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Development of mathematical models to predict volume
and nutrient composition of fresh manure from lactating
Holstein cows
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J. FranceD and E. KebreabA

ADepartment of Animal Science, University of California, Davis, CA 95616, USA.
BSchool of Environmental Sciences, University of Guelph, Guelph, ON, N1G 2W1, Canada.
CDepartment of Dairy Science, South Dakota State University, Brookings, SD 57007, USA.
DCentre for Nutrition Modelling, Department of Animal and Poultry Science, University of Guelph,
Guelph, ON, N1G 2W1, Canada.

ECorresponding author. Email: jaappuhamy@ucdavis.edu

Abstract. Organic compounds in dairy manure undergo a series of reactions producing pollutants such as ammonia and
methane. Because various organic compounds have different reaction rates, the emissions could be accurately determined if
amounts and concentrations of individual nutrients in manure are known. A set of empirical models were developed for
predicting faecal and urinary water, carbon (C), nitrogen (N), acid detergent fibre and neutral detergent fibre output (kg/day)
from lactatingHolstein cows. Dietary nutrient contents, milk yield and composition, bodyweight, age and days inmilk were
used with or without dry matter intake (DMI) as potential predictor variables. Multi-collinearity, goodness of fit, model
complexity, and random study and animal effects were taken into account during model development, which used 742
measured faecal or urinary nutrient output observations (kg/day). The models were evaluated with an independent dataset
(n = 364).WhenDMIwas used as a predictor variable, themodels predicted faecal and urinary nutrient outputs successfully
with root mean square prediction error as a percentage of average observed values (RMSPE%) ranging from 9.1% to 20.7%.
All the predictions except urine output had RMSPE% ranging from 18.3% to 24.6% when DMI was not used. The nutrient
output predictions were in reasonable agreement with observed values throughout the data range (systematic bias <14% of
total bias). FreshmanureC :Nratiopredictionswere acceptable (RMSPE%=14.3–15.2%)although the systematic biaswere
notable (17.1–20.7%of total bias). Themodels could be integrated successfullywith process-basedmanure or soilmodels to
assess nutrient transformation in dairy production systems.

Additional keywords: faeces, dairy cows, nutrient excretion, prediction models, urine.
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Introduction

Manure from dairy farms has been recognised as a major source
of air quality pollutants and greenhouse gases such as nitrous
oxide, methane (CH4), and ammonia (NH3) (Külling et al.
2001; Hristov et al. 2011). The rise in milk production and
the expansion of dairy herds have increased the need for
strategies aimed at mitigating these negative environmental
effects (Wilkerson et al. 1997; St-Pierre and Thraen 1999).
Quantitative tools for determining manure nutrient output and
rate of nutrient release to the environment are ofmuch importance
in designing, implementing and evaluating such strategies.

Soon after excretion, nitrogenous and other organic
compounds in manure undergo a series of reactions including
denitrification and decomposition (DNDC), nitrification,
hydrolysis, ammonia volatilisation and fermentation under
different environmental conditions. Manure and soil models
(e.g. the Manure-DNDC model (Li et al. 2012)) attempt to

represent quantitatively the effects of substrate availability and
environmental factors on these reactions and thereby predict
greenhouse gas emissions and NH3 volatilisation from dairy
farms at barn, manure storage and land application levels
(Li et al. 2012). Carbon (C), nitrogen (N) and water content in
fresh manure from dairy cows are major input variables to the
Manure-DNDC model and are estimated using factors such as
milk yield and diet composition. However, calculations in
Manure-DNDC do not appear to address satisfactorily the
significant variation associated with C, N and water outputs.
For example, manure N output is estimated assuming that a
constant fraction of the N fed to dairy cows is secreted in
milk. Moreover, a detailed characterisation of manure organic
matter, particularly fibre composition would improve manure
nutrient transformation predictions. Külling et al. (2002) and
Hindrichsen et al. (2005) showed that increasingneutral detergent
fibre (NDF) and acid detergent fibre (ADF) concentrations in
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fresh dairymanure decreasedCH4 emissions from corresponding
manure when stored as slurry. Hashimoto et al. (1981) observed
a negative relationship between cellulose to hemicellulose ratios
in cattle manure slurry and CH4 emissions. Furthermore, Amon
et al. (2006) showed that dairy manure nutrient composition;
specifically crude protein (CP) and lignin concentrations, were
significantly related to CH4 yields from anaerobic digesters.
Estimates of manure organic matter composition can also
assist in effective bio-based uses of dairy manure, such as
biogas and monosugars production, effectively reducing
environmental liabilities and providing an economic incentive
to dairy producers (Liao et al. 2004; Schievano et al. 2008).
Acid hydrolysis is the typical process used to treat and help
convert lignocellulosic materials to sugars, yields of which are
significantly related to cellulose, hemicellulose and lignin
contents of dairy manure (Liao et al. 2005).

Although several models have been constructed to predict
manure and nutrient excretions from dairy cows (Wilkerson et al.
1997; Jonker et al. 1998; Bannink et al. 1999; Kauffman and
St-Pierre 2001; ASAE 2005; Nennich et al. 2005, 2006), they
do not allow for detailed manure characterisation and are
limited to dry matter (DM), N or mineral excretion prediction.
Moreover, several of these extant models include potentially
correlated predictor variables, e.g. both DM intake (DMI) and
milk yield or both DMI and N intake. Correlated variables in
a model are often associated with computational issues such
as multi-collinearity. Overall model fit may not be affected by
multi-collinearity but parameter estimates of incorrect sign
and implausible magnitude may be produced, which can lead
to inaccurate and non-generalisable interpretations (Mason and
Perreault 1991). Furthermore, variable and model selection
procedures for extant models are based primarily on model
goodness of fit and little attention has been given to model
complexity, which could also significantly affect the
generalisability or extrapolation power of the prediction model
(Myung 2000). The objective of the studywas to construct a set of
empirical models allowing for more detailed characterisation of
fresh manure output from lactating dairy cows. The equations
were developed with and without DMI as a predictor variable
while taking multi-collinearity, goodness of model fit and model
complexity into consideration.

