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ABSTRACT

The objective of the study was to develop a static
empirical model for the estimation of net energy content
of compound feeds in a dynamic feeding system using
net energy for lactation at 20 kg of dry matter intake/d
(NEL20) values calculated by the Nordic Feed Evalu-
ation System (NorFor) model. In the NorFor system,
NEL20 is a standardized value used to describe net
energy content of feeds. The static model would allow
prediction of the net energy value of compound feeds
without access to the input data needed for the dynam-
ic models. Our hypothesis was that NEL20 values of
compound feeds can be predicted using organic matter
digestibility (in vitro) and chemical components of the
compound feeds as input variables. For this, 75 com-
pound feeds and their 108 associated ingredients were
collected across Scandinavia for model development.
The proposed best model for prediction of compound
feed NEL20 included crude fat, neutral detergent fiber,
digestible organic matter measured in vitro, and crude
protein (urea corrected) as independent variables. Lack
of additivity of chemical components between values
analyzed directly in the compound feed and values cal-
culated by the weighted sum of ingredients was detected
as the main source of error in the model, emphasizing
the importance of accurate chemical analysis and sam-
pling practices. Results from practical use of the model
show that it may be a valuable tool that could be used
by several actors in the feeding sector using the NorFor
system. Feed manufacturers could use it to monitor the
net energy content in their final product, and farmers
could use it to check the net energy content of the
purchased compound feed. However, validation of this
model against an independent set of samples is lacking
in this study and its prediction performance should be
further evaluated. The model will need recalibration
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if the feed parameters used in the dynamic model for
the estimation of reference values change, as this would
not be reflected in the predicted values of the created
model.

Key words: energy estimation, additivity, in vitro
digestibility, concentrate ingredient, dairy cow

INTRODUCTION

In recent decades, several dynamic mechanistic mod-
els have been developed for feed and ration evaluation,
such as the Cornell Net Carbohydrate and Protein
System (Tylutki et al., 2008), the Nordic Feed Evalu-
ation System (NorFor; Volden, 2011), and the INRA
Feeding System for Ruminants (Sauvant et al., 2018).
Although these models incorporate time as a variable
with detailed biological interactions, they have limita-
tions in practice, such as a lack of available data or poor
data quality to use as input for the model (Tedeschi et
al., 2005).

Net energy content estimation for compound feeds
in the NorFor system is a good example of a dynamic
model. The NorFor system does not have a fixed net
energy of lactation value for feedstuffs because dietary
interactions between feedstuffs, such as nutrient deg-
radation and passage rate with feed intake level, are
considered. However, for purchasing decisions and feed-
stuff ranking, a comparison of the energy contents of
feedstuffs is essential; thus, standard net energy values
for individual feedstuffs were formulated in NorFor
(Akerlind and Volden, 2011). The net energy of lacta-
tion at 20 kg of DMI/d (NEL20) is the most used
standard energy value. The NEL20 values (MJ/kg of
DM) are created for all feedstuffs, considering the same
fixed input parameters, such as animal characteristics
(600 kg of weight, 20 kg of DMI/d), 50% concentrate
proportion in the diet, and passage rates for CP, starch,
and NDF, among others. Other variables are feedstuff
specific, such as chemical composition, degradation
rates, and indigestible fractions. For raw materials
(e.g., grains and by-products), in sacco characteristics,
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such as degradation rates and indigestible fractions, are
taken from the NorFor Feed Table (NorFor, 2020) based
on Nordic databases and in situ characteristics. These
input values are unavailable for commercial compound
feeds, so NEL20 is calculated by the weighted sum of
the ingredients (Akerlind and Volden, 2011), making
it reliant on ingredient composition. However, in the
European Union (EU), declaration of the ingredient
proportion of compound feeds is not mandatory. Hence,
to have an accurate diet formulation, an alternative
method for estimating the net energy of compound
feeds (NEL20 in NorFor), independent from ingredient
composition, is required.

Several feeding systems have static empirical equa-
tions for the energy prediction of compound feeds based
on OM digestibility (OMD) in vitro and chemical
composition as explanatory variables; see, for example,
the INRA system, the English Feed Into Milk system
(Thomas, 2004), the German system (GfE, 2009), and
the Danish system (Weisbjerg and Hvelplund, 1993).
The objective of our study was to develop a static em-
pirical model for the estimation of net energy content
of compound feeds in a dynamic feeding system using
NEL20 values calculated by the NorFor model. A suc-
cessful static model would allow accurate prediction of
the energy value of compound feeds without access to
the input data needed for the dynamic models. Our
hypothesis was that NEL20 values of compound feeds
can be predicted using OMD (in vitro) and chemical
components of the compound feeds as input variables.

MATERIALS AND METHODS
Samples

We collected a total of 75 compound feed samples to-
gether with their associated ingredients (108 ingredient
samples) over 2 yr from 6 feed companies in Denmark,
Sweden, and Norway (2 companies from each country).
Collected ingredients were sampled from the batch
from which the compound feed samples were produced,
and the exact recipe for compound feeds samples was
provided. To ensure variation between years, we gath-
ered samples from different feed companies and differ-
ent feed mills from the same company (with different
ingredient sources) over a period of 2 yr.

Compounds and ingredient samples included at 2%
of DM and higher were analyzed for OMD using the
enzymatic digestibility of OM method (EDOM; Weis-
bjerg and Hvelplund, 1993), a multienzymatic method
described in detail by Alvarez et al. (2020). Digest-
ible OM (DOMgpon) was estimated as EDOM (%)
x OM (g/kg of DM). Ash was determined by sample
incineration at 550°C, nitrogen (N) was determined by
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the Dumas method (Dumas, 1831) using a Leco instru-
ment (Leco Corp.), and CP was estimated as N x 6.25.
Crude fat (CFat) as petrol ether was extracted after
HCI hydrolysis according to EU 152/2009 (European
Commission, 2009), and NDF (ash corrected) was de-
termined using the amylase-treated NDF method (ISO
16472:2006; ISO, 2006). Starch (ST) was analyzed as
described by Kristensen et al. (2007). After hydroly-
zation by a-amylase and amyloglucosidase, glucose is
converted to hydrogen peroxide (by glucose oxidase)
and measured electrochemically using a silver—platinum
probe (YSI Inc.). Organic raw materials with an inclu-
sion lower than 2% of DM in sampled compound feeds,
minerals, and vitamins were not analyzed, so values
from the NorFor Feed Table (NorFor, 2020) were used.

