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ABSTRACT

New laboratory and animal sampling methods and
data have been generated over the last 10 yr that had
the potential to improve the predictions for energy, pro-
tein, and AA supply and requirements in the Cornell
Net Carbohydrate and Protein System (CNCPS). The
objectives of this study were to describe updates to
the CNCPS and evaluate model performance against
both literature and on-farm data. The changes to
the feed library were significant and are reported in
a separate manuscript. Degradation rates of protein
and carbohydrate fractions were adjusted accord-
ing to new fractionation schemes, and corresponding
changes to equations used to calculate rumen outflows
and postrumen digestion were presented. In response
to the feed-library changes and an increased supply
of essential AA because of updated contents of AA,
a combined efficiency of use was adopted in place of
separate calculations for maintenance and lactation
to better represent the biology of the cow. Four dif-
ferent data sets were developed to evaluate Lys and
Met requirements, rumen N balance, and milk yield
predictions. In total 99 peer-reviewed studies with 389
treatments and 15 regional farms with 50 different diets
were included. The broken-line model with plateau was
used to identify the concentration of Lys and Met that
maximizes milk protein yield and content. Results sug-
gested concentrations of 7.00 and 2.60% of metaboliz-
able protein (MP) for Lys and Met, respectively, for
maximal protein yield and 6.77 and 2.85% of MP for
Lys and Met, respectively, for maximal protein content.
Updated AA concentrations were numerically higher
for Lys and 11 to 18% higher for Met compared with
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CNCPS v6.0, and this is attributed to the increased
content of Met and Lys in feeds that were previously
incorrectly analyzed and described. The prediction
of postruminal flows of N and milk yield were evalu-
ated using the correlation coefficient from the BLUP
(R%sLup) procedure or model predictions (R*ypp) and
the concordance correlation coefficient. The accuracy
and precision of rumen-degradable N and undegradable
N and bacterial N flows were improved with reduced
bias. The CNCPS v6.5 predicted accurate and precise
milk yield according to the first-limiting nutrient (MP
or metabolizable energy) with a Ry yp = 0.97, R*\mpp
= (.78, and concordance correlation coefficient = 0.83.
Furthermore, MP-allowable milk was predicted with
greater precision than metabolizable energy—allowable
milk (RQMDP = 0.82 and 0.76, respectively, for MP and
metabolizable energy). Results suggest a significant
improvement of the model, especially under conditions
of MP limitation.

Key words: Cornell Net Carbohydrate and Protein
System, update, evaluation, dairy cattle

INTRODUCTION

A description of the Cornell Net Carbohydrate and
Protein System (CNCPS) was first published in 1992
and 1993 in a series of 4 papers (Fox et al., 1992; Russell
et al., 1992; Sniffen et al., 1992; O’Connor et al., 1993).
The principal objective of the CNCPS was to serve as a
tool for both research development and feed formulation
for cattle (Russell et al., 1992). To fulfill these goals,
the CNCPS has been evolving by incorporation of new
research data and descriptions of rumen function and
metabolism into mathematical equations and quantita-
tive representations with the primary objective of field
application and diet formulation. As a consequence,
several updated versions have been released over the
last 15 yr (Fox et al., 2000, 2004; Tylutki et al., 2008).
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One of the objectives of the CNCPS modeling pro-
cess has been to incorporate enhanced knowledge in the
platform to further explain differences in cattle produc-
tivity compared with expectations and to account for
more of the unexplained variation in the predictions of
ME and MP supply and requirements. In many cases
this includes incremental changes and error corrections,
and in some situations, new feed definitions and charac-
terizations or alterations in postdigestive efficiencies of
use are required to improve the predictions of nutrient
requirements.

Also, several implementations of the program are
used by the industry to evaluate and formulate diets,
and accordingly, any improvements in the predictions
of supply and requirements can immediately translate
into application and improved on-farm benefits. The
latest CNCPS versions 6.0 and 6.1 (Tylutki et al., 2008,
Van Amburgh et al., 2010) are used as a formulation
and evaluation platform by AMTS.Cattle (Agricultural
Modeling and Training Systems LLC, Cortland, NY),
NDS (Ruminant Management and Nutrition, Reggio
Emilia, Italy), DinaMilk (Fabermatica, Ostriano, Ita-
ly), and Dalex (Dalex Livestock Solutions, Los Angeles,
CA).

Since the last publication (Tylutki et al., 2008) sev-
eral updates and modifications have been incorporated
into the model. The objective of this paper was to de-
scribe these updates and modifications and to present
a general evaluation of model performance against both
literature and on-farm data. One of the major updates,
a reedited feed library with contemporary AA values,
is described in a companion paper (Higgs et al., 2015),
and the evaluation of the library updates are described
herein.

The updates to the CNCPS described here represent
changes that have been made to CNCPS v6.0 (Tylutki
et al., 2008) resulting in CNCPS v6.5. Updates have
been made to predictions of nutrient requirements and
supply, which are discussed in the following sections,
but also to the feed library, which is described in a com-
panion paper (Higgs et al., 2015). One other additional
change in the description of feed chemistry that affects
nutrient supply, the application of unavailable NDF as
determined by a 240-h in vitro digestibility, is described
in Raffrenato (2011).

MATERIALS AND METHODS

Model Updates

Maintenance Requirements. Previous versions of
the CNCPS made adjustments to the maintenance re-
quirements of growing cattle based on changes in BCS.
The adjustment was based on data from the INRA
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system for lactating beef cattle on pasture (Petit and
Agabriel, 1989). The calculations made an association
between previous levels of nutrient intake, BCS, and
maintenance requirements by increasing or decreasing
NEy by 5%, above or below BCS 5 on a 1-to-9 scale
(Fox et al., 2004). As cattle achieved greater BCS,
theoretically, they consumed more energy and thus had
larger organ mass, which resulted in more energy parti-
tioned to maintenance and less to growth. Therefore, as
BCS was increased, maintenance requirements also in-
creased and vice versa. This adjustment was evaluated
for growing Holstein heifers with known composition
and energy balance using a fixed diet and varying the
BCS from 1 to 5 on a dairy scale (adjusted from a 1-9
scale for beef as described in Fox et al., 2004) to evalu-
ate the accuracy of the ME-allowable gain compared
with measured data.

Adjustments have also been made to the calculation
of surface area. Surface area is used within the CNCPS
to adjust maintenance requirements for cold stress (Fox
et al., 2004). The equation used to calculate surface area
in the CNCPS, up to v6.0, was from Mitchell (1928).
The equation from Mitchell (0.09 x BW"%") was derived
from sheep weighing from 14 to 38 kg. Brody (1945)
developed an equation (0.14 X BWO"W) using Holstein
cattle (n = 50) weighing from 41 to 617 kg, and this
equation was evaluated by Berman (2003) using a ther-
mal balance model. Compared with Brody’s equation,
the Mitchell equation underestimated surface area by 7
to 10% at 30 to 50 kg of BW and overestimated surface
area by 18% at 650 kg of BW, affecting the calculations
of evaporative heat loss (Berman, 2003). Therefore, the
equation of Brody was adopted for the calculation of
surface area in v6.5.

