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HIGHLIGHTS

* Studies of animal personality that evaluate traits in controlled settings and assess

behaviours of interest in the wild are uncommon

* We use high-resolution measures of animal space use to evaluate fine-detail spatial

behaviours in merino sheep (Ovis aries)

* We found no relationship between spatial behaviours and personality traits in sheep

ABSTRACT

Animal personality research has yielded personality-dependent spatial behaviours in many
species. However, much of this research is focused on dispersal and foraging patterns. This
ignores many other aspects of animal spatial behaviour, such as movement patterns, that occur
on a daily basis. Our research investigates travel distances and patterns of paddock exploration
in merino sheep to determine if they are influenced by personality traits. We combined assays of
two traits, boldness and exploration, quantified in captivity, with high resolution GPS data of free-
ranging sheep over three months. We found evidence for boldness and exploration tendency as
personality traits, but did not find inter-individual repeatability in distance travelled per day or
time taken to explore 3km?. Consequently, we found no personality-dependent space use in
merino ewes. This expands our understanding of what influences space use in gregarious species,
like sheep, and suggest a stronger role of external environment on movement rather than

personality.
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INTRODUCTION

The field of animal personality has grown rapidly in the last decade as scientists have become
increasingly aware of the adaptive value of consistent inter-individual behavioural differences.
Animal personality, also termed behavioural type or temperament in some studies, can
potentially explain individual specialization in many space use behaviours (Spiegel, et al., 2017) .
Personality has been shown to influence foraging and dispersal in many species, and there is
increasing evidence that home ranges and movement distance are personality-dependent
(Harrison et al,, 2015; Leclerc et al,, 2016; Toscano, et al., 2016). The use of space, which can
influence habitat selection and choice of foraging patches, affects an animal’s access to food,
shelter, mates, and inter-individual interactions (e.g. Andreassen & Ims, 1998; Munday, 2001;
Reynolds et al.,, 2012; Street et al,, 2016). These interactions can encompass encounters between
members of the same or different species, spanning affiliative behaviours within populations and
territory defence between individuals, to predator-prey interactions. Thus space use has direct
implications on an individual’s productivity and fitness. Studying inter-individual variation in
spatial behaviours is of crucial importance in the field of animal ecology as they may provide an

avenue for species to respond to changing environments.

Animal personality

Animal personality traits have been identified across many taxa, including humans and other
mammals, insects, reptiles, birds, and amphibians (Bell, et al., 2009; Dall & Griffith, 2014;
Dingemanse & Réale, 2005; Stamps & Groothuis, 2010). The field of animal behaviour has often
focused on testing the presence of the main traits identified in human psychology in non-human
primates and, more recently, other species. Boldness-shyness was one of the first personality
traits identified in non-human animals (Sloan Wilson, et al.,, 1994) and has since been found in a
large range of other species, along with exploration tendency, activity, aggressiveness, and
sociability . Personality traits are commonly measured on a gradient scale, e.g. the boldness-
shyness axis. Studies on personality have revealed highly repeatable personality traits not only in
merino sheep (Brown et al., 2016; Dwyer & Lawrence, 2000; Hauschildt & Gerken, 2015;
Michelena, Sibbald, et al., 2009; Sibbald, et al., 2009), but other livestock animals (Cafe et al.,
2011; Curley, et al,, 2006; Miiller & von Keyserlingk, 2006; Petherick, et al., 2009). This matches

evidence in wildlife showing consistent individual variation in personality traits (Dingemanse &



Réale, 2005; Stamps & Groothuis, 2010). An issue in animal personality studies is that scientists
can a) use different tests to describe the same trait between studies, or b) use the same, or
similar, test to describe different traits. Often two different measures for the “same” personality
trait are not always highly correlated - suggesting that they are, in fact, measuring different
behaviours (Carter, et al., 2012). Therefore it is important to design tests of personality carefully
and be cautious about over-interpretation of traits without validating what they are measuring.
When investigating whether certain behaviours, for instance home range size, are personality
dependent, recent literature has highlighted the importance of identifying and quantifying
personality types that are independent of the behaviour of interest (Spiegel et al., 2017). This
may be achieved by conducting personality tests under controlled conditions. Spiegel et al (2017)
argue that many personality measures, e.g. exploration, activity, flight initiation distance,
inherently involve movement. When studying spatial behaviour it can be difficult to untangle
movement patterns recorded during the study and the type of movement measured as a
personality trait. Thus, it is important to assure that measured traits are independent of each
other. Doing this ensures measures of personality and measures of movement or space use
behaviour are not influenced by an additional trait, e.g. activity, that may influence behaviours

concurrently (Spiegel et al., 2017).

Personality-dependent behaviours

To understand why and how evolution favours the maintenance of consistent individual
differences, studies have investigated the relationship between personality and life history traits
in a broad range of animal taxa (Biro & Stamps, 2008). Traits such as boldness, aggressiveness,
and activity have been shown to strongly influence individual productivity in various species
(Biro & Stamps, 2008). Research in chacma baboons (Papio ursinus) has found that the position
on the boldness-shyness axis conditioned an individual’s foraging strategy when presented with
unreliable patch information (Carter, et al., 2013). Similarly, foraging decisions in birds (e.g.
barnacle geese (Branta leucopsis), great tits) (Parus major) are also affected by personality traits,
with position on the bold-shy axis reflecting either scrounger or producer strategies (Kurvers, et
al,, 2010; van Overveld & Matthysen, 2010), and their spatial position in group foraging situations
(Aplin, et al, 2014). The volume of food, as well as rate of food intake, has been linked to

personality traits in animals including roe deer (Capreolus capreolus) and blue tits (Cyanistes



caeruleus) (Bergvall, et al,, 2011; Serrano-Davies, et al., 2017). Foraging success in sticklebacks
(Gasterosteidae) has been shown to be strongly correlated with position along the boldness-
shyness axis, where bolder individuals were more likely to outcompete their conspecifics for
access to resources (Jolles, et al,, 2016; Ward, et al., 2004) and eat more food overall regardless of
body size (Jolles et al., 2016). Additionally, individuals who were willing to take more risks,
identified during tests of boldness, also had greater foraging success in larger groups (Ioannou &
Dall, 2016). Similarly in schooling fish, a sociability-exploratory behavioural type was linked to
greater foraging success for both individuals and the group (Jolles, et al., 2017). The composition
of a group can also affect the foraging success of all individuals. In guppies (Poecilia reticulata),
shoals consisting of a mix of bold and shy individuals had greater foraging success than non-
heterogonous groups (Dyer, et al., 2009). Fast-exploring blue tits (C. caeruleus) were also seen to
occupy different habitats to slow-explorers, leading researchers to wonder if the relationship
between habitat selection, food intake, and personality was causative (and if so, in what
direction) or the result of traits being acted upon by the same selective pressure (Bergvall et al,,
2011). The differential use of habitats by different personality types is also seen in squirrels
(Tamiascurus hudsonicus) (Boon,e et al., 2008) and chipmunks (Tamias sibiricus) (Boyer, et al.,
2010), where bold squirrels occupy a larger number of habitats than shy ones. Segregation in
habitat by personality type is also seen in sea anemones (Condylactis gigantea) (Hensley, et al.,

2012)and bluebirds (Sialia mexicana) (Duckworth, 2006).

