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Evidence of personality‑dependent 
plasticity in dairy calf 
movement behaviours derived 
from automated data collection
Francesca Occhiuto 1*, Jorge A. Vázquez‑Diosdado 1, Andrew J. King 2 & Jasmeet Kaler 1*

Individual consistency in behaviour, known as animal personality, and behavioural plasticity in 
response to environmental changes are important factors shaping individual behaviour. Correlations 
between them, called personality-dependent plasticity, indicate that personality can affect individual 
reactions to the environment. In farm animals this could impact the response to management 
changes or stressors but has not yet been investigated. Here we use ultra-wideband location sensors 
to measure personality and plasticity in the movement of 90 dairy calves for up to 56 days starting in 
small pair-housing enclosures, and subsequently moved to larger social housings. For the first time 
calves were shown to differ in personality and plasticity of movement when changing housing. There 
were significant correlations between personality and plasticity for distance travelled (0.57), meaning 
that individuals that travelled the furthest in the pair housing increased their movement more in the 
social groups, and for residence time (− 0.65) as those that stayed in the same area more decreased 
more with the change in housing, demonstrating personality-dependent plasticity. Additionally, 
calves conformed to their pen-mate’s behaviour in pairs, but this did not continue in the groups. 
Therefore, personality, plasticity and social effects impact how farm animals respond to changes and 
can inform management decisions.

Behavioural differences between individuals of the same population and species, which are stable in time and 
across different contexts, are defined as animal personality, and are observed in a variety of animal species1–3. In 
contrast, behavioural plasticity is characterised by behavioural change, where individuals adapt their behaviour 
in response to changes in the environmental conditions and circumstances4–6. Individuals within a population 
can adjust their behaviour in response to environmental stimuli or changes (plasticity) and still show consistent 
inter-individual differences in behaviour (personality)5. Indeed, the extent of variation in behaviours may be 
affected by personality differences present in the population5,7. For example, more exploratory individuals have 
been observed to show greater plasticity in behaviour compared to less exploratory individuals in great tits8 
and bolder individuals were less plastic than shy individuals in sticklebacks9. Correlation between personality 
and plasticity may therefore be widespread, but the causes and consequences of these correlations are not well 
understood10,11.

Quantifying and understanding the consequences of correlations between personality and plasticity in 
animals requires repeated measurements of behaviour taken over an environmental gradient or in different 
contexts12. This can be difficult to achieve with traditional behavioural observation methods in the laboratory or 
in the wild13,14. With the advent of modern sensor and tracking technologies such data are, however, becoming 
more accessible10,15–17, especially since the movement behaviours easily captured by these technologies directly 
relate to established personality constructs of “exploration” and “activity”16,18,19. An excellent example is the use 
of precision technology applied to farm animals. These technologies provide repeated and detailed behavioural 
data that offer the opportunity to advance our understanding of personality and plasticity, whilst improving farm 
animal management protocols by focussing on individuals’ requirements20. Indeed, location sensors have been 
used to show evidence of personality types regarding activity and exploration in dairy calves17, but the effects 
of environmental changes and any individual differences in behavioural plasticity have not been investigated.
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Here, we use automated data collection using ultra-wideband sensors21 to investigate personality in dairy calf 
movement behaviours and the plasticity in these movement behaviours when individuals experience changes 
to their physical and social environments because of routine management regimes22. In the UK, dairy calves are 
often housed alone or in pairs at birth and then moved to larger social groups in different housings as they grow 
older22. This system therefore presents an ideal set-up for studying the effects of changing environment (housing 
and social grouping) on farm animal personality and plasticity. Social animals are known to adjust their behav-
iour to other individuals in the group, a phenomenon known as behavioural synchronicity23, as an anti-predator 
strategy and to increase group cohesiveness24,25. However, it is not known whether such social dynamics can lead 
to long lasting effects on individual personality. In addition, an understanding of how individual characteristics 
such as personality traits and differences in behavioural plasticity might affect an animal’s response to manage-
ment interventions could result in more effective and tailored management decisions, with health and welfare 
benefits20. Indeed, recent studies have attempted to use behavioural indicators such as reduced activity to detect 
disease in cattle26,27. However only using group averages—when we know that animals vary in their personal-
ity—may result in incorrect detection of disease, limiting the effectiveness of any intervention.

