92 0.158 (6m)

n = number of observations;

R? = pseudo correlation coefficient; MPE = mean prediction error; Eq. = equation; UNO = urine

nitrogen output; NI = nitrogen intake; DMI = dry matter intake; N = diet nitrogen content; Nd = nitrogen apparent digestibility;
TF =diet forage proportion; DMd = dry matter apparent digestibility; NDF = diet neutral detergent fibre content; OMd = organic
matter apparent digestibility; BW = body weight; RN = retained nitrogen; ADF = diet acid-detergent fibre content; MNO =

manure nitrogen output.

@ Units: g/g for UNO/NI, RN/NI, UNO/MNO; kg/d for DMI; g/kg DM for N, NDF, ADF; g/kg for Nd, DMd, OMd; g/100g DM
for TF; g/d for NI; kg for BW. The effect of all explanatory variables was significant according to the Wald statistic (Fpr <
0.05). The random effects of the individual experiment and animal breed were accounted for all predicted variables, according
to changes in deviance during the development of the random model.

b MPE derived from an internal validation (details shown in Table 5) with new equations, listed in Table A2, which were
developed from the two-thirds of the whole database and by using the exact model presented in the current table; the new
equations were validated against the remaining one-third of the whole database.
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Table 4 Internal validation using one-third of the whole data-set (n = 97) and equations developed from the
remaining two-thirds of the whole data-set (n = 192).

Predicted — Actual

Eg.? Original Eq. Predicted Actual r> MPE SE Rc Mean SD Min  Max
Manure nitrogen output (g/d)

(A1) (1a) 1169 1185 0.65 0.440 24.10 0.75 -0.65 35.18 -120.8 75.39
(A2) (1b) 113.1 1185 0.84 0.296 19.83 0.90 -3.51 23.74 -58.28 89.06
(A3) (1c) 1245 1185 0.86 0.290 25.23 0.92 -1.35 26.00 -47.57 92.46
(A4) (1d) 113.6 1185 0.93 0.201 13.77 0.95 -2.81 16.27 -4451 39.25
(A5) (le) 1143 1185 0.94 0.195 13.05 0.96 -3.08 15.75 -45.69 38.58
(AB) (1f) 117.3 1185 0.93 0.178 13.22 0.96 0.01 1419 -2559 34.85
(A7) (19) 104.3 1185 0.94 0.162 11.43 0.97 0.07 1238 -26.28 35.87
(A8) (1h) 112.1 1185 0.44 0.557 22.88 0.53 -4.83 4540 -138.2 121.0
(A9) (1i) 107.6 1185 0.64 0.449 26.86 0.76 -8.30 3554 -116.9 111.0
(A10) (1)) 113.3 1185 0.75 0.356 24.04 0.85 -2.30 28.07 -69.04 43.45
(A11) (1K) 1144 1185 0.75 0.350 24.03 0.86 -1.02 27.66 -66.55 45.42
(A12) (an 113.2 1185 0.93 0.202 14.38 0.96 -2.74  16.46 -42.10 43.57
(A13) (1m) 100.9 1185 0.89 0.193 12.14 0.94 1.55 12.45 -25.84 1531
(A14) (1n) 98.24 1185 0.91 0.172 11.62 0.95 -0.79 11.30 -16.27 19.06
(A15) (1o) 113.2 1185 0.93 0.202 14.38 0.96 -2.72  16.47 -42.13 43.60
(A16) (1p) 113.7 1185 0.94 0.194 13.49 0.96 -3.17 15.79 -43.50 41.82
(E1) 125.7 1185 0.93 0.217 13.59 0.94 9.21 16.48 -34.01 51.71
(E2) 123.0 1185 0.93 0.227 1250 0.93 6.40 18.24 -46.33 51.57
(E3) 121.3 1185 0.93 0.202 13.88 0.95 485 16.15 -35.88 46.64
(E4) --- 119.0 1185 0.46 0.552 21.73 0.54 232 4575 -129.2 126.1
(E5) --- 117.1 1185 0.90 0.242 16.41 0.94 149 19.91 -48.20 72.09
(E6) --- 1143 1185 0.70 0.440 18.18 0.70 -1.81 3749 -122.6 9544
(E7) 108.5 1185 0.51 0.426 19.07 0.65 7.68 26.72 -31.55 60.32
(E8) 1175 1185 0.90 0.248 15.93 0.93 -243  20.13 -55.53 49.93
(E9) 1109 1185 0.93 0.214 1257 091 9.21 12,78 -13.48 37.93
Urine nitrogen output (g/d)