Materials and methods

Data sources
A total of 1106 measured faecal or urinary nutrient outputs
(kg/day) by individual cows, and related DMI and dietary
nutrient composition, milk yield and milk composition, days in
milk (DIM), bodyweight (BW) and age, were obtained from
energy balance trials conducted at the former EnergyMetabolism
Unit (EMU), USDA-Beltsville. Each energy balance trial
consisted of a metabolism trial (7–10 days), where faeces and
urine excretions were measured daily using a total collection
method along with DM and nutrient intake, milk yield and milk
composition measurements. Feed and faecal samples dried at
65�C were used for determination of ether extract (EE), NDF,
ADF and permanganate lignin using the procedure described by
Goering and Van Soest (1970). Feed, faecal and urinary N and C
were determined respectively using the Kjeldahl procedure and

by combustion in an atmosphere of oxygen with volumetric
determination of CO2 produced (Smith et al. 1965). All
moisture determinations were made by drying to a constant
weight in a forced draft oven at 100�C. Milk samples collected
daily over two consecutive milkings were analysed for true milk
protein and fat percentages by infrared analysis (Moe et al. 1972,
1973; Tyrrell and Moe 1974; Tyrrell et al. 1988; Sechen et al.
1989; Andrew et al. 1991). A list of measured variables and their
summary statistics are given in Table 1. The data came from
47 energy balance studies using 315 lactating Holstein cows,
of which, 265 cows provided multiple observations ranging
from 2 to 24 observations per cow. Data from 31 studies (742
observations from 218 cows) were randomly selected for model
construction and the rest (n = 364) were allocated to model
evaluation.

Variable and model selection
A set of linear mixed-effects models was constructed to predict
separately faecal DM (FDM), water (FWater), C (FC), N (FN), NDF
(FNDF), ADF (FADF) and lignin (FLignin) output, and total urine
(UE), urinary C (UC) and urinary N (UN) output (all in kg/day).
Selection of variables to develop themodels beganwith a primary
pool includingDMI (kg/day), dietaryDMpercentage, dietaryCP,
NDF, ADF, lignin, EE and total ash contents (% of DM) and N,
NDF and ADF intake (kg/day), milk yield (kg/day) and milk
protein and fat percentages, BW (kg/cow), age (years) and DIM
(Fig. 1). Two separate variable selection schemes were initiated
with and without DMI data for each response variable. Variables
for which the absolute value of the Pearson’s correlation
coefficient |r| �0.5 were not included simultaneously in order
to minimise multi-collinearity issues such as inaccurate model
parameterisation, decreased statistical power and exclusion of
significant predictor variables during model construction
(Graham 2003). Consequently, variable selection that included
DMI data was proceeded by two subschemes; one using DMI
and corresponding dietary nutrient content (e.g.DMI andCP) and
the other using related nutrient intake (e.g. N intake) because of
notable linear correlations among them (Table 2). Moreover,
within each selection scheme, milk yield and DMI (r = 0.78),
dietaryADF andNDFcontents (r= 0.85), dietaryADF and lignin
contents (r = 0.63), dietary CP and ash contents (r = 0.50), milk
yield and DIM (r = –0.61), and milk yield and milk protein
percentage (r = –0.53) were not included together. Therefore,
several subpools of variables had to be formed within each
selection scheme (Fig. 1). For instance, the scheme including
DMI and dietary nutrient content but not nutrient intake had four
subpools of predictor variables (Table 3), whereas the scheme
excluding DMI data had eight subpools of predictor variables
(Table 3).

All possible combinations of variables in each subool were
regressed separately against the response variable in question. For
example, one of the subpools using DMI (Subpool 1 in Table 3)
had11 independent variables (P=11),which led to2048potential
regressionmodels (2P = 211 = 2048). Each regression was carried
out accounting for random animal and study effects as shown in
following linear mixed-effects model:

yijk ¼ xTijkbþ ai þ g j þ eijk ;
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where yijk is the kth measurement of the response variable of ith
animal in jth study (k = 1, . . ., nij), xijk is the p-dimensional
vector of independent variables, b is the vector of regression
coefficients,ai is the random effect associated with the ith animal
(i = 1,., 218), g j is the random effect associated with the jth
experiment (j = 1, . . ., 31) and eijk is the error. It is assumed that
random effects and errors aremutually independent and normally
distributed. All themixed-models in each subpoolwerefittedfirst

to data using the lme4 package inR (version 2.12.2,RFoundation
for Statistical Computing, Vienna, Austria) and then ranked by
descending Bayesian information criterion (BIC; Schwarz 1978)
values. The BIC was calculated as:

BIC ¼ �2 · lnLmax þ K · lnN ;

where Lmax is the maximum likelihood achievable by the model,
K is the number of parameters of the model, and N is the total

Table 1. Summary statistics for the data (n = 1106)
FWater, FDM, FC, FN, FNDF, FADF, FHC and FCL = faecal water, dry matter (DM), carbon, nitrogen, neutral detergent fibre
(NDF), acid detergent fibre (ADF), hemicellulose and cellulose outputs, respectively. UE, UC and UN = total urine output,
urinary carbon and nitrogen outputs, respectively. TE, TC, TN, RC:N and CDM = total fresh manure output, total carbon and
nitrogen outputs, carbon to nitrogen ratio in fresh manure and dry matter concentration in fresh manure, respectively

Variable Mean s.d. CV% Minimum Maximum

Independent or predictor variables
Diet composition
DM (% of diet) 68.0 20.0 29 30.2 93.8
CP (% of DM) 16.1 2.40 15 10.3 21.9
NDF (% of DM) 33.8 7.13 21 16.1 57.2
ADF (% of DM) 19.6 4.30 22 8.97 31.4
Lignin (% of DM) 4.33 1.48 34 1.26 8.44
Ether extract (% of DM) 2.56 0.75 29 0.52 4.95
Ash (% of DM) 6.31 1.11 18 3.54 9.99

Intake (kg/day)
DM 15.6 4.08 26 6.40 28.7
N 0.41 0.13 32 0.14 0.93
NDF 5.31 1.81 34 1.15 12.0
ADF 3.08 1.06 35 0.70 6.82
Lignin 0.69 0.31 45 0.12 1.84

Production and other characteristics
Milk yield (kg/day) 21.6 9.80 45 1.04 49.1
Milk fat (%) 3.50 0.76 22 1.30 7.60
Milk protein (%) 3.27 0.41 13 2.30 5.75
Age (years) 5.77 2.33 40 2.00 15.4
Bodyweight (kg/cow) 603 78.3 13 351 854
Days in milk 175 90.0 51 0.00 488

Response variables
Faecal excretions (Fx, kg/day) and faecal C content (CC, kg/kg of DM)
FWater 25.0 9.80 39 4.03 59.8
FDM 5.20 1.77 34 1.18 10.7
FC 2.40 0.80 33 0.54 4.76
FN 0.13 0.04 31 0.05 0.25
FNDF 3.06 1.04 34 0.54 7.21
FADF 1.91 0.65 34 0.34 4.24
FHC 1.17 0.49 42 0.10 3.22
FCL 1.16 0.42 36 0.21 2.76
CC 0.46 0.02 04 0.38 0.52

Urinary excretions (Ux, kg/day)
UE 16.6 6.60 40 4.38 34.9
UC 0.22 0.07 32 0.07 0.43
UN 0.16 0.08 48 0.03 0.40

Total output (Tx, kg/day), C :N ratio (RC :N), and DM content (CDM, w/w) of fresh manure
TE 46.7 14.0 30 16.9 98.5
TC 2.59 0.80 31 0.68 5.09
TN 0.29 0.10 34 0.09 0.66
RC :N 9.50 2.69 28 4.24 19.6
CDM- 0.11 0.02 17 0.05 0.19
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number of observations used in the fit. The absolute BIC value of
a model has no interpretation but can be compared with the
values of other models. Lower BIC values imply proper balance
betweenmodel complexity andmodelfit (Myung 2000). Another
criterionwidely used inmodel selection is theAkaike information
criterion (AIC; Akaike 1974). Because BIC leans more towards

lower-dimensional models (Schwarz 1978) compared with AIC,
BIC was used to select the simplest model that best predicts the
response of interest.