The NEL20 value of ingredients was estimated using
degradation rates and indigestible fractions from the
NorFor Feed Table (NorFor, 2020) and the measured
chemical composition (Akerlind and Volden, 2011).
For compound feeds, NEL20 values were calculated ac-
cording to NorFor by adding the NEL20 values of each
ingredient according to their proportion in the mixture,
referred to here as the weighted sum. These meth-
ods were used to calculate NEL20 of ingredients and
compound feed used as the reference value for model
development (referred to here as the NEL20 reference).

Statistical Analysis

All statistical analysis was performed using R soft-
ware (version 3.6.0; R Core Team).

Model Development. Three data sets were used
to develop models: a data set of 75 compound feed
samples (referred to here as the compound data set), a
data set of 108 ingredients (referred to here as the in-
gredient data set), and a data set of both 75 compound
feeds and 108 ingredients, in total 183 samples (referred
to here as the all data set). The dependent variable
was NEL20 (MJ/kg of DM). Independent variables for
potential inclusion in the models were DOMgpoy, CP,
CFat, NDF, ST, and ash (% of DM). The CP content of
compound feeds was corrected for urea by subtracting
the urea CP proportion from the compound feed CP
content (CP,,). The order of inclusion for variables in
models was determined through stepwise forward selec-
tion by small sample size corrected Akaike information
criterion (AICc; Hurvich and Tsai, 1989) using the
“stepAIC” function and the “AICc” criteria from the
MASS package (Venables and Ripley, 2002). Models
were developed using a sequential approach, includ-
ing one variable at a time. Models were created with
and without feed company or year as random effects.
Models with random effects were developed using the
“lmer” function from the “lme4” package (Bates et al.,
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2015). Models without random effects were developed
using the “Im” function from the “stats” package in R
(R Core Team).

The variance inflation factor (VIF) assessed the mul-
ticollinearity of independent variables in models (Zuur
et al., 2010) with 3.3 as the limit criterion (Kock and
Lynn, 2012). If a VIF value higher than 3.3 was de-
tected, the variable with the highest VIF was discarded
until the VIF for all variables met the criterion. Model
fit was evaluated by AICc and root mean squared error
(RMSE). No mean or linear biases were evaluated, as
no independent data were used to evaluate model fit.

Model Validation. As models were created with
different data sets, they were compared by evaluating
prediction performance on compound feed samples
only. For models developed with the all data set and
compound data set (as compound feed samples were
part of the development data set), validation was per-
formed by cross-validation (the leave-one-out tech-
nique) using predicted residual error sum of squares
(PRESS) according to Allen (1974). For models devel-
oped with the ingredient data set, where compound
feeds were not part of the data set, validation was
performed by using compound feed samples as an inde-
pendent data set. Root mean squared error of predic-
tion (RMSEP) was calculated for all models to evalu-
ate prediction performance. For cross-validation, RM-

SEP was calculated with PRESS as LESS
no. of samples

For models validated with compound feeds as an inde-
pendent data set, RMSEP was calculated as

\/Z (predicted — 1"eference)2

no. of samples

Additive Property. For DOMgpon, ash, CP.,
CFat, NDF, and ST, additivity was evaluated to test
its effect on NEL20 prediction. Additivity was calcu-
lated according to Alvarez et al. (2020) by regressing
the weighted sum of ingredients for the corresponding
value (predicted) against the value directly measured
in the compound feed (observed). Differences between
predicted and observed values are referred to as addi-
tivity residuals. For regressions, the “Im” function from
the “stats” package in R (R Core Team) was used. The
additivity property was compared with EU-permitted
tolerances for compositional labeling of compound
feeds (European Commission, 2010). The EU tolerance
levels define for all chemical components the acceptable
differences between declared content and actual content
in concentrates (for tolerances specifications, see Fig-
ure 1). Residual analysis was performed by regressing
model-predicted values against residual values. For this
analysis, model-predicted values were centered around
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the mean, making slope and intercept independent and
orthogonal for mean and linear bias evaluation, respec-
tively (St-Pierre, 2003).

To evaluate the effect of additivity residuals on
NEL20 prediction by the model, for each compound
sample additivity residuals of all chemical components
were evaluated together. This was done by including
the additivity residual of each chemical component
as input in the selected model. Using this approach,
all components were evaluated at the same time and
weighted by their importance by the model’s coeffi-
cient, also referred to as the weighted sum of additivity
residuals. The weighted sums of additivity residuals
were regressed against their NEL20 residual (NEL20
predicted — NEL20 reference), and Pearson correlation
coefficient (r) was evaluated.

Model Use in Practice. To exemplify how the
selected model could be used in practice, 30 indepen-
dent compound feed samples (referred to here as the
example data set) were collected from 4 companies with
their corresponding NEL20 values as declared by each
company (referred to here as NEL20 declared). Ingredi-
ent composition was supplied by each company, but
no ingredient samples were collected; therefore, NEL20
reference values were not calculated. The NEL20 de-
clared values were calculated in the NorFor software
and reported by each company by including ingredients
of the compound feed and their chemical composition
and proportion. The values used for the NorFor calcula-
tions by the companies were a combination of measured
and table values, with the proportion being company
dependent and unknown for this study. The compound
feed samples were analyzed for DM, ash, DOMgpon,
CFat, NDF, CP, and ST as well as CP,,,, calculated by
the same methods used to analyze samples for model
development. The NEL20 values predicted by the best
model were regressed against the values declared by
the company. Tolerance limits of EU (+5%; European
Commission, 2010) were used as criteria to determine
significant differences in this regression.