(B1) (2a) 69.54 64.62 0.48 0.702 18.73 0.61 2,79 30.34 -102.3 64.18
(B2) (2b) 66.62 64.62 0.75 0.480 16.99 0.85 0.69 20.88 -62.95 85.09
(B3) (2c) 68.18 64.62 0.77 0.459 18.29 0.87 147 2049 -46.73 74.17
(B4) (2d) 7493 64.62 0.82 0.443 2284 0.90 257 2258 -2457 81.15
(B5) (2e) 67.35 64.62 0.86 0.348 14.72 0.93 1.23 1557 -54.28 54.31
(B6) (2f) 62.59 64.62 0.89 0.304 1191 0.94 1.37 13.11 -30.03 43.26
(B7) (29) 64.52 64.62 0.89 0.296 12.27 0.94 0.38 1295 -28.74 45.16
(B8) (2h) 67.88 64.62 0.42 0.741 1454 0.48 290 33.36 -101.3 54.52
(B9) (2i) 64.61 64.62 0.69 0.542 18.21 0.80 0.08 23.70 -95.58 55.46
(B10) (2)) 65.64 64.62 0.80 0.429 17.40 0.89 0.48 19.36 -37.28 56.73
(B11) (2k) 70.27 64.62 0.95 0.208 8.080 0.95 467 834 -489 20.19
(B12) 2n 66.66 64.62 0.36 0.764 18.39 0.51 259 3334 -1125 89.82
(B13) (2m) 66.36 64.62 0.87 0.345 13.60 0.93 0.66 1524 -63.91 47.42
(B14) (2n) 65.73 64.62 0.86 0.352 14.25 0.92 0.39 1573 -61.53 54.50
(E10) 7796 64.62 0.87 0.393 13.46 0.88 119 1531 -46.36 61.88
(E11) 70.17 64.62 0.86 0.433 19.79 0.83 456 20.02 -60.93 43.75
(E12) 66.45 64.62 0.86 0.359 13.54 0.92 0.45 1578 -57.46 50.20
(E13) 65.68 64.62 0.86 0.377 12.33 0.90 -0.19 16.62 -60.54 46.15
(E14) 59.85 64.62 0.36 0.764 17.05 0.48 -4.27 3349 -119.9 76.94
(E15) 61.16 64.62 0.36 0.763 17.43 0.49 -295 3344 -118.4 79.96
(E16) 66.62 64.62 0.87 0.363 12.56 0.91 1.10 15.93 -67.46 43.65
(E17) 5790 64.62 0.83 0.426 13.83 0.87 -6.87 18.35 -75.83 46.52
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Faeces nitrogen output (g/d)

(C1)
(C2)
(C3)
(C4)
(C5)
(C6)
(C7)
(C8)
(C9)
(C10)
(C11)
(C12)
(C13)
(C14)
(C15)
(C16)
(C17)
(C18)
(E18)
(E19)
(E20)
(E21)
(E22)
(E23)

(3a)
(3b)
(3c)
(3d)
(3e)
(3f)
(39)
(3h)
(3)
€]))
(3K)
€l))
(3m)
(3n)
(30)
(3p)
(30)
(3r)

46.97
46.78
49.12
49.97
49.93
57.16
45.32
47.35
46.37
46.70
47.74
46.59
49.72
46.06
48.15
45.81
45.56
46.16
53.36
55.59
48.38
47.12
46.95
44.60

47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86
47.86

0.56
0.61
0.75
0.72
0.79
0.89
0.85
0.71
0.60
0.67
0.76
0.65
0.77
0.77
0.68
0.35
0.40
0.10
0.55
0.60
0.60
0.60
0.10
0.10

