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Ultra- and circadian activity rhythms of animals can provide important insights into
animal welfare. The consistency of behavioral patterns is characteristic of healthy
organisms, while changes in the regularity of behavioral rhythms may indicate health
and stress-related challenges. This pilot study aimed to examine whether dairy cows
in free-stall barns with an automatic milking system (AMS) and free cow traffic can
develop ultra- and circadian activity rhythms. On 4 dairy farms, pedometers recorded
the activity of 10 cows each over 28 days. Based on time series calculation, the Degree
of Functional Coupling (DFC) was used to determine the cows’ activity rhythms. The
DFC identified significant rhythmic patterns in sliding 7-day periods and indicated the
percentage of activity (0–100%) that was synchronized with the 24-h day-night rhythm.
As light is the main factor influencing the sleep-wake cycle of organisms, light intensity
was recorded in the AMS, at the feed alley and in the barn of each farm. In addition,
feeding and milking management were considered as part of the environmental context.
Saliva samples of each cow were taken every 3 h for 1 day to determine the melatonin
concentration. The DFC approach was successfully used to detect activity rhythms of
dairy cows in commercial housing systems. However, large inter- and intra-individual
variations were observed. Due to a high frequency of 0 and 100%, a median split was
used to dichotomize into “low” (<72.34%) and “high” (≥72.34%) DFC. Forty percent of
the sliding 7-day periods corresponded to a low DFC and 50% to a high DFC. No DFC
could be calculated for 10% of the periods, as the cows’ activity was not synchronized
to 24 h. A generalized linear mixed-effects model revealed that the DFC levels were
positively associated with a longer milking interval and a higher amount of daytime activity
and negatively associated with higher number of lactations. The DFC is a novel approach
to animal behavior monitoring. Due to its automation capability, it represents a promising
tool in its further development for the purpose of longitudinal monitoring of animal welfare.
Keywords: chronobiology, time series analysis, activity behavior, dairy cows, AMS, free cow traffic, Degree of
Functional Coupling (DFC)
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INTRODUCTION

induce entrainment (James et al., 2017). Depending on the time
and intensity of their occurrence, exogenous cues are able to
change the placement of rhythmic timing (Piccione and Caola,
2002). In some livestock production systems, humans have taken
advantage of exogenous cues to deliberately control the daily
rhythm of animals to increase production output (e.g., light
regime for laying hens; see Xin et al., 2021). However, in other
production systems characterized by a high level of automation,
timing is not consciously controlled. With regard to the dairy
industry, which is likewise undergoing a transformation towards
digitalized and automated husbandry systems, the effects of
increased technology use on the animals well-being have not
yet been clarified (Werkheiser, 2020; Dawkins, 2021). Automatic
Milking Systems (AMS) offer cows the opportunity to freely
choose their milking times within the time intervals set by
stock personnel. However, the synchrony of milking within
the herd is likely to be compromised by concurrent milking
times (Flury and Gygax, 2016). Since only one milking at a
time and robot is feasible, AMS availability is not provided
for all cows at all times and particularly not during their
main activity peaks during the day. This can lead to waiting
times, especially for low-ranking cows (Ketelaar-de Lauwere
et al., 1996; Wiktorsson and Sørensen, 2004). Ultimately, delayed
milking may result in higher nighttime activity and number of
nighttime milkings for at least part of the herd. In addition,
most AMS are illuminated at night. Light exposure at night
suppresses melatonin synthesis (Steinhilber, 2007). Melatonin is
the key hormone regulating the sleep-wake cycle in response to
photoperiodicity (Amaral and Cipolla-Neto, 2018). Melatonin
conforms to a circadian pattern with low concentrations during
the day and high concentrations at night. The blood plasma
concentrations of melatonin in dairy cows peaked at 1 a.m. and
subsequently decreased until it reached the baseline at 7 a.m.
(Castro et al., 2011). The average concentrations ranged from
5 to 16 pg/ml during the day (8 a.m. to 10 p.m.) and 25 to
90 pg/ml during the night (Burchard et al., 1998; Castro et al.,
2011). Besides the timing of light exposure, the property of light
also has an effect on melatonin inhibition und ultimately on
circadian rhythmicity. As a dichromate, cows perceive mainly
light of short and medium wavelengths, corresponding to the
blue-green spectral range of light. In the long-wavelength, red
light, cows showed a lower level of photosensitivity (Jacobs et al.,
1998).
While activity rhythms of ruminants in extensive husbandry
systems have already been studied, they have not yet been
investigated under commercial conditions. This pilot study
aimed to investigate whether dairy cows can develop ultraand circadian activity rhythms in the specific environment
of a free stall barn with AMS. For this purpose, the
DFC according to Scheibe et al. (1999) was calculated.
To determine a possible influence of light on the daynight rhythm of the cows, illuminances on each farm were
measured and the melatonin concentration in the cows’ saliva
was examined. Other exogenous factors, such as feeding
and milking management, that could influence the circadian
rhythmicity of cows, were also considered in the farmspecific setting.