We recorded the movement behaviours of 90 dairy calves for up to 56 days, starting as they were in small 
enclosures housed in pairs, and then when they moved into larger enclosures housed in social groups. Focussing 
on two movement behaviours that are commonly studied in animal personality research (daily distance travelled 
and residence time)10,16 we investigated several aspects of calf behavioural variation. Daily distance travelled was 
chosen as a measure of activity as it reflects how much an animal moves each day. Residence time is defined as the 
time an individual spends inside a circle centred around its location, without leaving it for more than a specified 
amount of time. This indicates how much time an animal spends investigating each area before moving on and 
therefore is indicative of exploratory behaviour10,16. We expected to see consistent variation between individuals 
in movement behaviours that persisted across time and different environmental contexts17,28,29 (prediction 1) 
representing personality differences. However, we also expected to see plasticity10,16 and anticipated that indi-
viduals would move larger distances (prediction 2) and spend less time in one place (prediction 3) in the social 
housing compared to the pair housing since they have increased space available to them30. We also expected to 
see a link between personality and plasticity8 and predicted that those individuals that moved the largest distances 
and stayed still the least in the pair housing would change their behaviour the most (increase distances, reduce 
time stationary) in the social housing (prediction 4) since exploratory phenotypes are often observed to show 
greater plasticity in response to environmental changes8. Finally, because of the close proximity of individuals 
in the pair housing, we expected social conformity effects23,31–33 where pen-mates would show greater similarity 
in distance travelled and residence times than other randomly chosen individuals in the population (prediction 
5). Lastly, we investigated the potential for carry-over effects from the pair housing34–36, where the behaviour in 
the group housing may be affected by the individuals previous experience in the pair housing, and specifically 
partner personality (prediction 6).

Materials and methods
Ethical approval
The study was approved by the Ethics Committee of the School of Veterinary Medicine and Science, University 
of Nottingham (unique reference number 1481150603). All methods were performed in accordance with the 
relevant guidelines and regulations and are reported in accordance with the ARRIVE guidelines37.

Animals, housing and farm management
The study took place at the Centre for Dairy Science Innovation at the University of Nottingham, UK, between 
April 2021 and July 2022. A total of 90 Holstein Friesian dairy heifer calves were divided into 6 cohorts of up to 
16 calves as per normal farm management (Table 1), enrolled between April 2021 and January 2022. The accepted 
standard for studies measuring repeatability and intercept-slope correlations is a minimum sample size of 20 
individuals38, so this study fulfils these requirements, and a minimum of 6 cohorts was required in order to model 
cohort as a random effect. The calves were first housed in pairs in straw bedded 1.5 m × 3.5 m pens from birth, as 

Table 1.   We studied six cohorts of N = 16 calves, tracking the majority or all individuals in each cohort. Five 
calves in the first cohort were excluded: one due to severe illness in the pair housing, another due to being a 
bull calf and three more due to being Holstein Friesian and Aberdeen Angus crosses (i.e., different breeds). 
One calf was excluded from the fifth cohort due to a sensor malfunction leading to data loss. Age (mean at day 
0 in group housing) for tracked calves is also provided.

Cohort (N = 16) Calves tracked Calves not tracked Age of tracked calves

1 11 5 35.6

2 16 0 29.6

3 16 0 39.7

4 16 0 37.6

5 15 1 33.0

6 16 0 41.5

Total 90 6 36.6



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18243  | https://doi.org/10.1038/s41598-023-44957-z

www.nature.com/scientificreports/

per regular farm management (Fig. 1a). Each pen had an automatic feeder which dispensed milk replacer to the 
calves and had troughs for concentrates, chopped straw and water. Each calf had an individual daily allowance 
of milk replacer which started from 6 L at 2 days of age and increased gradually until it reached 10 L at 40 days 
of age. A cohort of up to 16 calves was formed by the eight pairs of calves closest in age. When the youngest pair 
was at least 2 weeks old the calves were moved to one of the two adjacent straw-bedded 6 m × 10 m pens in their 
cohort group of 16 (Fig. 1b,d) where they stayed for 9–10 weeks. There the calves were fed a daily allowance of 
10 L of milk replacer from the same type of automatic feeder and had ad-lib access to concentrates, chopped 
straw and water. The weaning process started with a gradual decrease of the allowance after 37 days from the 
move to the group pen and completed after 57 days. For a more detailed description of the feeding protocols 
and allowances see Carslake et al.39.

