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ABSTRACT

Mid-infrared spectroscopy is a technology used glob-
ally for quantifying the concentration of fat, protein, 
lactose, and other constituents in the milk samples of 
both individual animals and bulk tank milk. Differences 
in the milk components and yield of cows are known 
to exist between morning and evening milk; nonethe-
less, differences in the spectra originating from the 
same cow from morning and evening milkings have 
never been investigated. Data were obtained from 2,602 
dairy cows from 7 research farms in Ireland. A total of 
199,288 morning milk spectra with associated evening 
milk spectra produced by the same cow within 24 h were 
available. Postediting, spectral data were available on 
the same 502 wavelengths in the mid-infrared region 
of the electromagnetic spectrum for all milk samples. 
Differences between morning and evening milk spectra 
produced by the same cow in a 24-h period were inves-
tigated using (1) the mean and SD of the difference be-
tween morning and evening spectra absorbance values, 
(2) the correlation between the morning and the respec-
tive evening wavelength absorbance values, and (3) the 
L2 distance, all of which were quantified across stages 
of lactation, years, and farms. The average (SD) differ-
ence between the morning and the evening spectrum 
absorbance values produced by the same cow within 24 
h was 0.00097 (0.008), and it was always larger than 
0.055 for the wavelengths between 2,920 cm−1 and 2,947 
cm−1. The correlation between morning wavelength ab-
sorbance values and the respective evening wavelength 
absorbance values were all strong (i.e., >0.80) in the 
spectral region of 1,469 cm−1 to 1,473 cm−1; weak cor-
relations of <0.26 existed between morning and evening 

spectra wavelengths in the region of 1,593 cm−1 to 1,597 
cm−1. These trends in correlations generally persisted 
within different stages of lactation, years, and farms. 
Results from the L2 distance indicated that early lacta-
tion morning and evening spectra were more different 
from each other than when compared in late lactation; 
no large differences in the L2 distance across different 
farms and years were evident. The impact of a predic-
tion equation developed from morning spectral data but 
applied to evening milk spectral data, and vice versa, 
was investigated. Nitrogen use efficiency (NUE) was the 
animal trait explored; the mean NUE (SD) in the valida-
tion dataset was 22.16 (4.86). The root mean square er-
ror for predictions developed and validated on morning 
spectra samples was 3.49; this increased to 3.85 for the 
same validation in the morning spectra when the predic-
tion equation was developed using only evening spectra. 
Similarly, the root mean square error from predictions 
developed and validated on evening spectra samples 
was 3.46, which increased to 3.85 when the prediction 
equation was developed using only morning spectra. In 
conclusion, morning and evening milk spectra produced 
by the same cow within 24 h differ, particularly in some 
spectral regions; these differences affect the prediction 
performance of applied prediction equations.
Key words: milk chemistry, mid-infrared spectroscopy, 
chemometrics, milking

INTRODUCTION

Animals adapt to both spatial and temporal environ-
mental variables, enabling them to regulate diverse func-
tions based on the time of day and the season (Asher et 
al., 2015). Moreover, the metabolism rate in many organ-
isms differ between day and night (Teng et al., 2021). 
Such variability can affect potential differences in milk 
composition across the day. Differences in the milk com-
position between morning and evening milk for mean 
fat and protein percentage have been reported (Everett 
and Wadell, 1970; Pavel and Gavan, 2011), as well as 
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in the concentration of small molecules, metabolites, 
lipids, hormones, and cytokines in milk produced from 
the same dairy cow within a day (Teng et al., 2021). As 
differences in the morning and evening milk produced by 
the same cow within 24 h have been documented, differ-
ences could also exist in the mid-infrared (MIR) spectra 
generated from the milk produced by the same cow in 
consecutive morning and evening milkings.

Globally, milk samples collected from individual ani-
mals during routine milk testing are subjected to spec-
troscopy analysis in the MIR region of electromagnetic 
spectrum. The resulting spectral data are used to predict 
different milk quality measures (De Marchi et al., 2014) 
or animal-level features (McParland and Berry, 2016). 
In some studies (e.g., McParland et al., 2014, 2023; 
Frizzarin et al., 2024) prediction equations for animal-
level features were separately developed for morning 
and evening milk samples. Other studies (McParland et 
al., 2024; Frizzarin et al., 2024) combined the morning 
and evening spectra from milk samples of dairy cows to 
develop a single prediction equation for animal-level fea-
tures. McParland et al. (2024) averaged the absorbance 
of the morning and evening milk spectra from the same 
cow for predicting individual cow methane emissions, 
whereas Frizzarin et al. (2024) used a concatenation of 
the morning and evening milk spectra for predicting 
nitrogen use efficiency (NUE) in dairy cows. Both Friz-
zarin et al. (2024) and McParland et al. (2024) reported 
an improvement in the model prediction accuracy when 
the prediction equations were developed combining the 
morning and evening milk spectra compared with the 
equations developed using just the morning or just the 
evening milk spectra.