0.338
0.316
0.259
0.268
0.271
0.177
0.201
0.269
0.328
0.301
0.261
0.304
0.245
0.262
0.293
0.409
0.397
0.458
0.359
0.393
0.325
0.320
0.458
0.473

8.425
8.284
6.178
7.206
8.080
4.955
6.123
7.510
6.290
5.661
5.839
7.602
6.148
5.451
5.396
7.030
8.001
3.246
12.24
14.50
6.343
8.238
4171
6.481

0.72
0.76
0.83
0.83
0.86
0.88
0.91
0.82
0.68
0.72
0.81
0.77
0.85
0.81
0.72
0.48
0.56
0.13
0.72
0.70
0.69
0.75
0.16
0.21

-1.921
-2.169
-1.021
-1.866
-3.549

0.566
-2.144
-2.091
-2.143
-1.838
-2.801
-2.182
-2.007
-1.445
-1.407
-2.431
-2.805
-1.771

3.961

6.215
-0.145
-1.604
-1.002
-3.401

10.74
10.05
8.393
8.517
9.408
5.459
6.607
8.575
10.55
9.830
8.261
9.614
7.728
8.765
9.600
13.28
12.71
15.42
12.46
14.49
10.53
10.23
15.34
15.43

-36.67
-29.74
-27.34
-27.27
-21.82
-6.350
-20.82
-18.83
-26.97
-24.80
-22.92
-22.92
-20.43
-21.10
-22.02
-45.98
-37.53
-40.68
-25.71
-21.52
-24.89
-23.42
-37.76
-40.28

40.50
38.62
20.20
21.82
16.48
6.560
16.03
22.42
25.46
22.99
13.56
32.08
18.73
17.91
21.85
25.64
25.10
34.48
57.45
43.93
27.53
28.40
36.04
35.63

Eqg. = equation; r?> = correlation between predicted and actual values; MPE = mean prediction error; SE =
standard error; Rc = Lin’s concordance correlation coefficient; SD = standard deviation; Min = minimum

value observed; Max = maximum value observed.

a Equations are presented in Table Al (Eq. A1-Al16, B1-B14, C1-C18) and Table A3 (Eq. E1-E23).
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Table 5 Internal validation using one-third of the whole data-set (n = 97) and equations developed from the
remaining two-thirds of the whole data-set (n = 192)

Predicted — Actual

Eq.? Original Eq. Predicted Actual > MPE SE Rc Mean  SD Min  Max
Urine nitrogen : Nitrogen intake

(D1) (4a) 0.408 0.396 0.19 0.367 0.031 0.24 0.009 0.101 -0.272 0.217
(D2) (4b) 0.403 0.396 0.32 0.343 0.050 0.48 0.006 0.092 -0.305 0.232
(D3) (4c) 0.386 0.396 0.46 0.311 0.052 0.60 -0.005 0.082 -0.225 0.191
(D4) (4d) 0.387 0.396 0.50 0.300 0.047 0.61 -0.004 0.079 -0.217 0.188
(D5) (4e) 0.408 0.396 0.35 0.338 0.054 0.52 0.009 0.090 -0.284 0.236
(D6) (49) 0.403 0.396 0.34 0.337 0.049 0.49 0.006 0.090 -0.319 0.218
(D7) (49) 0.389 0.396 0.34 0.325 0.049 0.51 0.017 0.082 -0.238 0.229
(D8) (4h) 0.398 0.396 0.37 0.323 0.053 0.55 0.014 0.084 -0.263 0.204
(D9) (40) 0.389 0.396 0.38 0.320 0.061 0.60 0.011 0.082 -0.260 0.235
(D10) (4) 0.392 0.396 0.39 0.320 0.063 0.61 0.006 0.084 -0.267 0.213
(D11) (4K) 0.401 0.396 0.40 0.329 0.050 0.54 0.005 0.089 -0.334 0.245
(D12) (4n 0.396 0.396 0.51 0.301 0.049 0.63 0.001 0.083 -0.197 0.226
(D13) (4m) 0.382 0.396 0.46 0.313 0.055 0.62 -0.008 0.083 -0.225 0.199
(D14) (4n) 0.397 0.396 0.18 0.370 0.043 0.31 0.002 0.101 -0.367 0.215
(D15) (40) 0.386 0.396 0.37 0.333 0.047 0.50 -0.006 0.088 -0.230 0.188
Retained nitrogen : Nitrogen intake