Animal welfare is a complex and multi-layered concept based on
different criteria. It implies an animal being physically healthy, in
a positive affective state (Fraser, 2008) and capable of performing
natural, species-specific behaviors that are pleasurable and
supportive to biological function (Bracke and Hopster, 2006). A
change in this state may indicate a reduction in well-being. In
Precision Livestock Farming systems, sensors enable automated
behavior recording and thus improve the detection of behavioral
changes. These can be used alongside clinical and physiological
indicators to assess animal welfare (Weary et al., 2006; Millman,
2013). Based on continuous activity recording, daily patterns
and the rhythmic organization of activity can be obtained. The
most obvious rhythm of activity is represented by the sleep-wake
cycle. Mammals are endogenously adapted to a circadian rhythm
with a periodicity of about 24 h (Xie et al., 2019). Organisms can
be further divided into different chronotypes, such as unimodal
(strictly nocturnal or diurnal), bimodal or multimodal. Cows
exhibit multiple activity clusters over 24 h with great variability
in timing of activity (Refinetti et al., 2016). Besides circadian
rhythms, ultradian rhythms with a periodicity of <24 h can be
observed in various cellular processes and physiological functions
(e.g., heartbeat, respiration rate, hormone release, and sleep
stages) as well as cyclic behavioral patterns (e.g., feed intake
and resting). Accordingly, ultradian rhythms may show a great
variety in period length (from ms to h) so they can repeat several
times a day (Piccione and Caola, 2002; Vir Singh and Kumar,
2018).
Wavelet analysis has become established for the identification
of rhythms and their periodicities in biological time series (Leise
and Harrington, 2011; Bar-Joseph et al., 2012). Particularly
for the investigation of behavioral time series, a specific
approach was originally developed by Scheibe et al. (1999).
Subsequently, Berger et al. (2003) further investigated this idea.
In this method, the Degree of Functional Coupling (DFC) is
calculated. The DFC is a metric used to describe the extent
to which the measured activity is significantly cyclic to 24 h
and thus harmonically synchronized with the periodicity of
the environment.
The DFC approach has already been used to study activity
rhythms of ruminants in extensive husbandry systems or wildlife
habitats. It has been found that these individuals often keep
constant rhythms for certain behaviors, such as rumination, in
order to maintain physiological functions and ultimately ensure
a healthy organism (Scheibe et al., 1999; Berger et al., 2003;
Nunes Marsiglio Sarout et al., 2018). If these rhythms cannot
be maintained due to internal (e.g., disease) or external (e.g.,
distress) disturbances, this has negative effects on rhythmicity
(Wagner et al., 2021). In turn, circadian misalignments pose a
risk for a number of short- and long-term health impairments
(James et al., 2017; Bagheri Hosseinabadi et al., 2019). The
internal biological clock is maintained endogenously under
constant conditions, with the light-dark cycle being the most
consistent and reliable factor for this. If the internal clock
cannot be synchronized by photo-periodicity, other exogenous
cues, such as temperature, exercise or food are required to
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MATERIALS AND METHODS

Experimental Procedures

Ethics Statement

The number of farms and cows were determined based on the
scope of a pilot study. The experiment was divided into 2 trial
periods of 29 days each. In both periods, data were collected on
2 farms simultaneously in order to consider the same time frame
according to the daylight changes.

All experimental procedures were approved by the cantonal
veterinary office Thurgau according to the Swiss animal
protection and welfare law (Authorization No. TG02/19).

Activity Recordings

Farms
The experiment was conducted between the 25th of June and the
3rd of September 2019 on 4 Swiss dairy farms (A–D) operating
a free stall barn, AMS, free cow traffic and zero grazing. Except
Farm D, all farms had an outdoor area adjacent to the barn.
External controllable factors that may have affected rhythmicity,
such as lighting, feeding and management events were monitored
on each farm (Table 1).
Red light bulbs were installed on Farm A throughout the
barn and the waiting area of the AMS, which were used by the
farmer during evening checks. In addition, an electric fly killer
nearby the AMS emitted green light 24 h a day. White light bulbs
illuminated the barns and AMS of Farms B, C, and D. On Farm
B, the lighting in both sectors remained switched on all night (10
p.m. to 6 a.m.). On farm C, only the lighting in the AMS and on
Farm D only the lighting in the barn was switched on during the
night (10 p.m. to 6 a.m.).
Feeding was handled differently in all farms (Table 1). The
frequency of feeding was 1–2 times per day, with no fixed feeding
times in any of the farms. Two of the farms had automatic feed
pushers that ran every hour (Farm A) or every 2 h (Farm B).
The average annual milk yield of the cows was comparable on
the farms, ranging from 9,700 kg (Farm A) to 11,000 kg (Farm
C). The milking entitlement of the cows by the AMS varied based
on DIM, with each farm allowing more milkings per day at the
beginning of lactation and less at the end of lactation (Table 1).
However, the number of milkings per day remained constant for
all cows as they each remained in their same DIM range during
the experiment.

In the beginning of each trial period, pedometers (IceTag3D,
IceRobotics Ltd., Edinburgh, Great Britain) were put on the left
hind leg of the cows to record their activity during a period of 28
days. The Icetags were validated in their application to accurately
record the behavior of dairy cows (McGowan et al., 2007). The
pedometers measured the three-dimensional acceleration with
16 Hz and calculated a motion index (MI) with a granularity of
1 s. MI is defined as the overall activity of the animal calculated
by the average acceleration on each of the 3 axes and producing a
total value between 0 and 30 for each second (0 = no acceleration,
30 = strong acceleration) (IceRobotics Ltd., User Manual 2010).
The status of the sensors was checked once per week (battery
level, active data recording and correct fit of the pedometer). Mild
chafing with reddened skin caused by wearing the pedometer
occurred in 6 cows. Thus, the sensor was changed from the left
to the right hind leg within the trial, as the side of mounting
does not influence the data (McGowan et al., 2007). After
removing the sensors at the end of each trial period, data were
downloaded wirelessly from the pedometers using the hardware
“IceReader” (IceRobotics Ltd., Edinburgh, Great Britain). Icetags
and hardware communicated via radio waves. MI values
per minute were exported using the software “IceManager”
(IceRobotics Ltd., Edinburgh, Great Britain) and processed for
the output variables as described in Supplementary Table S1.
Due to a technical failure of a single pedometer, there was a data
loss of 6 days in activity records for the respective cow. However,
its remaining 22 days of activity data were used for data analysis.
All other 39 pedometers provided full activity records. For the
pedometer of the euthanized cow, 14 days of activity records of
its replacement were included in the analysis.