Feed Fractionation and Digestion Rates. The
feed fractionation scheme used in v6.5 was maintained
in the format described by Tylutki et al. (2008) with
the exception of the soluble protein pool that contains
previously defined as NPN, and now redefined as am-
monia (Higgs et al., 2015). This change was made in
recognition of the AA content of the NPN fraction
(Krishnamoorthy et al., 1982) and the contribution of
this fraction to postruminal N flows (Choi et al., 2002a;
Reynal et al., 2007). Nomenclature changes were also
made to the protein fractions, where all soluble frac-
tions are now prefaced with the letter A and insoluble
fractions with the letter B. A full description of these
changes is given in Higgs et al. (2015). The outcomes
of these changes are a better description of the rumen
ammonia balance and also the MP supply, given that
MP is being supplied by the soluble fractions of feeds,
and before these updates this protein fraction contrib-
uted primarily to rumen ammonia because of improper
characterization and passage rates.
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Table 1. Feed chemical pools, the variables, and degradation rates
(kd, %/h) used for carbohydrates and proteins

Component’ Variable kd, %/h
CA1 kdCA1 0
CA2 kdCA2 7
CA3 kdCA3 5
CA4 kdCA4 40-60
CB1 kdCB1 20-40
CB2 kdCB2 20-40
CB3 kdCB3 1-18
PA1 kdPA1 200
PA2 kdPA2 10-40
PB1 kdPB1 3-20
PB2 kdPB2 1-18

!CA1 = acetic, propionic, and butyric acids; CA2 = lactic acid; CA3
= other organic acids; CA4 = sugars; CB1 = starch; CB2 = soluble
fiber; CB3 = available NDF; PA1 = ammonia; PA2 = soluble true
protein; PB1 = moderately degradable protein; PB2 = slowly degrad-
able protein, bound in NDF.

The digestion rates (kd) of protein and carbohydrate
fractions were reviewed and updated to be consistent
with literature reports and to be more biologically
realistic. Previous versions of the CNCPS assumed
NPN use was instantaneous with a kd of 10,000%/h.
This implied a rumen retention time of 0.6 min and
suggested any addition of urea would be dissolved and
captured by rumen bacteria in 36 s or be converted to
ammonia and leave the rumen in a similar period of
time—an unrealistic expectation. In the original work
to describe the NPN rate, the value was designed to
represent the rate of solubilization and not necessarily
microbial uptake. In v6.5, kd of protein pool Al (PA1,
ammonia N) was reduced to 200%/h for all feeds based
on the bacterial ammonia metabolism data from Wal-
lace (1979), Schaefer et al. (1980), and Wallace et al.
(1998; Table 1).

Furthermore, the kd of soluble true protein (PA2)
had previously ranged from 130 to 300%/h. Litera-
ture values are typically much lower (Broderick, 1987;
Peltekova and Broderick, 1996; NRC, 2001; Hedqvist
and Udén, 2006; Lanzas et al., 2007) and indicate the
rate of protein degradation of the larger soluble pro-
teins is slower than originally considered in the CNCPS
(Sniffen et al., 1992). Furthermore, other data on AA
and peptide uptake by bacteria indicate that peptide
formation in the rumen is relatively rapid (Mahadevan
et al., 1980; Chen et al., 1987); however, peptide uptake
appears to be a rate-limiting step (Chen et al., 1987;
Broderick and Wallace, 1988). Thus, any peptides that
solubilize but are not recovered in a trichloroacetic acid
or tungstic acid precipitation (Licitra et al., 1996) pre-
viously were apportioned to the NPN fraction and were
calculated to degraded to ammonia and not have the
opportunity to escape from the rumen and provide MP
to the animal as described by Reynal et al. (2007). Sub-
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sequently, the PA2 kd have been adjusted in v6.5 to be
consistent with literature reports and now range from
5 to 50%/h (Table 1), and this provides predictions
of MP supply from the soluble protein pool consistent
with the data of Choi et al. (2002a) and Reynal et al.
(2007).

Also, the original values for sugar kd were derived
from in vitro fermentation studies using pure cultures
of Streptococcus bovis grown on glucose (Russell and
Hino, 1985; Russell, 1990). As might be expected, the
kd of glucose in this situation is rapid (200-300% /h)
but probably does not reflect the kd of sugar fermenta-
tion in the rumen for a mixed microbial system and
rarely available soluble glucose. For example, a kd of
300%/h implies a rumen retention time of 12 min, a
value greater than the mean growth rate of rumen bac-
teria. More recent data generated using gas production
techniques indicate the kd of sugar by mixed rumen
bacteria to range between 40 and 60%/h (Doane et al.,
1998; Molina, 2002). Thus, values in v6.5 have been
adjusted to fit within this lower range (Table 1).

To estimate the digestible fraction of NDF, the
CNCPS has used a fixed value to describe the indigest-
ible NDF of forages and feeds. This value was published
by Chandler et al. (1980) and described as (lignin x
2.4)/NDF, and the approach was consistent with that
described by Weiss et al. (1992), who used a surface
area relationship between NDF and lignin to estimate
the unavailable NDF. More recent data using both long
fermentation times in situ and in vitro data demon-
strate a fixed value is not consistent with observations
and that the relationship between lignin and digest-
ibility is dynamic and an outcome of agronomic condi-
tions such as water, heat, and light and relates more to
cross-linking between the lignin and hemicellulose than
lignin concentration (Besle et al., 1994; Huhtanen et
al., 2006; Raffrenato, 2011). In this update, the static
estimation of unavailable NDF was replaced by the
unavailable NDF' as estimated by in vitro digestion of
NDF after 240 h of incubation (Raffrenato, 2011). The
unavailable NDF' identified by this procedure captures
the variable differences in the available NDF pool size
based on growing conditions and genetics and appears
to represent a fraction that relates to rumen function in
a more robust manner (Huhtanen et al., 2006; Cotanch
et al., 2014).

Passage-Rate Assignments. The single-pool,
first-order approach used to estimate rumen diges-
tion in the CNCPS [digestion = kd/(kd + kp)] makes
estimating not only kd but also kp fundamental in
predicting the extent of rumen digestion. Lanzas et
al. (2007) evaluated the protein fractionation schemes
for both the CNCPS and NRC (2001) and noted that
the soluble fractions of both carbohydrate and protein
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fractions were assigned to flow with the solids passage
rate in the CNCPS structure. Given that liquid pas-
sage is 5- to 10-times faster than the solids passage
rates (Seo et al., 2006), and soluble fractions gener-
ally have faster rates of digestion, most of the soluble
components in the diet were predicted to degrade in
the rumen. However, several studies have demonstrated
that the soluble fraction of feed N can contribute 5 to
15% of the total AA flow to the duodenum of the cow
(Hristov et al., 2001; Choi et al., 2002a,b; Reynal et al.,
2007). To improve the capacity and robustness of the
model to predict the escape of soluble components and
to more appropriately reflect the interaction of the feed
proteins in the rumen, the soluble pools (CA1-4 and
PA1-2) were reassigned to flow with the liquid passage
rate in v6.5. The effect of this change resulted in an
increased flow of soluble components out of the rumen
such as sugar and soluble true protein, thus decreasing
microbial yield and ammonia production. This results
in greater digestion of substrates such as sugar and sol-
uble protein in the small intestine and subtle changes in
rumen N requirements due to the lower microbial yields
but consistent with the lower ammonia production.