The least BIC-associated model was chosen from the analysis
of each subpool within each scheme. For example, the schemes
with andwithoutDMIhad four andeightmodels because theyhad
four and eight subpools, respectively (Table 3). These models
within each scheme were ranked by descending BIC values
and the model with the least BIC value was chosen as the best
prediction model within each scheme (Fig. 1). However, the two
schemes with DMI; one using DMI and the dietary nutrient
content separately and the other using them for calculating the
nutrient intake (Fig. 1), were associated with two best models
for predicting each of FNDF, FADF, FN and UN. Only one model
was ultimately chosen as the final prediction model using
the likelihood ratio test (Fig. 1). The models including DMI
and the corresponding dietary nutrient content provided a
significant improvement in model fitting (P < 0.001) and had
smaller BIC compared with models including nutrient intake
(Table 4). So those models were chosen as the final prediction
models that require DMI data. Variance inflation factors (VIF)
and the determinant of the correlation matrix (det{R}) of
predictor variables included in the final prediction models
were calculated to verify degree of multi-collinearity.
Numbered (Eqns 1–18) final prediction models are presented
along with corresponding maximum VIF and det{R} in
Table 5.

Secondary predictions
Faecal C concentration was fairly constant within the data
(CV = 4%, Table 1). Consistently, faecal DM output (FDM, kg/
day) had a strong linear relationship with faecal C (FC, kg/day)
output (r = 0.98, data not shown). Hence an additional simple
linear mixed-effects model (Eqn 19) was developed while
accounting for random study and animal effects in order to
determine FC using only FDM estimated with (Eqn 1) or
without DMI (Eqn 10).

Fig. 1. Schematic diagram illustrating variable and model selection
schemes.

Table 2. Correlations (r) among candidate predictor variables
DM= dietary dry matter (% of diet), CP, ADF, NDF, LIG, EE and Ash = dietary crude protein, acid detergent fibre, neutral detergent fibre, lignin, crude fat and
dietary ash contents, respectively (% of DM);Milk =milk yield (kg/day); mPrt =milk protein percentage; mFat =milk fat percentage; DIM= days inmilk; BW=

bodyweight (kg/cow); Age = age of the cows (years); iN, iNDF and iADF = nitrogen, NDF and ADF intake (kg/day)

DM CP NDF ADF LIG EE Ash Milk mPrt mFat DIM BW Age iN iNDF iADF

DMI –0.34 0.22 0.05 0.11 0.27 0.37 0.14 0.78 –0.17 0.04 –0.37 0.33 –0.15 0.91 0.8 0.84
DM – 0.13 –0.46 –0.41 –0.28 –0.48 0.06 –0.32 0.15 –0.32 0.09 0.03 –0.15 –0.25 –0.53 –0.50
CP – – –0.33 –0.17 –0.06 –0.01 0.50 0.31 –0.03 –0.09 –0.23 0.15 –0.14 0.58 -0.01 0.10
NDF – – – 0.85 0.47 0.24 0.23 –0.06 0.05 0.41 –0.08 –0.26 0.02 –0.08 0.61 0.49
ADF – – – – 0.63 0.30 0.44 –0.01 0.04 0.45 –0.08 –0.25 –0.03 0.04 0.56 0.62
LIG – – – – – 0.28 0.33 0.05 0.13 0.43 0.1 0.01 –0.06 0.22 0.44 0.54
EE – – – – – – 0.14 0.32 –0.04 0.23 –0.07 –0.06 –0.04 0.33 0.41 0.46
Ash – – – – – – – 0.11 0.05 0.20 –0.18 –0.11 –0.13 0.32 0.21 0.34
Milk – – – – – – – – –0.53 –0.1 –0.61 0.15 –0.12 0.79 0.61 0.63
mPrt – – – – – – – – – 0.31 0.43 0.01 –0.04 –0.14 –0.14 –0.13
mFat – – – – – – – – – – –0.03 –0.22 0.03 0.02 0.23 0.24
DIM – – – – – – – – – – – 0.11 0.16 –0.39 –0.33 –0.33
BW – – – – – – – – – – – – 0.15 0.30 0.11 0.12
Age – – – – – – – – – – – – – –0.18 –0.12 –0.15
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FC ¼ 0:461� 0:002 · FDM ð19Þ
Faecal hemicellulose (FHC) output (kg/day) was derived from

estimated FNDF (Eqn 3 and 12) and FADF (Eqns 4, 13) as:

FHC ¼ FNDF � FADF : ð20Þ
Furthermore, assuming that lignin is 100% indigestible,

faecal cellulose output (FCL) was estimated using the
difference between FADF and lignin intake (ILignin, kg/day).

FCL ¼ FADF � ILignin: ð21Þ
Total manure output (TE, kg/day) was determined by

summation of FWater, FDM and UE.

TE ¼ FWater þ FDM þ UE: ð22Þ

Output of total C (TC, kg/day) and N (TN, kg/day) in fresh
manure were estimated by adding their faecal and urinary
counterparts.

TC ¼ FC þ UC ; ð23Þ
TN ¼ FN þ UN : ð24Þ

Total C to total N ratio in fresh manure (RC :N) was calculated
using TC and TN.

RC:N ¼ TC=TN : ð25Þ

Model evaluation
The models were evaluated with data not used in their
construction (n = 364). Model adequacy statistics were
calculated to determine sources of prediction error. The square
root of mean square prediction error (RMSPE) is directly
comparable to observed values so that RMSPE% was
calculated and expressed as a percentage of the average
observed values of the response variables. Mean square
prediction error was further decomposed into mean bias, slope
bias and non-systematic or random variability of data to give
relative estimates of sources of error (Bibby and Toutenburg
1977). All the analyses in the present study were carried out
with R (version 2.12.2, R Foundation for Statistical Computing,
Vienna, Austria).