Animals

Milking Data

A total of 40 Holstein Friesian and Brown Swiss cows were
included in the trial (n = 4 inseminated, n = 18 not inseminated;
n = 18 pregnant), ranging from 38 to 218 DIM in their 1st to
7th lactation at the start of the trial. For each farm, 10 cows were
selected of which 5 cows had a low milking frequency (2.1–2.9
milkings per day) and 5 cows had a high milking frequency (2.9–
3.7 milkings per day). Thus, 2.9 milkings per day corresponded
either to a low or high milking frequency. Two cows per farm
were reserved as replacements in case of illness or injury of a
trial cow. This occurred once on Farm A, where a cow had to be
euthanized due to a deteriorating state of health. A replacement
cow took its place for the remaining 14 days of the trial period.
All cows were randomly selected from the herd and balanced
within the two groups according to their lactation number and
DIM. These two factors were considered to minimize their
confounding effects. In addition, the experimenters were blinded
to the identity of the groups at each stage of the study.

During the 28 days of data collection, the AMS of each farm
recorded animal-related data on the milking characteristics of
each cow, such as DIM, number of lactation, number of milkings,
milking times (clock time) and milk yield (kg) per day. The
milking data were used to calculate a milking interval (time
difference between 2 milkings) and a Milking Index (day/night
ratio of milkings), which were processed for further analysis as
described in Supplementary Table S1.
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Management Events
As the experiment was conducted on commercial farms,
management events took place during the 28 days of activity
recording. These included feeding as well as interventions where
cows would usually be restrained in the feeding fence (Table 1).
In order to determine which event occurred during the period
of data collection, farmers were given a worksheet on which
they could record the event, date, time, duration, and cow
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Test period

26.06.19–23.07.19

01.07.19–28.07.19

01.08.19–28.08.19

06.08.19–02.09.19

Farm

A

B

C

D

Herd size (cows in milk)

52

49

30

55

Breed

Holstein Friesian

Holstein Friesian, Brown Swiss

Holstein Friesian

Holstein Friesian, Brown Swiss

Ø milk yield per cow and
year

9,700 kg

9,800 kg

11,000 kg

10,000 kg

AMS

4

Lely Astronaut A4

DeLaval VMS Classic

DeLaval VMS Classic

Lely Astronaut A4

Allowed milkings/d
(time period)

4.6 (1–30 DIM)

3.7 (1–120 DIM)

3.7 (1–110 DIM)

3.8 (1–30 DIM)

Allowed milkings/d
(time period)

4.0 (from 31 DIM)

3.2 (from 121 DIM)

3.2 (from 111 DIM)

3.8 (from 31 DIM)

Allowed milkings/d
(time period)

3.0 (14 days before drying off)

2.8 (80 days before calving date)

2.4 (60 days before calving date)

3.0 (14 days before drying off)

Type of light sources during
night

Red light bulbs (barn), green light
emitting insect killer (near AMS)

White light bulbs (barn, AMS)

White light bulb (AMS)

White light bulb (barn)

Feed composition

Grass and corn silage, hay,
protein supplement, feed urea,
minerals

Grass and corn silage, hay, rapeseed
or soya (acc. to availability), beet
pulp, sodium chloride, monocalcium
phosphate, feed lime, minerals

Grass and corn silage, hay, straw,
sugar beet molasses, bicarbonate
sodium chloride, minerals

Grass and corn silage, hay, sodium
chloride, minerals

Feeding

1 × per day (time varies) and
automated, hourly feed push

1–2 × per day (time varies)

1 × per day (time varies) for 2–3 days,
followed by 1 day off

2 × per day (time varies) and
automated feed push every 2 h

Management events

1 × insemination, 2 × hoof
trimming, 1 × vet check

3 × insemination, 1 × hoof trimming,
5 × vet check, 2 × general
restlessness (herd), 1 × milking
robot failure

Milking frequency settings
(AMS)

Fuchs et al.
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TABLE 1 | Overview of the herd characteristics, milking frequency settings, type of light sources, and used feed components.

1 × hoof trimming, 1 × cow in heat
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were related to those of the saliva samplings, since they were
always done subsequently to sampling. However, there was a
time discrepancy of up to 1 h between the start of the saliva
samplings and the corresponding illuminance measurements.
This resulted in a natural daylight difference between these
measured variables, particularly high at the measurement at 9
p.m. Thus, saliva sampling at 9 p.m. was considered as daytime,
while the corresponding illuminance at 10 p.m. was counted
as nighttime.

involved. Events included feeding, illness and injury, veterinary
checks, insemination, cows in heat, hoof trimming, and any
abnormalities they noticed, such as general animal restlessness or
fatigue, milking robot failure and maintenance.