FA Intestinal Digestibility. The original versions
of the CNCPS (Sniffen et al., 1992) through v5.0 (Fox
et al., 2004) treated dietary fat as a single entity with
the assumption that all fat escapes the rumen unde-
graded and 95% is digested in the small intestine. The
model of Moate et al. (2004) was incorporated into v6.0
of the CNCPS (Tylutki et al., 2008), which computed
individual FA intake, predicted de novo synthesis of
FA by rumen microbes, biohydrogenation of MUFA
and PUFA in the rumen, passage of individual FA
to the small intestine, and a global intestinal digest-
ibility of 95%. In that publication, it was recognized
that a global FA digestibility was not appropriate, but
modifications were not evaluated. Since that time much
work has been conducted to better estimate or describe
individual FA digestibility. The intestinal digestibility
of individual FA now implemented are in Table 2 and
are based on data and review from Moate et al. (2004)
and Lock et al. (2005, 2006).

Tissue AA Composition and Postabsorptive
Utilization. The tissue AA composition used within
the CNCPS was evaluated and updated using tissues
from a serial slaughter experiment (Diaz et al., 2001).
Representative samples of carcass; head, hide, feet, and
tail; blood; and organs were obtained from 40 calves at
65 and 105 kg of BW and subjected to AA analysis.
For the analysis of AA, sample aliquots (2 mg of N)
were hydrolyzed at 110°C for 21 h in a block heater
(Gehrke et al., 1985) with 5 mL of 6 M HCI after flush-
ing with N, gas. Norleucine (50 pL; 125 mM) was used
as an internal standard. Hydrolysates were filtered on
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Whatman 541 filters and diluted to 50 mL with water.
Aliquots (0.5 mL) were evaporated, redissolved in 1
mL of water, evaporated again, which was repeated 2
more times to remove the acid, and dissolved in 2 mL
of sample buffer for analysis. Additional aliquots (2 mg
of N) were preoxidized with 1 mL of performic acid
(4.5 mL of 88% formic acid, 0.5 mL of 30% hydro-
gen peroxide, 25 mg of phenol) for 16 h on ice before
acid hydrolysis for analysis of Met and Cys. Then, AA
were separated on a lithium cation exchange column
using a 3-buffer step gradient and column temperature
gradient. Detection was at 560 nm following ninhydrin
postcolumn derivation on an HPLC System Gold with
32 Karat software (Beckman-Coulter Inc., Fullerton,
CA). Standards (250 nmol/mL) for Asp, Thr, Ser,
Glu, Gly, Ala, Val, Met, Ile, Leu, Tyr, Phe, NH3, Lys,
His, Arg, and Cys (125 nmol/mL) were prepared by
diluting a purchased stock (AA standard H, #20088;
Pierce Chemical, Rockford, IL.) with the sample buffer.
Internal standards (250 nmol/mL) norleucine for non-
aromatic AA and 5-methyl-Trp for tryptophan were
prepared in sample buffer and combined with the other
standards. The volume of samples and standards loaded
on the column was 50 pL. Tryptophan was measured
in a separate analysis using fluorescence detection (ex-
citation = 285 nm; emission = 345 nm) according to
the procedure of Landry and Delhaye (1992). Briefly,
samples (2 mg of N) were hydrolyzed using 1.2 g of
Ba(OH), at 110°C for 16 h on a block heater and sub-
sequently cooled on ice to precipitate barium ions. An
aliquot of the hydrolysate (3 pL) was added to 1 mL
of acetate buffer (0.07 M sodium acetate; pH 4.5) and
analyzed by HPLC. The tissue composition identified

Table 2. Postruminal FA digestibility constants used in the Cornell
Net Carbohydrate and Protein System v6.5, adopted from Moate et al.
(2004) and Lock et al. (2006)

FA' %

C12:0 95.4
C14:0 75.1
C16:0 72.5
C16:1 72.0
C18:0 72.8
C18:1 trans 80.0
C18:1 cis 80.0
C18:2 83.0
C18:3 77.6
Other 58.7

'C12:0 = dodecanoic acid (lauric acid); C14:0 = tetradecanoic acid
(myristic acid); C16:0 = hexadecanoic acid (palmitic acid); C16:1 =
hexadecanoic acid (palmitoleic acid); C18:0 = octadecanoic acid (stea-
ric acid); C18:1 ¢is = octadecenoic acid cis isomers (includes oleic acid
and other positional isomers); C18:1 trans = octadecenoic acid trans
isomers (includes elaidic acid, vaccenic acid, and other positional iso-
mers); C18:2 = octadecadienoic acid (includes linoleic acid, conjugated
linoleic acid, and other positional isomers); C18:3 = octadecatrienoic
acid (includes a-linolenic and ~-linolenic acids); Other = long-chain
FA other than those listed above and with more than 12 carbon atoms.
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in this analysis was averaged with those from Williams
and Hewitt (1979) and incorporated into the CNCPS.

Furthermore, the CNCPS uses a factorial approach
to predict AA supply and requirements as described
by O’Connor et al. (1993) and Fox et al. (2004). The
efficiencies of use for absorbed AA in the CNCPS are
different for maintenance, pregnancy, lactation, and
growth and were most recently updated by Fox et al.
(2004). Lapierre et al. (2007) discussed the biological
correctness of having different efficiencies for mainte-
nance and lactation. When considering the distribution
of enzymes for AA catabolism and the dominate role
the liver plays in the modifying peripheral AA supply,
using a combined efficiency of AA utilization better
reflects the utilization of AA by the cow. Doepel et
al. (2004) conducted a meta-analysis of 40 published
papers involving abomasal, duodenal, or intravenous
infusions of casein or free AA and estimated the opti-
mum efficiency of use for each essential AA. Lapierre
et al. (2007) extended this work and estimated the
optimum efficiencies for each EAA at various levels of
MP supply. For application within the structure of the
CNCPS, the efficiencies derived at 100% of MP supply
were used because those efficiencies were apparently
derived when the AA supply was in balance with the
ME supply, or at least similar. The CNCPS uses fixed
efficiencies, and the most correct representation of AA
efficiencies should be on an energy-neutral basis. Also,
the model does not account for efficiency changes due
to over- or underfeeding AA because it assumed the
user will formulate close to the predicted requirement.
A comparison of the individual and combined efficien-
cies of use are in Table 3.