(F1) (5a) 0.275 0.264 0.15 0.470 0.020 0.17 0.011 0.087 -0.189 0.238
(F2) (5b) 0.273 0.264 0.21 0.458 0.026 0.24 0.010 0.084 -0.187 0.215
(F3) (5¢) 0.279 0.264 0.16 0.456 0.026 0.24 0.006 0.081 -0.192 0.219
(F4) (5d) 0.262 0.264 0.19 0.464 0.035 0.34 0.001 0.081 -0.182 0.191
(F5) (5e) 0.277 0.264 0.19 0.459 0.035 0.29 0.008 0.081 -0.171 0.200
(F6) (5%) 0.276 0.264 0.19 0.469 0.030 0.26 0.014 0.086 -0.200 0.205
(F7) (59) 0.280 0.264 0.18 0.457 0.027 0.25 0.008 0.082 -0.200 0.218
(F8) (5h) 0.490 0.264 0.02 0.490 0.021 0.06 0.006 0.088 -0.187 0.224
Urine nitrogen : Manure nitrogen

(G1) (6a) 0.556 0.537 0.14 0.287 0.035 0.22 0.016 0.106 -0.223 0.276
(G2) (6b) 0.549 0.537 0.39 0.249 0.060 0.58 0.011 0.089 -0.271 0.237
(G3) (6¢) 0.549 0.537 0.48 0.239 0.065 0.66 0.014 0.087 -0.155 0.212
(G4) (67) 0.530 0.537 0.77 0.150 0.047 0.87 -0.001 0.054 -0.138 0.159
(G5) (69) 0.556 0.537 0.37 0.256 0.066 0.57 0.016 0.091 -0.229 0.246
(G6) (6i) 0.528 0.537 0.56 0.216 0.074 0.72 0.012 0.081 -0.248 0.223
(G7) (6)) 0.552 0.537 0.24 0.275 0.031 0.27 0.017 0.104 -0.260 0.245
(G8) (6Kk) 0.551 0.537 0.30 0.244 0.041 0.38 0.016 0.099 -0.229 0.259
(G9) (6 0.543 0.537 0.48 0.267 0.057 0.64 0.009 0.084 -0.304 0.214
(G10) (6m) 0.549 0.537 0.61 0.212 0.063 0.75 0.021 0.078 -0.131 0.234
(G11) (6n) 0.525 0.537 0.78 0.148 0.048 0.88 -0.003 0.054 -0.137 0.145
(G12) (60) 0.543 0.537 0.30 0.265 0.055 0.47 0.008 0.096 -0.334 0.241
(G13) (6p) 0.529 0.537 0.76 0.158 0.047 0.85 -0.002 0.057 -0.141 0.140
(E24) 0.558 0.537 0.37 0.287 0.088 0.60 0.017 0.099 -0.210 0.265
(E25) 0.559 0.537 0.37 0.249 0.052 0.51 0.020 0.091 -0.238 0.238
(E26) 0.538 0.537 0.30 0.238 0.048 0.47 0.002 0.096 -0.339 0.232
(E27) 0.550 0.537 0.30 0.235 0.052 0.43 0.014 0.096 -0.323 0.218
(E28) 0.503 0.537 0.76 0.238 0.040 0.78 -0.029 0.060 -0.153 0.118

Eqg. = equation; r? = correlation between predicted and actual values; MPE = mean prediction error; SE =
standard error; Rc = Lin’s concordance correlation coefficient; SD = standard deviation; Min = minimum
value observed; Max = maximum value observed.
8 Equations are presented in Table A2 (Eq. D1-D15, F1-F8, G1-G13) and Table A3 (Eq. E24-E28).
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APPENDIX

Table Al Internal validation: Single and multiple linear prediction of manure nitrogen output, urine nitrogen output and
faeces nitrogen output, using intakes of feed, nutrient and energy, total forage proportion, body weight, apparent total tract
digestibility, diet chemical composition, and two-thirds of the whole database (n = 192)

Equations? n R? MPE® Eq.