No previous study has explored the differences be-
tween the actual milk MIR spectra from the same cow 
collected in the morning and evening milking within 
a 24-h period. Therefore, the objectives of the present 
study were (1) to explore the differences, if any, between 
the MIR spectra from milk samples collected from the 
same dairy cow in the morning and evening milking; (2) 
identify the spectral regions that differ the most between 
morning and evening milk; and (3) quantify the effect on 
predictive performance, if any, when a prediction model 
for a cow-level feature developed using morning milk 
MIR spectra was applied to evening milk spectra to pre-
dict a phenotype, and vice versa.

MATERIALS AND METHODS

All data used in this study were from a pre-existing da-
tabase. Therefore, because no human or animal subjects 
were used, this study did not require approval by an Insti-
tutional Animal Care and Use Committee or Institutional 
Review Board.

Frizzarin et al.: MORNING AND EVENING MILK SPECTRA

Ta
bl

e 
1.

 D
es

cr
ip

tio
n 

of
 th

e 
re

se
ar

ch
 fa

rm
s 

us
ed

 in
 th

e 
st

ud
y

Fa
rm

 
Lo

ca
tio

n 
w

ith
in

 Ir
el

an
d

 
B

re
ed

s1
 

R
es

ea
rc

h 
tri

al
s

 
R

ef
er

en
ce

s
N

o.
 o

f r
ec

or
ds

1 
C

lo
na

ki
lty

 
So

ut
hw

es
t

 
Pu

re
 H

o-
Fr

 a
nd

 H
o-

Fr
 c

ro
ss

br
ee

d 
w

ith
 Je

 
an

d 
N

or
w

eg
ia

n 
R

ed
 

W
hi

te
 c

lo
ve

r p
lu

s p
er

en
ni

al
 ry

eg
ra

ss
 e

ffe
ct

s 
on

 m
ilk

 p
ro

du
ct

io
n

 
M

cC
le

ar
n 

et
 a

l.,
 2

01
9

25
,6

57

2 
D

ai
ry

go
ld

 
So

ut
hw

es
t

 
20

0 
pu

re
 H

o-
Fr

 a
nd

 1
00

 p
ur

e 
Je

 
Ef

fe
ct

 o
f g

en
et

ic
 im

pr
ov

em
en

t o
n 

pe
rf

or
m

an
ce

 
B

uc
kl

ey
 e

t a
l.,

 2
01

9
29

,8
63

3 
M

oo
re

pa
rk

 
So

ut
hw

es
t

 
Pu

re
 H

o-
Fr

 a
nd

 c
ro

ss
br

ee
d

 
W

hi
te

 c
lo

ve
r p

lu
s p

er
en

ni
al

 ry
eg

ra
ss

 e
ffe

ct
s 

on
 p

er
fo

rm
an

ce
; 

R
es

tri
ct

ed
 a

cc
es

s t
o 

pa
st

ur
e 

in
 a

ut
um

n

 
En

riq
ue

z-
H

id
al

go
 e

t a
l.,

 2
01

8;
  

 G
ar

ry
 e

t a
l.,

 2
02

1

39
,6

89

4 
B

al
ly

ha
is

e
 

N
or

th
 

Pu
re

 H
o-

Fr
 

cr
os

sb
re

d 
H

o-
Fr

-J
e

 
D

iff
er

en
t g

ra
zi

ng
 st

oc
ki

ng
 ra

te
s

 
Pa

tto
n 

et
 a

l.,
 2

01
6

3,
58

9

5 
So

lo
he

ad
 

So
ut

hw
es

t
 

Pu
re

 H
o-

Fr
 a

nd
 c

ro
ss

br
ee

d
 

Ex
te

ns
io

n 
of

 g
ra

zi
ng

 se
as

on
 

Fe
ng

er
 e

t a
l.,

 2
02

1
1,

87
9

6 
Jo

hn
st

ow
n

 
So

ut
he

as
t

 
Pu

re
 H

o-
Fr

 a
nd

 c
ro

ss
br

ee
d

 
N

itr
og

en
 so

ur
ce

s a
nd

 tr
an

sf
or

m
at

io
n

 
C

la
gn

an
 e

t a
l.,

 2
01

9
1,

10
0

7 
C

ur
tin

s
 

So
ut

hw
es

t
 

Pu
re

 H
o-

Fr
 a

nd
 c

ro
ss

br
ee

d 
H

o-
Fr

 Je
 

D
iff

er
en

t g
ra

zi
ng

 st
oc

ki
ng

 ra
te

s
 

C
of

fe
y 

et
 a

l.,
 2

01
8

17
,5

11
1 H

o-
Fr

 =
 H

ol
st

ei
n-

Fr
ie

si
an

; J
e 

= 
Je

rs
ey

.



