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Abstract: Automatic calf feeders (AMFs) that supply milk for pre-weaning calves require group
housing. This observational study assessed calf growth, health, feeding patterns and social behaviours
prior to, during and following weaning in groups on the AMF. Calves were recruited from a single
UK dairy farm and placed into two groups on the AMF between 3 and5 weeks of age (n = 19 and
13). They were fed milk near-ad libitum until 8 weeks of age when they entered a 2-week step-down
weaning period. Daily milk consumption and the numbers of successful and refusal visits were
collected from the AMF, along with weekly weights and health checks. Calf behaviour around the
AMF was monitored through video analysis, and activity was assessed using tri-axial accelerometers.
On average, the calves consumed approximately 3 L of milk three times a day from the AMF,
confirming that limiting calves to twice daily feeding will restrict their desired milk consumption.
The ADLG pre-weaning was 0.74 kg/d (SD 0.41 kg), rising to 0.99 kg/d (SD 0.46 kg) over weaning and
1.05 kg/d (SD 0.12 kg) post weaning. Refusal visits to the AMF, social interactions, displacements and
cross sucking all increased over the weaning periods, suggesting that the calves were experiencing
frustration due to a lack of expected milk rewards rather than hunger as ADLG continued to increase.
Female calves also had more successful and refusal visits to the AMF than males, along with higher
displacement indexes (p = 0.052), suggesting single-sex groups may be beneficial to AMFs. Calf
activity had a diurnal pattern, with the highest standing times being during mid-morning and early
evening, which may put pressure on limited resources if all calves are active during these particular
time periods.
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1. Introduction

The management of dairy calves conventionally involves separation from the dam
within the first few days of life, followed by manual feeding of either whole milk or milk
replacer until weaning [1]. In many countries, including the UK, calves are often housed in
either individual or small group pens due to the perceived benefits for health management
from reduced disease exposure and transmission found in larger groups [2,3]. However,
limited social housing can lead to problems such as increased fearfulness of unfamiliar
calves [4], increased fear in novel social situations [5] and neophobia [6] resulting in poor
solid feed intakes [7].

Cattle are gregarious by nature, with calves prepared to work to achieve social contact
with each other, preferring full body contact in comparison to head only contact [8]. The
group housing of calves allows for the development of normal social responses [9] along
with providing social support and social buffering [10], which can help decrease stress
responses. Housing with others also enables social learning, with increased behavioural
flexibility and cognitive performance [11,12], which is probably due to higher variability
within the environment of group-housed compared to individually housed calves [13].
Lastly, group housing tends to increase space allowance per calf, which can enable active
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behaviours such as running and playing [14,15], which are indicative of good welfare [16].
There are some disadvantages of group compared to individual housing, with a perceived
increased risk of disease spread and the occurrence of cross sucking reported to be more
frequent in groups with high numbers of calves [17], which can lead to hair loss and
inflammation of the sucked area [18].

The use of automatic calf feeders (AMFs) for the provision of milk feeding is increasing,
with improved technology allowing for the automatic mixing of milk replacer powders,
individualised feeding regimens and self-disinfecting teats. AMFs necessitate larger group
sizes, typically of 10 to 15 calves or more per feeding station [19]. AMFs allow for 24 h
access to milk feeding, and can be used to increase milk intakes through increased feeding
bouts or the provision of milk ad libitum which can result in significantly higher growth
rates than restricted milk feeding diets [20]. The feeding patterns on an AMF can also
more closely mimic natural feeding patterns when calves are dam-reared, where suckling
bouts occur 4–10 times per day [21]. The group housing needed for AMFs is beneficial for
socialisation, with calves known to make long-lasting social relationships from a young
age [22–24]. However, studies on group sizes of 12–18 calves have suggested a negative
effect on growth rates and respiratory disease occurrence [25]. In adult cattle, competition
at feeders results in a large proportion of displacements, indicating that gaining access to
feed is of high priority, leading to competition [26]. This same behaviour pattern has been
reported in calves fed on an AMF, with high levels of competition causing a lower duration
of time spent ingesting milk, but not affecting the total amount of milk consumed [27].

The weaning period allows for the transition of calves from a predominantly liquid-
based diet to only solid feeds. There are multiple weaning programs, with selection to wean
based on age or solid feed intake, and methods including abrupt milk removal, gradual
step-down programs and the dilution of milk concentration. Generally, gradual step-down
weaning over at least a 10 day period [28] can increase solid feed intakes [29] to aid rumen
development; however, this has been linked to increases in cross sucking [30]. Weaning is
generally considered a stressful period, which may lead to changes in social behaviours
and interactions within a group setting.

Whilst there is increasing literature to describe the effects of group housing, AMFs
and weaning systems, the interaction and effect of other factors has not frequently been
addressed. Most studies utilise single-sex dairy calves [5,15,31–33], with three studies
having mixed-sex grouping [16,27,34], and one including mixed dairy and beef cross
breeds [25]. There can be physical size and temperament differences between the sexes
and breeds [35], as well as disease impacting calf behaviour, which may impact the overall
feeding patterns and behavioural interactions within large groups. Using an in-depth study
of groups of calves, this paper aimed to clarify how the composition of group-housed
calves may impact the social interactions within a group, helping to understand the factors
affecting calf growth, health and productivity within group housing situations, specifically
from birth to 6 months of age to cover the periods prior to, over and following weaning.

2. Materials and Methods
2.1. Study Subjects

The study was carried out on a single commercial dairy farm in the south of England,
UK, milking 200 cows, with data collected from March to September 2021. The farm had an
all-year-round calving pattern, with both Holstein Friesian (HF) and HF cross beef breed
calves of both sexes reared. A convenience sample of calves was recruited at birth if they
were born within the study timeframe, and then followed through until six months of age.

Calves were removed from their dams at 12 h of age and moved into one large
shed containing all animals up to approximately 3 months of age. The shed measured
40 m × 28 m, with compressed hardcore flooring throughout. The shed had space boarding
along three walls with the front of the shed open, and a positive pressure ventilation tube
along the centre. There was artificial lighting throughout the shed, and all pens were
bedded with unchopped straw. The calves were initially housed in square pens made using
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gates, measuring approximately 10 m2, and arranged in rows with gaps between pens to
prevent nose-to-nose contact. The shed contained 10 of these small pens. Here, the calves
were housed in groups of five for approximately three to four weeks. Whilst in the small
pens of five calves, they were manually fed 3 L of milk replacer (26% whey protein, 17% fat,
ForFarmers, Bury St Edmunds, UK) mixed at 150 g/L, fed twice daily through teat feeders.

Once there were three or four small pens of calves that were all deemed by the farmer
to be feeding well, they were transferred into a single large pen as a group of 15–20 calves
at approximately three to four weeks of age, and were fed using an AMF (Lely Calm, Lely,
Birmingham, UK). Due to this grouping process, there was an age range of up to three
weeks between the oldest and youngest calf forming the larger group, but the group then
remained stable; Group 1 (G1)’s age onto the machine had a median of 23 days and an IQR
of 8 days, Group 2 (G2)’s age onto machine had a median of 35 days and an IQR of 5 days.
The shed contained five large pens arranged in a row, each measuring 18 m by 4.5 m, and
separated by gates which enabled nose-to-nose contact between large pens. A total of two
large pens of calves were followed in this study. The first group was established in April
and the second in May. At three months of age, the whole group of calves were moved to
a separate loose-housed and straw-bedded shed, where they remained within the same
group cohorts until six months of age.

The calves were weighed at birth by the farm staff, and then by the researcher (SM)
weekly until 12 weeks of age using an electronic weigh crush (Bateman, Staffordshire, UK)
to allow for the calculation of weekly growth rates, with an additional weight taken at
six months of age. The researcher undertook a weekly clinical health assessment from 1
to 12 weeks of age following the Wisconsin scoring system to assess demeanour, nasal
and ocular discharge, cough, faecal consistency, rectal temperature and navel and joint
health [36]. A diagnosis of pneumonia was given when a calf displayed at least one sign of
upper respiratory disease (nasal/ocular discharge or cough) and pyrexia (≥39.5 ◦C). The
overall disease score was then simplified to a binary classification of disease, being either
present (score 1) or absent (score 0) [37,38], and split by time occurrence to being either
prior to grouping on the AMF, or whilst grouped on the AMF. When calves were identified
as ill, they were treated according to standard veterinary practices by the farm staff.

2.2. Nutrition

Within the large group pens, calves were fed the same powdered milk replacer (26%
whey protein, 17% fat, made by ForFarmers, Bury St Edmunds, UK) through a single teat
feeding station per pen from the AMF. Calves had nearly ad libitum access to milk rations,
with maximum portion sizes of 3.0 L available every three hours, meaning calves could
theoretically consume up to 21 L of milk each day. This was provided immediately upon
entering the AMF group up to 8 weeks of age. Calves were then entered onto a step-down
weaning program, taking them from 7.0 L to 0.0 L of milk over a two-week period, such
that calves were fully weaned off milk at 10 weeks of age. This was managed by individual
calf ages, resulting in the entire group being weaned once the youngest calf reached
10 weeks of age.