MNO = —16.4713.0s1) *+ 18.75(1.820) DMI 160 0.82 0.440 Al
115301040 + 17.91(1.184) DMI + 4.586(0.2616) N 160 0.95 0.296 A2
—252.8(89.60) t+ 19.1902.127) DMI + 4.334 06267y N + 7.5594.93009) GE 40 0.92 0.290 A3
—6.680(3.8430) + 0.769(0.0212) NI 160 0.98 0.201 A4
—11.64(4532 + 0.774(0.0211) NI + 0.1100.0561) TF 160 0.98 0.195 A5
—13.446.402) + 0.761(0.0248) NI + 0.0480.0231) ADF 100 0.98 0.178 A6
35.397.650) + 0.763(0.0256) NI — 0.0590.0255) DMd 120 0.97 0.162 A7
25.77@a361) + 0.245(0.0380) BW 148 0.83 0.557 A8
90.6301.843 + 0.2490.0250) BW + 5.09102740) N 148 0.96 0.449 A9
7114.7(17,00) + 0.264(0,0325) BW + 5.134(0_3290) N + 0.092(0,0423)ADF 90 0.96 0.356 Al10
93.0908.215) + 0.260(0.0318) BW + 4.980(0.3167 N + 0.275(0.0784) ADF — 0.146(0.053 NDF 90 0.97 0.350 A1l
—11-43(6.639) + 0.012(1,4235) DMI + 0.763(0_0266) NI + 0.017(0_0224) BW 148 0.98 0.202 Al12
30650675 + 0.27302177 NI — 1.640@ a16) ME + 0.21000.0740) BW + 0.27302077CP 25 0.97 0.193 Al3
—22.73(15_205) + 0.531(0,0959) NI + 0.121(0_0712) BW + 0.083(0,3331) MEI 25 0.97 0.172 Al4
—11.38(5.978) + 0.763(0.0248) NI + 0.017(0.0168) BW 148 0.98 0.202 Al5
—16.416.209) + 0.771(0.0249) NI +0.015(0 0165y BW + 0.117(0.0508) TF 148 0.98 0.194 Al6
UNO = —20.10(12.050) + 12.60(1.655y DMI 158 0.78 0.702 B1
—100.3(1080) + 11.05(1.146) DMI + 4.009(0.2232) N 158 0.94 0.480 B2
93.26(13.304) + 11.58(.355 DM + 3.981 (02565 N — 0.0990.0406) NDF + 0.121(0.0620) ADF 100 0.95 0.459 B3
—258.3(71_79) + 14.68(1,713) DMI + 3.526(0_5001) N + 7.954(3,9523) GE 40 0.92 0.440 B4
27.953716) + 0.6090.0203) NI 158 0.97 0.348 B5

—105-5(28.80) + 0.464(0,0425) NI + 1.186(0_3556) N + 0.040(0_0137) NDF + 0.082(0,0357) DMd 99 0.97 0.304 B6
—119-4(30.98) + 0.478(0,0485) NI + 1.129(0_4101) N + 0-041(0.0208) NDF + 0-097(0.0366) OoMd 91 0.97 0.296 B7

13.69(14.810) + 0.154(0.0354 BW 146 0.80 0.741 B8
—84.32(12]90) + 0.147(0,0231) BW + 4.489(0,2101) N 146 0.96 0.542 B9
—97.3713.605) + 0.183(0.0237) BW + 4.465(0 2365y N — 0.1080.0398 NDF + 0.181 (0,085 ADF 90 0.97 0.429 B10
—103.4(7.85) + 0.221(0.0308) BW + 2.963(1.2772y N — 0.0280.0275) Starch + 2.647 (04685 ME 13 0.93 0.208 B11