Saliva Sampling
On Day 29 of each farm’s measuring period, saliva samples of
each cow were taken every 3 h (12, 3, 6, and 9 p.m. and 12, 3,
6, and 9 a.m.) to analyze the melatonin concentration. On Farm
C, one cow had to be excluded from saliva sampling due to strong
avoidance behavior. Thus, a total of 312 saliva samples from
39 cows were examined for melatonin concentration. During
sampling, the cows were selected in random order from the
two homogeneous treatment groups with low and high milking
frequency. Moreover, the measurements of each cow were done
at random to minimize the order effect. Thus, samples were taken
at the given time points by “first catch first serve basis”. For the
period of saliva sampling, a halter was put on the cows to facilitate
handling. During the nocturnal sampling, only headlamps
with red light bulbs were used to exclude any influence on
the melatonin release. The saliva samples were collected with
Salivetten R (Sarstedt AG & Co KG, Nümbrecht, Germany).
At each sampling time, the cotton swab of the Salivette R was
held in the mouth of the cows for about 1–2 min until it was
soaked with saliva. Directly after sampling, the Salivetten R were
centrifuged at 402 × g (16 cm rotor radius, 1,500 RPM) to extract
the saliva. Thereafter the samples were frozen at −20◦ C until
laboratory analysis. An indirect immunoassay was performed
using an ELISA kit (Salivary Melatonin Assay Kit, Salimetrics
LLC., State College, PA 16803, USA) to determine the melatonin
concentration of the saliva samples. If melatonin concentration
exceeded the highest standard of assay range (50 pg/ml), the
samples were diluted with assay buffer and retested.
Since melatonin is regulated by light, saliva samples were split
into day (6 a.m. to 10 p.m.) and night (10 p.m. to 6 a.m.) due to
the daylight conditions during the experiment. Thus, melatonin
concentration consisted of 6 daytime samples (6 and 9 a.m. and
12, 3, 6, and 9 p.m.) and 2 nighttime samples (12 and 3 a.m.). This
classification was made equally for all farms.

Data Processing
DFC Calculation
The analysis of DFC can be performed with different sampling
intervals (e.g., min to h) and time series length (e.g., minimum
7–10 days), requiring uninterrupted activity recording for the
duration of the time series (Scheibe et al., 1999; Berger, 2011).
The granularity of the sampling interval can be chosen depending
on the research objective. Thus, the smaller the time interval,
the more accurate the information. For activity measurements,
sampling intervals of less than an hour to a few minutes are
advisable because the activity of an animal could change within
a short time frame. Therefore, in this study, the DFC of each
cow was calculated based on 15-min sums of its MI over a 7day sliding window. Thus, 21 DFC values of each cow were
generated from a 28 day activity record, except for a single cow
on Farm A (only 7 DFC values) and another on Farm B (only 15
DFC values).
The DFC was determined by using an algorithm according to
Berger et al. (2003), which included the following calculations.
First, an autocorrelation was applied to filter out noise and to
amplify rhythmic components of the activity, as biological time
series usually exhibit strong variations in period length and
are inherently noisy. This way, a Fourier transformation could
be performed in the second step. The Fourier transformation
broke down the periodic waveform of the time series into its
coefficients in order to calculate the amplitudes of the Fourier
frequencies (discrete periods) with best fit to the autocorrelation.
As an example, Figure 1 shows the splitting of a common
periodic signal (Figure 1G.1) into its individual components
(Figures 1A.1–F.1) and the identification of the related Fourier
frequencies (Figures 1A.2–G.2). In activity patterns, the periodic
signal of the Fourier series is represented by a cosine wave
in the fundamental and its integer multiples, the harmonics
(Bloomfield, 2000). Ultradian rhythms are multiples of a
circadian fundamental, as they have shorter period lengths and
therefore repeat several times a day. So for example, the 2nd
harmonic oscillation corresponds to 2 oscillations per day and
thus to a period length of 12 h (Figure 1B.1), the 3rd harmonic
oscillation corresponds to 3 oscillations per day and thus to
a period length of 8 h (Figure 1C.1), and so on. In terms of
a circadian rhythm, the harmonic periods were obtained by
dividing 24 h by an integer, resulting in 24, 12, 8 h . . . etc., with
shortest investigated harmonic period of 24/13 = 1.85 h. For
comparability of different time series, the squared coefficients
(power in %) of each Fourier frequency can be plotted against
the period length in a Lomb–Scargle periodogram. Based on the
power spectral density, these coefficients were ranked according

Illuminance Measurements
In order to determine the influence of light on melatonin
concentration, immediately after each saliva sampling on day 29,
illuminance was measured in the AMS, at the feed alley, and
in the barn (walkway) using a luxmeter with a dynamic range
between 10 and 100,000 lx (MavoSpec Base Spektrometer, Gossen
Foto- und Lichtmesstechnik GmbH, Nürnberg, Germany). As
the illuminance during the nocturnal measurements was partly
below the lower limit of 10 lx of the luxmeter, no exact value
could be recorded. In this case, a value of 5 lx was assumed
because there was always light remaining due to a light source
or moonlight.
Mean illuminances for day and night were calculated
(Supplementary Table S1) for all 3 measurement areas (AMS,
feed alley and barn) at 5 daytime hours (6 and 9 a.m. and 12,
3, and 6 p.m.) and 3 nighttime hours (9 p.m. and 12 and
3 a.m.). For consistency reasons, illuminance-measuring times
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FIGURE 1 | Spectral analysis can be used to decompose time series into their periodic components. As an example, (G.1) shows a noisy signal and several of its
fragments with different period lengths (A.1–F.1). Following the Fourier transformation, the content of each frequency contained in the periodic signal can be
determined (A.2–G.2).

rhythm (NC). For the calculation of a generalized linear mixedeffects model (GLMM), the NC levels were included with a
value of 0% to strengthen the data base by providing a larger
sample size.
In addition, periods of the Fourier frequency spectrum
were analyzed descriptively. Hereby, the number of significant,
harmonic periods were counted for each cow for all 21 7-day
sliding intervals. Furthermore, to generate 2 equal sample groups
for further analysis, all DFC values per cow were divided into
2 groups according to the median, i.e., “low” DFC (<72.34%)
and “high” DFC (≥72.34%). This resulted in a binary dependent
variable for statistical analysis of data using a GLMM, with each
cow providing a high or low DFC that corresponded to the
predictor values at different time points. The division of “low”
and “high” DFC was retained in the later text and used as a
synonym of proxy.