Journal of Dairy Science Vol. 108 No. 2, 2025

1575

Data and Data Editing

All the data used in this study were collected between 
the years 2016 and 2020 inclusive, from 7 Teagasc re-
search farms. Most of the data were from spring-calving 
cows fed a predominantly grazed grass diet. A summary 
of the herd characteristics and research trials undertaken 
across the study period considered in the analyses are in 
Table 1. The data represented different parities of cows 
(parities 1–10) as well as different stages of lactation 
(i.e., DIM from 5 to 305).

All cows were milked twice daily, generally at 0700 
h and 1500 h. Individual cow milk samples for spectral 
analyses were collected on 2 consecutive days during 
the evening and the following morning milking. All milk 
samples were analyzed using the same MIR spectrometer 
(Foss MilkoScan FT6000; Foss Electric A/S) generating 

1,060 transmittance spectral values. Transmittance val-
ues were transformed into absorbance values by taking 
the log10 of the reciprocal of the transmittance values. 
The wavelengths were standardized across time (Grelet 
et al., 2017) using the standardization coefficients pro-
vided as part of the European Milk Recording project 
ring testing program (European Milk Recording, 2022). 
Noise regions of the spectra related to water absorption 
were removed leaving a total of 502 wavelengths for each 
morning and evening milk sample; these represented the 
regions from 941 to 1,601 cm−1 and from 1,736 to 3,005 
cm−1. Spectral outliers were identified using the approach 
described in detail by Frizzarin et al. (2021). Briefly, the 
Mahalanobis distance was quantified for the morning and 
the evening spectra separately using the first 5 principal 
components of the spectra. Spectra with a Mahalanobis 
distance from the center greater than the 99th quantile 
of the quantified distances were subsequently removed. 
After outlier removal, only morning spectra with accom-
panying evening spectra were retained. The final dataset 
comprised 199,288 spectra from the morning milking 
with an accompanying 199,288 spectra from the evening 
milking from 2,602 cows.

Statistical Analyses

Comparison of Morning and Evening Spectrum. 
Mean differences between each morning wavelength ab-
sorbance value and the respective evening wavelength 
absorbance value for the same cow were compared us-
ing a 2-sided paired t-test. Because multiple t-tests were 
undertaken, one per wavelength, the resulting P-values 
were subjected to an adjustment to account for multiple 
testing using the method developed by Benjamini and 
Yekutieli (2001). Then, 2 separate correlation matrices 
were generated: (1) the pairwise correlations between 
all the morning wavelength absorbance values across 
the spectrum, and (2) the pairwise correlations between 
all the evening wavelength absorbance values across 
the spectrum. These 2 correlation matrices were then 
compared using the test implemented by Schott (2007). 
The test bases its comparison on the sum of squared 
differences between distinct entries of the tested sample 
correlation matrices. The test was implemented using 
the covTestR package (Barnard and Young, 2018) in 
the R software (R Core Team, 2023) with the null hy-
pothesis being that no difference existed between the 2 
correlation matrices.

Similarity between the morning and the respective 
evening milk spectra absorbance values produced by the 
same cow within 24 h was also determined using (1) the 
Pearson correlation between the absorbance value for a 
given wavelength from a milk sample collected in the 
morning versus that for the same wavelength collected 

Frizzarin et al.: MORNING AND EVENING MILK SPECTRA

Figure 1. (A) Average morning (red) and evening (black) spectra, (B) 
difference between morning and evening spectra (i.e., morning spectrum 
minus the evening spectrum), and (C) SD of the difference between 
morning and evening spectra.
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in immediately previous evening milking from the same 
cow, and (2) the L2 distance. The L2 distance was com-
puted as follows:

L x x x xAM PM
k

AMk PMk2
1

502
2

, ,( ) = -( )
=
å

where xAMk and xPMk are the observed absorbance values 
of the kth wavelength for the AMth and PMth spectra, 
respectively. The L2 distance can be used as a measure of 
similarity between 2 curves with greater values indicat-

ing a more pronounced difference between the curves and 
a value of 0 means that 2 curves are equal to each other. 
The difference between the morning and the respective 
evening wavelength absorbance values, the correlations 
between the morning and the respective evening wave-
lengths absorbance values, and the L2 distance were all 
investigated for the whole dataset but also separately 
within (1) stage of lactation, (2) year, and (3) farm. Dif-
ferences in the mean L2 distance across groups was tested 
using Wilcoxon rank-sum test, which is a nonparametric 
test. The 5 stages of lactation considered were early 
lactation between 5 to 60 DIM, early-mid lactation be-
tween 61 to 120 DIM, mid lactation between 121 to 180 
DIM, mid-late lactation between 181 to 240 DIM, and 
late lactation between 241 to 305 DIM. The L2 distance 
was also investigated after stratifying the data according 
to the difference in part-day milk yield within cow-day 
between the morning and evening milking.

Development of Prediction Equations. Using cow 
NUE as a case study, the effect of a prediction equation 
developed from morning spectral data being applied to 
evening spectral data, and vice versa, was assessed. The 
dataset used for this analysis was previously described 
in detail by Frizzarin et al. (2024). Briefly, 3,497 NUE 
records (with associated MIR data) from 1,195 cows were 
collected from 4 research farms across 11 yr. Nitrogen use 
efficiency was quantified as the sum of nitrogen in milk, 
nitrogen in the conceptus, nitrogen used for the growth, 
and nitrogen stored in the reserves divided by the sum of 
nitrogen intake and nitrogen mobilized from the reserves. 
The same NUE value was associated with an evening and 
a morning spectrum collected within 24 h. Four datasets 
were created: (1) a morning calibration dataset, (2) an 
evening calibration dataset, (3) a morning validation da-
taset, and (4) an evening validation dataset. An additional 
dataset was created, for comparative purposes, represent-
ing the calibration just described but where the weighted 
average of the MIR per day was calculated; the weight-
ing factor used was the respective morning and evening 
milk yield. The partition of records into the calibration 
and validation datasets was random with the exception 
that records from the same cow could not be present in 
both the calibration and validation datasets. The morning 
calibration dataset contained 75% (i.e., 2,622 records) of 
the morning spectra along with the NUE value; the same 
75% of NUE records associated with the evening spectra 
constituted the evening calibration dataset; the remaining 
25% (i.e., 875 records) of the morning and evening spectra 
constituted the morning and evening validation dataset, 
respectively. The morning calibration dataset was used to 
develop a prediction equation for NUE, which was then 
applied to both the morning and evening validation datas-
ets separately; in a separate analysis, the evening calibra-
tion dataset was used to develop an equation to predict 

Frizzarin et al.: MORNING AND EVENING MILK SPECTRA

Figure 2. Correlation matrix for the morning (top) and evening (bot-
tom) spectra.
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NUE, which was then validated in the morning and eve-
ning validation datasets separately. Lastly, the weighted 
average spectra calibration dataset was used to develop 
an equation to predict NUE, which was then validated in 
the morning and evening validation datasets separately. 
Partial least squares regression was used to develop the 
equations using the R package pls (Mevik et al., 2019). To 
develop the prediction equation, 531 wavelengths were 
used. The prediction accuracy was assessed using the cor-
relation between the actual and the predicted values, the 
bias, as well as the root mean square error of prediction 
(RMSE). Differences in the prediction results obtained 
when the morning and the evening prediction equations 
were used to predict NUE on the same validation dataset 
was assessed using the F-test on the residuals (i.e., the 
residuals were quantified as actual NUE value minus the 
predicted NUE value).

RESULTS

The mean morning and the mean evening milk spectra 
are in Figure 1. Although the average morning spectra 
generally followed a similar pattern to the average eve-
ning spectra, the mean morning wavelength absorbance 
values were different (P < 0.05) from the respective 
evening wavelength absorbance values. The mean dif-
ference and the SD of the difference between the morn-
ing and the evening spectrum absorbance values (quan-
tified as the morning spectrum absorbance values minus 
the evening spectrum absorbance values) produced by 
the same cow within 24 h are in Figure 1. The greatest 
difference, as well as the greatest SD of the difference, 
between the morning and evening milk spectral absor-
bance values was for the wavelengths spanning from 
1,743 cm−1 to 1,763 cm−1 and from 2,854 cm−1 to 2,962 
cm−1. This was consistent when the mean difference and 
the greatest SD of the difference between the morn-
ing and evening milk spectral absorbance values were 
quantified within lactation stages.

