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Table 1: Values for the fixed parameters used for determining standard feed values 
(Åkerlind and Volden, 2011). 
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Figure 2.1: Changes in plant components’ dry weight (left) and relative composition 
in the plant (right) as the plant matures (adapted from White and Wolf, 2009). 
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Table 2: Effect of harvest date (early or late) on the chemical components of the 
silage. 
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Table 3: Grass silage OMD (%) averages (minimum–maximum) for three years and 
three locations (NorFor, 2021a). 
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Precision and additivity of organic matter digestibility obtained via in 
vitro multi-enzymatic method 
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A static model for estimating energy content of compound feeds in a 
dynamic feed evaluation system 
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Effect of digestibility of silage and concentrate intake on milk yield: a 
meta-analysis 
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Table 4 : Studies included in Paper III's meta-analysis 

6��������� 5����  ����)� �%���?M@�$� 5�����	��	�������(�

��	����	���� ?'::(@� (#� C� 8/�/&�/)�"� $&�8&�:&�')�2��

6�����et al. ?':::@�'� $)� ,��
8/�)&� I(�:&� II�:&�
I:�8�

I&�'#�2��

,�������	�����?)##'@� (/� C� I'�)&�/'�(�

C�A� '#M&� $#M&� "#M&�
I#M�
%�A� $)M&� (/M&� 8(M&�
/#M�

-��������et al.�?)##/@� )(� ,��
8I�$&� 8/�:&� 8:�)&�
I)�I&�I$�(&�I8�I�

/&�')�2��

����	�B22��� et al.�
?)##/@�

$)� �6�
I(�'&� I(�I&� /'�(&�
/'�8�

(&�'#�2��

6���<��et al.�?)#')@� 88� �6� 8:�$&�I8�$&�/#�8� #&�(&�/&�')&�'8�2��
��������� ���� 9��	�����
?)#'$@��!��'�

$8� ,�� I)�I&�I(�)&�II�$� :&�''&�'$�2��

��������� ���� 9��	�����
?)#'$@��!��)�

(#� ,�� 8:�)&�I8�$� (&�8�"&�/&�''�"�2��

���	��� �	�����?)#'8@� )(� C�
I$�:&� I(�)&� I8�)&�
I:�'�

)#M&�"#M�

'�0+��	���	
��	����	+��	���������������	������	�2�����	�����������	�����)�CA�C���	���&�,�A�
,�����+�����+���&��6A�����������6����$�6�����������������������
�		��������	�<���	��	��	���
��� ���+� �	����� (� 5�����	��	�� �������������	�� ��� ������	���� ����������� 	�� 	+�� 	�	���
�!���
��	��������������	�
���C�A�C��+.�����	�<�����������%�A�
����
������	�<���	����������
�

0+��<��	�
��������35%�����������������	��������������������	���	+���%7�&�
����������	����%��&����������	����	����<�	������%7�������%��A�

35%�\�.'8�'�Y�(�)��%7��Q�#�#I��%7�)�Y�#�"#��%��Q�#�#$��%7��_��%����

C��+��������	�<�������������+������+��+������������	+�������������	��	����	�2����
%�������&� 	+�� ��	����	���� <�	����� �%7�� ���� �%��� 	������	��� ��	�� ������

�������� ������� �<	������ ��	+� +��+.�����	�<��� �������� �+��� 	+�� ������	��	��
��	�2�� �����������0+����<�	�	�	���� ��	�� ?SR@&�
������� 	+���+���������
�		���
��	�2����	+��������?DMIs@��+����%7������+�����<��'�2���%�����#�"$���������
��	����	���<��������������	�<���	�����������	��	����������

High-digestible silages allow low concentrate levels without affecting 
milk production 
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Figure 4.1: Schematic representation of the experimental design of Paper IV 
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Machine learning is a useful tool to determine milk yield responses to diet 
changes from real-time farm data 
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Figure 5.1: Dry matter intake of silage according to concentrate level for three 
silage digestibility profiles used (68%, 75%, and 82% OMDs).�
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Figure 5.2: ECM response and feed efficiency according to concentrate intake level 
for the three silage digestibility profiles used.�

,������"�$��+����	+������������������	�������������������	�����������������
	������������%7�����������	�������������	�<���	����������0+�������
������������
�+����+��+��� ����	�� ���+��+����%��� 	�� ����������%7�� ��� ����������	��	��
������&� ��	+� 	+�� ���������� ������������� ��� �%7�� ����������� C��+��� �%���
�+�������+��+���������	�������������������	+�����	&��������������������	��	��
��������

 



�

$'�

 

'%��2�
���������\�35%�_�%��2�������Q��%7��_��������������Q��%7��_�5�����	��	���������%��2�������
#�":����K35%�#�8:����K2���%�������	��	��#�)(����K2���%��������?���������������������D@��
)�������	���������������A�������	�������������	+�����	���	+������������������������������
���
	�� <�� '##M����������� ������S� ������	��	�� ����
��� 	�� <�� 8#M����������� ������� ?���
����&�
)#)#@���

Figure 5.3: Economic response (milk minus feed)1 and proportion of local feed2 in 
the diet according to concentrate intake level for the three silage digestibility 
profiles used.�
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Figure 5.4: ECM response with a developed model including concentrate:forage 
ratio instead of DMIc as an explanatory variable level for the three silage 
digestibility profiles used. �
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Table 5: Summary of the equations in the literature for predicting energy of 
compound feeds using enzymatic methods. 
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Figure 6.1. a. Comparison of residuals (NEL20 predicted – NEL20 reference) when 
comparing the selected model (model I) with the model including ash as a variable 
(model J). b. Comparison of errors (NEL20 predicted – NEL20 reference) when 
comparing the selected model (model I) with the model including ash as a variable 
(model J).�  
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The enzymatic digestibility of organic matter 
(EDOM) method is an in vitro multi-enzymatic method 
for estimating the organic matter (OM) digestibility 
of feeds. The EDOM method previously showed high 
accuracy with in vivo values for compound feeds. The 
aim of this study was to evaluate the precision of the 
EDOM method and determine its additivity, compared 
with the long-assumed additive property of the chemi-
cal components of compound feeds. 149 feed samples, 
70 commercial compound feeds and 79 associated in-
gredients, were analyzed in a laboratory (lab1) for OM 
digestibility measured by EDOM (OMDEDOM) with 2 
repetitions separated in time to estimate repeatability. 
Of the total samples, 49 compound feeds were further 
analyzed in a commercial laboratory (lab2) for OM-
DEDOM to determine reproducibility. The 49 compounds 
and their 69 associated ingredients were also analyzed 
by lab2 for dry matter (DM), ash, crude protein (CP), 
neutral detergent fiber (NDF), and starch. The EDOM 
method resulted in an intralaboratory correlation of 
98.9% and an interlaboratory correlation of 92.6%, 
with no significant mean bias between the 2 laborato-
ries tested. The formulation of compound feeds, total 
mixed rations, and mixtures in general assumes that 
their nutrient content can be calculated by adding 
together the nutrient supply of individual ingredients. 
This is of great importance in the feed industry for the 
creation of compound feeds. Additivity of OMDEDOM 
for the compound feed samples was evaluated by com-
paring the sum of the digestible OM (DOMEDOM) of 
the ingredients (predicted) with DOMEDOM estimated 
directly in the compound feed (observed). The regres-
sion of predicted versus observed showed a coefficient 
of determination (R2) of 0.93 and root mean square 

error (RMSE) of 1.07% of total DM, with no linear 
bias but with a mean bias (0.83% of DM). Additivity of 
CP, starch, crude fat, and NDF showed an R2 of 0.95, 
0.98, 0.95, and 0.93, and RMSE of 1.56, 1.90, 0.39, and 
1.46% of DM, respectively, all presenting linear bias. 
Crude fat also presented mean bias. Although signifi-
cant, all linear and mean bias for DOMEDOM and chemi-
cal components were within the acceptable error limits 
for declaration of feeds. The results demonstrate the 
high precision of the EDOM method and its additive 
property, which is an advantage for the estimation of 
OM digestibility in compound feeds. Moreover, results 
of the tests of chemical components confirm their ad-
ditive property.
Key words: organic matter digestibility, in vitro 
enzymatic method, compound feed, precision, additivity
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Organic matter digestibility (OMD) is of great 
importance, as it is the main factor determining the 
energy value of animal feed (de Boever et al., 1986; 
Beecher et al., 2015). In vivo determination of OMD 
of feeds is regarded as the reference value. However, 
alternative in vitro methods have been developed due 
to the high levels of labor and costs involved in deter-
mining in vivo values. In vitro methods can be divided 
into rumen liquor digestion (Tilley and Terry, 1963), 
rumen liquor gas production (Menke et al., 1979), and 
enzymatic digestion methods (Weisbjerg and Hvel-
plund, 1993). Due to the high nutritive variability and 
importance of ruminant diets, most OMD evaluations 
and comparisons of methods have focused on forage 
(Barber et al., 1990; Gosselink et al., 2004; Jan ík et al., 
2011), and limited attention has been placed on concen-
trate feed ingredients and compound feeds. However, 
due to the high level of concentrates used in modern 
dairy production and new feed ingredients, a precise 
estimation of OMD in concentrate feeds is needed to 
match the diet supply to energy requirements and thus 
avoid excess feeding or under-supply. The enzymatic 
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digestibility of OM method (EDOM) developed by 
Weisbjerg and Hvelplund (1993) is a multi-enzymatic 
method used in Denmark in the feed unit system and 
in the Nordic Feed Evaluation System (NorFor, Volden, 
2011) for estimating the OMD of roughage (Åkerlind et 
al., 2011). Weisbjerg and Hvelplund (1996) evaluated 
the accuracy of EDOM (the closeness of the measured 
values to the in vivo value) on 59 compound feeds from 
Belgium, Holland, and Denmark, and demonstrated 
that the method was an accurate estimator for OMD 
in vivo (correlation of determination, R2 = 0.90). How-
ever, little has been studied about the precision of the 
method (the closeness of the measured values to each 
other) on compound feeds.

A fundamental assumption in the formulation of diets 
and compound feeds is that the nutritive values of the 
ingredients can be added in a simple sum to estimate 
final concentration in the compound feed. However, 
this has rarely been studied. The additive relationship 
of digestibility between ingredients and the compound 
feed has, to our knowledge, not been studied in dairy 
nutrition but has been reported in monogastric animals 
(Angkanaporn et al., 1996; Fan and Sauer, 2002; Xue 
et al., 2014).

The hypothesis of this study was that the OMD mea-
sured by the EDOM method (OMDEDOM) is precise 
and that OMDEDOM measured on individual ingredients 
is additive in the estimation of OMDEDOM of the com-
pound feeds. Therefore, the objective of this study was 
to evaluate the EDOM method and to aim to establish 
a relationship between the OMD of individual feed in-
gredients and the compound feed produced therefrom.
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In total 149 samples were collected from 6 feed 
companies from Norway, Denmark, and Sweden. Of 
these, 70 samples were commercial compound feeds 
with known compositions, and 79 were the individual 
concentrate feed ingredients used in the formulation 
of the compound feeds. All samples were analyzed for 
OMDEDOM, DM, and ash at Aarhus University, Foulum, 
Denmark (lab1). A subset of 49 compounds feeds were 
also analyzed for OMDEDOM in a commercial labora-
tory, Eurofins Agro Testing, Vejen, Denmark (lab2).

��������	�
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For estimation of OMDEDOM, the method developed 
by Weisbjerg and Hvelplund (1993) was used with 
the following adaptation, because 2 of the originally 
proposed enzymes (gammanase and Novozym 188 

from Novozymes Inc., Copenhagen, Denmark) are no 
longer produced. The sample was milled, and 0.5 g 
was weighed into a glass crucible with a filter plate 
of sintered glass (porosity 1, pore size 90 to 150 μm) 
and with a rubber stopper at the bottom. After the 
addition of 30 mL of pepsin-hydrochloric acid solution 
(pepsin EC 3.4.23.1, HCl EC 933-977-5, 0.1 N, pH 
1.0), the crucible was closed with a top rubber stop-
per. The crucible was incubated for 24 h at 40°C in a 
water bath. During incubation, the crucible was shaken 
twice. Next, the crucible was transferred to an 80°C 
water bath for 45 min. The crucible was then vacuum 
drained and washed with distilled water to neutralize 
the residue. With the top and bottom stopper fitted, 30 
mL of enzyme acetate buffer was added (0.1 N, pH 4.8). 
The enzyme acetate buffer was freshly made at the mo-
ment of use. It consisted of 20 mL of Celluclast 1.5 L 
(EC 232-734-4), 10 mL of Viscozym L (EC 3.2.1.6), 
17.0 mL of Novozym 51054 (EC 253-446-5; all from No-
vozymes Inc., Copenhagen, Denmark), and 2.175 g of 
amyloglycosidase (EC 3.2.1.3, 3,200 U/mL; Megazyme, 
Bray, Ireland) 0.1 g of chloramphenicol (EC 200-287-
4), and 800 mL of acetate buffer (pH 4.8 ± 0.1). The 
acetate buffer consisted of 8.16 g of sodium acetate 
(EC 204-823-8) dissolved in 0.5 L of distilled water and 
7.5 mL of acetic acid (EC 200-580-7, 30% wt/wt, 5.8 
mol/L), with additional distilled water to make up 1 
L. The crucible, with the rubber stoppers, was then 
re-incubated in the 40°C water bath for another 24 h; 
thereafter the crucible was transferred to a 60°C water 
bath for 19 h. The crucible was shaken twice during 
each incubation. After the stoppers were removed, the 
crucible was vacuum drained and washed with boiling 
distilled water twice, then twice with 20 mL of acetone 
(EC 200-662-2). The first acetone wash was performed 
with the bottom plug fit for 5 min to ensure successful 
extraction. Finally, the crucible was dried for 16 h at 
103°C and, after being weighed, incinerated at 525°C 
and re-weighed to determine the ash residue. Each 
sample was analyzed twice as true replicates with at 
least 1 wk between batches.
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The subset of 49 compounds and the corresponding 
69 ingredient samples, analyzed for OMDEDOM in lab2, 
were also analyzed in lab2 for nitrogen according to 
the Dumas method (Dumas, 1831), and CP was esti-
mated as N × 6.25, crude fat (CFat) as petrol ether 
extract after HCl hydrolysis according to EU 152/2009 
(European Commission, 2009), NDF (ash corrected) 
via the amylase-treated NDF method (Mertens et al., 
2002), starch via the enzymatic method (Åkerlind et 
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al., 2011) using heat-stable amylase and, glucose us-
ing a YSI 2900D apparatus (Yellow Springs, OH). 
Ingredients with a maximum inclusion lower than 2% 
of total DM in compound feed samples, minerals, and 
vitamins were not analyzed, and values from NorFor 
Feed Table were used. For many ingredients, several 
samples were included, corresponding to the different 
feed companies. Ingredient samples from the same 
feed company could be included in several compound 
feeds from that company. Table 1 shows a summary of 
samples per ingredient and numbers of compound feeds 
formulated with each ingredient. Digestible OM on DM 
basis (DOMEDOM) was calculated based on OMDEDOM 
and OM (in DM) concentration in all the samples. This 
parameter was used to evaluate the additivity of OM-
DEDOM.

��������	��������

All statistical analysis was performed using R soft-
ware (version 3.6.0, R Core Team, 2019).

Precision of the EDOM Method. Following 
analysis according to Bartlett and Frost (2008), repeat-
ability of the EDOM method was evaluated via OM-
DEDOM through intraclass correlation (ICC) and re-
peatability coefficient (rcoef). The rcoef is the standard 
deviation (SD) between 2 measurements on the same 
sample 2  1.96 × ×( )SDwithin_sample . The ICC was esti-
mated using the rpt function from the rptR package 
and the linear mixed model method (Stoffel et al., 
2017), considering the sample as random effect. The 
OMDEDOM of 149 samples measured at lab1 was used 
for the calculation, with 2 repetitions per sample, 298 
observations in total.

Reproducibility was considered as the agreement of 
measurements between laboratories. The OMDEDOM 
of the 49 compound feeds analyzed in the 2 different 
laboratories (lab1 and lab2) was used, accounting for 
a total of 98 observations (49 observations per labora-
tory). Each observation was the average of 2 repetitions 
within the same laboratory. Agreement between the 2 
laboratories was inferred using the Bland–Altman plot, 

>�����?������39���*@7�*����(@7�(A��7

Table 1. Summary of the ingredient composition of the 49 studied compound feeds (minimum and maximum 
share in % of total DM) and number of samples per ingredient; individual ingredients are shown only if present 
in a compound feed at more than 10% of total DM

Ingredient
No. of samples  
per ingredient

Share of compound feeds1 
(% of DM)

Compound 
feeds (no.)2Min. Max.

Soybean meal 5 0.6 40.4 32
Wheat 5 1.9 31.3 31
Sugar beet pulp 4 1.4 29.1 29
Rapeseed meal 3 3.2 38.4 28
Rapeseed cake 4 2.0 49.5 27
Wheat bran 5 2.0 26.8 27
Barley 5 1.9 48.2 26
Distillers grains 2 2.1 35.7 23
Oats 4 1.0 24.6 22
Rye 1 2.8 31.1 19
Sunflower meal 2 1.7 10.4 17
Soybean hulls 1 2.2 16.4 12
Maize 3 1.9 14.9 11
Citrus pulp 1 2.0 15.7 10
Soypass3 3 0.6 32.4 9
Maize gluten meal 2 1.0 22.7 8
ExPro4 1 10.7 51.1 8
Malt sprout5 2 1.3 12.1 6
Wheat middling 1 5.0 14.9 5
Palm kernel cake 2 2.2 12.5 4
Alkaline barley6 1 19.5 19.5 1
Other7 12 <10 <10 49
Total 69 49
1Minimum and maximum percentages of inclusion in the compound feeds containing the ingredient.
2Number of compound feed samples that include the ingredient. 
3Rumen-protected soybean meal (Denofa, Gamle Fredrikstad, Norway). 
4Steam-processed non-GMO rapeseed meal (AAK AB, Malmö, Sweden). 
5By-product of malting industry. 
6Barley treated with urea and reaction promoters (Norgesfor AS, Oslo, Norway).
7Ingredients with a maximum inclusion lower than 10% of DM.
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as suggested by Bartlett and Frost (2008), and the dif-
ferences in mean between laboratories was evaluated 
using the t-test, with a level of significance of 0.05. The 
interlaboratory coefficient (ILC) was also estimated 
using the rptR package, with sample as random effect.