to their relative proportion in the periodogram and further
tested for significant periodicity by R.A. Fisher test (Berger et al.,
2002).
Third, the DFC was calculated
P using the equation according
to Scheibe et al. (1999) with
(harm., sign.) representing
the
P
total intensity of all significant, harmonic periods and
(total.,
sign.) being the sum of all significant periods (harmonic and
non-harmonic) in the spectrum:
P
(harm., sign.)
DFC [%] =100∗ P
(total., sign.)
Hence, DFC ranges between 0 and 100%. The more the activity of
an animal is synchronized to the periodicity of the environment,
the higher the DFC. While a DFC of 100% indicates only
significant, harmonic periods and thus a maximum adaption
of the activity to the 24 h rhythm, a DFC of 0% implies only
significant, non-harmonic time series (Berger et al., 2003). The
lack of any significant periods within a 7-day period, both
harmonic and non-harmonic, results in an incalculable activity
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Calculation of Indices
To describe the day/-night ratio of activity and milkings of the
cows, a Diurnality Index (DI) and a Milking Index (MILKI) was
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FIGURE 2 | The side-by-side boxplots represent the results of a mean value comparison of the 7-day periods of cows (n = 37) with “low” (<72.34%) and “high”
(≥72.34%) Degree of Functional Coupling (DFC) with respect to the measured variables (A) Milking Interval, (B) Diurnality Index, and (C) Lactation Number. NA
calculated DFC levels were included in the low DFC group with a value of 0. Mean shown as solid line and median shown as dotted line.

was divided into “low” and “high” levels by median split,
a binary dependent variable with 0–1 coding, and logit link
function was used for fitting the mixed effects model. The
R package DHARMa (Hartig and Lohse, 2021) was used to
diagnose the model assumptions using QQ-plot, Kolmogorov
Smirnov test, Levene test and other simulation-based nonparametric procedures available in the package. The tests for over
dispersion, outliers, autocorrelation, heteroscedasticity, expected
distribution of residuals and zero inflation were performed. Prior
to fitting the GLMM, side-by-side boxplots were created for the
continuous predictor variables to demonstrate that its observed
medians varied across the DFC categories, hence justifying the
inclusion of the variables as predictors in the statistical model
(Figure 2). Thereby, an increased activity of one cow on Farm
D due to its heat was observed. This led to extreme outliers in the
data set and a convergence problem, since GLMM is a subjectspecific or conditional model, which can be computationally
demanding and have convergence issues for binary responses.
Thus, the cow was removed from the data set. Consequently,

calculated according to Hoogenboom et al. (1984):

Index=

Cd Cn
−
Td Tn
Cd Cn
−
Td Tn

Cd and Cn represent the sum of the measured activity (Motion
Index) or number of milkings during day Td (6 a.m. to 10 p.m.)
and night Tn (10 p.m. to 6 a.m.). Thus, a day period of Td =
16 h and a night period of Tn = 8 h was used. An index of
−1 indicates only nocturnal activity or number of milkings and
+1 only daily activity or number of milkings. An index of 0
represents a balanced ratio of activity or number of milkings
between day and night.

Statistical Analysis
The statistical analysis was performed using RStudio (R version
4.0.2). A generalized linear mixed-effects model (GLMM) was
fitted by using the lme4 package (Bates et al., 2022). As DFC
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considering the 21 replicates per cow minus the data gaps for
two individuals (pedometer failure, sick cow), the data set for
calculating the model contained 21 × 39 – 6 – 14 = 799 values for
each variable. The independent variables were measured using
different scales. Therefore, the original data of the measured
variables were standardized by using the dataPreparation package
(Toulemonde, 2020).
In this study, we considered several alternative forms of
GLMM, including the random intercept only model, the random
intercept for cows nested in farms, and both the random
and random slope models. Finally, based on statistical criteria,
the random intercept for cows nested in farms was included
in the model. The independent variables were selected using
an exhaustive search algorithm. This approach assessed the
information loss incurred by all possible subsets of independent
variables in the GLM. The loss of information was measured by
AICc for each subset. Finally, the algorithm selected the subset for
which the AICc was minimum. The algorithm was implemented
using the glmulti package in R (method = h), which revealed
the model-averaged significance of the variables (Calcagno,
2020), as depicted in Figure 3. The remaining variables (DI,
milking interval and lactation number) were found to have
model-averaged significance in the predictor screening, and were
therefore considered as fixed effects in each case. The models
were compared based on the p-values of the likelihood ratio tests
(LRT), AIC, BIC, intra-class correlation coefficient (ICC), and
marginal and conditional R2 . The ICC is used to indicate how
much variance is explained by a random effect. It is calculated by
dividing the variance of the random effects by the total random
variance, i.e., sum of all random effects and error. Marginal
R2 provides the variance explained only by fixed effects and
conditional R2 provides the variance explained by the entire
model, i.e., both fixed effects and random effects. The LRT
was performed using the anova() function, while the R package
sjPlot (Lüdecke, 2021) created a summary table that includes
the odds ratios (OR), confidence intervals (CI) and p-values for
the fixed effects coefficients along with the variance components
of the random effects and model performance indicators.
The selected GLMM comprised all the fixed effects and the
variance components of the random effects for the random
intercept of individual cows, and the random slope of the cows
for DI.

FIGURE 3 | Predictors (y-axis) identified by model-averaged importance
(x-axis). The model-averaged importance is defined as the proportion of all
subset regression models in which a given term appears. The vertical line at x
= 0.8 indicates 80% support. Thus, the terms with an importance index above
0.8 have good conditions to be included in the model.