Sensor data collection
Calves wore Ultra-Wideband Sewio Leonardo iMU tags, (Noldus, Wageningen, the Netherlands)21 housed in 
counter-weighted collars (Fig. 1c), which logged the relative local coordinates (x,y) of individuals via triangula-
tion using anchors (Fig. 1a,b) at 1 Hz. Collars were fitted at the earliest opportunity from when the calves were 
at least 4 days old. Calves were monitored from minimum 7 days old in the pair housing in order to exclude 
the first days of life, when they were often handled to train calves to use the automatic feeder. The monitoring 
continued in the pair housing until the youngest individual in the cohort was at least 2 weeks old (mean number 
of monitored days: 20.8 days, range 4–38 days). In the group housing calves were monitored for the first 20 days 
that they were in the group pen to have a comparable number of days in both housings.

Tags were validated in each housing location by placing tags at multiple static positions. We assessed the pre-
cision of the location data by calculating the mean circular error probability (CEP). CEP represents the radius 
of a circle where 50% of the location points reported by the location tag lie, and centred at the mean location40. 
Accuracy was calculated as the mean distance between the ground truth location and the location reported by 
the sensor (DIST)40. In the pair housing the CEP and DIST were 0.11 [0.06–0.17] m and 0.12 [0.05–0.16] m 
respectively, while in the group housing they were 0.15 [0.12–0.28] m and 0.17 [0.13–0.33] m.

Figure 1.   Diagrams of the pair housing (a) and group housing (b) indicating the position of the location 
anchors, and an example of the trajectory of one calf for 1 day for each of the housings which is obtained from 
positional data collected by collars worn by all calves (c). Calves are moved with their pen-partner into social 
groups of 16 individuals (d).
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Pre‑processing and cleaning of positional data
When people or vehicles moved in or around the housing, these time periods were removed from the dataset. 
This amounted to 9045 h of the total 85,320 calf-hours (representing 10.6% of all data). If any location points 
fell outside the pen coordinates these were also removed from the data. The position data was smoothed using a 
moving average over a 10-s window and then this smoothed data was used to compute movement parameters.

Movement parameters
The daily distance travelled was computed as the sum of the distance between consecutive points over 24 h for 
each day using the smoothed coordinates reported by the tags. Residence time is a measure of how much time 
an individual spends stationary, and we used the time spent inside a circle of a 1-m radius centred around its 
location (nearly ten times our location error), without leaving it for more than 1 min, and the time was averaged 
over 24 h. These two behaviours were chosen because they are among the most frequently used in studies that 
detect personality types from location and movement data10,16,17.

Statistical analysis
Statistical analysis was carried out using R software v4.2.241. We used mixed effect linear models to investigate 
personality and plasticity in daily distance travelled and residence time using the lme4 package in R42, as:

In Eq. (1) Yijk is the movement metric (distance travelled or residence time) for each event (i), for individual 
(j), in cohort (k). β0 is the mean value of individual responses, coh0k is the random component of the intercept 
representing the cohort effect and ind0jk represents the individual contribution43. β1–β4 represent the vector 
coefficients for each of the fixed effects (X1–X4): day of observation (continuous), calf age (on the first day in the 
group pen), housing (pair, group), and health of the calf (“healthy”, “sick” or “convalescent”, determined based 
on the treatment records as describe in Occhiuto et al.17). The random intercept (Vind0) represents the variance 
between individuals and is assumed to be normally distributed (N) with zero mean and variance (Ωind). The 
residual error e0ij represents the variance within individuals (Veo) and is assumed to be normally distributed with 
zero mean and variance (Ωe)43.

Personality (adjusted repeatability, R) for each movement behaviour was calculated by extracting the variation 
due to the random effect (Vind0) and dividing it by the total phenotypic variation (Vind0 + Veo)16,43–46:

Plasticity was determined as the change in behaviour across housing type. To determine if there was a cor-
relation between the personality and plasticity, we ran the model above adding the housing as a random slope:

The Pearson correlation coefficient between the personality and plasticity was computed from the intercept 
and slope extracted from the model.

To test whether calves that were pen-mates were more similar to each other than any other pair of calves, we 
ran a GLMM for each behaviour and each housing and extracted the intercept for each calf. We then compared 
the coefficient of variation between the differences in the intercepts of the two pen-mates to the coefficient of 
variation of the difference in the intercept between pairs of calves obtained by randomly permuting calf IDs, 
and calculated the proportion of times that the coefficient of variation of the pen-mates was equal or less than 
the one for the randomly paired individuals. The test was performed for both behaviours in the pair and group 
housing using 10,000 permutations.

To test whether the behaviour of the pen-mates in the pair housing had any effect on the behaviour of the 
calves in the group housing we extracted the intercept for each calf and their pen-mate for the two movement 
behaviours in the pair housing and added them as fixed effects into two new GLMMs with other fixed and ran-
dom effects retained as described above.