Different habitats may be favoured by different personality traits, resulting from several factors,
or combinations of such factors. Social interactions, mediated by personality type, can lead to
different spatial patterns of individuals within a group or environment. There is evidence for
positive and negative personality assortment across species. This may result from finer-scale
social structuring among personality traits. In sticklebacks (Gasterosteus aculeatus), bold
individuals have less social interactions, but among more conspecifics, than their shyer
counterparts (Pike, et al., 2008). Conversely, in guppies (P. reticulata), bold fish had less social
connections and their connections were weaker than those of shy individuals (Croft et al., 2009).
Less social guppies were also more likely to become leaders as a result of their tendency to be
positioned at the front or edges of a group (Jolles et al., 2017). Consistent individual differences

in willingness to associate with conspecifics, measured by sociability, have been demonstrated in



lizards (Cote & Clobert, 2007). Baboons (Papio hamadryas) also show sociability personality
traits, affecting the numbers of bonds females form with conspecifics (Seyfarth, et al.,, 2014).
(Seyfarth, et al,, 2014). Similarly in great tits, personality type influences the temporal stability of
an individual’s social connections (Aplin, et al, 2013). Personality traits can also influence
dominance hierarchies (Colléter & Brown, 2011; David, Auclair, & Cézilly, 2011; Fox, et al.,, 2009),
group size (Michelena et al., 2009), leadership patterns (Harcourt, et al., and even an individual’s
tendency to use social information (Kurvers, et al.,, 2010). Therefore personality traits may be

more benefical in different habitats due to personality-mediated interactions.

Habitat selection may also occur due to the behaviours the habitats themselves allow - for
example, risk-averse or shy individuals may prefer habitats with more shelter (e.g. Brown, et al,,
2005; Wilson & McLaughlin, 2007). Differences in habitat choice may also be driven, in part, by
other behaviours that can also be driven by personality. For example, personality-dependent
dispersal may influence the types of habitat/s an individual is present in. Personality-dependent
dispersal is found across many species (for a review see: Cote, et al.,, 2010), including great tits
(Parus major) (but only certain measures of dispersal) (Quinn, et al., 2011), mosquitofish
(Gambusia affinis) (Cote, et al., 2010), and mice (Krackow, 2003). Boldness and dispersal are
linked in the Trinidad Kkillifish (Rivulus hartii), where bolder individuals travel further distances
(Fraser, et al.,, 2001). More often, however, dispersal tendency and distance of dispersal has been

linked to exploration measured in captive assays (Dingemanse, et al., 2003).

Personality traits that influence dispersal can also affect an individual’s settlement into a
population as well. For example, aggression can both enhance (Aragon, et al., 2006; Duckworth,
2008; Duckworth & Badyaev, 2007) or decrease (Aragon et al., 2006; Griesser, et al.,, 2008) an
individual’s chances of successful integration into a new group. An individual’s ability to enter
into a population and form connections with other individuals may have implications for its
mating success, proportion of antagonistic interactions, or predation risk, which can affect the
fitness and survival of individuals (Bowler & Benton, 2005). This may explain why personality

traits appear adaptive in some situations, but not others.



Personality and life history

It has been hypothesized that all individuals exhibit a “pace of life” that explains variation in
behaviours across a lifetime (Réale et al., 2010). Pace of life syndromes (POLS) state that
individuals will perform different behaviours depending on their level of investment in
reproduction or survival (e.g. “live fast die young”) (Réale et al., 2010). The POLS hypothesis
predicts the maintenance of personality traits among individuals due to trade-offs between risk-
taking, survival, and reproductive success (Réale et al.,, 2010). Many species exhibit inter-
individual differences in reproductive fitness, survival, and general life history. Consistent
individual differences in growth rates, metabolism, and food consumption have been observed
across species. For some animals the rates of acquisition and use of resources, as well as changes
in body size and body weight, remain consistent - or within a consistent range - over time. This
suggests they may be constrained by internal mechanisms that govern their metabolism and
potentially their behaviour (Biro & Stamps, 2008). Indeed, there is growing evidence for

personality being part of pace of life syndromes (Hall et al., 2015).

Personality-linked POLS may be explained by state-behaviour feedbacks (Sih et al., 2015). For
example, personality traits may mediate an individual’s willingness to sample new foraging
patches (Kurvers, et al.,, 2010). This behaviour may be positively or negatively reinforced, where
either only individuals in good condition are able to take the risk of incorrect sampling when
searching for food (positive reinforcement) or individuals in bad condition are forced to sample
for food in order to gain some energy (Sih et al., 2015). Given the different intrinsic and extrinsic
selection pressures on different species, and even populations, it is likely that state-behaviour
feedbacks on personality vary between groups. This may be why we see many disparate results
between studies, or even different personality-survival relationships within populations under
different environmental conditions (Dingemanse, et al., 2004). Thus, consistent inter-individual
differences in behaviour can be reinforced by environmental conditions as well as an individual’s

motivations for survival and reproductive success.
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Movement and space use

Environmental conditions affect animal space use and movement behaviour through biotic and
abiotic influences. As individuals have different needs, this creates variation in spatial behaviours
within species and populations as well as between them. While this variation can be partially
explained by the adaptive benefits of switching strategies to maximize resource use, it may also
possibly be accounted for by natural variation present in a population. For example, individual
foraging strategies have been classified into two categories: “active searchers” or “sit and wait”
foragers (Huey & Pianka, 1981). These two descriptors vary greatly in the amount of movement
involved: “active searchers” foragers move relatively frequently to find food patches (e.g. any sort
of grazing animal or a predator that chases its prey), while “sit and wait” foraging requires little
movement and instead relies on food arriving to the organism (such as spiders sitting in a web)
(Huey & Pianka, 1981). However, species have been seen to switch between strategies (Davies,
1977; Garthe, et al,, 2007; McLaughlin & Montgomerie, 1989), indicating variation at the
individual level. This variation in foraging strategies is likely the result of individuals within a
population presenting different requirements for resource use and specialising in dietary niche
within a larger group (Bolnick & Doebeli, 2003; Van Valen, 1965). While external influences of
condition-dependent foraging have been studied on a species-wide scale, it is only in the past
decade that individual specialisation in foraging behaviour has been assessed (Araujo, et al.,

2011; Bolnick & Doebeli, 2003).

Environments can also influence dispersal patterns, and thereby affect the structure of a
population (Namba, 1980). Dispersal patterns are often not random and individuals move within
fragmented landscapes with direction and purpose rather than in random directions (Conradt, et
al., 2003). This is likely the result of a combination of trade-offs between costs of searching, such
as mortality and energy expenditure, and the ability of an individual to perceive its environment
and the resources within it (Zollner & Lima, 1999). While this suggests different dispersal
strategies are more beneficial under different landscapes conditions for organisms as a whole
(Zollner & Lima, 1999), individuals respond to environments differently depending on the costs

and benefits to their own fitness, and thus dispersal tendency often differs between individuals
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(Baguette, et al., 2013). Evidence for inter-individual differences in dispersal has been found in
many species, including hormonal differences in winged insects (Zera & Denno, 1997), body
condition in flamingos (Phoenicopterus ruber roseus) (Barbraud, et al., 2003), and behavioural

type in passerine birds (Duckworth & Badyaev, 2007) and lizards (Cote & Clobert, 2007).

The characteristics of home ranges also vary between individuals in many species. Variations
have been observed between sexes (Aronsson et al., 2016; Viana et al., 2018), and are influenced
by conspecific densities (Aronsson et al., 2016), temperatures (Reed, 2018), and resource
availabilities (Beauchamp, et al., 2018; Said et al., 2009). In red foxes (Vulpes vulples), landscape
characteristics and sex accounted for 50% of the variation in home range sizes (Walton, et al,,
2017). Such variation has been linked to endurance capacity (Singleton & Garland, 2018), body
size, and reproductive state (Machado, et al., 2017) across several species. A study on roe deer
(Capreolus capreolus) found that females had distinctly different home ranges sizes, and that
home range sizes were altered dependent on the patchiness and quality of resources within an
individual’s home range, i.e. females increased their home range size when resources were in
lower abundance (Said et al., 2009). This effect may be influenced by group behaviour or
structure, however, as female roe deer are usually only found in small, loosely connected groups
(Pays, et al,, 2007). For more gregarious species, trade-offs between individual behaviour and

group cohesion may influence individual variation in spatial behaviours.