Table 3. Predictor variables (|r| <0.5) and number of fitted models, including all possible
combinations of variables in each subpool when models were selected using schemes with and

without dry matter intake (DMI)
DM = dietary dry matter (% of diet); CP, ADF, NDF, LIG, EE and ash = dietary crude protein, acid
detergent fibre, neutral detergent fibre, lignin and crude fat content, respectively (% of DM); Milk = milk
yield (kg/day); mPrt = milk protein percentage; mFat = milk fat percentage; DIM = days in milk;

BW = bodyweight (kg); Age = age of the cows (years)

Subpool Predictor variables Number of
models

With DMI
1 DMI, DM, CP, NDF, LIG, EE, DIM, mPrt, mFat, BW, Age 2048
2 DMI, DM, CP, ADF, EE, DIM, mPrt, mFat, BW, Age 1024
3 DMI, DM, Ash, NDF, LIG, EE, DIM, mPrt, mFat, BW, Age 2048
4 DMI, DM, Ash, ADF, EE, DIM, mPrt, mFat, BW, Age 1024

Without DMI
1 Milk, DM, CP, NDF, LIG, EE, mFat, BW, Age 512
2 Milk, DM, CP, ADF, EE, mFat , BW, Age 256
3 Milk, DM, Ash, NDF, LIG, EE, mFat, BW, Age 512
4 Milk, DM, Ash, ADF, EE, mFat, BW, Age 256
5 DIM, mPrt, DM, CP, NDF, LIG, EE, mFat, BW, Age 1024
6 DIM, mPrt, DM, CP, ADF, EE, mFat, BW, Age 512
7 DIM, mPrt, DM, Ash, NDF, LIG, EE, mFat, BW, Age 1024
8 DIM, mPrt, DM, Ash, ADF, EE, mFat, BW, Age 512

Table 4. Bayesian information criteria (BIC), log likelihood value (‘) of
final models from two schemes, one using both DMI and relevant dietary
nutrient concentration and the other using only intake of the

corresponding nutrient
FNDF,FADF,FN,UN= faecal neutral detergentfibre (NDF), acid detergentfibre
(ADF) and nitrogen, and urinary nitrogen outputs (kg/day), respectively. CP,
ADF, NDF and LIG = dietary crude protein, ADF, NDF and lignin contents,
respectively (% of DM), mPrt = milk protein percentage, DIM= days inmilk,
BW = bodyweight (kg/cow), iN, iNDF and iADF = nitrogen, NDF and ADF

intake (kg/day). P-values are from likelihood-ratio test

Response
variable

Predictor variables BIC ‘ P-value

FNDF DMI, CP, NDF 320 –137 <0.001
iNDF, ADF 540 –264 –

FADF DMI, ADF –305 173 <0.001
iADF –247 140 –

FN DMI, CP, LIG, BW –4089 2071 <0.001
iN, ADF, mPrt –3823 1935 –

UN DMI, CP, DIM, BW –3354 1703 <0.001
iN, DIM –3276 1658 –

Modelling fresh manure nutrient output from dairy cows Animal Production Science 1931



Results and discussion

Data

Lactating cows in the EMU database (Table 1) have milk
production and composition records representative of an
average dairy herd in North America (Wilkerson et al. 1997).
Dietary characteristics are similar to those recommended by the
NRC (Wilkerson et al. 1997). Overall the data show a wide range
in both the predictor and response variables (Table 1), allowing
the models to capture the relationships between them well. DMI
and milk yield, the main predictors of fresh manure excretions
(Nennich et al. 2005) and dietary nutrient composition have a
CV ranging from 15% to 45%. Data on the response variables are
even more variable as the CV is greater than 32% in all the cases
(Table 1).

Total manure excretion (TE) from the individual lactating
Holstein cows was on average 46.7 kg/day and ranged from
16.9 to 98.5 kg/day (Table 1). Dry matter content (w/w) of fresh
manure (faeces plus urine) varied from 5.0% to 19.0% with a
mean of 11%. An average lactating Holstein cow excreted daily
2.59 kg of C and 0.29 kg of N, which resulted in a mean fresh
manure C :N ratio of 9.50 (Table 1). Overall, 92% of total C in
fresh manure came from faeces, whereas 55% of the total N was
from urine. As rubber mats were used without any bedding
material in the EMU calorimeters, the fresh manure output

data can be directly compared with ASAE (2005) standards
for prediction of faeces and total manure from lactating dairy
cows. Such comparisons need to be adjusted for differences in at
least DMI and milk yield between the EMU and ASAE (2005)
datasets. For example, cows in EMUstudies produced on average
21.6kg/daymilk andhadameanDMIof 15.6kg/day,whereas the
mean milk yield and DMI of the ASAE (2005) cows were 40 and
21 kg/day, respectively. As stated previously byWilkerson et al.
(1997), comparisons between the EMU data and data from farm
trials should address procedural differences in two types of trials.
For example, the urinary N excretion and moisture content
measures in the EMU data are greater but more accurate than
farm trial data because the EMU studies used experimental
procedures to minimise N loss (Muck and Richards 1983) and
moisture loss during collection (Wilkerson et al. 1997).

Faecal excretion predictions

Faecal dry matter

Biological interpretation of themagnitudeof partial regression
coefficient estimates is challenging (Alexopoulos 2010).
Therefore, potential biological mechanisms associated only
with the sign of model parameters are discussed. As expected,
FDM (kg/day) was strongly related (r = 0.94 and Fig. 2) to
DMI. Regardless of the level of DMI, dietary CP and ADF (%

Table 5. Prediction equations (standard errors of parameters in parentheses), maximum variance inflation factor (max_VIF) and the determinant of
the correlation matrix (det{R}) of the selected variables

FDM = faecal dry matter, FC = faecal carbon, FNDF = faecal neutral detergent fibre (NDF), FADF = faecal acid detergent fibre (ADF), FN = faecal nitrogen,
FWater = faecal water,UE = total urine,UC = urine carbon, andUN = urine nitrogen outputs (all in kg/day). DMI = dry matter intake (kg/day),CP, ADF,NDF and
LIG = dietary crude protein, ADF, NDF and lignin content, respectively (% of DM). Milk = milk yield (kg/day), mPrt = milk protein percentage, DIM = days

in milk, BW = bodyweight (kg/cow), Age = age of the cows (years)

Equation Variables and parameter estimates ± standard error max_VIF det{R}

With DMI
(1) FDM = – 0.576 ± 0.222 + (0.370 ± 0.006 · DMI) + (– 0.075 ± 0.010 · CP) + (0.059 ± 0.006 · ADF) 1.02 0.90
(2) FC = (0.169 ± 0.003 · DMI) + (– 0.034 ± 0.004 · CP) + (0.027 ± 0.003 · ADF) + (– 0.075 ± 0.019 ·mPr t) 1.04 0.87
(3) FNDF = – 0.864 ± 0.172 + (0.217 ± 0.004 · DMI) + (0.035 ± 0.003 · NDF) + (– 0.039 ± 0.007 · CP) 1.01 0.86
(4) FADF = – 1.272 ± 0.084 + (0.125 ± 0.003 · DMI) + (0.061 ± 0.003 · ADF) 1.00 0.99
(5) FN = – 0.0368 ± 0.007 + (0.0096 ± 0.000 · DMI) + (0.0022 ± 0.000 · CP) + (0.0034 ± 0.001 · lignin)