The analysis was run once including instances of disease in the calves and once excluding them. As the results 
were very similar, we have reported the results of the analysis which included and controlled for disease. The 
results with healthy calves only can be found in the supplementary material. 

Results
We measured repeatability across two housings and predicted consistent variation between individuals in move-
ment behaviours (prediction 1) representing personality differences. We also predicted behavioural plasticity in 
the distance travelled and residence time between the two housings (prediction 2 and 3) and a link between per-
sonality and plasticity by measuring the intercept-slope correlation of random slope mixed effects linear models 
(prediction 4). Additionally, we predicted greater similarity among pen-mates in their movement (prediction 5) 
and potential effects of partner personality (prediction 6).

Personality
Distance travelled (Fig. 2a) and residence time (Fig. 2b) were repeatable over time and across contexts (housing 
types), representative of personality traits (prediction 1). The repeatability for distance travelled was R = 0.25 

(1)Yijk =
(

β0 + coh0k + ind0jk
)

+ β1X1ijk + · · · + β4X4ijk + e0ijk .

(2)R=
Vind0

(Vind0+ Veo)
.

(3)Yijk =
(

β0 + coh0k + ind0jk
)

+
(

β1 + ind1jk
)

X1ijk + · · · + β4X4ijk + e0ijk .
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([0.22, 0.28], N = 90) and for residence time was R = 0.22 ([0.19, 0.24], N = 90). The effect sizes and parameters 
of the fixed effects and random effects of the models are available in the supplementary material (Table S1).

Plasticity
Individuals travelled further (distance travelled: β = 496.2, SE = 9.8, p < 0.001; Fig. 3a), and spent less time in one 
location (residence time: β =  − 0.22, SE = 0.01, p < 0.001; Fig. 3b) showing plasticity in behaviour and support-
ing predictions 2 and 3. The effect sizes and parameters of the fixed effects and random effects of the models are 
available in the Supplementary Material (Table S2).

Figure 2.   Calf (n = 90) individual distribution of (a) distance travelled and (b) residence time for each 
individual. Estimates are derived from mixed effect linear models after controlling for day, age of the calf (on the 
first day in the group pen), housing and health status. The error bars represent the standard deviation.
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Personality‑plasticity correlation
Individual personality (the intercept from our models) predicted plasticity (the slope from our models) for dis-
tance travelled and residence time, supporting prediction 4. The correlation was positive for distance travelled 
(cor = 0.57, p < 0.001) and negative for residence time (cor = − 0.65, p < 0.001), meaning that the calves which 
moved furthest and spent more time in one location showed the greatest changes when moved to the social 
housing (Fig. 3a,b).

Figure 3.   Intercept (personality) and slope (plasticity) for distance travelled (a) and residence time (b) for each 
individual. Estimates are derived from mixed effect linear models after controlling for day, age of the calf (on the 
first day in the group pen), housing and health status.
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Pen‑mate effects
Calves that were pen-mates in the pair housing were significantly more similar to each other in their distance 
travelled (test statistic = 147.7, df = 1806, p < 0.001) and residence time (test statistic = 21,194.74, df = 1806, 
p < 0.001) while in the pair housing, supporting prediction 5, but this similarity did not carry-over to the group 
housing (distance travelled: test statistic = 1171.45, df = 1806, p = 0.44; residence time: test statistic = 3578.41, 
df = 1806, p = 0.14) contrary to prediction 6. The mean distance travelled by the pen-mate in the pair housing 
had a significant negative effect on the distance travelled by the calves in the group housing (β = − 0.79, SE = 0.30, 
p = 0.01), but there was no significant effect for the residence time (β = − 0.03, SE = 0.10, p = 0.73).

Discussion
This study is the first to measure personality and plasticity in dairy calf movement behaviours across different 
contexts. We established that movement behaviours were repeatable across both time and contexts supporting 
the existing evidence of movement-based personality traits in cattle. Our results also showed that calf personality 
predicted the change in movement across contexts, providing evidence for personality-dependent behavioural 
plasticity.