RESULTS
Characteristics of Feed Samples

Chemical composition, digestibility, and NEL20
reference of compound feeds and ingredient samples
are summarized in Table 1. Of the 75 compound feed
samples, 40 contained more than 25% DM ST and
could be referred to as energy supplements, whereas
21 were protein supplements with more than 25% DM
CP,,,- The NEL20 range for compound feed presented
a minimum of 6.06 MJ/kg of DM and a maximum of
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Figure 1. Regression between predicted nutrients (calculated by the weighted sum of ingredients; x-axis) and measured nutrients in com-
pound feed (y-axis) for (a) NDF, (b) crude fat (CFat), (c) digestible OM by enzymatic digestibility of OM method (DOMgpoy), (d) CP corrected
by urea (CP.,,), (e) ash, and (f) starch (ST). Solid line: x = y; gray lines: European Union (EU) tolerance (allowed difference between declared
value and actual content for the corresponding nutrient). Tolerance levels used for NDF (correspond to EU tolerance for crude fiber) and ST:
+3.5% of total mass or volume for contents of 20% or more; 17.5% of the content for contents of less than 20% but not less than 10%; +1.7%
of the total mass or volume for contents of less than 10%. Tolerance levels used for CFat, CP,,,, and ash: +3% of the total mass or volume for
contents of 24% or more; 12.5% of the content for contents of less than 24% but not less than 8%; +1% of the total mass or volume for contents
of less than 8%. Tolerance levels used for DOMgpoy (correspond to EU tolerance for energy): +5% of the content. Dashed lines: regression line.
Regression equation: coefficient (SE). RMSE = root mean squared error.
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8.43 MJ/kg of DM, with 7.14 MJ/kg of DM as the
mean value.

Ingredient samples presented a wider range than
compound feeds for all variables (Table 1). Ingredient
samples were used to produce compound feed samples,
and a detailed description of their composition, fre-
quency of inclusion in the compound feed samples, and
quantity of samples included in the data set is shown in
Table 2. Rapeseed cake followed by soybean meal and
rapeseed meal were the most frequently used protein-
rich ingredients in compound feeds. Barley was the
most frequently used starch source, followed by wheat,
oats, and rye. Sugar beet pulp and wheat bran were the
most included fiber-rich ingredients. Other frequently
used ingredients were distillers grains, maize, and maize
gluten meal.

Model Development and Validation

Stepwise AICc selection for prediction of NEL20
showed the same order of variable inclusion for the all
data set and ingredient data set, with CFat as the first
variable included, followed by NDF, CP ..., DOMgpou,
ash, and ST. For the compound data set, NDF was the
first variable, followed by CFat, DOMgpon, CPeows ST,
and ash. Models with ST presented a VIF higher than
3.3; thus, ST was removed from those models. After
ST was removed, VIF met the criteria. Models includ-
ing company and year as a random effect presented
higher AICc in all model comparisons, so models only
including fixed effects were chosen. Table 3 shows AICc
and RMSE for all models used for model fit evaluation

and RMSEP used to evaluate prediction performance.
Model T presented the best fit (AICc = —71.8, RMSE
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= 0.149 MJ/kg of DM) and predictive performance
(RMSEP = 0.149 MJ/kg of DM), followed by model
J. Model E, developed with the largest data set (183
samples) and NEL20 range (3.05-18.8 MJ/kg of DM)
presented a fit and predictive performance comparable
with that of models J and I. Therefore, models E and
I were chosen as the best models for NEL20 prediction
in compound feeds, and further analysis was conducted
based on these models.

Twelve out of 75 compound feed samples contained
urea. Urea inclusion in these 12 samples was 1.21% of
DM on average, with a minimum inclusion of 0.341%
of DM and a maximum inclusion of 3.30% of DM. The
effect of not correcting CP for inclusion of urea in the
compound feeds was tested in models E2 and 12. Models
E and I presented better fit than their corresponding
models not corrected for urea (Table 3).

Additivity

The additive properties of NDF, CFat, DOMgpow,
CP,., ash, and ST are shown in Figure la to f for
the 75 compound feed samples. Of the 75 samples, 49
were also evaluated by Alvarez et al. (2020). To as-
sess additivity, EU tolerance limits for each chemical
component were used as criteria (for specific toler-
ance limits, see Figure 1). For NDF, the EU does not
specify tolerances; thus, limits defined for crude fiber
were used. Of the 75 samples, only 2 were outside these
limits (Figure 1a). From residual analysis, intercept (P
= 0.76) and slope (P = 0.49) presented no mean or
linear bias, respectively. For CFat, 8 out of 75 samples
were outside the EU tolerance limits (Figure 1b). From
residual analysis, additivity of CFat presented a signifi-

Table 1. Summary statistics of the chemical composition of compound feeds and their ingredients used for model development of NEL20

Compound feeds Ingredients
Item' Mean® Min® Max* SD Mean Min Max SD
Number of samples 75 75 75 75 108 108 108 108
DOMgpon (% of DM) 83.5 71.8 93.9 4.2 83.1 35.5 96.6 11.1
Ash (% of DM) 7.02 2.39 14.37 1.63 4.73 0.20 22.60 3.04
CP (% of DM) 23.9 11.7 42.7 7.21 23.7 0.131 66.7 16.4
CP.o, (% of DM) 23.4 11.7 40.7 6.79
CFat (% of DM) 6.03 2.21 12.1 2.07 7.95 0.56 98.9 16.1
NDF (% of DM) 22.6 10.4 36.2 5.52 26.3 0.00 71.6 16.7
ST (% of DM) 23.6 1.60 56.8 14.1 24.0 0.00 72.6 26.6
NEL20 reference (MJ/kg of DM) 7.14 6.06 8.43 0.49 7.36 3.05 18.8 2.24

"DOMgpon: digestible OM by enzymatic digestibility of OM method; CP,.,: CP corrected by urea content in compound feeds; CFat: crude
fat; ST: starch; NEL20 reference: net energy of lactation at 20 kg of DMI/d. NEL20 reference of ingredients: calculated using table values and
measured chemical composition. NEL20 reference of compound feeds: calculated by the weighted sum of its ingredients.

?Average content.
SMinimum content.
4 .

Maximum content.