Nitrogen FExcretion and Methane Production.
The CNCPS is designed to be used in the field to predict

Table 3. The original efficiencies (%) of AA utilization as published
by O’Connor et al. (1993) and the combined efficiencies (%) of AA
utilization for both maintenance and lactation adapted from Doepel et
al. (2004) and Lapierre et al. (2007)

CNCPS' v6.0 CNCPS v6.5

Combined

AA Maintenance Lactation efficiency’

Met 85 100 66

Lys 85 82 69

Arg 85 35 58

Thr 85 78 66

Leu 66 72 61

Tle 66 66 67

Val 66 62 66

His 85 96 76

Phe 85 98 57

Trp 85 85 65

!CNCPS = Cornell Net Carbohydrate and Protein System.
*From Doepel et al. (2004) and Lapierre et al. (2007).
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nutrient excretion as part of a nutrient-management
decision-making process. Through evaluation, the par-
titioning of urine and fecal N excretion was determined
to be inconsistent with N balance data, thus a study
was undertaken to improve this partitioning (Higgs et
al., 2012). In part, this was done to help refine N feed-
ing and excretion in relation to milk. Because urinary
urea N is the most volatile form of excreted N and also
represents the true excess N, better predictions of uri-
nary N might help nutritionists formulate to decrease
this form of N excretion. The equations developed by
Higgs et al. (2012) were able to accurately partition
between urinary and fecal N along with total manure N
and have been implemented in v6.5.

Integrating prediction equations for greenhouse gas
(GHG) emissions into field-usable models could pro-
vide a tool for producers and nutritionists to consider
GHG emissions during the diet-formulation process;
therefore, equations were implemented to predict meth-
ane production. Two extant equations were used, one
for dairy cattle (Mills et al., 2003) and one for beef
cattle (Ellis et al., 2007). The equation from Mills et al.
(2003), used for dairy cattle, includes an exponential
function that describes the effect of ME intake and the
ratio of starch-to-ADF on methane production. The
equation is described as follows:

CH, (MJ/d) = 45.98

o (45.98671>< [(—0.0011 xstarch/ADF)+0.0045x ME intake])?

where starch and ADF are expressed as kilograms
consumed per day and ME is expressed in megajoules
consumed per day.

The equation from Ellis et al. (2007), used for beef
cattle, was chosen because it had the lowest root mean
square prediction error (14.4%) and the highest R’
(0.85) of the evaluated equations and is described as
follows:

CH,; (MJ/d) = 2.94 4+ 0.0585 x ME intake (MJ/d)
+ 1.44 x ADF (kg/d) — 4.16 x lignin (kg/d).

To enhance the ability of the model to provide ro-
bust GHG emission predictions, CO, emissions were
evaluated using 2 extant equations to determine the
capacity of each equation to predict observed CO, from
independent data sets. An equation from Casper and
Mertens (2010),

CO, (g/d) = 821.3 + 126.0 x DMI (kg/d)
— 1.18 x milk (kg/d),

Journal of Dairy Science Vol. 98 No. 9, 2015
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Table 4. Descriptive statistics of the rumen evaluation data set

Item Mean SD Minimum Maximum
Diet composition, % of DM
CP 16.1 2.55 9.9 20.7
RDP 10.2 1.81 6.2 14.5
RUP 5.9 1.33 2.9 9.2
NDF 34.6 9.02 22.7 59.5
Starch 23.8 11.66 1.1 44.1
Fat 4.0 0.84 2.6 6.2
Omasal flows, g/d
NAN 481 176.8 87 778
Bacterial nitrogen (BactN) 316 123.8 78 480
Rumen-degraded nitrogen (RDN) 337 126.2 50 539
Rumen-undegraded nitrogen (RUN) 164 65.1 7 326

was evaluated along with an equation by Kirchgessner
et al. (1991),

CO, = [~1.4 + (0.42 x DMI)
+ (0.045 x BW*™)]/0.27,

where CO, is expressed in kilograms per day, DMI in
kilograms per day, and BW in kilograms. The predic-
tions from both equations were very similar, and the
decision was made to implement the equation from
Casper and Mertens (2010) because it was easy to
implement and included milk yield as a factor, which
provided a greater range in predictions related to me-
tabolism compared with differences in BW as described
by Kirchgessner et al. (1991).

Model Evaluation: Data-Set Development

Four separate data sets were developed using litera-
ture studies and data from commercial farms provided
by regional nutritionists. The first data set (AA data
set) was used to estimate the optimum concentration
of Lys and Met relative MP to maximize milk protein
yield and milk protein concentration. Dose-response
studies (Appendix) were used where the supply of Lys
(8 studies; 43 treatment means) or Met (11 studies; 50
treatments means) was increased either by postruminal
infusion (42% of studies) or by feeding rumen-protected
sources (58% of studies). Digestible Lys and Met were
estimated from Lys and Met content and bioavailability
data provided either by the manufacturer or experimen-
tally estimated and reported. The optimum AA con-
centrations were estimated according to the procedure
described by Rulquin et al. (1993). Reference values
used in the calculations were 6.80 and a 2.43% of MP
for Lys and Met in MP, respectively. Predicted concen-
trations of Lys in MP varied between 4.99 and 9.30%
of MP and for Met between 1.69 and 2.85% of MP.
Positive and negative values for production responses
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were calculated using the reference values for control
and treatment groups. Responses of milk protein yield
(g/d) or content (%) and the predicted concentrations
of Lys and Met (% of MP) were evaluated by regression
procedures.

The second data set (rumen data set) was used to
evaluate the predicted flows of bacterial, feed, and to-
tal N from the rumen and was compiled from studies
where postruminal N flows were measured at the oma-
sum (Huhtanen et al., 1997; Ahvenjarvi et al., 2000;
Reynal and Broderick, 2005). In total, 20 studies (Ap-
pendix) with 74 treatments were included. All studies
reported rumen-degradable N, rumen-undegradable N
(RUN), NAN, and bacterial N (BactN). The data set
represented a wide range diet ingredients and nutrient
compositions. Descriptive statistics for the data set are
in Table 4.

The third data set (lactation data set) was used to
evaluate the ability of the model to predict milk yield
from the supply of ME, MP, or both and was compiled
from studies published in the Journal of Dairy Science
between 2001 and 2012 (Appendix). Lactation trials
were used with cows in different stages of lactation (ear-
ly, mid, and late). Studies that used crossover designs
(Latin square, Box-Behnken, and so on) or that had
<6 experimental units per treatment were excluded.
In total, 103 studies were preselected, of which 55 (200
treatments means) met the criteria for incorporation
into the data set. The criteria for inclusion required
each study to report (a) a description of the ingredients
and chemical analysis of the ration fed for each treat-
ment, (b) measured DMI, (c¢) milk yield and milk com-
position for each treatment, and (d) a description of the
animal and environmental conditions where the study
was completed. Additional data from commercial farms
was supplied by nutritionists in the Northeast United
States (15 farms; 50 diets). This data set was also used
to evaluate the ME- and MP-allowable milk using the
individual FA intestinal digestibility compared with the
global 95% FA digestibility used in previous versions.
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Table 5. Descriptive statistics of animal and production characteristics for the lactation data set

Ttem Mean SD Minimum Maximum
Diet composition, % of DM
CP 16.9 2.35 9.4 29.5
RUP 7.2 1.55 3.3 16.7
RDP 9.7 1.38 6.1 14.6
NDF 33.8 5.4 25.3 52.7
Starch 23.1 7.2 2.1 37.8
Fat 4.8 1.3 2.0 13.1
Animal inputs
Initial BW, kg 623 44.4 525 737
Final BW, kg 632 46.1 532 748
Initial BCS, 1-5 scale 2.92 0.374 1.1 3.6
Final BCS, 1-5 scale 2.96 0.384 1.2 4.4
DMI, kg 22.3 2.73 13.5 29.1
Production inputs
Milk yield, kg/d 34.6 7.14 15.5 52.6
ECI\’L1 kg/d 32.3 6.18 14.9 47.2
Milk protein, % 3.02 0.194 2.51 3.60
Milk fat, % 3.67 0.479 2.06 5.06

"Tyrrell and Reid (1965).