Ultra- and Circadian Activity Rhythms
The most frequent significant harmonic periodicities identified
were 24, 12, 8, 6, 4.8, 4, and 3.4 h relative to the number of
calculated 7-day periods (n = 799) of all cows (n = 39), as
depicted in Figure 4. A circadian activity rhythm was evident
in 90% of the cows. The most frequent ultradian rhythm with a
periodicity of 12 h was present in 77% of the animals, followed
by a rhythm with a periodicity of 8 h in 51%, 6 h in 56% and
4 h in 26%. An activity rhythm with a periodicity of 2 and
1.85 h was not observed in any cow. However, the frequencies
of periodicities differed per farm, e.g., periodicities of 24, 12, 8,
and 6 h were most frequent on Farms A, B, and D relative to
the total number of calculated periods. On Farm C, periodicities
of 12 h (n = 79), 24 h (n = 73), 4 h (n = 16), and 3.4 h (n =
13) were most common among the periods calculated. On Farm
D, no 4-h periodicity occurred. Furthermore, significant nonharmonic periodicities were identified (Figure 4). Relative to the
total number of calculated 7-day periods (n = 799) of all cows
(n = 39), a periodicity of 21 h in 18% (n = 7) and 7.6 h in 23%
(n = 9) of the cows were most frequent. These periodicities were
mainly represented on Farms C and D, while 3.9 and 5.5 h were
also common on Farms A and B, relative to the total number of
periods calculated.
Each farm had cows with predominantly low and high DFC
periods (Table 2). On average, 50% of all calculated DFC periods
(n = 799) correspond to a DFC value ≥ 72.34 and 40% to a
DFC value < 72.34%. The proportion of DFC periods without
cyclic component to 24 h amounted to 10%. The DFC of the
cows was characterized by a high variability (SD of DFC = 40%).
Therefore, only a few cows showed constant DFC values over
longer periods. The maximum duration of 21 consecutive DFC
periods with a high DFC was maintained by 2 cows. In contrast,
a consistently low DFC was maintained for a maximum duration

RESULTS
Milking Data
The milk yield of the cows increased with higher lactation
number. During the experimental period, the average milk yield
of cows with ≥3 lactations was higher by 7.8 kg on Farm A, 3.1 kg
on Farm B, 6.5 kg on Farm C, and 6.3 kg on Farm D compared to
cows with <3 lactations. Moreover, cows with a higher milk yield
tended to have a higher number of milkings per day. This was
observed on all farms. The ratio between day and night milkings
was balanced on average for each experimental period on all
farms, as indicated by the calculated MILKI of 0.02 on Farm A,
0.03 on Farm B, 0.2 on Farm C, and 0.03 on Farm D.
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FIGURE 4 | Number of all significant harmonic and non-harmonic DFC periods per farm (y-axis) depending on period length (x-axis) and total number of cows (z-axis).
Harmonic periods are obtained by dividing 24 h by an integer (underlined red), i.e., periods of 24, 12, 8 h, … down to 1.85 h in length. All periodicities in between
correspond to significant non-harmonic periods.

of 11 consecutive 7-day periods by 3 cows. In total, 8 consecutive
7-day periods of a single cow corresponded to the maximum
duration in which no DFC could be calculated. Cows with a
greater difference in day- and night activity had a higher DFC
level. These animals were more likely to rest between 10 p.m.
and 6 a.m., respectively, showing higher activity during the day.
Cows with predominantly low or fluctuating DFC periods did
not show a clear transition between rest and activity. They had
more pronounced bimodal activity profiles and a generally lower
activity level. Examples can be found in Figures 5, 6. Within each
farm, the average DI of the cows throughout the experiment was
0.25 on Farm A (n = 10), 0.32 on Farm B (n = 10), 0.20 on Farm
C (n = 10) and 0.27 on Farm D (n = 9). Accordingly, Farm C had
the highest amount of nocturnal activity, while cows on Farm B
were most active during day in comparison.
The results of the GLMM indicate significant associations
between DFC levels and the standardized coefficients in Table 3.
Here, the coefficients and odds ratios (ORs) of the DI (p <
0.001) and milking interval (p < 0.004) were highly significant
whereas the coefficient of lactation number (p < 0.041) was
statistically significant. The ORs for the fixed effects reveal that
holding lactation number and milking interval at a fixed value,
the odds of high DFC is expected to increase 284% for a oneunit (one standard deviation) increase in DI, respectively, the cow
is more active during day than night. Moreover, we estimated a
58% increase in the odds of high DFC for a one-unit increase
in milking interval, holding DI and lactation number at a fixed
value. However, the odds of high DFC is expected to decrease

Frontiers in Animal Science | www.frontiersin.org

TABLE 2 | Amount of 7-day periods with a low (<72.34%), high (≥72.34%), and
non-calculable (NC) Degree of Functional Coupling (DFC) per cow and farm.
Farm

DFC NC

DFC < 72.34%

DFC ≥ 72.34%

Total

A

15

79

102

196

B

2

49

153

204

C

29

103

78

210

D

33

89

67

189

Total

79

320

400

799

While a DFC is high in well-adapted and healthy organisms, indicating a strong cyclic
activity synchronized to 24 h, a low DFC indicates poor synchronization of activity
to the diurnal rhythm. Non-calculable DFC periods imply a lack of any rhythmic
activity components.