Additive Property. The additive property was 
examined for the 49 compound feeds containing the 
69 corresponding ingredients. The relationship between 
the compound feed and their ingredients was tested 
using the following 2 approaches.

Pure additivity (Model A): This model is based on 
the hypothesis that individual feedstuffs can be added 
linearly to achieve a certain value in the final compound 
feed, called additivity. For a given nutrient, additivity 
was evaluated by comparing the nutrient concentra-
tion (% of DM), measured directly in the compound 
feed sample, with the value calculated by the sum of 
ingredients, considering the ingredients proportion in 
the compound feed (weighted sum of ingredients). Ad-
ditivity was analyzed for DOMEDOM, CP, starch, CFat, 
and NDF. Model A for all parameters was evaluated 
by regressing the predicted weighted sum of ingredients 
against the observed values measured directly in the 
compound samples and analyzing the R2 and root mean 
square error (RMSE). Moreover, the predicted values 
were regressed on residuals. Predicted values were 
centered around the mean, making the slope and the 
intercept independent and orthogonal, for mean and 
linear bias evaluation, respectively (St-Pierre, 2003).

Ingredient effect (Model Bi; i = 1, 2, …): We 
developed Model Bi assuming that not only was the 
DOMEDOM of the compound feed explained through ad-
ditivity but also that it could include effects of specific 
ingredients and interactions between them. Principal 
component analysis was used to identify possible inter-
actions via the correlation matrix between the contribu-
tion of DOMEDOM of each ingredient in the compound 
feeds. This means that the OMDEDOM of the ingredient 
and its proportion of inclusion were both taken into 
consideration. If 2 or more ingredients were assigned 
to the same principal component (PC), the individual 
ingredients, as well as the interaction, were included as 
additional variables to model A; these models were de-
noted Bi (i = 1 to n), where i was the number assigned 
to a new model when a correlation between ingredients 
detected in the PC was significant (P < 0.05). Principal 
component analysis was performed using the pca func-
tion from package stats (R Core Team, 2019).

Models A and Bi were estimated via linear models 
using the linear model function (lm) from package stats 
(R Core Team, 2019). Effect of company was evaluated 
by including company as random effect and comparing 

fit with the models including only fixed effects of RMSE 
and Bayesian information criterion statistic (BIC). 
Mixed models were created using the lmer function in 
the lme4 package (Bates et al., 2015). The level of sig-
nificance for inclusion of an effect in the model was 
0.05. Model fit comparison was performed using BIC 
statistics. The prediction ability of the models was ob-
tained through the predicted correlation coefficient 
R

2( ), this being the ratio between the predicted sum of 
squares, calculated using the leave-one-out technique 
(predicted residual error sum of squares, PRESS), ac-
cording to Allen (1974), and the total sum of squares.

�*��?��

Table 2 shows the summary of the OMDEDOM for the 
149 samples (70 compound feeds and 79 ingredients) 
used to estimate repeatability and reproducibility. 
Chemical compositions and OMDEDOM of the 118 sam-
ples (49 compound feeds and 69 ingredients) are also 
shown in Table 2. The range of all nutrients was larger 
for the ingredient samples than for the compound feeds. 
Compound feeds consisted of both protein and energy 
supplements; 14 of the 49 compound feeds consisted of 
more than 25% of CP in DM and could be attributed as 
protein supplements, and almost half of the compound 
feed samples (24 compound samples) contained more 
than 25% starch.

Shares of the ingredients constituting the 49 com-
pound feeds are summarized in Table 1. Soybean meal 
was the most frequent ingredient, included in 32 com-
pound feeds (32), although its concentration varied con-
siderably, from 0.6 to 40.4% of DM. Other frequently 
used protein-rich ingredients included rapeseed meal 
(28), rapeseed cake (27), and wheat bran (27). Cereals 
wheat (31), barley (26), oats (22), and rye (19) were the 
most frequent carbohydrate sources. Beet pulp was the 
most-used fiber-rich ingredient (29).

�����������

The ICC from the 149 samples and 298 observations 
was 0.989. This means that 98.9% of the variation be-
tween the measurements was attributable to genuine 
differences between the feed samples, with the 1.1% re-
maining variance being due to errors in measurements. 
The estimated SD of OMDEDOM within samples was 
0.8% OM, and the corresponding SD between samples 
was 7.7% OM. The estimated rcoef was 2.2% OM with 
a 95% confidence interval (the maximum future differ-
ence of OMDEDOM between 2 measurements in 95% of 
cases).
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Reproducibility of the method measured by ILC was 
0.926, meaning that 7.4% of the variation of OMDEDOM 
was due to measurement errors. The relationship be-
tween the 2 laboratories can be seen in the Bland–Alt-
man plot (Figure 1). The estimated OMD mean of the 
differences between lab1 and lab2 was −0.4% OM, sug-
gesting that, on average, lab2 provided higher values 
than lab1 but that this difference was not significant 
(P = 0.57). The absolute maximum difference in OMD 
between future measurements in these 2 laboratories 
will be 2.8% OM in 95% of cases (lower limit, Figure 1).
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The effect of company only improved model fit for 
starch. Thus company effect was not included, and only 
fixed effects were considered in the models.

Additivity of the method was evaluated through 
DOMEDOM. Our DOMEDOM regression showed an R2 
of 0.93 and RMSE of 1.07% DOM between DOMEDOM 
values measured directly in the compound feeds (ob-
served) and those calculated through addition of the 
ingredients (predicted; Figure 2a). The residual analy-
sis (Figure 2b) showed a mean bias (P < 0.001), so 
that the added DOMEDOM of the ingredients tended to 
underpredict DOMEDOM values of the compound feed 
by 0.83 percentage points on average. We found no 
linear bias (−0.01, P = 0.80).

The CP regression (Figure 3a) showed an R2 of 0.95 
and RMSE of 1.56% CP in DM between observed and 
predicted values. The residual analysis (Figure 3b) 
showed no mean bias (0.26, P = 0.25), but a linear bias 
was revealed (−0.07, P = 0.02). However, the bias was 
only 0.82 percentage points at the minimum predicted 
value and −0.92 percentage points at the maximum.

Starch estimated by ingredient addition (Figure 4a) 
showed an R2 with the starch analyzed in the compound 
feed of 0.98 and RMSE of 1.90% starch in DM. Residual 
analysis (Figure 4b) showed no mean bias (−0.34 P = 
0.23) but did show a linear bias (−0.04, P = 0.04). 
Biases at the minimum and maximum predicted values 
were 0.50 and −1.2 percentage points, respectively.

For the CFat analysis, 2 compound feeds were ex-
cluded as outliers. Crude fat estimated by additivity 
and CFat measured directly in the compound feed 
sample presented an R2 of 0.95 and RMSE of 0.39% 
CFat in DM (Figure 5a). The residual analysis (Figure 
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Table 2. Summary statistics for the chemical composition of compound feeds and their ingredients

Item1

Compound feeds 

 

Ingredients

Average Minimum Maximum Average Minimum Maximum

OMDEDOM (% of OM)2 89.3 78.2 96.0 87.3 50.2 100.0
OMDEDOM (% of OM)3 89.4 78.2 95.8 87.4 50.5 99.6
DOMedom (% of DM) 82.6 70.6 91.9 78.1 45.7 94.4
Ash (% of DM) 7.3 4.2 14.4 5.3 0.2 26.5
CP (% of DM) 24.0 16.3 42.7 22.8 0.1 66.7
CFat (% of DM) 6.0 2.2 12.1 9.1 1.0 98.9
NDF (% of DM) 23.1 13.4 36.2 25.8 0.0 71.6
Starch (% of DM) 22.0 1.6 46.9 22.4 0.5 72.6
1OMDEDOM = OM digestibility by enzymatic digestibility of OM (EDOM) method; DOMEDOM = digestible OM by EDOM method; CFat = 
crude fat.
2Feed n = 70; ingredient n = 79. Used for calculation of repeatability [analyzed in lab1 (Aarhus University, Foulum, Denmark)].
3Here and below, feed n = 49; ingredient n = 69. Used for calculation of reproducibility and additivity of DOMEDOM [analyzed in lab1 and lab2 
(Eurofins Agro Testing, Vejen, Denmark)].

Figure 1. Differences in measures between the 2 laboratories of 
OM digestibility measured by enzymatic digestibility of OM (EDOM) 
method (OMDEDOM) against the mean value. Solid line = mean differ-
ences between laboratories; upper dashed line = mean +1.96 SD; lower 
dashed line = mean −1.96 SD, with 95% CI.
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5b) showed that the predicted values overestimated the 
CFat values in the compound feed (mean bias −0.22, P 
< 0.001), and the difference increased with increasing 
values of CFat (linear bias −0.11, P < 0.001). Bias 
at the minimum predicted value was −0.08 percentage 
points and 0.56 at the maximum.

The NDF regression (Figure 6a) showed an R2 be-
tween the predicted and observed values of 0.93 and 
RMSE of 1.46% NDF in DM. The residual analysis 
(Figure 6b) showed no mean bias (0.25, P = 0.25) but 

a linear bias (−0.12, P = 0.001). Bias at the minimum 
was 1.79 percentage points and at the maximum pre-
dicted value was −2.01 percentage points.

Table 3 shows the proportion of the 49 compound 
feed samples that, as predicted by additivity, lay in 
the 2% and 5% range for error. The highest proportion 
of predicted values below 2% error was for DOMEDOM: 
85.7% of the samples (42 samples) fell inside the 2% 
error range, and 100% lay in the 5% error range. Starch 
resulted in the lowest percentage of samples in the 2% 
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Figure 2. (a) Regression between digestible OM on DM basis (DOMEDOM) calculated by the weighted sum of ingredients (Predicted 
DOMEDOM) and DOMEDOM measured in compound feeds (Observed DOMEDOM). (b) Residual analysis of the relationship between DOMEDOM 
estimated by weighted sum of ingredients (Predicted DOMEDOM), centered to the mean, and DOMEDOM measured in compound feed (Observed 
DOMEDOM). DOMEDOM residuals = Predicted DOMEDOM − Observed DOMEDOM. RMSE = root mean square error.

Figure 3. (a) Regression between CP calculated by weighted sum of ingredients (Predicted CP) and CP measured in compound feeds 
(Observed CP). (b) Residual analysis of the relationship between CP estimated by weighted sum of ingredients (Predicted CP), centered to the 
mean, and CP measured in compound feed (Observed CP). CP residuals = Predicted CP − Observed CP; RMSE = root mean square error.
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error range (26.5%, 13 samples) and in the 5% error 
range (46.5%, 23 samples). For CP, CFat, and NDF 
concentrations in DM, more than 50% of the samples 
lay within the 5% error range.
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The principal component analysis showed that the 
first 6 principal components (PC1 to PC6) explained 
78% of the variance, and the correlation matrix of these 

PC was analyzed to detect the effects of the ingredi-
ents. Table 4 shows nested models, from the reduced 
model showing simple additivity (Model A), to model 
B3, showing all the identified effects of ingredients (full 
model). The correlation matrix of PC1 showed a cor-
relation between soybean meal, wheat, and barley. 
Model B1 was created based on PC1 and showed an 
interaction only between soybean meal and wheat (P = 
0.03) and an effect of wheat as an independent variable 
(P = 0.05), although soybean meal and barley had no 
effect as independent variables (P = 0.17 and P = 0.13, 
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Figure 4. (a) Regression between starch calculated by weighted sum of ingredients (Predicted starch) and starch measured in compound 
feeds (Observed starch). (b) Residual analysis of the relationship between starch estimated by weighted sum of ingredients (Predicted starch), 
centered to the mean, and starch measured in compound feed (Observed starch). Starch residuals = Predicted starch − Observed starch; RMSE 
= root mean square error.

Figure 5. (a) Regression between crude fat (CFat) calculated by weighted sum of ingredients (Predicted CFat) and CFat measured in 
compound feeds (Observed CFat). (b) Residual analysis of the relationship between CFat estimated by weighted sum of ingredients (Predicted 
CFat), centered to the mean, and CFat measured in compound feed (Observed CFat). CFat residuals = Predicted CFat − Observed CFat; 
RMSE = root mean square error.
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respectively). The next PC (PC2) showed a correlation 
between rapeseed cake, soybean meal, and barley, but 
neither these ingredients nor their interactions were 
significant; thus no model was created. We found that 
PC3 showed a correlation between wheat, rye, and 
rapeseed meal. Model B2, based on PC3, showed a triple 
interaction between rapeseed meal, rye, and wheat (P 
= 0.02), as well as effects of rapeseed meal (P = 0.02) 
and soybean meal (P = 0.04). In PC4 we discovered a 
correlation between wheat, soybean meal, and oats, but 
no effect of the ingredients nor of their interaction was 
found when these variables were tested in the model. 

We found that PC5 showed a correlation between wheat 
and sugar beet pulp. Based on PC5, model B3 showed 
an interaction between wheat and sugar beet pulp (P = 
0.02) as well as an effect of sugar beet pulp as an inde-
pendent variable (P = 0.03). Both variables were in-
cluded to create B3. Finally, PC6 presented a correla-
tion between wheat and rye, but these variables were 
already taken into consideration in B2. All the models 
presented a nonsignificant intercept, and all the vari-
ables included in the regression had a significance of at 
least P < 0.05. The R2 was highest for model B3 (0.96) 
and lowest for model A (0.93). However, when analyz-
ing the R2 differences between model A and B3, this 
decreased from 3% to 1%. The BIC was lowest for 
model A (157) and highest for model B1 (165).

��������
	

The EDOM method was developed for concentrates 
and is accepted by NorFor for estimating the OMD of 
forages (Åkerlind et al., 2011). However, little has been 
reported regarding the use of this method on compound 
feeds. With the present study, we intended to evaluate 
the precision of the EDOM method through calcula-
tion of repeatability and reproducibility. Moreover, we 
examined whether the relationship between ingredients 
and the compound feed was purely additive or whether, 
in addition, the effects of ingredients and their interac-
tions should be considered when formulating compound 
feeds. The additive relationship was also examined for 
the traditional chemical parameters (CP, CFat, starch, 
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Figure 6. (a) Regression between NDF calculated by weighted sum of ingredients (Predicted NDF) and NDF measured in compound feeds 
(Observed NDF). (b) Residual analysis of the relationship between NDF estimated by weighted sum of ingredients (Predicted NDF), centered 
to the mean, and NDF measured in compound feed (Observed NDF). NDF residuals = Predicted NDF − Observed NDF; RMSE = root mean 
square error.

Table 3. Number and percentage of predicted digestible OM, 
CP, crude fat (CFat), NDF, and starch values by weighted sum of 
ingredients (additivity) within 2 and 5% error ranges

Item

Error range1

2%

 

5%

N % N %

DOMEDOM
2 (% of OM) 42 85.7 49 100.0

CP (% of DM) 25 51.0 35 71.4
CFat (% of DM) 14 29.8 27 57.4
NDF (% of DM) 9 18.4 26 53.1
Starch (% of DM) 13 26.5 23 46.9
1A compound feed was included in the 2% level if the predicted value, 
by additivity, fell within the range of the observed value ± 2%. A 
compound feed was included in the 5% level if the predicted value, 
by additivity, fell within the range of the observed value ± 5%. N = 
number of samples within the error range; % = proportion of samples 
within the error range (49 total compound feeds).
2DOMEDOM = digestible OM by enzymatic digestibility of OM (EDOM) 
method.
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and NDF), which have long been assumed to be addi-
tive, although published evidence is difficult to find.

The high correlation between OMDEDOM and in vivo 
values has been demonstrated (Weisbjerg and Hvel-
plund, 1996), and the EDOM method showed better 
performance than the gas production (Pali  and Leeuw, 
2009) and rumen fluid methods (Søegaard et al., 2001; 
Weisbjerg et al., 2007). Thus, EDOM could have an 
advantage over other in vitro methods, as the various 
steps could better mimic animal digestion. This high 
accuracy, meaning close measurements to the reference 
value (in vivo), is a desirable characteristic in all labo-
ratory methods. Nevertheless, precision—here meaning 
how close repeated measures are to each other—is also 
fundamental for a method to be adoptable in practice.

The large variation of in OMDEDOM and chemical 
components in our data set represent the variations 
seen in the Scandinavian feed industry. This is also 
reflected by the frequent use of soybean meal and rape-
seed byproducts as main protein sources and cereals as 
starch sources. The achieved variations were of great 
importance for our study, as these allowed us to evalu-
ate the precision of OMDEDOM in a large range of values 
and evaluate how additivity performs in different nu-
trient concentrations. Additionally, if our results show 
that the EDOM method is precise, this will support the 
easy adoption of this method in more countries.

%��������	�
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The results of this study indicate that the EDOM 
method is precise enough for the analysis of OMD in 
compound feeds. Repeatability defines the correlation 
between repeated measures of the same sample using 
the same measurement procedure, laboratory team, 
and experimental setup (JCGM, 2012). In other words, 
repeatability measures the agreement between repeti-
tions in the same laboratory. The high ICC (98.9%) 

and low expected difference of OMDEDOM between 
future repetitions (rcoef = 2.2% OM) showed that 
the EDOM method was highly repeatable within the 
laboratory. Higher repeatability of OMDEDOM of this 
study agrees with lower variation of OMDEDOM between 
measurements on forage samples compared with OMD 
measured via a rumen fluid method (Tilley and Terry, 
1963), 0.63 and 1.87% OM (Søegaard et al., 2001), and 
0.7 and 2.4% OM (Weisbjerg et al., 2007), respectively. 
A similar effect was found using another enzymatic 
method, when digestibility of compound feeds was 
evaluated by de Boever et al. (1986). The rumen fluid 
method showed higher OMD variation between rep-
etitions (1.1% OM) compared with a pepsin cellulase 
method developed by Iowerth et al. (1975) and adapted 
for compound feeds by Aufrère and Michalet-Doreau 
(1983), 0.69 and 0.84% OM for the 2 different cellulase 
enzymes tested. This pepsin cellulase method has simi-
larities to the EDOM method.