The idea of dietary niche specialization among individuals (van Valen, 1965), can be extended to
other behaviours as well, especially those that influence foraging behaviour. Theory predicts that
small individual-level interactions will affect the overall group behaviour (Couzin, et al., 2002).
The partitioning of individuals into behavioural niches within a group may be influenced by
factors including individual physiology and reproductive strategies or status (DeWitt, et al,,
1998). Individual variation in movement and spatial behaviour are likely to be affected by an
individual’s energetic requirements and energy expenditure alongside its reactivity to perceived
predation risk or social density. Under the POLS hypothesis we might be able to see inter-
individual differences in behaviour correlate with personality traits such as boldness,

exploration, or activity. Some research has found relationships between personality traits and
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spatial behaviours (Cote & Clobert, 2007; Cote et al., 2010; Harrison et al., 2015; Michelena et al.,
2009; Said et al,, 2009; Spiegel et al., 2017; Walton et al., 2017).

However, with an increasing emphasis on research conducted in wild settings, many studies
measure both personality and behaviours of interest in the same environments (Spiegel et al.,
2017). Although studies have investigated the relationship between personality traits and
subsets of behaviours related to movement ecology, such as dispersal, foraging, and space use,
much of this research measures both personality traits and traits of interest in the same
environment. For example, activity assesses the amount of movement of an individual;
exploration describes how willing an individual is to move within an unfamiliar environment;
and boldness looks at how quickly individuals will move when faced with a threat. Therefore it is
not surprising to find that these traits correlate with measures of movement in some species. The
confounding effect of movement on many animal personality traits makes it difficult to
disentangle the relationship between inter-individual behavioural consistency and movement
itself. Further research is needed to test movement-independent personality traits against inter-
individual variation in movement characteristics in order to untangle the relationship between
the two. Manipulative experiments in personality-dependent spatial behaviour research are even
less common (but see: Jolles et al., 2016), but are an important step to understand the complex
relationship between inter-individual movement variation, personality traits, and the role of

environmental heterogeneity.

Personality-dependent movement is particularly interesting for social species, especially highly
gregarious animals, that make trade-offs between individual needs with demands of the group
and individuals might partition into behaviours. Our research aims to understand the factors
influencing individual short-term movement patterns in a highly gregarious mammal, the merino
sheep (Ovis aries). Sheep (0. aries) are a highly gregarious mammal found across the world. Wild
sheep inhabit both mountainous and desert habitats (Berger, 2009), highlighting their
adaptability. Genetic studies indicate that sheep have been domesticated independently in both
Asia and Europe (Hiendleder et al., 2001). This ability to adapt to a range of climates may have

played a part in their commercial success, now prevalent, as livestock (O. aries), in many different
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regions of the globe. Merino sheep are commonly kept as livestock in Australia and are found
across the country’s climates. In the arid zone, sheep are stocked at low densities to account for
the low and variable resources available compared to more fertile areas of the country. Used for
wool, meat, and occasionally dairy, sheep are of high economic importance in Australia (Meat and
Livestock Australia, 2017). Sheep meat alone contributed $5.23 billion to Australia’s economy in
2017 (Sheep Producers Australia, 2017). Most research in sheep has focused on genetics,
breeding, and maternal behaviour (Dwyer & Lawrence, 2000; Hiendleder et al., 2001; Maddox et
al., 2001; Maniatis & Pollott, 2003; Purchas et al.,, 1991), but in recent years attention is being
paid to individual characteristics like animal personality. Boldness-shyness and sociability have
been identified as personality traits in sheep, with a focus on identifying how these traits affect
collective behaviour (Hauschildt & Gerken, 2015; Michelena et al., 2010; Michelena et al., 2009;
Sibbald et al., 2009). Behavioural synchronisation in groups is greater when individuals in the
group are more gregarious, a trait that remains consistent over time (Hauschildt & Gerken,
2015). Personality traits also affect social foraging and spatial distribution of sheep, with shyer
individuals forming closer groups, have larger group sizes, and are less likely to split from a
group than bold sheep (Michelena et al., 2010, 2009). Additionally, shy sheep are more likely to
stop foraging when disturbed and move away from humans (Sibbald et al., 2009). Some research
even quantifies maternal behaviour as a personality trait, but only to identify individuals and
genes for increased breeding success (Brown et al,, 2016; Dwyer & Lawrence, 2000). Other
research quantifying personality in domestic species, such as cattle, only link these traits to
weight, productivity, and handling temperament, to improve meat quality and housing conditions
(Benhajali et al., 2010; Cafe et al., 2011; Curley et al,, 2006; Miiller & von Keyserlingk, 2006;
Petherick et al., 2009). Domestic animals provide a good system with which to study animal
behaviour as they can be easily manipulated and study in controlled environments. Although
many aspects of sheep life history are chosen by producers, such as breeding pairs, group size,
and the selection of certain physical traits like body size and wool production, inter-individual
differences are still found in many behaviours. Sheep are an ideal system in which to study the
adaptive benefit of personality traits, as they are a highly gregarious species that must maintain
high social group cohesion despite not always actively selecting the group into which they are
placed. Thus, unable to form groups naturally by age, experience, or body size, for example, the
presence of varied personalities within groups may allow individuals to maximize productivity

while maintaining high social cohesion. So although the existence of personality traits in
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domestic animals is clear, there is little research linking these with individual behaviours

relevant to their general ecology.

For our study we aimed to investigate the role of personality traits on individual-level spatial
behaviours in merino sheep. We quantified two commonly studied personality traits, boldness
and exploration, in controlled environments independent of free-ranging behaviour. Using GPS
loggers, we tracked individuals in two different habitat complexities and related this to
independent-assayed personality traits. We predicted that i) movement behaviour would be a
repeatable trait in sheep, with consistent between-individual differences, and as such: ii) bolder
and more exploratory individuals would explore their environment faster than less bold or
exploratory individuals, and iii) in the same individuals would be faster to explore an open

environment than a more heterogeneous environment.

METHODS
Study area and species

This research was conducted at Fowlers Gap Research Station (31.0872° S, 141.7052° E) in
north-western New South Wales in part of Australia’s semi-arid zone. Approximately 2000 sheep
are run at Fowlers Gap, which covers 39000 hectares in NSW rangelands. The property has
existed as a research station since 1966. Above-ground natural water sources are scarce, with the
nearest permanent water located in the Darling River, so livestock are provided dams or troughs
with constant water from which to drink. The area is subject to patchy and highly localised
rainfall, receiving a mean 255.26mm per year (date from 2004 to 2017, Bureau of Meteorology,
n.d.). In the year preceding this study, 2017, Fowlers Gap received only 84.4mm of rain. Between
years rainfall at Fowlers Gap is highly variable, with the research station experiencing a peak of
526.2mm of rain in 2011, but it’s lowest rainfall in 2017. However, rainfall varies even within
Fowlers Gap itself - different tanks located around the station have average rainfall ranging from
170.1mm - 243.1mm (Acworth et al, 2016). Such patchy rainfall results in uneven resource
distribution, with the dominant vegetation at Fowlers Gap consisting of chenopod and acacia

shrublands.
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Behaviour in yards - personality assessment

We investigated two commonly described personality traits, boldness and exploration tendency,
in this study. 95 merino ewes, without lambs, born in 2016 were haphazardly split into two
groups (Group 1, n =49 and Group 2, n = 46). During the course of the experiment one sheep died
and 3 were no longer present in the study group at the end of the experiment. These sheep were
assumed to escape the experimental paddock into an adjacent paddock, or to have died and not

been found in the paddock. These sheep were not included in the final analysis.