The 2 correlation matrices among the wavelength ab-
sorbance values for the morning milking, and separately 
for the evening milking, are in Figure 2. Visually the pat-
tern in the correlation matrices for the morning and eve-
ning milk samples looked similar but the test proposed 
by Schott (2007) suggested that the internal relationships 
among the absorbance values for the morning spectra dif-
fered (P < 0.05) from those among the absorbance values 
for the evening spectra.

The first versus the second principal components of 
the MIR spectra, which represented respectively 70% 
and 13% of the total spectral variance, for the morn-
ing and evening milk samples are separately presented 
in Figure 3; only 1 random record per milking day was 

retained leaving 878 data points (i.e., 439 morning and 
439 evening spectra). Some overlap in the scatter plot of 
the 2 principal components existed between the morning 
and evening milk spectra.

Correlation Between Morning and Evening Spectra

The correlations between the wavelength absorbance 
values from the morning milk sample and the corre-
sponding wavelength absorbance values from the eve-
ning milk sample from the same cow are in Figure 4. 
The correlations were strong (i.e., >0.80) in the spectral 
region between 1,469 cm−1 to 1,473 cm−1 but weak (i.e., 
<0.26) in the spectral region between 1,593 cm−1 to 1,597 
cm−1. Strong correlations (i.e., >0.70) were also observed 
between wavelength absorbance values in the regions 
between 1,227 cm−1 and 1,269 cm−1, between 1,454 cm−1 
and 1,477 cm−1, between 1,543 cm−1 and 1,554 cm−1, 
and between 2,978 cm−1 and 2,981 cm−1. Weak correla-
tions (i.e., <0.35) were evident between the wavelength 
absorbance values in the regions between 1,334 cm−1 
and 1,346 cm−1, between 1,400 cm−1 and 1,435 cm−1, 
between 1,485 cm−1 and 1,508 cm−1, between 1,585 cm−1 
and 1,601 cm−1, and between 2,993 cm−1 and 2,997 cm−1.

Frizzarin et al.: MORNING AND EVENING MILK SPECTRA

Figure 3. The first versus second principal components for the edited 
spectral data for the morning (red dots) and evening (blue triangles) milk 
samples. The first and the second principal components represented 70% 
and 13% of the total spectral variance, respectively.
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The correlations between the wavelength absorbance 
values from the morning and the respective evening spec-
tra across stages of lactation are in Figure 5. Although the 
extent of the correlations between morning and evening 
spectra generally differed by stage of lactation, some 
spectral regions (i.e., 1,227–1,601 cm−1 and 1,736–2,156 
cm−1) had a similar correlation profile across stages of 
lactation, with similar peaks and troughs. The profile of 
the correlations between the morning and evening spectra 
across years (Figure 6) or across farms (Figure 7) varied 
widely in strength in the spectral regions between 941 
cm−1 and 1,127 cm−1, and between 2,250 cm−1 and 2,750 
cm−1, while having relatively constant values in the other 
spectral regions.

L2 Distance

The mean (SD) L2 distance between morning and eve-
ning spectra from milk samples of the same cow taken 
within 24 h across stages of lactation was 0.52 (0.25), 
0.43 (0.23), 0.34 (0.19), 0.32 (0.17), and 0.30 (0.16) for 
early, early-mid, mid, mid-late, and late lactation, respec-
tively. Therefore, the mean L2 distance values decreased 
(i.e., became more similar) with stage of lactation and 
differed from each other (P < 0.05). The mean L2 distance 
across years ranged from 0.37 to 0.40, and from 0.36 to 
0.40 across farms. Lastly, the L2 distance increased (i.e., 
became more different) as the difference in milk yield 
between the morning and evening milk yield increased 
(P < 0.05); the L2 distance was equal to 0.35 (0.21), 0.36 
(0.20), 0.38 (0.21), and 0.42 (0.23) when the difference 
between the morning and evening part-day milk yield 
was less than 5.1 kg, between 5.1 and 6.8 kg, between 
6.8 and 8.7 kg, and greater than 8.7 kg, respectively.

Prediction Accuracy

The accuracy of predicting NUE using different 
combinations of the calibration and validation datasets 

based on morning or evening spectral data are in Table 
2. When NUE was predicted from morning milk spectra 
using a prediction equation developed using evening 
milk spectra or the weighted average spectra instead of 
morning spectra, the RMSE increased (i.e., worsened) 
by 10.3% and 4.0%, respectively. Similarly, when NUE 
was predicted from evening milk spectra using a pre-
diction equation developed using morning spectra or 
weighted average spectra instead of evening spectra, 
the RMSE increased by 11.3% and 9.5%, respectively. 
The bias when NUE was predicted from morning milk 
spectra using a prediction equation developed using 
evening spectra was −0.31, while it was −0.02 when the 
prediction equation was developed using morning spec-
tra. Likewise, the bias when NUE was predicted from 
evening milk spectra using a prediction equation devel-
oped using morning spectra was 1.00, whereas it was 
just 0.02 when the prediction equation was developed 
using evening spectra.