Although repeatability is a necessary parameter to 
evaluate the precision of a method, it should not be 
viewed as a solitary result, as the variability between 
laboratories can be greater than the variability within 
one laboratory (Parker et al., 2018). Reproducibility of 
100% is desirable, meaning that different laboratories 
obtain the same result with the same method using 
different tools and operators (JCGM, 2012). The ILC 
in this study (92.6%) was lower than ICC (98.9%). This 
was expected, because more sources of variation are 
involved, such as different technicians and equipment 
available in each laboratory (Taylor and Kuyatt, 1994). 
This study included only 2 laboratories; however, the 
dismissible difference between laboratories (0.4% OM) 
for OMDEDOM in this study agrees with 2 ring tests, 
each involving 4 laboratories, performed for concentrate 
ingredients (De Clerck, 2018, 2019). Compared with 
the rumen fluid method, the same tendency was found 
for reproducibility as for repeatability, where EDOM 
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Table 4. Models describing the relationship between observed digestible OM measured using the enzymatic digestibility of OM (EDOM) 
method (DOMEDOM, % of DM) and various significant regressors: model A contains weighted sum of DOMEDOM (DOMEDOMAdd); models Bi also 
contain effects of ingredients [DOMEDOM (% of DM) × share of ingredient in compound feed (% of DM)]

Item  Models for DOMEDOM (% of DM)1

Model fit2

 

Model prediction3

R2 RSE BIC PRESS R2

A 1.65 + 0.99DOMEDOMAdd 0.93 1.09 157 61.04 0.93
B1 −4.01 + 1.06DOMEDOMAdd − 0.01(SBM × Wh) + 0.04Wh 0.94 1.06 165 66.17 0.93
B2 0.94 + 0.99DOMEDOMAdd − 0.01(SBM × Wh) + 0.08Wh − 0.001(Wh 

× Ry × RSM) − 0.04RSM + 0.04SBM
0.95 0.98 163 55.28 0.94

B3 0.11 + 1.00DOMEDOMAdd − 0.01(SBM × Wh) + 0.12Wh − 0.001(Wh 
× Ry × RSM) − 0.04RSM + 0.04SBM − 0.01(Wh × SBP) + 0.06SBP

0.96 0.93 163 48.93 0.94

1DOMEDOMAdd = digestible OM calculated by the weighted sum of ingredients; SBM = soybean meal; Wh = wheat; RSM = rapeseed meal; 
Ry = rye; SBP = sugar beet pulp.
2RSE = residual standard error of the model; BIC = Bayesian information criterion.
3PRESS = predicted residual error sum of squares.
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showed lower variation of OMD between laboratories 
than did the rumen fluid methods for forages: 0.97 ver-
sus 2.33% OM (Søegaard et al., 2001) and 0.70 versus 
2.10% OM (Weisbjerg et al., 2007).

A possible explanation for the higher precision (re-
peatability and reproducibility) of enzymatic methods 
might be the use of commercial enzymes and synthetic 
solutions that might translate into more stable results. 
In contrast, when rumen fluid is used, the stability 
of the solution might be compromised due to donor 
variation (Church and Petersen, 1960; Holden, 1999); 
therefore the method is difficult to standardize across 
multiple laboratories. On the other hand, a possible 
disadvantage of enzymatic methods could lie in the de-
pendability of production of these enzymes from a third 
party. The importance of a precise method is that its 
precision makes it adoptable in practice, as this makes 
implementation of the method in different laborato-
ries and regions worthwhile. Results from this study 
are of great importance for the use of EDOM, as this 
method could potentially be used in the NorFor system 
for compound feeds, expanding to other countries (it 
is already official in Denmark) and other regions using 
the system.
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Scarce literature exists on the additive properties of 
digestible organic matter. For ruminant feeds, Prestløk-
ken (1999) found that effective protein degradability as 
predicted by the addition of ingredients overpredicted 
the values measured directly in the mix feeds by up to 5 
percentage points. However, we found the contrary for 
DOMEDOM: additivity of DOMEDOM underpredicted the 
measured DOMEDOM of compound feeds by less than 1 
percentage point (0.83% DM, Figure 2b).

The effect of specific ingredients beyond additivity 
was identified for the relationship between ingredients 
and compound feeds (Table 4). However, the numerical 
magnitude of the effect of ingredients and their interac-
tions was minor. The model considering only pure ad-
ditivity showed the best fit with the lowest BIC (BIC = 
157). Moreover, the prediction ability R2( ) showed mi-
nor improvement with the inclusion of ingredients. 
Further, it is not clear whether the effect of ingredients 
included in these models was due to intrinsic character-
istics of the ingredients or to the proportions in which 
they were included in the compound feed, as the ingre-
dients detected coincide with the most frequently used 
ingredients in the compound feed samples (Table 1). 
Our results suggest that DOMEDOM has an additive 
property. No evaluation of the effect of ingredients was 

performed for chemical components, as this was beyond 
the scope of the present study.

The high correlation between amounts of nutrients 
calculated from additivity of ingredients and amounts 
of nutrients measured directly in compound feeds 
agrees with the correlation found for DOMEDOM. The 
DOMEDOM, as well as the CFat, showed an average dif-
ference between calculated and measured values that 
accounted for 0.83% DOM in DM and 0.25% CFat in 
DM, respectively. Both errors are within the acceptable 
limits (5% limit for DOMEDOM corresponds to the en-
ergy tolerance limit and 1% CFat limits, respectively) 
established for compound feed declarations (European 
Commission, 2010). All chemical components presented 
linear bias, meaning that the prediction would have 
higher errors in extreme values. Despite this, the larg-
est linear bias was reported for NDF (2.01% DM) at 
the maximum predicted value (36.2% of DM), which 
is lower than the acceptable limit in EU regulations 
(3.5%). Although all nutrients fell within the toler-
ance limits, the bias presented in this study should 
be taken as a guideline for the creation of compound 
feeds to match the targeted concentration of nutrients. 
Moreover, CFat presented the highest coefficient of de-
termination between residuals and the predicted CFat 
content of compound feeds (Figure 5b, R2 = 0.25). This 
suggests greater overprediction of CFat by additivity of 
ingredients at higher CFat concentrations. Difficulties 
with extraction of CFat due to the diverse nature of the 
different components could be a potential explanation 
(Palmquist and Jenkins, 2003), although it is difficult 
to explain our finding of overestimation of CFat by ad-
ditivity of ingredients.

To our knowledge, although the additive property has 
long been assumed in chemical components, no evidence 
supporting this assumption has been reported. Thus, 
the evaluation of additivity of the chemical parameters 
in this study is fundamental for several reasons. First, 
it is vital to evaluate and report the property’s exis-
tence. Second, our study has allowed us to compare 
the additive property of the chemical components with 
the results of the DOMEDOM method, using additivity 
results from chemical components as reference, and to 
conclude whether DOMEDOM additivity could be po-
tentially useful in practice. Moreover, validation of the 
assumption of additivity of the chemical components 
is central not only to the formulation of commercial 
compound feeds but also to research, where additivity 
of this parameters is commonly assumed. Our results 
suggest that chemical parameters are additive. More-
over, DOMEDOM additivity was comparable with the 
additivity of the chemical parameters, confirming the 
additive property for this parameter as well.
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The EDOM method showed high repeatability (ICC 
= 98.9%) and reproducibility (ILC = 92.6%) and is 
therefore a precise method for estimating OM digest-
ibility in compound feeds. We found a high coefficient of 
determination (R2 = 0.93) between DOMEDOM on com-
pound feed and DOMEDOM measured in feed ingredients 
and weighted by the composition of ingredients in the 
compound feed. Therefore, the EDOM method showed 
a convincing additive property. Chemical components 
(CP, starch, CFat, and NDF) also showed additivity, 
with R2 ranging from 0.93 for NDF to 0.98 for starch. 
However, the bias shown in this study, especially for 
CFat, indicates that possible bias should be considered 
when formulating compound feeds to match target con-
centrations.
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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 

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
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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 
(Åkerlind 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 (Åkerlind 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.

2��*���?���	��2*�.
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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 Álvarez et al. (2020). Digest-
ible OM (DOMEDOM) was estimated as EDOM (%) 
× OM (g/kg of DM). Ash was determined by sample 
incineration at 550°C, nitrogen (N) was determined by 

the Dumas method (Dumas, 1831) using a Leco instru-
ment (Leco Corp.), and CP was estimated as N × 6.25. 
Crude fat (CFat) as petrol ether was extracted after 
HCl 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 α-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 (Åkerlind 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).

��������	��������

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 DOMEDOM, 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 (CPcorr). 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 “lm” 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 
PRESS

no. of samples
.  

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

∑
−( )predicted reference

no. of samples

2

.

Additive Property. For DOMEDOM, ash, CPcorr, 
CFat, NDF, and ST, additivity was evaluated to test 
its effect on NEL20 prediction. Additivity was calcu-
lated according to Álvarez 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 “lm” 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 

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, DOMEDOM, 
CFat, NDF, CP, and ST as well as CPcorr 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.

�*��?��
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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 
CPcorr. 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 (DOMEDOM), (d) CP corrected 
by urea (CPcorr), (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, CPcorr, 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 DOMEDOM (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.

�����	����������	���	&��������

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, CPcorr, DOMEDOM, 
ash, and ST. For the compound data set, NDF was the 
first variable, followed by CFat, DOMEDOM, CPcorr, 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 I presented the best fit (AICc = −71.8, RMSE 

= 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 I2. Models 
E and I presented better fit than their corresponding 
models not corrected for urea (Table 3).

��������

The additive properties of NDF, CFat, DOMEDOM, 
CPcorr, ash, and ST are shown in Figure 1a to f for 
the 75 compound feed samples. Of the 75 samples, 49 
were also evaluated by Álvarez 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-
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Table 1. Summary statistics of the chemical composition of compound feeds and their ingredients used for model development of NEL20

Item1

Compound feeds

 

Ingredients

Mean2 Min3 Max4 SD Mean Min Max SD

Number of samples 75 75 75 75  108 108 108 108
DOMEDOM (% 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
CPcorr (% 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
1DOMEDOM: digestible OM by enzymatic digestibility of OM method; CPcorr: 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.
2Average content.
3Minimum content.
4Maximum content.
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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 DOMEDOM, 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 CPcorr, 2 samples were outside EU 
tolerance limits. Residual analysis showed a significant 
linear bias (P < 0.05), meaning overestimation of low 
observed CPcorr values and underestimation of high 
observed CPcorr values (Figure 1d). No significant mean 
bias was detected for CPcorr (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 1e). 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-

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 
I. 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 I.
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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.
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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, 
CPcorr, and NEL20 were higher in the example data set, 
but DOMEDOM 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 I, 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.

��������
	

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 Álvarez 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 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).
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ADF and ADL or measured by enzymatic digestibility 
(Baumont et al., 2018). The Feed Into Milk system 
(Thomas, 2004) recommends an equation based on 
compound feed enzymatic digestibility (Thomas et al., 
1988). Germany uses prediction equations based on 
an enzymatic method for OMD determination (GfE, 
2009). Denmark established an official prediction 
equation also based on OMD, measured by the EDOM 
method, for the Danish feed-unit system (Weisbjerg 
and Hvelplund, 1993) and chemical composition. 
Thus, chemical composition and OMD were includ-
ed as potential variables in this study. Selection of 
DOMEDOM for OMD representation was based on the 
premise that models should be not only accurate and 

precise but also easy to adopt. The EDOM method 
has been proven accurate (Weisbjerg and Hvelplund, 
1996) and precise (Álvarez et al., 2020). Moreover, 
it is already a familiar method used in commercial 
laboratories in Scandinavia, as it is the official method 
for energy declaration in compound feeds in the static 
Danish feed-unit system (Danish Veterinary and Food 
Administration, 2020) and is used for OMD determi-
nation in some forage types. In this study, inclusion 
of DOMEDOM as a variable agrees with the results 
of Cottyn et al. (1984) and De Boever et al. (1994), 
who found that models that only included chemical 
composition were less accurate than models that also 
included OMD as a variable (Table 3).
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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 middling. Root mean squared error of prediction (RMSEP) of ingredients for model E = 0.29 MJ/kg of DM; RMSEP of ingredients for 
model I = 0.41 MJ/kg of DM (see models in Table 3).
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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-

unit system (Weisbjerg and Hvelplund, 1993), which 
is also static and empirical, showed a higher RSD than 
model I 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 I 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 Álvarez 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 Álvarez et al. (2020) for DOMEDOM (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 CPcorr 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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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

Item1 Mean Minimum Maximum SD

No. of samples 30 30 30 30
DOMEDOM 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
CPcorr 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
1DOMEDOM = digestible OM by enzymatic digestibility of OM method; 
CPcorr = 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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complete combustion (Nørgaard 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 
1a 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 

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 1a 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.

�����	���	���	����������

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 

>�����?������39���*@7�*����(@7�(A��7

Figure 5. (a) Relationship between net energy for lactation at 20 kg of DMI/d (NEL20) values in 30 compound feed NEL20 values predicted 
by model E (x-axis) and declared by the feed companies (y-axis). (b) Relationship between NEL20 values in 30 compound feed NEL20 values 
predicted by model I (x-axis) and declared by the feed companies (y-axis). Solid lines: x = y; gray lines: European Union declaration limit of 
±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.
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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 I2, 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 CPcorr, 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.

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.
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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, DOMEDOM, and CPcorr 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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Abstract

Our study evaluated the effect of grass silage digestibility and concentrate intake on milk yield of dairy 
cows. Eighty group mean treatments comprising different grass silage digestibility and concentrate levels 
were collected from nine published studies. Linear mixed models were developed with study as random 
effect. Silage quality was included in the models as organic matter digestibility (OMDs) or energy 
concentration. Concentrate intake (DMIc), concentrate proportion of total dry matter intake or energy 
intake were further tested. Best fit model included curvilinear effect of DMIc and linear effect of OMDs. 
Moreover, there was an interaction between DMIc and OMDs, where higher digestible silages resulted 
in higher milk yield, but marginal response in milk to increase of DMIc was lower. For low digestible 
silages, highest milk production was achieved with higher DMIc as compared to high digestible silages.

Keywords: milk production, substitution rate, dairy cow, meta-analysis

Introduction

Due to long winters, northern European countries depend on conserved roughage, mainly grass silage, for 
winter feeding (Bernardes et al., 2018). Prioritising the use of grass silage over concentrate in rations for 
dairy cattle is important for several reasons: grasslands have higher carbon sequestration (Soussana et al., 
2004), and more dry matter (DM) and protein yield per hectare than most annual crops. Further, grass 
is often cheap compared with other crops. Grass silage quality varies significantly due to management 
strategies. Maturity at harvest is one of the most important factors affecting digestibility due to changes 
in cell wall content and lignification (Rinne et al., 1997). We hypothesise that lower concentrate levels 
can be used with highly digestible silages, without compromising milk production. For this, the objective 
of this study was to evaluate the relationship between grass silage digestibility and concentrate level on 
milk production based on previous experiments evaluating these two parameters.

Materials and methods

The dataset included 80 group means with mixed parity from nine published studies conducted after 
1990. The criteria to be included in this metanalysis study were grass silage as the predominant forage 
source, at least two levels of silage digestibility and two levels of concentrate within digestibility. A 
summary of the studies included is shown in Table 1. The evaluated dependent variable was average daily 
milk production (kg per day) expressed as energy corrected milk (ECM, 3.14 MJ kg-1). Feed ration values 
were calculated based on feedstuff and animal characteristics of each experiment using the NorFor model 
(Volden, 2011). Data were analysed using mixed models using ‘lmer’ package in R software with study 
as random effect. Evaluated independent variables included silage organic matter digestibility (OMDs) 
or energy concentration (NELs), concentrate intake in kg DM/day (DMIc) or energy/day (NELc), 
concentrate proportion of total DM intake (DMIt) and chemical components of the ration. The level 
of significance for inclusion of an effect in the model was 0.05. Model fit comparison was done using 
Bayesian information criterion (BIC) statistic, R squared statistics (R2) for mixed models and root mean 
square error (RMSE).
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Results and discussion

The model which fitted best the ECM response presented a curvilinear effect of DMIc, a linear effect 
of OMDs and an interaction between DMIc and OMDs. Predicted ECM from this model to increased 
concentrate level using 3 different OMDs is shown in Figure 1. Maximum milk yield for 82% OMDs 
(32.2 kg ECM) is achieved with 10.0 kg DMIc and 12.4 kg silage intake (22.4 kg DMIt), which 
corresponds to a 0.45 concentrate: forage ratio. For the lowest digestibility silage, maximum milk yield 
was lower (29.8 kg ECM) and achieved with DMIt of 21.2 kg DM, of which 12.0 kg DM is DMIc, 
resulting in a concentrate: forage ratio of 0.57. Results confirm our hypothesis, showing higher milk yield 
in higher digestibility silages achieved with lower concentrate levels. Higher digestibility silages reported 
higher DMIt, agreeing with Huhtanen et al. (2007), and increased linearly with DMIc. However, silages 
with higher digestibility showed lower marginal response to increased concentrate level. The curvilinear 
response of ECM to DMIc could be explained by the decreased digestibility of the fibre (Kristensen and 
Aaes, 1989) together with a shift of nutrient partitioning to body weight gain (Ferris et al., 2001; Randby 
et al., 2012). Silage intake decreased by 0.53 kg DM per kg DMIc (substitution rate), which is similar 

Table 1. Summary of trails included in the dataset.