Sheep were kept in holding pens for the duration of the experiment. All sheep were kept on the
same feeding schedule of hay during their time in the yards, described below for each
experiment. Groups were kept separate from each other. Animals were tested a total of four
times across two sessions for each of the two personality types. Tests were conducted in two
sessions, 98 days apart in March and repeated again in June 2018. Sheep were tested twice per
session, 5 days apart for all tests except for FID for group 2, which was tested 4 days apart due to

weather conditions.

Measuring flight initiation distance as a proxy for boldness

We used FID as a measure of boldness. FID is a common measure of boldness in many animal
species (e.g. Carter et al,, 2012; Godin & Dugatkin, 1996; Petelle et al,, 2013; Seltmann et al.,
2012). FID is used to score how close an observer can approach an individual before it ‘flees’.
‘Fleeing’ is defined per species so as to be relevant to its ecology. For our study, an animal was
considered to be fleeing when it took two steps away from its original location and was no longer
eating. Many factors have been shown to influence FID, and we controlled for them by testing
animals in the yards under controlled conditions. Factors including group size (Stankowich,
2008), social conditions (Cooper, 2009), weather (Blumstein & Daniel, 2003), body condition
(Seltmann et al., 2012), observer starting distance (Blumstein, 2003), and habituation
(Stankowitch, 2008) have all been shown to influence FID. Sheep had been handled prior to the

first tests in each session, but this did not appear to affect habituation of the sheep to researchers.
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Animals were then left undisturbed for 3 days before testing began. All sheep were fed two bales

of hay per day while being tested for FID.

Tests were conducted in pens (approximately 287.36m?, figure 1). The testing arena was an
open-air holding pen with a pile of hay placed in the center (figure 1). This was to ensure
consistency of location of sheep when beginning approach and that all individuals were
performing a similar behaviour (eating at hay) for all FID measures. The gate at the southern end
of the pen was covered by shade cloth to hide observers from focal sheep. Each assay was filmed
from a birds-eye-view from the northern end of the test arena from a video camera (GoPro Hero

5) was attached to a pole at approximately 4m high.
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Figure 1: Experimenal set-up for flight initiation distance (FID) tests. Sheep entered into the arena
through the gate in the top right. Observers were stationed behind the gate, which was covered by
shadecloth to avoid sheep seeing observers during the test.

Groups were tested separately. Individuals were selected haphazardly from the tested group and
sent into the test arena. The tested group was held inside a closed shed and the other group was
moved to a yard out of sight of the testing arena. Hence, no other sheep was visible from the
testing arena. This ensured the focal individual was not visually attracted to conspecifics,
important for testing FID in gregarious animals, and to control perceived group size (single
individuals). Observers waited behind the covered gate, watching the arena through video link to
determine when the sheep was in the correct position at the bale of hay. After the individual was

eating at the hay for one minute, with its head down, the observer (MEG) entered the arena and
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approached at a constant pace (approx. 1m/s) (FID can be affected by approach speed: Cooper,
2006). The same observer conducted all tests and wore neutral clothing for all tests. Some
individuals ate at hay but left before one minute had elapsed. When this happened, observer
waited until the animal approached the hay again and entered as soon as its head was facing
downwards regardless of time spent at hay (26/352 tests). Some individuals never ate at hay,
and hence had fewer data points in the analysis. From 378 total tests, 26 were not recorded at the

hay (26 individuals).

The observer approached the focal individual and recorded awareness- and flight initiation
distances. We defined awareness distance as the distance at which the animal raised its head and
observed the approaching observer. Flight initiation distance was defined as the point at which
an individual ‘fled’ from approaching observer. Awareness distance and FID were marked by
quietly dropping a plastic cap during the test. Distances between the marker and the location of
the sheep at the hay, before fleeing, were measured after the test was complete using a 50m tape
measure. As the orientation of the focal animal to the observer differed between tests, we also
recorded the ‘angle of approach’ during a test. Angle of approach, determined visually, was
scored in 45-degree segments based on position to observer during approach (figure 2). For

example, if observer approached a sheep head-on this was an angle of 0 degrees.

90
45 135

observer

approaching » 0 180

315 225
270

Figure 2. Angle of approach between observer and sheep. Angle
recorded depended on the position of the animal's head.
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Measuring exploration tendency

We tested exploration tendency indoors in pens of 28.10m? (figure 3) in the presence of other
sheep that were not part of the experiment. We chose to control for potential confounding effects
of the group on our focal individual by placing 8 ewes, unfamiliar to focal sheep, in an adjacent
pen to mitigate the perceived stress of being held alone. These ewes were all the same age, but
were post-reproductive. This allowed us to measure exploration tendency independent of group
effects, such as leader-follower behaviour or social learning. Preliminary tests for exploration
tendency (EXP), using animals not included in the study, were conducted in outdoor arenas with
focal individuals kept separate from conspecifics. Individuals showed signs of stress in the
outdoor arena, separate from and in the presence of conspecifics. This is presumably due to
heightened fear in a large open space with no nearby conspecifics and no obvious foraging
patches (as in the FID test). Animals also displayed common signs of stress (bleating, high activity

levels and/or freezing (Cockram, 2004) during indoor tests when isolated from conspecifics.

Figure 3 illustrates the test design. Four buckets were placed 1.70 and 3.50 metres apart. Inside
each was a handful amount of hay, which could only be seen if the sheep inspected the bucket.
Prior to testing sheep were fasted for 24 hours to ensure all individuals had a similar level of food
motivation for the task. Each individual entered the exploration assay from the opposite side to
where the conspecifics were held. Individuals were released into the arena from the side
opposite were the unfamiliar conspecifics were held. Each trial lasted five minutes and was
filmed from one end of the arena at around 2m high (using GoPro Hero 5). No observer was
present during this experiment so individuals were not affected by the presence of a human.
After five minutes the individual was removed and kept separate from untested individuals. After
testing an observer (MEG and KQ) scored the amount of remaining hay using a pre-determined
set of categories (see fig 4). Eaten hay was replaced so each animal had the same amount of hay

per test.

20



3.10m

unfamiliar conspecifics

buckets

OO

3.5m

O O

IHl— camera

9.05m

sheep enter through gate

Figure 3: layout of experimental arena for exploration tendency. Arena was indoors and focal sheep

was separated from unfamiliar conspecifics by a metal gate.
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Figure 4: Visual chart of hay content categories. From L - R: 'empty’, 'mostly empty’, 'half empty’,
'mostly full’, 'full’. This was used to score all bucket contents after exploration trials.

Using video analysis, exploration tendency was quantified as the number of times an individual
inspected buckets. This was done by one person (MEG) to avoid inter-individual observer
differences. An animal was defined to be ‘inspecting’ a bucket when the tip of its nose was visibly
touching the bucket in the video. This was considered a proxy for inspection as we assumed
individuals that close to the bucket are highly likely to have seen the hay. Inspections were
considered discrete events, delineated by the animal taking one full step in any direction away
from the bucket. This allowed for individuals to look up during one bucket inspection, for
instance performing vigilance behaviour during foraging). For this analysis the total number of
bucket inspections, i, was recorded, allowing for repeat inspections. Comparable to FID, two tests
were conducted five days apart in March, and another two tests five days apart in June 2018.

March and June tests were 98 days apart.