The number of rewarded (when the calf visited the feeder and received milk) and
unrewarded (when the calf visited the feeder but did not receive milk) visits to the feeding
station was recorded daily [39], along with the amount of milk powder consumed. Calves
also had ad libitum access to pelleted concentrates in troughs (21% protein, ForFarmers,
Bury St Edmunds, UK), hay in a rack and an automatic water trough. Post weaning,
the calves remained on ad libitum access to concentrates and hay until 4 months of age,
followed by 2 kg/day concentrates and ad libitum access to maize silage and hay until
6 months of age.

2.3. Activity Data Collection

All calves had tri-axial accelerometers (IceQube, Peacock Technologies, Stirling, UK),
fitted to either hind leg within one week of age, and removed at 13 weeks of age. These
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data loggers have been validated for research on calves [40] and measured the lying times,
lying bouts, standing times and motion index (MI), which is a measure of the intensity of
the movement of the calves.

2.4. Behavioural Data Collection

Video cameras (Hik-Vision, Hangzhou, China; four per pen) were placed overhead in
the calf barn to provide footage for approximately 2 m around the AMF station. Individual
calves were identified through the use of coloured stock markers on their backs. Continuous
focal sampling of the footage was conducted using the software Behavioral Observation
Research Interactive Software (BORIS, version 7.9.6 [41]). The calves were observed for one
day each week during daylight hours 06.00 h to 19.00 h over a seven-week period covering
the two weeks prior to weaning, the two weeks of weaning and the three weeks following
weaning. This produced 14 pieces of video footage, each 13 h in length. During the video
observations, calf behaviour was recorded according to the ethogram shown in Table 1.
The social aspects of feeding behaviour were documented using adjacency matrices to
record the proximity of individuals carrying out different behaviours. Two interactions
between the same calves were treated as one interaction if there was a break of less than
20 s between them [42]. All observations were carried out by the same researcher (SM).

Table 1. Description of recorded behaviours for calves, both social interaction and point-based
behaviours [27,43,44].

Behaviour Description

Calf in milk feeder
A calf had a minimum of both front feet over
the wooden barrier demarcating the entrance
to the milk feeder.

Social milk feeding

A calf (the initiator) was within one calf length
of the AMF station whilst another calf was
feeding (the receiver). The initiator and
receiver were recorded in a directed
adjacency matrix.

Displacement behaviour towards a calf in the
milk feeder

A calf (the initiator) head butting, rubbing or
mounting a calf (the receiver) that was within
the milk feeder. The initiator and receiver were
recorded in a directed adjacency matrix.

Occurrence of cross sucking near milk feeder

A calf performing non-nutritive sucking
directed to the ventral body of another calf.
The calves were recorded in an undirected
adjacency matrix.

Social network analysis methodology was used to assess the importance of individual
calves and characteristics within a network (group of calves) [45]. For the behavioural
analysis around the AMF, the mean number of calf interactions (preferential associations)
were calculated for each adjacency matrix and found to be in the range of 0.04–1.3 average
interactions at the milk feeder per day (the mean value was low as not every calf fed
with every other individual). As used by others [44,46–48], a threshold for the number of
interactions was then set at ≥2 interactions between an initiator and the same recipient to
account for random interactions and the nature of weighted data in the analysis of calves
feeding together. The raw interaction numbers were used in the displacement and cross
sucking behaviour analysis due to the low overall number of interactions occurring.

To assess the preferential associations of calves near each other whilst feeding in the
AMF (i.e., Did calves like to feed with other specific calves?), and for cross sucking (i.e., Did
calves prefer to cross suck with other specific calves?), the degree centrality was calculated.
This shows the number of behavioural interactions that a calf had within the network [49],
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and indicated their social prominence [50] and ability to directly influence other calves.
Calves with a high degree centrality indicate higher social prominence [51,52].

2.5. Statistical Analysis

A sample-size calculation was conducted to enable the identification of a 70 g/day
growth difference between calves [53], which indicated that a minimum sample size of
10 animals per group was required. Given the AMF group size on the study farm was
15–20 calves, all calves within two separate groups were enrolled, ensuring an adequate
sample for this observational study. All analyses were conducted using SPSS (version 28.0,
IBM SPSS Statistics for Windows, IBM Corp, New York, NY, USA). Sociograms from the
adjacency matrices for behaviour around the milk feeder were constructed using Visone
(Version 2.2 [54]). The analysis of the data was conducted using UCINET (Version 6.773 [55]).
Normality was assessed through the visual inspection of residual plots.

Linear mixed effects models were used to analyse the outcomes of average milk
powder ingestion per day and average daily liveweight gain (ADLG). The breeds were
split into beef and dairy breeds, and disease was summarised into the periods prior to
and during time on the AMF rather than by week of the study, with binary coding of
either diseased or healthy. The overall fixed effects included sex, breed, presence of disease
prior to and whilst on the AMF and birthweight. The unique calf identification number
and group were included as a random effect. The results are reported as F-values in the
format F(numerator df, denominator df). No interaction parameters where assessed as there was
no indication that a change in any of the variables would specifically effect any of the other
variables prior to the assessment of the results.

Generalised estimating equation linear models with an identity link function and an
exchangeable working matrix were used to analyse the repeated outcomes of the number of
successful visits and the number of refusals within the AMF station. The variables included
sex, breed, group, disease occurrence prior to and during being on the AMF, birthweight
and age onto the milk machine. The unique calf identification number was used to account
for the repeated measures over time.

Generalised estimating equation gamma log link models for positively skewed data
and an exchangeable working matrix were used to analyse the outcome of activity, which
accounted for the repeated measures of motion index, lying times and number of lying
bouts per day. The variables included sex, breed, group, disease occurrence prior to and
during being on the AMF, birthweight and average daily liveweight gain. The unique calf
identification number was used to account for the repeated measures over time. Through
the use of the gamma log link, variables were transformed to a log scale for modelling, with
the coefficients then undergoing exponentiation on a natural log scale to provide results on
a numerical scale for interpretation.

The effect of week, sex, breed and disease on the degree centrality for calf interactions
at the AMF between weeks, and for the occurrence of cross sucking, was assessed using the
Kruskal–Wallis analysis for non-parametric data.

Behaviour around the milk feeder was analysed using a Galindo–Broom displacement
index (DI), and was calculated based on the proportion of displacements an animal initiated
compared to the total number of displacements in which the animal was involved [26,56,57]:

Displacement Index =
Number of times the individual displaced any calf

Number of times individual displaced calf + number of times individual was displaced

Calves with a DI below 0.4 were classified as low-ranking, between 0.4 and 0.6 were
considered middle-ranking calves and those with a DI greater than 0.6 were considered
high-ranking [56]. Prior to analysis, a logit transformation was used for the DI, followed
by a generalised estimating equation analysis with an identity link function and an ex-
changeable working matrix. The dependent variables were pen, sex, breed, binary disease
occurrence prior to and during being on the AMF, birthweight and mean milk powder
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consumption per day. The unique calf identification number was used to account for the
repeated measures over time. The coefficients underwent inverse logit transformations to
present results as the percentage change in DI.

3. Results

A total of 36 calves were recruited at birth between February and March 2021. During
the study, 4 calves died whilst in the small pens of 5 calves, leaving 32 calves in the analysis.
There were 19 calves in Group 1 and 13 calves in Group 2, with descriptive information
about the groups in Table 2. Most were HF dairy breeds, but there were also four male beef
cross breed calves; their data was retained within the models as they interacted with the
other calves, but due to their low numbers, results relating to potential breed differences
need to be interpreted with caution. The mean birthweights were slightly higher in the
beef compared to dairy breeds (48.8 ± 5.3 kg compared to 46.5 ± 5.9 kg), which mirrors the
overall heavier birthweight in male compared to female calves (48.6 ± 6.3 kg compared to
45.5 ± 5.2 kg).

Table 2. Descriptive information regarding the calf groups on the AMF.

Variable Group 1 Group 2 Overall

Female:male calves 13:6 6:7 19:13
Breed Dairy:Beef X 17:2 11:2 28:4

Mean birthweight (range), kg 47.5 (40.0–60.0) 45.8 (34.0–52.0) (34.0–52.0)
Mean age onto AMF (range), days 21.8 (15.0–28.0) 33.9 (27.0–40.0) (15.0–40.0)

Mean days fed on AMF (range), days 49.3 (42.0–56.0) 38.2 (31.0–45.0) (31.0–56.0)
Mean milk powder ingested per day

(range), kg/calf 1.4 (1.1–1.7) 1.1 (0.7–1.5) 1.3 (0.7–1.7)

Mean total milk powder ingested
(range), kg/calf 67.4 (53.0–91.0) 41.9 (26.0–66.0) 57.1 (26.0–91.0)

Mean ADLG (range), kg 0.89 (0.71–1.03) 0.87 (0.62–1.14) 0.89 (0.62–1.14)
Disease prevalence prior to AMF(%) 1/19 (5.3) 2/13 (15.4) 3/32 (9.4)

Disease prevalence whilst on AMF(%) 6/19 (31.6) 2/13 (15.4) 8/32 (25.0)

Overall disease prevalence based on weekly scoring up to 12 weeks of age was 34.4%
(11/32), with 7/32 calves developing pneumonia (5 from G1, 2 from G2), 2/32 calves
developing diarrhoea (both from G2) and 2/32 calves developing diphtheria (both from
G1). All cases of disease were only detected via calf scoring for a duration of one week,
with no recurrences detected. There were no new cases of disease in any calves following
week 8 on the AMF.