Reference Cows Breed2 OMD silage (%)3 Concentrate level4

Aston et al. (1994) 40 H 68.8, 82.5 3, 6, 9, 12 kg

Rinne et al. (1999)1 32 FA 68.2, 74.9, 77.9, 79.6 7, 10 kg

Ferris et al. (2001) 48 H 71.2, 81.4 Hi: 10, 30, 50, 70%

Me: 32, 48, 64, 80%

Kuoppala et al. (2008) 24 FA 67.3, 68.9, 69.2, 72.7, 73.4, 76.7 8, 12 kg

Prestløkken et al. (2008) 32 NR 74.1, 74.7, 81.4, 81.6 4, 10 kg

Randby et al. (2012) 66 NR 69.3, 76.3, 80.6 0, 4, 8, 12, 16 kg

Sairanen and Juutinen (2013) exp 1 36 FA 72.7, 74.2, 77.3 9, 11, 13 kg

Sairanen and Juutinen (2013) exp 2 40 FA 69.2, 76.3 4, 6.5, 8, 11.5 kg

Alstrup et al. (2016) 24 H 73.9, 74.2, 76.2, 79.1 20, 50%

1 The treatments without rapeseed effect were taken into consideration.
2 H: Holstein, FA: Finnish Ayrshire, NR: Norwegian Red.
3 Range of in vivo organic matter digestibility tested in each study.
4 Concentrate levels presents as % correspond to total mixed ration feeding systems. Hi: High digestible silage. Me: medium digestibility silage.

Figure 1. Predicted milk production (ECM) from the resulted model to increase concentrate intake (DMIc in kg) for 3 different silage digestibilities 

(OMDs in %): 82% OMDs (–––), 75% OMDs (- - -), 68% OMDs (····). Model: y=-16.1+ 4.2 DMIc - 0.07 DMIc2 + 0.50 OMDs – 0.03 DMIc × OMDs.
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to the value of 0.47 kg DM reported by Huhtanen et al. (2008) although in our study substitution rate 
was not affected by concentrate level. Moreover, it was not affected by silage digestibility, in contrast to 
Faverdin et al. (1991).

Conclusions

Milk yield showed a curvilinear response to concentrate level, with decreasing increments. The response 
in milk was lower in silages with higher digestibility, achieving the same milk yield with lower concentrate 
level as compared with lower digestible silages. Thus, practices that increase silage digestibility also 
increase milk yield and reduce the need for concentrates in dairy cow diets.
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 INTERPRETATIVE SUMMARY ��

High-digestible silages allow low concentrate supply without affecting milk production ��

(Álvarez et al.) ��

Harvest maturity is among the most important factors altering silage digestibility. Moreover, ��

concentrate fed with silages can impact production and the environment, but its magnitude depends ��

on silage digestibility. This study showed that lower concentrate levels can be supplied to cows 	�

when feeding high-digestible silages without compromising milk production. In addition, 
�

increasing concentrate showed a higher milk production response in cows fed low-digestible ��

silages, which agrees with the tested meta-analysis. Regardless of silage digestibility, methane ��

emissions increased with increasing concentrate intake, whereas methane per unit of intake and ��

milk decreased with increasing intake.  ���

�  ���
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MILK RESPONSES TO SILAGE AND CONCENTRATE ���
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High-digestible silages allow low concentrate supply without affecting milk ���

production ���

ABSTRACT �	�

In this study, we tested a response function comprising responses in milk to changes in silage �
�

digestibility and concentrate supply. We studied the effect of changes in silage digestibility and ���

concentrate supply on milk yield, feed intake, body weight, and methane production using 60 ���

Norwegian Red cows. The experiment was a complete randomized block design comprising three ��

periods. In the pre-experimental period (PreP), all the cows were fed a common silage ad libitum ���

and concentrate according to yield. Next, in response period 1 (RP1), the cows were divided into ���

two treatments, where a low-digestible silage (LDS) was fed to half of the cows, and the other half ���

were fed a high-digestible silage (HDS). Concentrate was optimized according to the yield and ���

type of silage offered. In this period, the effect of silage was evaluated using a mixed model, ���

including the results from PreP, with parity as a covariate and animal as a random effect. In �	�

response period 2 (RP2), the concentrate level was evaluated by dividing the silage digestibility �
�

treatments further into three subgroups. Concentrate was increased by 2 kg dry matter (DM), ���

decreased by 2 kg DM, or remained unchanged. In RP1, silage treatments were optimized to obtain ���

similar yields and resulted in a lower concentrate offer to HDS treatment. However, the HDS ��

treatment showed a 3.0 kg DM higher total feed intake due to a higher-than-expected silage intake. ���

This resulted in 3.5 kg higher energy-corrected milk (ECM). Methane emissions were similar ���

between silage treatments, but HDS showed lower methane per kg DM due to its higher intake. ���

The effect of concentrate supply level and interaction with silage digestibility was evaluated using ���

mixed models, including the results for RP1, with parity as a covariate and animal as a random ���

effect. The reduction in concentrate offer by 2 kg in RP2 was compensated for by increased 1.3 kg �	�



�

�

DM of silage intake for HDS, resulting in similar intake (22.1 kg DM and 21.7 kg DM without and �
�

with concentrate reduction, respectively) and ECM yields (29.4 and 29 kg ECM without and with ���

concentrate reduction, respectively). However, concentrate offer reduction could not be ���

compensated for by increased silage intake for LDS and resulted in lower milk yields (27.5 kg ��

ECM). Increased concentrate showed a higher marginal ECM response (kg ECM per kg of ���

additional concentrate intake) for LDS (1.8 vs. 3.3 kg ECM for HDS and LDS, respectively). Thus, ���

the drop in milk yields could be compensated for by increased concentrate offers if LDS are fed. ���

Total methane production increased with increased concentrate intake, regardless of silage ���

digestibility. Methane emissions per unit of feed and milk were affected by total DM intake rather ���

than by changes in silage digestibility and concentrate level. �	�

Key Words: dairy cow, milk response, methane, silage maturity, meta-analysis.  �
�

INTRODUCTION ���

The importance of forage in ruminant nutrition has been widely discussed and accepted for several ���

reasons.  unique characteristics of digesting fiber, a growing human population that 	�

increases competition for cropland, and higher prices of concentrates are the most cited. Silage 	��

making is a widely used conservation strategy of forage because it ensures the possibility of 	��

preserving feed for cows (Bernardes et al., 2018) with minor energy losses compared with drying 	��

(Mahanna and Chase, 2003). However, as silage digestibility varies greatly and depends on several 	��

factors, high-producing dairy cows are often fed high levels of concentrates to secure sufficient 	��

energy and nutrient intake to meet their requirements (Abrahamse et al., 2008). Despite this, 		�

numerous studies have shown the advantages of high-digestible silages on milk yield (Randby et 	
�

al., 2012; Alstrup et al., 2014; Weisbjerg and Johansen, 2017). Álvarez et al. (2020) conducted a 	��

meta-analysis study and showed that high-digestible silages can induce high milk yields with lower 	��



�

�

concentrate levels than low-digestible silages (Figure 1). At low levels of concentrate, higher milk 
�

yields were achieved with increased silage digestibility. As concentrate intake levels increase, 
��

ECM differences between silages disappear due to a lower ECM marginal response with high-
��

digestible silages. This meta-analysis found no differences in substitution rates (SR) between 
��

silages, but other studies showed higher SR as silage digestibility increased (Faverdin et al., 1991; 
��

Thoomas, 1987). In addition, several studies have shown the effect of grass maturity (Johnson and 
��

Johnson, 1995; Moe and Tyrrell, 1979; Brask et al., 2013) and concentrate level (Ferris et al., 1999; 
	�

Aguerre et al., 2011; Jiao et al., 2014) on methane emissions, although these effects were studied 

�

separately. Therefore, the effect of silage digestibility and concentrate level on methane emissions 
��

requires a combined evaluation.  
��

The objective of this study was to test the meta-analysis of Álvarez et al. (2020) by challenging ��

cows with different silage digestibility and evaluating the interaction between silage digestibility ���

and concentrate level on cow responses. Further, the aim was to evaluate these scenarios from a ���

climate perspective, measuring methane emissions for different silage digestibility and concentrate ���

levels. From Figure 1, we hypothesize that lower intake levels of concentrate are needed to maintain ���

high milk yields by increasing silage digestibility. Moreover, higher responses of milk with ���

increased concentrate levels will be achieved with low-digestible silages. From an environmental �	�

perspective, we hypothesize that high-digestible silages with low concentrate levels will produce �
�

less methane than low-digestible silages with higher concentrate levels.  ���

MATERIALS AND METHODS ���

Preparation of Grass Silages  ��

Silage preparation aims to obtain silages with different organic matter digestibility (OMD). For ���

this, two spaced harvest dates were performed: early harvest on May 28, 2019 and late harvest on ���
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June 18, 2019. Harvests at both dates were performed from three fields at the Norwegian University ���

of Life Sciences in Ås, Norway (59�N, 10�E). Based on seed weight, all fields comprised a mix of ���

50% timothy (Phleum pratense), 25% meadow fescue (Festuca pratensis), 15% meadow grass ���

(Poa pratensis), and 10% white clover (Trifolium repens). Spring fertilization of all fields was �	�

performed on the April 9 and comprised 120 kg/ha of nitrogen (88 kg as mineral fertilizer and 32 �
�

kg as manure), 12 kg phosphorus, and 40 kg potassium. After cutting, grass silage was pre-wilted ���

for 6 to 24 h, aiming for a DM content of 25 to 30%. The grass was ensiled in round bales using ���

5.1 L per ton of fresh matter of a formic acid-based additive (GrasAAT Plus, Addcon Nordic AS, ��

Porsgrunn, Norway) and eight layers of plastic film. Table 1 shows the DM content, chemical ���

composition, and fermentation quality of the resulting grass silages.  ���

Diets and Experimental Design ���

The experiment was conducted at the Animal Production Experimental Center at the Norwegian ���

University of Life Sciences, following the laws and regulations controlling experiments on live ���

animals in Norway under the surveillance of the Norwegian Animal Research Authority. �	�

Figure 2 shows a summary of the diets and experimental design. The experiment was conducted �
�

from February 28 to April 25, 2020 and comprised three periods on which the dietary treatments ���

depended. From February 28 to March 18, the pre-experimental period (PreP), 60 cows were fed ���

a common silage ad libitum, comprising a mix of 50% low-digestible silage from the late harvest ���

(LDS) and 50% high-digestible silage from the early harvest (HDS) (fresh weight basis). Silage ����

mixing for offering comprised six round bales, three from the LDS and three from the HDS. Within ����

silage digestibility, one bale came from each of the three fields included in the study. The mixing ����

duration was approximately 20 minutes using Siloking Duo 1814 (Kverneland, Bryne, Norway) ����

and was performed three times per week. Concentrate offer was determined individually for cows ����
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according to milk yield, DIM and body weight recorded over a 7-day period before initiating PreP. ��	�

These optimizations were performed using the NorFor Feed Ration Optimizer (NFRO, Volden et ��
�

al., 2011b). In response period 1 (RP1), from March 19 to April 4, 2020, cows were blocked by ����

parity and, were randomly allocated into two groups 30 of the cows were fed HDS, and the other ����

30 cows were fed LDS. Silage was fed ad libitum by ensuring a residue of 5 to 10% of the offer. ���

Mixing of silage for feeding included mixing three bales per group. The HDS cows were offered ����

three mixed bales from the early-cut silage, one from each field, and LDS cows were offered three ����

mixed bales from the late-cut silage, again one from each field. Concentrate level was determined ����

by optimization in NFRO with the corresponding silage digestibility and information of individual ����

milk yield, weight, and DIM recorded from PreP. In response period 2 (RP2), from April 5 to 25, ����

each group was further randomly divided into three subgroups; in this case, no diet optimization ��	�

was performed. Instead, a group of 10 cows maintained the concentrate offer level from RP1 ��
�

(Standard), another group of 10 cows increased 2 kg DM/day from the standard concentrate level ����

from RP1 (Plus2), and a third 10-cow group was offered 2 kg DM/day less concentrate than the ����

standard level from RP1 (Minus2). This resulted in six subgroups for RP2: three from HDS with ���

standard concentrate (HDS_Standard), HDS with increased concentrate offer (HDS_Plus2), HDS ����

with decreased concentrate offer (HDS_Minus2), and three from LDS with standard concentrate ����

(LDS_Standard), LDS with increased concentrate offer (LDS_Plus2), and LDS with decreased ����

concentrate offer (LDS_Minus2). As in RP1, silage mixing was performed for this period. For all ����

periods, the offered concentrate was a commercial compound comprising barley, oat, maize, ����

soybean meal, sugar beet pellets, molasses, minerals, and vitamins (Drøv energirik, Norgesfôr, ��	�

Mysen, Norway). Table 1 shows the chemical composition of the concentrates. ��
�

Animals, Housing, Feeding, and Management ����
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The 60 Norwegian red cows 26 first lactation, 22 second lactation, and 12 older cows were ����

loosely housed with concrete floors and rubber mats with sawdust for the whole experiment. At ���

the end of PreP, cows had the following averages (± standard deviation): 599 ± 56.7 BW, 130 ± ����

28.8 DIM, 32.0 ± 6.7 kg ECM, and 21.6 ± 3.27 DMI. The silages were fed from 40 individual ����

automatic feeders (BioControl AS, Rakkestad, Norway) equipped with vertically moving gates, ����

where electronic cow identification ensured each cow s access to the correct silage source. For ����

PreP, the 40 bins were filled with the mixed silage. For RP1 and RP2, half of the bins were filled ����

with LDS and the other half with HDS. Silage was fed into the feed bins once a day, between 7 and ��	�

8  in the morning. The concentrate mixture was fed in the milking robot, three concentrate ��
�

feeders and two GreenFeed Emission Monitor Systems (GEM, C-Lock Technology Inc., Rapid ����

City, SD). The concentrate feeders and the GreenFeed units were located central to the barn, ����

accessible through a Smart Gate (Delaval, Tumba Sweden). All units were equipped with a back-���

gate, allowing intake of concentrate without interference. The 60 cows used were introduced to the ����

feeding and milking system in good time before the start of the experiment. Cows had access to ����

water ad libitum, silage ad libitum, and the allowed concentrate level all day. The concentrate was ����

distributed with 1 kg per day in the GreenFeed units, and the remaining part in the milking robot ����

and any of the three concentrate feeders. Concentrate offering was restricted to a maximum of 4 kg ����

per feeding and a time gap of 4 hours between the two feedings, depending on total daily allocation. ��	�

In RP2, changes in concentrate for the Plus2 and Minus2 groups were made by increasing and ��
�

reducing the offer in the concentrate feeders, respectively.  ����

Experimental Measurements, Analysis, and Calculations  ����

Feed intake was recorded daily. Silage was recorded using echanism as the �	�

difference in weight between opening and closing of the bin gate. Daily silage intake was the sum �	��
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of all individual visits. Intake of concentrate was recorded by volume in the milking robot feeder, �	��

concentrate feeders, and GEMs. None of these concentrate feeding systems measured leftovers; �	��

therefore, it was assumed that the amount fed was all eaten by the animal. Samples of silage were �	��

taken every second day and subsampled into biweekly samples for analysis. Samples of concentrate �	��

were taken weekly and pooled into period samples (three samples in total) for analysis. Dry matter �		�

content for silage was determined by drying at 60ºC and adjusted for losses of volatiles, as �	
�

described by Åkerlind et al. (2011). For concentrate, DM was determined by oven drying at 103ºC �	��

for 24 hours. Samples for chemical analysis were ground using a cutter mill fitted with a 1.0 mm �	��

screen. For concentrate, a proportion was also ground using a 0.5 mm screen for starch analysis. �
�

Feed samples were analyzed for nitrogen, according to the Kjeldahl method using the Kjeltec 8400 �
��

automated distillation unit (Foss Analytical, Hillerød, Denmark), and CP was estimated as N × �
��

6.25. Soluble CP (sCP) was determined according to NorFor by extracting samples in a borate�
��

phosphate buffer. After centrifugation, the sCP in the supernatant was determined using Kjeldahl �
��

method. Crude fat was determined by accelerated solvent extraction using Dionex 350 �
��

Accelerated Solvent Extractor (Thermo Scientific, Waltham, USA). Analyses for NDF, ADF, and �
	�

ADL were performed using the Ankom200 Fiber Analyzer (Ankom Technology Corporation �

�

Fairport, NY, USA). NDF (ash corrected) was determined using the amylase-treated NDF method �
��

(Mertens et al., 2002). ADF (ash corrected) was determined by incubating the sample for 60 �
��

minutes with sulfuric acid and cetyl trimethylammonium bromide, and ADL (Ankom ���

Technologies, 2017) was determined after ADF determination by incubating the samples in sulfuric ����

acid for 3 hours (Ankom Technology, 2020). Starch was determined by first hydrolyzation with -����

amylase and amylo-glucosidase to glucose, which was finally determined spectrophotometrically ����

by color reaction using RX Daytona + (Randox Laboratories Ltd, UK). Ash was determined by ����

incineration at 550°C for 8 hours (European Commission, 2009). Organic matter digestibility was ����
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determined by near infrared analysis at Eurofins Agro (Moss, Norway). Calculation of standard ��	�

feed values at 20 kg DM intake level was done according to NorFor (Åkerlind and Volden, 2011), ��
�

giving net energy of lactation (NEL20), amino acids absorbed in the small intestine (AAT20), and ����

protein balance in the rumen (PBV20). Fill value (FV) for silages and total diet NEL was also ����

calculated according to NorFor (Volden, 2011a). ����

Daily milk yield (MY) was recorded in an automatic milking system (AMS, DeLaval International ����

AB, Tumba, Sweden), where the yield was registered for each milking. At the end of each ����

experimental period, milk samples were taken for each milking for a 48-hour period. Each milk ����

sample was preserved using Bronopol tablets (2-bromo-2-nitropropane-1,3 diol, Broad Spectrum ����

Microtabs II) and stored chilled (4°C) until analyzed for fat, protein, and lactose using Fourier ����

Transform Infrared (FTIR) spectroscopy (Bentley FTS/FCM or Combi 150, Bentley Instruments ��	�

Inc., Minnesota) at the TINE laboratory (TINE, Trondheim, Norway). The individual milk samples ��
�

were linked to their respective yields and used to determine the weighted average milk composition ����

over this 48-h period. Energy corrected milk was then calculated from this chemical composition ����

according to Sjaunja et al. (1990). Body weight was measured after each milking with an electronic ��

scale situated at the milking robot exit. ���

Methane (CH4) daily emissions were recorded with two GEMs throughout the whole experiment. ���

In the barn, the GEMs were placed between the concentrate feeders and visited by animals ���

voluntarily; thus, recording was reliant on animal visits. For a recording to be accepted as valid, at ���

least two minutes of proximity to the sensor of the head position were set as criteria. Hristov et al. ���

(2015) extensively described the details of the GEM method. Average CH4 daily values were �	�

calculated with recordings corresponding to the same day.  �
�
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For all measurements, the last 10 days of each period were included as repeated measurements or ���

used to calculate an average per cow to avoid potential carryover effects from the previous period. ���

Statistical Analyses ���

Silage Composition ����

As the objective of the study depended on achieving two different silage digestibility, a statistical ����

comparison was performed between the HDS and LDS by one-way ANOVA  ����

function  package (R Core Team, 2019). Four samples per silage (two samples per ����

silage per response period) were included in the comparison, where silage was the main effect, and ����

all nutritional components were evaluated as response variables. If significant, pairwise ��	�

comparison by Tukey was performed  function, also from the stats package.  ��
�

Response Periods 1 and 2 ����

The experiment was a complete randomized block design, with parity as the block (primiparous ����

vs. multiparous). All statistical analyses were performed in RStudio (RStudio Team, 2020). ���

Randomization of the experimental unit for cow was done  function from the ����

 package (Coppock, 2019). For RP1, the effect of silage digestibility and change in ����

concentrate from PreP on feed intake, milk yield, and CH4 were analyzed using linear mixed ����

models  function  package (Pinheiro et al., 2020) using RStudio ����

software. The models evaluated milk yield (MY), ECM, milk fat concentration, milk protein ����

concentration, milk lactose concentration, fat yield, protein yield, lactose milk, silage DMI (DMIs), ��	�

concentrate DMI (DMIc), DMI, weight, CH4, CH4/DMI, and CH4/ECM ratio. Silage digestibility ��
�

(HDS or LDS) and change in concentrate (kg DM/day) and the silage digestibility × change in ����

concentrate interactions were included as fixed effects. A covariate was included in the model to ����
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account for variation between cows, and it was nested to parity. The covariate used for the different ���

dependent variables corresponded to the same evaluated variable but with values from before the ����

start of the period, which corresponded to PreP for RP1 evaluation. Therefore, change in ����

concentrate from PreP to RP1 was selected as an independent variable as opposed to DMIc. Cow ����

was used as random variable. An autoregressive correlation structure of CAR(1) was applied to ����

account for correlation among repeated measurements (daily measures) within cow. For post hoc ����

tests, the  function  package (Hothorn et al., 2008) was employed using ��	�

 for comparison. The r��
�

P-values    ����

For RP2, models for the same dependent variables as RP1 were also analyzed with linear mixed ����

models using the same statistical software and function as for RP1. Random variables, correlation ���

structure, post hoc test, and significance level were also the same as RP1. Models included ����

concentrate level as the categorical main fixed effect (Standard, Plus2, and Minus2). As values for ����

RP1 were included as covariates for this period, silage digestibility was not included as a main ����

effect for RP2, as this was evaluated in RP1, and the effect of digestibility was thus included in the ����

covariate. Silage digestibility was only included in the interaction term to evaluate the effect of the ����

concentrate level on the different silage digestibilities. Substitution rate was calculated for RP2 ��	�

only for the treatments where the concentrate offer was changed (Plus2 and Minus2). The SR was ��
�

calculated for each individual cow as the change in DMIs per kg change in DMIc. ����

RESULTS ����

Silage Composition ���
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Table 1 presents the chemical composition of the grass silages and concentrates. HDS showed ����

higher DM content (P = 0.02), OMD (P = 0.0001), concentrations of CP (P = �5.0 × 10 8), sCP (P ����

= 9.0 × 10 8), crude fat (P = 0.006), starch (P = 8.3 × 10 5), and WSC (P = 0.0004) than LDS. ����

Concentration of NDF (P = 1.2 × 10 6), ADF (P = 5.0 × 10 6), and ADL (P = 3.0 × 10 6) were ����

higher for LDS. Fermentation quality parameters such as lactic acid (P = 0.02), acetic acid (P = ����

0.02), and ammonium-N (P = 0.0005) concentrations were higher for LDS, while HDS showed ��	�

higher pH (P = 0.02) and formic acid concentration (P = 0.01). Energy standard feed value, NEL20, ��
�

and protein balance in the rumen (PBV20) were higher for HDS (P ����

in AAT20 was found (P = 0.63). Fill value was higher for LDS (P = 1.5 × 10 5). ����

Response Period 1 �	�

Of the 60 cows included in the experiment, six were taken out during RP2 and excluded from the �	��

whole experiment. From these excluded cows, three were excluded due to stealing HDS and three �	��

due to low milk yield not related to treatments. This resulted in 27 cows for the HDS and 27 cows �	��

for the LDS, respectively. Table 2 shows the results for intake and yield for RP1. �	��

Intake: Total DMI was, on average, 3.0 kg DM higher for cows in the HDS than those in the LDS �	��

(P = 2.7 × 10 12). Also, DMI increased 0.53 kg DM with each increase in kg DM of concentrate �		�

offer (P = 2.145 × 10 10), regardless of silage digestibility treatments, as no interaction was found �	
�

between silage digestibility and change in concentrate offer (P = 0.76). Higher DMI for the HDS �	��

group could be explained by DMIs, which was, on average, 3.8 kg DM higher for the HDS group �	��

than for the LDS group (P 2.2 × 10 16). No interaction was found for DMIs between silage �
�

digestibility and concentrate offer (P � 0.13). Regardless of silage digestibility, DMIs were reduced �
��

by 0.26 kg DM with an increase in each kg DM of concentrate offer (P = 0.0008). Concentrate �
��

intake was lower for HDS (P ��0.039) and increased for both silage digestibility treatments by 0.82 �
��
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kg DM when concentrate offer was increased by 1 kg DM (P × 10 16). Residual concentrate, �
��

defined as the concentrate allowed but not fed out to the animals, showed no difference between �
��

silage digestibility (P � 0.51) or concentrate offer change (P � 0.19). �
	�

Milk Production and Composition: Milk yield was, on average, 3.0 kg higher for the HDS than the �

�

LDS treatment (P ��0.001) and increased linearly by 0.49 kg of milk per kg increased offer of �
��

concentrate (P � 0.009), regardless of silage digestibility, as no interaction was found (P � 0.90). �
��

Similar response was found for ECM, with, on average, a 3.5 kg higher yield for the HDS than the ���

LDS treatment. Irrespective of silage digestibility, ECM showed a linear increase in 0.66 kg per kg ����

DM of concentrate offer increase, as no interaction was found (P � 0.13). Silage digestibility did ����

not affect fat and protein concentrations (P = 0.97 and P = 0.79), likewise change in concentrate ����

offer (P = 0.60 and P = 0.63). For both silage digestibility treatments, the lactose concentration ����

increased with an increased concentrate offer (P  0.01). Fat, protein, and lactose yield were highest ����

for the HDS treatment (P = 0.03 for fat yield and P protein and lactose yield) and were ��	�

affected by concentrate offer (P , although no interaction was detected for any of these ��
�

parameters (P  0.1). Weight was not affected by silage digestibility (P = 0.31) or change in ����

concentrate offer (P = 0.79). Silage digestibility treatments did not affect milk and ECM per kg ����

DMI (P = 0.97 and P � 0.77), likewise change in concentrate offer (P = 0.92 and P = 0.47).  ���

Methane Emissions: Table 3 shows the results for methane emissions for RP1. Out of the 54 cows ����

(27 per group), 35 cows had a continuous voluntary daily visit to the GEMs. The other 19 cows did ����

not visit the unit voluntarily, or their visit was sporadic; therefore, access to the GEMs was ����

prohibited before the start of PreP. This represented 15 cows, with recordings from the HDS group ����

and 19 from the LDS. Methane emissions (l/day) were not affected by silage digestibility (P = 0.70) ����

or a change in concentrate offer (P ��0.84). Methane related to ECM (l CH4/ kg ECM) was not ��	�
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affected by silage or concentrate offer (P � 0.21), and no interaction was found between silage ��
�

digestibility and concentrate offer (P ��0.36). Methane per kg of DMI (CH4/DMI) was, on average, ����

3.7 l/kg higher for LDS (P = 0.002) and significantly decreased by 0.60 l/kg with an increased offer ����

of concentrate (P = 0.02), but no interaction between silage digestibility and concentrate offer was ��

found (P � 0.89). Average values of CH4/DMI and CH4/ECM for individual cows for period RP1 ���

(Figures 3 and 4) were regressed against DMI and showed a decrease with increased DMI (P ���

0.001) with no effect of silage type (P  0.1).  ���

Response Period 2 ���

All cows included in RP1 continued in the experiment for RP2, where they were subdivided into ���

the three concentrate level subgroups. Due to the cows excluded from the experiment, the number �	�

of cows per subgroup was as follows: 10, HDS-Plus2; 10, HDS-Standard; 7, HDS-Minus2; 10, �
�

LDS-Plus2; 9, LDS-Standard; 8, LDS-Minus2. Uneven distribution of cows in the subgroups was ���

because the removal of cows was done during this period and excluded from the whole experiment. ���

Table 4 shows the results for RP2. ���

Intake: Table 4 shows both the least square means (LSmeans) and raw means for silage, ����

concentrate, and total DMI. Due to the use of a covariate, estimated LSmeans of intakes appear ����

numerically similar between concentrate levels for both silage digestibility, whereas raw means ����

show actual intakes. Concentrate intake was significantly affected by concentrate offer (P = 2.0 × ����

10 16) with Plus2 showing the highest intake and Minus2 the lowest for both silages, and no ����

interaction was found (P � 0.39). Residual concentrate showed higher values for Plus2 than the ��	�

other concentrate levels (P = 0.03), regardless of silage digestibility (P = 0.23). Silage intake was ��
�

affected by concentrate level (P = 1.3 × 10 10), depending on the silage digestibility (P = 0.0003). ����
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For LDS, increasing the concentrate level did not affect DMIs, but DMIs decreased by 1.3 kg DM ����

for HDS. For both silages, there was a significant difference for DMIs between the highest and ���

lowest concentrate levels (Minus2 vs Plus2). For HDS-Plus2, DMIs were 2.6 kg lower than for ����

Minus2. For LDS, Plus2 showed 1.4 kg lower DMIs than for Minus2. Total DMI showed a ����

significant effect of concentrate level (P = 0.03) with an interaction with silage digestibility (P ����

0.04). While no difference was detected between concentrate levels for HDS, LDS showed lower ����

DMI when the concentrate offer was Minus2. NEL intake showed similar results to DMI, with an ����

interaction between silage digestibility and concentrate level (P = 0.04). NEL showed no differences ��	�

between concentrate offer treatments for HDS, while, for lower LDS, NEL intake was shown for ��
�

LDS-Minus2 treatment. ����

Substitution Rate: Substitution rate was calculated only for cows allocated in the treatments where ����

the concentrate offer was changed (HDS-Plus2, LDS-Plus2, HDS-Minus2, and LDS-Minus2). ���

Average SR was 0.59. HDS showed a higher average SR (0.78) than LDS (0.42). Figure 5 shows ����

the SR for each individual cow according to changes in DMIc. The HDS treatment showed a higher ����

increase in DMIs with the reduction of concentrate intake and a higher reduction when concentrate ����

increased, showing a variable SR. For LDS, SR was constant, showing a similar reduction or ����

increase in DMIs when DMIc increased or decreased, respectively. �����

Milk Production and Composition: Concentrate level affected MY (P = 1.1 × 10 8), with higher ��	�

MY for increasing concentrate level (Plus2) and decreased when concentrate offer was reduced ��
�

(Minus2) with no interaction between silage digestibility and concentrate offer level (P � 0.48). ����

However, ECM showed an interaction with concentrate offer (P = 0.02); HDS showed no ����

differences for Minus2 compared to Standard, but LDS showed a lower yield for Minus2 treatment. ���

Milk fat concentration was not different within HDS, although higher numerical concentrations ����
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were found for the Minus2 treatment. For LDS, Minus2 showed a lower milk fat concentration ����

than Plus2 (P = 0.004). Milk protein concentration was reduced for both silages for the Minus2 ����

treatment (P = 0.009). ����

Figure 6 shows a comparison of the ECM response between the predicted values according to ����

Álvarez et al. (2020) and observed results of the present study. Predicted results were calculated ��	�

for the specific OMD of the silages in this study and the raw means of DMIc. For the HDS, the ��
�

predicted response of ECM by the model to increasing DMIc from Minus2 to Standard was 0.89 ����

kg ECM, while the observed was an increase in 0.4 kg of ECM. The predicted response to an ����

increase in DMIc from Standard to Plus2 was 1.1 kg ECM, while the observed was 1.7 kg ECM. ���

Predicted total response for increasing DMIc from HDS-Minus2 to HDS-Plus2 was 2.1 kg ECM, ����

while the observed was 1.8 kg ECM. For the LDS, the predicted and observed responses of ECM ����

to concentrate intake shift from Minus2 to Standard was 1.9 kg ECM. Predicted response from ����

Standard to Plus2 was 0.5 kg ECM, while the observed was 1.4 kg ECM. Predicted total response ����

from Minus2 to Plus2 for LDS was smaller than the observed (2.3 vs. 3.3 kg ECM, respectively). ����

Methane Emissions ��	�

 Table 5 presents the results for CH4 emissions. The total number of cows with voluntary ��
�

continuous daily measurements of methane was the same as for RP1 (n = 35). The number of cows ����

with methane recordings per sub-treatment were as follows: 5, HDS-Plus2; 5, HDS-Standard; 5, ����

HDS-Minus2; 5, LDS-Plus2; 8, LDS-Standard; 7, LDS-Minus2. Methane emissions were affected �	�

by concentrate level (P = 0.02), which was higher for Plus2 than for Minus2, regardless of silage �	��

digestibility. However, CH4/ECM and CH4/DMI were not affected by the concentrate �	��

0.1). �	��
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Figures 7 and 8 present the regression of CH4/DMI and CH4/ECM against DMI for the average �	��

period values of individual cows, respectively. The CH4/DMI ratio showed a decrease in 0.84 l per �	��

kg DMI increase (P = 2.3 × 10 5), regardless of silage digestibility, as no effect of silage �		�

digestibility was detected (P = 0.18). The CH4/ECM ratio also showed a decrease in 1.23 per kg of �	
�

DMI increase (P = 2.0 × 10 7), with no effect of silage digestibility (P = 0.60). �	��

DISCUSSION �	��

Silage Characteristics �
�

Our results agree with the well-known fact that plants mature as harvest date is postponed, �
��

increasing cell walls and lignin fractions (Buxton, 1996). In grass silage, this results in increased �
��

NDF and ADF proportion, whereas the proportion of CP and digestibility decreases. Some studies �
��

have shown similar results (e.g., Rinne et al., 1999; Kuoppala et al., 2008; Alstrup et al., 2016). �
��

However, silage quality varies greatly depending on year, botanical composition, silage making, �
��

etc. (Buxton, 1996). Moreover, as latitude and altitude also play a part in the harvest date effect, �
	�

the magnitude of the effect of harvest date should be compared within location or at least region. �

�

Studies from the same location as ours agree with the observed trends in the effect of silage �
��

composition but differences in magnitude. For example, Dønnem et al. (2011) showed a higher �
��

daily decrease in OMD for later harvest (0.83 vs. 0.57 percentual points) but a lower decrease in ���

CP (2.43 vs. 3.55 g/kg DM per day) and a higher increase in NDF content (7.19 vs. 6.45 g/kg DM). ����

Randby et al. (2012) showed a similar decrease in CP content per day (3.31 g/kg DM) but a higher ����

OMD decrease rate (0.71 percentual points per day) and NDF increase (7.75 g/kg DM per day). ����

Harvest date effect on silage composition due to differences in maturity showed, in this study again, ����

to be an important management practice to improve silage composition (Harrison et al., 1994; ����

Buxton, 1996).  ��	�
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Effect of Silage Digestibility ��
�

The use of a covariate allowed for accounting for variation between cows, making it easier to detect ����

the significance of the evaluated variables (Lee et al., 2019) and increase statistical power (Kahan ����

et al., 2014; Thompson et al., 2015, Jacobs et al., 2013). Moreover, by including covariate as a ���

baseline measurement (values from before the experiment) allowed us to compare how the study ����

variables changed to the introduced treatments. In our study, the experimental design allowed the ����

use of a covariate from the previous period as baseline measurement. For evaluating the effect of ����

silage digestibility in RP1, values from the previous period (PreP) were included as covariate. This ����

allowed the comparison of cows that were previously subjected to the common silage as baseline. ����

 were individually optimized according to the yield and silage assigned. As ��	�

anticipated, rations optimized by NorFor attributed less concentrate offer for the HDS than for the ��
�

LDS treatment due to the difference in energy concentration between the two silages. A separate ����

feeding strategy allowed us to evaluate the impact of concentrate and silage intake on milk ����

production. Concentrate intake was higher for the LDS and was a direct effect of a higher ��

concentrate offer, as the residual concentrate was not different between silage digestibility ���

treatments. Dry matter intake was expected to be similar between treatments, as initial yield was ���

alike, and diets were optimized by NorFor to maintain these yields. Higher DMI for HDS treatment ���

was due to higher-than-predicted values of DMIs for HDS by NorFor (Figure 9). Jensen et al. ���

(2015) showed that the NorFor intake model overpredicts DMI at high intake levels, which ���

contrasts our results on which NorFor underpredicted at high intake levels. In addition, this �	�

underprediction was not shown for high intakes in PreP when an intermediate mixed silage (50% �
�

LDS and 50% HDS) was fed. Therefore, this systematic underprediction could relate to silage ���

quality rather than the intake level and should be further studied. Higher DMI probably explains ���



�

�

the higher MY and ECM yields for the HDS treatment, as feed efficiency (milk/DMI, ECM/DMI ���

and NEL/kg DM) did not differ between silage treatments. Higher yield with increased intake ����

supports the fact that total intake is the most important factor determining animal production ����

(Waldo, 1986; Allen, 2000). Regardless of intake underprediction, the results from RP1 confirmed ����

our hypothesis that high milk yields can be produced with low concentrate offers if high-digestible ����

silages are fed. ����

Concentrate Level and interaction with Silage Digestibility ��	�

The effect of the concentrate level was evaluated in RP2, separately from the silage digestibility ��
�

evaluation in RP1. The goal in this period was to evaluate responses to changes in concentrate ����

supply. This was achieved by optimizing the concentrate level for all cows according to their ����

individual yield and the two silages in the previous period (RP1). Therefore, to evaluate the effect ���

of concentrate level in RP2, the results from RP1 were used as covariate. The values from RP1 ����

included the effect of silage digestibility as it was evaluated in that period, so inclusion of RP1 ����

values as a covariate masked the effect of silage digestibility. Therefore, only a comparison ����

between concentrate levels within each silage digestibility treatment was performed. Thereby, the ����

effect of silage digestibility was included only in the interaction term to detect different trends of ����

concentrate levels between the silage groups.  ��	�

Concentrate levels similarly affected DMI and NEL intakes, with no differences between ��
�

concentrate levels in the HDS but lower DMI and NEL for Minus2 in the LDS. Low-digestible ����

silages could not compensate for the reduction of concentrate offer with higher silage intake, ����

probably because maximum intake potential was already reached in the optimized concentrate ���

level. Although HDS silage intake did not significantly differ, there was a numerical increase in ����

1.3 kg DMIs with a decrease in the 2 kg DM concentrate offer, while the increase in LDS was 0.6 ����
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kg DM. Average SR of 0.59 kg DM in this study exceeded the 0.53 found by Álvarez et al. (2020) ����

and 0.47 reported by Huhtanen et al. (2008). Differences in the SR values between studies could ����

be attributed to the type of silage, level, and type of concentrate alongside cow characteristics used ����

in the different studies. Huhtanen et al. (2008) and Álvarez et al. (2020) showed no differences in ��	�

SR between silage digestibility, while, in this study, higher SR was detected for HDS. The ��
�

differences in SR between silages revealed in this study agree with Thomas (1987), Faverdin et al. ����

(1991), and Jensen et al. (2016). The lower increase in intake with increased concentrate intake due ����

to higher SR for high-digestible silages (Huhtanen et al., 2002; Kuoppala et al., 2008) could be a ���

possible explanation of the lower marginal ECM responses. ����

The differences shown in ECM between concentrate levels within silages were similar with the ����

differences shown for DMI, which is supported by the similar ECM/DMI shown between ����

concentrate level treatments. When concentrate was reduced, HDS maintained DMI and ECM ����

production, while LDS showed a reduction of DMI and ECM for LDS-Minus2 treatment. The ����

lower MY of cows fed HDS with low concentrate intake was compensated for by the numerically ��	�

higher milk fat concentration, probably due to higher silage intake, showing no differences in fat ��
�

yield. Reducing concentrate for the LDS showed a lower milk fat concentration and was not ����

expected. However, Sutton (1989) showed high variability in milk fat concentration due to several ����

factors affecting it. Thus, other factors could have affected this result. Decrease in milk protein ���

concentration with deceased concentrate shown for both silages agrees with Alstrup et al. (2016), ����

Kuoppala et al. (2008), and Rinne et al. (1999), reflecting the negative relationship between NDF ����

intake and milk protein concentration (Sutton, 1989). However, differences in milk protein yield ����

were not enough to be reflected in different ECM between concentrate treatments, as ECM for ����

HDS was similar between HDS-Standard and HDS-Minus2. This was not expected, as Álvarez et ����
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al. (2020) predicted responses of ECM for those concentrate levels. For the LDS, reduced ECM ��	�

with reduced concentrate intake corresponded to the meta-analysis (Álvarez et al., 2020). This ��
�

lower MY could not be compensated for by milk fat concentration; therefore, a lower ECM was ����

recorded for this treatment. ����

The results confirm our hypothesis, showing that it is possible to maintain high yields with a high �	�

proportion of silage in the diet by feeding HDS (81% proportion for HDS-Minus2). However, this �	��

is not possible by feeding silages with lower digestibility. In our study, increasing the silage �	��

proportion from 55 to 62% of an LDS in the diet could not maintain the same yields. Although the �	��

results cannot be statistically compared between silages, numerically higher ECM was achieved �	��

with HDS at similar concentrate levels (Figure 6, LDS-Minus2 vs HDS-Plus2). From another �	��

perspective, numerically similar ECM yields to HDS can only be achieved by feeding LDS with �		�

high concentrate intakes. Moreover, the marginal responses of the ECM shown in this study agree �	
�

with our hypothesis based on Álvarez et al. (2020) by showing lower marginal responses to �	��

concentrate increases for high-digestible silages. This emphasizes the benefit of feeding high-�	��

digestible silages with low concentrate levels, but the advantage of high-digestible silages dilutes �
�

at higher supplies of concentrate (Ferris et al. 2001).  �
��

Methane Production �
��

Usually, CH4 production increases with an increased total intake (Moe and Tyrrell, 1979; Warner �
��

et al., 2017; Nielsen et al., 2013; Niu et al., 2018). Thus, similar methane production for the two �
��

silage treatments was not expected since DMI was highest for HDS treatment. However, the higher �
��

NDF content and lower digestibility of late mature silages were shown to favor acetate production �
	�

(Johnson and Johnson, 1995) and increase methane production (Moe and Tyrrell, 1979). This could �

�

have counterbalanced the lower DMI of LDS, resulting in similar total methane emissions. Similar �
��
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methane production but higher intake for high-digestible silages was also shown by Brask et al. �
��

(2013). Brask et al. (2013) showed lower CH4/DMI for high-digestible silages due to higher intake, ���

agreeing with our study. The importance of intake was also reflected in the lack of differences ����

found for CH4/DMI and CH4/ECM at the same total intake level (Figures 3 and 4).  ����

Methane production increased with an increased concentrate offer, regardless of silage ����

digestibility. This differs from the results shown by many, although studies are also contradictory. ����

Some studies have shown decreased methane production (Aguerre et al., 2011; Ferris et al., 1999), ����

while others have revealed no differences (Jiao et al., 2014; Patel et al., 2011). However, ��	�

differences in total methane production were not translated to CH4/DMI and CH4/ECM. The lack ��
�

of difference between concentrate levels for CH4/DMI and CH4/ECM was probably because the ����

differences in concentrate offer were minor (plus or minus 2 kg DM) and masked by SR, resulting ����

in similar DMI. The negative relationship between CH4/DMI and DMI shown for both periods ���

agrees with most studies that intake is one of the most important factors determining total methane ����

production (Moe and Tyrrell, 1979; Warner et al., 2017; Nielsen et al., 2013; Niu et al., 2018). ����

Moreover, a similar relationship between CH4/ECM and DMI was also expected due to the high ����

relationship between milk yield and intake (Johnson and Johnson, 1995; Niu et al., 2018).  ����

CONCLUSION ����

Our study evaluated the relationship between silage digestibility and concentrate supply level on ��	�

intake, milk, and methane production. The results showed similar responses to the meta-analysis ��
�

of Álvarez et al. (2020), showing lower responses of milk to increased concentrate supply for high-����

digestible silages. Unlike low-digestible silages, high yields can be maintained with low ����

concentrate levels with HDS. This demonstrates the benefits of feeding high-digestible silages with ��

low concentrate levels, which disappear if concentrate levels are increased. Our study also showed ���



�

�

that methane production was not affected by feeding high-digestible silages with low concentrate ���

levels and that methane per unit of intake and milk depends more on total intake than on silage ���

digestibility and concentrate level when silage is fed ad libitum.  ���
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Figure 1: Álvarez et al.  		��

 	
�

ECM: Energy corrected milk (kg per day); DMIc: Dry matter intake of the concentrate (kg 	
��

DM/day). Silage digestibility of the organic matter (OMDs): 82% OMDs ( ), 75% OMDs (- - -	
��

), 68% OMDs (··· ·).  	
��

Model: ECM = -16.1+ 4.2 DMIc - 0.07 DMIc2 + 0.50 OMDs  0.03 DMIc × OMDs. 	
��

Figure 1: Responses of milk yield according to concentrate level for 3 different silage digestibility 	
��

(Álvarez et al., 2020). 	
	�
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Figure 2: Álvarez et al.  	
��
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Figure 2: Schematic representation of experimental design and diet treatments. 	���
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Figure 3: Álvarez et al. 	���

 	���
 	���
HDS: high-digestible silage, LDS: low-digestible silage, All points: regression including both 	�	�
silage digestibility groups.  	�
�

CH4/DMI: methane production per kg of total dry matter intake. 	���

 	���

Figure 3: Effect of total dry matter intake on methane production per kg total dry matter intake 	��
for individual cows in response period 1.  	���
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Figure 4: Álvarez et al. 	���

 	�	�

HDS: high-digestible silage, LDS: low-digestible silage, All points: regression including both 	�
�
silage digestibility groups.  	���

CH4/ECM: methane production per kg of ECM. 	���

 
�

Figure 4: Effect of total dry matter intake on methane production per kg ECM for individual 
��
cows for response period 1.  
��
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Figure 5: Álvarez et al.  
��

 
��

SR: Substitution rate = (DMIs Response period 2 - DMIs Response period 1) / (DMIc response 
	�

period 2-DMIc response period 1), HDS: high-digestible silage, LDS: low-digestible silage, 

�

Change DMIc: Change of dry matter intake concentrate = DMIc response period 2  DMIc 
��

response period 1.  
��

 
��

Figure 5: Substitution rate (change in silage intake with changes in concentrate intake) for 
���

individual cows for two silage digestibilities. 
���
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Figure 6: Álvarez et al.  
���

 
���

Predicted HDS: predicted energy corrected milk according to Álvarez et al. (2020) for OMD = 
�	�

78.9%. Predicted LDS: predicted energy corrected milk according to Álvarez et al. (2020) for OMD 
�
�

= 67.6%. Observed HDS: Observed energy corrected milk in this study for the high-digestible 
���

silage for 3 concentrate levels. Observed LDS: Observed energy corrected milk in this study for 
���

the low-digestible silage for 3 concentrate levels.  
��

Figure 6: Mean energy corrected milk (kg/day) group values predicted by Álvarez et al. (2020) and 
���

observed in this study according to concentrate intake and organic matter digestibility of the silage. 
���
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Figure 7: Álvarez et al. 
�	�

 
�
�
HDS: high-digestible silage, LDS: low-digestible silage, All points: regression including both 
���
silage digestibility groups.  
���

CH4/DMI: methane production per kg of total dry matter intake. 
��

 
���

Figure 7: Effect of total dry matter intake on methane production per kg of total dry matter intake 
���
for individual cows for response period 2. 
���
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Figure 8: Álvarez et al. 
���

 
�	�

HDS: high-digestible silage, LDS: low-digestible silage, All points: regression including both 
�
�
silage digestibility groups.  
���

CH4/ECM: methane production per kg of ECM. 
���
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Figure 8: Effect of total dry matter intake on methane production per kg ECM for individual 
���
cows in response period 2. 
���
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Figure 9. Álvarez et al. 
���

 
���

HDS: high-digestible silage, LDS: low-digestible silage. 
�	�

DMIs observed: dry matter intake of silage recorded in the study. DMIs predicted: dry matter 
�
�
intake of silage predicted by NorFor from optimization for RP1.  
���

 
���

Figure 9: Individual cows observed silage dry matter intake against predicted silage dry matter 
��

intake by NorFor optimization for individual cows in response period 1.   
���
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Table 1: Mean (Standard deviation) nutritive values of experimental silages and concentrate 
���

supplement used in the study. 
���

1Each silage included 4 pooled samples (2 per response period) out of every other day sampling. 
���

HDS: High-digestible silage. LDS: Low-digestible silage. SEM: Standard error of the mean. 
���
2Concentrate sample consisted in 3 pooled samples out of weekly sampling. 
�	�
3OMD: organic matter digestibility, CP: crude protein, sCP: soluble crude protein, CFat: crude fat, 
�
�
NDF: neutral detergent fiber, ADF: acid detergent fiber, ADL: acid detergent lignin, WSC: water 
���
soluble carbohydrates, NEL20: Standard feed value for net energy of lactation at 20 kg DMI. For 
���
compound feed NEL20 vas calculated according to Álvarez et al. (2021), AAT20: Standard feed 
	�
value for amino acids absorbed in the small intestine at 20 kg DMI, PBV20: Standard feed value 
	��
for protein balance in the rumen at 20 kg DMI, FV: Fill value of the feedstuff 
	��
7� .  
	��


	��

  Silages1  Concentrate2 

Item3 HDS LDS SEM P value7   
DM (g/kg) 254 237 0.404 *  861 
OMD (%) 78.8  67.6  2.22 ***   

g/kg DM 
Ash 83.8 80.4 1.04 NS  73.6 
CP 215 144 13.4 ***  198 
sCP 163 99.7 12.1 ***  41.0 
CFat  33.0 26.8 1.34 **  33.6 
NDF  468 597 24.6 ***  179.8 
ADF  274 349 14.4 ***  74.7 
ADL 18.4 30.2 2.25 ***  8.40 
Starch 22.5 12.7 0.192 ***  358 
WSC 42.2 23.0 0.383 ***  63.1 
pH 4.50 4.25 0.059 *   
Lactic acid  38.8 50.2 2.81 *   
Acetic acid 7.00 7.75 0.183 *   
Propionic acid 1.38 1.53 0.093 NS   
Butyric acid 0.40 0.40 0 NS   
Formic acid 9.00 7.00 0.463 *   
Ethanol 5.78 5.40 0.178 NS   
Ammonium-N (g/kg N) 91.8 119 5.44 ***   
NEL20 (MJ/kg DM) 6.25 5.41 0.169 ***  7.49 
AAT20 (g/kg DM) 68.2 68.8 0.463 NS  129 
PBV20 (g/kg DM) 79.0 28.0 9.68 ***  17 
FV (FV/kg DM) 0.472 0.572 0.019 ***  0.22 



�

�

Table 2: Estimated least square means resulted of the effect of silage digestibility treatment and 
	��

concentrate offer on milk yield, milk components and intake for silage digestibility and concentrate 
		�

offer in response period 1. 
	
�

  Silage digestibility1   P value2 

Item3  HDS LDS  SEM S Cc SxCc 
Weight (kg)  601 607  2.75 NS NS NS 

Milk (kg/day)  29.7 26.7  0.338 ** ** NS 

ECM (kg/day)  30.9 27.4  0.330 * * NS 

Fat (%)  4.32 4.30  0.058 NS NS NS 

Protein (%)  3.58 3.55  0.036 NS NS NS 

Lactose (%)  4.78 4.70  0.019 NS ** . 
Fat yield (kg/day)  1.28 1.15  0.013 * * NS 

Protein yield (kg/day)  1. 10 0.947  0.011 ** * NS 

Lactose yield (kg/day)  1.41 1.25  0.016 ** * NS 

DMI (kg DM/day)  22.6 19.5  0.154 *** *** NS 

DMIs (kg DM/day)  15.9 12.1  0.127 *** *** NS 

DMIc (kg DM/day)  6.67 7.35  0.154 * *** NS 

��� total  142 130  3.19 * * NS 

Milk/DMI (kg/kg DM)  1.36 1.36  0.010 NS NS NS 

ECM/DMI (kg/g DM)  1.44 1.44  0.009 NS NS NS 

��� /kg DM  6.68 6.90  0.06 NS NS NS 

Residual concentrate  0.86 0.77  0.034 NS NS NS 
1HDS: High-digestible silage, LDS: Low-digestible silage,  
	��

2S: silage digestibility effect, Cc: concentrate change effect, SxC: interaction between silage 
	��



�

0.05, .  

��

3ECM: energy corrected milk, DMIc: dry matter intake of the concentrate, DMIs: dry matter 

��

intake of the silage, DMI: total dry matter intake. Residual concentrate: Offered but not fed out 

��

concentrate (DM offer minus DMIc).  

��

 

��

  

	�



�

�

Table 3: Estimated least square means resulted of the effect of silage digestibility treatment and 


�

concentrate offer on methane emissions in response period 1. 