Field experimental design

The same sheep used for personality tests were sent into field experiments. The experiment
consisted of two treatments: complex and simple paddocks. Paddocks were qualitatively
classified as ‘simple’ and ‘complex’ based on topography and hence perceived difficulty for
resource acquisition by sheep. The ‘simple’ paddock was 6.39km? in size, had a single water
source, and had flat terrain (figure 5). Conversely, the ‘complex’ paddock was 27.74km? and had
more varied terrain including a large ridgeline at one end of the paddock (figure 6), one water
source. Both groups experienced both treatments, but in opposite orders: group 1 went from the

complex to simple paddock; group 2 went from simple to complex (figure 7). Sheep were in their
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first paddock for 31 days and the second paddock for 38 days. Animals were weighed using a
sheep weight crate and had hip and shoulder height measured, from the tallest point of the hip
and shoulder bones, at the beginning of the experiment, during the transition between paddocks,
and at the end (figure 7). All measurements were taken in holding pens away from the treatment
paddocks. Groups were always kept separate with group composition unchanged. During the
experiment sheep were left to range freely within the paddock; they were not managed by or

interacted with any humans during their time in experimental paddocks.
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Figure 5: 'simple’ experimental paddock at Fowlers Gap. The simple paddock is smaller in size, a
regular shape, and has less topological variation than the ‘complex’.
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Figure 6: the 'complex' experimental paddock at Fowlers Gap. This paddock is larger in size, with

more complicated topography than the ‘simple’ paddock.
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Session 1 Session 2

Complex Group 1 Group 2

Simple Group 2 Group 1

! ! !

Personality Swap between Personality
tested paddocks tested

Figure 7: Experimental design showing the order of groups in each treatment paddock. Sheep were
mustered into holding pens before, during, and after time in treatment paddocks. Session 1 ran in

April 2018 and session 2 in May 2018.

Behaviour in paddocks - spatial behaviour

In March 2018 collars containing a GPS logger (i-Gotu GT-120, with increased battery capacity)
were fitted to all study sheep. The collars have no noticeable effect on the behaviour of the animal
or have any noticeable adverse effects. Collars weigh 700g around 0.025-0.020% of the animal’s
body weight, which is below the common threshold of 5% for fitting scientific devices. The collars
were attached to individuals prior to their release into experimental paddocks. Batteries last
three months, allowing us to continually record sheep locations throughout the experiment. GPS
units recorded a location every 2 minutes. GPS files from each collar contain the latitude-
longitude coordinates from each location, date and time of the recording in UTC, elevation, and a

variable showing the number of satellite fixes used to find the location.
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Data processing

First, we filtered the raw GPS data to remove times when sheep were being handled and
mustered, as well as errors in location recordings (detailed below). Location data were taken
from the first full 24-hour period that sheep were in the paddocks onwards. We used three
methods to filter the spatial data allowing us to extract the locational data with high spatial
accuracy, improving the overall quality of the dataset. First, we filter by number of satellites
because a minimum of three satellites is required to determine the location of the GPS units in a
2-D space. Second, we filtered based on visual observation. Latitude-longitude coordinates were
plotted onto a map of the study area, with paddock boundaries outlined, and extreme outliers
were selected and removed when they fell distinctly outside the boundary. Thirdly, data were
filtered using two speed filters to remove sequential points that were biologically unlikely or
impossible. We chose a maximum speed of 180m per two minutes based on recordings of a
median sheep escape speed of 1.5m/s (Manning et al., 2014), wherein points that were further
apart than 180m were removed. A second speed filter was also used, which also incorporated
angle of movement (Bjgrneraas et al., 2010). This filter uses max speed, just as the first filter
does, but also considers that the relative angle between two successive points should fall within a
given range. If the angle is greater than expected this indicates an outlier and the point is

removed.

During the study eight sheep spent 10 days outside the paddock boundary, having passed
through a partially damaged fence. As this was 33% of the study period these individuals were
removed from analyses, as their movement behaviour was not comparable to other individuals
as they spent a lot of time outside the treatment paddocks. After filtering, missing data points
were interpolated to ensure that locations of all sheep were known at exactly the same time. Data

were only interpolated up to 4 minutes (maximum 2 consecutive data points).

Home range analysis

Animal home ranges, constituting the area an animal frequents (Boitani & Fuller, 2000), are often
modelled by utilisation distributions (UD). Utilisation distributions estimate the areas of high use

based on repeated measures of relocations of the same individual over time. Calculating an
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animal’s UD is often done using kernel density estimators (KDE) (Worton, 1989). Kernel
estimates use location coordinates on a 2D surface to understand where an animal is in its space.
Under the utilisation distribution definition, kernel density estimates assign a higher importance
to areas with a greater density of points. Thereby this method assumes that more frequently used
parts of an animals space use are more important to its ecology. This method was originally
developed for studies that used capture-mark-recapture methods or similar methods of
repeatedly locating animals (Worton, 1989). Using kernel density estimates for utilisation
distributions under this method are appropriate as they assume that location points are far
enough apart in time to not be highly correlated with each other. However, sequential relocations
of an animal are never fully independent of each other as the location of point ‘b’ is dependent on
the location of point ‘a’, separated by time t. The spatio-temporal autocorrelation between two, or
more, points has been widely discussed in the literature, both as a positive and negative aspect of
animal movement studies (Dray et al., 2010). The issue with autocorrelation comes from the
assumption of many methods of data analysis, ranging from home range calculations to statistical
tests, assuming complete independence of data points. However, many argue that
autocorrelation is an inherent part of animal movement studies and should be used to perform
more accurate analyses instead of being controlled for or ignored. For home range analysis
specifically, ignoring autocorrelation can lead to inaccurate home range sizes as the direction and
pattern of movement can alter an animal’s space use, thus it is important to consider patterns of
movement when calculating animal home ranges (Benhamou & Cornélis, 2010). When two
locations are far enough apart in time the correlation between ‘a’ and ‘b’ is negligible. However as
recording frequency increases so does the amount of autocorrelation, and it becomes more
important to account for this when trying to accurately assess home range areas. To take
movement into account when building home ranges/utilisation distributions, you build a
movement track using date and time information alongside the relocation

(e.g. latitude/longitude) data. The UD is then built based on the direction of travel rather than

placing a cloud around all points.

Movement paths can be incorporated into home range modelling commonly using two methods.
Because animal movement is continuous, but the process of recording locations at given time

points is not, additional steps are interpolated to create a smoother movement path (Benhamou
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& Cornélis, 2010). These interpolated steps are built by a probability that an animal may move in
any direction, but that this direction is limited by the location of points a and b. There are
different methods of describing this probability distribution, including random movement,
Brownian movement, and biased random walks. Therefore, the method of interpolation affects
the outcome of movement model. For this analysis we built movement tracks using biased
random bridging as it provides the most accurate model of animal movement compared to
simple kernel estimates (Benhamou & Cornélis, 2010). Biased random bridges (BRB) are built
from biased random walks (Benhamou & Cornélis, 2010). Biased random walks differ from
Brownian movement in that they account for an increased likelihood of an animal moving in a
direction towards a sequential point. This is in contrast to Brownian movement, which assumes
that the potential spaces an animal will move are distributed randomly. Thus we built utilisation

distributions using BRBs.