+ (– 0.000043 ± 0.000010 · BW)
1.09 0.80

(6) FWater = (1.987 ± 0.034 ·DMI) + (0.348 ± 0.032 · ADF) + (– 0.412 ± 0.052 ·CP) + (– 0.074 ± 0.009 ·DM)
+ (– 0.0057 ± 0.0012 · DIM)

1.16 0.80

(7) UE = – 7.742 ± 2.367 + (0.388 ± 0.055 · DMI) + (0.726 ± 0.096 · CP) + (2.066 ± 0.421 · mPr t 1.05 0.94
(8) UC = – 0.1601 ± 0.0169 + (0.0082 ± 0.0005 ·DMI) + (0.0107 ± 0.0008 · CP) + (0.00013 ± 0.00002 · BW) 1.13 0.84
(9) UN = – 0.2837 ± 0.0135 + (0.0068 ± 0.0004 ·DMI) + (0.0155 ± 0.0006 ·CP) + (0.00013 ± 0.00001 ·DIM)

+ (0.000092 ± 0.000017 · BW)
1.34 0.66

Without DMI
(10) FDM = 0.846 ± 0.469 + (0.098 ± 0.004 · Milk) + (– 0.097 ± 0.021 · CP) + (0.080 ± 0.012 · ADF)

+ (0.0038 ± 0.0005 · BW)
1.04 0.80

(11) FC = 0.468 ± 0.232 + (0.046 ± 0.002 · Milk) + (– 0.047 ± 0.010 · CP) + (0.037 ± 0.006 · ADF)
+ (0.0016 ± 0.0002 · BW)

1.04 0.80

(12) FNDF= (0.056±0.003·Milk) + (– 0.059±0.010·CP) + (0.0435±0.0042·NDF) + (0.0023±0.0003·BW) 1.00 0.77
(13) FADF = – 0.973 ± 0.152 + (0.0325 ± 0.0016 ·Milk) + (0.0675 ± 0.0043 · ADF) + (0.0014 ± 0.0002 · BW) 1.00 0.98
(14) FN = (0.00245 ± 0.00011 · Milk) + (0.00643 ± 0.00082 · LIG) + (0.000094 ± 0.000009 · BW) 1.00 0.99
(15) FWater = (0.559 ± 0.025 ·Milk) + (0.521 ± 0.060 · ADF) + (0.569 ± 0.100 · CP) + (0.024 ± 0.003 · BW)

+ (– 0.033 ± 0.012 · Age)
1.17 0.66

(16) UE = – 0.644 ± 0.226 + (0.778 ± 0.099 · CP) + (1.520 ± 0.426 · mPr t) 1.00 0.99
(17) UC = – 0.1167 ± 0.0201 + (0.0013 ± 0.0002 ·Milk) + (0.0106 ± 0.0009 · CP) + (0.00024 ± 0.00002 · BW) 1.03 0.87
(18) UN = – 0.2578 ± 0.0183 + (0.0152 ± 0.0007 ·CP) + (0.0132 ± 0.0031 ·mPr t) + (0.00021 ± 0.00002 · BW) 1.01 0.98
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of DM) had a negative and a positive relationship with
FDM, respectively (Eqn 1). The positive association between
dietary ADF and FDM is not surprising as increasing dietary
lignocellulose contents are generally related to decreasing
total-tract DM digestibility in ruminants (Van Soest 1965).
The negative association of dietary CP might be related partly
to improved fibre digestion with increasing dietary CP levels
as demonstrated by Broderick (2003). In the absence of DMI
(Eqn 10), milk yield (kg/day) had a significant positive
relationship with FDM (Fig. 2). This association appeared to
derive from a more basic relationship between milk yield and
DMI (r = 0.78, Table 2). Prediction error of the model without
DMIwas double comparedwith the one usingDMI (RMSPE%=
11.4% vs 21.2%, Table 6). However, in both cases, systematic
bias was negligible (mean and slope bias <5% of total bias,

Table 6), indicating the absence of noticeable under or over-
prediction tendencies over the data range. Dietary CP and ADF
contents continued to have the same relationships with FDM even
in the absence of DMI. Additionally, BW (kg/cow) had a positive
effect on FDM (Eqn 10). The trend was consistent with ASAE
(2005) and Nennich et al. (2005) predictions, which showed
positive effects of BW in the absence of DMI data. Again, this
association may be related to more a basic relationship between
BW and DMI (r = 0.33, Table 2).

Faecal carbon

In themodel usingDMI as input, dietaryCPandADFcontents
had significant impact on faecal C output (Eqn 2). Similarly, a
meta-analysis byNousiainen et al. (2009) andShaver et al. (1988)
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Fig. 2. Relationships of faecal dry matter (DM, ~) and carbon (C,¤) output with dry matter intake (DMI)
and milk yield in lactating Holstein cows (n = 742).

Table 6. Root mean square prediction error as a percentage of average observed value (RMSPE%) and its decomposition into mean
(MB), slope (SB), and random (RB) components, when the models with and without dry matter intake (DMI) were evaluated using data

(n = 364) not used for model development
FDM = faecal dry matter, FC = faecal carbon, FNDF = faecal neutral detergent fibre (NDF), FADF = faecal acid detergent fibre (ADF), FN = faecal
nitrogen, FWater = faecal water, FHC = faecal hemicellulose, FCL = faecal cellulose, UE = total urine, UC = urine carbon, UN = urine nitrogen,

TE = total fresh manure, TC = total carbon and TN = total N outputs (all in kg/day) and RC :N = C :N ratio in fresh manure

Variable Equation RMSPE% MB SB RB Equation RMSPE% MB SB RB
With DMI Without DMI

Primary predictions
FDM 1 11.4 0.2 4 95.8 10 21.2 1.1 2.2 96.7
FC 2 11.1 0.8 1.5 97.7 11 20.5 0.8 1.1 98.1
FNDF 3 13.7 3.9 0.2 95.9 12 21.5 1.2 1.2 97.6
FADF 4 13.8 8.3 5.5 86.2 13 20.1 1.9 1.2 96.9
FN 5 10.8 6.9 0.4 98.7 14 18.3 2.2 0.3 97.5
FWater 6 14.6 0.5 0.1 99.4 15 23.1 1.9 2.9 95.3
UE 7 28.9 5.5 0.5 94 16 31.2 2.8 0.1 97.1
UC 8 17.1 3.0 8.4 88.6 17 21.1 1.6 3.6 94.8
UN 9 17.5 0.7 0.7 98.6 18 24.6 0.1 0.7 99.2