Milk powder consumption included the set feeding rate of 900 g/day whilst the calves
were hand-fed in small groups, plus the individual feeding rates once the calves were
moved onto the AMF. In general, the calves in Group 2 were older when put onto the AMF,
resulting in less overall access to milk.

3.1. Milk Feeding Analysis

The calves consumed a mean of 1.3 kg (range 0.7–1.7 kg) of milk powder per day,
equivalent to 8.7 L of milk (Figure 1). The model for average daily consumption demon-
strated no associations with birthweight, p = 0.52; sex, p = 0.92; breed, p = 0.22; disease
occurrence prior to entry to the AMF, p = 0.60 or disease occurrence after entry onto the
AMF, p = 0.72.
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Figure 1. The change in mean milk volume ingested per day (L) whilst calves were fed on the AMF
(n = 32 calves), with 95% confidence intervals. The calves entered a step-down weaning program
after approximately 30 days on the AMF, and this weaning phase lasted approximately 14 days.

The ADLG up until 24 weeks of age was 0.89 kg/day (range 0.14 to 2.23 kg/day),
with ADLG pre-weaning being 0.74 kg/d (SD 0.41 kg), rising to 0.99 kg/d (SD 0.46 kg)
over weaning and 1.05 kg/d (SD 0.12 kg) in the post-weaning period. Overall, the ADLG
increased with age, but with a wide variation between individuals (Figure 2). Sex was
significantly associated (F(1,25.9) = 10.3, p = 0.004) such that male calves had a higher ADLG
than female calves (0.92 kg/day compared to 0.79 kg/day). The mean overall ADLG
was not associated with disease occurrence prior to entry to the AMF (p = 0.23), but was
significantly associated with disease occurrence whilst on the AMF. Calves experiencing
disease had a lower overall ADLG from birth to 6 months of age of 0.81 kg/day compared
to healthy calves with 0.90 kg/day (F(1,25.8) = 5.9, p = 0.022). The remaining independent
variables demonstrated no significant association with ADLG; birthweight p = 0.60 and
breed p = 0.35.

The mean number of successful visits to the AMF per day (visits that resulted in milk
being supplied to the calf) was 2.9 (range of 0–13), with an overall decrease over time
(Figure 3). The analysis demonstrated a significant association with sex (p = 0.014), with
female calves having an increased number of successful visits compared to males (mean
3.7 compared to 3.1 successful visits) (Table 3). The calves that experienced disease prior to
entry onto the AMF had more successful visits to the AMF (3.8 visits compared to 2.9 visits,
p = 0.046). The age the calves went onto the AMF was also significantly associated with the
number of successful visits (p = 0.005), with a 1-day increase in age giving a 7.8% reduction
in successful visits to the AMF.
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Figure 2. Mean ADLG of the calves calculated on a weekly basis (n = 32 calves), with 95% confidence
intervals. The ADLG increased steadily over the first month of life, appeared to become more stable
once calves were fed via the AMF and then increased again post weaning.
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AMF made by calves each week in relation to the milk feeding period. Each marker represents the
mean value for one calf.
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Table 3. Parameter estimates for the associations between successful (visits that resulted in milk being
supplied to the calf) and refusal (visits that did not result in milk being supplied to the calf) visits
to the AMF derived from generalised estimating equation linear models. For sex, male was used as
the baseline group; for breed, beef was used as the baseline group; for study group, Group 2 was
used as the baseline group; for disease, being diseased was used as the baseline group. Significance is
at p < 0.05 *.

Independent Variable Successful Visit (SE),
p-Value

Refusal Visit (SE),
p-Value

Birthweight 0.026 (0.019), 0.17 0.047 (0.037), 0.20
Sex 0.60 (0.24), 0.014 * 2.05 (0.59), <0.001 *

Breed −0.30 (0.22), 0.16 −1.38 (0.61), 0.023 *
Disease prior to AMF −0.89 (0.45), 0.046 * −1.10 (0.73), 0.13

Disease whilst on AMF −0.042 (0.24), 0.86 −1.03 (0.51), 0.042 *
Age onto AMF −0.078 (0.028), 0.005 * −0.019 (0.096), 0.85

Group 0.005 (0.36), 0.99 0.067 (1.20), 0.96

The mean number of daily refusal visits to the AMF (visits that did not result in milk
being supplied to the calf) was 4.9 (range of 0–46), with increasing visits over the weaning
period (Figure 3). The analysis demonstrated a significant association with sex, with female
calves having increased refusal visits compared to males (6.7 refusals compared to 5.0,
p < 0.001). Calves with disease whilst on the AMF had decreased numbers of refusals
compared to healthy calves (p = 0.042), but refusal visits were not impacted by disease prior
to being on the AMF (p = 0.13).

3.2. Activity Analysis

Data from two calves were not included due to loss of the accelerometer, leaving data
from 30 calves in the analysis (Table 4). The median overall lying time per day was 16 h
49 min (range 8 h 27 min to 23 h 2 min), with a general decrease in lying times as the
calves aged (Figure 4). The analysis demonstrated a significant association with breed
(p = 0.002), with beef cross calves having longer lying times than the HF dairy calves (17 h
40 min compared to 17 h 03 min). Calves experiencing disease prior to entry onto the AMF
had longer lying times than healthy counterparts (18 h 17 min compared to 17 h 13 min,
p = 0.005), but were not impacted by disease occurring whilst on the AMF (p = 0.45). Heavier
birthweight calves also had lower lying times per day (p < 0.001), with a 1 kg increase in
birthweight resulting in a 6.91% decrease in lying time per day.

Table 4. Parameter estimates (percentage change) for activity parameters in calves housed in groups
on an automatic milk feeder (AMF) derived from generalised estimating equations with gamma
log link models. Data are presented on a numerical scale. For sex, male was used as the baseline
group; for group, Group 2 was used as the baseline group; for disease, being diseased was used as
the baseline group. * indicates significance at p < 0.05, # indicates a trend at p < 0.1.

Independent Variable Motion Index (SE), p-Value Lying Time per Day (SE),
p-Value

Lying Bouts per Day (SE),
p-Value

Birthweight −0.97 (5.91), 0.82 −6.21 (7.26), <0.001 * 5.81 (5.88), 0.35
Sex −3.44 (3.10), 0.46 −4.06 (4.41), 0.16 3.20 (2.95), 0.43

Breed 2.29 (3.18), 0.023 * −3.32 (4.41), 0.002 * 3.50 (2.60), 0.68
Disease prior to AMF 1.84 (2.73), 0.024 * −3.10 (4.18), 0.005 * 2.38 (3.00), 0.076 #

Disease whilst on AMF 2.59 (3.13), 0.098 # −4.70 (4.41), 0.45 3.06 (3.34), 0.19
Group −3.44 (3.26), 0.41 −4.12 (4.50), 0.13 −2.5 (3.31), 0.034 *
ADLG −0.97 (1.82), 0.056 # −6.91 (2.65), 0.98 0.54 (1.13), 0.13
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Accelerometer data were used to assess the amount of time calves spent standing 

(whilst being either stationary or moving) over the mean 24 h period (Figure 5). A diurnal 

pattern was visible, whereby calves were more active during the morning and afternoon 

periods. 

Figure 4. Mean lying time per day over the study period with 95% confidence intervals is shown
(n = 30 calves). Females are denoted by black circles and males by white circles. As the calves got
older, their lying times reduced (r2 = 0.66 for females, r2 = 076 for males).

The median overall number of lying bouts per day was 20 (range of 6–42) and was
associated with the group on the AMF (p = 0.034), with G2 having more lying bouts that G1
(20.5 bouts compared to 19.6 bouts) (Table 4). There was also a trend with the occurrence
of disease prior to being on the AMF (p = 0.076), with calves experiencing disease having
more lying bouts than healthy calves (20.9 compared to 19.2 bouts).

Accelerometer data were used to assess the amount of time calves spent standing
(whilst being either stationary or moving) over the mean 24 h period (Figure 5). A di-
urnal pattern was visible, whereby calves were more active during the morning and
afternoon periods.

The median overall motion index (MI) for the 12-week monitoring period was 4991
(range per day 294–25,515). The analysis demonstrated a significant association with disease
status of the calf prior to entry onto the AMF (p = 0.024), with calves that experienced
disease having a lower mean motion index (4520 compared to 5185). There was also a trend
with disease occurrence whilst on the AMF (p = 0.098), again with a lower mean motion
index in diseased calves (4675 compared to 5013). Breed was associated with MI (p = 0.023),
with beef calves having a lower MI than dairy calves (4624 compared to 5068). There was
also a trend with overall growth (p = 0.056), with a 100 g increase in weight leading to a
0.97% decrease in MI.
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Figure 5. Accelerometers attached to the rear legs of calves (n = 30 calves) measured standing time in
15 min intervals throughout the day. These data were averaged across the study period from 1 to 12
weeks of age. The graph illustrates the mean percentage of time within each 15 min block that the
calves spent standing (this includes both moving and stationary) over the course of the average day.
White circles represent healthy calves (n = 19) and black circles represent calves who experienced
disease (n = 11).