We built UDs using BRB methods implemented in R using the kernelbb and BRB functions from
the adehabitatHR package (Calenge, 2006). The BRB function requires users to specify several
parameters: the smoothing parameter D; maximum time between known relocations, ‘Tmax’; the
smallest distance at which an animal is not considered moving or period of intense localised
movement, Lmin; and an additional smoothing parameter taking into account the uncertainty of
known relocations, Hmin (Calenge, 2006). The user can also choose the size of the grid used and
extent. Tmax, Lmin, and Hmin should reflect the species characteristics (Calenge, 2006). A Tmax
of 120 seconds was chosen as it is the maximum time difference between subsequent locations in
our interpolated data. Following Diirr and Ward 2014, we used double the value of measurement
uncertainty to select an Lmin value of 8m. This was based on maximum GPS error of 2m in one
direction, i.e. a circle of error around a single location point with a radius of 2m and diameter of
error at 4m. An Hmin value of 12m was chosen. As with Lmin this is selected on ecological
grounds. Benhamou and Cornelis (2010) and Jay et al. (2012) suggest adding half the distance an
animal can travel over a “long time period” at maximum velocity to the value for measurement
uncertainty. However, many other studies often use a value double Lmin for Hmin. Using the
method suggested by Benhamou and Cornelis (2010) produced UDs that were biologically
unrealistic, so we selected an Hmin value 1.5 times greater than Lmin. This was chosen during

initial investigations of the biological sensibility and computational intensity of input variables. A
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range of Hmin values were tried and 12m provided the most accurate and fast estimate of UDs
relevant for this study. However the value of Hmin (and Lmin) is essentially arbitrary and only
useful for interstudy comparisons, so are not particularly important as long as they are kept
consistent within a study. The grid and extent parameters were set at 1000 cells and 0.3,
respectively, as they produced a grid large enough to estimate all home range UDs and were not
too computationally intensive. All other parameters specified in the BRB function were left at

default.

Home range sizes were calculated for increasingly longer time periods, days beginning with 1
day, and increasing by one day to the number of days spent in each paddock. We calculated how
many days it took each individual to explore an area of 3km? within each paddock. Using an
actual size, instead of a percentage of the paddock explored, allowed us to compare
measurements between paddocks, which differed in size (the complex paddock was 4.3x larger

than the simple paddock).

We also calculated the mean total distance each individual travelled each day during the period
within a paddock, by summing the distance between consecutive relocations on a given day.
Longitude-latitude coordinates were converted to distances using the moveHMM package
(Michelot et al,, 2016). Distance travelled per day and time taken to explore 3km? were used to

estimate space use in our study.

Statistical analysis

All statistical analyses were conducted in R using RStudio (R Core Team, 2017; RStudio Team,
2015). Behavioural traits were assessed for repeatability using intra-class correlation coefficients
implemented using the rptR package in R (Stoffel et al., 2017). Two linear mixed models, with
daily dist and timeskm as dependent variables, were modelled using ImerTest function (Calenge,
2006), models 1-2 below. Each model included individual ID as a random effect and the two
personality traits, FID and EXP, as independent variables. Group identity and paddock treatment
were included as covariates. Interactions between these terms - group identity x paddock

treatment and personality traits x paddock treatment - were also included. Covariates were
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selected biologically, rather than statistically. Interactions between personality traits and
paddock accounted for possible different movement strategies between paddock treatments. A
group x paddock interaction allowed us to control for any possible effect of the groups
experiencing the paddocks in different orders. Three-way interactions terms were not included
as they are difficult to interpret and do not always represent biologically meaningful results. We
included session as a weighting factor in our models to satisfy the assumption of

homoscedasticity.

distance travellod por day ~ FI0 + EXP + graup 1D + treatmoent paddack + M0
paddeck + EXP « paddack + (1|individual 10, weights = sesgion

Model 1: model structure investigating distance travelled per day

time to explore 3kem ~ P10+ EXP + grawp {0 + treatment paddock + 410 « paddack + EXFP
s paddock + (1|individual 1D), weights = session

Model 2: model structure investigating time taken to explore 3km?

RESULTS
Behaviour in yards - personality traits

We found evidence for moderate within-individual repeatability of both flight initiation distance
(ICC:r=0.661,CI=0.563-0.734, p < 0.0001) and exploration tendency (ICC: r = 0.457, Cl =
0.306 - 0.585, p < 0.0001) in our sheep. Both model residuals met assumptions normality and

data were homoscedastic.

Behaviour in the field - space-use behaviour

Data from GPS records yielded 4,572,044 location points across 89 individuals used in our final
analysis. Individual distance travelled varied greatly among days, ranging from 0.23km to
21.58km (mean = 9.00km #* 0.05). Time taken to explore 3km? also had a wide range, from 11

days to 36 days (mean = 20.94 + 0.62). Both distance travelled per day and days to explore 3km?
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differed significantly between experimental sessions 1 and 2 (tsos63 = 27.93, Cl = 2.43 - 2.80,p <
0.0001, and t72.267 = 4.73, C = 3.34 - 8.21, p < 0.0001, respectively), suggesting a temporal
component affecting sheep movement across our study. Although sheep are likely moving in
groups quite often, they do appear to show individual level movement (figure 8-9). Figure 10
shows a subset of movement tracks for five individuals over five days, showing that sheep are not

always moving in a single group.

8 10 12
Mean distance travelled per day (m) in session 1

Figure 8: frequency distribution of the mean distances travelled per day per individual in session 1.
There is a high amount of variation between individuals, suggesting that individuals do not always
move as part of a group.
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Mean distance travelled per day (m) in session 2

Figure 9: frequency distribution of the mean distances travelled per day per individual in session 2.
The variation between individuals seen in session 1 is similar in session 2.
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141.76
Longitude

Figure 10: The movement patterns of five sheep across a five-day period. Although animals do move
together, there are some departures from group movement in the formation of subgroups. In this
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graph the green and yellow individuals move slightly away from the majority of the group. The
individual represented by the purple line goes much further than the rest of the group, towards the
other side of the paddock. Note: as this is a subset of sheep this graph does not give an accurate
indication of group size.

We found no evidence for within-individual repeatability for movement behaviour in our sheep
while in the paddock. Total distance travelled per day had a repeatability of r = 0.11 (ICC: CI =
0.08 - 0.14, p < 0.0001), while time taken to explore 3km? was not significantly repeatable (ICC: r
=0.00, CI =0.00 - 0.30, p = 0.50). Additionally, data were ranked from 1st to nth position and
tested again for repeatability. We ranked our two spatial behaviours to see if individuals were
consistently differing from one another in their patterns. However, rank of both distance
travelled per day and time taken to explore 3km? also showed low repeatability (ICC: r = 0.19, CI
=0.14-0.23,p<0.0001 and r =0, CI = 0, p = 1, respectively). The model residuals also satisfied

the assumptions of normality.

Personality and spatial behaviours

As total distance travelled per day was not repeatable within individuals, our two measures of
personality could not significantly predict differences between individuals, i.e. boldness (figure
11) or exploration tendency (figure 12) ( = -0.009132,t=-0.027, p=0.979,and = -0.074302,
t=-0.233, p = 0.816, respectively, see Table 1). However, we did find significant effects of group
and treatment paddock (Table 1, figure 15).
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Table 1: Movement behaviour: effect of two personality traits on total distance travelled per

individual per day, using a linear mixed model. Individual identity was included as a random effect

and explained 5.27% of the variance.

Parameter Estimate SE t value p-value
FID -0.009132 0.339001 -0.027 0.98
EXP -0.074302 0.318746 -0.233 0.82
Group ID -7.901173 0.748297 -10.559 < 0.0001
Treatment paddock 12.693600 1.114140 11.393 <0.0001
Group : treatment paddock -1.897331 1.386804 -1.368 0.18
FID : treatment paddock 0.001816 0.636856 0.003 0.99
EXP : treatment paddock 0.745465 0.571643 1.304 0.20

Neither personality trait explained the time taken to explore 3km? in a paddock (Table 2, figure

13-14). Similar to our previous model we saw a significant effect of both group ID and treatment,

but also a significant interaction between the two here (figure 16).