The daily distance travelled by the calves and the residence time were repeatable for both housings, indicating 
that individuals were consistently different from each other in these behaviours. This agrees with previous evi-
dence of personality traits from movement measures in calves17, and adds evidence of the contextual stability of 
these traits. The repeatability of distance travelled can be interpreted as an “active” personality trait, which drives 
how much individuals move around the available space despite considerable changes in pen size and structure 
across the different housings17,18,47. Residence time is a measure of how long an individual stays in one location 
before moving again and can therefore be interpreted as a measure of “exploratory” tendency10,16. Consistent 
differences in residence time again persisted with the changes in housing, indicating that this is also an inher-
ent characteristic of the individuals. Consistent differences in activity and exploration in farmed animals—as 
measured by movement behaviours—mirrors work conducted in-situ with wild animals such as brown bears, 
African elephants and chacma baboons10,16,47.

The overall increase in distance travelled from the pair to the group housing can be explained by an increase 
in available space as the calves went from a pen measuring just over 5 m2 (2.63 m2 per calf) to one measuring 60 
m2 (3.75 m2 per calf). In addition to reduction in stocking density, the group housing has much longer distances 
between the areas of interest for the calves (feeder, water trough, food trough and lying space), which is likely 
to cause more walking. While this alone could have resulted in an incentive to walk longer distances daily, the 
move to the second housing was also concurrent with the mixing of eight pairs of calves into one pen. It is likely 
that mixing with new individuals could have also contributed to an increase in distance travelled as the calves 
might be moving around the pen to interact with each other48. The decrease in residence time from the pair 
to the group housing can similarly be explained by the change in space available to move; it is less likely that 
an individual will stay in the same location when there is more space available to move in, and more frequent/
different social interactions may cause more frequent movement49. It is therefore likely that both changes in the 
physical and social environment caused predictable changes in behaviour, and further studies that manipulate 
the environmental conditions are needed to disentangle the effects of space availability and social dynamics.

The correlation between the intercept and slope for distance travelled and residence time indicates the exist-
ence of personality-dependent behavioural plasticity. This means that individuals that were at the higher end of 
the spectrum for distance travelled increased more when moved to the group housing than did the individuals 
that were on the lower end. The same was true for residence time where there was an overall decrease between 
the housings but the individuals that were at the higher end of the spectrum had a sharper decrease. Calves were 
therefore affected differently by the change in environment depending on their personality type. It is likely that 
the calves with a more active personality were more severely constrained in their behaviour when in the small 
area of the pair housing and were able to express their preferred behavioural levels in a larger pen, while the 
less active individuals did not increase as much. Again, our findings are similar to studies in wild populations 
that showed personality dependent changes in movement behaviours when individuals are moving in differ-
ent environments. For example, a study of baboons moving in both natural and urban spaces in Cape Town, 
South Africa found that individuals that travelled straighter paths on average, travelled even straighter paths in 
urban spaces10. This highlights the importance of considering the environmental component and behavioural 
plasticity when assessing animal personality as different settings might yield different results7. Here, measuring 
movement behaviours only in the pair housing or only in the group housing would have given different results 
for individuals’ mean and variability in behaviour.

The similarity between pen-mates for both behaviours is likely a result of social conformity effects, where 
individuals change their behaviour to match others23,31–33. However, this similarity did not persist in the group 
housing, indicating no “carry-over” effect of the original pairs’ behaviour. This is somewhat unexpected since a 
previous study where calves were managed in the same way reported that individuals that had been pen-mates 
had more social interactions with those individuals in the group housing48. Therefore, it might be that calves 
express their inherent personality in the larger space/social context whilst maintaining association preferences 
for their former pen-mate. Evidence from both adult cattle and calves demonstrated individual differences in 
the level of sociality50,51. This means that individuals may have been affected differently by their pen-mate and 
therefore including a measure of sociality may be of interest for future studies. Additionally, being paired with 
a more active pen-mate (with a higher mean of distance travelled in the pair housing) was associated with a 
decreased distance travelled in the group housing, which supports the interpretation of an inherent personal-
ity trait. Specifically, whilst we find individuals show social conformity in the pair housing, after moving to the 
group housing they are “released” from this constraint and express their personality type. Another possibility 
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is that this change is a result of increased number and type of social interactions, causing individuals becoming 
more similar (i.e., conform to synchronise with the group) or divergent (i.e., differentiate to exploit different 
niches) from the average behaviour of the whole group they are in33. The fact that individuals are clustered by 
cohort (darker/lighter lines are close to each other in Fig. 3) suggests some evidence for the former, and again, 
will be a fruitful area for further work.