Descriptive statistics of the data set used are in Table
5.

The fourth data set was compiled from studies that
reported CO, and CH, production from animals in met-
abolic chambers and had adequate dietary information
to run an evaluation in the CNCPS (van Dorland et al.,
2007; Moate et al., 2011; Liu et al., 2012; Hammond et
al., 2014; Reynolds et al., 2014). The carbon dioxide
equation of Casper and Mertens (2010) was compared
with another published and used equation from Kirch-
gessner et al. (1991) to verify that the predictions were
similar and provided some assurance of a lack of bias.

A spreadsheet version of the CNCPS was used to
conduct the model simulations. Information on feed
chemistry required by the CNCPS to run a simulation
was used as reported by the study. Often, limited in-
formation was presented on the chemical composition
of the dietary components. In this situation, informa-
tion reported by the study was used, and uncertain
values were predicted using an extension of the method
described in a companion paper (Higgs et al., 2015).
Briefly, it was assumed that the feeds used in different
treatments in the same study had the same chemical
composition. The procedure optimized each chemical
component in each feed to be within a likely range, to
be internally consistent (chemical components sum to
100% DM), and to allow the compiled diet to match
the reported composition when all feeds reported in
the study had the same composition. Once entered into
the model, the simulations were performed and the
predicted and observed data were compared. Animal
information required to run a simulation in the CNCPS
included a description of housing conditions, BW, BW
change over the period studied, BCS, BCS change over

the period studied, stage of lactation, and stage of
pregnancy. If stage of pregnancy, BW, and BCS were
not provided, CNCPS default values were used. When
BW change was available, but BCS change was not
reported, the final BCS (target BCS) was calculated
from BW change assuming empty BW (EBW) changes
on average 13.7% for each unit of BCS change (Fox et
al., 1999; NRC, 2001). Empty BW was calculated from
BW using the following equations: EBW = 0.851 x
SBW, and SBW = 0.96 x BW, where SBW is shrunk
BW. Therefore, EBW = 0.81696 x BW.

Statistical Analysis

Statistical analysis was conducted using SAS (SAS
Institute Inc., 2010). A broken-line model with a pla-
teau was used to establish the dose-response relation-
ship between Met or Lys and milk protein concentration
and yield. According to the NRC (2001), this model
was equal or superior to other models for establishing
optimum Met and Lys supply. The model consisted of a
linear regression to a break point followed by a plateau:

Yij = ﬁO + ﬂlX,;]‘, when X < C,
Y= By + £ C, when X > C,

where Y;; = the expected outcome for the dependent
variable Y observed at level j of the continuous variable
X in study i, B, = the overall intercept across all stud-
ies, 3; = the overall slope of Y on X across all studies,
and C = the break point.

For the lactation and rumen data sets, a mixed ef-

fects model using the restricted maximum likelihood
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procedure was used to analyze the data as proposed by
St-Pierre (2001):

Y= 06y + 5iXy+ si + Xy + €,

where Y;; = the expected outcome for the dependent
variable Y observed at level j of the continuous variable
X in study 4 (or farm for the lactation data set), 5, =
the overall intercept across all studies (or farms for the
lactation data set), s; = the random effect of study (or
farm for the lactation data set) 4, 3; = the overall slope
of Yon X across all studies (or farms for the lactation
data set), b; = the random effect of study ¢ (or farm
for the lactation data set) on the slope of Y on X, Xj;
= the model predicted data associated with level j of
the continuous variable X in study 4 (or farm for the
lactation data set), and e; = random variation.

Squared sample correlation coefficients reported were
based on either the BLUP (R?gLyp) or model-predicted
estimates (R?ypp). Conditional residuals were used and
examined for bias as well as any potentially confound-
ing factors. Additional model adequacy statistics were
calculated to give further insight into the accuracy,
precision, and sources of error in each model (Tedeschi,
2006). Root mean square prediction errors were used
to indicate accuracy. A decomposition of the mean
square prediction error (MSPE) was also performed to
give an estimation of the error due to central tendency
(mean bias), regression (systematic bias), and random
variation. Concordance correlation coefficients (CCC)
were used to simultaneously account for accuracy and
precision. Concordance correlation coefficients can vary
from zero to one, with a value of one indicating that no
deviation from the Y = X line has occurred.

For the gas emissions, predictions data were analyzed
using a mixed model where study was included as a
random variable and the model included the specific
gas, CO, or CHy, study, and error.

RESULTS AND DISCUSSION
Maintenance Calculations

Evaluations of this adjustment in growing animals
were conducted, and the evaluations demonstrated
that the changes in maintenance requirements were
significantly overestimated (Van Amburgh et al., 1998;
Guiroy et al., 2001), thus the calculation for growing
cattle was removed. The outcome was a difference of
almost 0.4 kg/d in ME-allowable growth as the BCS
ranged from 1 to 5 (Table 6). This resulted in the po-
tential to overfeed energy to heifers given the model
would predict less ME-allowable gain than was truly
available at an average BCS. Thus, using BCS to adjust
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Table 6. The energy-allowable gain of a 250-kg Holstein heifer as
modified by the change in BCS from 1 to 5, independent of any diet
or other inputs

BCS, 1-5 ME-allowable gain, kg/d
1 0.84
3 0.70
5 0.55

'This adjustment was removed in Cornell Net Carbohydrate and
Protein System v6.5.

the maintenance requirements of growing cattle was
removed.

Tissue AA Content and Lysine
and Methionine Requirements

The tissues were analyzed by compartment and then
summarized on a whole-animal basis, and those values
are in Table 7. The values analyzed in this study were
similar to those of Williams and Hewitt (1979). The
tissue AA values used previously were not analyzed
using methods to protect the sulfur AA and were thus
underestimating the sulfur AA contents of tissues (Ain-
slie et al., 1993). The updated AA values are used for
tissue requirements for growing animals and can also,
if desired, be applied to cattle that are mobilizing body
reserves and associated body protein during periods of
negative energy balance (Fox et al., 2004). Body protein
mobilization will be proportional to the profile of the
tissue that was last deposited and will contain a modest
level of protein and available AA. When establishing
the new efficiencies of use of absorbed AA for lactation,
body mobilization of AA or any energy reserves were
not considered directly, and it would be expected that
an apparent increase in efficiency would occur because
of the presence of mobilized AA available for milk pro-
tein synthesis and not consumed. To fully model this
change in efficiency would require very specific data
on the amount of each specific AA mobilized and the
amount taken up by the mammary gland, and those
data and modeling approach were not considered in
this update.