Table 2: Spatial behaviour: effect of two personality traits on the number of days taken to explore

3km? using a linear mixed model. Individual ID was included as a random effect and explained

1.00% of the variance.

Parameter Estimate

SE

t value

p-value
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FID 0.06218 0.07398 0.840 0.40

EXP 0.06518 0.06957 0.937 0.35
Group ID -0.34170 0.15007  -2.277 0.02
Treatment paddock -3.02932 0.12387 -24.456 <0.0001
Group : treatment paddock 5.32204 0.17938 29.669 <0.0001
FID : treatment paddock -0.12371 0.08671 -1.427 0.15
EXP : treatment paddock -0.05416 0.08464 -0.640 0.52

Total distance travelled per day decreased in session 2 compared to session 1 (mean of 10.43km
per day across all individuals compared to 7.82km), while time to explore 3km? decreased (23.50
days vs. 17.72). The groups also differed in their space use compared to each other, with group
two travelling further per day than group one (mean of 7.86 km per day compared to 10.21km,
tsgs4 = -25.54, p < 0.0001), and accordingly exploring 3km? faster (mean of 24.83km vs. 18.85km,
t72.267 = 4.73, p < 0.0001). Both groups also had different spatial behaviours in the same
paddocks, with group two travelling longer distances per day on average in the simple paddock,
but less than group one in the complex paddock (mean = 6.49, 11.455 for group 1 and 2,
respectively, t1930.5 = -36.22, p-value < 0.0001; mean = 9.48, 9.20, group 1 and 2 respectively,
t2936.7 = 2.44, p-value = 0.015). In both treatment paddocks, however, group 2 took less time to
explore 3km? than group 1. This may be due to an order-effect in our experimental design. The
groups experienced the paddocks in different orders: group 1 was initially in the complex
paddock and then in the simple, while group 2 went into the simple paddock first and then
complex. Thus group-level movement differences may be the result of each group being exposed

to conditions in a different order, which may have influenced their overall movement behaviour.
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Figure 11: Flight initiation distance of all individuals compared to distance travelled per day per
individual (km).
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Figure 12: Exploration tendency of each individual compared to distance travelled per day per
individual (km).
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Figure 13: Flight initiation distance of each individual compared to the days taken to explore 3km?.
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Figure 14: Exploration tendency of each individual compared to the days taken to explore 3km?.
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Figure 15: Distance individuals moved per day in 'simple’ and 'complex’ paddocks. Each group
moved less in session 1 than in session 2. However, groups had opposing patterns of movement when
swapped between the ‘simple’ and ‘complex’ paddocks. Group 1 moved more in the ‘complex’ than in
the ‘simple’, whereas group 2 moved less in the ‘complex’ compared to the ‘simple’.
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Figure 16: The days taken for individuals to explore 3km? in 'simple’ and 'complex’ paddocks. Both
groups were faster to explore in the complex paddock compared to the simple. However, while
group 1 took longer to explore the area in session 2, group 1 was faster.

DISCUSSION

Our research combines measures of animal personality with field-based movement data to get a
clearer understanding of the relationship between personality traits and space use in sheep. We
found evidence for two consistent personality traits, boldness and exploration tendency,
measured repeatedly over 3 months in captive assays. However, we did not find a similar inter-
individual repeatability of movement behaviours measured from field data measured over an
extended period in the wild. Variation in space use and movement behaviour was neither
significantly explained by boldness nor exploration tendency, measured in the yards. Instead
experimental group and paddock treatment significantly affected movement and space use
behaviour. Thus, our results do not support personality-dependent movement in sheep. We

provide evidence not often found in the literature for a null relationship between personality
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traits and movement behaviours. This study is one of few that use high-density location data to

assess space use behaviour in relationship to personality traits.

We found evidence for the existence of two personality traits in Merino ewes. This backs up
previous research conducted in sheep, where individuals showed repeatability over 3 months in
boldness as well (Michelana, 2008). It also adds to the large body of literature supporting the
existence of personality traits in many different species, from amphibians to birds, mammals, and
reptiles (Stamps & Groothuis, 2010). In particular, boldness and exploration have been quantified
in many animals. Boldness and exploration have been linked to many other behavioural traits
across species, including social position, group composition, learning tendency, foraging
decisions, dispersal tendency, and home range patterns (Toscano et al., 2016). In sheep
specifically, boldness influenced the tendency for sheep to split into smaller foraging groups and
how individuals positioned themselves in space (Michelena et al., 2009). However, this research
quantified boldness using different tests to our own. This is not uncommon in personality
research. Many different tests exist to examine the “same” trait in many species (for a summary
see: Carter et al,, 2013), making it difficult to compare between studies. For example, boldness
can be measured by how willing an individual is to interact with a novel object, how willing it is
to leave its ‘home’, how it behaves in a novel environment, or how it responds to perceived
predation threat. Exploration tendency is often measured in a species-specific manner, such as
counting the number of branches explored in caged in birds, number of rooms entered for
mammals, time to complete a maze task in rats, or latency to enter a room also in birds. This
limits our ability to compare measures of personality between studies. However, even when tests
are conducted using the same methods results are often not comparable between studies due to
variation in external factors. Therefore it is important to validate the personality trait being
measured through multiple tests measuring what appears to represent the same personality
trait, while still performing a biologically relevant measure of personality for that species.
However it is also important to ensure the behaviour that you are trying to explain with

personality traits is also relevant for your species.
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In this study, we successfully recorded and analyzed spatio-temporal data on a fine and precise
scale in a long-term experiment in the field. There was no within-individual repeatability for
either of our measures of spatial behaviour. This indicates that sheep are not moving consistently
differently from one another in our study. This may be the result of group-level influences on
movement patterns or suggests that movement behaviour is not an individual-level behavioural
trait in this species. Our measures of space use represent daily movement patterns that are
reflective of factors affecting short-term movement decisions. These patterns may include areas
of the paddocks utilized on a given day for water and food resources, short-term area preference
or avoidance, or short-term exploratory behavior, which are not explicitly examined by this
research but covered by our measures of movement. The absence of inter-individual
repeatability for either of our measures of space use suggests that these parameters are not
indicative of a personality trait in this species. This indicates a dynamic response from the
individuals to the environment. Variation in space use is often influenced by environment in
many species. In caribou, for example, greater resource heterogeneity in winter months resulted
in higher variation in movement behaviour of individuals (Johnson et al., 2002). Similarly,
migration tendency in Galapagos tortoises (Chelonoidis sp.) was influenced by resource reliability,
i.e. tortoises that migrated did so towards areas of predictable resource availability (Bastille-
Rousseau et al., 2017). Abiotic factors can also influence animal movement, such as in red deer,
where individuals moved more at intermediate temperatures (Signer & Ovaskainen, 2017). While
for some species individual differences in this movement behaviour remain consistent over time
(e.g. Cote et al,, 2010), for others this represents behavioural flexibility within individuals (e.g.
density-dependent switching between migratory strategies in elk (Eggeman et al,, 2016). Thus
the measures of space use in our study likely reflect behaviours that are influenced more strongly

by external environmental factors rather than internal constraints in sheep.