3.3. Behavioural Analysis

The observation time totalled 182 hrs for all behavioural video analyses. The total
numbers of observations and descriptive information are given in Table 5. The analysis
of the preferential association networks for calves near each other whilst feeding in the
AMF enabled the social prominence of a calf to be established [50]. Calves with a high
degree centrality indicated a calf with higher social prominence [51,52]. Changes in degree
centrality between the weeks of the study (χ2(6) = 60.0, p < 0.001) indicated that being
socially prominent was a transient social state, with an overall increase in centrality figures
across the weaning period (Figure 6). There was a trend with sex (χ2(1) = 2.70, p = 0.10),
with females having a higher median degree centrality compared to males (5.0 compared
to 4.0). There was also a trend with disease occurrence whilst on the AMF (χ2(1) = 3.52,
p = 0.06), with sick calves having a higher median degree centrality than healthy calves
(4.0 compared to 7.0). There was no association with breed (p = 0.55) or disease prior to
being on the AMF (p = 0.96).
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Table 5. Summary of the number of observations within each adjacency matrix for the behaviours of being near the AMF when a calf is feeding, displacements from
the AMF and cross sucking near the AMF. Group 1 had 19 nodes (calves per group) and Group 2 had 13 nodes.

Behaviour Observation Type 2 Weeks before
Weaning

1 Week before
Weaning Weaning Weaning Off Milk 1 Week Off Milk 2 Weeks Off Milk

Group 1 Near
AMF

Total in group 23 133 77 38 63 128 147
Min–max per calf 0–2 0–7 0–4 0–3 0–3 0–10 0–6
Average per calf 0.067 0.389 0.225 0.111 0.184 0.374 0.43

Group 1
Displacements

from AMF

Total in group 41 2 16 27 16 2 0
Min–max per calf 0–3 0–2 0–1 0–2 0–3 0–1 0–0
Average per calf 0.12 0.085 0.047 0.079 0.047 0.006 0

Group 1 Cross
sucking

Total in group 18 11 24 32 10 1 0
Min–max per calf 0–2 0–2 0–3 0–5 0–2 0–1 0–0
Average per calf 0.053 0.032 0.07 0.094 0.029 0.003 0

Group 2 Near
AMF

Total in group 38 37 16 18 116 4 22
Min–max per calf 0–4 0–3 0–3 0–2 0–6 0–1 0–3
Average per calf 0.244 0.237 0.103 0.115 0.744 0.026 0.141

Group 2
Displacements

from AMF

Total in group 3 25 4 19 30 7 5
Min–max per calf 0–1 0–3 0–1 0–4 0–4 0–2 0–1
Average per calf 0.009 0.073 0.012 0.056 0.088 0.021 0.015

Group 2 Cross
sucking

Total in group 18 14 20 55 60 26 22
Min–max per calf 0–3 0–2 0–4 0—5 0–7 0–3 0–2
Average per calf 0.053 0.041 0.058 0.161 0.175 0.076 0.064
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Figure 6. Distribution of the degree centrality for calves near the AMF by week of observation. Dark 

bars indicate calves in G 1 (n = 19 calves) and white bars indicate calves in G2 (n = 13 calves). The 

box and whisker plots show the median degree centrality for the calves in each group, the upper 

and lower quartiles for degree centrality and the upper and lower extremes, as well as any outliers 

(grey outlier circles are for G1, white outlier circles are for G2). It demonstrates that the degree cen-

trality becomes more widely distributed during and after the weaning period, especially for calves 

in Group 1. 

The assessment of the displacement index from the AMF varied by week (Figure 7), 

with the most notable change occurring once milk was withdrawn from the calves follow-

ing weaning, resulting in a decrease in DI amongst calves. There was a trend associated 

with sex (B = 0.094 (SE 0.054), p = 0.082), with female calves having a higher mean DI than 

male calves (0.39 (SE 0.047) compared to 0.28 (SE 0.030)). There was no association with 

Figure 6. Distribution of the degree centrality for calves near the AMF by week of observation. Dark
bars indicate calves in G 1 (n = 19 calves) and white bars indicate calves in G2 (n = 13 calves). The box
and whisker plots show the median degree centrality for the calves in each group, the upper and
lower quartiles for degree centrality and the upper and lower extremes, as well as any outliers (grey
outlier circles are for G1, white outlier circles are for G2). It demonstrates that the degree centrality
becomes more widely distributed during and after the weaning period, especially for calves in Group 1.

The assessment of the displacement index from the AMF varied by week (Figure 7),
with the most notable change occurring once milk was withdrawn from the calves following
weaning, resulting in a decrease in DI amongst calves. There was a trend associated with
sex (B = 0.094 (SE 0.054), p = 0.082), with female calves having a higher mean DI than male
calves (0.39 (SE 0.047) compared to 0.28 (SE 0.030)). There was no association with breed
(p = 0.71), disease occurrence either prior to (p = 0.69) or whilst being on the AMF (p = 0.68)
or mean daily milk powder consumption (p = 0.83).
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Figure 7. Mean displacement index of all calves across the study period (n = 32). Error bars represent
the 95% confidence interval.
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For the analysis of cross sucking, events were carried out by most calves within the
group. The model for degree centrality indicated that being socially prominent in carrying
out cross sucking was a transient social state due to changes in degree centrality between
weeks (χ2(6) = 66.6, p < 0.001), with an overall increase in cross sucking occurrences across
the weaning period (Figure 8). The breed of the calf was significantly associated with the
cross sucking degree centrality (χ2(1) = 9.8, p = 0.002), with beef calves having a higher
median value than dairy calves (5.0 compared to 4.0, Figure 9). There was a trend with
the sex of the calf (χ2(1) = 3.5, p = 0.06), with females having a higher median compared
to males (5.0 compared to 4.0). There was no association with disease occurrence prior to
(p = 0.12) or whilst on the AMF (p = 0.54).
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calves in Group 1 (n = 19) and the dotted line indicates calves in Group 2 (n = 13).
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Figure 9. Undirected sociograms showing the preferential interactions between socially dominant 

calves when cross sucking, with data combined over all seven weeks. Each calf has a unique node 

to identify it within the sociogram. The Kruskal–Wallis analysis demonstrated that the breed was 

significantly associated with cross sucking interactions; therefore, these categories are depicted by 

the shapes of the nodes, but only for calves with a degree centrality (social prominence) above the 

95% confidence interval range (circle for beef x, triangle for dairy). 
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health, feeding patterns and social behaviours prior to, over and following the weaning 
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30 May 2023) which cover around 95% and 27% of UK dairy farms, respectively. The sin-
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and environmental conditions. Activity monitors provided data throughout the 24 hr pe-

riod, but behavioural analysis was not possible during the night as we did not wish to use 

artificial lighting to enable accurate calf identification at this time. This was a limitation as 

the AMF recordings demonstrated that, although milk feeding predominantly occurred 

during daylight hours, the calves continued to feed during the night. The social network 

analysis assessed the probabilities of finding calves preferentially together near the AMF 

at greater-than-chance levels, but it is possible that a lack of observations during the night 

period reduced the ability to find medium- or low-strength preferential associations. The 

behavioural assessments also only included the area immediately surrounding the AMF, 

so additional behaviours might have occurred away from this site which have not been 

taken into account in this study. 

During the milk feeding phases, the mean number of daily visits to the AMF was 2.9 

(range of 0–13) and the mean milk powder consumption by the group was 1.3 kg/day (or 

~8.7 L/day). This roughly translates to an average of three milk feeds of 3 L per calf per 

day being consumed. Each individual feed was limited to a maximum of 3 L by the AMF. 

This voluntary milk intake figure is in line with those found by other researchers [58–60]. 

A recent UK farmer survey indicated that 87.5% (189/216) of farmers only fed their calves 

twice daily, with 93.5% feeding ≤ 8 L of milk per day [61]. This highlights the current 

widespread underfeeding of milk across the UK. Restricted milk feeding has been found 

in other studies [62,63], with farmers often citing ease of management as a reason for their 

chosen feeding regime [64]. The use of AMFs is still relatively low in the UK [61] and 

Ireland [63] at around 4% of farms, but these systems do offer a method for increasing 

milk intakes without the associated labour impacts. 

