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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
L, 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 ™' and 2,947
cm . 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™' to 1,473 cm™'; weak cor-
relations of <0.26 existed between morning and evening
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spectra wavelengths in the region of 1,593 cm ™' to 1,597
cm . These trends in correlations generally persisted
within different stages of lactation, years, and farms.
Results from the L, 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 L, 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.
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Table 1. Description of the research farms used in the study

No. of records

References

Research trials

Breeds'

Location within Ireland

Farm

25,657

McClearn et al., 2019

White clover plus perennial ryegrass effects

on milk production

Pure Ho-Fr and Ho-Fr crossbreed with Je

and Norwegian Red

Southwest

1 Clonakilty

29,863

Buckley et al., 2019

Effect of genetic improvement on

performance

200 pure Ho-Fr and 100 pure Je

Southwest

2 Dairygold

39,689

Enriquez-Hidalgo et al., 2018,

White clover plus perennial ryegrass effects

on performance;

Pure Ho-Fr and crossbreed

Southwest

3 Moorepark

Garry et al., 2021

Restricted access to pasture in autumn
Different grazing stocking rates

3,589

Patton et al., 2016

Pure Ho-Fr

North

4 Ballyhaise

crossbred Ho-Fr-Je

1,879
1,100
17,511

Fenger et al., 2021

Extension of grazing season

Pure Ho-Fr and crossbreed
Pure Ho-Fr and crossbreed

Southwest
Southeast

5 Solohead

Clagnan et al., 2019
Coffey et al., 2018

Nitrogen sources and transformation

Different grazing stocking rates

6 Johnstown
7 Curtins

Pure Ho-Fr and crossbreed Ho-Fr Je

Southwest

'Ho-Fr = Holstein-Friesian; Je = Jersey.
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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.

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
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1,060 transmittance spectral values. Transmittance val-
ues were transformed into absorbance values by taking
the log;o 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 ! and from 1,736 to 3,005
cm . 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 #-test. Because multiple #-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
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in immediately previous evening milking from the same
cow, and (2) the L, distance. The L, distance was com-
puted as follows:

502

L, (xAM’$PM) = \/Z (‘TAMk ~ Lok )27

k=1

where x4 and xpyy are the observed absorbance values
of the kth wavelength for the AMth and PMth spectra,
respectively. The L, distance can be used as a measure of
similarity between 2 curves with greater values indicat-

Figure 2. Correlation matrix for the morning (top) and evening (bot-
tom) spectra.
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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 L, 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 L, 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 L, 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
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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 ' to 1,763 cm ' and from 2,854 ¢cm™ ! to 2,962
cm . 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
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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.

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 ™' to 1,473 cm ™' but weak (i.e.,
<0.26) in the spectral region between 1,593 cm™' to 1,597
cm ', Strong correlations (i.e., >0.70) were also observed
between wavelength absorbance values in the regions
between 1,227 cm ' and 1,269 cm ™!, between 1,454 cm™’
and 1,477 cm', between 1,543 cm ™' and 1,554 cm’,
and between 2,978 cm ' and 2,981 cm '. Weak correla-
tions (i.e., <0.35) were evident between the wavelength
absorbance values in the regions between 1,334 cm'
and 1,346 cm ', between 1,400 cm ' and 1,435 cm ',
between 1,485 cm ' and 1,508 ¢cm ', between 1,585 ¢cm ™'
and 1,601 cm ™', and between 2,993 cm ™' and 2,997 cm .
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Figure 4. Correlation between each morning wavelength and the re-
spective evening wavelength from spectra produced from the same cow.

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 ' and 1,736-2,156
cm ') 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 'and 1,127 cm ', and between 2,250 cm ' and 2,750
cm ', while having relatively constant values in the other
spectral regions.

L, Distance

The mean (SD) L, 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 L, distance values decreased
(i.e., became more similar) with stage of lactation and
differed from each other (P < 0.05). The mean L, distance
across years ranged from 0.37 to 0.40, and from 0.36 to
0.40 across farms. Lastly, the L, 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 L, 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
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Wavelength (cm‘1 )

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).