Overall, the results of this study highlight the importance of considering the physical and social context 
that the behaviour of farm animals is measured in, as it can greatly impact the extent of personality differences 
between individuals. Our finding that dairy calves have consistent personality traits, which also affect how they 
respond to changes in housings, could be used to inform farm animal research and practices related to health 
and welfare20, since individuals might have different requirements or susceptibilities to stress and disease52–54. 
Future research should therefore investigate the links between personality, plasticity and health or productivity to 
determine the impact of these differences. These results also highlight the potential for using the high-resolution 
movement data collected by precision livestock technology, in conjunction with statistical models, to quantify 
behavioural variation between and within individuals. Finally, we provided evidence for the presence of social 
conformity effects on calf personality, indicating that the personality of the individuals needs to be considered 
when forming social pairings or groups. Further studies are needed to understand how personality traits are 
shaped in young animals and what factors could affect their development.

Data availability
Data to reproduce the results in this study is available from the corresponding author upon reasonable request.

Received: 9 June 2023; Accepted: 13 October 2023

References
	 1.	 Wolf, M. & Weissing, F. J. An explanatory framework for adaptive personality differences. Philos. Trans. R. Soc. B Biol. Sci. 365, 

3959–3968 (2010).
	 2.	 Dall, S. R. X. & Griffith, S. C. An empiricist guide to animal personality variation in ecology and evolution. Front. Ecol. Evol. 2, 3 

(2014).
	 3.	 Bell, A. M., Hankison, S. J. & Laskowski, K. L. The repeatability of behaviour: A meta-analysis. Anim. Behav. 77, 771–783 (2009).
	 4.	 Stamps, J. & Groothuis, T. G. G. The development of animal personality: Relevance, concepts and perspectives. Biol. Rev. 85, 

301–325 (2010).
	 5.	 Mathot, K. J., Wright, J., Kempenaers, B. & Dingemanse, N. J. Adaptive strategies for managing uncertainty may explain personality-

related differences in behavioural plasticity. Oikos 121, 1009–1020 (2012).
	 6.	 Forsman, A. Rethinking phenotypic plasticity and its consequences for individuals, populations and species. Heredity (Edinb.) 

115, 276–284 (2015).
	 7.	 Dingemanse, N. J., Kazem, A. J. N., Réale, D. & Wright, J. Behavioural reaction norms: Animal personality meets individual 

plasticity. Trends Ecol. Evol. 25, 81–89 (2010).
	 8.	 Dingemanse, N. J. et al. Variation in personality and behavioural plasticity across four populations of the great tit Parus major. J. 

Anim. Ecol. 81, 116–126 (2012).
	 9.	 Jolles, J. W., Briggs, H. D., Araya-Ajoy, Y. G. & Boogert, N. J. Personality, plasticity and predictability in sticklebacks: Bold fish are 

less plastic and more predictable than shy fish. Anim. Behav. 154, 193–202 (2019).
	10.	 Bracken, A. M., Christensen, C., O’Riain, M. J., Fürtbauer, I. & King, A. J. Personality and Plasticity in Cape Chacma Baboons’ 

Movement across Natural and Urban Environments.
	11.	 Spiegel, O., Leu, S. T., Sih, A., Godfrey, S. S. & Bull, C. M. When the going gets tough: Behavioural type-dependent space use in 

the sleepy lizard changes as the season dries. Proc. R. Soc. B Biol. Sci. 282, 20151768 (2015).
	12.	 Stamps, J. A., Briffa, M. & Biro, P. A. Unpredictable animals: Individual differences in intraindividual variability (IIV). Anim. Behav. 

83, 1325–1334 (2012).
	13.	 King, A. J., Fehlmann, G., Biro, D., Ward, A. J. & Fürtbauer, I. Re-wilding collective behaviour: An ecological perspective. Trends 

Ecol. Evol. 33, 347–357 (2018).
	14.	 Jolles, J. W., King, A. J. & Killen, S. S. The role of individual heterogeneity in collective animal behaviour. Trends Ecol. Evol. 35, 

278–291 (2020).
	15.	 Hertel, A. G., Royauté, R., Zedrosser, A. & Mueller, T. Biologging reveals individual variation in behavioural predictability in the 

wild. J. Anim. Ecol. 90, 723–737 (2021).
	16.	 Hertel, A. G., Niemelä, P. T., Dingemanse, N. J. & Mueller, T. A guide for studying among-individual behavioral variation from 

movement data in the wild. Mov. Ecol. 8, 1–18 (2020).
	17.	 Occhiuto, F., Vázquez-Diosdado, J. A., Carslake, C. & Kaler, J. Personality and predictability in farmed calves using movement and 