—21.0821.131) + 3.983(0.2480) N 158 0.94 0.764 B12
—13.96(5.647) — 3.059(0.9438) DMI + 0.6520.0238) NI 158 0.97 0.345 B13
—46.35@413) + 0.480(0.0488) NI + 0.0280.0207) BW + 0.205(0.0594) CP 146 0.97 0.352 B14
FNO = 3.030s.1050) + 6.176(0.5672) DMI 170 0.90 0.338 C1
~8.920(5.2660) + 6.143(0.5274) DMI + 0.5450,0985) N 170 0.92 0.316 C2
—8.029(5,2360) + 5.844(0,5631) DMI + 0.523(0,1114) N + 0.021(0,0119) ADF 108 0.91 0.259 C3
—15.55(5,353) + 6.573(0,5410) DMI + 0.588(0,1029) N + 0.011(0,0070) NDF 136 0.91 0.268 C4
9-110(128740)"' 6.034(0,9522) DMI + 1.143(0,2770) N - 1.607 (0.7281) GE 40 0.83 0.271 C5
—119.7(27.85) + 5.898(1.0451) DMI — 0.787(0.1057) N + 11.54 (1.950) GE — 5.443(1.3570) ME 10 0.98 0.177 C6
24-18(8.685) + 7-277(0.4623) DMI + 0.743(0,1039) N — 0.062(0,0114) DMd 128 0.92 0.201 C7
43.83(11009) + 6.980(0,6667) DMI + 0.874(0,1139) N — 0.092(0.0142) OMd 106 0.91 0.269 C8
2248563 +0.153(0.0126) NI 170 0.89 0.328 C9
17.44(2,721) + 0.160(0,0127) NI + 0.101(0,0322)1_': 170 0.89 0.301 C10
-150.7 (55.37) T 0.183(0,0134) NI + 0.188(0_0325)TF + 0.172(0_0573) oM 132 0.87 0.261 C11
28.82(.361) + 0.236(0.0102 NI — 0.87301531) N 170 0.91 0.304 C12
21,9897 + 0.250(0.0187 NI — 093201561 N + 0.022(0.0065 NDF 136 0.90 0.245 C13
72.76@a7 + 0.184(0.0145 NI — 0.07600131 DMd 128 0.88 0.262 C14
86.00(10.500) + 0.165(0.0154) NI — 0.089(0.0140) OMd 106 0.89 0.293 C15
21.074.434y + 0.070(0.01214) BW 158 0.86 0.409 C16
5.960(5,2330) + 0.073(0,0110) BW + 0.634(01273) N 158 0.89 0.397 C17
33.68(5807 + 0.567(0.1200) N 170 0.86 0.458 C18

n = number of observations; R? = pseudo correlation coefficient; MPE = mean prediction error; Eq. = equation; MNO =
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manure nitrogen output; DMI = dry matter intake; N = diet nitrogen content; GE = diet gross energy content; NI = nitrogen
intake; TF = diet forage proportion; ADF = diet acid-detergent fibre content; DMd = dry matter apparent digestibility;
BW = body weight; NDF = diet neutral-detergent fibre content; CP = diet crude protein content; MEI = metabolisable
energy intake; UNO = urine nitrogen output; OMd = organic matter apparent digestibility; ME = diet metabolisable energy
content; FNO = faeces nitrogen output; OM = diet organic matter content.

2 Units: g/d for MNO, UNO, FNO; kg/d for DMI; g/kg DM for N, NDF, ADF, CP, Starch, OM; MJ/kg DM for GE, ME;
g/d for NI; g/100g DM for TF; g/kg for DMd, OMd; MJ/d for MEI. The effect of all explanatory variables was significant
according to the Wald statistic (Fpr < 0.05), except from the variables used in equations Al4 to A16, B13 and B14, which
were developed to include the same predictors as external equations.

b MPE derived from an internal validation against the remaining one-third of the whole database.
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Table A2 Internal validation: Single and multiple linear prediction of urine nitrogen output and retained nitrogen expressed
per nitrogen intake and urine nitrogen output expressed per manure nitrogen output, using intakes of feed, nutrient and energy,
total forage proportion, body weight, apparent total tract digestibility, diet chemical composition, and two-thirds of the whole
database (n = 192).