by 32% [(1 – 0.68)∗ 100] for a one-unit increase in lactation
number, holding DI and milking interval at a fixed value. The
summary outputs of the mixed model are depicted in the effects
plot (Supplementary Figure S1).
The 95% confidence intervals of the odds ratios further
indicate that the odds of a high DFC could be somewhere
between 2.10 and 7 times greater with every unit increase of
DI, somewhere between 1.16 and 2.17 times greater with every
unit increase of milking interval, and somewhere between 2 and
53% lower with every unit increase of lactation number (Table 3).
Regarding the Random Effects section of Table 3, the fitted model
showed higher values for ICC (0.48), marginal R2 (0.27), and
conditional R2 (0.625) than other candidates. Thus, the model
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FIGURE 5 | Activity data of a cow with predominantly high DFC periods represented in (A) Actogram of the activity level summed up to 15 min intervals based on
Motion Index. The actogram shows the intensity of the activity proportionally to a color-coding from white to black (light: low activity; dark: high activity). The x-axis
represents the time of day (24 h starting from 12 a.m.) and the y-axis the days of the trial period. (B) Diagram of the Degree of Functional Coupling (DFC) (x-axis). A
total of 21 DFC values were calculated in a sliding 7-day interval for the test period (y-axis). The diagram of the activity pattern in (C) shows the activity level (y-axis)
averaged over 15 min intervals over the entire experimental period (x-axis).

concentration during day and night on Farm C. Within animals,
cows showed large variations in the melatonin curve. Most cows
generally had higher melatonin concentrations at night, although
in some cases melatonin peaks were also observed during the day.
In addition, the peaks in melatonin concentration occurred both
during day and night at different times for each cow.
The mean illuminances varied greatly between farms and
within different barn sections. However, all farms were basically
brighter during day than night. During the day, Farm C had the
lowest illuminance levels compared to the other farms. At night,
illuminance levels were low in all farms (<10–66 lx), with Farm
A being the darkest in all barn sections.

explained 62.5% of the total variance in the probability of DFC
values for individual cows.

Melatonin Concentration and Illuminance
Levels
The mean melatonin concentrations of the cows on Farm
A, C, and D corresponded to the daylight pattern with
higher concentrations during night (29–76 pg/ml) and lower
concentrations during day (23–54 pg/ml). However, the day/night difference in mean melatonin concentration was very low
on Farm A and D (6 pg/ml each). On Farm B, there was no
difference in mean melatonin concentration (26 pg/ml during
day and night). On Farm C, mean melatonin concentration was
high both during the day and at night and the highest compared
to the other farms. As 36% of the saliva samples on Farm C had
greater melatonin concentrations than 50 pg/ml, they had to be
diluted for laboratory analysis (cf. 4% for Farm A; 3% for Farms B
and D). Furthermore, we measured the largest range of melatonin
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DISCUSSION
Time series analysis is commonly used to detect biological
rhythms. The DFC approach of Scheibe et al. (1999) was
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FIGURE 6 | Activity data of a cow with fluctuating DFC periods represented in (A) Actogram of the activity level summed up to 15 min intervals based on Motion
Index. The actogram shows the intensity of the activity proportionally to a color-coding from white to black (light: low activity; dark: high activity). The x-axis represents
the time of day (24 h starting from 12 a.m.) and the y-axis the days of the trial period. (B) Diagram of the Degree of Functional Coupling (DFC) (x-axis). A total of 21
DFC values were calculated in a sliding 7-day interval for the test period (y-axis). The diagram of the activity pattern in (C) shows the activity level (y-axis) averaged
over 15 min intervals over the entire experimental period (x-axis).

developed specifically for the analysis of the activity rhythm of
animals. The DFC calculation method exists for 22 years now,
but is still less common. However, Berger et al. (2003) and Nunes
Marsiglio Sarout et al. (2018) implemented the DFC to map the
activity rhythms of free ranging ruminants, which allowed the
indication of internal disorders caused by external disturbances.
For our pilot study, we strategically chose the DFC because it
has great potential to be automated, offering a novel approach to
automated monitoring of animal welfare based on behavior. As
no exact definition of “high” and “low” DFC has been established
in previous studies, we selected the cutoff point at a DFC of
72.34% by median split. This value coincides well with the results
of past studies that investigated activity rhythms of various freeranged species. In alpacas, mouflons and red deer, the DFC
normally ranged from 70 to 100%, whereas it decreased to <70%
during parturition (mouflons) and social stress (red deer), to 46%
in subdominant animals (red deer) and to 28% when suffering
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an injury (alpacas) (Scheibe et al., 1999). In addition, Nunes
Marsiglio Sarout et al. (2018) observed a DFC of 70% in all
“medium” and “high” consistency ewes.
Our results reveal that dairy cows can develop ultra- and
circadian activity rhythms in AMS. However, the consistency
of rhythmicity varied greatly between and within individuals
over time. Possible explanations for this may be different
environmental conditions and routines of each farm, e.g.,
milking, feeding, lighting and management, and animal-related
factors, such as hierarchical order, milk yield, lactation number
or the individual nature of the cow.
The milking interval was set individually on the AMS
for each animal and farm, granting the cows a different
number of milkings per day depending on their state of
lactation. Accordingly, milking management could have had
an influence on the activity rhythm of dairy cows, as the
animals had to adapt to the milking management set by humans
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TABLE 3 | Results from the fitted GLMM with the parameter estimates for the fixed effects and variance components for the random effects of the model.
DFC
Predictors

Estimated coefficient

Odds ratio

CI

p
0.913

Mean value

Standard deviation

Data range

(Intercept)

0.02

1.02

0.70–1.50

Diurnality index

1.35

3.84

2.10–7.00

<0.001

0.26

0.11

0.62

Lactation number

−0.39

0.68

0.47–0.98

0.041

3.10

1.58

6.0

Milking Interval

0.46

1.58

1.16–2.17

0.004

521

86.4

773

Random effects
σ2

3.29

τ00

CowID

0.78

τ11

CowID.Diurnality_Index

2.31

ρ01

CowID

ICC

0.33
0.48

N CowID

39

Observations (n)

799

Marginal R2 /conditional R2

0.274/0.625

Mean, SD, and data range of predictors are prior to standardization.