Figure 9. Undirected sociograms showing the preferential interactions between socially dominant
calves when cross sucking, with data combined over all seven weeks. Each calf has a unique node
to identify it within the sociogram. The Kruskal–Wallis analysis demonstrated that the breed was
significantly associated with cross sucking interactions; therefore, these categories are depicted by
the shapes of the nodes, but only for calves with a degree centrality (social prominence) above the
95% confidence interval range (circle for beef x, triangle for dairy).
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4. Discussion

This observational study followed two groups of calves fed on an AMF to assess the
health, feeding patterns and social behaviours prior to, over and following the weaning
period. It was based on a single commercial farm study managed under the guidelines
stipulated by two farm assurance schemes which are used widely in the UK (Red Tractor,
https://redtractor.org.uk/ and Arla, https://news.arlafoods.co.uk/sustainable, accessed
on 30 May 2023) which cover around 95% and 27% of UK dairy farms, respectively. The
single farm setting ensured both groups were followed under exactly the same management
and environmental conditions. Activity monitors provided data throughout the 24 hr
period, but behavioural analysis was not possible during the night as we did not wish to
use artificial lighting to enable accurate calf identification at this time. This was a limitation
as the AMF recordings demonstrated that, although milk feeding predominantly occurred
during daylight hours, the calves continued to feed during the night. The social network
analysis assessed the probabilities of finding calves preferentially together near the AMF at
greater-than-chance levels, but it is possible that a lack of observations during the night
period reduced the ability to find medium- or low-strength preferential associations. The
behavioural assessments also only included the area immediately surrounding the AMF, so
additional behaviours might have occurred away from this site which have not been taken
into account in this study.

During the milk feeding phases, the mean number of daily visits to the AMF was 2.9
(range of 0–13) and the mean milk powder consumption by the group was 1.3 kg/day (or
~8.7 L/day). This roughly translates to an average of three milk feeds of 3 L per calf per
day being consumed. Each individual feed was limited to a maximum of 3 L by the AMF.
This voluntary milk intake figure is in line with those found by other researchers [58–60].
A recent UK farmer survey indicated that 87.5% (189/216) of farmers only fed their calves
twice daily, with 93.5% feeding ≤ 8 L of milk per day [61]. This highlights the current
widespread underfeeding of milk across the UK. Restricted milk feeding has been found in
other studies [62,63], with farmers often citing ease of management as a reason for their
chosen feeding regime [64]. The use of AMFs is still relatively low in the UK [61] and
Ireland [63] at around 4% of farms, but these systems do offer a method for increasing milk
intakes without the associated labour impacts.

The ADLG until weaning was 0.89 kg/day, which is above the minimum recommen-
dation of 0.75 kg/day if a replacement dairy heifer is to achieve adequate bodyweight in
order to calve at 24 months of age [65]. However, it was lower than the ADLG in excess
of 1 kg/day for calves fed accelerated milk quantities found by [58]. This may have been
due to the relatively high motion indexes found in this study, with calves having a lot of
room (4 m2 per calf), possibly leading to energy usage through increased activity. Disease
occurrence whilst on the AMF did significantly reduce ADLG from 0.90 kg/day in healthy
animals to 0.81 kg/day in sick calves. Interestingly, the disease prevalence in the smaller
group size (n = 13) was 6% lower than the larger group size (n = 19), along with more
pneumonia cases within the larger group. This is in line with the findings from [25], who
found lower respiratory disease levels in smaller group sizes, possibly due to less direct
contact between lower numbers of calves, and fewer calves feeding from the same teat
which can act as a risk factor for disease spread through contaminated secretions from the
respiratory tract.

Overall, male calves had higher birthweights, and although there was no significant
increase in mean milk powder consumption, they still had a higher mean ADLG compared
to female calves. However, female calves paid more visits to the AMF overall, including
more successful and refusal visits. The social analysis also established that females had a
trend towards higher displacement indexes, meaning that they tended to be the recipient
of more aggressive behaviours whilst in the AMF. This is in line with [66], who found that
male calves are more active in mounting and pushing behaviours than female calves. This
study did not collect data on meal sizes, but the available feeding pattern would suggest
that, although female calves paid more frequent visits to the AMF, they consumed smaller

https://redtractor.org.uk/
https://news.arlafoods.co.uk/sustainable
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meal sizes at each successful visit, possibly due to their higher displacement levels. It
was also noted that male calves with a heavier birthweight had longer lying times, also
found by [67], which may have contributed to decreased energy expenditure from activity.
Overall, this suggests it may be better to group calves in single sexes to avoid any bullying
behaviour of males towards females.

The overall mean number of refusal visits to the AMF was 4.9 (range of 0–46), and these
increased over the weaning period even though a gradual step-down weaning program
was used, which is in line with other studies [60,68,69]. Although solid feed intakes were
not measured, the ADLG was maintained and even increased over the weaning period,
suggesting that calves were likely to be transitioning well onto a solid feed diet, so hunger
should not have influenced AMF visits. Others have suggested frustration as an explanation
for unrewarded refusal visits during and following weaning [60], with the removal of near-
ad libitum access to milk resulting in a lack of expected milk rewards when a calf visits the
AMF. There may also have been an impact on the difference in weaning schedule between
group members, with some calves still eligible to receive milk, which may have encouraged
fully weaned calves to visit the AMF as they observed other calves feeding.

The group housing of calves has shown variable effects on disease levels compared to
individual housing [13], with this study finding 34.4% morbidity but no mortality whilst on
the AMF. The size of calf groups is thought to have an impact on disease prevalence, with
some reports of groups sizes > 7 having a negative impact on disease occurrence [25,70].
This study found that calves experiencing disease whilst on the AMF had a 0.09 kg/day
lower ALDG than their healthy counterparts. Interestingly, calves that had been sick prior
to entry onto the AMF were also found to have lower odds of completing successful visits
to the AMF, but had no difference in refusal visits. This suggests that a calf’s willingness to
visit the feeder and voluntarily consume milk via an AMF can be negatively influenced
by health events prior to entry onto an AMF. Calves that experienced disease whilst on
the AMF did not alter the number of successful visits to the AMF (and did not reduce
mean milk powder intakes), but they did have fewer refusal visits, which is in line with
findings by others that sick calves do not feed as often [32,71–74]. It should be noted that
this study utilised weekly health scoring, so it is possible some disease episodes were
missed, resulting in a lower disease detection rate than the true on-farm prevalence.

The overall activity of the calves indicated a diurnal pattern, with peaks in standing
clustered around morning and evening. There may have been some pre-conditioning of
activity behaviour in these calves as they had received manual twice-daily milk feeding
during their first few weeks of life. Preferential feeding at these times may have led to
congestion around the single feeding point per pen on the AMF. Further research into
feeding time patterns for calves using AMFs may be useful to establish optimal group sizes
that minimise calf waiting times and the possible occurrence of negative social interactions
at busy feeding periods.

Social interactions between calves were assessed for prominence (degree centrality)
over time. Using these measures, we found no consistent evidence for calf feeding prefer-
ences between specific individuals, meaning a calf was as likely to feed at a similar time as
any other calf in the group. The calves housed in groups use social facilitation whereby
they initiate specific behaviours (such as using the AMF) while observing others engaged in
that behaviour [75]. Given that our study found no calf preferences, it might be concluded
that social facilitation is socially indiscriminate, meaning that any calf is equally likely to
join another calf. This has been found in other species such as fowl [76], with birds housed
in large groups not discriminating familiar from unfamiliar individuals [77]. In addition,
it has been reported that group size can have an impact on social preferences, with larger
group sizes exerting pressures due to increased social demands, possibly resulting in social
indifference [78] and social tolerance of close proximity by any group member [79].

The levels of both social prominence, displacements and cross sucking increased over
the weaning period. This is likely linked to the high number of refusal visits, with multiple
calves within the group spending time in and around the AMF. This could again be linked
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to frustration, with calves wanting to consume milk but receiving reducing amounts over
time. Cross sucking behaviours were generally low, but were carried out by most calves
in the group, which is in line with [80] for calves fed via an AMF. The sex of the calf
significantly impacted the degree centrality, adding weight to the argument for managing
AMF groups as single sexes. There was an increased level seen in the beef cross calves, who
were more prominent and influential in engaging in cross sucking than the dairy breeds. It
should be noted, however, that there were only four beef cross calves. Finding a significant
association with such low power therefore highlights an interesting difference, although
the reason for it is unclear and may be a false positive due to the low power. Further studies
should investigate this breed difference further to elucidate whether there is a benefit to
group calves by breed as well as sex.

5. Conclusions

This observational study followed two groups of calves fed on an AMF to assess their
health, feeding patterns and social behaviours prior to, over and following the weaning
period. It was found that calves preferred to consume approximately 3 L of milk three
times a day. This is more than most dairy farmers reportedly feed their calves, highlighting
the high level of restricted milk feeding currently being used. Female calves were found to
have higher displacement indexes with more visits to the AMF than males, suggesting that
single-sex groupings may be beneficial to reduce aggression around the limited resources of
the AMF. Overall, calf activity had a diurnal pattern, with the highest standing times during
mornings and afternoons, which may put pressure on limited resources if all calves are
active during these particular time periods. In terms of social interactions, calves appeared
to be socially indiscriminate, not having preferred feeding partners. However, the levels
of social prominence, influence, displacements and cross sucking all increased over the
weaning period, possibly linked to frustrations around reducing milk availability rather
than hunger, as shown by the increasing ADLG with increasing age.