Journal of Dairy Science Vol. 104 No. 8, 2021



9367

N JO %0T TR} IoMO[ UOTSIOUT WINTIIXEUL © (LM SJUIPIITU],

"(SV 10380810N) stojowrord UooLaI PuE eaIN (LM pojealy Ao[reg,

AV MVV) [eowr peosader ONH-uou possedord-tres)s,

"(SV ejoua(q) Teomr weaq£os (QIND)) WSTIRSIO PATJTPOUT AJ[ROTIOUSS-TOT Ppagoojord-uatmyy,

‘Ayysnput Sunrewt jo jonpord-£g,

‘possordxo are soguels ou ‘ojdures oareiueseIdol T AJUO YHM SHUSIPOISUL 10 ‘N [0} JO % (0T URY) oI0w e pod) punoduwod © ul jussord JI A[UO UMOYS oIr SHUSIPIISUL [enprarpur,

"P/IING Jo B3 0z ¥e uoryesor] jo £310u0 jou
JO 9N[RA 90URISJOI = JOI (OZTHN ‘UoIRIS = .S ‘9R] 9PN = 1B ‘poyIow N JO AN[IqUISaSIp orpewdze Aq N [qIIsesSip = WO sopdures pesy punoduion o) Ul JUSIPOISUT
a1y jo uorsnpout jo uorpodord jo afues = srerg JusIparsur oy Jo so[dures jo Joqunu = so[dures jo ‘ON -JULIPaIFUL AT} dpnpoul jery sopdures pesj punoduiod jo requnu = baxy,

.. DAIRY INDUSTRY TODAY

Alvarez et al

80T G ®101,

(88T-0¢) 22’6 (9°29-0) 791 (¢12-0) 89z (6'86-¢1) 08¢ (L2 T0) €¥T (922-20) 09°¢ (SF6-6GE) €92 01> 91 L Rcliile}

) 67 091 0F 1'9¢ 0°G 068 @A 1 I EEEQ

(69F-SFT) 297  (8T-¢0)¥T  (9712-9¢89) ¢0L  (I'$29) €L  (88T6G1) 69T  (F¢07F) 9% (80L-028) €€9 (521-2T) 9L id 9 YD [oUIOY W[

(7L'9-099) 299 (6L£-9°€¢) L'ce (1'16-062) T0¢  (97-8€) &F  (F'91-9ST) 6T  (€€6C) T'e (898€98) ¢98 (6F1-¢T) L9 é 6 Surppru yesyp

18°9 8T 0'T% 9% i) 9 ¢16 (LS1-00) vV 1 01 dmd snnr)

(069-729) 289  (91-60) €1 (118¢62) c0e  (@v6¢€) 17  (z8se¥Le)8Le  (LL-GL) 9L 96L (8°09-T'€) LT e 4 o1dx

8T L1 zL QL T 4l S[y wBaq£o0g

(Fe—¢e) et (9°9¥'9) 59 8'G ¢ ,ssed4og

(1¢¥7) 8¢ (7°2-09) 99 Ll ¢ Smoxds ey

(Ge61) 9¢ (8°2-7'9) 1°L 0 19 ¢ [eIUI TOMOfJUNG

(19-67%) ¥¢ (9z-¢1) 1¢ T 0L ¢ [eowt uoN[S ozIe[y

(8%7C¥) ¢F (91-11) €1 N4 811 9 ozIRI\

(ZzS8T1) 61 (L191) 91 ‘8 9°GT ré oky

G'ZI-8°9) ¥'8 (9°¢-6%) €¢ q zel iz sureid sI9qsI(

6°0T-9F) €9 (¢e-2T) 8T T 6L L s1eQ

(Ge7gv) LT (8¢2¥) 0°G 9 6'8 8 weq 1R A\

(69-1%) 6F (g8-zL) LL 6 6°LT G [eowr poosodey]

(82-172) g¢ (L1971) 91 9 €1l 8 yeoU A\

(0¢-ce) Le (18-29) 0°L T [ L [eow weoq40g

(7'1-90) T'T (gzr-¢9¢) €9 0 T'T1 L dmd 300q IeSng

(7e-872) 0°¢ 8 GT-2 01 N : (LZ6T1)17C 9 €ee 8 Koreg

(cor-zer) vt (gLe0%e) 0ve  (69-29) L9 9 : L e pessadey]

(N Jo 33/rIN) (Na jo %) (Na jo %) (Najo %) (Na jo %) (Najo %) (INd Jo %) (Najo %)  soidwes boxg uerpeIsuy
PI0ZTAN 1S AAN ELE o) do sy OO areyg jo oN

(sosorpjuared
T WIMUITXRT- TUNTITUTT 1M “TROTT SB TMOT]S 9T% SON[eA) Jronsoduod [esruet pue ‘dreys ‘sofdures Jo Ioquinu ‘uorsnour Jo Lousnbory Aq sordures jusrpaisur jo Arewrwng ‘g S[qE],

Journal of Dairy Science Vol. 104 No. 8, 2021



9368

.. DAIRY INDUSTRY TODAY

Alvarez et al

‘pourtojrod sem

sordures jo ‘ou

UOT)RPI[RA-SSOID OU ‘SnT[) {49s eyep Juapuadopur ue a1om spadj punoduiod se () 03 3 S[PPOU I0J POYe[NO[Rd 10U sem GSHMJ ° (otatagor — pororpord) XY = JASINY ‘O 03 3 S[epout 10§
z !

 sordures jo -ou
_ ssdud

= JUSINY ‘[ 03 V S[PPOW 104 ‘uond1paid jo 10110 parenbs weswr 4001 = JHSINY -so[dures pady punodurod uo sorenbs jo wns 10110 Tenprsar pagdtpard = SSHY,

“I0110 poIenbs weotl J001 = HSNY POIIOLI0D UOLIOYLID UOTRULIONUL OYIeY = D[V,
"19s RJRP PR Ul sojdures Jo Ioquunu :u Ao sojdures JUaIpaI3UI JO 10 BIRP ® M padopaop a1om () 03 3] S[PPOIN "sejdures pesj punodurod A[uo Surpnour 30s vyep ® Yjm podojesap
9Iam [ 0} J S[OPOJN "se[dures juaIpaidul pue spasj punodurod Jurpnout 19s Byep ® [i1m padoeasp atem i 01 ¥ S[PPOIN (N JO %) Use {(INd Jo 83/3) INO X (%) INOJH Se paremores
(N Jo %) popewt (INOAH) NO Jo AN[Iqusesip orewdzus £q pamsesw O 9[qusasip NN O (N Jo %) so[dures pody punoduios ur pagoarios eaIn ‘d) = ““dp (INd Jo %)
AAN (N JO %) ¥ej opnad = yeq) p/INA JO ¥ 07 1o UoIpRIOR] Jo AB10Ud joU = (TN "I98 eyep [pro 10§ s1ojourered jo uomsnpur osimdols $100[Jo1 o[qR) A1} UL SPPOU JO I9PIQ),