Secondary predictions
FC 19 11.1 0.3 1.6 98.1 19 20.6 0.6 1.2 98.2
FHC 20 19.2 0.9 5.6 93.5 20 29.1 3.5 4.2 92.3
FCL 21 20.7 7.8 5.6 86.5 21 30.3 1.6 9.5 88.9
TE 22 13 0.5 0.1 99.4 22 20.4 1.8 2.3 95.9
TC 23 9.7 1.2 2.8 96 23 19.4 1.1 1.7 97.2
TN 24 9.1 2 1.7 96.3 24 17.9 0 0.9 99.1
RC :N 25 14.3 6.4 14.3 79.3 25 15.2 4.1 13 82.9
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showed a positive effect of CP content and a negative effect of
dietaryADF content on organicmatter digestibility, respectively,
in lactating dairy cows. Additionally, increasing milk protein
percentage is related to decreasing FC in Eqn 2. Because
indigestible non-fibre carbohydrates (NFC) can also contribute
significantly to faecal organic matter, this negative relationship
betweenmilk protein content andFCmay, in part, be linked to the
positive association of milk protein concentration to digestible
NFC in lactating dairy cows (Firkins et al. 2001; Cabrita et al.
2007). In the presence of DMI, FC predictions were associated
with an RMSPE% of 11.1% (Table 6). As in faecal DM output,
faecal C output was predicted with RMSPE% of 20.5% even
without including DMI. Nonetheless, FC could be determined
with similar RMSPE using theFDM estimates fromEqns 1 and 10
assuming a constant faecal C concentration (0.461 w/w, Eqn 19).

Faecal neutral detergent fibre and acid detergent fibre

Faecal output of a nutrient is primarily a function of its intake
and digestibility. Intake of a nutrient is usually estimated using
DMI and the dietary nutrient content. However, besides
contributing merely to intake, DMI can also regulate
digestibility of the nutrient, e.g. through its impact on digesta
passage rate. The dietary nutrient content itself may explain its
own digestibility. For example, dietary NDF content was
associated negatively (r = –0.47) with total-tract NDF
digestibility in the EMU trials (data not shown). Hence, DMI
and corresponding dietary nutrient content should be able to
explain more of the variation in a faecal nutrient output than just
the nutrient intake. Consistently, models incorporating DMI and
the dietary nutrient content fitted better (P < 0.001, Table 4) than
those incorporating the corresponding nutrient intake estimates
with regard to all faecal nutrient outputs including faecal NDF
(FNDF) and ADF (FADF). Besides DMI and dietary NDF content,
the final model for predicting FNDF included a negative effect
of dietary CP (Eqn 3). This is in agreement with the findings
of Broderick (2003) and Colmenero and Broderick (2006) who
demonstrated a positive association between dietary CP content
andapparent total-tractNDFdigestibility.As expected, themodel
using DMI was able to explain a greater amount of variability
in FNDF than the model not using DMI (RMSPE% = 13.7% vs
21.5%, Table 6). Regardless of DMI in the models, FNDF

predictions showed minor systematic bias (mean and slope
bias <5% of total bias, Table 6).

Unlike FNDF, FADF (kg/day) was unrelated to dietary CP
content (% of DM), suggesting that increasing dietary N
supplementation may primarily enhance hemicellulose
degradation in the rumen. However, Colmenero and Broderick
(2006) found a significant positive quadratic relationship between
dietary CP and apparent total-tract ADF digestibility in lactating
Holstein cows, although they were not linearly related. In the
present study, polynomial effects of independent variables were
not tested because of obviousmulti-collinearity issues. To further
investigate this observation by Colmenero and Broderick
(2006), a quadratic form of dietary CP was included in the
model and tested against the data; however, it was not
significantly related (P = 0.059, data not shown). FADF was
well predicted with models that included DMI (RMSPE% =
13.8%), although there were mean and slope biases (8.3%

and 5.5% of total error, Table 6). As expected, in the absence
of DMI, RMSPE% increased to 20.1% of the average observed
value.

With known FNDF, FADF and lignin intake (all in kg/day),
faecal hemicellulose (FHC) and cellulose (FCL) outputs could be
estimated using Eqns 23 and 24, respectively. Average daily
excretion of FHC and FCL by lactating Holstein cows was
estimated to be similar (1.16 and 1.17 kg/day respectively,
Table 1). Given that Holstein cows make up ~90% of the 9.3
million total dairy cow population in the US (Dungan et al.
2012), approximately eight million metric tons of FHC and FCL

are produced annually. This represents a large source of
carbohydrate that can be broken down to simple sugars such
as glucose, xylose, arabinose and galactose through various
hydrolytic processes (Liao et al. 2005). Relative proportions
of hemicellulose, cellulose and lignin in manure significantly
affect the rate of hydrolysis of carbohydrates in manure
(Liao et al. 2005). Therefore, FHC and FCL estimates would
help optimise hydrolytic processes. Data in Hashimoto et al.
(1981), Külling et al. (2002) and Hindrichsen et al. (2005)
indicate that variability in CH4 production from dairy manure
slurry can be better represented when the hemicellulose and
cellulose contents in manure are known. When DMI was used,
FHC and FCL were predicted with RMSPE% value of 19.2% and
20.7%, respectively. In the absence of DMI as a prediction
variable, the prediction error, particularly of FCL, increased to
30.3%. However, over 88% of the errors were random (Table 6).

Faecal nitrogen

Two separate models were developed for determining faecal
(FN) and urinary N (UN) outputs. Such a distinction may have
significant impact on predicting NH3 volatilisation from dairy
barns because urinary urea N is the main source for NH3

volatilisation, about a half of which can occur before manure
reaches the storage facility (Muck and Richards 1983; Hristov
et al. 2011). Separate estimates of FN and UN should also allow
more accurate determination ofmanureNoutput reaching storage
facilities. Dietary CPwas positively related with FN regardless of
DMI level (Eqn 5). Dietary lignin content also had a positive
relationship with FN presumably due to its negative impact on
forage CP digestibility (Lloyd et al. 1961). Bodyweight had a
positive linear relationship with FN (r = 0.22, data not shown).
However,whenadjusted forDMI, itwasnegatively related toBW
(Eqn5), indicating that lessNwas excreted in proportion to intake
as BW increased. Consistently, the fraction of N intake excreted
in faeces was negatively associated with BW (r = –0.20, data not
shown). The equation using DMI predicted FN with a RMSPE%
of 10.8%with 98.7% of the error being random. In the absence of
DMI, milk yield appeared to be the predominant predictor of FN

given its relatively strong positive correlation (r = 0.76, data not
shown). Interestingly, the equation did not include either dietary
CP content or milk protein content. Similarly, a model including
only milk yield and a model including milk yield, milk true
protein percentage, dietary CP content and BW exhibited
similar goodness of fit when regressed against FN data in
ASAE (2005). As discussed above, FN was positively related
to BW when DMI was not taken into consideration. Even
though DMI was not used, the FN predictions from Eqn 14
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had a RMSPE% of 18.3% with the majority (97.5%) of the error
coming from random sources.