To maximize milk protein yield, the calculated esti-
mates using the breakpoint analysis for Lys and Met
(% of MP) were 7.00 and 2.60% of MP, respectively
(Figure 1), and to maximize milk protein content, 6.77
and 2.85 (% of MP), respectively (Figure 2). These
data are similar to previous estimates for Lys using
v6.0 of the CNCPS (6.74 and 6.68% of MP for protein
yield and content, respectively) but 11 and 18% higher
than previous estimates for Met (2.31 and 2.40% of MP
for protein yield and content, respectively; Whitehouse
et al., 2013). This is partly due to the reorganization



Whole-animal
AA content
(weighted average)

Head, hide, feet,

Table 7. The AA content of 4 component tissues (carcass; organs and blood; liver; and head, hide, feet, and tail) from 40 Holstein calves from the study of Diaz et al. (2001) at

65 and 105 kg of harvest weight on a gram per 100 g of CP basis and averaged to represent the AA content of the whole body

Liver and tail

Organs and blood

Carcass

SD

g/100 g
of CP

% Total
weight

g/100 g
of CP

% Total
weight

g/100 g
of CP

% Total
weight

g/100 g
of CP

% Total
weight'

g/100 g
of CP

AA

0.14
0.10
0.06
0.03
0.21
0.15
0.21
0.13
0.15
0.18

1.79
6.26
2.41
3.65
1.18
3.83
6.96
2.94
4.28
6.75

0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18
0.18

1.14
4.26
1.38
2.79
0.57
3.08
5.73
4.24
7.81

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

2.35
5.39
2.34
4.52
1.82
4.46
8.59
3.85
5.29
6.17

0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17

1.56
7.59
3.61
5.21
1.64
4.76
9.86
2.65
5.56
6.08

0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63

2.01
6.51
2.38
3.41
1.21
3.77
6.45
3.12
3.83
6.68

"The percent total weight is the proportion of the component as a percentage of the whole animal averaged among the 2 harvest weights.

Tryptophan
Threonine

Phenylalanine
Leucine

Isoleucine

Methionine
Valine

Lysine
Histidine

Arginine
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of the protein pools, which has increased predicted MP
supply, but also due to the updated AA profiles (Higgs
et al., 2015). The methods used to analyze AA for the
original feed library (O’Connor et al., 1993) did not
preoxidize and thus protect sulfur AA and were not
adequate to correctly quantify those AA (Higgs et al.,
2015). Consequently, the AA profiles in the new feed
library are, in many cases, considerably higher in Met.
It is important to note, although the recommendations
for Met supply in v6.5 are higher, similar animal data
were used to derive the recommendations as previous
versions of the CNCPS (Whitehouse et al., 2013) and
the NRC (2001); therefore, the changes represents a
recalibration and are largely due to the updated AA
profiles, rather than a suggestion to feed 18% more
supplemental Met. It is also important to note that
these recommendations are model specific and are not
relevant to previous versions of the CNCPS or CPM
Dairy and can only be used with the new efficiencies for
postabsorptive AA use.

Efficiency of AA Use

To evaluate the updated efficiency of AA use included
in the CNCPS, the AA data set used to determine the
optimum proportion of Met and Lys in MP was used
to perform a regression of model-predicted AA balance
(g of Met/d) against the concentration of Met in the
diet (Met % of MP). Using the new efficiencies (Table
3), the regression line intercepted the y-axis at approxi-
mately 2.60% dietary Met relative to total MP (Figure
3), similar to the breakpoint derived in Figure 1A.
The studies used to perform this analysis were specifi-
cally designed to be both sufficient and limited in Met
supply to observe a dose response. Hence, one would
expect the model to predict both positive and negative
Met balance. Using the old efficiencies of AA use, the
regression line intercepts the y-axis at 2.00% dietary
Met (% of MP), and no diets are predicted to have
negative Met balance, contrary to expectations (Figure
3). Using the updated efficiencies, there is a balance
of both positive and negative Met balance among the
data set. This suggests that the new efficiencies of use
allow the model to more adequately represent the true
requirements of EAA, especially under conditions when
ME is not first limiting.

Rumen Nitrogen Flows

Model-predicted N flows were compared with those
measured using omasal sampling. The omasal sampling
technique described by Huhtanen et al. (1997) has
advantages over sampling in other compartments (ab-
omasum or duodenum) that include less contamination
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Figure 1. Milk protein yield response as a function of digestible
Met (A; y = =219 + 92.7 x Met and y = —219 + 92.7 x 2.6 for the
linear and the plateau part of the model, respectively; R’ = 0.48)
and Lys (B; y = —478 + 70.0 x Lys and y = —478 + 70.0 x 7.0 for
the linear and the plateau part of the model, respectively; R® = 0.55)
with the updated feed-library values for AA described by Higgs et al.
(2015).

with endogenous material and potential confounding
due to the markers used and the inability to define
adequate marker recovery from incomplete marker
recovery among studies, which affects all evaluations
of duodenally cannulated—cattle studies (NRC, 2001;
Seo et al., 2006). All studies in the current data set
measured digesta flow using a triple marker approach
(France and Siddons, 1986), which has been shown
to be more representative of digesta flows than single
markers such as CryOj; that are often used in studies
that have sampled at the duodenum (Firkins et al.,
2007; Huhtanen et al., 2010).

The random effect of study accounted for >81% of
the variation in the prediction of rumen-degradable N,
BactN, and NAN and approximately 67% in the pre-
diction of RUN resulting in high R’sup values (Table
8). Overall, CCC values were >0.81, indicating model
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Figure 2. Milk protein content response as a function of digestible
Met (A; y = —0.46 + 0.19 x Met and y = —0.46 + 0.19 x 2.85 for
the linear and the plateau part of the model, respectively; R’ = 0.77)
and Lys (B; y = —0.99 + 0.15 x Lys and y = —0.99 + 0.15 x 6.77
for the linear and the plateau sections of the model, respectively; R’ =
0.78) with the updated feed-library values for AA described by Higgs
et al. (2015).

predictions were both precise and accurate, although
the model overestimated RUN (3, = 0.73; Figure
4). Lanzas et al. (2008) completed a similar analysis
with v6.0 of the CNCPS using a data set of 5 studies
that sampled at the omasum and found the CNCPS
overestimated RDP and underestimated RUN flow,
contrary to the findings of the current study. This shift
can be explained by the reorganization of the N pools
in v6.5 and indicates further work is required to cor-
rect biases within the model. However, when compared
with the evaluation of Lanzas et al. (2008), updates to
the CNCPS have improved accuracy and precision of
rumen-degradable N and RUN (CCC = 0.81 and 0.63,
respectively).