90'C 19T°0 0% L6370 0'€r Use66¥0°0 — NOTNO@eee0 0 + “dDess00 + AANG6TFO0 — ¥.IDETT0 + SFF 0
JANS 9220 |V'¥ 62¢°0 919 NOWINO@ILED O + “dDFIE00 + AANLEFO0 — ¥&IDITT0 + 66°¢ N
6¢°¥ €1€°0 16°G GEV0 1131 HMPIDT’TN0 + AANOFIO'0 — ¥&IDSG0T 0 + LL°L TN
€0 6S€°0 F0'L 81670 L791 AANL890°0 — ¥8IDTOT0 + 99€°8 1
e 88¢°0 1L°9T 0€T'T 8FGE 18109110 + 0879 )
(INQ J0 S/ LIV 9€°L = 0TTAN Uedur (O] = U) 308 vjep JUSIPaIsu]
1'% 0ST°0 69'1 11°% 0ST°0 0L USeeHT0°0 — “dDFFe0°0 + "OMINOQIFE0 0 + 18IDLG60°0 + AAN6GFFO0 — T
9% 2910 20°C 9z'C 2910 0'65— dD 6100 + "OTINOALED 0 + 1RIDFOT0 + AANSFO'0 — 96°€ Tl
80°¢ 6710 99'1 80'C 6V1°0 8TL— T INFET0°0 + NOTINOJE6L00 + 1RIDL660°0 + AANSCEFO'0 — 69°€ T
19% 16T°0 oLt 19°C 16T°0 688~ WOMINO@BLE0'0 + YeIDFFI0 + AANOLYO0 — L0°G *H
062 8020 €z'e 06 8020 90— 18 IDGET 0 + AANOTI00 — 89°L D
68°F 67¢°0 91°6 68°F 67€°0 £'8G JAAN0Z90°0 — €6°8 1
(INA JO B/ [N PT°L = OFTAN Weout fg) = 1) 198 wyep punoduioy)
[siare GLT0 €0'G 0e'e 380 STT Useg9600°0 — "NOMNOJZEE0'0 + dDS6T0°0 + AANESHO'0 — 18IDTOT0 + LT'¥ :¢d
0% L8T°0 81 44 iz} 8'C qse96¥0°0 — "OMNOA-EE0 0 + " dDT1GT0°0 + AAN6EFO0 — YRIDETT'0 + LFT
7% €LT0 ¥3'C €9'¢ 182°0 gey NOWEINOTG070°0 + ““dD6120°0 + AANETFO'0 — ¥8IDEIT0 + 9°¢ ‘A
(I3 GET'0 ST'¥ 187 1870 0671 HPINGRTO0 + AANEGEI0'0 — ¥IDLOT0 + 19°L D
LLE 692°0 ¢ 786 el 0¥1e AANF990°0 — ¥eIDT0T°0 + L1°8 :d
1¥¢ 06£°0 4Nl 62T LL6°0 fads YeIDLTT0 + €79 Y
(INQ 30 83/CIN L&°2 = OZTEN Wweout {g8T = U) 398 vyep [V
(%) (Najo $9/rW)  SSEUJ (%) (Najosst/rm) 201V (INa Jo 89/ (V) [0ZTAN Jo uonoIpord 10§ [OPOJY
dASINY JdASINY HSINY HSINY
Jrorarpaxd [ppoy U [PPOIN

01199[0S DTV ds1Mdo)s To paseq spedj punodwod jo (N Jo 8Y/LIN) 1eIuod 0ZTHAN 101peid 0} s[opour uoryenbo uotsse1soy ¢ a[qe],

Journal of Dairy Science Vol. 104 No. 8, 2021



Alvarez et al.: DAIRY INDUSTRY TODAY

a
9_ +5% ‘//
s
/,/ o"' //
s /4
o 7 . &S /;0/
5 s 5%
E" 8_ / ’ /'/
; /) 'a‘ ° /
/ 2 /
% //. y }
/ ’ /
. i
9 / @ ) //
Q / ° .. /
g 7 //‘ o0~ ®
N /@
d / & o’ o.//
w /¢ 7 0.49(0.25) +0.92 (0.035) x
E ‘f/ RMSEP=0.16 MJ/kg of DM
2 o
o"" ///
6 - -* | I 1
6 7 8 9

NEL20 predicted by model E (MJ/kg of DM)

9369

b
9_
+5% /
//
= / VZ
2 / /
G /e
o / /5%
= / . .. /
S e yd
o / /
CTJ // o [}
y— ‘ /
() P ’ /
8 7 /‘/ [ ] ’/
@ e ¥ /-/
z g 7" 0.012(0.25) + 1.00 (0.035) x
7 4e*”  RMSEP=0.15 MJkg of DM
a2
e
A
6 ® , : .
6 7 8 9

NEL20 predicted by model | (MJ/kg of DM)

Figure 2. (a) Regression between net energy for lactation at 20 kg of DMI/d (NEL20) values of 75 compound feed samples predicted by
model E (x-axis) and their respective NEL20 reference values (y-axis). (b) Regression between NEL20 values of 75 compound feed samples
predicted by model I (x-axis) and their respective NEL20 reference values (y-axis). Solid lines: x = y; dashed lines: regression line; gray lines:
European Union tolerance (difference between energy declared value and actual energy content; £5% of the content). Regression equation: coef-

ficient (SE). RMSEP = root mean squared error of prediction.