Muthuramalingam et al., 2006). Light stimuli at night may have
suppressed melatonin concentrations and caused a circadian
disruption in the rhythmicity of the cows. This, however, could
not be verified based on the present data, although the large
intra-variability in the melatonin concentrations of the cows
may be an indication. Melatonin concentrations on the farms
conformed to a diurnal pattern only on average, however the
range of melatonin levels measured was consistent with the usual
concentrations in cattle with lower diurnal and higher nocturnal
levels (Burchard et al., 1998; Auldist et al., 2007; Castro et al.,
2011).
The GLMM revealed a higher likelihood that cows showed a
DFC < 72.34% in periods of higher nocturnal activity; including
all nighttime activities during which the cows were in motion,
e.g., milking and feeding. A higher nocturnal activity can be
conditioned by the hierarchical organization of a herd. In wildlife,
alpha individuals more often maintain an undisturbed activity
pattern and, consequently, higher DFC levels than animals of a
lower rank (Scheibe et al., 1999). Thus, a cow’s position in the
social herd structure could also have an effect on the activity
rhythms as it influences both the milking order and the time
of feed intake. Studies have shown that especially high-ranked
animals occupied the milking robot during the main activity
period between 12 and 6 p.m., whereas the milking and feeding
times of low-ranking cows increasingly shifted to the evening and
night hours (Ketelaar-de Lauwere et al., 1996; Wiktorsson and
Sørensen, 2004). In addition, an increased number of nighttime
milkings led to reduced nocturnal melatonin concentrations in
dairy cows that consequently spent more time in the illuminated
waiting area of the AMS during night compared to cows
with lower nighttime milking frequency (Helmreich et al.,
2016). Consequently, increased nocturnal activity can lead to
a timing shift in activity or rhythm abnormalities, which has
been linked to a higher risk of diseases in human research
(Wickwire et al., 2017). Similarly, Wagner et al. (2021) identified

(Berger, 2011; Jacobs and Siegford, 2012). Even though an AMS
with free cow traffic characterized the farms, the cows’ number
of milkings per day and the time to milk were restricted due to
the settings and cleaning phases of the AMS. It is conceivable
that structuring the daily routine according to these restrictions
might have been challenging especially for cows with a high
milking frequency. This assumption would fit with the result
of the GLMM, indicating a higher likelihood that cows showed
a DFC < 72.34% in periods with shorter milking interval
(respectively, higher milking frequency). Moreover, cows with
a higher number of lactations were more likely to have a DFC
< 72.34% which could also be related to milking management.
Studies demonstrated that milk yield increases with the number
of lactations and reaches its maximum at the fourth or fifth
lactation (Mellado et al., 2011). A higher milk yield is in
turn associated with more frequent milking, which implies a
shorter milking interval (Lovendahl and Chagunda, 2011). These
two relationships were also found in our study. Cows with a
higher lactation number (≥3 lactations) were found to have a
higher milk yield in comparison. Likewise, higher milk yield was
associated with more milkings per day.
Feed was delivered once to twice a day, but always at different
times on all farms. On only two farms, feed was additionally
distributed evenly throughout the day by a robotic-pusher.
Since feed, along with light, is an important exogenous cue for
maintaining circadian rhythms, the irregular feeding times on the
farms may have affected the rhythmicity of the cows, probably
even more in those farms without regular feed pushing. However,
this aspect could not be verified in our study.
All farms used nighttime lighting in different sections of the
barn with illuminances ranging between <10 and 66 lx. Previous
studies have shown that light intensities up to 10 lx did not
affect the nocturnal plasma melatonin concentrations in cattle,
whereas illuminances over 50 lx reduced melatonin levels by
50–70% during the scotoperiod (Lawson and Kennedy, 2001;
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circadian abnormalities in cows associated with health problems,
reproductive events (calving/estrus) and external stressors (e.g.,
relocation). In fact, hormonal changes (Shahriar et al., 2016) and
health impairments such as lameness and mastitis (Weary et al.,
2009) or metabolic diseases (Edwards and Tozer, 2004; Steensels
et al., 2017) can usually be detected by altered activity and feeding
behavior. Such stressful conditions could, in turn, imbalance the
inner state, as the circadian framework appears to be sensitive
to changes in physiological or pathological state (Veissier et al.,
2017). In addition, estrus, illness or injury usually involves
separation, veterinary monitoring or medication administration.
These interventions, among other management events, present
unfamiliar situations and thus generally cause stress in cattle
(Boissy and Le Neindre, 1997; Hernandez et al., 2014). Some of
these actions were also recorded in our study, for which the cows
were restrained in the feeding fence. Consequently, the human
interventions affected the time budget of the cows and induced
stress for a certain duration and intensity, which may have had a
negative effect on the rhythmicity of the cows.
The influencing factors mentioned cannot be considered as
evidence for effect causality. However, based on a conditional
model, the relationship between predictors and the likelihood
of high rhythmic activity in individual dairy cows could be
successfully investigated under practice conditions.
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In this pilot study, calculating the Degree of Functional Coupling
was used for the first time to assess the activity pattern of dairy
cows in AMS. It has been demonstrated that dairy cows can
express ultra- and circadian activity rhythms in such systems.
However, the periodicities and constancy of these patterns
varied greatly between and within individuals. It was further
demonstrated that a higher ratio of daytime to nighttime
activity, a longer milking interval and a lower number of
lactation were associated with improved rhythmicity of the cows.
In addition, cows did show a day-/night difference in mean
melatonin concentration despite artificial lighting systems used
during nighttime in barns. In a next step, the meaning of the
activity rhythm for the animal welfare in dairy farming will be
further investigated.
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