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
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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).

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 L, 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 L, distance is a
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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).

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 c¢cm ' and 1,763 ¢m ' and from 0.48 to
0.57 for the spectral region between 2,854 cm ' and
2,926 cm™"). 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 —CH; and —CH, have been identi-
fied in the spectral region between 2,862 and 2,927 cm’!
of dairy cow milk with C = O stretching around 1,743

m ' (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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morning and evening milk; the respective values were
0.47 percentage units” and 0.02 percentage units” 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 !
and 1,473 cm ! and between 1,593 cm ! and 1,597 ¢cm ',
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 ™'
and 1,550 cm ™' (Tarapoulouzi et al., 2020), whereas the
amide [ vibration is measured in the range between 1,550
cm ' and 1,650 cm™' (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 L, 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'
and 1,227 cm ! and between 2,349 cm ' and 2,831 cm .
These regions have been associated with carbohydrates
and minerals in milk corresponding to P—O stretching of
phosphorus (i.e., between 950 cm ! and 1,200 cmfl), al-
dehydes (2,780 cm™'; Bittante and Cecchinato, 2013), and
multiple peaks of the ammonium bonds (2,400 cm™' to
3,200 cm '; Bittante and Cecchinato, 2013). This is also
consistent with results obtained from the L, distance. In-
deed, a clear decrease in the L, distance was documented
from early to late lactation, whereas no differences were
documented in the L, 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
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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 efficiency

Calibration Validation r RMSE
Morning Morning 0.70 3.49°
Evening Morning 0.62 3.85°
Average Morning 0.67 3.63¢
Evening Evening 0.70 3.46°
Morning Evening 0.66 3.85
Average Evening 0.67 3.79°

““Different superscript letters indicate that RMSE values are different (P
< 0.05) from each other within validation dataset.

'Predictions 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.

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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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).

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
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(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

NOTES

This research was funded by a Science Foundation
Ireland (Dublin, Ireland) Starting Investigator Research
Grant, “Infrared spectroscopy analysis of milk as a low
cost solution to identify efficient and profitable dairy
cows, 18/SIRG/5562” and the grant 21/RC/10303 P2
(VistaMilk). The authors have not stated any conflicts
of interest.

Nonstandard abbreviations used: Ho-Fr = Holstein-
Friesian; Je = Jersey; MIR = mid-infrared; NUE = nitro-
gen use efficiency; RMSE = root mean square error of
prediction.

REFERENCES

Asher, A., A. Shabtay, A. Brosh, H. Eitam, R. Agmon, M. Cohen-Zinder,
A. E. Zubidat, and A. Haim. 2015. “Chrono-functional milk”: The
difference between melatonin concentrations in night-milk versus
day-milk under different night illumination conditions. Chrono-
biol. Int. 32:1409-1416. https://doi.org/10.3109/07420528.2015
.1102149.

Barnard, B., and D. Young. 2018. covTestR: Covariance Matrix Tests.
R package version 0.1.4. Accessed Oct. 8, 2024. https://CRAN.R
-project.org/package=covTestR.

Benjamini, Y., and D. Yekutieli. 2001. The control of the false discovery
rate in multiple testing under dependency. Ann. Stat. 29:1165-1188.
https://doi.org/10.1214/a0s/1013699998.

Berry, D. P., M. Burke, M. O’Keeffe, and P. O’Connor. 2006. Do-it-
yourself milk recording as a viable alternative to supervised milk
recording in Ireland. Ir. J. Agric. Food Res. 45:1-12.

Berry, D. P, B. Hilliard, J. McCarthy, and E. Kennedy. 2024. Exploring
the presence of genotype-by-environment interactions between dairy
cow herds milking once-a-day or twice-a-day for the entire lactation.
Ir. J. Agric. Food Res. 63:17-26. https://doi.org/10.15212/ijafr-2023
-0109.