Equations? n R? MPE" Eq.

UNO/NI = 28935 + 16.71(5452) DMI 158 0.76 0.367 D1
(x10%) 103.6u177) + 16.030704 DMI + 8.362(1.047) N 158 0.85 0.343 D2
—177.7@045) + 12.70(4.731y DMI + 0.714 00701y Nd 153 0.86 0.311 D3

—222.7@a82) + 12.35@.681) DMI + 0.751 (00812 Nd + 0.603(0.3219) TF 153 0.86 0.300 D4

244.60271) + 1.0360.1265 NI 158 0.84 0.338 D5

20240651 + 0.658(0.1705 NI + 4.373(15043 N 158 0.85 0.337 D6

41.09104.075) + 0.8490.1523) NI + 0.322(0.1498) DMd 121 0.81 0.325 D7

7360.5(172,71) + 0.773(0,1515) NI + 0.768(0_2114) DMd + 0.295(0_1112) NDF 99 0.85 0.323 D8

116811739 + 0.912(0.1308 NI + 0.507(0.1657 OMd 97 0.89 0.320 D9

*402-7(181.04) + 0.846(0,1412) NI + 0.799(0_2143) oMd + 0.252(0_1210) NDF 91 0.89 0.320 D10

101.2u028) + 0.271(0.8402 BW + 9.327(1.1105 N 146 0.86 0.329 D11

—178.3112) + 0.228(0.0832) BW + 0.7270.0708) Nd 141 0.87 0.313 D12

211.4(27,40) +8.371(1,0694)N 158 0.84 0.370 D13

—106.3s552 + 0.740(0.0796) Nd 153 0.86 0.333 D14

RN/NI = 346.3@3569) — 9.972(s.87220) DMI 157 0.83 0.470 F1
(x10%) 377.50690) — 10.03(4744) DMI — 082903267 TF 157 0.83 0.458 F2
177.46070) — 12.60(4755 DMI + 0.286(0 0763 Nd 151 0.82 0.456 F3

223502300 — 15.695.833 DMI + 0.328(0.0849) Nd — 0.337(0.1261) ADF 94 0.86 0.464 F4

242 3560 — 11.14¢s002 DMI + 0.273(0.0856) Nd — 0.196(0,0762 NDF 122 0.84 0.459 F5

384.03510) — 0.218(00860) BW — 0.794(0.3435 TF 145 0.84 0.469 F6

1794149y —0.230(0.0838) BW + 0.2730.0800) Nd 139 0.83 0.457 F7

105.7(55,57) +0.261(0,07g7)Nd 151 0.82 0.490 F8

UNO/MNO = 425-7(39.36) + 18.28(5,524)D|V|| 157 0.68 0.287 G1
(x10%) 179.5@951) + 16.50(.435) DMI + 11.35(1.060) N 157 0.83 0.249 G2
250.5¢7.71) + 16.14(5.658) DMI + 11.00(1.153) N — 0.364(0.1683) NDF + 0.2880.2545y ADF 100 0.86 0.239 G3

30024180y + 7.158(3.1728y DMI + 1.1730,0560) Nd 153 0.93 0.150 G4

35440022 + 1.278(0.1210) NI 157 0.82 0.256 G5

2551010665 + 1.185(0.1415 NI + 0.834(0.1504 OMd 96 0.88 0.216 G6

45050563 + 0.286(0.0062 BW 145 0.69 0.275 G7

5013738 + 0.269 (00808 BW — 113903620 TF 145 0.67 0.244 G8

172.4a773  + 0.2750.0753 BW + 12.53(1.120)N 145 0.84 0.267 G9

244 56377y + 0.283(0.0050) BW + 12.56(1.219) N — 0.422 0 1701y NDF + 0.3370.2350) ADF 90 0.87 0.212 G10

7298.9(41,74) +0.l36(0,0534) BW + 1.173(0,0563)Nd 141 0.93 0.148 G11

289.7(27,09) + 11-42(1.085) N 157 0.83 0.265 G12

7262.1(38,97) + 1.190(0,0560)Nd 153 0.92 0.158 G13

n = number of observations; R? = pseudo correlation coefficient; MPE = mean prediction error; Eq. = equation; UNO = urine
nitrogen output; NI = nitrogen intake; DMI = dry matter intake; N = diet nitrogen content; Nd = nitrogen apparent
digestibility; TF = diet forage proportion; DMd = dry matter apparent digestibility; NDF = diet neutral detergent fibre content;
OMd = organic matter apparent digestibility; BW = body weight; RN = retained nitrogen; ADF = diet acid-detergent fibre
content; MNO = manure nitrogen output.