cant negative mean bias (—0.23% DM, P < 0.05) but
no linear bias (P = 0.17). The EU does not provide a
tolerance limit for DOMgpoy, and tolerance stated for
energy was used. No samples were outside these limits
(Figure 1c), but residual analysis showed a significant
positive mean bias (1.03% DM, P < 0.05) but no linear
bias (P = 0.61). For CP,,,, 2 samples were outside EU
tolerance limits. Residual analysis showed a significant
linear bias (P < 0.05), meaning overestimation of low
observed CP,,, values and underestimation of high
observed CP,,, values (Figure 1d). No significant mean
bias was detected for CP,,, (P = 0.15). Ash showed the
highest number of samples (17) outside EU tolerance
limits. Residual analysis showed significant mean bias
(—0.63% DM, P < 0.05) and linear bias (P < 0.05)
overestimating low observed values and underestimat-
ing high observed values (Figure le). The additivity
relationship for ST showed that 8 samples were outside
EU tolerance limits (Figure 1f). Starch did not show
mean bias (P = 0.28) or linear bias (P = 0.46).
Regression between NEL20 values predicted by
models E and I against NEL20 reference for compound
feeds is shown in Figure 2a and b, respectively. Differ-
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ences between predicted and NEL20 reference values
were observed. From these differences, 2 samples were
outside the EU tolerance lower limit (—5%) for model
E, whereas no samples were outside the limits for model
1. Evaluation of the effect of additivity differences on
the NEL20 prediction of models E and I (Figure 3a
and b for models E and I, respectively) show a strong
association between weighted additivity residuals and
NEL20 residuals (r = —0.73, P < 0.001 for model E
and r = —0.69, P < 0.001 for model I).

Prediction of ingredient NEL20 by models E and I
is shown in Figure 4. For both models, the RMSEP of
ingredients was higher than for compound feeds. Figure
4 shows that ingredients such as wheat bran, maize,
rapeseed meal, and rapeseed cake were overpredicted
by the models (positive residuals), whereas ingredients
such as sugar beet pulp, barley, rye, wheat, soybean
meal, and maize gluten meal were underpredicted by
the models (negative residuals). Moreover, these residu-
als are higher for model I than for model E. Figure 4
also shows that ingredients in the extremes of the graph
(e.g., oat hulls, whole rapeseeds, and fat supplements)
showed the highest residuals for model 1.
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Figure 3. (a) Regression between weighted additivity differences (x-axis) and net energy for lactation at 20 kg of DMI/d (NEL20) residuals
from compound feeds using model E (y-axis). (b) Regression between weighted additivity residuals (x-axis) and NEL20 residuals from compound
feeds using model I (y-axis). Weighted additivity residuals: additivity differences of the chemical components weighted by including them in
model E (a) and model I (b); dotted lines: regression line. Regression equation: coefficient (SE).

Model Use in Practice

Only compound feed samples were collected; there-
fore, no NEL20 reference values were obtained and
only NEL20 declared values by the manufacturers were
evaluated, simulating the practical use of models E and
I. Chemical composition and NEL20 declared values
are shown in Table 4. Chemical composition showed
similarities to compound feeds used for model devel-
opment (Table 1), although maximum values of ash,
CP.,., and NEL20 were higher in the example data set,
but DOMgpoy and ST were lower. However, as model
E was developed using the all data set (including both
compound and ingredients) for model development, the
range of all variables was larger than in the example
data set. Comparison between the NEL20 values pre-
dicted by models E and I and the NEL20 declared by
companies is shown in Figure 5a and b, respectively.
Mean NEL20 declared value was 7.64 MJ/kg of DM.
For model E, mean NEL20 predicted value was 7.33
MJ/kg of DM, and 11 compound feeds samples out of
30 lay outside the upper 5% EU tolerance level. For
model T, mean NEL20 predicted was 7.30 MJ/kg of
DM, and 12 compound feed samples lay outside the
upper 5% EU tolerance level. For both models, for all
but 1 sample, declared NEL20 values were higher than
the values predicted by models E and I.

Journal of Dairy Science Vol. 104 No. 8, 2021

DISCUSSION

In the NorFor system, NEL20 is the most used stan-
dard net energy value. For compound feeds, NEL20 cal-
culation depends on ingredient composition. However,
manufacturers are not obliged to declare energy content
or ingredient share. Therefore, a method to measure
NEL20 directly from the compound feed is essential for
accurate diet formulation using NorFor, as compound
feeds can represent more than half of the feed ration.
With this study, we intended to formulate static em-
pirical equations to predict the NEL20 of compound
feeds independent of their ingredients, based on chemi-
cal composition and in vitro enzymatic OMD (EDOM),
determined according to Weisbjerg and Hvelplund
(1993) and evaluated by Alvarez et al. (2020). If the
method has sufficient accuracy and all the actors using
the NorFor system (farmers, advisors, feed companies,
and NorFor itself) agree, a common method will enable
final company verification of products, allow farmers to
confirm declared net energy values, and improve trust-
worthiness of the industry.

Other feed evaluation systems feature empiri-
cal models for the energy prediction of compound
feeds. The INRA system uses an equation proposed
by Sauvant et al. (2002) based on chemical composi-
tion and OMD. In this system, OMD is predicted by
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Figure 4. Net energy for lactation at 20 kg of DMI/d (NEL20) residuals of ingredients predicted by models E and I (predicted — observed;
MJ/kg of DM; y-axis) against NEL20 reference values (MJ/kg of DM; x-axis): (a) NEL20 reference from 3.05 to 7.29 MJ/kg of DM; (b) NEL20
reference from 7.30 to 18.84 MJ/kg of DM. AB = alkaline barley; B = barley; Bl = mix of grains; C = citrus pulp; CF = calcium fat; DF = dry
fat; DG = distillers grains; Ex = ExPro heat-treated rapeseed meal (AAK AB); G = dry Lucerne pellets; Lip = Lipitec (saturated fat; NLM
Vantinge AS); LSC = line seed cake; M = maize; MGM = maize gluten meal; ML = malt sprouts; O = oat; OH = oat hulls; OK = oat kernel;
P = peas; PC = palm kernel cake; R = rye; RS = rapeseed (crushed); RSC = rapeseed cake; RSM = rapeseed meal; SB = sugar beet pulp; SBC
= soybean cake; SBM = soybean meal SFM = sunflower meal; SP = Soypass (Denofa AS); T = triticale; W = wheat WB = wheat bran; WM
= wheat mlddhng Root mean squared error of prediction (RMSEP) of ingredients for model E = 0.29 M.J/kg of DM; RMSEP of mgledlentb for
model I = 0.41 MJ/kg of DM (see models in Table 3).