Faecal water output

About 90% of urine and faeces from lactating Holstein cows
consists of water (Knowlton et al. 2010; Khelil-Arfa et al. 2012).
Therefore, accuracy of faecal and urinary water estimates
considerably affects total fresh manure volume estimates.
Fresh manure volume and wash water [e.g. the estimates in
Harner et al. (2013)] predominantly determine total manure
volume, which is a critical factor in designing storage
facilities. Manure volume is required to calculate manure
nutrient concentrations, which directly affect chemical
reactions releasing nutrients into the environment. Therefore,
manure volume and associated nutrient concentrations are vital
input variables for manure and soil models, e.g. Manure-DNDC
(Li et al. 2012). Furthermore, manure volume plays a key role in
land applications. With the traditional use of manure as fertiliser,
for example, manure volume is important in deciding storage and
transportation requirements. Furthermore, fresh manure water
output estimates assist in quantifying the water footprint of dairy
cows (Mekonnen and Hoekstra 2012).

Drymatter intake was strongly related toFWater (r = 0.95, data
not shown). This was consistent with the fact that DMI drives
the two major water inputs to lactating dairy cows, drinking
water (Holter and Urban 1992; Murphy 1992) and water in feed
(Seo et al. 2007). When evaluated with data not used for model
development, Eqn 6 predicted FWater using DMI data well
(RMSPE% = 14.6% with less than 1% of the error being
systematic, Table 6). As expected, prediction error of FWater

increased if DMI was excluded as an input (RMSPE% =
23.1%, Table 6). The negative relationship between DIM and
FWater (Eqn 6) implies that cows in early lactation may excrete
more water in faeces than cows in late lactation. Again, this
may be related to increased free water intake in early lactating
cows compared with late lactating cows because cows producing
more milk tend to drink more water independently of DMI
(Murphy et al. 1983; Holter and Urban 1992; Khelil-Arfa
et al. 2012). Dietary DM content had a negative impact on
FWater. This is because dry feeds contribute less to water
intake via feed, representing 17% of the total water intake by
cows (Khelil-Arfa et al. 2012). Dietary CP content was also
negatively related to FWater. This is perhaps related to increased
urinary water output caused by elevated blood urea
concentrations as net water transfer from gut to blood responds
positively to depletion in extracellular water volume due to
diuresis or excessive respiratory and cutaneous water losses
(Silanikove and Tadmore 1989). The positive effect of dietary
ADF content on FWater (Eqn 6) could be related to positive
associations of dietary ADF content with saliva input to the
rumen and fractional water passage rate from the rumen
(Appuhamy et al. 2014).

Urinary excretion predictions

Urine output

The average urine output from lactating Holstein cows in the
EMU experiments was 16.6 kg/day, which was less than the
average 25 kg/day estimated in ASAE (2005). However, average

DMI and milk yield of the ASAE (2005) cows were greater
(21 and 40 kg/day, respectively) than those of the EMU cows
(15.6 and 21.6 kg/day, respectively). Nonetheless,UEwas highly
variable across the EMU trials (CV = 40%, Table 1). Regardless
of whether DMI was used or not, the UE predictions had similar
and considerably larger RMSPE% (28.9–31.2%), a significant
proportion ofwhich (�94%)was random. In the absence ofDMI,
dietary CP content appears to mostly explain UE variability.
According to Colmenero and Broderick (2006), dietary CP
might be able to explain UE variation slightly better than N
intake. However, UE predictions could have been improved if
dietary sodium and potassium data had been available because
blood sodium and potassium significantly contribute to renal
osmolality, which predominantly drives urine volume in dairy
cows (Maltz and Silanikove 1996).

Urinary carbon output

Average urinary C excretion by lactating Holstein cows was
0.22 kg/day (Table 1). Urinary C output (UC) contributed to
only 8% of total fresh manure C output, while the rest was from
faeces (FC, Table 1). The majority of the urinary C comes
from nitrogenous organic compounds present in urine. When
calculated with respect to mean UN and UC (Table 1) using the
average proportional contributions to UN in Dijkstra et al.
(2013), nitrogenous organic compounds in urine contribute
~70% of UC. Although urea (C: N atomic ratio = 0.5)
contributes on average 73.0% of UN (Dijkstra et al. 2013), its
contribution toUCwas 23%, whereas hippuric acid (C: N atomic
ratio = 9), while contributing only 5.5% of UN (Dijkstra et al.
2013), made up 31% ofUC. Equation 8 predictingUC using DMI
also includes a positive effect of dietaryCP content. Consistently,
dietary CP content increasing from 13.5% to 19.4% of DM had a
significant positive linear relationship with urinary urea output,
and tended to be associated with increasing urinary purine
derivative output in Colmenero and Broderick (2006). Despite
the slope bias (9.1% of total prediction error, Table 6), UC

predictions appear overall to be acceptable (RMSPE% =
17.1%) and the bulk of the prediction error (88.6%) was non-
systematic. Prediction error increased by 23% in the absence of
DMI (Table 6). This is in line with the proportional difference
between simple linear associations ofUC to DMI and milk yield;
(r = 0.71 and 0.57, respectively, data not shown).

Urinary nitrogen output

UrinaryN (UN, mean = 0.16 kg/day) made up on average 55%
of total fresh manure N output (TN, mean = 0.29 kg/day) and was
more variable thanFN (CV=48%vs 32%,Table 1). Consistently,
inWeiss et al. (2009),UNmade up 56% of TN and had a 3.5 times
greater variance than that of FN. Equation 9 using DMI predicted
UN with a RMSPE% of 17.5%, 98.6% of which was random
(Table 6). Nitrogen intake, a product of DMI and dietary CP
content, is usually associated positively with UN (Dijkstra et al.
2013). However, dietary CP content appeared to contribute
predominantly to this relationship as it alone explained more
of the variability in UN than DMI (log-likelihood = –3694 vs
–3791, data not shown). Moreover, the fraction of N intake
excreted in urine had a significant positive relationship with
dietary CP content (Fig. 3), in agreement with Colmenero and
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Broderick (2006). As observed with FN (Eqn 14), UN had a
positive linear relationshipwithBW(r=0.35 andEqn18).Unlike
that of FN (Eqn 5), the relationship ofUN remained positive even
when adjusted for DMI (Eqn 9). These differential associations
of FN and UN with BW adjusted for DMI agree with the inverse
relationship between the fraction of N intake excreted in urine
and faeces (Fig. 3). The positive association between DIM and
UN apparently contradicts data in Knowlton et al. (2002)
demonstrating early lactation cows excrete more urinary N
than late lactating cows. However, when adjusted for N intake,
the late lactating cows [in the control treatment of Knowlton et al.
(2002)] excreted 11% more urinary N than the early lactating
cows. In line with UC, prediction error of UN increased notably
(RMSPE% = 17.5% vs 24.6%) in the absence of DMI. However,
99.2%of total predictionerrorwas still random.Nonetheless, data
allowing for more detailed characterisation of urinary N would
yield benefits in terms of NH3 volatilisation prediction because
different urinary nitrogenous compounds alone or through
interactions with others appear to be associated with different
NH3 volatilisation rates (Dijkstra et al. 2013).