The flow of BactN was predicted accurately and pre-
cisely (R*s up = 0.97; root mean square error = 24.6;
CCC = 0.87), which is in agreement with previous
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Table 8. Model adequacy statistics for the prediction of postruminal flow of rumen-degraded nitrogen QRDN), rumen-undegraded nitrogen
(RUN), NAN, and bacterial nitrogen (BactN) and of the first-limiting MP- or ME-allowable, or both, milk

. 2
Variance component

MSPE partitioned (%)

Ttem n R%iep Rime RMSPE  Study  Slope  Residual — CCC MSPE uM U’ Uk
Rumen data set
RDN 74 0.98 0.79 19.4 88.2 0.0 11.8 0.89 3,568 1.8 1.6 96.6
RUN 74 0.92 0.65 21.7 66.9 0.0 33.1 0.81 1,455 0.1 12.7 87.2
BactN 74 0.97 0.84 24.6 81.9 0.0 18.1 0.87 3,038 0.1 1.5 98.4
NAN 74 0.98 0.88 25.1 83.5 0.0 16.4 0.93 3,751 0.4 2 97.3
Lactation data set
MP or ME 250 0.97 0.78 1.6 7.7 0.5 21.8 0.83 12.8 0.1 21.8 78.2
ME 177 0.95 0.76 1.8 67.0 0.6 32.4 0.84 11.8 0.1 16.7 83.2
MP 73 0.98 0.82 1.1 91.5 0.4 8.1 0.83 14.2 0.5 26.9 72.6

"R2%5rup = correlation coefficient based on BLUP; R*\pp = correlation coefficient based on model predictions using a mean study effect; RMSPE
= root mean square prediction error; CCC = concordance correlation coefficient; MSPE = mean square prediction error; UM = percentage of er-
ror due to mean bias, US = percentage of error due to systematic bias, UY = percentage of error due to random variation (UI\ Ty US+ Ul = 100).

Percentage of variance related to the effect of study and random variation (mixed model).

evaluations (Offner and Sauvant, 2004; Pacheco et al.,
2012). Offner and Sauvant (2004) compared v5.0 of the
CNPCS, Molly (Baldwin et al., 1987); and the model of
Lescoat and Sauvant (1995) using duodenal flow data
and found the CNCPS to have the most precise predic-
tions of the 3 models. When considered together, biases
in BactN and RUN offset, resulting in NAN predictions
that are close to the unity line (Figure 5B) with an
R%srup = 0.98 and CCC = 0.93 and indicate the model
can accurately predict total N flows from the rumen.

Milk Yield Prediction

Previous evaluations of the CNCPS were conducted
using specific experimental data sets of studies con-
ducted at Cornell University (Fox et al., 2004; Tylutki
et al., 2008). Model-predicted milk yield (allowable
milk yield) according to the first-limiting nutrient
(MP or ME) was regressed on the observed milk yield,
and results demonstrated the capability of CNCPS to
predict the first-limiting nutrient with coefficient of
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Figure 3. Model-predicted Met balance (Met supply less requirement) against dietary Met using Cornell Net Carbohydrate and Protein
System (CNCPS) v6.5 with the updated feed-library values for AA described by Higgs et al. (2015; ®; slope = 0.0004; intercept = 0.0264; R’ =
0.68) or CNCPS v6.1 (O; slope = 0.0003; intercept = 0.02054; R* = 0.51).
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Figure 4. Observed versus Cornell Net Carbohydrate and Protein
System (CNCPS) predictions (@) for (A) rumen-degradable nitro-
gen (RDN; y = 1.06x + 0.85) and (B) rumen-undegradable nitrogen
(RUN; y = 0.74x + 23.14). Mixed-model residuals are also shown on
the graph (O).

determination (R?) = 0.89 and CCC = 0.94 (Tylutki
et al., 2008). The current evaluation, using a large data
set with 250 treatments from 55 studies and 15 farms,
reinforced the ability of the latest version to predict the
most limiting nutrient; MP- or ME-allowable milk yield
was predicted with an R%gpyp = 0.97, R%pp = 0.78, and
root mean square error = 1.6 (Figure 6). Moreover, the
low MSPE indicated the high accuracy of the model,
and the decomposition of MSPE suggested that ran-
dom variation (78.2% of MSPE) followed by systematic
bias (21.8% of MSPE) are the main elements to explain
bias (Table 8). The variance component analysis of
the mixed model indicated that 77.7% of the variation
was attributed to the random effect of study or farm.
Furthermore, the overall accuracy and precision of the
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Figure 5. Observed versus Cornell Net Carbohydrate and Protein
System (CNCPS) predictions (@) for (A) bacterial nitrogen (BactN;
y = 0.93x + 43.50) and (B) NAN (y = 0.94x + 24.24). Mixed-model
residuals are also shown on the graph (O).

model to predict the first-limiting nutrient was high as
indicated by the CCC (0.83).

The development of a large data set provided the
opportunity to evaluate the model over a wide range
of production and dietary conditions but also to evalu-
ate separately allowable milk for each limiting nutrient.
Results of the evaluation of ME- and MP-allowable
milk yield are presented in Figure 6 and Table 8. Both
MP- and ME-allowable milk were predicted reasonably
well as indicated by the high R pp and CCC and the
low root mean square prediction error. In this evalu-
ation, MP-allowable milk was predicted with greater
precision than ME-allowable milk. An early attempt to
evaluate CNCPS v6.0 when MP was the first-limiting
nutrient resulted in low precision (R* = 0.29; Tylutki
et al., 2008). Part of this low performance of the model
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Figure 6. Observed versus Cornell Net Carbohydrate and Protein
System predictions (@) for (A) first-limiting MP- or ME-allowable
milk (y = 0.65x + 13.17), (B) MP first-limiting milk (y = 0.61x +
15.06), and (C) ME first-limiting milk (y = 0.71x + 10.92). Mixed-
model residuals are also shown on the graph (O).

can be explained by the method used to evaluate the
model. Dairy cows were used as the statistical unit,
incorporating variation of the animal, and the studied
range of CP of the diets was very low including only
low CP diets based on the study by Recktenwald et al.
(2014). However, results indicated that modifications
to describe ruminal and postruminal protein require-
ments and supply, especially when low CP diets are fed,
were needed. Current updates of protein fractionation
and the corresponding adjustments of their degradation
rates as well as the new AA profiles and utilization con-
stants have made MP predictions more sensitive than

6373

previous versions, resulting in this significant improve-
ment of CNCPS to predict milk yield when MP is the
limiting nutrient.

The sensitivity of the model to predict a MP limita-
tion is partially a function of the overall efficiency of
use of MP to net protein of 0.67, the same value used in
the 2001 Dairy NRC (NRC, 2001; Tylutki et al., 2008).
Data from recent studies in lactating cattle call into
question the use of static efficiencies for either overall
MP or specific AA, and this makes sense given the
possible roles certain AA have in metabolism (Doepel
et al., 2004; Pacheco et al., 2006; Metcalf et al., 2008).