DISCUSSION

In some countries, such as Ireland, cows are generally 
milked twice a day. Nonetheless, once-a-day milking is 
sometimes practiced (Berry et al., 2024), as well as milk-
ing 3 times a day. Differences in the milk composition 
are known to exist between morning and evening milk 
(Everett and Wadell, 1970; Pavel and Gavan, 2011). Spe-
cifically, fat in the morning milk is generally lower than 
that in the evening milk, with the opposite sometimes 
(Pavel and Gavan, 2011) but not always (Berry et al., 
2006) being true for protein. These differences are as-
sociated with the time interval between milkings; total 
milk production is higher when the interval between 
milkings is longer, but hourly secretion rate is lower with 
longer intervals (Everett and Wadell, 1970). As milk 
spectral data are able to capture information on the milk 

Frizzarin et al.: MORNING AND EVENING MILK SPECTRA

Figure 4. Correlation between each morning wavelength and the re-
spective evening wavelength from spectra produced from the same cow.

Figure 5. Correlation between each morning wavelength and the 
respective evening wavelength for spectra produced from the same cow 
using data between 5 and 60 DIM (gray line), between 61 and 120 DIM 
(black line), between 121 and 180 DIM (red line), between 181 and 240 
DIM (orange line), and between 240 and 305 DIM (green line).
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components (e.g., fat, protein, and lactose), differences 
in the spectra generated from the same cow during the 
morning or evening milking undertaken within 24 h may 
exist. Identifying these differences can help recognize 
the chemical components that vary the most between the 
milk from different periods of the day. This knowledge 
can be exploited when prediction equations are devel-
oped from the milk MIR spectra.

Similarities and Differences Between Morning  
and Evening Spectra

Different metrics were used in the present study to 
investigate the similarities and differences between 
morning and evening milk spectra produced by the 
same cow in a 24-h period, such as (1) the mean and 
SD of the difference between morning and evening milk 
spectra absorbance values, (2) the correlation between 
the morning and the respective evening wavelength 
absorbance values, and (3) the L2 distance. In a further 
series of analyses, the repeatability of the morning wave-
lengths absorbance values across stages of lactation and 
separately the repeatability of the evening wavelengths 
absorbance values across stages of lactation was quanti-
fied (Figure 8). The mean number of days between milk 
spectra records for an individual cow was 9 d.

The investigated metrics provided different insights 
on the differences between morning and evening milk 
spectra. Indeed, the mean difference and SD of the dif-
ference between the morning and the evening spectrum 
absorbance values can help identify the spectral regions 
that vary the most between morning and evening milk-
ing, whereas the correlation between the morning and 
the respective evening wavelength absorbance values is 
useful to identify regions in the spectra in which animals 
with high wavelength absorbance values for the morn-
ing milk have also high wavelength absorbance values 
for the evening milk. Furthermore, the L2 distance is a 

measure of the overall similarity between a morning and 
the respective evening spectrum.

The spectral regions with the greatest difference and 
the greatest SD of the difference between the morning 
and the evening spectrum absorbance values also had 
weak to moderate correlations between the morning and 
the respective evening wavelength absorbance values 
(i.e., ranging from 0.40 to 0.42 for the spectral regions 
between 1,743 cm−1 and 1,763 cm−1 and from 0.48 to 
0.57 for the spectral region between 2,854 cm−1 and 
2,926 cm−1). Results from the repeatability of both the 
morning and the evening wavelengths absorbance values 
within stages of lactation were often in agreement with 
results from the correlation analyses. Indeed, spectral re-
gions with strong correlations between the morning and 
the respective evening wavelength absorbance values 
also had high repeatability across lactation for both the 
morning and the evening wavelength absorbance values. 
Nonetheless, the spectral regions with the weakest cor-
relation between the morning and the respective evening 
wavelength absorbance values did not have the lowest re-
peatability of the morning and the evening wavelengths 
absorbance values.