Bittante, G., and A. Cecchinato. 2013. Genetic analysis of the Fourier-
transform infrared spectra of bovine milk with emphasis on indi-
vidual wavelengths related to specific chemical bonds. J. Dairy Sci.
96:5991-6006. https://doi.org/10.3168/jds.2013-6583.

Buckley, F., M. O’Sullivan, O. Quigley, B. Lahart, L. Shalloo, and D.
O’Brien. 2019. Teagasc’s Next Generation dairy herd. Teagasc open
day book. Accessed Jan. 11, 2021. https://www.teagasc.ie/media/
website/publications/2019/Teagasc-Next-Generation-dairy-herd.pdf.

Clagnan, E., S. F. Thornton, S. A. Rolfe, N. S. Wells, K. Knoeller, J.
Murphy, P. Tuohy, K. Daly, M. G. Healy, G. Ezzati, J. von Chamier,
and O. Fenton. 2019. An integrated assessment of nitrogen source,
transformation and fate within an intensive dairy system to inform
management change. PLoS One 14:¢0219479. https://doi.org/10
.1371/journal.pone.0219479.

Coftey, E. L., L. Delaby, C. Fleming, K. M. Pierce, and B. Horan. 2018.
Multi-year evaluation of stocking rate and animal genotype on milk
production per hectare within intensive pasture-based production
systems. J. Dairy Sci. 101:2448-2462. https://doi.org/10.3168/jds
.2017-13632.

De Marchi, M., V. Toffanin, M. Cassandro, and M. Penasa. 2014. Invited
review: Mid-infrared spectroscopy as phenotyping tool for milk
traits. J. Dairy Sci. 97:1171-1186. https://doi.org/10.3168/jds.2013
-6799.

Enriquez-Hidalgo, D., T. Gilliland, M. Egan, and D. Hennessy. 2018.
Production and quality benefits of white clover inclusion into

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

1582

ryegrass swards at different nitrogen fertilizer rates. J. Agric. Sci.
156:378-386. https://doi.org/10.1017/S0021859618000370.

European Milk Recording. 2022. Who are we? Accessed Jan. 28, 2022.
https://www.milkrecording.eu/emr.site/.

Everett, R. W., and L. H. Wadell. 1970. Sources of variation affecting
the difference between morning and evening daily milk produc-
tion. J. Dairy Sci. 53:1424-1429. https://doi.org/10.3168/jds.S0022
-0302(70)86410-4.

Fenger, F., I. A. Casey, and J. Humphreys. 2021. Accumulating herbage
during autumn to extend the grazing season in pasture-based dairy
systems. Grass Forage Sci. 76:522—532. https://doi.org/10.1111/gfs
.12547.

Frizzarin, M., D. P. Berry, and E. Tavernier. 2024. Using milk mid-
infrared spectroscopy to estimate cow-level nitrogen efficiency
metrics. J. Dairy Sci. 107:5805-5816. https://doi.org/10.3168/jds
.2023-24438.

Frizzarin, M., T. F. O’Callaghan, T. B. Murphy, D. Hennessy, and A.
Casa. 2021. Application of machine-learning methods to milk mid-
infrared spectra for discrimination of cow milk from pasture or total
mixed ration diets. J. Dairy Sci. 104:12394-12402. https://doi.org/
10.3168/jds.2021-20812.

Garry, B., E. Ganche, D. Hennessy, M. O’Donovan, J. P. Murphy, and
E. Kennedy. 2021. Restricting dairy cow access time to pasture in
autumn: The effects on milk production, grazing behaviour and DM
intake of late lactation dairy cows. Animal 15:100335. https://doi
.org/10.1016/j.animal.2021.100335.

Grelet, C., J. F. Fernandez Pierna, P. Dardenne, V. Baeten, and F. De-
hareng. 2015. Standardization of milk mid-infrared spectra from a
European dairy network. J. Dairy Sci. 98:2150-2160. https://doi.org/
10.3168/jds.2014-8764.