ADF and ADL or measured by enzymatic digestibility —precise but also easy to adopt. The EDOM method
(Baumont et al., 2018). The Feed Into Milk system has been proven accurate (Weisbjerg and Hvelplund,
(Thomas, 2004) recommends an equation based on 1996) and precise (Alvarez et al., 2020). Moreover,
compound feed enzymatic digestibility (Thomas et al., it is already a familiar method used in commercial
1988). Germany uses prediction equations based on laboratories in Scandinavia, as it is the official method
an enzymatic method for OMD determination (GfE, for energy declaration in compound feeds in the static
2009). Denmark established an official prediction Danish feed-unit system (Danish Veterinary and Food
equation also based on OMD, measured by the EDOM  Administration, 2020) and is used for OMD determi-
method, for the Danish feed-unit system (Weisbjerg nation in some forage types. In this study, inclusion
and Hvelplund, 1993) and chemical composition. of DOMgpoy as a variable agrees with the results
Thus, chemical composition and OMD were includ- of Cottyn et al. (1984) and De Boever et al. (1994),
ed as potential variables in this study. Selection of who found that models that only included chemical
DOMgpoum for OMD representation was based on the composition were less accurate than models that also
premise that models should be not only accurate and included OMD as a variable (Table 3).

Journal of Dairy Science Vol. 104 No. 8, 2021
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Prediction of NEL20

Two years of sample collection from several Scan-
dinavian feed companies revealed a large variation in
samples’ net energy values (6.06-8.43 MJ/kg of DM
in compound feeds and 3.05-18.8 MJ/kg of DM in
ingredient samples), representative of the industry. In-
dustry representation was also reflected in the collected
samples, as most ingredients used in compound feed
production, such as cereals, rapeseed by-products, and
soybean meal were represented by the highest sample
number in our data set (Table 2). This variation al-
lowed the model development to be as representative of
the Scandinavian feed industry as possible, supporting
the adoption of the selected model in practice.

The use of 3 data sets in this study allowed models
to be created and evaluated using different net energy
ranges and feed types (compounds, or ingredients, or
both), providing a more solid base for model evalua-
tion. However, inclusion of ingredients as part of the
data set is debatable, as the objective is to use the
model on compound feeds. Moreover, including the in-
gredients could result in dependency in the data set, as
compound feeds included in the data set are produced
by the ingredients. Nevertheless, we decided to include
the evaluation of model E to compare its performance
with the best fitting model, model I.

The equation error of model I (RSD = 1.99% of mean)
was lower than the average error of 3.97% of mean
(average of 2.57 and 5.36% for normal and fiber-rich
concentrates, respectively) reported by De Boever et al.
(1994) and 4.32% of mean reported by Giger-Reverdin
et al. (1994). The German system (GfE, 2009), static
and empirical, reported an equation error of 2.04% of
mean (RMSE), similar to model I. The Danish feed-

Table 4. Chemical composition (% of DM) and NEL20 values (MJ/
kg of DM) of compound feeds collected from 4 feed companies in
Scandinavia and used as an example of models E and I

Item' Mean Minimum Maximum SD
No. of samples 30 30 30 30
DOMEgpou 82.5 76.1 87.9 2.62
Ash 7.91 6.20 16.6 1.91
CP 27.6 18.6 44.2 6.93
CP... 27.4 18.6 44.2 6.62
CFat 7.53 5.20 12.0 1.62
NDF 23.4 14.9 28.4 3.13
ST 15.2 1.60 31.8 10.6
NEL20 declared 7.64 6.97 9.00 0.443

'DOMgpoy = digestible OM by enzymatic digestibility of OM method;
CP.w = CP corrected by urea content in compound feeds; CFat =
crude fat; ST = starch; NEL20 declared = net energy of lactation at
20 kg of DMI/d, declared by the feed companies. Calculated by each
company as weighted sum of NEL20 of ingredients using table and
measured chemical composition. Proportion of table and measured
values depended on each company and is unknown for this study.
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unit system (Weisbjerg and Hvelplund, 1993), which
is also static and empirical, showed a higher RSD than
model T for digestible energy (3.13% of mean).

Better prediction of compound feeds of model I
(RMSEP = 2.08% of mean) compared with model E
(RMSEP = 2.20% of mean) could be explained by the
inclusion of the same compound feeds for model devel-
opment and for this evaluation. On the contrary, model
E included a larger range, as not only these compound
feed samples but also the ingredient samples were in-
cluded.

Higher error of prediction for ingredient NEL20 of
model I was expected, as ingredients were not included
in the data set for development of this model but were
included in the development of model E. Prediction er-
ror for model E was lower than the EU 5% limit (3.98%
of mean) and therefore could potentially be used to
estimate NEL20 of ingredients. However, to be included
as a useful model for ingredient prediction, validation
against an independent set of ingredients should be per-
formed. As the prediction error of ingredients of model
I was higher than the EU tolerance limit (5.58% of
mean), model T could potentially not be useful for pre-
diction of NEL20 of ingredients, although an indepen-
dent validation is also recommended. When ingredients
were not included in the developing data set, as for
model I, extreme contents of chemical components had
an effect on the prediction of ingredients. For example,
oat hulls with high content of NDF, rapeseed with high
content of CFat, and pure fat supplements showed a
significant underestimation of NEL20 values by model I
but not by model E. This could be due to the NEL20 of
these ingredients being outside the NEL20 range used
for development of model I. High prediction error of in-
gredients supports the use of detailed characteristics in
the dynamic model for prediction of ingredients, such
as indigestible fractions and passage rates, if available.
These characteristics are available for ingredients in
most cases.