The spectral regions with the greatest mean differ-
ence and the greatest SD of the difference between the 
morning and the evening spectrum absorbance values are 
associated with the fat content of the milk. In particular, 
the C–H stretching of –CH3 and –CH2 have been identi-
fied in the spectral region between 2,862 and 2,927 cm−1 
of dairy cow milk with C = O stretching around 1,743 
cm−1 (Grelet et al., 2015). Milk fat is the component 
whose concentration changes the most between morning 
and evening milking (McParland et al., 2019). Using the 
summary statistics provided by McParland et al. (2019) 
from part-day milk samples from Irish dairy cows, it 
was possible to calculate the variance of the difference 
in milk fat percent and in milk protein percent between 
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Figure 6. Correlation between each morning wavelength and the 
respective evening wavelength for spectra produced from the same cow 
using data collected in 2016 (gray line), 2017 (black line), 2018 (red 
line), 2019 (orange line), and 2020 (green line).

Figure 7. Correlation between each morning wavelength and the 
respective evening wavelength for spectra produced from the same cow 
using data collected in farm 1 (gray line), farm 2 (black line), farm 3 (red 
line), farm 4 (orange line), farm 5 (green line), farm 6 (purple line), and 
farm 7 (blue line).
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morning and evening milk; the respective values were 
0.47 percentage units2 and 0.02 percentage units2 signi-
fying the greater variance in the difference between fat 
in the morning and evening milk samples of cows rela-
tive to protein. The spectral regions with the strongest 
and weakest correlations between morning and evening 
milk spectra absorbance values (i.e., between 1,469 cm−1 
and 1,473 cm−1 and between 1,593 cm−1 and 1,597 cm−1, 
respectively) have been associated with proteins (i.e., 
the amide I and amide II regions). The amide II vibra-
tion region is measured in the range between 1,450 cm−1 
and 1,550 cm−1 (Tarapoulouzi et al., 2020), whereas the 
amide I vibration is measured in the range between 1,550 
cm−1 and 1,650 cm−1 (Tarapoulouzi et al., 2020).

When investigated within lactation stages, the great-
est mean and SD of the difference between the morn-
ing and the respective evening wavelength absorbance 
values was in early lactation. Similarly, the weakest 
correlations between morning and evening milk spec-
tra absorbance values were observed in early lactation. 
Moreover, early lactation was also characterized by 
lower repeatability of both the morning and the evening 
wavelengths absorbance values compared with the re-
peatability quantified for milk collected in later stages 
of lactation. Finally, the L2 distance quantified between 
morning and evening spectra wavelengths absorbance 
values was greater in early lactation compared with 
late lactation. These greater differences in morning and 
evening spectra in early lactation could be attributed 
to the greatest difference in morning and evening milk 
yield; the mean difference between morning and eve-
ning milking in early and late lactation was 8.17 and 
4.88 kg, respectively.

Differences across farms and years in strength of the 
correlations between morning and evening milk spectra 
were mainly limited to the regions between 941 cm−1 
and 1,227 cm−1 and between 2,349 cm−1 and 2,831 cm−1. 
These regions have been associated with carbohydrates 
and minerals in milk corresponding to P–O stretching of 
phosphorus (i.e., between 950 cm−1 and 1,200 cm−1), al-
dehydes (2,780 cm−1; Bittante and Cecchinato, 2013), and 
multiple peaks of the ammonium bonds (2,400 cm−1 to 
3,200 cm−1; Bittante and Cecchinato, 2013). This is also 
consistent with results obtained from the L2 distance. In-
deed, a clear decrease in the L2 distance was documented 
from early to late lactation, whereas no differences were 
documented in the L2 distance across farms and years.

Practical Applications

Acknowledgment of the differences between morning 
and evening milk are particularly important when devel-
oping prediction equations for animal traits (Frizzarin et 
al., 2024; McParland et al., 2024). Indeed, although milk 

quality traits, such as milk fat, protein, or lactose con-
tent, are directly quantified from the milk sample (i.e., 
there is a direct relationship between the gold-standard 
measure and the MIR spectra), the same phenotypic 
value for animal traits like BCS change or NUE can be 
associated with 2 different spectra (i.e., 2 milk spectra 
generated from the milk milked from the same cow with 
24 h). As morning and evening milk spectra provide 
different information, the inclusion of both the morn-
ing and the evening spectra in a prediction model could 
generate more accurate predictions; this was also the 
conclusion of both Frizzarin et al. (2024) and McParland 
et al. (2024), who used cow milk MIR data to predict 
NUE and methane emissions, respectively. Despite this, 
taking separate morning and evening milk samples and 
subjecting them both to spectral analysis in commercial 
farms is probably not feasible. Moreover, there is actu-
ally a transition away from collecting (and analyzing) 
individual morning and evening samples during herd 
testing (McParland et al., 2019). Nonetheless, Inter-
national Committee for Animal Recording procedures 
(https:​/​/​www​.icar​.org/​Guidelines/​02​-Overview​-Cattle​
-Milk​-Recording​.pdf) still suggest recording both the 
morning and the evening milk samples when undertak-
ing milk herd testing.