Grelet, C., J. F. Pierna, P. Dardenne, H. Soyeurt, A. Vanlierde, F. Colinet,
C. Bastin, N. Gengler, V. Baeten, and F. Dehareng. 2017. Standard-
ization of milk mid-infrared spectrometers for the transfer and use
of multiple models. J. Dairy Sci. 100:7910-7921. https://doi.org/10
.3168/jds.2017-12720.

McClearn, B., T. Gilliland, L. Delaby, C. Guy, M. Dineen, F. Coughlan,
and B. McCarthy. 2019. Milk production per cow and per hectare
of spring-calving dairy cows grazing swards differing in Lolium
perenne L. ploidy and Trifolium repens L. composition. J. Dairy Sci.
102:8571-8585. https://doi.org/10.3168/jds.2018-16184.

McParland, S., and D. P. Berry. 2016. The potential of Fourier transform
infrared spectroscopy of milk samples to predict energy intake and
efficiency in dairy cows. J. Dairy Sci. 99:4056-4070.

McParland, S., B. Coughlan, B. Enright, M. O’Keeffe, R. O’Connor, L.
Feeney, and D. P. Berry. 2019. Prediction of 24-hour milk yield and
composition in dairy cows from a single part-day yield and sample.
Ir. J. Agric. Food Res. 58:66—70. https://doi.org/10.2478/ijafr-2019
-0007.

McParland, S., M. Frizzarin, B. Lahart, M. Kennedy, L. Shalloo, M.
Egan, K. Starsmore, and D. P. Berry. 2024. Predicting methane emis-
sions of individual grazing dairy cows from spectral analyses of their
milk samples. J. Dairy Sci. 107:978-991. https://doi.org/10.3168/jds
.2023-23577.

McParland, S., E. Lewis, E. Kennedy, S. G. Moore, B. McCarthy, M.
O’Donovan, S. T. Butler, J. E. Pryce, and D. P. Berry. 2014. Mid-
infrared spectrometry of milk as a predictor of energy intake and
efficiency in lactating dairy cows. J. Dairy Sci. 97:5863-5871. https:
//doi.org/10.3168/jds.2014-8214.

Mevik, B. H., R. Wehrens, and K. H. Liland. 2019. pls: Partial least
squares and principal component regression. R package version 2.7-
2. Accessed Nov. 10, 2020. https://CRAN.R-project.org/package=pls.

Patton, D., K. M. Pierce, and B. Horan. 2016. Effect of stocking rate on
milk and pasture productivity and supplementary feed use for spring
calving pasture fed dairy systems. J. Dairy Sci. 99:5904-5915. https:
//doi.org/10.3168/jds.2015-10305.

Pavel, E. R., and C. Gavan. 2011. Seasonal and milking-to-milking
variations in cow milk fat, protein and somatic cell counts. Not. Sci.
Biol. 3:20-23. https://doi.org/10.15835/nsb325715.