��

  Silage digestibility1   P value2 

Item3  HDS LDS  SEM S Cc SxCc 

n  15 19      

CH4 (l/day)  641 646  9.40 NS NS NS 

CH4/ECM (l/kg)  21.4 23.4  0.615 NS NS NS 

CH4/DMI (l/ kg DM)  28.4 32.1  0.439 ** * NS 

1HDS: High-digestible silage, LDS: Low-digestible silage,  

��

2S: silage digestibility effect, Cc: concentrate change effect, SxCc: interaction between silage 
��


���

0.05, .  
���

3 n: number of cows with methane measurements. CH4: total daily methane production, CH4/ECM: 
���

methane production per kg ECM, CH4/DMI: methane production per kg of total dry matter intake.  
���
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Table 5: Estimated least square means for methane emissions for silage digestibility and 
���

concentrate offer in response period 2. 
�	�

 HDS1  LDS   P value2 

Item3 Plus2 Standard Minus2  Plus2 Standard Minus2  SEM C SxC 

n 5 5 5  5 8 7     
CH4 
(l/day) 714A 650AB 647B  702A 678AB 655B  6.49 * NS 

CH4/ECM 
(l/kg) 22.8 22.8 23.0  23.7 23.3 25.0  0.360 NS NS 

CH4/DMI 
(l/kg DM) 31.2 28.7 29.9  32.0 31.8 33.0  0.305 NS NS 

1HDS: High-digestible silage, LDS: Low-digestible silage, Plus2: increased 2 kg DM of 
�
�

concentrate offer, Standard: no change in concentrate offer, Minus2: decrease 2kg DM concentrate 
���

offer.  
���

2C: concentrate level effect, SxC: interaction between silage digestibility and concentrate level ��

effect. Signific .  ���

3 n: number of cows with methane measurements. CH4: total daily methane production, CH4/ECM: ���

methane production per kg ECM, CH4/DMI: methane production per kg of total dry matter intake.  ���

 ���
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INTERPRETATIVE SUMMARY 1 

Machine learning is a useful tool to determine milk yield responses to diet changes from real-2 

time farm data by Álvarez et al. 3 

Big data technologies are viable tools for analyzing a large amount of data from milking robots. 4 

Feed represents the largest cost in milk production. Several studies have developed response 5 

functions that relate milk responses to feed intake to improve precision and understanding between 6 

feeding and milk production. However, none have been implemented for farm use using real-time 7 

data. Therefore, we developed an algorithm for farm scale using real-time data, which enables the 8 

classification of silage digestibility used for each farm and the evaluation of changes in concentrate 9 

for milk production.  10 
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Machine learning is a useful tool to determine milk yield responses to diet 22 

changes from real-time farm data  23 

ABSTRACT 24 

Data obtained from milking robots offers a great potential to improve the analysis of feed's impact 25 

on milk production from farms. The objectives of this study are to 1) use milk and concentrate data 26 

from the milking robot to predict silage digestibility as an input to farm-specific response functions, 27 

2) adapt a theoretical response function, developed from a meta-analysis, for farm scale using real-28 

farm data, including an economical decision tool, and 3) evaluate the adaptation success by 29 

indicating areas for potential use and improvement. Data for predicting silage digestibility included 30 

the studies found in the meta-analysis we want to adapt, a new research study testing this meta-31 

analysis, and data from two farms where the meta-analysis was also tested. The developed 32 

algorithm was applied to data from the milking robot from Norwegian farms and information about 33 

each cow and milk characteristics. Typical Norwegian feed and milk prices were used to simulate 34 

the opportunities of this algorithm as an economic decision tool. The training dataset available 35 

allowed for the binary classification regression of silage digestibility as high and low digestible 36 

silage by logistic regression. The developed algorithm showed that silages classified as high 37 

digestible showed a higher reduction of concentrate efficiency (kg milk per kg concentrate) with 38 

increasing concentrate intake than silages classified as low digestible. This is due to the lower 39 

marginal milk increases in the high digestible silages with increasing concentrate intake. The 40 

economic tool developed from the algorithm could be a useful tool to have an additional decision 41 

layer, rather than only productivity, for changes in diet. If more data with known digestibility are 42 

to be included in the training dataset, more digestibility classes could be differentiated, or even a 43 

continuous variable could be predicted, such as organic matter digestibility. Information about 44 



 

 

silage intake would be valuable for completing the economic calculations because, until now, this 45 

information cannot be gathered from milking robots.  46 

Keywords: big data, milking robot, dairy cow, silage digestibility, concentrate intake 47 

 48 

INTRODUCTION 49 

Feed represents the largest variable cost in milk production, in which concentrates comprise about 50 

70%. Therefore, developing solutions that ensure the optimal use of concentrates is imperative. 51 

This means adapting the right concentrate level to the forage quality to achieve high feed efficiency 52 

is also essential for reducing their impacts to the environment. Several studies have developed 53 

response functions that relate milk production to changes in feed intake and nutrient supply 54 

(Huhtanen and Nousiainen, 2012; Jensen et al., 2015; Daniel et al., 2016, Álvarez et al., 2020). 55 

These response functions help in evaluating different scenarios for changes in diet, making it a 56 

flexible decision tool for different goals. In a meta-analysis based on research studies, Álvarez et 57 

al. (2020) developed response functions describing responses of milk production to changes in 58 

concentrate intake for different silage digestibility. The study showed that the absolute level and 59 

marginal response in milk to changes in concentrate depended on the silage digestibility of organic 60 

matter (OMD). Milk, expressed as energy-corrected milk (ECM), showed a curvilinear response 61 

to increased concentrate intake, with higher absolute ECM yields for high digestible silages at low 62 

concentrate intake levels; these differences reduce as concentrate intake increases due to lower 63 

marginal ECM gains for the high digestible silages. However, all these efforts have been in the 64 

theoretical field, lacking implementation in real-time data from farms.  65 

Over the last few years, big data technologies have risen in popularity as a viable tool to handle 66 

large and increasing amounts of data. The introduction of machine learning (ML) to agriculture is 67 



 

 

necessary due to the dramatic increase in available data from the increased use of robots, sensors, 68 

etc. For big data, unlike traditional statistical methods, large volumes of data can be more 69 

efficiently processed using ML (Storm et al., 2019). As example, in Norway, more than 55% of the 70 

delivered milk comes from farms with automatic milking systems (AMS; TINE, 2020), of which 71 

information on every cow and every milking is collected into a common dataset. Liakos et al. 72 

(2018) described several attempts to use ML in livestock production. Within cattle production, 73 

estimating rumen fermentation patterns based on milk fatty acids, estimating weight trajectories 74 

with few weight recordings, and predicting carcass weight 150 days before slaughter are some 75 

examples that have shown high accuracy. An application of such response functions to real-farm 76 

situations in real time will be an excellent decision tool for farmers and advisors to decide a feeding 77 

strategy according to the available feed at the farm. Moreover, if feed and milk prices are included, 78 

financial decisions will increase the usability of this tool. Thus, we hypothesized that using big data 79 

in real time would improve feed optimization at the specific farm level. 80 

The objectives of this study are to 1) use milk and concentrate data from the milking robot to predict 81 

silage digestibility as an input to farm-specific response functions, 2) adapt the theoretical response 82 

functions of Álvarez et al. (2020) for farm scale using real-farm data, including an economical 83 

decision tool, and 3) evaluate the adaptation success by indicating areas for potential use and 84 

improvement.  85 

 86 

  87 



 

 

MATERIALS AND METHODS 88 

Figure 1 shows a schematic overview of our approach.. A set of data (training data) was used to 89 

develop an ML model to predict silage digestibility based on regression parameters between ECM 90 

per kg of concentrate (concentrate efficiency) and concentrate intake. Concentrate was fed as a 91 

concentrate mixture, and the whole concentrate ration was fed separately from the silage. We 92 

applied the developed model to specific farms during a specific period (i.e., live farm data) and 93 

classified the average silage digestibility used during that period. From this, a response function 94 

for that specific farm was obtained, describing concentrate efficiency to changes of concentrate 95 

intake for predicted silage digestibility. Finally, milk and concentrate prices were included to 96 

stipulate earnings at different concentrate levels.  97 

Datasets 98 

Training dataset: For the training process, datasets with known silage OMD, concentrate level, and 99 

ECM yield were selected from three data sources. First, the data presented in Álvarez et al. (2020) 100 

meta-analysis was included as the objective to adapt this model to practice. Second, data from 101 

Álvarez et al. (unpubl.) was included. This experiment had two periods, in which two silages with 102 

different OMDs and individual concentrate levels were fed to each animal. In the first period, cows 103 

were divided into two groups and fed two silages with different OMDs. Concentrate level was 104 

optimized according to yield and silage OMD according to NorFor (Volden, 2011). In the second 105 

period, the concentrate allowance was either reduced, increased, or unchanged. Only the second 106 

stage of the experiment (after changing the concentrate levels from optimized levels) was included 107 

in the training data. Finally, data from two Norwegian commercial dairy farms for which the meta-108 

analysis was tested were also included in the training dataset.  109 



 

 

Each datapoint in the training dataset contained aggregated information from individual animals. 110 

Animals belonging to the same experiment were labeled according to high or low silage OMD and 111 

grouped to form the basis for one datapoint. A datapoint was only created if the group contained 112 

three or more observations. Each group was then described by the minimum and maximum 113 

concentrate intakes of the animals, together with the regression parameters and uncertainties for 114 

both linear and inverse linear trends of concentrate intake vs. concentrate efficiency. We labeled 115 

data with silage OMD above 76% as high digestibility, and below as low digestibility. 116 

Live farm dataset: The model was subsequently applied to live farm data. Individual cow data on 117 

daily milk yield and concentrate intake from known farms were available from Nordic Cattle Data 118 

eXchange (NCDX, Kyntäjä et al., 2018). These data were matched to data from the Norwegian 119 

dairy herd recording system (NHR, TINE SA, Ås, Norway) to calculate the ECM, as milk 120 

composition for each cow was included in this database. The NHR is the Norwegian milk 121 

producers' information system and the data basis for the management tools in milk established in 122 

1898. The system is available to all the country's milk producers and collects data on pedigree, 123 

milk production, feeding, reproduction, and health in cows. This provides a basis for herd 124 

management systems. NCDX is a cloud-based common exchange data system between Iceland, 125 

Norway, Sweden, Finland, and Denmark. It was created to standardize data from milk recordings 126 

of the on-farm equipment with national dairy information systems and other databases, launching 127 

the first version in 2016. From these datasets, information from April 2020 was selected, and only 128 

cows with days in milk (DIM) over 100 were included in the matching dataset. 129 

Statistical analysis 130 

We analyzed and visualized the relationship between concentrate efficiency and concentrate intake 131 

for each individual cow's average values from the study period (Figure 2). This is a domain that 132 



 

 

displays the changes in ECM yield vs. concentrate intake clearly. Constant ECM levels then trend 133 

as inverse concentrate intake, presented as isolines in Figure 2. This behavior is central to our 134 

classification, as will be demonstrated.  135 

Classification algorithm: To adapt the Álvarez et al. (2020) model, silage OMD classification was 136 

necessary because this variable is unavailable in the Live farm dataset. To solve the high vs. low 137 

silage digestibility classification problem, we applied the Catboost library (Prokhorenkova et al., 138 

2018) to the training dataset, and the analysis was implemented in Python 3.8 (Van Rossum and 139 

Drake, 2009). Catboost is based on gradient boosting (Hastie et al., 2009) and is built to handle 140 

categorical data and requires little hyper-parameter tuning. It is an iterative method that tries to 141 

match a set of features (variables) to a set of data (measurements) according to a specific loss 142 

function measuring the discrepancy. We used the so-called 'log loss' classification metric, which 143 

amounts to performing logistic regression. Logistic regression is particularly applicable when the 144 

output variable is binary, e.g., high vs. low silage digestibility, but it can be generalized to more 145 

classes. We can, without loss of generality, assign a value of 1 to high digestible silage (HDS) and 146 

0 to low digestible silage (LDS). Following the reasoning of James et al. (2021), linear regression 147 

is unsuitable because it can easily yield values outside the (0,1) range, i.e., outside the label range. 148 

A natural choice is to use the following logistic function: 149 

 150 

 151 

where  is a vector containing all the selected features (variables), and a linear polynomial in 152 

the features selected for regression. By this, we have accomplished a mapping of all feature values 153 

to a value in the (0,1) range. An example of how the logistic function looks and why it is suitable 154 



 

 

for classification problems is shown in Figure 3. It varies from label 0 to label 1 through a smooth 155 

transition interval, with the steepness of the transition determining how well defined the separation 156 

is. 157 

It is further straightforward to verify that: 158 

, 159 

 and thus 160 

. 161 

If we interpret  as a probability, this equation states that the logarithm of the odds is linear 162 

under these assumptions. Compared to the original problem, it overcomes the range problem and 163 

is thus more suitable for linear regression.  164 

This regression problem, i.e., determining the coefficients of , is solved by minimizing what 165 

is known as the log-loss loss function: 166 

, 167 

where the index  runs over all  data points,  is the label of the datapoint, and  is the value of 168 

the logistic function. We observe that, for the two-class classification, only one of the terms in the 169 

sum contributes to each datapoint. The value  is interpreted as the probability of the features 170 

describing label equal to 1, and the complement  becomes the probability of belonging 171 

to label 0. The minimization of the loss function ensures that we find a logistic function that 172 

maximizes the likelihood of matching the training labels. It penalizes assigning the wrong label, 173 



 

 

especially assigning the wrong label very confidently. These probabilities are very useful when 174 

assessing the confidence of predicted classifications, in our case, high vs. low silage OMD. 175 

 In each iteration, the algorithm creates a fixed depth random decision tree, and the information 176 

from each decision tree is used to optimize the loss function according to a fixed learning rate. In 177 

our case, we allowed a maximum of 10000 iterations, a learning rate of 0.02, and a decision tree 178 

depth of 6.  179 

We selected as features the parameters describing the linear and inverse linear regression lines 180 

through concentrate against concentrate efficiency. The linear regression is described by the 181 

gradient, intercept and, in addition, their variances and their co-variance. The inverse linear 182 

regression is described correspondingly. In addition, the minimum and maximum concentrate 183 

levels for the data from each farm were used, as they indicate a range of validity of the regression 184 

lines.  185 

We analyzed the importance of the different features in determining the label in the algorithm using 186 

SHAP methodology, as described by Lundberg and Lee (2017) and Lundberg et al. (2020). The 187 

SHAP methodology visualizes which features influence the ML model (the Shapley value) the 188 

most, and what it does to the overall result. For each datapoint, it considers each feature and 189 

describes whether a high or low value of that feature has a high or low impact (Shapley value) on 190 

the result. A high Shapley value means that the feature has a high degree of influence on the ML 191 

model. 192 

Economic evaluation tool: Two economic scenarios were created, comprising two concentrate 193 

mixture prices (0.47 USD and 0.71 USD per kg), and milk with a constant price (0.59 USD per kg 194 

ECM), which represents Norwegian prices for feed and milk. Substitution rate (SR) between silage 195 



 

 

and concentrate was considered with a value of 0.53 kg DM silage / kg DM concentrate, which 196 

was reported by Álvarez et al. (2020), and silage was allocated a price of 0.24 USD / kg DM. To 197 

include the substitution rate in the economic calculation, concentrate and silage were considered 198 

on a DM basis; therefore, prices for concentrates were 0.55 and 0.82 USD / kg DM by assuming 199 

86% DM for all concentrates. With these values, earnings were calculated for individual farms 200 

based on the algorithm. 201 

RESULTS AND DISCUSSION 202 

Classification algorithm 203 

The training dataset resulted in a total of 19 different datapoints on which we trained the ML 204 

algorithm (Table 1). From the live farm dataset, April 2020 was selected based on the amount and 205 

quality of data available at the time of the study. The NCDX is a new initiative, and the amount 206 

and quality of the data will increase with time, which, in turn, will help to improve our work. The 207 

DIM above 100 was selected because there was a different response to concentrate before this 208 

stage, while, after 100 DIM, the response was similar throughout the lactation. Selecting this period 209 

and stage of lactation leads to data from 1290 different animals belonging to 157 farms. Figure 2 210 

shows the 1290 cows from 157 farms used in the live-farm data, according to concentrate 211 

efficiency, concentrate intake, and total ECM production, where the isolines show similar ECM 212 

production (ECM-isolines). This figure shows that, at a similar ECM, the concentrate efficiency 213 

is reduced with increasing concentrate intake and that similar milk yield can be achieved with a 214 

large range in concentrate intake. This is also demonstrated in the meta-study of Álvarez et al. 215 

(2020), where silage OMD was identified as the main indicator of different ECM yields at the same 216 

level of concentrate, which in Figure 2 is identified as the ECM-isolines.  217 



 

 

Figure 4 shows the results of the model development, indicating the SHAP values. We observed 218 

that all the selected features affected the model behavior. The linear regression gradient is 219 

imperative for determining the silage digestibility. Gradient differences between silage digestibility 220 

can be seen in Figure 5, where data from Álvarez et al. (unpubl.) from the training dataset was used 221 

as visualization example. There is a clear difference in the gradient between the two silage 222 

digestibility labels, with a steeper reduction in concentrate efficiency with increasing concentrate 223 

intake for HDS than for LDS. The behavior of these gradients agrees with Álvarez et al. (2020). 224 

We can see that the HDS regression line has similar behavior to the ECM-isolines, showing similar 225 

ECM production with increasing concentrate. This translates into a pronounced reduction 226 

efficiency with increasing concentrate intake. The authors also showed a lower marginal milk 227 

response for HDS, which would translate into similar results. However, the LDS regression 'cuts' 228 

the ECM-isolines, which means that ECM keeps increasing with increasing concentrate intake, 229 

resulting in a lower reduction of concentrate efficiency. This matches the results shown by the 230 

meta-analysis, with higher marginal increases of ECM for this type of silage. Lower marginal 231 

yields for high digestible silages with increasing concentrate were reported by other authors. Lower 232 

increases in intake for high digestible silages due to higher SR (Kuoppala et al., 2008), high nutrient 233 

partitioning to body reserves with increasing concentrate (Randby et al., 2012), or a higher impact 234 

of increased concentrate on the fiber digestibility for these silages (Rinne et al., 1999) were the 235 

proposed reasons.  236 

Moreover, we can see that, for the same concentrate level at low and middle levels, HDSs show 237 

higher concentrate efficiency due to higher ECM, but differences in milk production are reduced 238 

at high concentrate levels, which also agrees with the results of Álvarez et al. (2020). Therefore, 239 

high milk responses can be achieved with low concentrate levels by feeding high digestible silages, 240 



 

 

which translates into better concentrate efficiency or by increased concentrate by feeding silages 241 

with lower digestibility. 242 

We further note that the model is sensitive to the range of concentrate intake considered (Figure 243 

4), i.e., the range of validity and the uncertainty in the regression parameters. Specifically, the upper 244 

limit of the concentrate range is important, which describes how the regression lines flatten out. 245 

The fact that the linear parameters are located at the top of the SHAP value list, and the inverse 246 

linear parameters are at the bottom, is because these parameters are tightly related. It reflects that 247 

key information is easiest accessible in the linear regression, especially the gradient, but that there 248 

is some additional information to be gathered from the inverse linear parameters. Notably, having 249 

a larger training dataset will influence these results. 250 

In the training dataset, only the second period of the experiment presented in Álvarez et al. (unpubl) 251 

was included, i.e., after changing concentrate levels from their optimized levels. In Figure 6, we 252 

utilize the individual animal data from the first period of this experiment (as previously explained, 253 

the first period referred to all animals with optimized concentrate levels according to yield and 254 

silage OMD) to study the individual animal response to the changes in concentrate. Therefore, 255 