Author Contributions: The study was designed by S.A.M., R.E.B., D.C.W. and N.B. The experimental
work and data analysis was conducted by S.A.M. and N.B. The paper was written by S.A.M., R.E.B.,
D.C.W. and N.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Barham Benevolent Foundation and the Society of
Feed Technologists.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Royal Veterinary College and approved by the Clinical Research Ethics Committee of the Royal
Veterinary College (protocol code URN 2020 2014-2).

Informed Consent Statement: Informed consent was obtained from the owner of the animals used
in the study.

Data Availability Statement: Data supporting the results can be requested from the corresponding
author.

Acknowledgments: Many thanks to John Baggs for his technical and practical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kertz, A.F.; Hill, T.M.; Quigley, J.D.; Heinrichs, A.J.; Linn, J.G.; Drackley, J.K. A 100-Year Review: Calf Nutrition and Management.

J. Dairy Sci. 2017, 100, 10151–10172. [CrossRef] [PubMed]
2. Barrington, G.M.; Gay, J.M.; Evermann, J.F. Biosecurity for Neonatal Gastrointestinal Diseases. Vet. Clin. N. Am. Food Anim. Pract.

2002, 18, 7–34. [CrossRef] [PubMed]
3. Callan, R.J.; Garry, F.B. Biosecurity and Bovine Respiratory Disease. Vet. Clin. N. Am. Food Anim. Pract. 2002, 18, 57–77. [CrossRef]

[PubMed]
4. Jensen, M.B.; Larsen, L.E. Effects of Level of Social Contact on Dairy Calf Behavior and Health. J. Dairy Sci. 2014, 97, 5035–5044.

[CrossRef]

https://doi.org/10.3168/jds.2017-13062
https://www.ncbi.nlm.nih.gov/pubmed/29153160
https://doi.org/10.1016/S0749-0720(02)00005-1
https://www.ncbi.nlm.nih.gov/pubmed/12064170
https://doi.org/10.1016/S0749-0720(02)00004-X
https://www.ncbi.nlm.nih.gov/pubmed/12064169
https://doi.org/10.3168/jds.2013-7311


Ruminants 2023, 3 283

5. Jensen, M.B.; Vestergaard, K.S.; Krohn, C.C.; Munksgaard, L. Effect of Single versus Group Housing and Space Allowance on
Responses of Calves during Open-Field Tests. Appl. Anim. Behav. Sci. 1997, 54, 109–121. [CrossRef]

6. Costa, J.H.C.; Daros, R.R.; von Keyserlingk, M.A.G.; Weary, D.M. Complex Social Housing Reduces Food Neophobia in Dairy
Calves. J. Dairy Sci. 2014, 97, 7804–7810. [CrossRef]

7. Overvest, M.A.; Crossley, R.E.; Miller-Cushon, E.K.; DeVries, T.J. Social Housing Influences the Behavior and Feed Intake of Dairy
Calves during Weaning. J. Dairy Sci. 2018, 101, 8123–8134. [CrossRef]

8. Holm, L.; Jensen, M.B.; Jeppesen, L.L. Calves’ Motivation for Access to Two Different Types of Social Contact Measured by
Operant Conditioning. Appl. Anim. Behav. Sci. 2002, 79, 175–194. [CrossRef]

9. Jensen, M.B.; Munksgaard, L.; Mogensen, L.; Krohn, C.C. Effects of Housing in Different Social Environments on Open-Field and
Social Responses of Female Dairy Calves. Anim. Sci. 2010, 49, 113–120. [CrossRef]

10. Cohen, S.; Wills, T. Stress, Social Support, and the Buffering Hypothesis. Psychol. Bull. 1985, 98, 310–357. [CrossRef]
11. Gaillard, C.; Meagher, R.K.; Von Keyserlingk, M.A.G.; Weary, D.M. Social Housing Improves Dairy Calves’ Performance in

Two Cognitive Tests. PLoS ONE 2014, 9, 90205. [CrossRef] [PubMed]
12. Velasquez-Munoz, A.; Rao, S.; Roman-Muniz, N.; Pinedo, P. Early Life Behavior and Disease Dynamics of Pair-Housed Holstein

Heifer Calves. Appl. Anim. Behav. Sci. 2023, 265, 105982. [CrossRef]
13. Costa, J.H.C.C.; von Keyserlingk, M.A.G.G.; Weary, D.M. Invited Review: Effects of Group Housing of Dairy Calves on Behavior,

Cognition, Performance, and Health. J. Dairy Sci. 2016, 99, 2453–2467. [CrossRef]
14. Jensen, M.B.; Vestergaard, K.S.; Krohn, C.C. Play Behaviour in Dairy Calves Kept in Pens: The Effect of Social Contact and Space

Allowance. Appl. Anim. Behav. Sci. 1998, 56, 97–108. [CrossRef]
15. Sutherland, M.A.; Worth, G.M.; Stewart, M. The Effect of Rearing Substrate and Space Allowance on the Behavior and Physiology

of Dairy Calves. J. Dairy Sci. 2014, 97, 4455–4463. [CrossRef] [PubMed]
16. Babu, L.K.; Pandey, H.N.; Sahoo, A. Effect of Individual versus Group Rearing on Ethological and Physiological Responses of

Crossbred Calves. Appl. Anim. Behav. Sci. 2004, 87, 177–191. [CrossRef]
17. Lidfors, L.; Isberg, L. Intersucking in Dairy Cattle—Review and Questionnaire. Appl. Anim. Behav. Sci. 2003, 80, 207–231.

[CrossRef]
18. Sambraus, H. Humane Considerations in Calf Rearing. Anim. Regul. Stud. 1980, 3, 19–22.
19. Medrano-Galarza, C.; LeBlanc, S.J.; DeVries, T.J.; Jones-Bitton, A.; Rushen, J.; Marie de Passillé, A.; Haley, D.B. A Survey of Dairy

Calf Management Practices among Farms Using Manual and Automated Milk Feeding Systems in Canada. J. Dairy Sci. 2017, 100,
6872–6884. [CrossRef]

20. Curtis, G.C.; Argo, C.M.; Jones, D.; Grove-White, D.H. Impact of Feeding and Housing Systems on Disease Incidence in Dairy
Calves. Vet. Rec. 2016, 179, 512. [CrossRef]

21. Ewbank, R. The Frequency and Duration of the Nursing Periods in Single-Suckled Hereford Beef Cows. Br. Vet. J. 1969, 125, ix–x.
[CrossRef] [PubMed]

22. Duve, L.R.; Jensen, M.B. Social Behavior of Young Dairy Calves Housed with Limited or Full Social Contact with a Peer. J. Dairy
Sci. 2012, 95, 5936–5945. [CrossRef] [PubMed]

23. Raussi, S.; Niskanen, S.; Siivonen, J.; Hänninen, L.; Hepola, H.; Jauhiainen, L.; Veissier, I. The Formation of Preferential
Relationships at Early Age in Cattle. Behav. Process. 2010, 84, 726–731. [CrossRef] [PubMed]

24. Lazo, A. Social Segregation and the Maintenance of Social Stability in a Feral Cattle Population. Anim. Behav. 1994, 48, 1133–1141.
[CrossRef]

25. Svensson, C.; Liberg, P. The Effect of Group Size on Health and Growth Rate of Swedish Dairy Calves Housed in Pens with
Automatic Milk-Feeders. Prev. Vet. Med. 2006, 73, 43–53. [CrossRef]

26. Val-Laillet, D.; Veira, D.M.; Von Keyserlingk, M.A.G. Short Communication: Dominance in Free-Stall-Housed Dairy Cattle Is
Dependent upon Resource. J. Dairy Sci. 2008, 91, 3922–3926. [CrossRef]

27. Jensen, M.B. Computer-Controlled Milk Feeding of Dairy Calves: The Effects of Number of Calves per Feeder and Number of
Milk Portions on Use of Feeder and Social Behavior. J. Dairy Sci. 2004, 87, 3428–3438. [CrossRef]

28. Sweeney, B.C.; Rushen, J.; Weary, D.M.; de Passillé, A.M. Duration of Weaning, Starter Intake, and Weight Gain of Dairy Calves
Fed Large Amounts of Milk. J. Dairy Sci. 2010, 93, 148–152. [CrossRef]

29. Khan, M.A.; Lee, H.J.; Lee, W.S.; Kim, H.S.; Kim, S.B.; Ki, K.S.; Ha, J.K.; Lee, H.G.; Choi, Y.J. Pre- and Postweaning Performance of
Holstein Female Calves Fed Milk Through Step-Down and Conventional Methods. J. Dairy Sci. 2007, 90, 876–885. [CrossRef]

30. Jung, J.; Lidfors, L. Effects of Amount of Milk, Milk Flow and Access to a Rubber Teat on Cross-Sucking and Non-Nutritive
Sucking in Dairy Calves. Appl. Anim. Behav. Sci. 2001, 72, 201–213. [CrossRef]

31. Abdelfattah, E.M.; Schutz, M.M.; Lay, D.C.; Marchant-Forde, J.N.; Eicher, S.D. Effect of Group Size on Behavior, Health, Production,
and Welfare of Veal Calves. J. Anim. Sci. 2013, 91, 5455–5465. [CrossRef] [PubMed]