https://doi.org/10.3109/07420528.2015.1102149
https://doi.org/10.3109/07420528.2015.1102149
https://CRAN.R-project.org/package=covTestR
https://CRAN.R-project.org/package=covTestR
https://doi.org/10.1214/aos/1013699998
https://doi.org/10.15212/ijafr-2023-0109
https://doi.org/10.15212/ijafr-2023-0109
https://doi.org/10.3168/jds.2013-6583
https://www.teagasc.ie/media/website/publications/2019/Teagasc-Next-Generation-dairy-herd.pdf
https://www.teagasc.ie/media/website/publications/2019/Teagasc-Next-Generation-dairy-herd.pdf
https://doi.org/10.1371/journal.pone.0219479
https://doi.org/10.1371/journal.pone.0219479
https://doi.org/10.3168/jds.2017-13632
https://doi.org/10.3168/jds.2017-13632
https://doi.org/10.3168/jds.2013-6799
https://doi.org/10.3168/jds.2013-6799
https://doi.org/10.1017/S0021859618000370
https://www.milkrecording.eu/emr.site/
https://doi.org/10.3168/jds.S0022-0302(70)86410-4
https://doi.org/10.3168/jds.S0022-0302(70)86410-4
https://doi.org/10.1111/gfs.12547
https://doi.org/10.1111/gfs.12547
https://doi.org/10.3168/jds.2023-24438
https://doi.org/10.3168/jds.2023-24438
https://doi.org/10.3168/jds.2021-20812
https://doi.org/10.3168/jds.2021-20812
https://doi.org/10.1016/j.animal.2021.100335
https://doi.org/10.1016/j.animal.2021.100335
https://doi.org/10.3168/jds.2014-8764
https://doi.org/10.3168/jds.2014-8764
https://doi.org/10.3168/jds.2017-12720
https://doi.org/10.3168/jds.2017-12720
https://doi.org/10.3168/jds.2018-16184
https://doi.org/10.2478/ijafr-2019-0007
https://doi.org/10.2478/ijafr-2019-0007
https://doi.org/10.3168/jds.2023-23577
https://doi.org/10.3168/jds.2023-23577
https://doi.org/10.3168/jds.2014-8214
https://doi.org/10.3168/jds.2014-8214
https://CRAN.R-project.org/package=pls
https://doi.org/10.3168/jds.2015-10305
https://doi.org/10.3168/jds.2015-10305
https://doi.org/10.15835/nsb325715

Frizzarin et al..: MORNING AND EVENING MILK SPECTRA

R Core Team. 2023. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
Accessed Oct. 8, 2024. https://www.R-project.org/.

Schott, J. R. 2007. A test for the equality of covariance matrices when the
dimension is large relative to the sample sizes. Comput. Stat. Data
Anal. 51:6535-6542. https://doi.org/10.1016/j.csda.2007.03.004.

Tarapoulouzi, M., R. Kokkinofta, and C. R. Theocharis. 2020. Chemo-
metric analysis combined with FTIR spectroscopy of milk and Hal-
loumi cheese samples according to species’ origin. Food Sci. Nutr.
8:3262-3273. https://doi.org/10.1002/fsn3.1603.

Teng, Z. W., G. Q. Yang, L. F. Wang, T. Fu, H. X. Lian, Y. Sun, L. Q.
Han, L. Y. Zhang, and T. Y. Gao. 2021. Effects of the circadian

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

1583

rhythm on milk composition in dairy cows: Does day milk differ
from night milk? J. Dairy Sci. 104:8301-8313. https://doi.org/10
.3168/jds.2020-19679.

ORCIDS

M. Frizzarin, ® https://orcid.org/0000-0001-7608-5504
E. Hayes, ® https://orcid.org/0000-0001-5211-4331

A. Casa, ® https://orcid.org/0000-0002-2929-3850

D. P. Berry © https://orcid.org/0000-0003-4349-1447


https://www.R-project.org/
https://doi.org/10.1016/j.csda.2007.03.004
https://doi.org/10.1002/fsn3.1603
https://doi.org/10.3168/jds.2020-19679
https://doi.org/10.3168/jds.2020-19679
https://orcid.org/0000-0001-7608-5504
https://orcid.org/0000-0001-5211-4331
https://orcid.org/0000-0002-2929-3850
https://orcid.org/0000-0003-4349-1447

	Comparison of the mid-infrared spectra and prediction equations developed from morning and evening milk samples from twice-a-day milked dairy cows
	INTRODUCTION
	MATERIALS AND METHODS
	Data and Data Editing
	Statistical Analyses

	RESULTS
	Correlation Between Morning and Evening Spectra
	L2 Distance
	Prediction Accuracy

	DISCUSSION
	Similarities and Differences Between Morning and Evening Spectra
	Practical Applications

	CONCLUSIONS
	NOTES
	REFERENCES