Metcalf et al. (2008) challenged the use of a static
efficiency and observed a range in efficiency of use of
0.77 to 0.50 as MP supply was increased. In that publi-
cation, they further determined using a best fit of data
that the optimal efficiency of use of MP to net protein
was between 0.62 and 0.64 for the average cow. This is
lower than the current value but is consistent with the
data of Doepel et al. (2004). Taking the simple mean
of the efficiencies from the Doepel et al. (2004), the
average efficiency of use of the essential AA was 62.2%,
again lower than the value currently being using in the
model but consistent with the data of Metcalf et al.
(2008). Most likely, any change in efficiency of use of
MP or AA will be associated in a change in ME utiliza-
tion, thus the absolute differences within one nutrient
will be hard to detect or manipulate. For this reason,
we updated the efficiencies of use of absorbed AA but
did not make modifications to the overall MP efficiency
assuming the overall change in efficiency is more af-
fected by ME for milk yield and not MP supply.

Although not shown, error fixes were made to the
calculations for metabolic fecal nitrogen. A double-
accounting error existed that resulted in underestima-
tion of endogenous protein losses. Because this directly
affects maintenance protein requirements, MP mainte-
nance has increased slightly.

Furthermore, the performance of the model to pre-
dict milk yield when MP is limiting compared with
ME limiting diets can be attributed to characteristics
of the data sets. Within the data sets evaluated, it is
more difficult to evaluate energy balance because infor-
mation on BCS change and BW change are typically
not reported. Also, BW change, depending on stage
of lactation, is not a good indicator of energy balance
due to changes in rumen fill and DMI, and body-water
versus body-fat changes, and changes in physiological
state (e.g., pregnancy-related BW changes). Thus, the
ability to describe ME-allowable milk or ME balance
among published data sets is more difficult, and that
outcome is reflected in the partitioning of error in the
MSPE where the majority of the error is random and
due to study and not systematic within the model
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(Table 8). This is a general problem with evaluating the
predictions of energy supply and requirements using
data from published studies because rarely is adequate
information published that would allow for adequate
representation of true energy exchanges and transfor-
mations in high-producing lactating cattle, thus we rely
on the data generated by balance and chamber studies
as the base of these calculations.

Individual FA digestibility constants reduced the
amount of digestible energy originating from fat sources
(6.3 vs. 9.0% of digestible energy for CNCPS v6.5 using
individual vs. global FA digestibility), and this resulted
into a 2.0-kg of ME-allowable milk difference (34.7 vs.
36.7 kg of ME-allowable milk for CNCPS v6.5 using in-
dividual vs. global FA digestibility). In terms of model
prediction, the individual FA digestibility constants
resulted in higher precision reducing the root mean
square error (1.66 vs. 1.59 for MP- or ME-allowable
milk, respectively). By implementing individual FA
digestibilities, differences in predicted ME from both
commercial products and also alternative fat sources
become more apparent because of differences in the FA
composition of various fat sources, and this improves
the ability of the model to estimate the most limiting
nutrient.

Nitrogen, Methane, and Carbon Dioxide Predictions

The implementation of prediction equations for uri-
nary and fecal N excretion allowed for an evaluation of
the behavior of urinary N, milk N, and fecal N excre-
tion under conditions where ME balance was similar
among studies or treatments and in every case, first
limiting (Kauffman and St-Pierre, 2001; Broderick,
2003; Hristov and Ropp, 2003; Groff and Wu, 2005;
Recktenwald, 2007; Recktenwald et al., 2014). In the
treatments chosen for evaluation, because energy was
first limiting, it allowed for the evaluation of urinary N
excretion under conditions of decreasing N intake (Fig-
ure 7). This approach was taken to better understand
the behavior of intake N when energy supply limits
the opportunity for increased milk protein synthesis or
protein yield. Thus, overall N efficiency, assuming the
cow made a metabolic decision that most of the urea
N excreted in urine was excess N not required for recy-
cling back to the gastrointestinal tract, was increased
as N intake was decreased (Marini and Van Amburgh,
2003; Recktenwald et al., 2014).

Predicted CO, emissions using the works by Casper
and Mertens (2010) or Kirchgessner et al. (1991) were
similar (Table 9). We chose to use the equation from
Casper and Mertens (2010) because it was easily inte-
grated into the CNCPS and the studies used to develop
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Table 9. Comparison of carbon dioxide (CO,) emission predictions
from dairy cows between the equations of Casper and Mertens (2010)
and Kirchgessner et al. (1991)"

CO,, g/cow per day

Casper and Mertens Kirchgessner et al.

Item (2010) (1991)
Mean 14,281 14,775
SD 1,181 1,244
Minimum 9,172 9,059
Maximum 16,429 17,187

The emissions predictions were not significantly different between
equations.

the equation encompassed a wide range of DMI and
milk yields from 1,252 individual cattle respiration ca-
lorimetric trials and were the foundation of the energy
metabolism system used in the United States. The ob-
served and model-predicted (13,449 + 1,228 and 12,306
+ 685; 503 + 29 and 442 + 37) CO, and CH, (mean
g/d + SD), respectively, were not significantly differ-
ent (P > 0.05), indicating the equations used could
provide reliable estimates of GHG production as long
as adequate dietary information was available (Figures
8A and 8B). These data demonstrate the potential
for nutritionists to consider GHG production as part
of diet formulation in a field-usable model to further
reduce the environmental impact of dairy production.

Summary

The most significant changes described in this update
are related to the ability of the model to better partition
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Figure 7. Nitrogen excretion in milk, feces, and urine based on
nitrogen intake in lactating dairy cattle under controlled conditions
of energy as first limiting. Cattle from studies and treatments select-
ed were producing approximately 40 kg of milk and consuming ap-
proximately 25 kg of DM per day with diets ranging from 14 to 19%
CP. Data were taken from studies by Kauffman and St-Pierre (2001),
Broderick (2003), Hristov and Ropp (2003), Groff and Wu (2005),
Recktenwald (2007), and Recktenwald et al. (2014).
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Figure 8. Comparison of model-predicted and measured CO,
and CH, emissions in dairy cattle using the equations of Casper and
Mertens (2010; A) and Mills et al. (2003; B) using data from studies
by van Dorland et al. (2007), Moate et al. (2011), Liu et al. (2012),
Hammond et al. (2014), and Reynolds et al. (2014). Predictions were
not significantly different from published values.

ruminal and postruminal N supply and requirements,
the updated feed chemistry and feed library, and the
changes made to improve the ability of the model to
predict the AA supply and requirements of lactating
dairy cattle. These updates improved the capacity of
the model to detect the most limiting nutrient, which
allows the user to refine diet formulation to improve the
productive efficiency of cattle. Furthermore, the model
is now able to provide estimates of the GHG emissions
that add a dimension to diet formulation that better
meets the needs of the industry and consumers in the
21st century. Further updates to the model are avail-
able; however, the current mathematical and frame-
work structure is more than 30 yr old and accordingly
requires a reimagination to a more dynamic system to
fully implement and evaluate. Thus, the changes could
not be fully implemented in this update.
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