space-use behaviours quantified by ultra-wideband sensors. R. Soc. Open Sci. 9, 212019 (2022).
	18.	 Réale, D., Reader, S. M., Sol, D., McDougall, P. T. & Dingemanse, N. J. Integrating animal temperament within ecology and evolu-

tion. Biol. Rev. 82, 291–318 (2007).
	19.	 Verbeek, M. E. M., Boon, A. & Drent, P. J. Exploration, aggressive behaviour and dominance in pair-wise confrontations of juvenile 

male great tits. Behaviour 133, 945–963 (1996).
	20.	 Richter, S. H. & Hintze, S. From the individual to the population—And back again? Emphasising the role of the individual in 

animal welfare science. Appl. Anim. Behav. Sci. 212, 1–8 (2019).
	21.	 Sewio. Tag Leonardo iMU/Personal. https://​docs.​sewio.​net/​docs/​tag-​leona​rdo-​imu-​perso​nal-​30146​967.​html (2021).
	22.	 Mahendran, S. A., Wathes, D. C., Booth, R. E. & Blackie, N. A survey of calf management practices and farmer perceptions of calf 

housing in UK dairy herds. J. Dairy Sci. 105, 409–423 (2022).
	23.	 Gygax, L., Neisen, G. & Wechsler, B. Socio-spatial relationships in dairy cows. Ethology 116, 10–23 (2010).
	24.	 Jarman, P. J. The social organisation of antelope in relation to their ecology. Behaviour 63, 215–267 (1974).
	25.	 Hamilton, W. D. Geometry for the Selfish Herd. J. Theor. Biol. 31, 295–311 (1971).
	26.	 King, M. T. M., Dancy, K. M., LeBlanc, S. J., Pajor, E. A. & DeVries, T. J. Deviations in behavior and productivity data before 

diagnosis of health disorders in cows milked with an automated system. J. Dairy Sci. 100, 8358–8371 (2017).
	27.	 Liboreiro, D. N. et al. Characterization of peripartum rumination and activity of cows diagnosed with metabolic and uterine 

diseases. J. Dairy Sci. 98, 6812–6827 (2015).
	28.	 MacKay, J. R. D., Turner, S. P., Hyslop, J., Deag, J. M. & Haskell, M. J. Short-term temperament tests in beef cattle relate to long-

term measures of behaviour in the home pen. Am. Soc. Anim. Sci. 91, 4917–4924 (2013).

https://docs.sewio.net/docs/tag-leonardo-imu-personal-30146967.html


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18243  | https://doi.org/10.1038/s41598-023-44957-z

www.nature.com/scientificreports/

	29.	 Neave, H. W., Costa, J. H. C., Weary, D. M. & von Keyserlingk, M. A. G. Long-term consistency of personality traits of cattle. R. 
Soc. Open Sci. 7, 191849 (2020).

	30.	 Pauler, C. M., Isselstein, J., Berard, J., Braunbeck, T. & Schneider, M. K. Grazing allometry: Anatomy, movement, and foraging 
behavior of three cattle breeds of different productivity. Front. Vet. Sci. 7, 494 (2020).

	31.	 Fürtbauer, I. & Fry, A. Social conformity in solitary crabs, Carcinus maenas, is driven by individual differences in behavioural 
plasticity. Anim. Behav. 135, 131–137 (2018).

	32.	 Webster, M. M. & Ward, A. J. W. Personality and social context. Biol. Rev. 86, 759–773 (2011).
	33.	 Ioannou, C. C. & Laskowski, K. L. Conformity and differentiation are two sides of the same coin. Trends Ecol. Evol. 38, 545–553 

(2023).
	34.	 Niemelä, P. T. & Santostefano, F. Social carry-over effects on non-social behavioral variation: Mechanisms and consequences. 

Front. Ecol. Evol. 3, 49 (2015).
	35.	 Brand, J. A. et al. Social context mediates the expression of a personality trait in a gregarious lizard. Oecologia 200, 359–369 (2022).
	36.	 Jolles, J. W. et al. The role of previous social experience on risk-taking and leadership in three-spined sticklebacks. Behav. Ecol. 25, 