Total fresh manure output and the C :N ratio

Total fresh manure output (TE) ranged from 16.9 to 98.5 kg/day
with a mean of 46.7 kg/day (Table 1), close to the average TE
of 52.9 kg/day reported in farm trials (Bulley and Holbek
1982). Manure volume estimates are required to calculate the
nutrient concentrations, which govern primarily the rate
of reactions responsible for manure nutrient transformations
(Li et al. 2012). In the presence of DMI, the model (Eqns 1, 6,
7 and 22, collectively) predicted TE well (RMSPE% = 13.0%).
Themean and slope biaswere negligible (0.6%of total prediction
error) indicating that the model was able to determine TE
without notable under-prediction or over-prediction throughout
the data range. Nonetheless, overall prediction error increased
(RMSPE% = 20.4%) when DMI was not used, although the
systematic bias remained small (4.1% of the total error).
Similarly, total fresh manure C and N output (TC and TN,
respectively), could be determined well using DMI. The
overall prediction error was even less than 10% of the average
observed values in both cases (Table 6). The TC is determined in
the Manure-DNDCmodel by taking the difference between total
N intake andmilkNoutput. In calculating themilkNoutput, 25%
of N fed to dairy cows is assumed to be secreted in milk (Li et al.
2012). When predicted with respect to the EMU data using such

an assumption, TC were associated with a greater RMSPE
(12.4%), 38% of which was systematic (data not shown).
Therefore, incorporation of the present models into Manure-
DNDC model should not only allow FN and UN to be
determined distinctly but also allow TC to be predicted more
accurately usingDMIdata. Prediction error increased as expected
when DMI data was not used. However, TC and TN were still
associatedwith acceptable errors (RMSPE%=19.4%and17.9%,
respectively), �96% of which was due to random variability of
the data (Table 6). The TC and TN predictions then allowed
determination of the C :N ratio in fresh manure (RC :N,
Eqn 25). Manure RC :N is important in estimating greenhouse
gas emissions from a whole dairy farm system (Amon et al.
2006; Dijkstra et al. 2011). Moreover, manure RC :N is a major
determinant of organic N mineralisation and thereby affect its
fertiliser value. For instance, highRC :N has been shown to reduce
the value of dairy manure as a N fertiliser (Powell et al. 2006).

Given the average milk yield of cows in the EMU trials was
relatively low at 21.6 kg/day, applicability of the present models
to high producing cows was tested using a subset of data (not
used for model development) with daily milk yields >25 kg/day.
This evaluation included 121 observations with milk yield
ranging from 25.0 to 48.5 kg/day (mean = 30.9 kg/day). In the
presence of DMI, FDM, FN, FNDF, UN, TE, TC and TN predictions
had RMSPE% values of 10.2%, 9.8%, 12.8%, 15.3%, 11.7%,
8.4% and 7.6%, respectively. Mean and slope bias were
small as random bias accounted for 92.3–98.8 of total bias in
all cases (data not shown). In the absence of DMI as a model
input, the predictions had a respective RMSPE% of 19.0%,
17.1%, 19.9%, 21.3%, 16.7%, 16.8% and 15.8%. Only UN of
high producing cows was notably under-predicted (mean
bias = 13.6% of total bias), which in turn caused TN to be
under-predicted in the absence of DMI (data not shown). All
the other predictions were associated with negligible systematic
bias (mean bias + slope bias <7.5% of total bias). Overall, the
present models appear to predict manure composition and
volume of Holstein cows successfully irrespective of their
production level.

The main objective of the present study was to construct a set
of equations for predicting important organic matter excretions
from lactating dairy cows. Because the equations are predictive,
the construction process had to ensure that they possess sound
generalisability. The generalisability was established in two
ways: (1) by obtaining robust parameter estimates of predictor
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Fig. 3. Fraction of nitrogen intake excreted in faeces and urine (kg/kg) versus dietary crude protein content
(% of dry matter) in lactating Holstein cows (n = 742).
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variables while accounting for random study and animal
variability and (2) by reducing model complexity by avoiding
multi-collinearity and conducting model selection based not
solely on goodness of fit but also on model simplicity (Myung
2000). Multi-collinearity among predictor variables in the final
prediction equations was explored using maximum VIF and det
{R} of the predictor variables (Table 5). Variance inflation factor
of a predictor variable estimates how much the variance of a
parameter estimate is inflated due to linear correlations of that
variable with the other predictor variables. For example, VIF of
1.5 indicates that variance of the coefficient is 50% larger than it
would be if the predictor variable in question was completely
uncorrelated with the other predictors. However, smaller det{R}
values indicate the presence of considerable multi-collinearity.
Becausedet{R} ranges between0 and 1, values close to 1 indicate
absence of notable multi-collinearity. The maximum VIF was
<1.35 and det{R} >0.65 in all cases (Table 5) indicating that the
selected equations were fairly free of multi-collinearity. As the
model parameters were estimated with respect to a considerably
variable (CV = 28–48%) large dataset (n = 742) and the models
use routinely collected data, they can be applied to various
production systems (e.g. both confinement and grazing systems).

Conclusions

The models constructed in this study were capable of predicting
fresh manure water, DM, C, N, NDF and ADF output from
lactating Holstein cows accurately (RMSPE% = 10–21%) using
DMI and other routinely collected information on dietary nutrient
composition, milk yield and milk composition, BW and
DIM. Even when DMI was not used as a regressor variable,
the predictions (except for urine output) were satisfactory with
RMSPE% ranging from 20% to 25%. The models also allow
accurate determination of C :N ratio in fresh manure and
hemicellulose and cellulose outputs, particularly when DMI is
included (RMSPE% = 9–21%). In all cases, systematic bias of
nutrient output predictions was less than 14% of total bias,
indicating the predictions were reasonably close to observed
values over the data range. The models can be integrated with
process-based manure and soil models to assess dairy manure
nutrient transformations in various dairy production systems.
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