32. Perttu, R.K.; Peiter, M.; Bresolin, T.; Dórea, J.R.R.; Endres, M.I. Feeding Behaviors Collected from Automated Milk Feeders Were
Associated with Disease in Group-Housed Dairy Calves in the Upper Midwest United States. J. Dairy Sci. 2023, 106, 1206–1217.
[CrossRef] [PubMed]

33. Morita, S.; Sugita, S.; Yamamoto, M.; Hoshiba, S.; Uemura1, T. Behavioral Investigation of Group Rearing Calves in Automatic
Milk Replacer Feeding System. Anim. Sci. J. 1999, 70, 542–546. [CrossRef]

https://doi.org/10.1016/S0168-1591(96)01183-5
https://doi.org/10.3168/jds.2014-8392
https://doi.org/10.3168/jds.2018-14465
https://doi.org/10.1016/S0168-1591(02)00137-5
https://doi.org/10.1080/090647099424178
https://doi.org/10.1037/0033-2909.98.2.310
https://doi.org/10.1371/journal.pone.0090205
https://www.ncbi.nlm.nih.gov/pubmed/24587281
https://doi.org/10.1016/j.applanim.2023.105982
https://doi.org/10.3168/jds.2015-10144
https://doi.org/10.1016/S0168-1591(97)00106-8
https://doi.org/10.3168/jds.2013-7822
https://www.ncbi.nlm.nih.gov/pubmed/24792793
https://doi.org/10.1016/j.applanim.2004.01.006
https://doi.org/10.1016/S0168-1591(02)00215-0
https://doi.org/10.3168/jds.2016-12273
https://doi.org/10.1136/vr.103895
https://doi.org/10.1016/S0007-1935(17)49115-9
https://www.ncbi.nlm.nih.gov/pubmed/5798845
https://doi.org/10.3168/jds.2012-5428
https://www.ncbi.nlm.nih.gov/pubmed/22901479
https://doi.org/10.1016/j.beproc.2010.05.005
https://www.ncbi.nlm.nih.gov/pubmed/20457231
https://doi.org/10.1006/anbe.1994.1346
https://doi.org/10.1016/j.prevetmed.2005.08.021
https://doi.org/10.3168/jds.2008-1332
https://doi.org/10.3168/jds.S0022-0302(04)73478-5
https://doi.org/10.3168/jds.2009-2427
https://doi.org/10.3168/jds.S0022-0302(07)71571-0
https://doi.org/10.1016/S0168-1591(01)00110-1
https://doi.org/10.2527/jas.2013-6308
https://www.ncbi.nlm.nih.gov/pubmed/23989884
https://doi.org/10.3168/jds.2022-22043
https://www.ncbi.nlm.nih.gov/pubmed/36460495
https://doi.org/10.2508/chikusan.70.542


Ruminants 2023, 3 284

34. Cantor, M.C.; Costa, J.H.C. Daily Behavioral Measures Recorded by Precision Technology Devices May Indicate Bovine Respiratory
Disease Status in Preweaned Dairy Calves. J. Dairy Sci. 2022, 105, 6070–6082. [CrossRef]

35. Webb, L.E.; van Reenen, C.G.; Jensen, M.B.; Schmitt, O.; Bokkers, E.A.M. Does Temperament Affect Learning in Calves? Appl.
Anim. Behav. Sci. 2015, 165, 33–39. [CrossRef]

36. McGuirk, S. Troubleshooting Dairy Calf Pneumonia Problems. In Proceedings of the Twenty Fifth Annual ACVIM Forum, Seattle,
WA, USA, 6–9 June 2007.

37. Pardon, B. A Quick Scan Lung Ultrasound Method and Flow Chart as a Decision Aid for Bronchopneumonia Diagnosis. In
Proceedings of the XXIV Congreso Internacional ANEMBE de Medicinea Bovina, Seville, Spain, 22–24 May 2019; p. 258.

38. Mahendran, S.A.; Wathes, D.C.; Booth, R.E.; Baker, N.; Blackie, N. Effects of Individual and Pair Housing of Calves on Short-Term
Health and Behaviour on a UK Commercial Dairy Farm. Animals 2023, 13, 2140. [CrossRef]

39. Neave, H.W.; Costa, J.H.C.; Benetton, J.B.; Weary, D.M.; von Keyserlingk, M.A.G. Individual Characteristics in Early Life Relate to
Variability in Weaning Age, Feeding Behavior, and Weight Gain of Dairy Calves Automatically Weaned Based on Solid Feed
Intake. J. Dairy Sci. 2019, 102, 10250–10265. [CrossRef]

40. Finney, G.; Gordon, A.; Scoley, G.; Morrison, S.J.J. Validating the IceRobotics IceQube Tri-Axial Accelerometer for Measuring
Daily Lying Duration in Dairy Calves. Livest. Sci. 2018, 214, 83–87. [CrossRef]

41. Friard, O.; Gamba, M. BORIS: A Free, Versatile Open-Source Event-Logging Software for Video/Audio Coding and Live
Observations. Methods Ecol. Evol. 2016, 7, 1325–1330. [CrossRef]

42. Foris, B.; Zebunke, M.; Langbein, J.; Melzer, N. Comprehensive Analysis of Affiliative and Agonistic Social Networks in Lactating
Dairy Cattle Groups. Appl. Anim. Behav. Sci. 2019, 210, 60–67. [CrossRef]

43. Ugwu, N.; Love, E.; Murrell, J.; Whay, H.R.; Knowles, T.; Hockenhull, J. Development of an Ethogram for Hutch-Housed Dairy
Calves and Determination of Factors Influencing Their Behaviour. Appl. Anim. Behav. Sci. 2020, 234, 105165. [CrossRef]

44. Boyland, N.K.; Mlynski, D.T.; James, R.; Brent, L.J.N.; Croft, D.P. The Social Network Structure of a Dynamic Group of Dairy
Cows: From Individual to Group Level Patterns. Appl. Anim. Behav. Sci. 2016, 174, 1–10. [CrossRef]

45. Opsahl, T.; Agneessens, F.; Skvoretz, J. Node Centrality in Weighted Networks: Generalizing Degree and Shortest Paths. Soc.
Netw. 2010, 32, 245–251. [CrossRef]

46. Durrell, J.L.; Sneddon, I.A.; O’Connell, N.E.; Whitehead, H. Do Pigs Form Preferential Associations? Appl. Anim. Behav. Sci. 2004,
89, 41–52. [CrossRef]

47. Davis, G.H.; Crofoot, M.C.; Farine, D.R. Estimating the Robustness and Uncertainty of Animal Social Networks Using Different
Observational Methods. Anim. Behav. 2018, 141, 29–44. [CrossRef]

48. Goumon, S.; Illmann, G.; Leszkowová, I.; Dostalová, A.; Cantor, M. Dyadic Affiliative Preferences in a Stable Group of Domestic
Pigs. Appl. Anim. Behav. Sci. 2020, 230, 105045. [CrossRef]

49. Borgatti, S.; Everett, M.; Johnson, J. Analyzing Social Networks, 2nd ed.; Seaman, J., Ed.; SAGE: London, UK, 2018.
50. Gero, S.; Gordon, J.; Whitehead, H. Calves as Social Hubs: Dynamics of the Social Network within Sperm Whale Units. Proc. R.

Soc. B Biol. Sci. 2013, 280, 20131113. [CrossRef]
51. Verdolin, J.L.; Traud, A.L.; Dunn, R.R. Key Players and Hierarchical Organization of Prairie Dog Social Networks. Ecol. Complex.

2014, 19, 140–147. [CrossRef]
52. Jowett, S.; Amory, J. The Stability of Social Prominence and Influence in a Dynamic Sow Herd: A Social Network Analysis

Approach. Appl. Anim. Behav. Sci. 2021, 238, 105320. [CrossRef]
53. Büttner, K.; Scheffler, K.; Czycholl, I.; Krieter, J. Network Characteristics and Development of Social Structure of Agonistic

Behaviour in Pigs across Three Repeated Rehousing and Mixing Events. Appl. Anim. Behav. Sci. 2015, 168, 24–30. [CrossRef]
54. Baur, M.; Benkert, M.; Brandes, U.; Cornelsen, S.; Gaertler, M.; Köpf, B.; Lerner, J.; Wagner, D. Software for Visual Social Network

Analysis. Lect. Notes Comput. Sci. 2002, 2265, 463–464.
55. Borgatti, S.; Everett, M.; Freeman, L. Ucinet: Software for Social Network Analysis. Harv. MA Anal. Technol. 2002, 6, 12–15.
56. Galindo, F.; Broom, D.M. The Relationships between Social Behaviour of Dairy Cows and the Occurrence of Lameness in

Three Herds. Res. Vet. Sci. 2000, 69, 75–79. [CrossRef] [PubMed]
57. Val-Laillet, D.; Passille De, A.; Rushen, J.; von Keyserlingk, M. The Concept of Social Dominance and the Social Distribution of

Feeding-Related Displacements between Cows. Appl. Anim. Behav. Sci. 2008, 111, 158–172. [CrossRef]
58. Bleach, E.; Gould, M.; Blackie, N.; Beever, D. Growth Performance of Holstein-Friesian Heifer Calves Reared Using Three Milk