Figure 6 shows pre- and post-concentrate efficiency. It shows that, except for low concentrate 256 

levels (less than 4 kg/day), a change in concentrate intake results in a change in concentrate 257 

efficiency along the fitted linear regression lines. This is true for both high and low silage OMDs. 258 

This demonstrates that individual animal responses are like group responses for this algorithm. For 259 

this, we could also utilize the algorithm to evaluate individual animal responses and make further 260 

decisions to reduce or increase the concentrate level for individual cows.  261 

In Figure 7, we present how to use the developed ML model for four commercial farms. The 262 

algorithm allows for the identification of a farm's response to changes in the diet for predicted 263 



 

 

silage digestibility (HDS and LDS). It is a useful tool to identify feeding status and marginal milk 264 

responses to concentrate on a specific farm, allowing to make feeding decisions from it. In Figures 265 

7a and 7b, we can see a clear identification (probability of 0.99 for LDS) of an LDS used in these 266 

farms, with positive responses to increasing concentrate intake (Figure 7a) or a slight decrease in 267 

concentrate efficiency (Figure 7b). We can deduce that silage from the farm in Figure 7a has a 268 

lower digestibility than that of Figure 7b. The result of Figure 7c is referred to as 'borderline', as 269 

the algorithm labeled it as HDS but cannot be confidently distinguished from the LDS case; this 270 

can be seen by the probability of 0.66 for being HDS and 0.33 for LDS. Figure 7d indicates a clear 271 

HDS classification (probability of 0.91 for HDS), decreasing concentrate efficiency rapidly with 272 

increasing concentrate intake. Although Figures 7c and 7d look similar, the ML algorithm finds 273 

that they indeed differ. The borderline in Figure 7c is likely a silage with a relatively high OMD 274 

close to the threshold we set at 76%. Having more training data, we could have introduced more 275 

digestibility classes, such as medium digestibility, and answered this. However, regardless of silage 276 

digestibility classification, the regression lines show the pattern of how concentrate efficiency 277 

behaves at different concentrate levels. 278 

From a production outlook, this would allow us to maximize concentrate efficiency by adjusting 279 

the concentrate level. Moreover, with this algorithm implemented in the milking robot management 280 

tool, the farmer, in real time, can predict the response pattern according to the silage programmed 281 

for feeding and predict which level of concentrate will improve concentrate efficiency. It could 282 

also allow for a comparison between farms with similar feeding strategies, of which ideas and 283 

decisions from other farms could be considered.  284 

Economic evaluation tool 285 



 

 

If we include concentrate and milk prices in the algorithm, economic scenarios can be an additional 286 

decision tool, as it is well known that production and economic optima can differ. In Figure 8, we 287 

present economic scenarios corresponding to Figure 7 for the two concentrate price scenarios. In 288 

Figures 8a and 8b, we see that with LDS the effect of increasing the concentrate price from 0.47 289 

USD/kg to 0.71 USD/kg results in lower earnings per cow per day, with little change in the actual 290 

optimum. This is because, with low silage digestibility, the animals depend highly on concentrate 291 

intake to increase their energy intake and, thus, the response in milk production. For the borderline 292 

case (Figure 8c), the scenario differs. With the low concentrate price (0.47 USD/kg), earnings are 293 

not as sensitive to concentrate intake, having similar earnings for increases over 6 kg/day 294 

concentrate intake. However, with an increased concentrate price (0.71 UDS/kg DM), the earnings 295 

see a clearer economic optimum of around 5 kg/day of concentrate intake, reducing earnings after 296 

this concentrate level. Thus, this feeding strategy is quite sensitive to concentrate price. In the HDS 297 

case, Figure 8d, there is a small difference between the price scenarios at low concentrate levels 298 

because the money spent on concentrate is limited. However, as the amount of concentrate 299 

increases, the curves diverge. While the high concentrate price (0.71 UDS/kg) implicates an 300 

optimal earning reached at about 6 kg/day, and for the low concentrate price (0.47 USD/kg), the 301 

earnings curve is still increasing at that point. These figures show that, in the LDS cases, earnings 302 

increase with increasing concentrate intake because the animals have less of their energy intake 303 

covered by the silage. In the HDS case, however, earnings are more sensitive to the actual 304 

concentrate intake and the concentrate price. Although the uncertainty of the response functions, 305 

and thus also the uncertainties of the earnings, are significant and depend on the spread between 306 

the animals and the number of animals, the general trend remains. If the farmer is feeding HDS, 307 

the earnings are significantly influenced by the concentrate intake. This sensitivity increases if the 308 

concentrate price increases compared to the price of milk. Moreover, although HDS are more 309 



 

 

sensitive to concentrate prices, similar earnings for these types of silages are achieve with lower 310 

concentrate input. For LDS, the same earnings are only achieved with higher concentrate inputs, 311 

above 10 kg for Figures 7a and above 7 kg for Figure 7b.  312 

Figure 9 also shows the economic scenario but, in this case, including SR of the silage. The SR 313 

refers to the change in silage intake when varying concentrate intake levels, which, normally, silage 314 

intake decreases with increased concentrate intake. The substitution rate is expressed on a DM 315 

basis; therefore, prices and amounts were converted to this basis. In our study, the SR used was, 316 

according to Álvarez et al. (2020) results, 0.53, which means the decrease or increase in intake by 317 

0.53 kg DM silage per kg DM of concentrate increased or decreased, respectively. However, 318 

several authors have reported that variable SRs depend on silage quality (Thomas, 1987) and 319 

concentrate level of intake (Huhtanen et al., 2008). By including SR in the economic evaluation, 320 

the increase in concentrate limitedly affects the profits compared to Figure 8, as a reduction of 321 

silage intake is excluded from the costs, resulting in lower costs than only considering concentrate 322 

increase. However, to include SR in the equation, relative earnings must be included, choosing the 323 

average concentrate intake of each farm as it is. This is because feeding costs are incomplete, as 324 

information on total silage intake cannot be gathered from NCDX. Therefore, Figure 9 shows 325 

economic scenarios relative to the actual feeding strategy without considering total silage costs. 326 

For the economic evaluation to be complete, from a feed productivity perspective, information 327 

about the silage intake must be obtained. This information is missing because silage is not fed 328 

individually, meaning no feeders with sensors are available at the farm level for its measure, as is 329 

the case for concentrates.  330 

Limitations and perspectives of the algorithm 331 



 

 

The ML silage digestibility and milk concentrate response model would benefit from having a 332 

larger dataset at our disposal. First, a larger dataset would allow us to make a meaningful split into 333 

training, validation, and test datasets, which, in turn, would help us to make a better assessment of 334 

the model's predictive strength and, thus, decide how much information we can optimally extract 335 

from the data. Second, it would also allow us to predict more digestibility classes, or if there is 336 

even more data for a regression model for silage OMD. However, we are not yet at this point. It 337 

requires either more academic or more controlled experiments, like Álvarez (unpubl.), to be 338 

available, or to obtain data from commercial farms that, for a given period, have accurate 339 

information about silage digestibility. To obtain silage's OMD from farms, there are several 340 

possibilities where collaboration with farmers is essential. Farmers could send for analysis feed 341 

samples taken from the silage bunk fed to animals, identifying the date of which this sample was 342 

taken, so we can relate it to data from AMS. Another possibility could be the use of portable NIR 343 

technology. This could improve the simplicity of the data acquisition, as no sampling or sample 344 

delivery has to be performed by the farmer. However, research is still needed regarding NIRS for 345 

digestibility measurement with portable equipment (Paz, 2019).  346 

Moreover, information on silage intake is necessary for the economic evaluation to be complete. 347 

Average intake of forage could be calculated on-farm by considering input-output and number of 348 

cows. For individual intake information, silage-feeding bins with sensors will be ideal; however, it 349 

implicates changes in farm infrastructure and investment. Sensors monitoring eating time, 350 

ruminating time, and chewing activity could be used to predict silage intake (Beauchemin, 2018; 351 

Andriamandroso et al., 2016, Øvreeide, 2019). 352 

As more technology is included in farms, and solutions for storing this data in an organized manner 353 

are available, models such as the one developed in this study will gain importance as real-time 354 



 

 

decision tools. Therefore, developing new models and improving first-attempt models, such as the 355 

proposed model, will be central.  356 

CONCLUSION 357 

The possibility of adapting a response function of milk to changes in concentrate supply to real-358 

farm data was investigated. Farm data do not regularly provide silage digestibility data, which is 359 

essential for the response function adaption. However, ML allowed its prediction, and the first 360 

attempts at adaptation of response functions were made. To refine the model, more information on 361 

silage digestibility and intake is needed. Nevertheless, the current developed model will allow the 362 

farmer to make decisions from a production and economical perspective.  363 

 364 

Funding sources: This project was financed by the Norwegian Research Council, TINE SA (Ås, 365 

Norway) and NorFor AS (Århus, Denmark). The authors have no conflicts of interest.  366 

  367 



 

 

REFERENCES 368 

 369 
Álvarez, C., M. R. Weisbjerg, N. I. Nielsen, E. Prestløkken, and H. Volden. 2020. Effect of 370 

digestibility of silage and concentrate intake on milk yield: a meta-analysis. Pages 179-181 in 371 

Proceedings of the 28th General Meeting of the European Grassland Federation: Meeting the future 372 

demands for grassland production, Helsinki. 373 

Andriamandroso, A. L. H., Bindelle, J., Mercatoris, B., and F. Lebeau. 2016. A review on the use 374 

of sensors to monitor cattle jaw movements and behavior when grazing. Biotechnol. Agron. Soc. 375 

Environ. 20:1-14. 376 

Beauchemin, K. A. 2018. Invited review: Current perspectives on eating and rumination activity 377 

in dairy cows. J. Dairy Sci. 101:4762-4784. https://doi.org/10.3168/jds.2017-13706. 378 

Daniel, J. B., Friggens, N. C., Chapoutot, P., Van Laar, H., and D. Sauvant. 2016. Milk yield and 379 

milk composition responses to change in predicted net energy and metabolizable protein: a meta-380 

analysis. Animal. 10: 1975-1985. https://doi.org/10.1017/S1751731116001245 381 

Hastie, T., Tibshirani, R., and J. H. Friedman. 2009. Boosting and Additive Trees. Pages 337 384 382 

in The Elements of Statistical Learning. 2nd ed, T. Hastie, R. Tibshirani and J. Friedman, eds. 383 

Springer. 384 

Huhtanen, P., M. Rinne, and J. Nousiainen. 2008. Evaluation of concentrate factors affecting silage 385 

intake of dairy cows: a development of the relative total diet intake index. Animal. 2: 942-953. 386 

https://doi.org/10.1017/S1751731108001924. 387 



 

 

Huhtanen, P. and J. Nousiainen. 2012. Production responses of lactating dairy cows fed silage-388 

based diets to changes in nutrient supply. Livest. Sci. 148:146-158. 389 

https://doi.org/10.1016/j.livsci.2012.05.023. 390 

James, G., Witten, D., Hastie, T., Tibshirani R. 2021. An Introduction to Statistical Learning with 391 

Applications in R, 2nd ed, Springer. 392 

Jensen, C., Østergaard, S., Schei, I., Bertilsson, J., and M. R. Weisbjerg. 2015. A meta-analysis of 393 

milk production responses to increased net energy intake in Scandinavian dairy cows. Livest. Sci. 394 

175:59-69. https://doi.org/10.1016/j.livsci.2015.02.009 395 

Kuoppala, K., Rinne, M., Nousiainen, J. and P. Huhtanen. 2008. The effect of cutting time of grass 396 

silage in primary growth and regrowth and the interactions between silage quality and concentrate 397 

level on milk production of dairy cows. Livest. Sci. 116: 171 182. 398 

https://doi.org/10.1016/j.livsci.2007.10.002 399 

Kyntäjä, J., Frandsen, J., Ilomäki, J., Jafner, N., Jóhannesson, G. and Mikalsen V. 2018. Nordic 400 

Cattle Data eXchange  a shared standard for data transfer, ICAR Technical Series no. 23 401 

Liakos, K. G., Busato, P., Moshou, D., Pearson, S., and D. Bochtis. 2018. Machine Learning in 402 

Agriculture: A Review. Sensors. 18:2674-2703. https://doi.org/10.3390/s18082674 403 

Lundberg, S.M., Lee, S.-I. (2017). A unified approach to Interpreting Model Predictions. Pages 404 

4768-4777 in Advances in Neural Information Processing Systems. Long Beach. 405 

Lundberg, S. M., Erion, G., Chen, H., DeGrave, A., Prutkin, J. M., Nair, B., Katz, R., 406 

Himmelfarb, J.,. Bansal, N, and S.-I. Lee. 2020. From local explanations to global understanding 407 

with explainable AI for trees. Nat Mach Intell 2:56-67. https://doi.org/10.1038/s42256-019-0138-408 

9 409 



 

 

Paz, C., Silva, A. G., and & R. Aníbal. 2019. Use of near infrared spectroscopy for the evaluation 410 

of forage for ruminants. Rev. Cienc. Agrar. 62. 10.22491/rca.2019.2923�411 

Prokhorenkova, L., Gusev, G., Vorobev, A., Dorogush, A. V. and A. Gulin, 2018. Catboost: 412 

unbiased boosting with categorical features. Pages 6638 6648 in Advances in Neural Information 413 

Processing Systems. Montréal. 414 

Randby, Å.T., Weisbjerg, M.R., Nørgaard, P. and B. Heringstad. 2012. Early lactation feed intake 415 

and milk yield responses of dairy cows offered grass silages harvested at early maturity stages. J. 416 

Dairy Sci. 95: 304 317. https://doi.org/10.3168/jds.2011-4454 417 

Rinne M., Jaakkola S., Kaustell K., Heikkila T. and Huhtanen P. (1999) Silages harvested at 418 

different stages of grass growth v. concentrate foods as energy and protein sources in milk 419 

production. Anim. Sci. J. 69: 251-263. https://doi.org/10.1017/S1357729800051286 420 

Storm, H., K. Baylis, and T. Heckelei. 2019. Machine learning in agricultural and applied 421 

economics. Eur. Rev. Agric. Econ. 47: 849-892. https://doi.org/10.1093/erae/jbz033  422 

TINE. 2020. Statistikksamling fra Ku- og Geitekontrollen 2020 Årsrapport fra Helsekortordningen 423 

2020. Oslo. (In Norwegian) 424 

Thomas, C. 1987. Factors affecting substitution rates in dairy cows on silage based rations. . In 425 

Recent advances in animal nutrition. W. Haresign and DJA Cole, eds. Butterworths, London. 426 

Van Rossum, G. & Drake, F.L., 2009. Python 3 Reference Manual, Scotts Valley, CA: CreateSpace 427 

Volden, H. 2011. NorFor-The Nordic feed evaluation system. Wageningen Academics Publisher, 428 

The Netherlands. 429 



 

 

Øvreeide, K. O. 2019. Improving the NorFor forage intake model on dairy cattle by registration of 430 

chewing activity. MSc Thesis. Department of Animal Science and Aquaculture. Norwegian 431 

University of Life Sciences, Ås. 432 

 433 

 434 

  435 



 

 

Figure 1. Álvarez  436 

 437 

Figure 1: Summary of the machine learning approach used in the study 438 
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Figure 2. Álvarez  440 

 441 

Figure 2: An overview of live farm dataset. Each point represents an individual cow with DIM 442 

above 100 and data averaged in April 2020. Black, dashed lines denote constant ECM levels (ECM-443 

isolines). 444 
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Figure 3. Álvarez  453 

 454 

Figure 3: Example of a logistic function describing the relationship between label 0 (red) and label 455 

1 (green).  456 



 

 

Figure 4. Álvarez  457 

 458 

Figure 4: SHAP values for the classification of silage digestibility in the ML model. 459 
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Figure 5. Álvarez  461 

 462 

Figure 5: Example of fitted regression using data from Álvarez et al. (unpubl.) as a visualization 463 

example. Blue line: Inverse linear regression fitted to high digestible silage (HDS) data points. Red 464 

line: Inverse linear regression fitted to low digestible silage (LDS) data points. 465 

 466 
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 473 

Figure 6. Álvarez  474 

 475 

Figure 6: Individual animal responses from Álvarez (unpubl.) to the change in concentrate intake 476 

and algorithm regression line according to silage label (HDS and LDS). Pre- and post-change data 477 

for individual animals are connected by lines. 478 
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Figure 7. Álvarez 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

Figure 7: Examples of algorithm use for four different farms. Red line: Inverse linear regression, 493 

red area: plus/minus one standard deviation. a) Very low digestibility, b) low digestibility, c) 494 

borderline digestibility, and d) high digestibility 495 
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Figure 8. Álvarez 497 
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 507 

 508 

 509 

Figure 8: Predicted earnings per animal per day corresponding to the responses from Figure 7 for 510 

different silage digestibility. a) Very low digestibility, b) low digestibility, c) borderline 511 

digestibility, d) high digestibility. Milk price set at 0.59 USD / kg, and concentrate prices set at 512 

0.47 USD/kg (blue) and 0.71 USD/kg (red), respectively. 513 
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Figure 9. Álvarez  516 
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 528 

 529 

 530 

Figure 9: Predicted earnings similar to those of Figure 8 for an animal initially being fed the herd 531 

mean concentrate, considering a substitution rate of 0.53 and silage price of 0.24 USD/kg of dry 532 

matter. Dry matter percentage of 86% assumed in concentrate. a) Very low digestibility, b) low 533 

digestibility, c) borderline digestibility, and d) high digestibility. Milk price set at 0.59 USD / kg, 534 

and concentrate prices set at 0.55 USD/kg DM (blue) and 0.82 USD/kg DM (red), respectively.535 
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