2 Units: g/g for UNO/NI, RN/NI, UNO/MNO; kg/d for DMI; g/kg DM for N, NDF, ADF; g/kg for Nd, DMd, OMd; g/100g
DM for TF; g/d for NI; kg for BW. The effect of all explanatory variables was significant according to the Wald statistic (Fpr
< 0.05). The random effects of the individual experiment and animal breed were accounted for all predicted variables,
according to changes in deviance during the development of the random model.

b MPE derived from an internal validation against the remaining one-third of the whole database.
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Table A3 Internal validation: Prediction of manure, urine, faeces nitrogen output and
urine nitrogen output expressed per manure nitrogen output, as presented by other

authors.
Equations? MPEP Eq.
MNO =6.91 + 0.759 NI 0.217 (E1)
13.8 +0.698 NI 0.227 (E2)
0.775 NI 0.202 (E3)
8.6 + 1.385 MBW 0.552 (E4)
—24.7 + 0.609 NI + 0.599 MBW 0.242 (E5)
15 + (0.55 + 0.032 NI/DMI) MBW 0.440 (E6)
26.4 + (0.071 + 0.523 NI/MEI) MBW 0.426 (E7)
~25.8 + 0.595 MBW + (0.579 + 0.058 FP) NI 0.248 (E8)
11.50 + 0.65 NI — 4.47 ME + 1.77 CP + 0.432 MBW 0.214 (E9)
UNO =0.23 NIL15 0.393 (E10)
6.8 + 0.405 NI 0.433 (E11)
~21.18 + 0.56 NI 0.359 (E12)
-14.12 + 0.51 NI 0.377 (E13)
-21.52+5.91CP 0.764 (E14)
—22 +6.04 CP 0.763 (E15)
-3.93 + 0.62 NI — 3.72 DMI 0.363 (E16)
—71.2 +0.265 NI + 3.76 CP + 0.468 MBW 0.426 (E17)
FNO =4.91 DMI*2 0.359 (E18)
0.506 + 0.352 NI 0.393 (E19)
24.28 + 0.154 NI 0.325 (E20)
15.82 + 0.2 NI 0.320 (E21)
30.91 + 1.165 CP 0.458 (E22)
19.68 + 1.81 CP 0.473 (E23)
UNO/MNO =0.29 + 0.0017 NI 0.265 (E24)
0.402 + 0.001 NI 0.253 (E25)
0.288 + 0.018 CP 0.264 (E26)
0.328 + 0.016 CP 0.264 (E27)
—0.162 + 0.01 Nd 0.175 (E28)

MPE = mean prediction error; Eq. = equation; MNO = manure nitrogen output; NI =
nitrogen intake; MBW = metabolic body weight (body weight®7®); DMI = dry matter
intake; MEI = metabolisable energy intake; FP = diet forage proportion; ME =
metabolisable energy; CP = diet crude protein content; Nd = nitrogen apparent

digestibility.

2 Units: g/d for NI; kg for MBW; kg/d for DMI; MJ/d for MEI; kg/kg DM for FP; MJ/kg

DM for ME; g/100g DM for CP; g/100g for Nd.

b MPE derived from an internal validation against the same one-third of the whole data-

set that was used to validate equations developed in the current study.

¢ References: E1, E9, E11, E17, E19, (Reed et al., 2015); E2 - E8, (Yan et al., 2007);
E10, E18, (Hirooka, 2010); E12, E14, E16, E20, E22, E24, E26, (Waldrip et al., 2013);

E13, E15, E21, E23, E25, E27, E28, (Dong et al., 2014).
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