The GPS data revealed that movement behaviour patterns were only marginally repeatable in
merino sheep, which explains the absence of evidence for evidence for personality-dependent
spatial behaviour in this study. This is contrary to many studies that investigated personality-
dependent space use in other species. Personality traits have been linked to space use in reptiles,
mammals, fish, and birds (Chapman et al.,, 2011; Harrison et al., 2015; Spiegel et al,, 2017; van

Overveld & Matthysen, 2010). However, a few examples of personality-independent movement
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can be found in the literature. Previous research in wild starlings found no influence of an
exploration personality trait on home range size, frequently used habitat areas, or sensitivity to
environmental change (Minderman et al,, 2009, 2010). The authors of those studies suggested
that the measure of exploration used in their research, although comparable to other bird
research at the time, might not be ecologically relevant for their species (Minderman et al., 2009,
2010). This seems unlikely for our own study, though, as boldness has been previously shown to
influence foraging behaviour in merino sheep (Michelena et al., 2009). Instead personality-
dependent space use may be affected by other factors more strongly than internal constraints.
The ‘landscape of fear’ can affect behaviour, via the perceived threat of predation. Research in
mosquitofish found evidence for personality-dependent dispersal under conditions with no
predation threat (Cote et al., 2013). However when predation risk was added, this personality-
dependent movement disappeared (Cote etal., 2013). Although our study did not explicitly
include a predation component, sheep have been bred to flock into highly cohesive groups, which
is an anti-predatory strategy for many species (e.g. Beauchamp, 2004; Cresswell, 1994;
Magurran, 1990.; Siegfried & Underhill, 1975). It is possible that through artificial selective
breeding for increased flocking and group cohesion, sheep have been bred to have an increased
anti-predator response. In fact, the fear responses of domestic sheep are greater than those of
wild sheep (Dwyer, 2004), suggesting they may engage in anti-predatory behaviours, such as
cohesive movement, more often that wild sheep. Merino sheep in particular have been noted to
be more gregarious and form larger daily subgroups than other domestic sheep breeds, with
their increased gregariousness making them easy livestock to keep and manipulate (Keeling,
2001). Thus it is possible that by breeding for increased anti-predatory responses, the

relationship between personality traits and space use has become uncoupled in domestic sheep.

Personality-dependent movement may also not exist in low-resource environments for some
species. Mathematical models proposed show that personality traits (specifically boldness) are
not adaptive in low-resource environments unless an individual is close to starvation (Luttbeg &
Sih, 2010). This is because being bold would not allow individuals to gain enough condition to be
‘safe’ later on as resources are too limited to acquire (Luttbeg & Sih, 2010). Some studies have
noted that personality traits may also display a degree of plasticity (Dingemanse et al, 2010). The

degree of plasticity depends on the environment under which the trait was selected (DeWitt et
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al,, 1998; Dingemanse et al., 2010). Our study population has strong selective pressure not only
from the environment but is also artificially selected for breeding. Merino sheep have historically
been bred to survive in highly resource variable environments, especially areas like Australia’s
semi-arid zone where resources are often quite depleted and very patchy. It is likely that by
selecting for traits that promote growth and survival in these areas, merino sheep were also bred
to have high levels of behavioural plasticity in movement and space use behaviours. Thus
personality-dependent space use may only occur when resources allow behavioural
specialization, which would reduce intra-individual competition. But in low-resource
environments a high degree of behavioural plasticity may be required both within and between

individuals in order maximize resource utilization.

It is also possible that personality-dependent movement does exist in this species but we cannot
detect it in this study. As a highly gregarious species, it is possible that sheep social group
composition affects individual spatial behaviours and that individual’s are making trade-offs
between their own needs and remaining part of a group. Previous research in merinos found that
they stayed closer to the present conspecific compared to when they were alone (Michelena,
2005). When in the presence of two conspecifics at opposite ends of the experimental arena,
sheep appeared to remain at mid-distance between both individuals, perhaps to maintain group
cohesion (Michelena, 2005). Michelena (2005) further suggested that sheep appear to show low,
or no, revulsion to other sheep as seen with other species, and that movement away from
conspecifics was a trade-off between individual gregariousness and foraging opportunities. This
is supported by other research on sheep foraging behaviour, showing that individuals will not
move away from a group to a far foraging patch unless followed by conspecifics (Dumont &
Boissy, 2000). The willingness to move away from a group and pursue other foraging
opportunities is affected by boldness and gregariousness in sheep, with bolder individuals more
likely to split from a large group and graze in smaller groups (Michelena et al., 2009). They found
that when a group began to crowd at a resource, the group would eventually split into two
subgroups to maximize foraging efficiency (Michelena et al., 2009). Bold individuals were more
likely to initiate a split into a smaller group, and subgroups were often equal-sized (Michelena et
al., 2009). However the authors made no comment on the personality composition of the

subgroups, so it’s unclear how personality may have affected ‘follower’ individuals. In other
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species, shy individuals follow bold individuals into new food sources (Dyer et al., 2009), so itis
likely that a similar thing happens in sheep as well. However, since familiarity of conspecifics also
affects an individual’s likelihood of moving to a different foraging patch (Hauschildt & Gerken,
2015), we would need to disentangle any effects of personality on social network structure in
sheep first. Given this, it is possible that our measures of spatial behaviour, although variable
among individuals, were strongly affected by social attraction in sheep. By accounting for
sociability before assessing space use in sheep, we would be able to get a better understanding of

whether or not space use is personality-dependent in this species.

Another confounding factor for personality studies in highly gregarious species is personality-
assortative grouping. Personality-assortative group occurs when individuals of the same
(positive) or opposing (negative) personality type, e.g. boldness, aggressiveness, are found more
frequently in the same group or have non-random social network associations. Examples of
positive and negative assortment between personality types are found in many species. Positive
and negative assortment can both have benefits for individuals depending on the phenotype by
which they are grouped, or how they form subgroups. For instance, positive assortment can
decrease uncertainty in interactions and promote cooperation (Massen & Koski, 2014). However
in a resource-rich environment positive assortment may increase competition for resources, as
individuals are utilizing the same foods; negative assortment would allow individuals to
specialize their diets and avoid dietary overlap (van Valen, 1965). We see evidence of phenotypic
assortment across species. Shy sticklebacks and guppies were more likely to associate with one
another than with bolder individuals (Croft et al., 2009; Pike et al., 2008). Similar positive
assortment by behavioural traits has also been shown in chimpanzees, horses, and great tits
(Briard et al., 2015; Johnson et al., 2017; Massen & Koski, 2014). However burrow sharing in
rodents was negatively assorted; exploratory individuals shared burrows with less-exploratory
individuals more often than expected (Chock et al., 2017). Although social bonds in sticklebacks
are predicted by positive assortment, shy fish prefer to follow a bold leader rather than a shy one
(Nakayama et al.,, 2016). Thus if sheep in our study are negatively assorting, i.e. shy and bold
individuals are grouping together, then bold and shy individuals will being moving in the same
way. This means any effect of personality-dependent movement will be masked without

accounting for phenotypic assortment, if present.

45



Conclusion

Our results show that movement based space use is not personality-dependent in merino sheep.
We found low repeatability of field-based measurements of spatial behaviour, indicating that
movement is more influenced by environment rather than internal constraints. Alternatively,
identifying different behavioral states, such as grazing, resting, and directional movement is
another area of more subtle, potentially personality-based behaviours that may be present in
domestic animals like sheep. Also looking at how areas of the paddocks and foraging patches are
utilized by individuals may provide further insight into spatial behaviour in these species.
Investigating the relationship between these field-based measures and yard-based personality
traits may provide further insight into the effect of personality traits. However, these complex
and time-consuming analysis were beyond the scope of the study and not feasible in the available
time. As sheep are highly gregarious it is possible that the social environment has a strong effect
on individual spatial behaviours. However, as some social behaviour is linked to personality
traits, and can affect space use on a finer scale, more research should be conducted in order to
untangle the effects of social environment of space use in merino sheep. This research provides a
rare example of personality-independent space use, which can help us to understand how and

when personality traits may be valuable for a species.
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