1395–1401 (2014).
	37.	 du Sert, N. P. et al. Reporting animal research: Explanation and elaboration for the arrive guidelines 2.0. PLoS Biol. 18, 1–65 (2020).
	38.	 Araya-Ajoy, Y. G., Mathot, K. J. & Dingemanse, N. J. An approach to estimate short-term, long-term and reaction norm repeat-

ability. Methods Ecol. Evol. 6, 1462–1473 (2015).
	39.	 Carslake, C., Occhiuto, F., Vázquez-Diosdado, J. A. & Kaler, J. Indication of a personality trait in dairy calves and its link to weight 

gain through automatically collected feeding behaviours. Sci. Rep. 12, 1 (2022).
	40.	 Barker, Z. E. et al. Use of novel sensors combining local positioning and acceleration to measure feeding behavior differences 

associated with lameness in dairy cattle. J. Dairy Sci. 101, 6310–6321 (2018).
	41.	 R Core Team. R: A Language and Environment for Statistical Computing (2021).
	42.	 Bates, D., Mächler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1 (2015).
	43.	 Dingemanse, N. J. & Dochtermann, N. A. Quantifying individual variation in behaviour: Mixed-effect modelling approaches. J. 

Anim. Ecol. 82, 39–54 (2013).
	44.	 Dingemanse, N. J. & Wright, J. Criteria for acceptable studies of animal personality and behavioural syndromes. Ethology 126, 

865–869 (2020).
	45.	 Bell, A. Randomized or fixed order for studies of behavioral syndromes? Behav. Ecol. 24, 16–20 (2013).
	46.	 Cleasby, I. R., Nakagawa, S. & Schielzeth, H. Quantifying the predictability of behaviour: Statistical approaches for the study of 

between-individual variation in the within-individual variance. Methods Ecol. Evol. 6, 27–37 (2015).
	47.	 Hertel, A. G. et al. Don’t poke the bear: Using tracking data to quantify behavioural syndromes in elusive wildlife. Anim. Behav. 

147, 91–104 (2019).
	48.	 Vázquez-Diosdado, J. A., Occhiuto, F., Carslake, C. & Kaler, J. Familiarity, age, weaning and health status impact social proximity 

networks in dairy calves. Sci. Rep. 13, 2275 (2023).
	49.	 Estevez, I., Andersen, I. L. & Nævdal, E. Group size, density and social dynamics in farm animals. Appl. Anim. Behav. Sci. 103, 

185–204 (2007).
	50.	 Rocha, L. E. C., Terenius, O., Veissier, I., Meunier, B. & Nielsen, P. P. Persistence of sociality in group dynamics of dairy cattle. Appl. 

Anim. Behav. Sci. 223, 104921 (2020).
	51.	 Lecorps, B., Kappel, S., Weary, D. M. & von Keyserlingk, M. A. G. Dairy calves’ personality traits predict social proximity and 

response to an emotional challenge. Sci. Rep. 8, 2 (2018).
	52.	 Koolhaas, J. M. & Van Reenen, C. G. Interaction between coping style/personality, stress, and welfare, farm animals. J. Anim. Sci. 

94, 2284–2296 (2016).
	53.	 Kavelaars, A., Heijnen, C. J., Tennekes, R., Bruggink, J. E. & Koolhaas, J. M. Individual behavioral characteristics of wild-type rats 

predict susceptibility to experimental autoimmune encephalomyelitis. Brain Behav. Immun. 13, 279–286 (1999).
	54.	 Hulbert, L. E. et al. Innate immune responses of temperamental and calm cattle after transportation. Vet. Immunol. Immunopathol. 

143, 66–74 (2011).

Acknowledgements
This research was funded by the Biotechnology and Biological Sciences Research Council, United Kingdom, 
Project Reference: BB/T0083690/1. The authors would like to thank Emma Gayner and Nigel Armstrong for 
their support in organising the trial.

Author contributions
F.O.: conceptualisation, data curation, formal analysis, project administration, writing—original draft, writ-
ing—review and editing; J.A.V.-D.: conceptualisation, writing—review and editing; A.J.K: conceptualisation, 
writing—review and editing; J.K.: conceptualisation, funding acquisition, project administration, resources, 
supervision, writing—review and editing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​44957-z.

Correspondence and requests for materials should be addressed to F.O. or J.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-023-44957-z
https://doi.org/10.1038/s41598-023-44957-z
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18243  | https://doi.org/10.1038/s41598-023-44957-z

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023, corrected publication 2023

http://creativecommons.org/licenses/by/4.0/

	Evidence of personality-dependent plasticity in dairy calf movement behaviours derived from automated data collection
	Materials and methods
	Ethical approval
	Animals, housing and farm management
	Sensor data collection
	Pre-processing and cleaning of positional data
	Movement parameters
	Statistical analysis

	Results
	Personality
	Plasticity
	Personality-plasticity correlation
	Pen-mate effects

	Discussion
	References
	Acknowledgements