Replacer Feeding Regimes. Recent Adv. Anim. Nutr. 2011, 2005, 347–357. [CrossRef]
59. Rosenberger, K.; Costa, J.H.C.; Neave, H.W.; von Keyserlingk, M.A.G.; Weary, D.M. The Effect of Milk Allowance on Behavior

and Weight Gains in Dairy Calves. J. Dairy Sci. 2017, 100, 504–512. [CrossRef]
60. Welk, A.; Neave, H.W.; Spitzer, H.B.; von Keyserlingk, M.A.G.; Weary, D.M. Effects of Intake-Based Weaning and Forage Type on

Feeding Behavior and Growth of Dairy Calves Fed by Automated Feeders. J. Dairy Sci. 2022, 105, 9119–9136. [CrossRef]
61. Mahendran, S.A.A.; Wathes, D.C.C.; Booth, R.E.E.; Blackie, N. A Survey of Calf Management Practices and Farmer Perceptions of

Calf Housing in UK Dairy Herds. J. Dairy Sci. 2022, 105, 49–423. [CrossRef]
62. Hyde, R.M.; Green, M.J.; Hudson, C.; Down, P.M. Factors Associated with Daily Weight Gain in Preweaned Calves on Dairy

Farms. Prev. Vet. Med. 2021, 190, 105320. [CrossRef]
63. Sinnott, A.M.; Bokkers, E.A.M.; Murphy, J.P.; Kennedy, E. A Survey of Calf Housing Facilities Pre-Weaning, Management Practices

and Farmer Perceptions of Calf Welfare on Irish Dairy Farms. Animals 2023, 13, 1019. [CrossRef]

https://doi.org/10.3168/jds.2021-20798
https://doi.org/10.1016/j.applanim.2015.01.013
https://doi.org/10.3390/ani13132140
https://doi.org/10.3168/jds.2019-16438
https://doi.org/10.1016/j.livsci.2018.05.014
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1016/j.applanim.2018.10.016
https://doi.org/10.1016/j.applanim.2020.105165
https://doi.org/10.1016/j.applanim.2015.11.016
https://doi.org/10.1016/j.socnet.2010.03.006
https://doi.org/10.1016/j.applanim.2004.05.003
https://doi.org/10.1016/j.anbehav.2018.04.012
https://doi.org/10.1016/j.applanim.2020.105045
https://doi.org/10.1098/rspb.2013.1113
https://doi.org/10.1016/j.ecocom.2014.06.003
https://doi.org/10.1016/j.applanim.2021.105320
https://doi.org/10.1016/j.applanim.2015.04.017
https://doi.org/10.1053/rvsc.2000.0391
https://www.ncbi.nlm.nih.gov/pubmed/10924398
https://doi.org/10.1016/j.applanim.2007.06.001
https://doi.org/10.5661/recadv-05-347
https://doi.org/10.3168/jds.2016-11195
https://doi.org/10.3168/jds.2021-21468
https://doi.org/10.3168/jds.2021-20638
https://doi.org/10.1016/j.prevetmed.2021.105320
https://doi.org/10.3390/ani13061019


Ruminants 2023, 3 285

64. Palczynski, L.J.; Bleach, E.C.L.; Brennan, M.L.; Robinson, P.A. Appropriate Dairy Calf Feeding from Birth to Weaning: “It’s an
Investment for the Future”. Animals 2020, 10, 116. [CrossRef] [PubMed]

65. Wathes, D.C.; Pollott, G.E.; Johnson, K.F.; Richardson, H.; Cooke, J.S. Heifer Fertility and Carry over Consequences for Life Time
Production in Dairy and Beef Cattle. Animal 2014, 8, 91–104. [CrossRef] [PubMed]

66. Reinhardt, V.; Mutiso, F.M.; Reinhardt, A. Social Behaviour and Social Relationships between Female and Male Prepubertal
Bovine Calves (Bos Indicus). Appl. Anim. Ethol. 1978, 4, 43–54. [CrossRef]

67. Thorup, V.; Saini, D.; Scoley, G.; Morrison, S. Are Male Calves Lazier than Female Calves? Br. Soc. Anim. Sci. Proc. 2021, 12, 123.
[CrossRef]

68. Benetton, J.B.B.; Neave, H.W.W.; Costa, J.H.C.H.C.; von Keyserlingk, M.A.G.; Weary, D.M.M.; von Keyserlingk, M.A.G.; Weary,
D.M.M. Automatic Weaning Based on Individual Solid Feed Intake: Effects on Behavior and Performance of Dairy Calves.
J. Dairy Sci. 2019, 102, 5475–5491. [CrossRef]

69. de Passillé, A.M.; Rushen, J. Using Automated Feeders to Wean Calves Fed Large Amounts of Milk According to Their Ability to
Eat Solid Feed. J. Dairy Sci. 2016, 99, 3578–3583. [CrossRef]

70. Losinger, W.; Heinrichs, A.J. Management Practices Associated with High Mortality among Preweaned Dairy Heifers. J. Dairy
Res. 1997, 64, 1–11. [CrossRef]

71. Borderas, T.F.; Rushen, J.; von Keyserlingk, M.A.G.; de Passillé, A.M.B. Automated Measurement of Changes in Feeding Behavior
of Milk-Fed Calves Associated with Illness. J. Dairy Sci. 2009, 92, 4549–4554. [CrossRef]

72. Knauer, W.A.; Godden, S.M.; Dietrich, A.; James, R.E. The Association between Daily Average Feeding Behaviors and Morbidity
in Automatically Fed Group-Housed Preweaned Dairy Calves. J. Dairy Sci. 2017, 100, 5642–5652. [CrossRef]

73. Sutherland, M.A.; Lowe, G.L.; Huddart, F.J.; Waas, J.R.; Stewart, M. Measurement of Dairy Calf Behavior Prior to Onset of Clinical
Disease and in Response to Disbudding Using Automated Calf Feeders and Accelerometers. J. Dairy Sci. 2018, 101, 8208–8216.
[CrossRef]

74. Cantor, M.C.; Renaud, D.L.; Neave, H.W.; Costa, J.H.C. Feeding Behavior and Activity Levels Are Associated with Recovery
Status in Dairy Calves Treated with Antimicrobials for Bovine Respiratory Disease. Sci. Rep. 2022, 12, 4854. [CrossRef] [PubMed]

75. Galef, B.G.J. Imitation in Animals: History, Definition and Interpretation of the Data from the Psychological Laboratory. In Social
Learning: Psychological and Biological Perspectives; Psychology Press: Hillsdale, NJ, USA, 1988; pp. 3–28.

76. Abeyesinghe, S.M.; Drewe, J.A.; Asher, L.; Wathes, C.M.; Collins, L.M. Do Hens Have Friends? Appl. Anim. Behav. Sci. 2013, 143,
61–66. [CrossRef]

77. D’Eath, R.B.; Keeling, L.J. Social Discrimination and Aggression by Laying Hens in Large Groups: From Peck Orders to Social
Tolerance. Appl. Anim. Behav. Sci. 2003, 84, 197–212. [CrossRef]

78. Croney, C.C.; Newberry, R.C. Group Size and Cognitive Processes. Appl. Anim. Behav. Sci. 2007, 103, 215–228. [CrossRef]
79. Estevez, I.; Andersen, I.L.; Nævdal, E. Group Size, Density and Social Dynamics in Farm Animals. Appl. Anim. Behav. Sci. 2007,

103, 185–204. [CrossRef]
80. Roth, B.A.; Keil, N.M.; Gygax, L.; Hillmann, E. Influence of Weaning Method on Health Status and Rumen Development in Dairy

Calves. J. Dairy Sci. 2009, 92, 645–656. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani10010116
https://www.ncbi.nlm.nih.gov/pubmed/31936781
https://doi.org/10.1017/S1751731114000755
https://www.ncbi.nlm.nih.gov/pubmed/24698359
https://doi.org/10.1016/0304-3762(78)90092-5
https://doi.org/10.1016/j.anscip.2021.03.154
https://doi.org/10.3168/jds.2018-15830
https://doi.org/10.3168/jds.2015-10259
https://doi.org/10.1017/S0022029996001999
https://doi.org/10.3168/jds.2009-2109
https://doi.org/10.3168/jds.2016-12372
https://doi.org/10.3168/jds.2017-14207
https://doi.org/10.1038/s41598-022-08131-1
https://www.ncbi.nlm.nih.gov/pubmed/35318327
https://doi.org/10.1016/j.applanim.2012.12.003
https://doi.org/10.1016/j.applanim.2003.08.010
https://doi.org/10.1016/j.applanim.2006.05.023
https://doi.org/10.1016/j.applanim.2006.05.025
https://doi.org/10.3168/jds.2008-1153

	Introduction 
	Materials and Methods 
	Study Subjects 
	Nutrition 
	Activity Data Collection 
	Behavioural Data Collection 
	Statistical Analysis 

	Results 
	Milk Feeding Analysis 
	Activity Analysis 
	Behavioural Analysis 

	Discussion 
	Conclusions 
	References