The additivity results from this study can be com-
pared with the results of Alvarez et al. (2020), although
they share 49 out of 75 compound feeds. Additivity er-
rors (RMSE) in our study showed errors similar to those
identified by Alvarez et al. (2020) for DOMgpoy (1.03%
vs. 1.07% of DM), NDF (1.48% vs. 1.46% of DM), and
ST (2.04% vs. 1.90% of DM), whereas CP,,, showed
lower error in our study (0.97% vs. 1.56% of DM) but
higher error for CFat (0.62% vs. 0.39% of DM). Ad-
ditivity values for ash were only evaluated in our study
and showed high differences between weighted sum of
ingredient calculation and ash analyzed directly in the
compound feed. These differences could be allocated
to the siliceous proportion of the ash, as dry incinera-
tion could produce a cover over the sample, preventing
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Figure 5. (a) Relationship between net energy for lactation at 20 kg of DMI/d (NEL20) values in 30 compound feed NEL20 values predicted
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+5.0%. NEL20 predicted by model E = 7.33 MJ/kg of DM; NEL20 predicted by model I = 7.30 MJ/kg of DM; NEL20 declared = 7.64 MJ/

kg of DM.

complete combustion (Negrgaard Pedersen, 1962; Liu,
2019). As ingredients samples get analyzed in their
pure form or mixed in the compound feed, the sili-
ceous proportions of the analyzed samples get modified,
thus potentially affecting the combustion performance.
Higher incineration temperatures (600°C) and longer
incineration time could be used in the reanalysis (Liu,
2019).

Although additivity correlation for all variables was
high, some differences in additivity were found (Figure
la to f). The effect of the lack of additivity of chemical
analyses on residual values for NEL20 was expected
and showed a correlation of —0.73 for model E (Figure
3a) and —0.69 for model I (Figure 3b). This indicates
that, although not completely, a large proportion of
the differences between NEL20 reference and predicted
values could be attributed to differences between in-
gredients and compound feed analysis. The effect of
lack of additivity can be explained by the fact that
NEL20 reference values are calculated with ingredients,
whereas the NEL20 values predicted by model I are
based on nutrients analyzed in compound feeds. Thus,
any difference in chemical components between the
ingredient weighted sum and compound feeds (lack of
additivity) will be reflected in NEL20 residuals. Identi-
fication of this error source in the model is meaningful
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because it can explain potential differences between
declared and predicted NEL20 values. Moreover, these
differences can be easily detected by performing an ad-
ditivity comparison, as shown in Figure la to f. Lack
of additivity could be caused by analytical errors,
potential interactions among ingredients, sampling
errors, or mixing errors when creating the compound
feed. Another potential error is the methods used for
analyzing chemical components. For nitrogen analysis,
NorFor recommended the Dumas or Kjeldahl methods;
thus, using different methods could potentially result
in differences. However, these methods have shown
high correlation (0.99) in grain and other feedstuffs
(Hansen, 1989; Watson and Galliher, 2001), although
it was not tested in our study. For the other chemical
components, NorFor recommends only one method for
each, and those methods were the ones used in this
study. Moreover, intrinsic errors of the model will also
contribute to the differences between NEL20 reference
and predicted values.

Model Use and Maintenance

Dynamic ration evaluation systems such as NorFor
can be supplemented by static empirical models. This
type of static model could serve as a proxy when data
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for calculating the reference method is time consuming
and expensive to measure. It could be used as a cor-
roboration method by feed manufacturers to determine
whether the final compound feed matches the planned
energy content. It could also be used at the farm level
to evaluate a concentrate mix produced on the farm.
The model would reduce farmer expenses, as analysis
could be done on the final product instead of on all
ingredients. Moreover, the model could be used by the
purchaser to ensure that the purchased compound feeds
correspond to the declared energy values. The example
given in Figure 5a and b shows, for both models, that the
net energy content in 12 out of 30 samples lay outside
the EU acceptance limit of +£5%. However, that this is
an example for the model use in practice and we are not
comparing NEL20 reference values, as no ingredients
were analyzed. The finding suggests that not only dif-
ferences in additivity or the intrinsic model error could
be sources of error. Deviation between declared and
real inclusion of ingredients, direct mixing errors, and
variation in chemical composition and digestibility of
ingredients could result in differences between NEL20
values predicted by these models and declared by the
companies. In this respect, feed companies could use a
systematic evaluation method such as this as a useful
tool for quality control of compound feeds. Moreover, a
systematic evaluation method could be a useful tool for
authorities, as it would improve reliability in the feed
industry. However, these models predict NEL20 based
on estimates, not in vivo values.

Implementation of the model could encounter chal-
lenges related to specific ingredients, such as urea
content. In the NorFor system, urea has a net energy
content of zero; therefore, CP was corrected for the CP
originating from added urea in compound feed samples
used to develop the model. If not corrected, CP would
include the NPN from urea; thus, the regression factor
for CP in the model would be underestimated. This
is reflected in model 12, where the coefficient of CP
is lower when urea was not corrected, with a higher
prediction error. Nevertheless, the need for urea correc-
tion challenges the objective of this study, which was
to develop a model that is independent of ingredient
composition, as the urea content needs to be known for
it to be corrected. European and US laws require urea
content on their feed labels; therefore CP,,,, could be
easily obtainable. An alternative approach is to analyze
for ammonium-N in the compound feed and use this for
correction of urea-N. It is important to point out that
compound feed containing urea will contain higher and
erroneous predicted values if not corrected. Therefore,
the use of models on samples with urea would require
further analyses of the urea or ammonium content.
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For developing a static model, it was central for this
study to detect variables that were independent from
the resource-demanding kinetic feed variables, such as
nutrient degradation rates and indigestible fractions.
However, this also challenges the models because the
rate of degradation and digestibility of ingredients may
change in the future due to new varieties, feedstuffs,
studies, or technology. Such changes would modify the
reference values but would not affect the parameters
used in the empirical model; therefore, the changes
would not be reflected in the predicted values.

Maintenance of the model’s predictive performance
should be done frequently. Model maintenance can be
accomplished by collecting and analyzing representative
compound feeds and their corresponding ingredients
to calculate the reference value to be used for model
recalibration. Recalibration of the static model would
be required whenever the reference dynamic model is
changed and updated.

CONCLUSIONS

This study developed a static empirical model for the
prediction of net energy content of compound feeds in
NorFor by using OMD measured by EDOM and chemi-
cal components measured directly in compound feeds.
The proposed best model, model I, included CFat,
NDF, DOMgpon, and CP,,, as independent variables.
The model was developed using 75 compound feed
samples as a data set, representative of the compound
feeds used in the feed industry in Scandinavia today.
The model could allow estimation of net energy concen-
tration of compound feed samples when input data for
the dynamic model are lacking. However, independent
evaluation is required for the proposed method to be
adopted as a valuable tool in practice.
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