An alternative to average (McParland et al., 2024) 
or concatenate (Frizzarin et al., 2024) the wavelength 
absorbance values from the morning and the respective 
evening milk spectra, is to develop prediction equations 
separately for the morning and evening milk samples. 
Indeed, based on the results from the present study, the 
prediction accuracy of NUE was 10.3% lower when 
predictions were developed using the morning spectra 
but applied to the evening spectra relative to if it was 
applied to the morning spectra; a similar difference was 
observed for the opposite scenario. Developing the pre-
diction of NUE using the weighted average spectra from 
the morning and evening milk samples and applying to 
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Table 2. Correlation (r) between actual and predicted values as well 
as the root mean square error of prediction (RMSE) using partial least 
squares regression to estimate nitrogen use efficiency1

Calibration   Validation r RMSE

Morning   Morning 0.70 3.49a

Evening   Morning 0.62 3.85b

Average   Morning 0.67 3.63c

Evening   Evening 0.70 3.46a

Morning   Evening 0.66 3.85b

Average   Evening 0.67 3.79b

a–cDifferent superscript letters indicate that RMSE values are different (P 
< 0.05) from each other within validation dataset.
1Predictions were developed using morning, evening, or average morning 
and evening spectra; predictions were then applied to morning or evening 
spectra separately. The calibration dataset included 2,622 records, and 
the validation dataset included 875 records.

https://www.icar.org/Guidelines/02-Overview-Cattle-Milk-Recording.pdf
https://www.icar.org/Guidelines/02-Overview-Cattle-Milk-Recording.pdf
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either the morning or evening milk spectra still resulted 
in poorer predictions compared with developing and ap-
plying the predictions using just the morning or just the 
evening milk separately. In fact, predictions developed 
using the average spectra and applied to morning milk 
were more similar to predictions developed and applied 
to just the morning milk samples (correlation and SD 
of the difference were 0.97 and 0.84 percentage units, 
respectively) compared with when the predictions were 
developed and applied to just the evening milk samples 

(correlation and SD of the difference were 0.94 and 1.63 
percentage units, respectively); this is because morning 
milk yield was, on average, greater than evening milk 
yield with the former therefore contributing more to the 
weighted average spectra. Although the development 
of 2 different prediction equations generated more ac-
curate predictions, the implementation and practical use 
of 2 prediction equations instead of one could be more 
complicated, especially where milking time and interval 
may differ between farms but also in farms operating 
once-a-day milk or robotic milking.

Based on the results from the present study, milk re-
cording organizations should collaborate with research-
ers throughout the process of developing animal-level 
predictions from milk spectra. This is important to en-
sure the predictions developed are relevant to the type 
of milk samples (e.g., AM, PM, combined AM + PM, ro-
bot) being collected by the milk recording organizations. 
It should also be noted that the reduction in prediction 
performance when predictions equations developed for 
specific milking samples are applied to milk spectra 
from different sample types could pose challenges for 
international collaborations, in particular when milk re-
cording practices vary between countries. This may also 
limit the ability to share equations across countries. For 
genetic evaluation bodies, genetic parameters should 
ideally be estimated for the separate predictions, as 
the (residual) variance for the trait under investigation 
may differ; or indeed, the genetic correlation between 
the same trait predicted values generated from different 
prediction approaches may not be one.

CONCLUSIONS

Results from the present study demonstrate differenc-
es in the MIR spectra of morning and evening milk. In 
particular, the study identified that (1) there are distinct 
internal relationships among the absorbance values for 
morning and evening milk spectra, (2) certain spectral 
regions exhibit substantial differences in absorbance 
values between morning and evening milk samples, and 
(3) other spectral regions had weak correlations between 
the absorbance values of morning and evening spectra. 
Notably, the spectral regions with large differences in 
absorbance values between morning and the respective 
evening are associated with milk fat content, whereas 
those with weak correlations are related to milk protein 
content; these differences are more pronounced in early 
lactation. Furthermore, the observed variability in ab-
sorbance values at different wavelengths between morn-
ing and evening samples can influence the accuracy of 
predicting animal-related traits from milk MIR.

Frizzarin et al.: MORNING AND EVENING MILK SPECTRA

Figure 8. Repeatability for spectra collected during the morning 
milking (A) or during the evening milking (B) between 5 and 60 DIM 
(black), between 61 and 120 DIM (gray), between 121 and 180 DIM 
(red), between 181 and 240 DIM (orange), and between 240 and 305 
DIM (green).
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